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Abstract

Background: Avian influenza virus (AIV) subtype H9N2 is a low pathogenic avian

influenza virus (LPAIV).

Objective: This study aims to evaluate the humoral and cellular immunity in vacci-

nated mice and broiler chicken by irradiated AIV antigen plus carboxymethyl chitosan

bounded iron oxide nanoparticles (CMC-IONPs) as an adjuvant.

Methods: AIV subtype H9N2 with 108.5 EID50/ml and haemagglutinin antigen assay

about 10 log2 was irradiated by 30 kGy gamma radiation dose. Then, the gamma-

irradiated AIV was used as an inactivated vaccine and conjugated with CMC-IO

NPs to improve immune responses on mice. IO NPs must be applied in all acti-

vated tests using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and N-

hydroxysulfosuccinimide sodium salt (sulfo-NHS), and then functionalized by CMC as

IO-CMC. Fourier transform infrared (FTIR) spectra on functionalized IO-CMC showed

a peak of 638 cm−1 which is a band betweenmetal andO (Fe-O).

Results: Based on the comparison between the two X-ray diffraction (XRD) patterns

on Fe2O3-NPs and IO-CMC, the characteristics of IO-NPs did not change after car-

boxymethylation. A CHN Analyzer was applied to measure the molecular weight of

IO-CMC that was calculated as 1045 g. IO-CMC, irradiated AIV-IO-CMC and forma-

lin AIV-IO-CMCwere injected into 42BALB/cmice in six groups. The fourth groupwas

the negative control, and the fifth and sixth groups were inoculated by irradiated AIV-

ISA70 and formalin AIV-ISA70 vaccines. An increase in haemagglutination inhibition

(HI) antibody titration was observed in the irradiated AIV-IO-CMC and formalin AIV-

IO-CMC groups (p < 0.05). In addition, increases in the lymphoproliferative activity

of re-stimulated splenic lymphocytes, interfron-γ (IFN-γ) and interleukin-2 (IL-2) con-

centration in the irradiated AIV-IO-CMC group demonstrated the activation of Type

1 helper cells. The concentration of IL-4 was without any significant increases in non-

group.
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Conclusions: Accordingly, Th2 activation represented no increase. Finally, the finding

showed that AIV-IO-CMC was effective on enhancing immunogenicity as irradiated

AIV antigen administered with a clinically acceptable adjuvant (i.e. IO-CMC).
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1 INTRODUCTION

Avian influenza virus (AIV) belongs to the influenza A genus. Influenza

A viruses have different subtypes based on haemagglutinin (HA) and

neuraminidase (NA) surface antigens. AIVs are categorized into two

groups of high and low pathogenic based on the disease in poultry.

Highly pathogenic avian influenza viruses (HPAIV) result in high mor-

tality in some poultry species. Low pathogenic avian influenza viruses

(LPAIV) also cause outbreaks in poultry but are not associated with

severe disease (Peacock et al., 2019). H9N2 is an LPAIV subtype which

is found in wild birds and poultry worldwide, and these viruses have

mono-, di-, or tri-basic cleavage sites in the HA antigen by extracel-

lular trypsin protease causing LPAIV to restrict respiratory and gas-

trointestinal tracts, where these proteases are expressed (Peacock

et al., 2019, Parvin et al., 2020). The vaccination of poultry against

H9N2 is routinely used to control this endemic disease in large areas

of Asia (Ghadimipour et al., 2014). Given the antigenic variations in

the influenza virus, designing a new vaccine that induces a high pro-

tective immune response is considered essential (Alsharifi et al., 2009;

Motobu et al., 2002). It is shown that gamma-irradiated influenza A

virus (γ-Flu) as a vaccine is effective in this regard. It can induce that T-
cell response provides and has cross-protective immunity against sea-

sonal and pandemic influenza virus (Alsharifi et al., 2009; Khalil et al.,

2015). Gamma irradiation is the perfect method for virus inactivation

science, and it has high penetration while a slight effect on the anti-

genic construction and breaks the RNA strand of the virus (Alsharifi &

Müllbacher, 2010). Further, adjuvants often influence the quality of the

immune responses in different ways; thus, new strategies are required

for expanding the vaccine adjuvants and delivery systems. Nanopar-

ticles (NPs) can be used as a delivery system for improving immuno-

genicity of vaccines. Although metallic NPs have been tested as drug

delivery, limited attempts have been made to apply these NPs as vac-

cine platforms (Pusic et al., 2013). The size of NPs is important for

tissue penetration and facilitates reaching immunological organs. Iron

oxide (IO, Fe2O3) NPs have been recently employed in several medi-

cal applications such as magnetic resonance imaging contrast agents

(super-paramagnetic IO NPs) and the detection of lymph node metas-

tasis (Anzai, 2004; Figuero, 2010). IO NPs could be utilized as a new

adjuvant for immunization against AIV because of some of their char-

acteristics such as having safety profiles, being water-soluble, being

applied as a drug delivery system and having low-cost production (Xu

et al., 2010;Xu,Aguilar, et al. 2009;Xu,Wei, et al. 2009). In this study, IO

NPs were coated with carboxymethyl chitosan (CMC) so that the car-

boxylate groups could be conjugated with viral surface proteins. Then,

the gamma-irradiatedAIV subtypeH9N2as an inactivated vaccinewas

conjugated with CMC bounded Fe2O3 (CMC-Fe2O3) NPs and used to

immunize on BALB/cmice.

2 MATERIALS AND METHODS

2.1 Virus and vaccines

Razi Vaccine and Serum Research Institute of Iran received the AIV

subtype H9N2 strain (A/Chicken/IRN/Ghazvin/2001) as a gift for this

study. According to the procedure described by Salehi et al. (2018), the

optimum gamma irradiation dose was used to inactivate virus samples.

First, the AIV was multiplied on embryonated specific free pathogen

(SPF) chicken eggs, and then the HA antigen of irradiated and non-

irradiated viral samples was analyzed by haemagglutination test (HAT)

as thepatternmethodof theWorldHealthOrganization (Health, 2015;

Pourbakhsh et al., 2004; STEAR, 2005; WHO, 2013). The virus titra-

tion was calculated via the embryo-infective dose (EID50) of infected

allantoic fluid according to the method of Reed and Muench (1938). A

gamma-ray dose of 30 kGy was recommended for the complete inacti-

vation of frozen AIV subtype H9N2 samples (Salehi et al., 2018). Infec-

tivity of irradiated virus samples was determined by eggs inoculation

method during four blind cultures on embryonated SPF chicken eggs

of 9–11 days for safety test, and virus titration was obtained by EID50

methods. The frozen AIV subtype H9N2 was irradiated by an instru-

ment (model 220, gamma cell; Nordion Company, Canada) at a dose

rateof 2.07Gy/s andactivity of 8677Ci for virus inactivationondry ice.

Gamma-irradiated AIV was used as an irradiated inactivated vaccine.

Formalin vaccinewaspreparedbyRazi protocol. Briefly,AIVwas inacti-

vated by a formalin concentration of 0.1% at 25◦C for 24 h and applied

as formalin-vaccine (Raie Jadidi et al., 2017). The formalin-inactivated

AIV and irradiated AIV were formulated as conventional (commercial)

and irradiated vaccines by Montanide Oil (ISA70), respectively. Both

formalin-treated and -irradiated AIVs were formulated by CMC mag-

netic NPs as new adjuvant.

2.2 Synthesis of carboxymethyl chitosan
magnetic nanoparticles (CMC-IO)

CMC preparation included slow addition of 1.3 g chitosan and 2 g

NaOH to 27 ml deionized water: isopropanol mixture (1:3.5 ratio)
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under stirring for 1 h. Then, 3 ml of isopropanol containing 1.6 g

monochloroacetic acid solution was added to the reaction mixture in

drops in 1 h. After reacting for 4 h at room temperature (RT), 25 ml

of ethanol 70% was added to stop the reaction. The solid product was

filtered and washed with 80% ethanol twice and dried at RT (Mourya

et al., 2010; Pusic et al., 2013). This product is CMC used for the bio-

functionalization of Fe2O3-NPs. Briefly, 10 ml deionized water was

added to 100 mg IO (Fe2O3)-NPs (Teconan Company) with various

diameters (i.e. 20–30 nm). In addition, the pH level was adjusted by

NaOH (0.1M) to about 8, and an ultrasonic devicewas used to disperse

themixture for 20min. Then, 0.3 gCMCwas added and again the ultra-

sonic device was used for 30 min, and stirred for 12 h. After adding

10 ml deionized water and ultrasonic waves for 5 min, the CMC mag-

neticNPswere separated bymagnetic-iron andwashedwith deionized

water and ethanol twice. The CMCmagnetic microspheres were dried

for 48 h at RT and hit in a mortar to be crushed into a powder (Pusic

et al., 2013; Xie et al., 2014). Fourier transform infrared (FTIR) spectro-

scopic measurements were performed by PerkinElmer spectrum100

instrument (USA) onCMCand IO-CMC. Thewave numbers of the FTIR

measurement range were controlled from 450 to 4000 cm−1 (Asgari

et al., 2014). The X-ray diffraction (XRD) pattern was performed by an

XRD (STOESTADI-MP) diffractometer on IO (Fe2O3)NPs and IO-CMC

complex (Xie et al., 2014). A CHN Analyzer (a carbon, hydrogen and

nitrogen analyzer, The PerkinElmer 2400 Series II CHNS/O Elemen-

tal Analyzer) was used to measure carbon, hydrogen and nitrogen ele-

mental concentrations in IO-CMC, alongwith calculating themolecular

weight of IO-CMC (Asgari et al., 2014).

2.3 Conjugation of CMC-IO (AIV-IO-CMC)

Irradiated AIV and formalin-inactivated AIV were frozen and thawed

thrice and centrifuged at 5000 g at 4˚C for 15 min. Then, super-

natant was separated and the protein concentration of the plate

was measured by NanoDrop (Smart-Nano, Canada). Irradiated

AIV and formalin-treated antigen were conjugated by IO-CMC

that was prepared in-house using sulfo-NHS and 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC) covalent coupling chem-

istry. Briefly, IO-CMC (100mg)was activated by adding and incubating

sulfo-NHS (5.5 mg, molar ratio 2000:1) and EDC (9 mg, molar ratio

2000:1) for 5 min in 20 ml sterile borate buffer (NaCl 2.5 g, disodium

tetra borate 2.85 g, boric acid 10.5 g anddeionizedwater 1000ml)with

a pH value of 7.4. Next, 5 ml of irradiated AIV and formalin-treated

AIVwere added, thoroughly vortexed and reacted overnight at 2–8◦C.

Finally, the reaction was quenched by adding 100 μl of quenching
buffer (Tris-HCl 0.1M and pH7.5) andmixed for 10min at RT. The irra-

diated AIV and formalin-treated AIV conjugated with IO-CMC were

purified/separated using the magnetic separator overnight at 4◦C.

Then, the supernatant was removed and IO NPs were re-suspended

in 5 ml phosphate buffered saline (PBS) with vortex or sonication

(Pusic et al., 2013). The irradiated AIV-CMC-IO, formalin-treated

AIV-IO-CMC conjugates and unconjugated IOs were evaluated by

agarose (1.5%) gel electrophoresis in tris-acetate-EDTA buffer (TAE,

pH 8.5). In each well, 10 μl of the sample (three samples were used

including irradiated AIV-IO-CMC, formalin-treated AIV-IO-CMC and

IO-CMC) was mixed with 5 μl of 5× TAE loading buffer (25% glycerol,

0.25%OrangeG, pH 8.5). The gel was run at 100V for 30min, and then

imaged by a gel imaging system.

2.4 Transmission electron microscopy

The AIV was multiplied on embryonated SPF chicken eggs and con-

centrated by pelleting (20,000 × g for 2 h) re-suspended in HEPES, and

then conjugated by IO-CMC for electron microscopy study. According

to the diameter of the AIV (about 80 nm), the particle with a diameter

of 80 nm should be the AIV particles (Figure 3a). Next, the concen-

trated virus sample was stained by a 2% heavy metal salt solution with

high mass density (e.g., phosphotungstic acid). A copper grid (carrier

network) was placed on a drop of the suspension. The grid carried a

stable and highly electron transparent plastic carrier (formvar) film

with regularly dispersed holes. After short adsorption, the sample

excess and interfering ions were removed with filter paper, and the

grid with the adsorbed material is placed for a few seconds on the

contrast medium, which consisted of a 2.0% heavy metal salt solution

with high mass density, such as phosphotungstic acid. Excess contrast

medium was removed from the ‘contrasted’ grid, briefly air-dried and

was then prepared for electron-microscopic examination (Harris et al.,

2006). Transmission electron microscopy (TEM; Philips cm30) was

used for analysis of morphology and size of the conjugated AIV-IO-

CMCparticles by negative stainingmethod. Also, according to the data

sheet iron oxide (Teconan company), the particles with 30 nmdiameter

are the IO particles that are coated by CMC as a cloudy cover on NPs

(Figure 3b).

2.5 Mice vaccination

Forty-two BALB/c mice with the age of about 5 weeks were purchased

from Razi Vaccine and Serum Research Institute of Iran, transferred to

Nuclear Agriculture Research School in Karaj and divided in six groups

of seven animals each. The first group was vaccinated by irradiated

AIV-IO-CMC, and formalin-treated AIV-IO-CMC was used to immu-

nize the second group. IO-CMC was injected to the third group, and

the fourth group was injected by sterile PBS as the negative control.

Furthermore, the irradiatedAIV plus ISA70was injected into the group

five, and finally group six was injected by formalin-treated AIV plus

ISA70. Vaccination was performed intradermally on the neck of mice

in two doses with an interval of 14 days.

2.6 Immune responses of mice

Forty-two mice blood samples were collected 2 weeks after the sec-

ond vaccination, and the sera were separated by low-speed centrifu-

gation and used for the antibody titration by the haemagglutination
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F IGURE 1 The broiler chicken vaccination diagram. Abbreviations: HI-Ab, HI-antibody titration; SLP, splenic lymphocyte proliferation

inhibition (HI) test (Health, 2015; Raie Jadidi et al., 2017). Moreover,

cellular immunity was measured by the splenic lymphocyte prolifera-

tion assay (Motobu et al., 2002; Sandbulte & Roth, 2004). Briefly, the

42 spleens of the immunized mice were aseptically removed 2 weeks

after the boost immunization, and the single splenic lymphocyte sus-

pensionswere prepared and incubated in 96-well plates by RPMI 1640

+ 10% fetal calf serum at 37◦ in 5% CO2. The cells were stimulated by

irradiated inactivated AIV (3 μl/well) in triplicate. The supernatants of
splenic cellswere collected 48 h post-stimulation to assess interleukin-

2 (IL-2) and 4 and interferon-gamma production using an eBioscience

Mouse interferon (IFN)-γ, IL-2 and IL-4 ELISA kits. In addition, the

spleen lymphocyte proliferation assay was conducted by the Cell Pro-

liferation MTT kit (Roche) according to the manufacturer’s instruc-

tions. Then, the absorbance was detected at 540 nm and the stimu-

lation index (SI) was calculated for each sample (SI = mean of opti-

cal density (OD) for stimulated wells/mean of OD un-stimulated wells)

(Motobu et al., 2002; Sandbulte & Roth, 2004).

2.7 Challenge test on broiler chicken

Fifty-four broiler chickens (1 day) were purchased from Alborz Hatch-

ery Center and divided into six groups (similar to the mice groups in

Section 3.5) each including nine chickens. The route of administration

was subcutaneously (SC) on the neck of the chicken. Two doses of vac-

cines were injected as prime and booster doses with a 2-week inter-

val (on the 11th and 25th days). The challenge was performed with

50 μl of live virus (108.5 EID50/ml) intranasal and ocular on 40th day.

The blood samples were collected on the first day from some chick-

ens as pre-immune sera. Similarly, the blood samples were collected on

25th (before second vaccination) and 40th (before challenge) days. The

blood samples were collected on 1st, 25th and 40th days, 18 samples

each day. A total of 54 blood samples were collected. The splenic lym-

phocyte proliferation assay was conducted on chickens on the first day

for pre-immune chickens and on the 40th and 49th days by MTT test,

18 samples each day. A total of 54 spleen samples were used for cul-

turing splenic cells. The tracheal and cloacal swap samples were col-

lected on the 40th, 42th (2 days after the challenge), 45th and 49th

days for the evaluation of virus shedding by quantitative polymerase

chain reaction (qPCR), 36 swabs eachday. A total of 144 tracheal swabs

and 144 cloacal swabswere collected from the broiler chicken vaccina-

tion diagram, as shown in Figure 1. The real time PCR tests were per-

formed by specific primers for the AIV H9 gene (Accession numbers

of HA Gen in NCBI: FJ794817.1). Briefly, for virus gene (H9) quanti-

tation, the cDNA of all samples was amplified using QPCR Mix Eva-

Green kit (Bio & Sell, Germany), according to the manufacturer’s pro-

tocol. The reaction mixture contained; 100 nM of each specific primer

pair forH9gene (F: 5′-CTACTGTTGGGAGGAAGAGAATGGT-3′, andR:
5′-TGGGCGTCTTGAATAGGGTAA-3′), 5 ×QPCR mix EvaGreen (4 μl),
cDNA as a template (5 μl) and up to 20 μl water (Shabat et al., 2010;
Ward et al., 2004). The reaction was done at initial incubation temper-

ature 94˚C for 3min, then 40 three-step cycles (30 s at 94˚C for denat-

uration, 30 s at 58˚C for annealing, and 30 s at 72˚C for elongation) by

Rotor-GeneQ (QIAGEN) system.

2.8 Statistical analysis

The analysis of variance (one-wayANOVA) followed by the least signif-

icant difference test was used for statistical analysis. Differences were

considered to be statistically significant at p< 0.05.

3 RESULTS

The virus titration was calculated to be 108.5/ml EID50, and haemag-

glutinin antigen assay for irradiated and non-irradiated avian influenza

A subtypeH9N2 virus samples were obtained about 10 Log2. Thus, the

antigenicityof theHAantigendidnot change in irradiatedAIV. The,D10

value and inactivation dose of gamma radiation were 3.4 and 30 kGy,

respectively. The safety test was conducted for irradiated AIV H9N2

(at 30 kGy) on SPF eggs by four blind cultures and the obtained data

demonstrated no virus multiplication. The XRD patterns of magnetic

Fe2O3-NPs and IO-CMC nanocomposites are displayed in Figure 2.

The size of IO-NPs and IO-CMCwere about 20 nm and 22 nm, respec-

tively. Based on the comparison of the two XRD patterns, the charac-

teristics of IO-NPs did not change after carboxymethylation.

FTIR spectra for CMC and functionalized Fe2O3 NPs-CMC were

evaluated (Figure 3a–b), and the basic characteristic peaks of chitosan

are at 3435 cm−1 (O-H stretch), 2926 cm−1 (C-H stretch) in two spec-

tra. The peak at 1623 cm−1 (C = O band) is in two spectra, but it is

more clearly seen in Figure 3b. The peak 638 cm−1 in the functional-

ized IO-CMC NPs showed a band between metal and O (Fe-O), this

peak was not observed in CMC spectra. CHN analysis revealed that

the amount of nitrogen in the IO-CMC is approximately 1.09%. In addi-

tion, there is only one atom of N in one molecule of CMC (C8H13NO7);

thus, one molecule of CMC and five molecules of IO can be banded

with each other. Themolecular weight of IO-CMCwas calculated to be

nearly 1045 g (235+ (162 × 5)). The TEM images of the coated Fe2O3

NPs with CMC and conjugated and inactivated AIV with IO-CMC are

shown in Figure 4a–b. The virus particles surrounded by IO-CMC can

be observed in Figure 3a.
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F IGURE 2 Comparison of the X-ray diffraction (XRD) patterns for
iron oxide (IO) and IO-carboxymethyl chitosan (CMC) did not show
any change after carboxymethylation: (a) XRD pattern for IO and (b)
XRD pattern for IO-CMC

F IGURE 3 Comparison of the Fourier transform infrared (FTIR)
spectra for carboxymethyl chitosan (CMC) and iron oxide (IO)-CMC,
the peak 638 cm-1 in IO-CMC nanoparticles (NPs) showed a band
betweenmetal andO (Fe-O); this peak is not observed in CMC
spectra: (a) FTRI for CMC and (b) FTRI for IO-CMC

The protein concentration of irradiated AI antigen and formalin-

treated AI antigen as measured by Nanodrop are 22.1 and 26.5 μg/μl,
respectively. Figure 5 illustrates the findings of agarose (1.5%) gel elec-

trophoresis for evaluating the irradiated AIV-CMC-IO conjugate, AIV

antigen and unconjugated IO-CMCNPs implying that conjugation was

performed successfully.

The viability percentage of mice splenic cells was measured by try-

pan blue 2% and calculated in six vaccinated mice groups; 92.5%,

92%, 95.3%, 92.1%, 93.5% and 93%, respectively. The SI of the mice

splenic cells was calculated for each sample, and the means of the

obtaineddata arepresented inTable1. The statistical analysis of SI data

represented a significant increase of the lympho-proliferative activ-

ity of re-stimulated spleen cells in the irradiated AIV-IO-CMC group

(p < 0.05). Further, an increase was observed in mice HI antibody

titration in irradiated AIV-IO-CMC and formalin-treated AIV-IO-CMC

groups (p < 0.05). Furthermore, the increase in IFN-γ and IL-2 concen-
trations in the irradiated AIV-IO-CMC group revealed that Th class I

cells were activated more than the other groups, leading to B-cell acti-

vation and T-cytotoxic activation. The concentration of IL-4 demon-

stratedno significant increases in thegroups. Therefore, Th class II acti-

vation represented no increase.

The immune responses of the vaccinated broiler chicken are pro-

vided in the Table 2. Based on the findings, SI and HI antibody titra-

tion at 1st day, all of the broiler chickens were without parental immu-

nity against AIV subtype H9N2. The HI antibody titration significantly

increased in groups 1, 2, 5 and 6 chicken (p < 0.05) 2 weeks after

the first vaccination (WAFV) at 25th day. It also represented a signif-

icant increase 2 weeks after the second vaccination (WASV) as well

at 40th day. The HI antibody titration two WAFV was significantly

less than two WASV (p < 0.05). For this reason, the vaccination was

done as prime and boost strategy. The increasing of splenic lympho-

cyte proliferation (SI) in the 1 and 5 groups at 40th and 49th days indi-

cated that the irradiated AIV antigen could induce the cellular immu-

nity more than formalin-treated AIV antigen. Furthermore, the splenic

lymphocyteproliferation (SI) increased in1, 5 and6groups significantly

(p < 0.05). According to the standard curve of qPCR findings from tra-

cheal and cloacal swab samples, the virus shedding was not detected

(UND) in groups 1, 2, 5 and 6 chicken at 2, 5 and 9 days after challeng-

ingwith live virus. Therefore, irradiate-AIV-IO-CMC, formalin-AIV-IO-

CMC, irradiated-AIV-ISA70 and formalin-AIV-ISA70 vaccines protect

broiler chickens against AIV subtype H9N2.

4 DISCUSSION

Chemical inactivation such as formalin inactivation has some toxic

residues in vaccine products. Additionally, some viruses may escape

during the chemical inactivation. The most commonly used chemical

substances for producing inactivated vaccines can damage antigenic

epitopes, leading to a reduction in immunogenicity. Gamma-ray is ion-

izing radiation which is emitted from Cobalt-60 isotope and used for

virus inactivation without any changes in viral proteins. In general, the

optimum dose of gamma radiation for virus inactivation mainly relies
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F IGURE 4 The transmission electronmicroscopy (TEM) images of avian influenza virus carboxymethyl chitosan bounded iron oxide
(AIV-CMC-IO) conjugate and unconjugated IO-CMC nanoparticles (NPs): (a) conjugated and inactivated AIVwith IO-CMC and (b) coated Fe2O3

NPswith CMC (IO-CMC)

F IGURE 5 The findings of agarose (1.5%) gel electrophoresis by
Orange G for evaluating the irradiated avian influenza virus
carboxymethyl chitosan bounded iron oxide (AIV-CMC-IO) conjugate
and unconjugated IO-CMC nanoparticles (NPs) based onmolecular
weight; Lane 1, AIV antigen; Lanes 2, 3 and 4, IO-CMC; Lane 5, the
conjugated IO-CMC by formalin AIV antigen; Lane 6, the conjugated
IO-CMC by irradiated AIV antigen

on the temperature of radiation, size and structural arrangement of

the viral genome, the presence of oxygen during the irradiation pro-

cess, water content and post-irradiation conditions (da Silva Aquino,

2012; Whitby & Gelda, 1979). Gamma radiation is the perfect method

for virus inactivation. Due to this, vaccine preparation has a little effect

on the antigenic construction, higher penetration and the ability to be

used in a frozen condition that decreases free radical damage due to

water radiolysis (David et al., 2017; Furuya et al., 2010; Stauffer et al.,

2006). A sterility assurance level (SAL) is mathematically derived and

defines the viable viral load on the final product (vaccine) after ster-

ilization. SAL is normally expressed as 10−6 /ml for injectable prod-

ucts. The sterilization dose is the minimum necessary dose for achiev-

ing the required SAL. Sterilization dose depends on the first titration of

viable viral load, D10 Value and SAL, which are required for the prod-

uct (da Silva Aquino, 2012; Whitby & Gelda, 1979). There is no sin-

gle adjuvant formulation to affect the quality of the immune responses

against all vaccines. Recent strategies have beendeveloped for improv-

ing immunogenicity based on NP-mediated delivery systems (Pusic

et al., 2013; Reed et al., 2013). The appropriate adjuvants for vaccines

are highly important for the development of innate and protective

responses to combat viral diseases. They can enhance humoral and cel-

lular immune responseswhile decreasing vaccine doses andprolonging

immune responses (MarquesNetoet al., 2017).NPshavebeen recently

interested in drug and vaccine delivery due to their physical properties

and nanosizes (Cristina et al., 2016; Langer, 1990; Orive et al., 2003;

Mashhadizadeh & Amoli-Diva, 2012). Metallic NPs are synthesized by

a simple method and have rigid structures. Some of these NPs have

been studied for their immunological attributes (Hofmann-Amtenbrink

et al., 2015; Marques Neto et al., 2017;). IO NPs have been evaluated

as adjuvants by co-administration with the vaccine. Iron is an impor-

tant ion in the homeostasis of all cells and the generation of immune

responses. The use of IO NPs in BALB/c mice showed the diminish-

ing of splenocyte cytokine production due to the immunomodulatory

capacity of these NPs. IO NPs induce antigen presenting cell activa-

tion by inducting IL-6, tumour necrosis factor α (TNFα), IFN-γ and IL-

12 production. However, the immune response, which is induced by IO

NPs, is lower than theone that is generatedby lipopolysaccharide (LPS)

(as positive control), and it is probably beneficial for controlling the

side effects (Marques Neto et al., 2017; Pusic et al., 2013). The prop-

erties and applications of CMC are strongly dependent on its struc-

tural characteristics, mainly including the average degree of substitu-

tion and the locus, aminoor hydroxyl groups of the carboxymethylation
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TABLE 1 The results of stimulation index of the spleen lymphocyte proliferation assay (SI), haemagglutination inhibition (HI) antibody titres,
interfron-γ (IFN-γ), interleukin-2 (IL-2) and IL-4 concentration in vaccinatedmice serum (In each column a>b, b>c, c>d)

No. Vaccine group SI± SD Ab titration (Log2)± SD IFN-γ± SD(pg/ml) IL2± SD(pg/ml) IL4± SD(pg/ml)

1 Irradiate-AIV-IO-CMC 1.3± 0.26a 8.18 Log2 ± 2.03a 123.14± 11.75a 28.24± 1.16a 0.28± 0.056a

2 Formalin-AIV-IO-CMC 0.99± 0.15b 7.04 Log2 ± 1.31a 78.15± 3.58b 16.793± 0.12b 0.22± 0.028a

3 IO-CMC 0.98± 0.14b 1.6 Log2 ± 0.34c 17.10± 3.11d 5.605± 0.24c 0.235± 0.014a

4 PBS 0.95± 0.20b 1 Log2 ± 0.75c 15.08± 2.45d 3.92± 0.71c 0.192± 0.032a

5 Irradiated-AIV-ISA70 1.16± 0.12a 5.3 Log2 ± 1.15b 26.56± 2.04c 15.17± 0.16b 0.31± 0.054a

6 Formalin-AIV-ISA70 0.99± 0.06b 4.42 Log2 ± 0.97b 23.01± 1.41c 11.84± 0.54b 0.30± 0.042a

Abbreviation: PBS, phosphate buffered saline.

TABLE 2 The results of chicken splenic lymphocyte proliferation (SI) and haemagglutination inhibition (HI) antibody titration in vaccinated
broiler chickens

No. Vaccine group

SI± SD

1st day

SI± SD

40th day

SI± SD

49th day

Ab titration (Log2)± SD

1st day

Ab titration (Log2)± SD

25th day

Ab titration (Log2)± SD

40th day

1 Irradiate-AIV-IO-CMC 0.90± 0.26a 1.88± 0.21a 1.76± 0.08a <1 Log2
a 2.66 Log2

a 7 Log2
a

2 Formalin-AIV-IO-CMC 0.90± 0.15a 1.12± 0.36c 1.10± 0.11c <1 Log2
a 2.33 Log2

a 6.66 Log2
a

3 IO-CMC 0.88± 0.14a 0.91± 0.17c 0.88± 0.05c <1 Log2
a

<1 Log2
c

< 1 Log2
c

4 PBS 0.85± 0.20a 0.94± 0.06c 0.87± 0.09c <1 Log2
a

<1 Log2
c

< 1 Log2
c

5 Irradiated-AIV-ISA70 0.86± 0.12a 1.56± 0.34a 1.57± 0.23a <1 Log2
a 1.66 Log2

b 5.33 Log2
a

6 Formalin-AIV-ISA70 0.89± 0.06a 1.33± 0.22b 1.38± 0.31b <1 Log2
a 1.66 Log2

b 5 Log2
b

Abbreviation: PBS, phosphate buffered saline.

(Abreu&Campana-Filho, 2005). CMC in comparisonwith otherwater-

soluble chitosan derivatives has received further attention due to

ample of application, simple synthesis and an ampholytic character

(Mourya et al., 2010). Pusic et al. (2013) reported no toxic effects

on monkeys after three doses IO NPs injection, and thus predicted

that the rapid clearance of these NPs (20 nm) should rely on their

small sizes. However, more sensitive studies are needed for tracing

the clearance of IO NPs. To maintain the maximum integrity of viral

proteins, gamma-rays should be limited to the minimum required dose

for complete inactivation of the virus. In this regard, it was found that

there is a mathematical log linear-relationship (Y = 7.95 − 0.283X)

between augmented radiation doses and diminished virus titre that

is used for the assessment of D10 value of 3.34 kGy and the mini-

mum inactivation dose of 30 kGy (Salehi et al., 2018). Based on the

lack of detectable cytophatic effects (CPE) for all four passages and

the retaining of most viral protein integrity confirmed with HAT assay,

30 kGy of gamma-irradiated AIV was used for the whole inactivated

virus vaccine preparation. In the study by Salehi et al. (2018), the anti-

genicity of the frozen AIV after irradiation on dry ice was unaltered;

thus, it was a good candidate for immunization. According to the data

in Table 1, all vaccinated mice groups (groups 1, 2, 5 and 6) showed

humoral immunity stimulation via antibody titration increasing, and

IFN-γ and IL-2 induction. Although the cell mediated immunity was

only induced in irradiated AIV (groups 1 and 5), the antibody titration

and SI of splenic lymphocytes in group 4 (negative control) demon-

strated no increase. Nonetheless, IO-CMC as an adjuvant makes more

stimulation in humoral and cellular immunity compared to the ISA70

oil. The immunogenicity of the irradiated AIV antigen was improved

by IO NPs that were coated by CMC. Our findings revealed that the

immunizationofBALB/cmicewith irradiatedAIV-IO-CMCvaccine two

times at a two-week interval could significantly elevate both cell- and

antibody-mediated immunities by up-regulated antibody titration and

Th-1 (IFN-γ and IL-2) and Th-2 (IL-4) cytokines, a bias towards Th1

cytokines. Furthermore, the data obtained showed that AIV-IO-CMC

was effective in enhancing immunogenicity as irradiated AIV antigen

administered with a clinically acceptable adjuvant (i.e. IO-CMC). HI

antibody titration in the 1 and 2 groups of the vaccinated broiler chick-

ens indicated that IO-CMC is a good adjuvant to enhance immuno-

genicity of irradiation-inactivated AIV antigen for inducing humoral

immunity. Furthermore, the increasing of splenic lymphocyte prolifer-

ation (SI) in the 1 and 5 groups at 40th and 49th days indicated that

the irradiated AIV antigen could induce the cellular immunity more

than formalin-treated AIV antigen. Finally, the evaluation of AIV-IO-

CMC complex for broiler chicken immunization represented further

up-regulated humoral and cellular immunity in the irradiated AIV-IO-

CMC group in comparison with other groups.
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