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The most common method of influenza prevention is intramuscular administration of vaccines, which
causes a higher antibody response than subcutaneous. However, such routes of antigens administration
result in the predominant formation of serum IgG against influenza viruses, while intranasal administration
promotes higher titers of both IgG and IgA than intramuscular vaccination. Based on the fact that this
infectious agent enters the body through the mucous membranes of the respiratory tract, we developed
the concept of local etiologically adequate vaccination, based on the statement that the vaccine should be
administered in the same way as the infection, i.e. in cases of respiratory infections it should be intranasal
or oral administration of vaccine material. So, the aim of this work was to demonstrate the benefits of
local vaccination against respiratory viruses, as well as the use of nanocarriers in such vaccination and
possible cross-antigen reactions by hemagglutinin between antigens of influenza virus and severe acute
respiratory syndrome-related coronavirus 2 (SARS-CoV-2). Methods. The study was performed using
Wistar rats in 3 series of experiments. At first series we investigated the comparative immune response to
influenza Influvac® vaccine (Abbott, The Netherlands) against A and B type influenza viruses, which was
administered intranasally, per os and subcutaneously once at a dose of 1.5 ug of hemagglutinin. Animals
from group 2were similarly administered with the same amount of vaccine with and without cerium
dioxide nanoparticles (CeO,). Animals of group 3 intranasally received an identical volume of sodium
chloride solution (placebo control). Rats were removed from the experiment by decapitation one week
after the immunization. Tissue homogenates were prepared from the trachea of animals of all groups by
homogenization at the rate of 100 mg/mL of 0.9% sodium chloride solution. The homogenates were kept
at 2 °C for 18 hours and then centrifuged at 120 g for 20 minutes (cold centrifuge NFSOOR, Turkey). The
obtained extracts and sera were stored at a temperature of -20 °C until the determination of antibodies
titers to hemagglutinins of A and B influenza viruses in the reaction of hemagglutination inhibition and
titers of interferons (IFN) -a and -y and using enzyme-linked immunosorbent assay using Elabscience
(USA) reagents and Stat Fax 2100 Microplate Reader (USA). In the 3" series of experiments, the content
of antihemagglutinins in the trachea and serum after immunization of animals with nucleocapsid antigen
of SARS-Cov-2 coronavirus (recombinant antigen produced by PJSC SPC “Diaproph-Med”, Ukraine) at
adose of 2.5 ug in 0.2 mL of Hanks’ solution was determined. The antigen was administered intranasally
or subcutaneously and then all other steps of the experiments were similar to those described below for the
I series of experiments. Results. Conducted experimental studies aimed to develop new approaches and
technologies for vaccination against respiratory viruses, which enter mainly through the upper respiratory
tract, confirm the concept of the feasibility of local intranasal vaccination against influenza and other
respiratory viruses. The data obtained during the research confirm more effective appearance of protective
local immunity both in terms of humoral immune response and interferon protection of the respiratory
tract during intranasal vaccination. The use of cerium dioxide nanoparticles in local vaccination may
increase the effectiveness of this approach to stimulate the production of antibodies to influenza virus
antigens in the upper respiratory tract. Finally, the advantages of local intranasal immunization with
SARS-CoV-2 N-antigens over their systemic administration suggest that local intranasal vaccination
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against coronavirus antigens may also be more effective than systemic administration of antigens of this
virus, which requires further research for clinical trials. Conclusions. Intranasal immunization of animals
with influenza A and B virus antigens and N-antigen of SARS CoV-2 is more effective for creating local
protective immunity in the respiratory system compared to parenteral administration of the antigen. The
use of cerium dioxide nanoparticles together with the vaccine resulted in more effective local immune

response to respiratory virus antigens.

Keywords: respiratory viruses, local immunity, nanoparticles, vaccination concept.

Recurrent upper respiratory infections are
a global health problem [1, 2]. In developed
countries, up to 25% of patients of all ages suffer
from recurrent respiratory infections [2, 3], among
which influenza is one of the most common.

One of the effective methods of influenza
prevention is vaccination [4-6]. The drugs used
for vaccination are based on a holistic inactivated
influenza virus and split vaccines for intramuscular
administration and live attenuated influenza
vaccines for intranasal administration [4, 7, 8].
The effectiveness of such immunoprophylactic
measures does not exceed 60% [4, 8], in addition,
post-vaccination immunity is short-lived [4, 9]
in contrast to immunity that remains after a flu
infection [7, 10].

The most common is intramuscular admi-
nistration of vaccines [7, 11], which causes a higher
antibody response than subcutaneous [5, 12].
However, such routes of antigenic administration
result in the predominant formation of serum IgG
against influenza viruses [11], while intranasal
administration promotes higher titers of both IgG
and IgA than intramuscular vaccination [13]. In
addition, the weakened live vaccine when applied
to the mucous membrane of the respiratory tract
leads to the predominant formation of secretory
IgA in them which prevents the entry of influenza
viruses into the human body [11].

Based on the fact that this infectious agent
enters the body through the mucous mem-
branes of the respiratory tract, we at the SI
“Institute of Otolaryngology named after prof.
0.S. Kolomyichenko of the NAMS of Ukraine”
developed the concept of local etiologically
adequate vaccination, based on the statement
that the vaccine should be administered in
the same way as the infection, i.e. in cases of
respiratory infections it should be intranasal or
oral administration of vaccine material [9, 14].
So, the aim of this work was to demonstrate the
benefits of local vaccination against respiratory
viruses, as well as the use of nanocarriers in such
vaccination and possible cross-antigen reactions
by hemagglutinin between antigens of influenza
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virus and severe acute respiratory syndrome-related
coronavirus 2 (SARS-CoV-2).

Materials and methods. The study was
performed using 75 Wistar rats weighing 190-
220 g from the vivarium of the Institute. 3 series
of experiments were conducted. At first we
investigated the comparative immune response
to influenza Influvac® vaccine (Abbott, The
Netherlands) against A and B type influenza
viruses, which was administered intranasally,
per os and subcutaneously once at a dose of
1.5 pug of hemagglutinin in 0.1 mL of Hanks solu-
tion per one administration. Animals were remo-
ved from the experiment on the 11" day after
immunization with humane treatment, according
to the “European Convention for the Protection
of Vertebrate Animals Used for Experimental and
Other Scientific Purposes” (Strasbourg, 1986).

17 animals from group 2 were similarly ad-
ministered with the same amount of vaccine with
and without cerium dioxide nanoparticles (CeO,).
5 animals of group 3 intranasally received an iden-
tical volume of sodium chloride solution (placebo
control). Rats were removed from the experiment
by decapitation one week after immunization.
Tissue homogenates were prepared from the trachea
of animals of both groups by homogenization at
the rate of 100 mg/mL of 0.9% sodium chloride
solution. The homogenates were kept at 2 °C for
18 hours and then centrifuged at 120 g for 20 minutes
(cold centrifuge NF80OR, Turkey). The obtained
extracts and sera were stored at a temperature of
-20 °C until the determination of antibodies titers
to hemagglutinins of A and B influenza viruses in
the reaction of hemagglutination inhibition [15] and
titers of interferons (IFN) -o and -y using enzyme-
linked immunosorbent assay using Elabscience
(USA) reagents and Stat Fax 2100 Microplate
Reader (USA).

The content of antibodies and interferons in
the trachea and serum during immunization of
animals with influenza vaccine with the addition
of cerium dioxide nanoparticles (CeO,) and
without it was determined in the second series
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of experiments. In the 3™ series, the content of
antihemagglutinins in the trachea and serum after
immunization of animals with nucleocapsid antigen
of SARS-Cov-2 coronavirus (recombinant antigen
produced by PJSC SPC “Diaproph-Med”, Ukraine)
at a dose of 2.5 pug in 0.2 mL of Hanks’ solution
was determined. The antigen was administered
intranasally or subcutaneously and then all other
steps of the experiments were similar to those
described below for the 1% series of experiments.
Antibody titers to hemagglutinin were statistically
processed using the U criterion (Wilcoxon Rank
Sum Test), and antibody titers according to the
recommendations of V.I. Levenson [16, 17].

Results. When Influvac® vaccine was used
for immunization of animals (Table 1), which
was administered intranasally, per os and
subcutaneously, different levels of antibodies to
hemagglutinin were obtained in serum and in
extracts from tracheal tissues.

The titers of antibodies to hemagglutinin of
influenza virus in tracheal extract significantly
exceed (p<0.01) control values and the level of
antibodies in the serum after a single administration

Table 1

of influenza vaccine per os. After intranasal
administration the content of antibodies to
hemagglutinin in extracts from tracheal tissues
was significantly higher compared to the content
of antibodies in serum (p<0.01).

It is seen from the data presented in Table 1
that after intranasal administration of influenza
vaccine the level of antibodies to hemagglutinin
in the extracts of the trachea was significantly
higher than in serum. No significant difference
was found when comparing two groups of studies
by the level of antibodies in the blood, whereas
in the extracts of the trachea, the level of titers of
antibodies to hemagglutinin was 1.5 times higher.
According to O.A. Shydlovska [18] the use of
cerium dioxide nanoparticles increases the titers
of antibodies to hemagglutinin of influenza virus
in the blood in the case of parenteral vaccination
under experimental conditions. After intranasal
vaccination, nanoparticles improve the forma
tion of humoral local immunity against influenza
virus.

The interferon system is a major component of
antiviral immune defense. Interferons implement
a congenital nonspecific local and systemic body

The content of antibodies to hemagglutinin of influenza A and B viruses in different
immunization types

Antibody titers, log,
The method of antigen Blood serum Extracts from tracheal tissues
administration | II
M+m M+ m
2.75+0.16
Intact animals 429 +0.61 (n=8)
(control) (n=7) p...<0.07
/1 °
8.67£0.21**
Intranasal administration 6.80 +£0.20 (n=7)
(A) (n=7) P, < 0.01
8.36+£0.31**
o ] 6.50+0.29 _
Per os administration (n—12) (n=11)
n=
(B) Py, < 0.01
Pap” 0.05 pA/B> 0.05
425+ 0.45%*
5.86 +£0.26 (n=8)
Subcutaneous administration (n=7) p. >0.05
, .
©) Py <0.05 p:\/t< 0.01
Pgc> 0.05 Py <0.01

* — Significance of differences in comparison with control: * — p<0.05;

** — p<0.01; n — Number of samples
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response to viral infection. They form a protective
barrier in the way of viruses earlier than specific
protective reactions of the body [19]. There is
evidence that antiviral vaccines not only stimulate
humoral and cellular immunity, but also affect the
interferon system [ 10, 20]. Therefore, the next step
was to determine the levels of IFN-a and IFN-y in
tracheal extracts and blood serum of animals before
and after various types of local vaccination against
influenza. The results obtained are presented in
Table 3.

As can be seen from the Table 3, CeO, in com-
bination with the influenza vaccine in cases of
intranasal administration reduced the level of
IFN-a in the blood and had tendency to increase
the content of IFN-y in trachea extracts of rats.
Thus, the use of cerium dioxide nanoparticles with
influenza vaccine when administered intranasally
increased the level of humoral antiviral immunity
factors in the respiratory system.

In recent years, special interest has arisen in
connection with the spread of the respiratory virus
SARS-CoV-2. The presence of hemagglutinin in

Table 2

the structure of this virus somewhat converges
influenza A and B and SARS-CoV-2 viruses and
suggests the possibility of diagnosing the immune
response to these respiratory viruses by the level
of antibodies to hemagglutinin [12]. To confirm
the existence of possible cross-reactions between
coronavirus and influenza A and B viruses,
experimental animals were immunized intranasally
and subcutaneously with a nucleocapsid-type
antigen of SARS-CoV-2 with a molecular weight
of 49 kDa.

As in experiments with influenza vaccine,
the coronavirus antigen was administered in
the same dose (2.5 pg) once intranasally and
subcutaneously and after 10 days animals
were tested for the presence of antibodies to
hemagglutinin of influenza A and B viruses,
where the antigen was Influvac® vaccine of the
2020/2021 season with initial hemagglutinating
titer of 1:400. The obtained results are presented
in Fig. 1, from which it is clear that after intranasal
administration of coronavirus antigen, the content
of antibodies in tracheal extract was higher than

Titers of antibodies to hemagglutinins of influenza viruses in blood serum and tracheal
extracts with the use of cerium dioxide nanoparticles and intranasal vaccine

Titers of antibodies to hemagglutinins of influenza A and B viruses

Indicators Extracts from tracheal tissues Blood serum
Variant of local vaccination Variant of local vaccination
CeO, + CeO, - CeO, + CeO, -
Average titer 1:170.5* 1:68.5 1:45.5 1:35.5
min-max 1:20-1:640 1:20-1:160 0-1:80 0-1:160
n** 18 17 18
Intact animals n=10 1:15.8 (0-1:40)

* — Significance of differences between groups
** — Number of samples

Table 3

Influence of influenza vaccine on the content of IFN-a and -y after its intranasal
administration both separately and with cerium dioxide nanoparticles (CeO,)

Blood serum

Indicators IFN-a, pg/mL IFN-y, pg/mL

Vaccine + CeO, Vaccine Vaccine + CeO, Vaccine
n* 10 10 10 10
M+m 1.1+£0.6 6.9+25 8.6+5.0 1.3+1.0
p p <0.05 p=0.20

Extracts from tracheal tissues

Indicators IFN-a, pg/mL IFN-y, pg/mL

Vaccine + CeO, Vaccine Vaccine + CeO, Vaccine
n* 12 12 12 12
M+m 128.0+32.9 180.9 +10.6 284.6+42.3 180.1 £20.3
p p=0.50 p=0.07

* — Number of samples
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Fi g. 1. Titers of antibodies to coronavirus hemagglutinin in different variants of immunization

after subcutaneous administration and exceeds
the titers of antibodies to hemagglutinin in blood
serum.

Discussion. Thus, our experimental studies
aimed to develop new approaches and technologies
for vaccination against respiratory viruses, which
enter mainly through the upper respiratory tract,
confirm the concept of the feasibility of local
intranasal vaccination against influenza and other
respiratory viruses. The data obtained during
the research on more effective appearance of
protective local immunity both in terms of humoral
immune response and interferon protection of the
respiratory tract during intranasal vaccination
coincide with the data of other authors [13, 14]. In
particular, based on their observations, Zheng Z et
al. predict that noninvasive vaccine administration
will be more widely applied in the clinic in the
near future [21]. Pedersen G et al. studied antigen
transport into the central nervous system following
intranasal immunization against influenza and
discuss possible reasons for the superiority of the
intranasal as compared with the sublingual route in
terms of vaccine immunogenicity [22].

The use of cerium dioxide nanoparticles in local
vaccination may increase the effectiveness of this
approach to stimulate the production of antibodies
to influenza virus antigens in the upper respiratory
tract and these data coincide with the results of
studies of nanoparticles ability to increase the level
of protective antibodies to influenza in blood serum
in cases of systemic immunization of animals [18,
23]. In particular, Al-Halifa S et al. provides an
overview of the advantages associated with the use
of nanoparticles as vaccine delivery platforms to
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immunize against respiratory viruses and highlights
relevant examples demonstrating their potential
as safe, effective and affordable vaccines [24].
Cossette B et al. discuss promising strategies across
a wide array of biomaterial classes and highlight
the considerable potential of intranasal vaccines
and the biomaterial-based technologies that enable
them [25]. Marasini N et al. summarizes challenges
and the rationale for nasal vaccine development
with a special focus on the use of nanoparticles
based on polymers and lipids for mucosal vaccine
delivery [26].

Finally, the advantages of local intranasal
immunization with SARS-CoV-2 N-antigens
over their systemic administration suggest that
local intranasal vaccination against coronavirus
antigens may also be more effective than systemic
administration of antigens of this virus, which
requires further research for clinical trials.

Conclusions. Intranasal immunization of
animals with influenza A and B virus antigens
and N-antigen of SARS CoV-2 is more effective
for creating local protective immunity in the
respiratory system compared to parenteral
administration of the antigen. The use of cerium
dioxide nanoparticles together with the vaccine
resulted in more effective local immune response
to respiratory virus antigens.
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Peswome

Haii6inbr mommpeHnM MeTOI0M iMyHOMpodi-
JIAKTUKH TPUITY € BHYTPILTHHOM SI30B€ BBEICHHS BaK-
[IWHAIBHUX TPEaparis, Mo 3ade3rneuye IpoIyKIliio
OUTBII BUCOKUX THUTPIB @aHTHUTL, HIXK MiAmKipHe. OJ1-
HaK, TaKi MUISIXH BBEICHHS aHTUTEHHOTO Marepiaity
00yMOBITIOIOTH YTBOPEHHS MEPEBAKHO CUPOBATKOBOTO
1gG nporu BipyciB rputy, Tozi K iHTpaHa3aJIbHE BBE-
JICHHS CIIPHSIE IOCSITHEHHIO O1TBIIT BUCOKUX THTPIB SIK
IgG, tak i [gA, HiI* BHYTPIIIHEOM SI30Ba BaKITHHAILIS.
Buxonsuu 3 Toro, mo e iHGeKmiiHui areHT morpa-
IUISIE B OPraHi3M Kpi3b CIU30B1 000JOHKH AUXATbHUX
LUISIXiB, HaMK OyJia po3podiieHa KOHIIETIIis JTOKaTbHOT
€TI10JIOTIYHO aJeKBAaTHOI BaKI[MHAIIl, OCHOBOIO SKOI €
MTOJIOKEHHS TIPO Te, 110 BBEJICHHS BaKIIMHU ITOTPIOHO
POOUTH THM CaMHM IIUISIXOM, IO IKOMY PO3BHBA€THCSI
iH(IKyBaHHS, TOOTO MPH PECHIPATOPHUX THPEKIIISIX
I[e MOBHHHO OYTH iHTpaHa3aJbHE a00 OpajbHE BBE-
JIeHHsI BaKIIMHAIIbHOTO MaTepiany. lany poboTy Oyino
MIPOBE/ICHO 3 METOI0 BCTAHOBIICHHS IIEpPEBar JIOKab-
HOi BaKIWHALIi TPOTH pEeCHipaTOpHUX BipyCiB, a Ta-
KOX 3aCTOCYBaHHSI HAHOHOCITB 3a TaKOi BaKIIMHAIIIT 1
MOYKJIIBHX TIEPEXPECHUX PEaKIii 10 aHTUTCHY-TeMa-
[IIOTHHIHY MK aHTUreHamu Bipycy rpumy i SARS-
Cov-2. Metoau. JlociiKeHHs IPOBEIEH] Ha LIypax
ninii Wistar B 3-x cepisix, ne B 1-i#f gocmimxyBanu
IMyHHY BiJNOBiJIb Ha BaKIMHY NpOTH Tpumy A i B
tunty «lHnyBak» (OpaHIis), SKy BBOIWIH 1HTpa-
Ha3alIbHO, per 0s Ta MiIIIKIPHO OJHOKPATHO B 1031
1,5 MKT remanmoTuHiHY. TBaprHaM Ipynu 2 aHaJIOT -
HUM YMHOM BBOJIWIN TaKy camy KUIBKICTh BaKI[HHU
0e3 HanovacTok miokcuay uepiro (CeO,) Ta 3 HUMH.
TBapunu 3 Tpynu 3 iHTpaHA3aJIFHO OTPUMYBAITH 1CH-
THYHUI 00’€M pO3YMHY XJIOpUAY HaTpiro (Turamnebo
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KOHTpOJIb). LypiB BUBOAMIM 3 AOCHIAY IIJISIXOM Je-
KariTalii uepe3 THKACHb MMicis iMyHi3alii. 3 Tpaxe
TBapuH 000X TPYI LUITXOM FOMOTEHI3allil TOTyBaJIH
TKaHWHHI TOMOTeHaTH 3 po3paxyHKy 100 mr/mi 0,9 %
pPO3UNHY XJIOPUAY HATpifo. [ OMOTeHAaTH BUTPHUMY-
Bayi mpoTsiroM 18 roaun 3a temneparypu 2 °C Ta
uentpudyrysanmu npu 120 g npotsrom 20 XBUIUH
(xonomosa nentpudyra NFSOOR, Typeuuuna). Otpu-
MaHi eKCTPaKTH Ta CHPOBATKM 30epiraim 3a TemIe-
parypu -20 °C 10 BU3HAYCHHS B HUX TUTPIB aHTUTLI
JI0 TeMarTIOTHHIHIB BipyciB rpuny A Ta B y peakiii
raJlbMyBaHHs TeMarFOTHHALIT Ta iHTepepOHiB-y Ta
-0, 3a JIONIOMOT 010 IMYHO(EPMEHTHOTO METOy 3 3a-
cTocyBaHHAM peakTuBiB (ipmu Elabscience (CILIA)
Ta iMmyHO(epMeHTHOro aHamizaropa Stat Fax 2100
(CHIA). Byno Bu3Ha4eHO BMICT aHTUTEMATIFOTHHIHIB
B Tpaxei Ta CHPOBATIII TIPH IMYHI3aIlii TBApUH HYKJIe-
OKAIICUIHUM aHTUIeHOM KopoHaBipycy SARS-CoV-2
(pexomOinantHuit anturen BupoOHuuTsa [IpAT HBK
«dianpo-Meny, Ykpaina) B 1031 2,5 Mxr/0,2 M1 po3-
yiHy XEHKca. AHTUTEH BBOJMIIM IHTpaHA3aJIbHO 200
MIAIIKIPHO 3 TTOJATBIINM OTPUMAHHIM MaTepiay Bij
TBapHH 32 aHAJIOTTYHOI0 cxeMmoro. PesynbraTu. [1po-
BEJ/ICHI EKCIIEPUMEHTATBHI TOCTIIKEHHS 3 BU3HAUCH-
Hsl e(peKTHUBHOCTI BaKIMHALIl IPOTH PeCIipaTOPHUX
BIpYCiB, SIKi MOTPAILISIIOTH IEPEBAXKHO UEPe3 BEPXHI
JUXaNbHI IUIXH, MiATBEPUKYIOTh OJTOKCHHS KOH-
LeNIii Ipo MOIUIBHICTh JIOKaJbHOI iIHTpaHa3a bHOT
BaKIMHAI[IT IPOTH TPHITY Ta IHIIUX BIPYCIB peciri-
paropHoi rpynu. OTpuMaHi B X0/ TOCIIKEHb JaHi
MiATBEPAXKYIOTh OUIbIIY e(eKTUBHICTh IHTpaHa3ab-
HOT BakIMHAII{ K 32 apaMeTpaMu PO3BUTKY I'yMO-
panbHOI IMYHHOI BiJIMOBi/i, TaK 1 iHTEp)EPOHOBOTO
3aXHCTY IUXATBHUX IUIIXIB. 3aCTOCYBaHHS HAHOYAC-
TOK JIIOKCHJTY TIEPit0 3a JIOKAIbHOI BAaKIIMHAIT ITi/-
CHITIOBAJIO TMPOJYKIIFO aHTHUTII 0 aHTUTEHIB Bipycy
TPUITYy CaMe Y BEPXHIX AUXaTbHUX muUIsixax. JloBeneHi
MepeBary JIOKaIbHOI IHTpaHa3aIbHOT IMyHi3alil 31 3a-
crocyBaHHsIM N-anTureHiB SARS-Cov-2 y nopiBHSH-
Hi 3 IX CHCTEMHHUM BBEJICHHSIM JIO3BOJISIIOTH 3pDOOHUTH
MPUITYIICHHS, 10 JOKaJbHA iHTpaHa3aIbHA BAaKIIH-
HAIIisl 1 MPOTH AHTHTCHIB KOPOHABIPYCY TAKOXK MOXKE
OyTH OLTBII €PEKTHBHOIO Y MOPIBHSAHHI 31 CHCTEMHHM
BBEJICHHAM aHTHIEHIB IIOTO BipycCy, 10 MOTpelye
MOJANTBIINX JTOCII/PKEHb Ta KIIIHIYHUX BUMTPOOYBAHb.
BucnoBku. Byno nokasano, mo iHTpaHa3agbHa iMy-
Hi3allisl TBAPUH aHTHTCHAMH Bipycy rpumy A i B ta
N-anturenom SARS-CoV-2 Oinbln epekTuBHA IS
CTBOPEHHS JIOKAJIBHOTO MPOTEKTUBHOTO IMYHITETY B
OpraHax JIMXaHHs y TIOPIBHSHHI 3 MapeHTepaJIbHUM
BBE/ICHHSIM aHTUTEHY. 3aCTOCYBaHHS HAHOYACTOK Ii-
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OKCUay L[epi}o pasoMm 3 BAaKIIMHOK CYIIPOBOIKYETHCA

OLIBII €(hEKTUBHOIO JIOKAIBHOIO IMyHHOIO B1JIIOBif-

JIF0 HA aHTUTCHU PECipaTOpPHUX BipyCiB.
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