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ABSTRACT

Influenza viruses with truncated NS1 protein stimulate a more intensive innate immune response compared to their wild type
counterparts. Here, we investigate how the shortening of the NS1 protein influence the immunogenicity of the conserved T-cel-
lular epitopes of influenza virus. Using flow cytometry, we showed that the intraperitoneal immunization of mice with influenza
virus encoding 124 N-terminal amino acid residues of the NS1 protein (A/PR8/NS124) induced higher levels of CD8* T-cells recog-
nizing immunodominant (NPse.374) and sub-immunodominant (NP¢;-175, NP19g-210, HA335-3357, HA474-483, NA4p7.4335) €pitopes compared to
immunization with the virus expressing full-length NS1 (A/PR8/full NS). It is noteworthy that the response to the immunodomi-
nant influenza epitope NPz4.374 was achieved with the lower immunization dose of A/PR8/NS124 virus compared to the reference
wild type strain. Despite the fact that polyfunctional CD8" effector memory T-lymphocytes simultaneously producing two (IFNy
and TNFa) or three (IFNy, IL2, and TNFa) cytokines prevailed in the immune response to both viruses, the relative number of such
T-cells was higher in A/PR8/NS124-immunized mice. Furthermore, we have found that polyfunctional populations of lymphocytes
generated upon the immunization of mice with the mutant virus demonstrated an increased capacity to produce IFNy compared
to the corresponding populations derived from the A/PR8/full NS-immunized mice. Therefore, immunization with the attenuated

influenza virus encoding truncated NS1 protein ensures a more potent CD8* T-cell immune response.

INTRODUCTION

According to meta-analysis [1], the effectiveness of mod-
ern influenza vaccines in people aged 18-65 years is
about 60%. Inactivated vaccines mostly induce a humoral
immune response and effective protection only when the
antigenic structure of surface influenza proteins in vac-
cine strains coincides with the antigenic structure of sur-
face proteins of circulating viruses [2]. Live attenuated
influenza vaccines (LAIVs) induce not only humoral but
also mucosal and T-cellular immunity. The ability of LAIV
strains to replicate in the upper respiratory tract provides
a way to trigger the MHC-I/II-dependent presentation of
conserved epitopes to CD8" and CD4* T-cells. It has been
shown in recent studies that circulating influenza viruses
of types A, B, and C share common CD8" T-cellular epit-
opes that could induce the cross-protective immune re-
sponse [3]. Memory CD8* T-cells directed against these
universal epitopes were found in the blood and lungs of
healthy humans [3]. Despite the existence of such highly
conserved cross-protective influenza epitopes, the T-cel-
lular immune response induced by LAIVs is insufficient
to provide a broad cross-protection [4]. It is noteworthy
that all of the licensed LAIVs contain viruses compris-
ing active NS1 protein which inhibits the host immune
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response by interacting with the components of the in-
terferon (IFN) signaling system [5, 6]. Therefore, LAIVs
can prevent the formation of an immune response to
the weakly immunogenic conserved epitopes of influ-
enza proteins and, consequently, suppress the ability of
the vaccine strain to provide cross-protection against a
broad range of influenza viruses. The development of ap-
proaches to increase the immunogenicity of conserved
influenza epitopes can be a promising strategy for cre-
ating a new generation of live influenza vaccines with
enhanced cross-protection activity. It is known that the
abrogation of the immunosuppressive activity of NS1
protein by the truncation of its effector domain increases
the innate cytokine immune response to influenza virus
and reduces its reproductive activity in the respiratory
tract of the host organism [7]. It is also known that im-
munization with live influenza virus with a modified NS
gene protects mice when challenged with heterologous
strains of the same virus subtype [8, 9].

Previously, we showed that the influenza virus encod-
ing NS1 protein, when shortened to 124 amino acids (aa),
induced higher proinflammatory cytokine production
and enhanced innate immune cell stimulation compared
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to influenza A/PR8/34 wild type virus after the intra-
peritoneal (i.p.) immunization of mice [10]. Here, we in-
vestigate whether the enhanced ability of the influenza
virus with truncated NS1 protein to activate the innate
immune system could be translated into a more efficient
adaptive T-cellular immune response against immuno-
dominant and sub-immunodominant influenza epitopes.
Since the importance of polyfunctional T-lymphocytes in
mediating the protective immune response against dif-
ferent bacteria and viruses is well recognized [11-15], we
analyzed the level and functional activity of the variety
of T-cells producing IFNy, IL2, and TNFa. To equalize the
antigenic load of two viruses with different reproduction
activity in the respiratory tract of immunized mice, we
used the i.p. route of immunization, as it was previously
shown that influenza virus does not replicate in the peri-
toneal cavity but retains the ability to induce a humoral
and T-cellular immune response [16].

MATERIALS AND METHODS

Viruses

Two strains based on the influenza A/Puerto Rico/8/1934
(HIN1) virus were used for the immunization of mice:
(1) the virus, encoding full-length NS1 protein (A/PR8/
full NS) and (2) A/PR8/NS124 strain, encoding shortened
to 124 aa NS1 protein. The strains were obtained by the
method of reverse genetics [17] assembled in developing
chicken embryos and purified by fractionation in a su-
crose density gradient according to the standard proce-
dure.

Laboratory animals

This study was performed in C57BL/6 female mice ob-
tained from the Biomedical Science Center (Stolbovaya,
Russia). All of the experiments with mice in this research
study were conducted according to the guidelines for
care and work with laboratory animals [18].

Immunization

The A/PR8/full NS and A/PR8/NS124 viruses were ti-
trated on Vero cells to equalize the immunization dose.
A limiting dilution assay was performed in 96-well cul-
ture plates (Nunc, Denmark) by the addition of 100 ul of
prepared dilutions of the virus-containing material in
OptiPRO SFM (Invitrogen) with 2% L-glutamine (Invit-
rogen) and 5 pg/ml of trypsin (Sigma-Aldrich) into the
wells and subsequent incubation for 5 days at 34°C and
5% CO,. The results were evaluated visually by the es-
timation of the cytopathic effect. Hemagglutination as-
say (using a 0.5% suspension of chicken red blood cells)
was used as the control. The calculation of virus 50% tis-
sue culture infectious dose (TCIDs,) was performed us-
ing the Reed and Munch method [19]; the viral titer was
expressed as log,,TCIDsy/ml. In order to assess the im-
munogenicity of strains, mice were immunized i.p. with
4.0 or 7.0 log;o TCIDsy/ml of each virus (500 ul of a virus
suspension in sodium phosphate buffer (PBS, Biolot)).

Volume 7 Number1 2020

The control group received PBS in an equivalent volume.
Each group included 5 mice. In total, 45 experimental
animals were used in the present study.

Flow cytometry

T-cellular immune response was evaluated in splenocytes
obtained on the 8th and 21st days post-immunization
(d.p.i.). The spleens were manually homogenized using
pestle homogenizers (Eppendorf, Germany). Red blood
cells were lysed using the RBC Lysis Buffer reagent (Bio-
legend, USA). Cells were cultivated in RPMI1640 media
(Gibco), containing 10% of fetal bovine serum (FBS, Gib-
co) and 1% of penicillin/streptomycin solution (Gibco).
To stimulate cytokine production, splenocytes were incu-
bated with NPsg 374, NP1g1-175, NP1o6-210, HA474-453, HAsp3357
or NA 4,7 43; peptides and brefeldin A (Biolegend) for 6 h at
37°C and 5% CO,. Epitopes were selected using the IEDB
database (www.iedb.org). Peptides were synthesized by
Verta Ltd. (St. Petersburg, Russia). The sample of each
peptide (10 mg) was dissolved in DPBS (Biolot, Russia) at
10 mg/ml and stored in small aliquots at -20°C. The purity
of the peptides was >90% as determined by high-perfor-
mance liquid chromatography. After the stimulation, the
cells were stained with CD8-PE/Cy7, CD4-PerCP-Cy5.5,
CD44-BV510, CD62L-APC/Cy7, IFNy-FITC, TNFa-BV421,
and IL2-PE antibodies using the Fixation and Permeabi-
lization Solution reagent kit (BD Biosciences, USA) ac-
cording to the manufacturer’s instructions. Zombie Red
viability marker (BioLegend, USA) was used to identify
the dead cells. True Stain reagent, containing antibodies
to CD16/CD32, was used to block non-specific antibody
binding (BioLegend, USA). The data were collected on a
BD FACSCanto II flow cytometer (BD Biosciences, USA).
The results were analyzed using the Kaluza Analysis 1.5a
program (Beckman Coulter, USA). In order to estimate
the increase in the cytokine production levels upon the
peptide stimulation, the background values obtained
from the non-stimulated cells were subtracted from the
corresponding values of stimulated samples before the
statistical analysis.

Statistical analysis

RStudio Desktop 1.0.153 (RStudio Inc, USA) was used
for statistical data analysis. The Dunnet test was used
to compare several experimental groups with one con-
trol group. A comparison of two experimental groups
was carried out using a Student’s t-test. Multiple com-
parisons of several groups were performed using univari-
ate analysis of variance (ANOVA) followed by a pairwise
comparison of groups using the Tukey criterion. Cellular
polyfunctionality index (PI) was calculated using the for-

mula: PI=X/ F, » (ﬁ) (where n is the number of ana-
lyzed functions (n=3 for IFNy, IL2, and TNFa) and F is the

percentage of cells performing i functions) as described
previously [14, 20]. Integrated mean fluorescence inten-
sity (iMFI) was calculated by multiplying the frequency
of the particular population by the MFI of IFNy, IL2, or
TNFa of this population.
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RESULTS

Selection of epitopes for T-cell immune response
analysis

The description of the sequence and the conservancy of
the selected for this study epitopes are shown in Table 1.
These peptides allowed us to evaluate the effect of NS1
protein modification on the immunogenicity of the im-
munodominant and sub-immunodominant epitopes
from the internal (NP) and surface (HA, NA) proteins of
influenza virus.

Table 1. T-cell epitopes of influenza virus

Epitope Sequence Conservancy
NPsg6-374 ASNENMETM 1.8% (63 / 3448)
NPigi175 PRMCSLMQGSTLPRR | 98.9% (3411 / 3448)
NPjog-210 MIKRGINDRNFWRGE | 67.28% (2320 / 3448)
HAs)3.5357 YVKSTKLRLATGLRN 41.9% (4174 / 9949)
HA 74453 KEIGNGCFEF 47.7% (4750 / 9949)
NA7.435 SISFCGV 42.2% (3288 / 7776)

The level of conservancy for each epitope was deter-
mined by calculating the relative number of unique se-
quences of the corresponding protein of influenza A vi-
rus containing a given epitope. The sequences presented
in the Influenza Research Database were used for the
conservancy analysis. Data on the immunogenicity of
epitopes were obtained from publications that compare
the immune response to different epitopes of the influ-
enza virus [21-26].

A/PR8/NS124 mutant virus induces CD8+ response
at a lower dose of immunization

In order to determine the optimal immunizing dose,
C57BL/6 mice were injected i.p. with A/PR8/full NS and

A/PR8/NS124 influenza viruses at a dose of 4.0 and
7.0 log TCIDsy/mouse. The antigen-specific T-cellular re-
sponse to immunodominant NP 37, CD8* epitope was
evaluated in spleens 8 d.p.i. Cells were stimulated in
vitro with this peptide for 6 h after which the levels of
IFNy-, IL2-, and TNFa-producing CD8*CD44*CD62L ef-
fector memory (CD8* EM) T-cells were estimated by flow
cytometry.

The immune response to both strains was dose-depen-
dent. After the immunization of mice with A/PR8/NS124
at 4.0 log,, TCIDso/mouse, 2.88+2.01% of CD8* effector
T-lymphocytes produced cytokines in response to
the in vitro stimulation. On the other hand, after the
immunization with A/PR8/full NS at the same dose,
the number of antigen specific cells was 0.34%0.10%
while in the control group it was 0.26%0.16%. After
immunization with 7.0 log;, TCIDs,/mouse of each virus,
the level of antigen-specific CD8" EM T-lymphocytes
was 15.07+2.77% of total CD8" EM T-cells in the full NS
group and 26.86*1.72% in the NS124 group (p=0.013,
Fig. 1). Therefore, A/PR8/NS124 virus was capable of
inducing CD8* T-cell response to NPs4.574 €pitope at a
lower dose than the influenza strain with the full-length
NS1 protein and was more immunogenic at a dose that
induces a substantial immune response to both tested
viruses.

The shortening of NS1 protein enhances
the immunogenicity of sub-immunodominant
CD8"* T-cell epitopes

Next, we assessed the immunogenicity of sub-immuno-
dominant T-cell epitopes using the highest immunizing
dose of 7.0 log;, TCIDsy/mouse. According to Cox et al.
[15], the peak of CD8" T-cell response occurs 8-10 days
after the immunization, followed by a decrease in the
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Fig. 1. CD8* T-cellular immune response to different doses of A/PR8/full NS or A/PR8/NS124 influenza strains. The total levels of cytokine-
producing effector memory CD8*CD44'CD62L- T-lymphocytes after 6 h of in vitro stimulation of splenocytes of C57BL/6 mice with the
NPse6-374 peptide. Groups were compared using the Student’s t-test (*: p<0.05, n=5).
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number of antigen-specific T-cells. At the same time,
the spectrum of epitopes inducing adaptive immune re-
sponse shrinks at later stages after immunization [27].
Considering these data, we estimated the immune re-
sponse to influenza epitopes on the 8th and 21st days
after the i.p. immunization.

Fig. 2 shows the levels of cytokine-producing EM
(CD44*CD62L") CD8* T-cells. Eight days after immuniza-
tion, A/PR8/NS124 virus induced a higher CD8* T-cell im-
mune response to NP and HA than A/PR8/full NS while
the immune response to NA protein epitopes was compa-
rable (Fig. 2A). The most pronounced differences in the
total amount of cytokine-producing cells between full
NS and NS124 groups were obtained upon stimulation
with immunodominant NPs 5, epitope. However, stimu-
lation with HA 474 483, NA47 435, and NP o 510 peptides, rep-
resenting sub-immunodominant epitopes, also signifi-
cantly increased the immunogenicity of A/PR8/NS124
virus: for NAyy7.435 10.7£0.8% of CD8* EM T-cells in NS124
group versus 8.4£1.9% in full NS group (p=0.05); for
HA74.4859.9£0.9% of CD8* EM T-cells in NS124 group ver-
sus 7.2+1.8% in full NS group (p=0.03); and for NP;g.210
11.6%1.7% in NS124 group versus 8.3%2.0% in full NS
group (p=0.05) (Fig. 2A). In vitro stimulation with either
of the studied epitopes did not result in the induction
of the significant CD4* T-cellular response (data not
shown).

On the 21st d.p.i., only two epitopes (NPss 374 and
NA,,7.435) retained the ability to induce cytokine produc-
tion in CD8" EM T-cells upon in vitro stimulation in both
A/PR8/full NS and A/PR8/NS124-immunized groups
(Fig.2B). The proportion of cytokine-producing T-cells
was 9.4+1.5% and 14.0£1.3% for NPs4.5;, and 7.0£0.8%
and 11.1£2.4% for NA4y; 433 in full NS and NS124 groups,
respectively (p=0.003, p=0.01). Therefore, the total CD8*

EM T-cellular immune response was higher in the NS124
group compared to A/PR8/full NS group on the 21st d.p.i.

The percentage of distinct cytokine-producing popu-
lations of the total amount of CD8* EM T-cells or of the
total number of cytokine-producing CD8" EM T-cells
on the 8th and 21st d.p.i. in full NS and NS124 groups
is shown in Fig. 3. Upon stimulation with NP3 374 pep-
tide, the majority of antigen-specific T-cells in both full
NS and NS124 groups were polyfunctional CD8* T-cells
(IFNy’IL2'TNFa"). The second dominant population of
antigen-specific T-lymphocytes comprised double cyto-
kine-producers (IFNy‘IL2'TNFa"). The rest (approx. 25%
of the total cytokine-producing T-cells in both groups)
was represented by the minor populations of single
IFNy-, IL2-, or TNFa-producers or double-positive T-cells
(IFNy'IL2*TNFa* and IFNy'IL2*TNFa). The peptides cor-
responding to the sub-immunodominant influenza epit-
opes, as well as NP 574 €pitope, induced a higher level of
polyfunctional IFNy*IL2'TNFa" and IFNy*IL2*TNFo* CD8*
T-lymphocytes in the NS124 group compared to the full
NS group on the 8th d.p.i. In contrast to NPz 374 Speci-
ficresponse, all of the evaluated sub-immunodominant
epitopes induced an increased level of IFNyIL2 TNFo
single-producers in the NS124 group. At the same time,
A/PR8/full NS strain induced a higher proportion of IFNy-
IL2'TNFo" T-cells. The stimulation of CD8*EM T-cells
with HA7, 45 versus NP4, 75 revealed significant differ-
ences between the experimental groups in the amount
of TNFa single-producers (full NS: 0.8+0.2%, NS124:
0.4%0.3% (p=0.04) after HA 4, 45 stimulation; 1.1+0.4%,
0.7%0.3% (p= 0.05) correspondingly after NP4;.,75 stimu-
lation).

The contribution of polyfunctional T-lymphocytes
(IFNy'IL2'TNFa" and IFNy'IL2*'TNFa) to the cumula-
tive cytokine response increased on the 21st d.p.i. Only

Total cytokine+ T-cells

A 8 d.p.i. B 21 d.p.i.
1 30 -
N
©
o
(&)
¥ 20-
a
9 = | | i =
0 10 A == - ?é $ é
(&) O
5 ? =] $ ’ ? =
°\° * : kd :1‘; :; :.r( * *
04 — -— - L - - -— L [ TOY NP PGP SV ———
NP NA HA HA NP NP NP NA HA HA NP NP

(366-374) (427-433) (323-337) (474-483) (161-175) (196-210)

(366-374) (427-433) (323-337) (474-483) (161-175) (196-210)

E3Control E3full NS EINS124

Fig. 2. T-cellular immune response to different epitopes of influenza virus in the spleens of C57BL/6 mice on 8th (A) and 21th (B) days
after i.p. immunization with A/PR8/full NS and A/PR8/NS124 influenza strains. Box-plots represent the total levels of cytokine-producing
CD8" EM T-lymphocytes after 6 h of in vitro stimulation of splenocytes with peptides corresponding to sub-immunodominant conserva-
tive influenza epitopes. Groups were compared using ANOVA followed by a Tukey’s post-hoc comparison. Significant differences between

groups (p<0.05, n=5) are marked by *.
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a minor part of the total influenza-specific cells was rep-
resented by IFNy single producers in both full NS and
NS124 groups. The IFNy'IL2*'TNFa CD8"EM T-cells were
observed only in A/PR8/NS124-immunized animals.
A statistically significant difference in the proportion of
IFNyIL2*TNFa" T-cells was found between the full NS
and NS124 groups after stimulation with NPs 57, peptide
(p=0.0003). The immune response to NA,,; 433 €pitope was
characterized by the formation of the higher amount of
IFNy'IL2-'TNFa* and IFNy'IL2'TNFa" T-lymphocytes in
the NS124 group (p=0.02 and p=0.01, respectively).
Therefore, the immune response to the sub-immuno-
dominant epitopes of A/PR8/NS124 influenza strain was
characterized by a higher level of total cytokine-produc-
ing T-cells and an increase of the proportion of minor
IFNy*IL2*TNFo population of CD8" EM T-lymphocytes
compared to A/PR8/full NS virus on the 8th and 21st

d.p.i. However, the number of epitopes inducing the CD8*
T-cell response simultaneously decreased in both groups
on the 21st d.p.i.

The A/PR8/NS124 mutant virus promotes
the appearance of polyfunctional CD8* lymphocytes
with enhanced IFNy expression

In order to estimate the difference in the functional ac-
tivity of cytokine-producing T-cell populations in mice
upon immunization with A/PR8/full NS or A/PR8/NS124
viruses, we analyzed the expression levels (mean fluores-
cence intensity, MFI) of IFNy, IL2, and TNFa in different
populations of cytokine-producing T-cells on the 8th and
21st d.p.i. The distribution of CD8* T-cells from A/PR8/
NS124-immunized mice (8th d.p.i.) by their fluorescence
intensity of IFNy, IL2, and TNFa corresponds to their ex-
pression levels as shown in Fig. 4A. The polyfunctional
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Fig. 3. Relative content of different cytokine-producing populations of CD8"EM T-lymphocytes on the 8th and 21st days after the i.p. im-
munization with A/PR8/full NS and A/PR8/NS124 influenza strains. Radar charts represent the differences in the mean values of epitope-
specific immune response of each population of cytokine-producing CD8* EM T-cells of immunized mice. Each point is located in the range
from 0 to the maximal mean value of the corresponding population in full NS or NS124 group. The pie charts represent the percentage
of cells, producing any combination of IFNy, IL2, or TNFa cytokines in the total cytokine-producing CD8* EM T-cell subset. (*: p<0.05,

Student’s t-test, n=5).
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IFNy*IL2-'TNFa* and IFNy'IL2*TNFa* subpopulations were
characterized by the highest cytokine-producing activity
among all antigen-specific T-lymphocytes. In particu-
lar, IFNy'IL2*TNFa* triple-producers secreted more IFNy,
IL2, and TNFo than their bifunctional or monofunctional
analogs. IFNy'IL2"TNFa* T-cells produced higher levels
of IFNy and TNFa than the single-producers express-
ing these cytokines (Fig. 4A). The similar fluorescence
intensity (FI) distributions were obtained for A/PR8/full
NS-immunized animals (data not shown). These results
underline the dominance of polyfunctional T-cells in the
mediation of CD8* T-cell cytokine response after i.p. im-
munization regardless of NS1 functionality.
Nevertheless, the comparison of the full NS and NS124
groups showed that A/PR8/NS124 virus induced higher
levels of the IFNy MFI in IFNy'IL2"TNFa" T-cells upon
the stimulation with NPs 574 peptide (Fig. 4B). Similarly,
NP161-175, NP19g-210, HA355.557, and HA,74.455 peptidesinduced
higher values of IFNy MFI in IFNy'IL2*TNFa* CD8* EM

T-cells in the NS124 group compared to the full NS
group (p<0.05). No statistically significant differences
between the experimental groups were found in the
MFI expression levels of IL2 and TNFa (data not shown).
The observed differences in the expression level of
IFNy in the polyfunctional T-lymphocytes remained
during 21 days after the immunization. The expression
level of IFNy MFI of IFNy*IL2"'TNFa* was higher in the
NS124 group compared to the full NS group after the
stimulation with NP3 574 (p<0.001). The NA4y7 435 peptide
induced the enhanced level of the IFNy MFI in the
IFNyIL2*TNFa* T-cells in the A/PR8/NS124-immunized
animals (p=0.02).

Based on the foregoing data, we can conclude that i.p.
administration of influenza A/PR8/NS124 virus not only
stimulates a greater amount of antigen-specific CD8*
T-lymphocytes than the A/PR8/full NS strain, but it also
ensures the formation of polyfunctional T-cells with the
enhanced IFNy -producing activity.
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Fig. 4. IFNy expression level in IFNy'IL2'TNFo*and IFNy'IL2*TNFa’ cytokine-producing populations of CD8*EM T-lymphocytes on 8th and
21st days after the i.p. immunization with A/PR8/full NS and A/PR8/NS124 influenza strains. (A) The distribution of fluorescence intensity
of cytokine-producing cells from mice immunized with 7.0 log TCIDso/mouse of the A/PR8/NS124 influenza strain. The density plots repre-
sent the differences in the cytokine expression level between the subsets of cytokine-producing cells. (B) IFNy mean fluorescence intensity
(MFI) values of the polyfunctional subpopulations after peptide stimulation were compared using the Student’s t-test (*: p<0.05, n=5).
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DISCUSSION

CD8 T-cell immune response to conserved antigens is
essential for cross-protection against a broad variety of
influenza viruses [3, 28]. T-lymphocytes recognize the
linear (8-24 aa) epitopes of the internal influenza an-
tigens [29, 30]. Unfortunately, the majority of the con-
served influenza epitopes maintain low immunogenicity
during the course of natural influenza infection and vac-
cination. Therefore, the development of new approaches
for vaccination that will ensure cell-mediating immune
responses is of great importance.

Adaptive T-cell immune response is strongly de-
pendent on the cytokine milieu and activated antigen-
presenting cells generated during the innate immune
response. Previously, we showed that A/PR8/NS124 in-
fluenza virus injected i.p. induces the production of IFNB
at a 300 times higher level than the virus expressing full-
length NS1 protein in the peritoneal washes as well as
promotes the increased expression of co-stimulatory
CD86-molecules participating in the T-cell differentia-
tion process [10]. In this study, we estimated the effect
of the modification of the NS1 protein on the immuno-
genicity of the immunodominant and sub-immunodom-
inant epitopes of the internal and surface proteins of the
influenza virus. It was shown that the lower immuniza-
tion dose of A/PR8/NS124 is required for triggering the
CD8" response compared to NS1 competent virus. In ad-
dition, the NS1 mutant virus induced the formation of
an increased number of antigen-specific effector CD8*
T-lymphocytes compared to the A/PR8/full NS strain at
the highest immunization dose. The shortening of the
NS1 protein resulted in the simultaneous enhancement
of the immunogenicity of all the studied epitopes. This
was reflected in the increased formation of polyfunc-
tional CD8" IFNy'IL2"TNFo* and IFNy'IL2'TNFa* T-lym-
phocytes and monofunctional IFNy*IL2"TNFa T-cells in
mice immunized with A/PR8/NS124. Antigen-specific
polyfunctional T-cells play a key role in providing pro-
tection against reinfection with different microbial and
viral pathogens [11, 12, 31-34]. It is known that polyfunc-
tional T-lymphocytes have a prolonged life cycle com-
pared to monofunctional subpopulations and serve as a
source for the formation of long-lived memory cells [33].
Polyfunctional T-lymphocytes also provide a significant
contribution to the formation of the immune response to
conserved influenza antigens and could be considered as
effectors for cross-protection against antigenically diver-
gent influenza viruses [34]. In the course of this research
project, we only analyzed the cytokine-producing func-
tion of T-lymphocytes. However, from previous studies,
it is known that the polyfunctional T-cells demonstrate
more efficient killing capacities compared to their mono-
functional analogs [35-38]. Therefore, we can speculate
that influenza virus-specific polyfunctional T-cells gen-
erated in response to the A/PR8/NS124 immunization
may be characterized by higher cytotoxic activity com-
pared to the T-lymphocytes formed after the immuniza-
tion with A/PR8/full NS strain. This hypothesis deserves
further evaluation.
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The published data on the role of TLR7/8 and RIG-I
signaling pathways in the activation of dendritic cells
as well as the induction of T-lymphocytes maturation
could be used for the explanation of the increased po-
tency of A/PR8/NS124 virus in the induction of poly-
functional T-cells. Mice with impaired RIG-I expres-
sion are characterized by the formation of the reduced
number of polyfunctional T-lymphocytes in response
to the immunization and weakened protection against
heterologous strains of the influenza virus [39]. Consid-
ering that NS1 protein mediates its immunosuppressive
function through direct interaction with RIG-1, it should
be expected that the immunization of mice with influ-
enza virus lacking the effector domain of NS1 protein
would lead to the enhanced production of the polyfunc-
tional T-lymphocytes. We found that IFNy‘IL2"'TNFo*
and IFNy'IL2*'TNFo* T-cells generated after immuniza-
tion with the A/PR8/NS124 strain produced a higher
amount of IFNy compared to A/PR8/full NS-immunized
mice. To compare the cumulative functional properties
of influenza-specific T-cell immune response to A/PR8/
full NS and A/PR8/NS124 strains after the i.p. immuni-
zation, we calculated an integrated MFI (iMFI) of IFNy
in predominant polyfunctional populations and cellular
polyfunctionality index (PI) for each observation as was
described previously [14, 20]. The results are presented
in Supplementary Tables 2S and 3S. PI and iMFI reflect
both the magnitude and quality of immune response.
The higher values of these two parameters in the NS124
group compared to full NS group after the stimulation
with HAy74.483, HAs23-3357, NP3g6.374, and NPyog.510 0N the 8th
d.p.i. and with NPz 374 and NAy,; 455 on the 21st d.p.i.
showed that the shortening of NS1 protein leads to the
increase in both the magnitude of T-cell immune re-
sponse to influenza virus and the functional activity of
antigen-specific T-lymphocytes. Since the goal of the
present study was to compare the immunogenicity of
the two viruses with different reproduction activity in
the respiratory system, we analyzed only the systemic
immune response to A/PR8/full NS and A/PR8/NS124
viruses after the i.p. immunization. However, growing
literature evidence proves the importance of the local
immune response to the influenza virus in the lung tis-
sue for the mediation of heterologous protection. It was
shown that the populations of CD69*CD103"* tissue resi-
dent memory CD4* and CD8* T-cells (Trm) play a critical
role in local immune protection by means of the direct
killing of infected cells [40, 41] and cytokine release [42],
promoting the recruitment of the immune cells from
the circulation and switching the state of the surround-
ing cells to non-permissive [43]. Trms are indispensable
for providing optimal heterosubtypic immunity [44, 45].
Therefore, the vaccines that induce the formation of in-
fluenza virus-specific Trm cells in the lungs provide su-
perior protection against heterologous influenza strains
[46, 47]. Moreover, as it was shown by Zhao et al., Trm
generated in lungs after intranasal vaccine administra-
tion were more protective against challenge with patho-
genic human coronaviruses than those generated after
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systemic vaccination [48]. Given the obtained data, we
could expect that live attenuated vaccines based on vi-
ruses with shortened NS1 protein will have higher po-
tential in the induction of cross-reactive Trm compared
to the existing LAIVs.

It should be noted that the inhibition of the immuno-
suppressive function of the NS1 protein did not prevent
the loss of immunogenicity of several sub-immunodom-
inant epitopes of influenza virus on the 21st d.p.i. The
importance of the conserved low immunogenic epitopes
for the formation of a cross-protective immune response
is well known [3]. Therefore, the influenza viruses with
the shortened NS1 protein could be considered as a tool
for the creation of influenza virus vectors overexpress-
ing important cross-protective epitope sequences from
various genomic fragments. Such a strategy for vaccine
development might solve the problem of losing the im-
munogenicity of conserved subdominant epitopes at the
later stages after immunization.

REFERENCES

1. Osterholm MT, Kelley NS, Sommer A, Belongia EA.
Efficacy and effectiveness of influenza vaccines: a
systematic review and meta-analysis. Lancet In-
fect Dis 2012; 12(1), 36-44. doi: 10.1016/S1473-
3099(11)70295-X.

2. NiY, Guo ], Turner D, Tizard I. An Improved Inacti-
vated Influenza Vaccine with Enhanced Cross Pro-
tection. Front Immunol 2018; 9, 1815. doi: 10.3389/
fimmu.2018.01815.

3. Koutsakos M, Illing PT, Nguyen THO, Mifsud NA,
Crawford JC, Rizzetto S, et al. Human CD8(+) T cell
cross-reactivity across influenza A, B and C virus-
es. Nat Immunol 2019; 20(5), 613-25. doi: 10.1038/
$41590-019-0320-6.

4. Ohmit SE, Victor JC, Rotthoff JR, Teich ER, Trus-
con RK, Baum LL, et al. Prevention of antigenically
drifted influenza by inactivated and live attenuated
vaccines. N Engl ] Med 2006; 355(24), 2513-22. doi:
10.1056/NEJMo0a061850.

5. Egorov A, Brandt S, Sereinig S, Romanova ], Ferko B,
Katinger D, et al. Transfectant influenza A viruses
with long deletions in the NS1 protein grow efficient-
ly in Vero cells. ] Virol 1998; 72(8), 6437-41. PubMed
PMID: 9658085.

6. Ayllon J, Garcia-Sastre A. The NS1 protein: a multi-
tasking virulence factor. Curr Top Microbiol Immunol
2015; 386, 73-107. doi: 10.1007/82_2014_400.

7. Ferko B, Stasakova J, Romanova J, Kittel C, Sereinig S,
Katinger H, et al. Immunogenicity and protection
efficacy of replication-deficient influenza A viruses
with altered NS1 genes. | Virol 2004; 78(23), 13037-
45. doi: 10.1128/JV1.78.23.13037-13045.2004.

8. Romanova ], Krenn BM, Wolschek M, Ferko B, Ro-
manovskaja-Romanko E, Morokutti A, et al. Preclini-
cal evaluation of a replication-deficient intranasal

Volume 7 Number1 2020

CONFLICT OF INTERESTS

The authors declare no commercial or financial conflict
of interest.

CITATION

Vasilyev KA, Shurygina A-PS, Stukova MA, Egorov AY.
Enhanced CD8" T-cell response in mice immunized with
NS1-truncated influenza virus. MIR ] 2020; 7(1), 24-33.
doi: 10.18527/2500-2236-2020-7-1-24-33,

COPYRIGHT

© 2020 Vasilyev et al. This is an open access article dis-
tributed under the terms of the Creative Commons At-
tribution-NonCommercial-ShareAlike 4.0 International
Public License (CC BY-NC-SA), which permits unrestrict-
ed use, distribution, and reproduction in any medium, as
long as the material is not used for commercial purposes,
and provided that the original author and source are cited.

DeltaNS1 H5N1 influenza vaccine. PLoS One 2009;
4(6), €5984.

9. Steel ], Lowen AC, Pena L, Angel M, Solorzano A, Al-
brecht R, et al. Live attenuated influenza viruses con-
taining NS1 truncations as vaccine candidates against
H5N1 highly pathogenic avian influenza. ] Virol 2009;
83(4), 1742-53. doi: 10.1128/JVI.01920-08.

10. Vasilyev KA, Yukhneva MA, Shurygina A-PS, Stuko-
va MA, Egorov AY. Enhancement of the immunogenic-
ity of influenza A virus by the inhibition of immuno-
suppressive function of NS1 protein. MIR ] 2018; 5(1),
48-58. doi: 10.18527/2500-2236-2018-5-1-48-58.

11. Kannanganat S, Ibegbu C, Chennareddi L, Robin-
son HL, Amara RR. Multiple-cytokine-producing
antiviral CD4 T cells are functionally superior to
single-cytokine-producing cells. ] Virol 2007; 81(16),
8468-76.doi: 10.1128/JV1.00228-07.

12. Precopio ML, Betts MR, Parrino J, Price DA, Gostick E,
Ambrozak DR, et al. Immunization with vaccinia vi-
rus induces polyfunctional and phenotypically dis-
tinctive CD8(+) T cell responses. ] Exp Med 2007;
204(6), 1405-16. doi: 10.1084/jem.20062363.

13. Aagaard C,Hoang T, Dietrich ], Cardona PJ, Izzo A, Dol-
ganov G, et al. A multistage tuberculosis vaccine that
confers efficient protection before and after exposure.
Nat Med 2011; 17(2), 189-94. doi: 10.1038/nm.2285.

14. Darrah PA, Patel DT, De Luca PM, Lindsay RW, Dav-
ey DF, Flynn BJ, et al. Multifunctional TH1 cells
define a correlate of vaccine-mediated protection
against Leishmania major. Nat Med 2007; 13(7), 843-
50. doi: 10.1038/nm1592.

15. Cox MA, Kahan SM, Zajac AJ. Anti-viral CD8 T cells
and the cytokines that they love. Virology 2013,
435(1), 157-69. doi: 10.1016/j.virol.2012.09.012.

mir-journal.org



CD8+ T-cell response in mice immunized with NS1-truncated influenza virus

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Reading PC, Whitney PG, Pickett DL, Tate MD,
Brooks AG. Influenza viruses differ in ability to in-
fect macrophages and to induce a local inflammatory
response following intraperitoneal injection of mice.
Immunol Cell Biol 2010; 88(6), 641-50. doi: 10.1038/
icb.2010.11.

Salomon R, Hoffmann E, Webster RG. Inhibition
of the cytokine response does not protect against
lethal H5N1 influenza infection. Proc Natl Acad
Sci U S A 2007; 104(30), 12479-81. doi: 10.1073/
pnas.0705289104.

Guide for the care and use of laboratory animals,
Eighth Edition. National Research Council, National
Academies Press; 2010.

Reed L], Muench H. A simple method of estimating
fifty per cent endpoints. Am ] Epidemiol 1938; 27(3),
493-7. doi: 10.1093/oxfordjournals.aje.al18408.
Larsen M, Sauce D, Arnaud L, Fastenackels S, Appay V,
Gorochov G. Evaluating cellular polyfunctionality
with a novel polyfunctionality index. PLoS One 2012;
7(7), €42403. doi: 10.1371/journal.pone.0042403.
Gras S, Kedzierski L, Valkenburg SA, Laurie K, Liu YC,
Denholm JT, et al. Cross-reactive CD8+ T-cell immuni-
ty between the pandemic HIN1-2009 and HIN1-1918
influenza A viruses. Proc Natl Acad Sci U S A 2010;
107(28), 12599-604. doi: 10.1073/pnas.1007270107.
Quinones-Parra S, Loh L, Brown LE, Kedzierska K,
Valkenburg SA. Universal immunity to influenza
must outwit immune evasion. Front Microbiol 2014,
5, 285. doi: 10.3389/fmicb.2014.00285.

Valkenburg SA, Gras S, Guillonneau C, La Gruta NL,
Thomas PG, Purcell AW, et al. Protective efficacy of
cross-reactive CD8+ T cells recognising mutant vi-
ral epitopes depends on peptide-MHC-I structural
interactions and T cell activation threshold. PLoS
Pathog 2010; 6(8), e1001039. doi: 10.1371/journal.
ppat.1001039.

Chen L, Zanker D, Xiao K, Wu C, Zou Q, Chen W. Im-
munodominant CD4+ T-cell responses to influenza
A virus in healthy individuals focus on matrix 1 and
nucleoprotein. ] Virol 2014; 88(20), 11760-73. doi:
10.1128/JV1.01631-14.

Crowe SR, Miller SC, Brown DM, Adams PS, Dut-
ton RW, Harmsen AG, et al. Uneven distribution of
MHC class II epitopes within the influenza virus.
Vaccine 2006; 24(4), 457-67. doi: 10.1016/j.vac-
cine.2005.07.096.

Nayak JL, Richards KA, Chaves FA, Sant AJ. Analyses
of the specificity of CD4 T cells during the primary
immune response to influenza virus reveals dramatic
MHC-linked asymmetries in reactivity to individual
viral proteins. Viral Immunol 2010; 23(2), 169-80.
doi: 10.1089/vim.2009.0099.

Yager EJ, Ahmed M, Lanzer K, Randall TD, Wood-
land DL, Blackman MA. Age-associated decline in
T cell repertoire diversity leads to holes in the rep-
ertoire and impaired immunity to influenza vi-
rus. ] Exp Med 2008; 205(3), 711-23. doi: 10.1084/
jem.20071140.

mir-journal.org

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

32

Terajima M, Babon JA, Co MD, Ennis FA. Cross-re-
active human B cell and T cell epitopes between in-
fluenza A and B viruses. Virol ] 2013; 10, 244. doi:
10.1186/1743-422X-10-244.

Kees U, Kynast G, Weber E, Krammer PH. A method
for testing the specificity of influenza A virus-reac-
tive memory cytotoxic T lymphocyte (CTL) clones in
limiting dilution cultures. ] Immunol Methods 1984,
69(2), 215-27. doi: 10.1016/0022-1759(84)90320-x.
Zweerink HJ, Courtneidge SA, Skehel JJ, Crump-
ton MJ, Askonas BA. Cytotoxic T cells kill influenza
virus infected cells but do not distinguish between
serologically distinct type A viruses. Nature 1977,
267(5609), 354-6. doi: 10.1038/267354a0.
Kannanganat S, Kapogiannis BG, Ibegbu C, Chen-
nareddi L, Goepfert P, Robinson HL, et al. Human
immunodeficiency virus type 1 controllers but not
noncontrollers maintain CD4 T cells coexpressing
three cytokines. J Virol 2007; 81(21), 12071-6. Epub
2007/08/31. doi: 10.1128/JVI1.01261-07.

Aagaard C, Hoang TT, Izzo A, Billeskov R, Troudt ],
Arnett K, et al. Protection and polyfunctional T cells
induced by Ag85B-TB10.4/IC31 against Mycobacte-
rium tuberculosis is highly dependent on the antigen
dose. PLoS One 2009; 4(6), €5930. doi: 10.1371/jour-
nal.pone.0005930.

Lindenstrom T, Agger EM, Korsholm KS, Darrah PA,
Aagaard C, Seder RA, et al. Tuberculosis subunit vac-
cination provides long-term protective immunity
characterized by multifunctional CD4 memory T
cells. ] Immunol 2009; 182(12), 8047-55. doi: 10.4049/
jimmunol.0801592.

Trieu MC, Zhou F, Lartey SL, Sridhar S, Mjaaland S,
Cox R]. Augmented CD4(+) T-cell and humoral re-
sponses after repeated annual influenza vaccination
with the same vaccine component A/HIN1pdmO9
over 5 years. NPJ Vaccines 2018; 3, 37. doi: 10.1038/
s41541-018-0069-1.

Seder RA, Darrah PA, Roederer M. T-cell quality in
memory and protection: implications for vaccine
design. Nat Rev Immunol 2008; 8(4), 247-58. doi:
10.1038/nri2274.

Betts MR, Nason MC, West SM, De Rosa SC,
Migueles SA, Abraham ], et al. HIV nonprogressors
preferentially maintain highly functional HIV-spe-
cific CD8+ T cells. Blood 2006; 107(12), 4781-9. doi:
10.1182/blood-2005-12-4818.

Sandberg JK, Fast NM, Nixon DF. Functional hetero-
geneity of cytokines and cytolytic effector molecules
in human CD8+ T lymphocytes. ] Immunol 2001;
167(1), 181-7. doi: 10.4049/jimmunol.167.1.181.
Lichterfeld M, Yu XG, Waring MT, Mui SK, John-
ston MN, Cohen D, et al. HIV-1-specific cytotoxic-
ity is preferentially mediated by a subset of CD8(+)
T cells producing both interferon-gamma and tumor
necrosis factor-alpha. Blood 2004; 104(2), 487-94.
doi: 10.1182/blood-2003-12-4341.

Kandasamy M, Suryawanshi A, Tundup S, Perez JT,
Schmolke M, Manicassamy S, et al. RIG-1I Signaling Is

Volume 7 Number1 2020



CD8+ T-cell response in mice immunized with NS1-truncated influenza virus

40.

41.

42.

43.

Volume 7 Number 1

Critical for Efficient Polyfunctional T Cell Responses
during Influenza Virus Infection. PLoS Pathog 2016;
12(7),e1005754. doi: 10.1371/journal.ppat.1005754.
Gebhardt T, Wakim LM, Eidsmo L, Reading PC,
Heath WR, Carbone FR. Memory T cells in nonlym-
phoid tissue that provide enhanced local immunity
during infection with herpes simplex virus. Nat Im-
munol 2009; 10(5), 524-30. doi: 10.1038/ni.1718.
Mackay LK, Stock AT, Ma JZ, Jones CM, Kent S], Muel-
ler SN, et al. Long-lived epithelial immunity by tis-
sue-resident memory T (TRM) cells in the absence
of persisting local antigen presentation. Proc Natl
Acad Sci U S A 2012; 109(18), 7037-42. doi: 10.1073/
pnas.1202288109.

Ariotti S, Hogenbirk MA, Dijkgraaf FE, Visser LL,
Hoekstra ME, Song JY, et al. T cell memory. Skin-res-
ident memory CD8(+) T cells trigger a state of tissue-
wide pathogen alert. Science 2014; 346(6205), 101-5.
doi: 10.1126/science.1254803.

Schenkel JM, Fraser KA, Vezys V, Masopust D. Sens-
ing and alarm function of resident memory CD8(+) T
cells. Nat Immunol 2013; 14(5), 509-13. doi: 10.1038/
ni.2568.

2020

33

45.

46.

47.

48.

. Teijaro JR, Turner D, Pham Q, Wherry EJ, Lefran-

cois L, Farber DL. Cutting edge: Tissue-retentive lung
memory CD4 T cells mediate optimal protection to
respiratory virus infection. ] Immunol 2011; 187(11),
5510-4. doi: 10.4049/jimmunol.1102243.

Wu T, Hu Y, Lee YT, Bouchard KR, Benechet A,
Khanna K, et al. Lung-resident memory CD8 T cells
(TRM) are indispensable for optimal cross-protec-
tion against pulmonary virus infection. ] Leukoc Biol
2014; 95(2), 215-24. doi: 10.1189/j1b.0313180.
Wakim LM, Smith J, Caminschi I, Lahoud MH, Vil-
ladangos JA. Antibody-targeted vaccination to lung
dendritic cells generates tissue-resident memory
CD8 T cells that are highly protective against influ-
enza virus infection. Mucosal Immunol 2015; 8(5),
1060-71. doi: 10.1038/mi.2014.133.

Zens KD, Chen JK, Farber DL. Vaccine-generated lung
tissue-resident memory T cells provide heterosub-
typic protection to influenza infection. JCI Insight
2016; 1(10), e85832. doi: 10.1172/jci.insight.85832.
Zhao ], Zhao ], Mangalam AK, Channappanavar R,
Fett C, Meyerholz DK, et al. Airway Memory CD4(+) T
Cells Mediate Protective Immunity against Emerging
Respiratory Coronaviruses. Immunity 2016; 44(6),
1379-91. doi: 10.1016/j.immuni.2016.05.006.

mir-journal.org



