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The influenza vaccine Grippol� Quadrivalent (GQ) is a new vaccine, containing the adjuvant
Polyoxidonium� and recombinant hemagglutinins from 4 strains of the influenza virus in amount of
5–6 lg of each hemagglutinin per human dose. These doses of antigens are about 3 times less than
the standard dose recommended by WHO. We sought to characterize the immune response to the GQ
vaccine and to determine the contribution of the adjuvant in this response. BALB/c mice were vaccinated
with GQ or with adjuvant-free antigen mixtures (AGs). Then, the antibody response, the number of mem-
ory T cells in the spleen, and the functional properties of splenocytes were determined. The vaccine GQ
has been shown to induce antibodies to all 4 influenza hemagglutinins. The vaccination with GQ caused a
strong increase in the AG-induced proliferation and production of Th2 cytokines ex vivo. These effects
were equal to effect achieved by standard dose of antigens. Vaccination also caused the accumulation
of CD4+ large lymphocytes with the phenotype of central and effector memory T cells in the spleen.
The GQ vaccine enhanced the cytolytic activity of natural killer (NK) cells, whereas the adjuvant-free mix-
ture of AGs in lowered and standard doses did not affect NK activity. We did not find a noticeable
response of Th1 and CD8+ T cells to vaccination. In vitro, the GQ vaccine stimulated the maturation of
human monocyte-derived dendritic cells (DCs) enhancing the expression of HLA-DR, CD80, CD83,
CD86 and ICOSL molecules. Polyoxidonium without AGs also induced expression of ICOSL, which plays
an important role in T-dependent humoral immune response. In summary, the low-dose influenza vac-
cine GQ with Polyoxidonium adjuvant is immunogenic, induces a Th2-polarized T-cell response and CD4+

memory T cells maturation, activates the production of antibodies to influenza hemagglutinins, and
increases the activity of NK cells.

� 2020 Published by Elsevier Ltd.
1. Introduction

Mass vaccination is one of the most effective means of combat-
ing the influenza. It has been estimated that universal influenza
vaccination can save the lives of between 250,000 and 500,000
people every year worldwide [1]. Russian Federation National
Immunization Schedule approves the use of several vaccines,
including vaccines of the Grippol family, for mass immunization
against influenza in Russia. The first subunit Russian vaccine Grip-
pol was registered in 1996. Since that time, several Grippol vacci-
nes have been developed and approved based on a single
technological platform that implements the principle of using the
complex ‘‘polymer adjuvant - pure antigens”: Grippol, Grippol plus,
pandemic MonoGrippol plus and Grippol Quadrivalent. Over the
twenty years of use, these vaccines have proven to be safe and
effective for adults, children and the elderly, according to an anal-
ysis of about 50 million recipients [2].

All vaccines of the Grippol family have two common features:
firstly, they contain a reduced dose of antigens, and secondly, they
contain adjuvant azoximer bromide from a class of heterochain ali-
phatic polyamines [3]. Azoximer bromide, marketed under the
onium
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trade name Polyoxidonium�, is a water-soluble copolymer of N-
oxidide 1,4-ethylene piperazine and (N-carboxyethyl) �1,4-
ethylene piperazinium bromide with a molecular weight of 60–
100 kDa [3]. The structure of Polyoxidonium was confirmed in
detailed studies performed by the Direction Centrale Recherche &
Technologie, Brussels [4]. Biodegradation to nontoxic oligomers
with a molecular weight of 1–2 kDa provides easy elimination of
Polyoxidonium from the body, its low renal toxicity and a good
safety profile [5].

Polyoxidonium is able to bind various antigens both by means
of the controlled synthesis of conjugates and due to spontaneous
formation of complexes resulting from the interaction of charged
functional groups of protein or polysaccharide antigens with
anchor groups of Polyoxidonium [4]. Polyoxidonium conjugated
with influenza virus hemagglutinins (HAs) enhances the produc-
tion of anti-HA antibodies in mice of different strains (BALB/c,
C57BL/6j, DBA/2, CBA, CC57W, A/Sn, C3H/He and B10CW) [4,6].
However this adjuvant effect of Polyoxidonium is more pro-
nounced in BALB/c, DBA/2, CBA, CC57W and A/Sn mice which have
a relatively weak antibody response to immunization with adju-
vant free HAs [4,6]. Polyoxidonium mixed with HAs also predomi-
nantly enhances production of anti-HA antibody in CBA, CC57W
and A/Sn mice with low reactivity to HAs [4]. The conjugate of
M. tuberculosis HSP70 protein with Polyoxidonium induces
enhanced antibody production and proliferation of CD4+ lympho-
cytes, and administration of Polyoxidonium together with BCG
increases the protective effect of the vaccine in mice [4]. Being
administered with sheep erythrocytes, Polyoxidonium increases
the number of antibody-forming cells not only in healthy mice,
but also in animals with immunosuppression caused by old age,
radiation, or administration of cyclophosphamide [4]. In vitro
human monocytes and neutrophils bind and capture labeled Poly-
oxidonium [7]. The addition of Polyoxidonium to cell cultures
increases the production of interleukine-6 (IL-6) and intracellular
H2O2, improves the ability of neutrophils and macrophages to cap-
ture and process various infectious agents [7–9], stimulates differ-
entiation of monocytes into DCs and enhances T cell proliferation
[10]. Due to its safety and ability to stimulate immune responses,
Polyoxidonium has been approved in Russia as a vaccine adjuvant
and stand alone immune modulator for the treatment of acute and
chronic bacterial, viral or fungal infections [3,11] (http://petrovax.-
com/medication/catalog/polyoxydonium/).

In this study, we evaluated the humoral and cellular immune
responses of mice to the GQ vaccine containing Polyoxidonium
adjuvant and recombinant HAs from 4 strains of the influenza
virus. The effect of the vaccine on humanmonocyte-derived imma-
ture DCs has also been investigated. The vaccine has been shown to
effectively induce an immune response of mice to HAs in vivo and
stimulates the maturation of human DCs in vitro. The article pre-
sents results that indicate that adjuvant Polyoxidonium in vaccine
enhances the immune response to the HAs of the studied vaccine.

2. Materials and methods

Female BALB/c mice with specific pathogen-free status (Charles
River Laboratories) were obtained from the Center for Genetic Col-
lections of Laboratory Animals (Lobachevsky State University of
Nizhny Novgorod, Russia) and from Charles River Laboratories
(Germany). All animal studies were performed in accordance with
Directive 2010/63/EU of the European Parliament and of the Coun-
cil of the European Union of 22 September 2010 on the protection
of animals used for scientific purposes. Investigations were
approved by the local Ethics Committee of Lobachevsky State
University of Nizhny Novgorod, Russia. Cell lines P-815 and Yac-
1 were obtained from the Russian collection of cell cultures (Insti-
tute of Cytology RAS, Russia).
Please cite this article as: V. Talayev, I. Zaichenko, M. Svetlova et al., Low-do
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2.1. Vaccines, antigens and adjuvant

To evaluate the antibody response to vaccination, we used the
Grippol Quadrivalent vaccine (lot № 031115), one dose of which
contained 0.55 mg of Polyoxidonium and recombinant HAs of the
following viruses: A/H1N1/California/07/09, A/H3N2/Switzer
land/9715293/13, B/Phuket/3073/13, B/Brisbane/60/08 (5.6 lg of
each HA). In lymphocyte and DC studies, we used the Grip-
pol�Quadrivalent seasonal influenza vaccine (lot № 010818), one
dose of which contained 0.49 mg of Polyoxidonium and following
recombinant HAs: A/Michigan/45/2015(H1N1)-NYMC X-275A (lot
№ 63–0518), A/Singapure/INFIMH-16-0019/2016(H3N2)-IVR-186
(lot № 60–78 0518), B/Maryland/15/2016-NYMC-BX-69A (B/
Colorado/06/2017-like virus) (lot № 57-0518), B/
California/12/2015-NYMC BX-59B (B/Phuket/3073/2013) (lot №
65-0518), 5.9 lg of each HA. The vaccine manufacturer provided
us with the recombinant HAs that were used to make these vac-
cines. Before using HAs in experiments, we prepared a mixture
containing 40 lg/ml of each HA and transferred them to PBS using
dialysis through the membrane of a 20/32 VISKING dialysis tube
(Serva, Germany) (MWCO 12–14 kDa). The dialyzed mixture was
sterilized by filtration through a Millipore membrane filter with
a pore diameter of 0.22 lm. In experiments with keyhole limpet
haemocyanin (KLH), we used a 12.2% aqueous solution of azoximer
bromide with a molecular weight of 78 kDa and an oligomer con-
tent of 0.48%.

Vaccines, their antigens and an aqueous solution of azoximer
bromide were provided by NPO Petrovax Pharm, LLC (Russia).
Grippol� and Polyoxidonium� are trademarks of NPO Petrovax
Pharm LLC.

2.2. Hemagglutination inhibition (HI) test

Groups (n = 16 each) of female BALB/c mice aged 6–7 weeks,
which weighed 21 ± 1 g, were immunized twice with GQ vaccine
(0.2 lg of each HA and 19.8 lg of Polyoxidonium in 0.5 ml of
PBS per mouse) or with vaccine antigens (0.2 lg of each HA in
0.5 ml of PBS). Control mice (n = 18) were injected with 0.5 ml of
PBS. The substances were administered intraperitoneally with an
interval of 2 weeks. Blood serum was collected 4 weeks after the
start of immunization. Before the HI test, serum samples were trea-
ted with heat [12]. A series of serum dilutions was prepared and
the diluted samples were mixed with 8 hemagglutinating units
of the viruses from the kits for HI test (LLC ‘‘PPDP”, Institute of
Influenza, Russia). The mixtures were incubated at room tempera-
ture for 1 h and then mixed with an equal volume of a 0.5% chicken
erythrocyte suspension. Agglutination patterns were read after
complete sedimentation of erythrocytes in control wells without
serum and viruses.

2.3. Immunization and cell preparation to assess the effect of the
vaccine on lymphocyte properties

Three groups (n = 10 each) of female BALB/c mice aged 6 to
8 weeks, which weighed 22 ± 2 g, were immunized twice with
the following substances: 0.2 human dose of GQ vaccine (1.18 lg
of each HA and 98 lg of Polyoxidonium in 0.5 ml of PBS), a mixture
of vaccine antigens in an equivalent dose (1.18 lg of each HA in
0.5 ml of PBS), a mixture of vaccine antigens in a high dose (3 lg
of each HA in 0.5 ml of PBS). Control mice (n = 10) were injected
with 0.5 ml of PBS. The substances were administered intraperi-
toneally at 2 week intervals. Spleens were aseptically removed
frommice 5 weeks after the start of immunization and were gently
dissociated by glass homogenizer into cold DME medium (Gibco,
UK). Cell suspensions were filtered through cell dissociation sieve
and splenocytes were collected by centrifugation for 10 min at
se influenza vaccine Grippol Quadrivalent with adjuvant Polyoxidonium
ell activity, Vaccine, https://doi.org/10.1016/j.vaccine.2020.07.053
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450g in a Megafuge 16R (Thermo Scientific, Germany). For red
blood cells lysis, we resuspended the splenocytes in 3 ml of RBC
Lysis Buffer (BioLegend, USA) and incubated on a shaker for
5 min at + 4� C. Lysis was stopped by the addition of PBS to a vol-
ume of 12 ml. Then, splenocytes were washed twice by centrifuga-
tion and counted using a hemocytometer. For ex vivo experiments,
3.5 � 107 splenocytes from each spleen were resuspended in com-
plete cultural medium (CCM) of the following composition: RPMI-
1640 medium (Gibco, UK) with 292 mg/1 of L-glutamine (PanEko,
Russia) and 10% inactivated fetal bovine serum (FBS) (Invitrogen,
USA). For flow cytometry analysis, 3 � 106 splenocytes from each
spleen were resuspended in PBS with 0.09% NaN3.

2.4. Splenocyte proliferation assays

Suspensions of splenocytes in CCM were plated at 4 � 105 cells
per well in 96-well flat-bottom plates (Costar, USA). Mixture of
recombinant HAs was added to evaluate the response to vaccine
antigens. The final concentration of each HA was 1 lg/ml. Mitogen
concanavalin A (ConA) was added to evaluate the response to the
polyclonal stimulation of T cells. The final concentration of ConA
was 7.5 lg/ml. An equivalent volume of PBS was added to control
wells containing unstimulated cells. All culture variants were trip-
licated. The final volume in all wells was 200 ll. Cells were cul-
tured for 72 h at +37 �C and 5% CO2, in a CO2 incubator Heracell
150i (Thermo Scientific, Germany). Then, 20 ll of 100 lM BrdU
solution from Cell Proliferation ELISA, BrdU (colorimetric) kit
(Roche, Germany) was added to each well, and the cells were cul-
tured for the next 24 h. The medium was then removed from the
wells, the cells were dried and fixed, and the incorporation of BrdU
into DNA was evaluated by colorimetric immunoassay using an
ELISA cell proliferation, BrdU (colorimetric) kit, in accordance with
the manufacturer’s instructions. The optical density (OD) of sam-
ples was measured at 450 nM and reference wavelength of
620 nM on Sunrise-Basic Tecan platereader (Tecan Austria GmbH,
Austria).

2.5. Cytokine production assays

Splenocytes in CCM were plated at 2 � 106 cells per well in 24-
well plates (Costar, USA). Cells were stimulated with a mixture of
vaccine antigens (final concentration of each HA was 1 lg/ml) or
ConA (final concentration was 7.5 lg/ml). An equivalent volume
of PBS was added to control wells containing unstimulated cul-
tures. The final volume in all wells was 1 ml. Cells were incubated
at + 37 �C and 5% CO2 for 72 h. Cell culture supernatants were then
harvested and frozen at �70 �C until enzyme-linked immmunosor-
bent assay was performed. The concentration of interferon-c (IFN-
c), tumor necrosis factor-a (TNF-a), interleukin-4 (IL-4) and IL-5 in
the culture medium was determined using ELISA MAXTM Deluxe
kits (BioLegend, USA) in accordance with the manufacturer’s
instructions.

2.6. Determination of NK cell activity

NK activity of splenocytes was measured by the cytolytic effect
on target cells Yac-1, as described previously [13]. Splenocytes and
target cells were seeded in a round bottom 96-well plate as fol-
lows. Experimental wells contained 2 � 105 of splenocytes and
104 of Yac-1 cells per well in 200 ll of CCM. Different control wells
contained: CCM without cells (‘‘background”); target cells without
splenocytes (‘‘control 1”); splenocytes without targets (‘‘control
2”); target cells destroyed by Triton X-100 at the end of the culti-
vation period (‘‘control 3”). The plates were incubated at +37 �C
and 5% CO2 for 72 h. After incubation, the plates were centrifuged
at 250g for 10 min, and samples of supernatants (100 ll) from each
Please cite this article as: V. Talayev, I. Zaichenko, M. Svetlova et al., Low-do
induces a T helper-2 mediated humoral immune response and increases NK ce
well were transferred to fresh optically clear 96-well flat-bottom
plate. The concentration of lactate dehydrogenase leaving the dead
cells was determined colorimetrically using the Cytotoxicity
Detection Kit (LDH) (Roche, Germany) according to the instructions
provided by the manufacture. Briefly, 100 ll of reconstituted sub-
strate mixture was added to each well. The plates were incubated
for 30 min at room temperature in the dark. The reaction was
stopped by adding 50 ll of 1 N HCl to the wells. The absorbance
of the samples was measured at 492 nM and reference wavelength
of 620 nM on a Sunrise-Basic Tecan plate reader. The percentage of
specific lysis was calculated as follows: ((experimental LDH
release � control 2) – control 1) / (control 3 – control 1)) � 100.

2.7. Determination of activity of cytotoxic T lymphocyte (CTL)

CTL activity was measured by the cytolytic effect of splenocytes
on antigene-loaded, haplotype-matched target cells P-815 [14].
Before the test, splenocytes were cultured at a concentration of
4 � 106 cells/ml in CCM supplemented with 50 units/ml of IL-2
for 3 days to expand the pool of in vivo activated T cells. Then
the splenocytes were collected, washed by centrifugation and
resuspended in fresh CCM. Target cells were loaded with vaccine
antigens using incubation of P-815 cells in serum-free RPMI-
1640 medium supplemented with a mixture of recombinant HAs
at +37� C and 5% CO2 for 2 h [15]. The final concentration of each
vaccine antigen was 1 lg/ml [16]. Then target cells were washed
twice by centrifugation and resuspended in fresh CCM. Splenocytes
(2 � 105 cells per well) together with loaded target cells (104 cells
per well) were seeded into the experimental wells of round-
bottom 96-well plates. Control wells, similar to those used in the
NK cell activity test, were also seeded. The final volume in all wells
was 200 ll. The plates were incubated at +37� C and 5% CO2 for 4 h.
After incubation, the plates were centrifuged and supernatants
were taken from the wells to determine the percentage of specific
lysis using the Cytotoxicity Detection Kit (LDH) as described above
for the NK cell activity test.

2.8. Flow cytometry

Suspensions of splenocytes were divided into samples contain-
ing 5 � 105 cells in 50 ll PBS with 0.09% NaN3. Titrated fluorescent
conjugates of monoclonal antibodies CD4-FITC, CD8b-PerCP-Cy5.5,
CD62L-PE and CD44-APC (BioLegend, USA) were added to the cell
samples. Cells were incubated on a shaker for 20 min at +4 �C in
the dark. Then, cells were washed in PBS with 0.09% NaN3, fixed
in 1% paraformaldehyde and stored at +4 �C until analysis, which
was performed using an FACS Calibur flow cytometer (BD, USA).
The whole sample was acquired and analysis was performed using
CellQuest software (BD, USA). We gated small lymphocytes and
large lymphocytes (lymphoblasts) according to the forward scatter
(FSC) / side scatter (SSC) profiles and divided each of these cell
groups into CD4+CD8- T-helper cells and CD8+CD4- T-killer cells.
Then, we measured the expression of CD62L and CD44 molecules
into each group of cells. Memory T cells were identified as CD62L+-
CD44hi central memory T cells and CD62L-CD44hi effector memory
T cells [17–19].

2.9. Stimulation of antibody response to KLH

We immunized mice once with a predetermined suboptimal
dose of KLH (0.1 mg per mouse), intraperitoneally on day 0. Azox-
imer bromide was administered in doses from 0.085 to 2.72 mg/kg
(1.7–54.4 lg per mouse), intraperitoneally, daily for 5 days, start-
ing from day 0. Negative control mice received a suboptimal dose
of KLH and 5 PBS injections instead of azoximer bromide. Positive
control mice received the optimal dose of KLH (2 mg per mouse)
se influenza vaccine Grippol Quadrivalent with adjuvant Polyoxidonium
ll activity, Vaccine, https://doi.org/10.1016/j.vaccine.2020.07.053
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and 5 PBS injections. No substances were administered to the
intact control mice. In the experiment, 7 groups of 10 mice were
used. Blood serum was collected on day 6. The concentration of
anti-KLH IgM was determined using KLH IgM (Mouse) ELISA Kit
(Abnova, USA) in accordance with the manufacturer’s instructions.
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Fig. 1. HI titer of serum antibody to the influenza virus strains measured 4 weeks
after start of immunization. Mice were immunized twice with GQ vaccine (0.2 lg of
each HA and 19.8 lg of Polyoxidonium), with mixture of vaccine AGs (0.2 lg of each
HA), or with PBS. The substances used for immunization are indicated in the legend.
Mann–Whitney U was used for comparison to PBS group (*a < 0.05) or to AG group
(ya < 0.05, yya < 0.01).
2.10. In vitro stimulation of human DCs maturation

DCs were derived from venous blood monocytes of 13 healthy
adult donors (5 women and 8 men). Donors were from 25 to
43 years old. The average age was 32.2 ± 2.2 years. All donors gave
written informed consent for blood sampling. DCs were generated
as described in [20] with modifications [21]. Briefly, peripheral
blood mononuclear cells from healthy adult donors were isolated
by centrifugation with Hystopaque-1077 (Sigma-Aldrich, USA),
plated in 24-well plate (Costar, USA) at 5 � 106 cells per well
and incubated at 37 �C and 5% CO2. After 2 h, non-adherent cells
were removed and adherent cells were cultured in RPMI-1640 with
10% FCS, 100 ng/ml granulocyte–macrophage colony-stimulating
factor (GM-CSF) and 20 ng/ml IL-4 (R&D Systems, USA). On day
3, IL-4 and GM-CSF were again added in the same concentration.
On day 7, monocyte-derived immature DCs (iDCs) were collected
and placed in 24-well plate in RPMI-1640 with 10% FCS at
3 � 105 cells per well. iDCs were stimulated with vaccine GQ,
adjuvant-free mixture of vaccine AGs or Polyoxidonium adjuvant
alone. Final concentrations of the vaccine were 0.001–0.2 doses/
ml. Concentrations of AGs and Polyoxidonium were equivalent
0.2 doses/ml of vaccine. Maturation of reference mature DCs was
induced by stimulation with a cocktail consisting of 25 ng/ml IL-
1b, 25 ng/ml IL-6, 50 ng/ml TNF-a and 1 mg/ml prostaglandin E2
(PGE2). After 48 h, DCs were harvested, spinned, and resuspended
in PBS with 0.09% NaN3. Aliquots of cells were stained with fluores-
cent conjugates of antibodies to HLA-DR, CD14, (Sorbent, Russia),
CD80, CD83, CD86, ICOSL (CD275), CCR5 (CD195), or CCR7
(CD197) (eBioScience, USA) for 20 min at +4 �C in the dark. Then,
cells were washed in PBS with 0.09% NaN3, fixed in 1%
paraformaldehyde and stored at +4 �C until analysis, which was
performed using an FACS Calibur flow cytometer and CellQuest
software.
2.11. Statistical analysis

Statistical analyses were performed using Mann–Whitney U
test, Newman-Keuls, Dunnett’s tests. Data are presented as
mean ± standard error of the mean.
3. Results

3.1. Antibody response

Mice were immunized twice with adjuvant-free mixture of vac-
cine AGs or with GQ vaccine containing the Polyoxidonium adju-
vant. Doses of AGs in the adjuvant-free mixture and in the
vaccine were identical (0.2 lg of each HA per mouse). The dose
was selected based on previous studies of Gripol vaccines (unpub-
lished data). Immunization with both the vaccine and AGs alone
significantly increased the HI titer to all strains of influenza viruses
(Fig. 1). Polyoxidonium in the vaccine caused a strong increment in
the HI titer of antibody specific for the influenza A/H3N2/Switzer-
land/9715293/13 virus (a < 0.01 compared with adjuvant-free
AGs) and statistically significant increase in the titer of antibodies
to viruses A/H1N1/California/07/09 and B/Phuket/3073/13 (both,
a < 0.05 compared with adjuvant-free AGs).
Please cite this article as: V. Talayev, I. Zaichenko, M. Svetlova et al., Low-do
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3.2. Action of the GQ vaccine and its components on functional
properties of murine lymphocytes

We immunized mice twice with a higher dose of the vaccine GQ
to evaluate the functional and phenotypic properties of lympho-
cytes. The dose was selected based on the results of previous stud-
ies [13]. At each immunization, 0.2 dose of vaccine (1.18 lg of each
HA and 98 lg of Polyoxidonium) was administered per mouse.
Two other groups of mice obtained nonadjuvanted mixtures of
antigens in an equivalent dose (1.18 lg of each HA) or in a high
dose (3 lg of each HA). A high dose of antigens corresponded to
their content in 0.2 doses of the standard vaccine, based on the rec-
ommendation of WHO. Five weeks after the start of immunization,
the splenocytes were stimulated with vaccine antigens or ConA to
evaluate the proliferative response and cytokine production.

The proliferative response of splenocytes to ex vivo stimulation
with AGs was significantly higher in group of mice immunized
with GQ vaccine compared to the control group and group immu-
nized with an equivalent dose of AGs without adjuvant (both a‘ < 0.
01, Fig. 2A). In addition, splenocytes from GQ-immunized mice
showed a high level of proliferation after polyclonal activation with
mitogen ConA. The level of ConA-induced proliferation in this
group was significantly higher than in the control group and the
group immunized with an equivalent dose of AGs (both a‘ < 0.01).
Mice immunized with the vaccine and mice immunized with a
high dose of AGs did not have significant differences in prolifera-
tive responses to antigen-specific or polyclonal stimulations. The
proliferation of splenocytes taken from mice immunized with an
equivalent dose of AGs did not differ from that of non-
immunized control mice.

After immunization of mice with GQ, splenocytes acquired the
ability to produce large amounts of T helper type 2 (Th2) cytokine
IL-5 in response to antigen-specific stimulation (Fig. 2D). The pro-
duction of this cytokine by antigen-activated splenocytes in the
group of vaccine immunized mice was 978.9 times greater than
in the control group (a‘ < 0.01). Immunization of mice with a high
dose of AGs induced a similar level of IL-5 production (a ’ < 0.01
compared with the control group), while immunization with an
equivalent dose of AGs caused a slightly lesser effect (a‘ < 0.05
compared with the control group). It should be noted that the pow-
erful antigen-induced production of IL-5 in mice immunized with a
se influenza vaccine Grippol Quadrivalent with adjuvant Polyoxidonium
ell activity, Vaccine, https://doi.org/10.1016/j.vaccine.2020.07.053
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splenocytes were evaluated in ex vivo tests 5 weeks after the start of immunization. The substances used for ex vivo stimulation are indicated below the histograms. Newman-
Keuls test was used for comparison between groups of mice (*a‘ < 0.05, ** a‘ < 0.01) and between ex vivo stimulated and unstimulated splenocytes into each group (ya‘ < 0.05).
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GQ vaccine or a high dose of antigens was so great that it signifi-
cantly exceeded ConA-induced production in the same groups of
mice (a‘ < 0.05).

Immunization with the vaccine also caused the appearance of
AG-specific producers of IL-4 (Fig. 2E) in the spleen. The concentra-
tion of IL-4 in cultures of antigen-activated splenocytes in mice
Please cite this article as: V. Talayev, I. Zaichenko, M. Svetlova et al., Low-do
induces a T helper-2 mediated humoral immune response and increases NK ce
immunized with the vaccine was 50.5 times higher than the corre-
sponding parameter in the control group (a‘ < 0.01). Immunization
with a high dose of AGs caused a 64-fold increase in IL-4 produc-
tion (a‘ < 0.01). The concentration of IL-4 in cultures of antigen-
activated splenocytes in mice immunized with an equivalent dose
of AGs did not significantly differ from control group.
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The immunization with GQ or with equivalent dose of AGs did
not lead to augmentation in the production of IFN-c and TNF-a by
splenocytes in response to stimulation with AGs or ConA (Fig. 2F,
G). Immunization with high doses of AGs induced a slight increase
in the production of these Th1 cytokines in AG-stimulated spleno-
cyte cultures compared to AG-stimulated cultures in other groups
of mice. However, differences between antigen-induced and spon-
taneous production were not found in this group.

Using YAC-1 cells as standard targets of NK cells, we showed
that the NK activity of splenocytes increased in mice immunized
with a GQ vaccine, while administration of AGs without adjuvant
did not affect NK activity (Fig. 2B). All used test substances were
unable to increased the CTL activity of splenocytes against
antigen-loaded P-518 cells (Fig. 2C).
3.3. Action of GQ vaccine on maturation of mice lymphocytes in vivo

The phenotype of splenocytes was determined 5 weeks after the
start of immunization with the vaccine or mixtures of its AGs. Mat-
uration of memory T cells was evaluated by expression of CD62L
and CD44 molecules, sequentially gating small lymphocytes and
large lymphocytes (lymphoblasts), then CD4+CD8- T-helper cells
and CD8+CD4- T-killer cells (Fig. 3A).

Although it has previously been shown that effector T cells can
transform into memory T cells during the contraction phase of the
immune response, there is growing evidence that events during
antigen presentation may determine the early programming of
cells to differentiate into memory T cells (reviewed in [18]). We
hypothesized that memory T cells generated shortly after antigen
presentation can retain the large size of the activated cells for some
time after maturation. Indeed, CD4+CD8- large lymphocytes com-
pared to CD4+CD8- small lymphocytes contained a bigger propor-
tion of CD62L+CD44hi central memory T cells (Tcm) and
CD62L-CD44hi effector memory T cells (Tem) after vaccination
(Fig. 3B). CD8+CD4- large lymphocytes also contained a bigger pro-
portion of Tem and, especially, Tcm compared to small
lymphocytes.

The administration of the GQ vaccine or mixtures of AGs led to a
significant increase in the number of both CD4+CD8- and CD8+CD4-

large lymphocytes in the spleen of mice (Fig. 3C-E). The increment
in the number of CD4+CD8- large lymphocytes was due to an
increase in the content of the least mature CD62L+CD44lo T cells
as well as mature Tcm and Tem (Fig. 3D). In a subpopulation of
CD8+ T cells, the effect of the vaccine and its AGs in the equivalent
dose extended only to CD62L+CD44lo large lymphocytes (Fig. 3E).
Immunization with high dose of AGs increased the number of
CD8+CD62L+CD44lo T cells in both the subset of large and small
lymphocytes (Fig. 3E, H). Neither the vaccine nor the AGs had a sig-
nificant effect on the content of CD8+ T-memory cells (Fig. 3E),
CD4+ small lymphocytes (Fig. 3G) and common number of small
lymphocytes (Fig. 3F).
3.4. The effect of azoximer bromide on the production of anti-KLH
antibodies

We investigated how azoximer bromide (the active substance
of Polyoxidonium) as a therapeutic immunostimulating agent
affects the production of antibodies to the KLH model antigen. In
this experiment, we immunized mice with a suboptimal dose of
KLH once and administered various doses of azoximer bromide
for 5 days. Azoximer bromide dose-dependently increased the pro-
duction of anti-KLH IgM in the concentration range of 0.085–
1.36 mg/kg, raising it to the level of response to the optimal dose
of KLH (Fig. 4).
Please cite this article as: V. Talayev, I. Zaichenko, M. Svetlova et al., Low-do
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The findings suggest that the Polyoxidonium in the GQ vaccine
stimulates a humoral immune response to influenza antigens,
increasing the production of antibodies and Th2 cytokines.
3.5. Action of the GQ vaccine and its components on maturation of
human DCs

Immature DCs were obtained by cultivation of monocytes with
IL-4 and GM-CSF for 7 days. Obtained iDCs were stimulated with
vaccine GQ, vaccine AGs or Polyoxidonium adjuvant for 2 days.
Development of reference mature DCs was induced by stimulation
with a cocktail of proinflammatory cytokines and PGE2. Unstimu-
lated iDCs expressed the major histocompatibility complex class
II molecule HLA-DR, had a low expression of CD83 and the co-
stimulating molecule ICOSL and lacked the monocytic marker
CD14 and chemokine receptors CCR5 and CCR7 (Fig. 5B). About half
of the iDCs carried costimulatory molecules CD80 and CD86 on the
outer membrane. Reference mature DCs had the typical phenotype
HLA-DRhiCD14-CD80+CD83+CD86+CCR5-. 24.5% of these cells
acquired the expression of CCR7, which is involved in the migra-
tion of mature DCs into the T-cell zones of lymphoid organs. Mat-
uration of DC induced with proinflammatory cytokines and PGE2
did not increase ICOSL expression (Fig. 5 B).

Incubation of iDCs with the GQ vaccine enhanced the expres-
sion of HLA-DR, CD86 and a marker of mature DCs CD83 in a
dose-dependent manner (Fig. 5 A). In addition, GQ vaccine at a con-
centration of 0.2 doses/ml increased the expression of CD80 and
ICOSL compared to unstimulated iDCs (Fig. 5 B). Adjuvant-free
mixture of vaccine AGs significantly enhanced the expression of
HLA-DR, CD80 and CD86, but caused a weak and statistically unre-
liable increase in the expression of CD83, ICOSL and CCR5 (Fig. 5 B).
Polyoxidonium without AGs enhances ICOSL expression (Fig. 5 B).
4. Discussion

The immunogenicity of influenza virus antigens allows the use
of adjuvant-free subunit vaccines to prevent seasonal flu world-
wide. However, the antigens of some influenza viruses, including
highly pathogenic strains of H5 and H7, have relatively poor
immunogenicity. Vaccines against these virus strains, such as the
recombinant H5 vaccine [22], the surface antigen influenza A/
H5N3 vaccine [23], the subvirion vaccine A/H5N1 [24], and the sur-
face antigen A/H7N9 vaccine [25], require large doses and/or at
least two vaccinations for effective protection if used without adju-
vants. Adjuvants in vaccines against seasonal influenza can also
improve the antibody response, enhance efficacy, and reduce the
antigen dose required to induce protection. However, the effective-
ness of the combination of various adjuvants and antigens varies
significantly. The classic adjuvant Alum enhanced the response to
low doses of the A/H9N2 avian influenza virus vaccine [26],
increased antibody production and the Th2 shift in response to
the A/H7N9 vaccine [13], but in other influenza vaccines Alum
induced only marginal improvements [27,28]. The oil-in-water
adjuvant MF59 significantly improved immune responses to A/
H5N1 vaccines [23,29], surface antigen A/H5N3 vaccine [24] and
subunit A/H9N2 vaccine [25]. Combination of MF59 with A/H7N9
vaccine more strongly induced humoral immune response and
Th2 cytokine production compared to Alum [13]. Clinical trials
have shown that MF59 helps to achieve a protective antibody titer
in response to extremely low dose of split A/H7N9 vaccine [30].
MF59 has an acceptable safety profile when paired within influ-
enza vaccines [22,31], but it can increase local reactogenicity
[23,32].

In the present study, we evaluated the effect of the low-dose
Polyoxidonium-adjuvanted influenza tetravalent vaccine GQ. Poly-
se influenza vaccine Grippol Quadrivalent with adjuvant Polyoxidonium
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oxidonium has been described as an immune adjuvant and
immunomodulator that is clinically used with excellent tolerance
[2,4,5]. The vaccine GQ has been shown to induce antibody
response to all 4 influenza hemagglutinins during immunization
of mice. Polyoxidonium causes an additional increase in antibody
titer. An experiment with model T-dependent antigen KLH [33–
Please cite this article as: V. Talayev, I. Zaichenko, M. Svetlova et al., Low-do
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35] showed that the stimulating effect of Polyoxidonium is not
restricted to immune response to influenza HAs.

Our studies of the response of T cells to vaccination have
revealed the predominant involvement of T helper cells in the
response. Immunization of mice with GQ vaccine caused the accu-
mulation of CD4+ large lymphocytes with the phenotype of mem-
se influenza vaccine Grippol Quadrivalent with adjuvant Polyoxidonium
ll activity, Vaccine, https://doi.org/10.1016/j.vaccine.2020.07.053
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ory T cells in the spleen. Vaccination also caused a strong increase
in the proliferation and production of Th2 cytokines by splenocytes
activated with vaccine antigens ex vivo. As a result of vaccination,
the antigen-induced production of IL-5 was increased by almost
1000 times and the production of IL-4 by 50.5 times. Strong IL-5
production and a relatively weak IL-4 response have been
described previously in antigen-stimulated cultures of lymphocyte
from vaccinated animals or humans [36–38]. However, it was
unexpected for us that the powerful antigen-induced production
of IL-5 in mice immunized with the GQ vaccine or a high dose of
AGs exceeded the production induced by polyclonal activator
ConA. We suggest that the production of Th2 cytokines in ConA
stimulated cultures may be limited by the increased activity of
other cells, such as Th1 [39]. At the same time, the activity of
Th1 in all cultures stimulated by HAs was minimal and could not
have a significant effect on strong Th2 response.

It should be noted that the hemagglutinins of the vaccine
caused the accumulation of Th2 in the spleen without the aid of
an adjuvant. However, the Polyoxidonium adjuvant significantly
enhanced the proliferative response and increased the production
of IL-4 and IL-5 to the level of action of a triple dose of AGs.
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The hemagglutinins of the vaccine, both without adjuvant and
with Polyoxidonium, could not induce a significant response of
Th1 and CD8+ T cells. Vaccination of mice did not increase the pro-
duction of IFN-c and TNF-a by splenocytes. In a subpopulation of
CD8+ T cells, the vaccine and its antigens apparently stimulated
the relatively early stages of cell maturation. As a result, vaccina-
tion induced the generation of immature CD8+CD62L+CD44lo lym-
phocytes, but did not cause the maturation of antigen-specific CTLs
and CD8+ memory T cells.

The release of Th2-type cytokines, including IL-5, is usually
associated with B-cell stimulation and antibody production. IL-5
stimulates the differentiation of B cells into IgM producing plas-
mocytes, induces IgG1 isotype switch recombination, and also
enhances the production of antibodies, especially IgM and IgA
[40–45]. In turn, IgA is an important factor in the protection of
the mucosa, which is the entrance gate to the influenza virus.
In contrast, the release of IFN-c and TNF-a have typically been
associated with cellular immunity, which is responsible for stim-
ulating inflammation, phagocytes, and CTLs [46]. Although IFN-c
producing Th1 cells can stimulate the synthesis of IgG2a antibod-
ies in mice and IgM, IgA, IgG1, IgG2 and IgG3 antibodies in
humans [47], the high Th1 activity generally suppresses the
humoral immune response. Such suppression can be associated
both with the negative influence of Th1 on the maturation of
other T-helper types, and with the direct cytotoxic effect of Th1
on activated B cells [39]. Thus, the type of cytokine production
induced by the vaccine in our experiment seems to be favorable
for the induction of a T-dependent humoral immune response
to vaccine antigens.

In cell cultures of human iDCs, the vaccine induced the expres-
sion of molecules associated with the presentation of antigens
and costimulation of T-lymphocytes. DCs incubated with the GQ
vaccine significantly increased the expression of the major histo-
compatibility complex class II molecule HLA-DR and co-
stimulating molecules CD80, CD83, CD86 and ICOSL. It should
be noted that DCs stimulated with GQ vaccine were inferior to
DCs stimulated with inflammatory cytokines in terms of expres-
sion of HLA-DR, CD80, CD83 and CD86, but were superior in
expression of ICOSL molecule. Polyoxidonium also enhances
ICOSL expression. The costimulating molecule ICOSL is weakly
expressed on unstimulated human blood DCs, but is found in
such subpopulations of skin DC as classical DC 2 cells and Langer-
hans cells [48]. In vitro, DCs increase ICOSL expression after stim-
ulation with LPS or thymic stromal lymphopoietin [49].
Interaction of ICOSL with the ICOS receptor on naïve activated
CD4+ T cells plays a key role in inducing the maturation of follic-
ular T-helper cells [50,51]. In turn, follicular T-helpers stimulate
important processes of the T-dependent humoral immune
response: isotype switching and antibody affinity maturation,
generation of long-lived plasma cells and memory B cells [52–
54]. Homozygous loss of ICOS in humans leads to common vari-
able immunodeficiency with a predominant lesion of the humoral
immune response [55]. In addition, ICOSL+ DCs can stimulate
Th17 and regulatory T cells, but inhibit Th1 [56]. Finally, the
ICOS/ICOSL interaction is necessary for the functioning and sur-
vival of NK cells and CD4+ invariant natural killer T cells [57,58].

The stimulating effect of Polyoxidonium on innate immune
cells, such as neutrophilic granulocytes, monocytes, macrophages,
and dendritic cells, has been described previously [7–10]. We have
shown that the GQ vaccine containing Polyoxidonium enhances
the cytolytic activity of mouse NK cells, whereas the adjuvant-
free vaccine antigens do not affect NK activity. However, Polyoxi-
donium did not exhibit such activity when directly acting on NK
cells in vitro [10]. Apparently, the stimulating effect of the adjuvant
is mediated by factors formed in response to combined action of
influenza hemagglutinins and Polyoxidonium.
Please cite this article as: V. Talayev, I. Zaichenko, M. Svetlova et al., Low-do
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5. Conclusion

In summary, the influenza vaccine GQ with Polyoxidonium
adjuvant is immunogenic, induces a Th2-polarized T-cell response
and the production of antibodies to all influenza hemagglutinins of
GQ. The effect of low-dosed GQ vaccine upon AG-induced prolifer-
ation, IL-4 and IL-5 production was equal to effect of standard dose
of hemagglutinins. The GQ vaccine enhanced the cytolytic activity
of natural killer (NK) cells, whereas the adjuvant-free mixture of
AGs in lowered and standard doses did not affect NK activity. GQ
vaccine induces partial maturation of human DC. Polyoxidonium
alone stimulates DCs to enhance expression of ICOSL, which is cru-
cial for inducing of humoral immune response.
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