vaccines

Article

Enhancement of the Local CD8" T-Cellular Immune Response
to Mycobacterium tuberculosis in BCG-Primed Mice after
Intranasal Administration of Influenza Vector Vaccine Carrying
TB10.4 and HspX Antigens

Kirill Vasilyev "*(, Anna-Polina Shurygina

1), Natalia Zabolotnykh 2, Mariia Sergeeva (7,

Ekaterina Romanovskaya-Romanko 109, Anastasia Pulkina 1, Janna Buzitskaya 1 Marine Z. Dogonadze 2
Tatiana I. Vinogradova 2 and Marina A. Stukova !

check for

updates
Citation: Vasilyev, K,;
Shurygina, A.-P.; Zabolotnykh, N.;
Sergeeva, M.;
Romanovskaya-Romanko, E.;
Pulkina, A.; Buzitskaya, J.;
Dogonadze, M.Z.; Vinogradova, T.L;
Stukova, M.A. Enhancement of the
Local CD8* T-Cellular Immune
Response to Mycobacterium
Tuberculosis in BCG-Primed Mice after
Intranasal Administration of
Influenza Vector Vaccine Carrying
TB10.4 and HspX Antigens. Vaccines
2021, 9, 1273. https://doi.org/
10.3390/vaccines9111273

Academic Editor: Takashi Imai

Received: 30 August 2021
Accepted: 1 November 2021
Published: 3 November 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Smorodintsev Research Institute of Influenza of the Ministry of Health of the Russian Federation,

197376 St. Petersburg, Russia; ann-polin@yandex.ru (A.-P.S.); mari.v.sergeeva@gmail.com (M.S.);
romromka@yandex.ru (E.R.-R.); pureska@mail.ru (A.P.); janna.buzitskaya@influenza.spb.ru (J.B.);
marina.stukova@influenza.spb.ru (M.A.S.)

Saint-Petersburg State Research Institute of Phthisiopulmonology of the Ministry of Health of the Russian
Federation, 191036 St. Petersburg, Russia; zabol-natal@yandex.ru (N.Z.); marine-md@mail.ru (M.Z.D.);
vinogradova@spbniif.ru (T.I.V.)

Correspondence: kirillv5@yandex.ru

Abstract: BCG is the only licensed vaccine against Mycobacterium tuberculosis (M.tb) infection. Due to
its intramuscular administration route, BCG is unable to induce a local protective immune response
in the respiratory system. Moreover, BCG has a diminished ability to induce long-lived memory
T-cells which are indispensable for antituberculosis protection. Recently we described the protective
efficacy of new mucosal TB vaccine candidate based on recombinant attenuated influenza vector
(Flu/ THSP) co-expressing TB10.4 and HspX proteins of M.tb within an NS1 influenza protein open
reading frame. In the present work, the innate and adaptive immune response to immunization
with the Flu/THSP and the immunological properties of vaccine candidate in the BCG-prime —
Flu/THSP vector boost vaccination scheme are studied in mice. It was shown that the mucosal
administration of Flu/THSP induces the incoming of interstitial macrophages in the lung tissue
and stimulates the expression of co-stimulatory CD86 and CD83 molecules on antigen-presenting
cells. The T-cellular immune response to Flu/THSP vector was mediated predominantly by the
IFNy-producing CD8* lymphocytes. BCG-prime — Flu/THSP vector boost immunization scheme
was shown to protect mice from severe lung injury caused by M.tb infection due to the enhanced
T-cellular immune response, mediated by antigen-specific effector and central memory CD4* and
CD8* T-lymphocytes.

Keywords: M. tuberculosis vaccine; TB10.4; HspX; influenza vector; mucosal immunization;
innate immune response; T-cellular immune response; flow cytometry

1. Introduction

According to the WHO global tuberculosis report, TB remains one of the top 10 causes
of death worldwide. A great variety of tuberculosis vaccine candidates is at different
stages of clinical efficacy trials, including whole cell-derived vaccines (killed or attenuated
through genetic modifications), subunit and recombinant viral-vectored vaccines (reviewed
in [1-3]). Currently, the only approved TB vaccine, Bacille Calmette-Guérin (BCG) is widely
used with the coverage of about 90% in 120 countries providing BCG vaccination (WHO,
Geneva, Switzerland, 2018). However, the effectiveness of BCG in preventing the disease is
restricted by early childhood and does not exceed 50% (WHO, Geneva, Switzerland, 2013).
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Improving the techniques of specific tuberculosis prevention remains one of the priorities
of phthisiology.

The low effectiveness of BCG in providing the control of latent endogenous infection
or exogenous reinfection in adults could be explained by the insufficient generation of
specific long-lived memory T-cells after BCG administration [4]. Moreover, several studies
have shown that BCG is ineffective in CD8* T-cell induction [5,6] and cannot provide
an adequate immune response in patients with immunocompromised or Th-2 polarized
immune states, including HIV-infection and parasitic invasions [7]. Therefore, an apparent
failure of BCG to induce significant numbers of central memory T (Tcm) cells may be an
important factor to its limited efficacy [8]. Because of its intradermal route of administration,
BCG has a disadvantage in comparison with mucosal-administered vaccines which can
induce a local immune response at the mucous membranes of the upper respiratory tract [9].
The majority of TB vaccine candidates which a now evaluated in human clinical trials are
also only suitable for the parenteral route of delivery. However, mucosal immunization
provides better protection from M. tuberculosis, entering through the respiratory tract
(reviewed in [10]). Among the existing vaccine candidates, only two viral vectors utilize
intranasal and aerosol administration route (TB/FLU-04L (RIBSP, Gvardeyskiy, Kazakhstan,
NCT02501421) and ChAdOx185A (University of Oxford, Oxford, UK, NCT04121494)).

In the present work, we investigate the innate and adaptive immune response in mice
immunized with recombinant influenza A/PR/8/34 strain, expressing a hybrid molecule
consisting of mycobacterial antigens TB.10.4 and HspX. Previously it was shown that TB10.4
serves as a target for antimycobacterial immune responses in BCG-immunized humans and
mice. More than 70% of vaccinated or TB-infected individuals react on restimulation with
TB10.4 by high levels of IFN-y production [11]. HspX demonstrates an immunoadjuvant
potential, inducing DC maturation and proinflammatory cytokine expression through the
activation of MyD88 and TRIF signaling pathways [12]. It can induce strong cellular and hu-
moral immune responses in latent phase of tuberculosis infection [13-16]. The perspectives
of the use of HspX protein as a candidate vaccine against Mycobacterium tuberculosis are
discussed in the review by Yousefi-Avarvand et al. [17]. It should be also noted that both
TB10.4 and HspX are encoded by Bacillus Calmette-Guerin which makes them useful in a
prime-boost immunization scheme [18].

The sequence encoding TB.10.4 and HspX proteins was inserted in the NS1 ORF of the
virus after the first 124 amino acid codons. The truncation of NS1 decreases its antagonistic
influence on the IFN-I signaling system and leads to the inhibition of viral replicative
activity in the respiratory tract of humans and laboratory animals [19-22]. At the same
time, NS1-truncated mutants provoke a strong innate immune reaction driving the for-
mation of pronounced Th-1 polarized adaptive immune response, accompanied by the
generation of polyfunctional effector CD8* T-lymphocytes [22-27]. High immunogenicity
and self-adjuvant properties of influenza vectors based on NS1-modified strains make
them a perfect tool for the delivery of foreign antigens into the organism for the induction
of immune response in the site of primary respiratory infection. The protective efficacy
of ESAT-6 expressing influenza vector against Mycobacterium tuberculosis (M.tb) was
shown previously [25,28]. Here we study the innate immune cells population dynamics,
the expression of activation markers of the immune system and the generation of effec-
tor and memory TB10.4- and HspX-specific T-cells after the mucosal administration of
A /PR8/NS124-TB10.4-2A-HspX influenza strain. Further, we analyze the T-cellular im-
mune response to our vaccine candidate in heterologous BCG-prime — Flu/THSP vector
boost immunization protocol on the model of experimental TB infection with the virulent
M.tb strain H37Rv.

2. Materials and Methods
2.1. Animals

C57 /black-6 6-8 weeks old male mice were obtained from the Biomedical Science
Center (Stolbovaya, Moscow, Russia). All animal studies were done in accordance with the
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international recommendations (Directive 2010/63/EU), and the protocols approved by the
Bioethic Committee at the Smorodintsev Research Institute of Influenza and by the Bioethic
Committee at the Saint-Petersburg State Research Institute of Phthisiopulmonology.

2.2. Vaccine Strain

Chimeric influenza vaccine virus construction Flu/THSP was generated by reverse
genetic as described [29]. Virus infectious activity was determined by titration in CE,
Vero (ATCC), or MDCK cells (IRR, #FR-58). Infection was detected by positive hemaggluti-
nation and the 50% infectious dose was calculated by the method of Reed-Muench.

2.3. Experimental Design

Mice were intranasally immunized with 30 pL of Flu/THSP vaccine virus
(6.0 1g EIDs5p/animal) or an equivalent volume of DPBS (control group). In order to
analyze the dynamics of innate immune cell populations, animals were sacrificed 24,
48 and 78 h post single intranasal Flu/THSP immunization and lungs were collected.
Analysis of the adaptive T-cell immune response following a single intranasal Flu/THSP
vector administration was performed in lungs and spleens 8 days post immunization.

For prime-boost immunization mice were first subcutaneously primed with 100 uL of
BCG vaccine (5.0 Ig CFU/animal). 24 weeks later an intranasal boost immunization with
30 pL of Flu/THSP vaccine virus (6.0 Ig EID50/animal) was performed. BCG-only group
and control animals received the equivalent volume of DPBS. Six weeks after the boost
vaccination, all animals were inoculated via the lateral tail vein with 6.0 Ig CFU/animal of
virulent M. tuberculosis H37Rv strain suspended in 200 uL of DPBS. Five weeks post M.
tuberculosis challenge lungs and spleen were collected for analysis of the adaptive T-cell
immune response.

2.4. Cell Preparation

Mice were sacrificed, chest was opened and right ventricle was perfused with 10 mL
of ice-cold DPBS (Biolot, St. Petersburg, Russia) before the removal of lungs and spleen.
Following the mechanical dissociation of spleen and collagenase/DNAse (Sigma, Saint
Louis, MO, USA) digestion of lung tissue, cells were filtered through 70 pm cell strainer.
Erythrocytes were lysed with RBC lysis buffer (BioLegend, San Diego, CA, USA) in accor-
dance with the manufacturer protocol. Cells were seeded at a density 10° cells per well
into flat bottom 96-well tissue culture plates (Nunc, Roskilde, Denmark)) in RPMI 1640
(Gibco) medium supplemented with 10% v/v FBS (Gibco, Waltham, MA, USA) and 1%
penicillin-streptomycin solution (Gibco).

For adaptive T-cell immune response analysis cells were stimulated with the mixture
of recombinant TB10.4 (Research Institute of Influenza, St. Petersburg, Russia) or HspX
(MyBiosourse, San Diego, CA, USA) proteins in final concentration of 5 ug/mL in a
presence of anti-CD28 antibodies (BioLegend) for 24 h at 37 °C, 5% CO;. The GolgiPlug
(BD Biosciences, San Jose, CA, USA) reagent was added 6 h before the end of stimulation.
Medium alone and PMA /Ionomycin mix (Sigma) were used as negative and positive
controls respectively.

2.5. Flow Cytometry Analysis

Two panels of fluorochrome-conjugated antibodies (BioLegend, San Diego, CA, USA)
were used to identify the innate immunity cell populations and to analyze the activa-
tion marker expression: (1) CD11b-PE/Cy7, CD11c-PE, MHCII-Alexa488, CD103-PerCP-
Cy5.5, CD45-APC/Cy7, CD64-BV421, CD24-BV510; (2) CD45-APC/Cy7, MHCII-Alexa488,
Ly6G-PerCP-Cy5.5, CD86-BV421, CD83-BV510. T-cells staining was performed using
the fluorochrome-conjugated antibody set containing CD4-PerCP-Cy5.5, CD8-PE/Cy?7,
CD62L-APC/Cy7, and CD44-BV421 (BioLegend, San Diego, CA, USA). Intracellular pro-
duction of cytokines was assessed using antibodies against IFNy-FITC, IL2-PE, and TNF«-
BV510 (BioLegend, San Diego, CA, USA). Staining for the detection of intracellular markers
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was performed using the Fixation and Permeabilization Solution reagent kit (BD Bio-
sciences, San Jose, CA, USA) according to the manufacturer’s instructions. Zombie Red
viability marker (BioLegend, San Diego, CA, USA) was used to identify the dead cells.
True Stain reagent (BioLegend, San Diego, CA, USA), containing antibodies to CD16/CD32,
was added during the surface markers staining to block non-specific antibody binding.
Data were collected on a Cytoflex flow cytometer (Beckman Coulter, Bray, CA, USA).
The results were analyzed using the Kaluza Analysis 2.2 program (Beckman Coulter, Bray,
CA, USA).

2.6. Protection Study in Mice

The severity of experimental tuberculosis was assessed 5 weeks after challenge by
evaluating bacterial load in lungs and spleen, mass coefficients of lungs and spleen,
lung damage score and histological evaluation of inflammation process in lungs. Based on
the number and size of TB specific lesions and presence the areas of necrosis in the lungs,
gross pathological scores were graded from 1 to 4 conventional units according to the
following criteria: scanty small tubercles were estimated at 0.5 units (U), small tubercles
(<5) as 1.0 U, numerous small tubercles (>5) as 1.5 U, occasional large tubercles as 1.75 U,
confluent small tubercles and occasional large tubercles as 2.0 U, large tubercles (<10) as
2.25 U, numerous large tubercles (>10) as 2.5 U, numerous confluent tubercles as 2.75 U,
tubercles with areas of necrosis as 3.0 U, numerous large necrotic tubercles as 4.0 U. In case
of lung maceration by serous liquid, the index was increased by 0.25 to 1.0 U, depending on
the extent of damage.

Phagocytosis was studied in the culture of peritoneal macrophages obtained from
the lavage of the abdominal cavity of mice in relation to the cell suspension of the yeast
Saccharomyces cerevisiae opsonized with mouse serum. Phagocytic activity was mea-
sured microscopically as the amount of yeast cells digested by macrophages after 1.5 h
of cultivation.

2.7. Mycobacterial Load

For the quantification of live mycobacteria load, tissue homogenates were titrated
and cultured on solid Lowenstein-Jensen medium. Bacterial colonies were counted after
3 weeks of incubation at 37 °C. Titers were expressed as log10 of the mean colony forming
units (Ig CFU) per lung weight. The detection limit was equal to 2 x 10°> CFU. Decrease in
bacterial load more than 0.5 1g CFU in comparison to the control group was considered as
a positive protective effect.

2.8. Histopathology

Lung tissues were fixed in 10% formalin (pH 7.0), followed by paraffin embedment.
For histopathological studies, 5-6 mm sections were stained with hematoxylin and eosin.
Images were captured using Olympus BX45 microscope (Olympus Corp., Tokyo, Japan)
with camera and Olympus DP-Soft software package (Olympus Corp., Tokyo, Japan).

2.9. Statistical Analysis

Statistical processing of the results was carried out using the RStudio Desktop 1.0.153
program (RStudio Inc, Boston, MA, USA). The experimental and control groups were
compared using the Dunnett test. The comparison of the experimental groups was carried
out using the Student ¢-test.

3. Results
3.1. Flu/THSP Recombinant Virus Efficiently Activates Innate Immune Response at the Site
of Administration

A panel of fluorescently-labelled antibodies to CD45, MHCII, CD11c, CD11b, CD24,
CD64 and Ly6G [27,30,31] was used to study the innate immune cell populations in the
lungs in response to intranasal administration of the Flu/THSP vaccine strain.
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This allowed distinguishing neutrophils, monocytes, alveolar and interstitial macrophages,
as well as CD11b~ and CD11b* dendritic cells. The gating strategy is presented in
Supplementary Figure S1.

Innate immune cell population analysis after the immunization revealed that Flu/THSP
vector caused a significant increase in the interstitial macrophage population percentage at
all studied time points (24 h: p = 0.0001; 48 h: p = 0.001; 72 h p = 0.01). The percentage of
alveolar macrophage population in immunized group was higher compared to control at
24 h post-immunization (p = 0.001), but no difference was observed at later time points.
The increase in the macrophage level in the lungs was accompanied by a significant re-
duction in the CD11~ and CD11* dendritic cells (DC) content, especially at 48 and 72 h
after vaccine administration. The relative number of monocytes and neutrophils was
also higher in the Flu/THSP -treated group, but the difference from the control was less
pronounced (Figure 1A). Thus, intranasal Flu/ THSP immunization induced an attraction
of macrophages and neutrophils in the lung tissue and the egress of CD11b~ and CD11b*
dendritic cells. In the vaccine-treated group the predominance of interstitial macrophages
was observed, while in the control group neutrophils were the dominant population among
the investigated cell types at 24 and 48 h after the treatment (Figure 1B).

A. Innate immune cell populations dynamics in mouse lungs B. Relative frequencies of innate
immune populations in mouse lungs
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Figure 1. Flow cytometric analysis of innate immune cell populations in mouse lungs after im-
munization. (A) Line graphs depict innate immune cell profile in mouse lungs on 24, 48 and 72 h
after intranasal Flu/THSP vaccine strain (THSP) or PBS (Control) administration. Data shown are
Means =+ SE of corresponding innate immune cell population proportion within the total CD45*
subset. Differences between groups were estimated using Student’s t test. * p < 0.05, ** p < 0.01,
and *** p < 0.001, n = 5. (B) Pie charts show the relative frequencies of innate immune cell populations
in mouse lungs at indicated time points. (C) Flow cytometric analysis of activation markers expres-
sion on APC (CD45"MHCII"). Histograms show the distribution of CD86 and CD83 fluorescence
intensity among APC in mouse lungs on 24, 48 and 72 h after intranasal administration of Flu/THSP
vaccine strain (THSP) or PBS (Control). Each histogram is a composite of 5 different samples. Median
fluorescence intensity (MFI) values of each sample were used for group comparison in Student’s
ttest. *p <0.05,** p<0.01,n=5.
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To investigate the capacity of Flu/THSP vaccine candidate to stimulate the antigen-
presenting cells (APC) we analyzed the expression of activation markers CD83 and CD86
on CD45"MHCII* cells. The results of the analysis of the median fluorescence intensity
(MFI) of the activation markers CD83 and CD86 on the APC (CD45"MHCII*) are presented
in Figure 1C. It was shown that immunization leads to the enhancement of costimulatory
CD86 molecule expression on each time point. The same results were obtained for the
CD83 activation marker.

3.2. Single Flu/THSP Immunization Induces Both Local and Systemic Antigen-Specific
T-Cell Response

Antigen-specific T-cell immune response was studied in lungs and spleens on 8th
day post immunization. Effector and central memory CD4*/CD8* T-cell subsets, express-
ing IFNy, TNFa and IL-2 were studied following 24 h stimulation with the mixture of
recombinant TB10.4 and HspX proteins in ICS assay.

Flu/THSP vaccinated animals showed a significant increase in the relative number of
cytokine-producing CD4* and CD8" Tem cells both in the lungs and spleens. In the lungs,
the CD4* Tem response to stimulation was mainly represented by TNFa* cells, whereas in
the spleens, IFNYy single-positive cells dominated the population of CD4* Tem.

The repertoire of CD8* Tem cells in response to stimulation was characterized by
a predominant increase in the relative number of IFNY single-positive cells. However,
the double positive populations of IFNy*TNFx*™ T-lymphocytes were presented in the
lungs and IFNy*IL-2*, IFNY*TNF«* and IL-2*TNF«x* in the spleens (Figure 2). There was
no statistically significant increase in the total level of cytokine-producing Tem cells in
response to protein stimulation.
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Figure 2. Antigen-specific effector memory T-cellular immune response in mouse lungs and spleen, 8 days after intranasal
immunization with Flu/THSP vaccine strain (THSP). CD4/8"CD44*CD62L " effector memory (EM) T-cells from lungs
and spleen expressing IFNy, IL-2 and TNF« after 24 h stimulation with TB10.4/HspX recombinant protein mix. Box-plots
represent total amount of cytokine-producing EM T-cells. Bar-plots represent the average percent of each cytokine-producing
population within total EM T-cells subset (Mean + SE). Pie-charts show the average percent of each cytokine-producing
population within total subset of cytokine-producing cells. Differences between groups were analyzed using Student’s ¢ test.
*p <0.05 *p<0.01,and **p <0.001, n = 5.
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3.3. Prime-Boost Immunization with Flu/THSP Induces Better Protection against M. tb Strain
H37Rv Compared to Single BCG Immunization

The prime-boost vaccination effectiveness was measured in mouse model of TB infec-
tion 5 weeks after the challenge with M. tuberculosis H37Rv strain. The most prominent
protective effect, observed in BCG prime — Flu/THSP boost group, was associated with
the significant decrease in bacterial loads in lungs and spleen compared with control
(mean decrease by 1.23 1g CFU and 1.02 1g CFU, respectively) and single BCG-vaccinated
groups (mean decrease by 0.62 Ig CFU and 0.5 lg CFU in lungs and spleen, respectively).
Lung damage score, as well as mass coefficients of organs were also lower in Flu/THSP
boost group. The measurement of phagocytosis activity of peripheral macrophages (PMF)
showed that the BCG-prime — Flu/THSP boost immunization scheme prevented the inhi-
bition of absorption and digestion capacity of PMF, generally observed in the disseminated
tuberculosis infection in mice (Figure 3).
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Figure 3. Protective efficacy of BCG-prime — Flu/THSP boost immunization in mouse model of TB infection. Bacterial load
in lungs and spleen was measured by titration of tissue homogenates. Lungs and spleen mass coefficients were estimated as
the percentage of organ weight relative to body weight. The lung damage score was quantified in conventional units as
described in 2.6 section. Phagocytosis completion rate of model yeast cells was measured. Statistical analysis was performed
by two-way ANOVA, and the results of the Bonferroni post-hoc test for pairwise comparisons. Black asterisks correspond
to control and experimental groups comparisons. Grey asterisks correspond to comparisons with intact group (* p < 0.05,
**: p <0.01, **: p < 0.001). Sharp signs correspond to BCG and Flu/THSP (THSP) boost group comparisons (# p < 0.05,
##: p <0.001).

The histopathological investigation showed the most prominent lung injury in the
control (non-vaccinated) group. Confluent foci of specific infiltration occupied more than
30% of the section area. Lymphocytes, macrophages and epithelioid cells were presented
in the infiltrate as well as single neutrophils and their accumulations (Figure 4a,b).
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Figure 4. Protective efficacy of BCG-prime Flu/THSP boost immunization strategy in mouse model of TB infection.
Representative hematoxylin and eosin (H&E) stained lung histological sections of control (a,b) and BCG- (c,d) or BCG-prime
and Flu/THSP boost-vaccinated mice (e, f) after infection with highly virulent M. tb H37Rv strain, magnification is 300 x and
600x. (a) Confluent foci of specific infiltration in nonvaccinated mouse lungs (300 x). (b) Epithelioid cell granuloma in the

foci of specific infiltration in nonvaccinated mouse lungs (600x). (c) Foci of specific infiltration in BCG-vaccinated mouse
lungs (300x). (d) Large granuloma with single epithelioid cells in BCG-vaccinated mouse lungs (600 x). (e) Small foci of
specific infiltration in BCG-prime and Flu/THSP boost vaccinated mouse lungs (300 x). (f) Small lymphoid granulomas in
BCG-prime and Flu/THSP boost vaccinated mouse lungs (600 x ).

In mice primed with BCG and boosted with Flu/THSP only minor inflammatory
reactions were observed. No confluent infiltration was shown and the specific inflam-
mation foci were small, lack exudate and had a perivascular or peribronchial localiza-
tion. All granulomas in the prime-boost immunized group were lymphoid, while non-
vaccinated animals had epithelioid cell granulomas with large epithelioid cell accumula-
tions (Figure 4c,d).

Single BCG immunized mice were characterized by intermediate severity of in-
flammation. Granulomas with single epithelioid cells in the center were shown in this
group (Figure 4e,f).

3.4. Prime-Boost Immunization with Flu/THSP Induces Higher Local and Systemic
Antigen-Specific T-Cell Response Than Single BCG Vaccination

Further, we compared the T-cellular immune response to BCG-prime — Flu/THSP
boost vaccination with single BCG immunization in the context of TB infection.

A significant increase in the proportion of cytokine-producing CD4* Tem
(CD44*CD62L ") in spleens after the protein stimulation was observed in all vaccinated
groups of animals compared to infection control (Figure 5). In the BCG vaccinated
group the level of TNFa*-single-positive cells were higher compared to control group
(p = 0.03), while the Flu/ THSP-boosted group demonstrated an augmented formation of
IFNy*TNF«x*-bifunctional (p = 0.002) and IFNy*-monofunctional (p = 0.02) CD4* Tem cells.
At the same time, Flu vector-boosted mice had an elevated number of IFNy*TNFx" and
IFNy* CD8* Tem both in lungs and spleen showing the enhanced local and systemic M.
tb.-specific T-cell response. In the BCG-treated group the level of discussed populations
was lower or the same as in the control group (Figure 5).
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Figure 5. TB10.4/HspX-specific effector memory T-cellular immune response in lungs and spleen of boost-immunized
mice, 5 weeks after M. tuberculosis challenge. CD4/8+*CD44*CD62L~ effector memory (EM) T-cells from lungs and spleen
expressing IFNY, IL-2 and TNFa after 24 h stimulation with TB10.4/HspX recombinant protein mix. Box-plots represent total
amount of cytokine-producing EM T-cells. Bar-plots represent the average percent of each cytokine-producing population
within total EM T-cells subset (Mean =+ SE). Pie-charts show the average percent of each cytokine-producing population
within total subset of cytokine-producing cells. Differences between groups were analyzed using Student’s t test. * p < 0.05,
**p <0.01, n = 5 in comparison with control group; # p < 0.05, and ## p < 0.001, n = 5 compared with BCG.

The difference between the studied groups in the percentage of cytokine-secreting
CD4" and CD8* central memory T-cells (CD44*CD62L*) was more profound. As shown on
Figure 5, BCG-vaccinated animals demonstrated the lowest level of TB10.4/HspX-specific
CD8* Tem response in lungs, while in the spleen the amount of cytokine-producing Tem
was higher than in control group (Figure 6). Flu/THSP -boosted mice had the highest
level of Tem immune response (CD4* and CD8*) both in lungs and spleen. The significant
differences between Flu/THSP boost and BCG groups were obtained for CD4/8* IFNy*
single-producers in lungs (p = 0.009, 0.001, respectively), for IFNy*TNF«* bifunctional
CD8* T-cells in lungs (p = 0.02) and for the total amount of cytokine-producing CD8* Tem
in spleen of infected mice. It is noteworthy that in the control group the number of CD4*
TNFo-single-producers was higher than in other experimental groups (p = 0.02, 0.01).

The stimulation of splenocytes and lung cells of experimental animals with BCG led
to similar results as TB10.4/HspX-mix stimulation (Supplementary data, Figures S2 and
S3). However, the total amount of cytokine-producing cells after the 24 h incubation with
BCG was 1.5-2 times higher in all groups compared to protein stimulation. Furthermore,
BCG stimulation allowed to reveal the populations of IFNy*IL-2*TNF«" polyfunctional
CD4/8* T-cells. It was shown, that in the vector boosted group the amount CD4" Tem
triple cytokine producers was higher than in the BCG and control group (p = 0.03).
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Figure 6. TB10.4/HspX-specific central memory T-cellular immune response in lungs and spleen of boost-immunized
mice, 5 weeks after M. tuberculosis challenge. CD4/8*CD44*CD62L~ central memory (CM) T-cells from lungs and spleen
expressing IFNYy, IL-2 and TNFa after 24 h stimulation with TB10.4/HspX recombinant protein mix. Box-plots represent total

amount of cytokine-producing EM T-cells. Bar-plots represent the average percent of each cytokine-producing population

within total CM T-cells subset (Mean + SE). Pie-charts show the average percent of each cytokine-producing population

within total subset of cytokine-producing cells. Differences between groups were analyzed using Student’s t test. * p < 0.05,

**p <0.01, and *** p < 0.001,

with BCG.

n =5 in comparison with control group; # p < 0.05, ## p < 0.01, and ## p < 0.001, n = 5 compared

4. Discussion

The protective efficacy of anti-tuberculosis immune response is largely dependent
on Thl-polarised CD4* T-cells and CD8" CTLs [32-36]. Thus, the success of anti-TB
vaccination is tightly associated with the ability of vaccines to induce functional Th1 and
CTL subpopulations. In this regard, attenuated influenza viral vectors seem promising
candidates for anti-tuberculosis vaccine formulations due to their ability to stimulate
the formation of polyfunctional T-lymphocytes which are indispensable for successful
protection against M. tuberculosis [37].

In our previous work we described the protective efficacy of mucosal influenza vector
vaccine carrying TB10.4 and HspX antigens against M. tuberculosis on mice and guinea pigs
models. The Flu/THSP vector was safe and induced TB specific CD4* and CD8" T-cell
immune response after intranasal administration in mice. Protection against two virulent
M. tuberculosis strains was shown in mice and guinea pigs after intranasal immunization
with the Flu/THSP vector. Moreover, it was shown that recombinant influenza vector
enhances the protection against M. tuberculosis in heterologous BCG-prime — Flu/THSP
vector boost immunization scheme compared to BCG immunization alone [38].

We investigate the local innate immune reaction to the Flu/THSP vector administra-
tion in mouse lungs. It was shown that Flu/THSP induces the incoming of interstitial
macrophages and stimulates the expression of co-stimulatory CD86 and CD83 molecules
on APCs. The data are in accordance with previously obtained for influenza strain with
shortened NS1-protein [26]. CD86 and CD83 expression enhancement is associated with
APC maturation and antigen presentation [39,40].



Vaccines 2021, 9, 1273

11 0of 13

Intranasal immunization with Flu/THSP vector predominantly induced the gener-
ation of CD8*-Tem response. CD8 T-cells facilitate the elimination of pathogen both by
production of cytokines (IL-2, IFNy, TNF«x) and by direct killing of M. Tuberculosis-infected
cells via apoptosis induction through Fas-Fas-ligand interaction or using perforin and
granzymes [41]. We found that the vast majority of antigen-specific cells in the lungs and
spleen of Flu/THSP immunized animals were IFNYy single-producers, but bifunctional
cells IFNY*IL-2* and IFNy*TNF«*) were also presented. The critical role of IFNYy for
the protection from TB infection is well understood and the level of antigen-specific IFNy
response is used as a correlate of TB vaccine effectiveness [42,43]. However, in recent works,
much attention is paid to the role of a polyfunctional populations of T-cells in the course of
TB-infection. It is shown, that IENY*TNFa* T cells effectively eliminate the pathogen and
can be considered as correlates of protection against M. tuberculosis [44—47].

In the experiment with BCG-prime — Flu/THSP vector boost immunization fol-
lowed by M. tuberculosis H37Rv challenge infection we have shown that the T-cellular
antigen-specific immune response on restimulation with TB10.4/HspX protein mix was
mediated by IFNy* and IFNy*TNF«* cells (both CD4* and CD8"). The highest level of
cytokine-producing cells was shown in Flu/THSP boosted animals. Interestingly, the most
pronounced difference between BCG and THSP group was in the proportion of antigen-
specific central memory T-cells both in the lungs and spleen. Thus the use of intranasal
influenza vector carrying TB10.4 and HspX antigens in prime-boost immunization scheme
could be a perspective approach to improve protective effects of BCG by activating the in-
nate and adaptive local immune response, enhancing the expansion of antigen specific poly-
functional CD8* T cells and increasing the formation of long-lived central memory T-cells.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/vaccines9111273/s1, Figure S1: Gating strategy used to identify innate immunity cell subsets
in the mouse lung, Figure S2: BCG-specific effector memory T-cellular immune response in lungs and
spleen of boost-immunized mice, 5 weeks after M. Tuberculosis challenge, Figure S3: BCG-specific
central memory T-cellular immune response in lungs and spleen of boost-immunized mice, 5 weeks
after M. Tuberculosis challenge.

Author Contributions: Conceptualization, M.A.S., K.V. and A.-P.S.; Funding Acquisition, M.A.S.;
Investigation, K.V.,, M.S., ER.-R., A.P, M.Z.D., N.Z. and TI.V,; Methodology, K.V,, ER.-R., N.Z.,
A.-PS., TIV. and M.A.S.; Resources, ].B.; Visualization, K.V, A.-P.S. and N.Z.; Writing—Original
draft, K.V. and A.-PS.; Writing—Review and Editing, M.S., K.V., A.-PS., ].B.,, N.Z. and M.A.S.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Ministry of Education and Science of the Russian Federa-
tion, government contract number 14.N08.11.0173 (2017-2019).

Institutional Review Board Statement: All animal studies were done in accordance with the inter-
national recommendations (Di-rective 2010/63/EU) and the protocols approved by the Bioethics
Committee at the Smorodintsev Research Institute of Influenza (Approval #61-2 dated 2018-02-15) and
by the Bioethics Committee at the Saint-Petersburg State Research Institute of Phthisiopulmonology
(Approval #4 dated 2018-03-31ethic).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on reasonable request
from the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript or
in the decision to publish the results.


https://www.mdpi.com/article/10.3390/vaccines9111273/s1
https://www.mdpi.com/article/10.3390/vaccines9111273/s1

Vaccines 2021, 9, 1273 12 of 13

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Li, J.; Zhao, A.; Tang, J.; Wang, G.; Shi, Y.; Zhan, L.; Qin, C. Tuberculosis vaccine development: From classic to clinical candidates.
Eur. ]. Clin. Microbiol. Infect. Dis. 2020, 39, 1405-1425. [CrossRef]

Sable, S.B.; Posey, J.E.; Scriba, T.J. Tuberculosis Vaccine Development: Progress in Clinical Evaluation. Clin. Microbiol. Rev. 2019,
33, 100-119. [CrossRef] [PubMed]

Schrager, L.K.; Vekemens, J.; Drager, N.; Lewinsohn, D.M.; Olesen, O.F. The status of tuberculosis vaccine development.
Lancet Infect. Dis. 2020, 20, e28-€37. [CrossRef]

Orme, .M. The Achilles heel of BCG. Tuberculosis 2010, 90, 329-332. [CrossRef]

Flynn, ]J.L. Immunology of tuberculosis and implications in vaccine development. Tuberculosis 2004, 84, 93-101. [CrossRef]
[PubMed]

Ryan, A.A.; Nambiar, ] K.; Wozniak, T.; Roediger, B.; Shklovskaya, E.; Britton, W.J.; Groth, B.ED.S.; Triccas, J. Antigen Load
Governs the Differential Priming of CD8 T Cells in Response to the Bacille Calmette Guérin Vaccine orMycobacterium tuberculo-
sisInfection. . Immunol. 2009, 182, 7172-7177. [CrossRef] [PubMed]

Rafi, W.; Ribeiro-Rodrigues, R.; Ellner, J.; Salgame, P. Coinfection-helminthes and tuberculosis. Curr. Opin. HIV AIDS 2012, 7,
239-244. [CrossRef] [PubMed]

Henao-Tamayo, M.I.; Ordway, D.J.; Irwin, S.M.; Shang, S.; Shanley, C.; Orme, .M. Phenotypic definition of effector and memory
T-lymphocyte subsets in mice chronically infected with Mycobacterium tuberculosis. Clin. Vaccine Immunol. 2010, 17, 618-625.
[CrossRef] [PubMed]

Beverley, P.C.L.; Sridhar, S.; Lalvani, A.; Tchilian, E. Harnessing local and systemic immunity for vaccines against tuberculosis.
Mucosal Immunol. 2013, 7, 20-26. [CrossRef]

Stylianou, E.; Paul, ML.].; Reljic, R.; McShane, H. Mucosal delivery of tuberculosis vaccines: A review of current approaches and
challenges. Expert Rev. Vaccines 2019, 18, 1271-1284. [CrossRef] [PubMed]

Hervas-Stubbs, S.; Majlessi, L.; Simsova, M.; Morova, J.; Rojas, M.-].; Nouzé, C.; Brodin, P; Sebo, P.; Leclerc, C. High Frequency
of CD4 + T Cells Specific for the TB10.4 Protein Correlates with Protection against Mycobacterium tuberculosis Infection.
Infect. Immun. 2006, 74, 3396-3407. [CrossRef] [PubMed]

Kim, T.-H,; Shin, S.J.; Park, Y.-M.; Jung, LD.; Ryu, S.-W.; Kim, D.-J.; Park, J.-H.; Park, J.-H. Critical role of TRIF and MyD88 in
Mycobacterium tuberculosis Hsp70-mediated activation of dendritic cells. Cytokine 2015, 71, 139-144. [CrossRef]

Lin, M.Y;; Geluk, A.; Smith, S.G.; Stewart, A.L.; Friggen, A.H.; Franken, K.L.; Verduyn, M.].; van Meijgaarden, K.E.; Voskuil, M.I.;
Dockrell, H.M.; et al. Lack of immune responses to Mycobacterium tuberculosis DosR regulon proteins following Mycobacterium
bovis BCG vaccination. Infect. Immun. 2007, 75, 3523-3530. [CrossRef] [PubMed]

Li, Q.; Yu, H,; Zhang, Y.; Wang, B.; Jiang, W.; Da, Z.; Xian, Q.; Wang, Y.; Liu, X.; Zhu, B. Inmunogenicity and Protective Efficacy
of a Fusion Protein Vaccine Consisting of Antigen Ag85B and HspX against Mycobacterium tuberculosis Infection in Mice.
Scand. |. Immunol. 2011, 73, 568-576. [CrossRef] [PubMed]

de Sousa, E.M.; da Costa, A.C.; Trentini, M.M.; de AraujoFilho, J.A.; Kipnis, A.; Junqueira-Kipnis, A.P. Immunogenicity of a
fusion protein containing immunodominant epitopes of Ag85C, MPT51, and HspX from Mycobacterium tuberculosis in mice
and active TB infection. PLoS ONE 2012, 7, e47781. [CrossRef]

Soleimanpour, S.; Farsiani, H.; Mosavat, A.; Ghazvini, K.; Eydgahi, M.R.; Sankian, M.; Sadeghian, H.; Meshkat, Z.; Rezaee, S.A.
APC targeting enhances immunogenicity of a novel multistage Fc-fusion tuberculosis vaccine in mice. Appl. Microbiol. Biotechnol.
2015, 99, 10467-10480. [CrossRef] [PubMed]

Yousefi-Avarvand, A.; Tafaghodi, M.; Soleimanpour, S.; Khademi, F. HspX protein as a candidate vaccine against Mycobacterium
tuberculosis: An overview. Front. Biol. 2018, 13, 293-296. [CrossRef]

Singh, S.; Saraav, I.; Sharma, S. Immunogenic potential of latency associated antigens against Mycobacterium tuberculosis. Vaccine
2014, 32, 712-716. [CrossRef] [PubMed]

Egorov, A ; Brandyt, S.; Sereinig, S.; Romanova, J.; Ferko, B.; Katinger, D.; Grassauer, A.; Alexandrova, G.; Katinger, H.; Muster, T.
Transfectant Influenza A Viruses with Long Deletions in the NS1 Protein Grow Efficiently in Vero Cells. |. Virol. 1998, 72,
6437-6441. [CrossRef] [PubMed]

Garcia-Sastre, A.; Egorov, A.; Matassova, D.; Brandt, S.; Levy, D.; Durbin, J.E.; Palese, P.; Musterbc, T. Influenza A Virus Lacking
the NS1 Gene Replicates in Interferon-Deficient Systems. Virology 1998, 252, 324-330. [CrossRef] [PubMed]

Ferko, B.; Stasakova, J.; Romanova, J.; Kittel, C.; Sereinig, S.; Katinger, H.; Egorov, A. Inmunogenicity and Protection Efficacy of
Replication-Deficient Influenza A Viruses with Altered NS1 Genes. |. Virol. 2004, 78, 13037-13045. [CrossRef] [PubMed]
Vasilyev, K.A.; Shurygina, A.-P.S.; Stukova, M.A.; Egorov, A.Y. Enhanced CD8+ T-cell response in mice immunized with
NS1-truncated influenza virus. Microbiol. Indep. Res. |. 2020, 7, 24-33. [CrossRef]

Romanova, J.; Krenn, B.M.; Wolschek, M.; Ferko, B.; Romanovskaja-Romanko, E.; Morokutti, A.; Shurygina, A.-P.; Nakowitsch,
S.; Ruthsatz, T.; Kiefmann, B.; et al. Preclinical Evaluation of a Replication-Deficient Intranasal ANS1 H5N1 Influenza Vaccine.
PLoS ONE 2009, 4, €5984. [CrossRef] [PubMed]

Stasakova, J.; Ferko, B.; Kittel, C.; Sereinig, S.; Romanova, J.; Katinger, H.; Egorov, A. Influenza A mutant viruses with altered NS1
protein function provoke caspase-1 activation in primary human macrophages, resulting in fast apoptosis and release of high
levels of interleukins 13 and 18. J. Gen. Virol. 2005, 86, 185-195. [CrossRef] [PubMed]


http://doi.org/10.1007/s10096-020-03843-6
http://doi.org/10.1128/CMR.00100-19
http://www.ncbi.nlm.nih.gov/pubmed/31666281
http://doi.org/10.1016/S1473-3099(19)30625-5
http://doi.org/10.1016/j.tube.2010.06.002
http://doi.org/10.1016/j.tube.2003.08.010
http://www.ncbi.nlm.nih.gov/pubmed/14670350
http://doi.org/10.4049/jimmunol.0801694
http://www.ncbi.nlm.nih.gov/pubmed/19454714
http://doi.org/10.1097/COH.0b013e3283524dc5
http://www.ncbi.nlm.nih.gov/pubmed/22411453
http://doi.org/10.1128/CVI.00368-09
http://www.ncbi.nlm.nih.gov/pubmed/20107011
http://doi.org/10.1038/mi.2013.99
http://doi.org/10.1080/14760584.2019.1692657
http://www.ncbi.nlm.nih.gov/pubmed/31876199
http://doi.org/10.1128/IAI.02086-05
http://www.ncbi.nlm.nih.gov/pubmed/16714570
http://doi.org/10.1016/j.cyto.2014.09.010
http://doi.org/10.1128/IAI.01999-06
http://www.ncbi.nlm.nih.gov/pubmed/17502400
http://doi.org/10.1111/j.1365-3083.2011.02531.x
http://www.ncbi.nlm.nih.gov/pubmed/21323695
http://doi.org/10.1371/journal.pone.0047781
http://doi.org/10.1007/s00253-015-6952-z
http://www.ncbi.nlm.nih.gov/pubmed/26373723
http://doi.org/10.1007/s11515-018-1494-2
http://doi.org/10.1016/j.vaccine.2013.11.065
http://www.ncbi.nlm.nih.gov/pubmed/24300592
http://doi.org/10.1128/JVI.72.8.6437-6441.1998
http://www.ncbi.nlm.nih.gov/pubmed/9658085
http://doi.org/10.1006/viro.1998.9508
http://www.ncbi.nlm.nih.gov/pubmed/9878611
http://doi.org/10.1128/JVI.78.23.13037-13045.2004
http://www.ncbi.nlm.nih.gov/pubmed/15542655
http://doi.org/10.18527/2500-2236-2020-7-1-24-33
http://doi.org/10.1371/journal.pone.0005984
http://www.ncbi.nlm.nih.gov/pubmed/19543385
http://doi.org/10.1099/vir.0.80422-0
http://www.ncbi.nlm.nih.gov/pubmed/15604446

Vaccines 2021, 9, 1273 13 of 13

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Stukova, M.A.; Sereinig, S.; Zabolotnyh, N.V.; Ferko, B.; Kittel, C.; Romanova, J.; Vinogradova, T.I.; Katinger, H.; Kiselev, O.I.;
Egorov, A. Vaccine potential of influenza vectors expressing Mycobacterium tuberculosis ESAT-6 protein. Tuberculosis 2006, 86,
236-246. [CrossRef] [PubMed]

Vasilyev, K.A.; Yukhneva, M.A ; Shurygina, A.-P.S.; Stukova, M.A.; Egorov, A.Y. Enhancement of the immunogenicity of influenza
A virus by the inhibition of immunosuppressive function of NS1 protein. Microbiol. Indep. Res. |. 2018, 5, 48-58. [CrossRef]
Vasilyev, K.; Shurygina, A.-P; Sergeeva, M.; Stukova, M.; Egorov, A. Intranasal Immunization with the Influenza A Virus
Encoding Truncated NS1 Protein Protects Mice from Heterologous Challenge by Restraining the Inflammatory Response in the
Lungs. Microorganisms 2021, 9, 690. [CrossRef]

Sereinig, S.; Stukova, M.; Zabolotnyh, N.; Ferko, B.; Kittel, C.; Romanova, J.; Vinogradova, T.; Katinger, H.; Kiselev, O.; Egorov, A.
Influenza Virus NS Vectors Expressing the Mycobacterium tuberculosis ESAT-6 Protein Induce CD4 + Th1 Immune Response and
Protect Animals against Tuberculosis Challenge. Clin. Vaccine Immunol. 2006, 13, 898-904. [CrossRef] [PubMed]

Neumann, G.; Watanabe, T.; Ito, H.; Watanabe, S.; Goto, H.; Gao, P.; Hughes, M.; Perez, D.; Donis, R.; Hoffmann, E.; et al.
Generation of influenza A viruses entirely from cloned cDNAs. Proc. Natl. Acad. Sci. USA 1999, 96, 9345-9350. [CrossRef]
[PubMed]

Misharin, A.; Morales-Nebreda, L.; Mutlu, G.M.; Budinger, G.R.S.; Perlman, H. Flow Cytometric Analysis of Macrophages and
Dendritic Cell Subsets in the Mouse Lung. Am. J. Respir. Cell Mol. Biol. 2013, 49, 503-510. [CrossRef] [PubMed]

Yu, Y.-R.A.; O'Koren, E.G.; Hotten, D.F.,; Kan, M.].; Kopin, D.; Nelson, E.R.; Que, L.; Gunn, M.D. A Protocol for the Comprehensive
Flow Cytometric Analysis of Immune Cells in Normal and Inflamed Murine Non-Lymphoid Tissues. PLoS ONE 2016, 11,
e0150606. [CrossRef]

Salgame, P. Host innate and Thl responses and the bacterial factors that control Mycobacterium tuberculosis infection.
Curr. Opin. Immunol. 2005, 17, 374-380. [CrossRef]

Lyadova, I.V,; Panteleev, A.V. Th1 and Th17 cells in tuberculosis: Protection, pathology, and biomarkers. Mediat. Inflamm. 2015,
2015, 854507. [CrossRef] [PubMed]

Zeng, G.; Zhang, G.; Chen, X. Th1 cytokines, true functional signatures for protective immunity against TB? Cell. Mol. Immunol.
2018, 15, 206-215. [CrossRef]

Lalvani, A.; Brookes, R.; Wilkinson, R.J.; Malin, A.S.; Pathan, A.A.; Andersen, P.; Dockrell, H.; Pasvol, G.; Hill, A.V.S. Human
cytolytic and interferon y-secreting CD8+ T lymphocytes specific for Mycobacterium tuberculosis. Proc. Natl. Acad. Sci. USA
1998, 95, 270-275. [CrossRef] [PubMed]

Caccamo, N.; Pietra, G.; Sullivan, L.C.; Brooks, A.G.; Prezzemolo, T.; La Manna, M.P; Di Liberto, D.; Joosten, S.A.;
van Meijgaarden, K.E.; Di Carlo, P; et al. Human CD8 T lymphocytes recognize Mycobacterium tuberculosis antigens presented
by HLA-E during active tuberculosis and express type 2 cytokines. Eur. J. Immunol. 2015, 45, 1069-1081. [CrossRef] [PubMed]
Darrah, P.A_; Patel, D.T.; De Luca, PM,; Lindsay, R W.B.; Davey, D.E; Flynn, B.J.; Hoff, S.T.; Andersen, P.; Reed, S.G.; Morris, S.L.;
et al. Multifunctional TH1 cells define a correlate of vaccine-mediated protection against Leishmania major. Nat. Med. 2007, 13,
843-850. [CrossRef] [PubMed]

Sergeeva, M.; Romanovskaya-Romanko, E.; Zabolotnyh, N.; Pulkina, A.; Vasilyev, K.; Shurigina, A.; Buzitskaya, J.;
Zabrodskaya, Y.; Fadeev, A.; Vasin, A.; et al. Mucosal Influenza Vector Vaccine Carrying TB10.4 and HspX Antigens Provides
Protection against Mycobacterium tuberculosis in Mice and Guinea Pigs. Vaccines 2021, 9, 394. [CrossRef] [PubMed]

Schweitzer, A.N.; Borriello, F.; Wong, R.C.; Abbas, A.K.; Sharpe, A.H. Role of costimulators in T cell differentiation: Studies using
antigen-presenting cells lacking expression of CD80 or CD86. . Immunol. 1997, 158, 2713-2722.

Lechmann, M.; Berchtold, S.; Steinkasserer, A.; Hauber, J. CD83 on dendritic cells: More than just a marker for maturation.
Trends Immunol. 2002, 23, 273-275. [CrossRef]

O’Garra, A.; Redford, PS.; McNab, EW.; Bloom, C.I.; Wilkinson, R.J.; Berry, M.P.R. The immune response in tuberculosis.
Annu. Rev. Immunol. 2013, 31, 475-527. [CrossRef] [PubMed]

Flynn, J.L.; Chan, J.; Triebold, K.J.; Dalton, D.K.; A Stewart, T.; Bloom, B.R. An essential role for interferon gamma in resistance to
Mycobacterium tuberculosis infection. J. Exp. Med. 1993, 178, 2249-2254. [CrossRef] [PubMed]

Cooper, A.M,; Dalton, D.K.; A Stewart, T.; Griffin, ].P,; Russell, D.; Orme, .M. Disseminated tuberculosis in interferon gamma
gene-disrupted mice. J. Exp. Med. 1993, 178, 2243-2247. [CrossRef] [PubMed]

Forbes, E.K.; Sander, C.; Ronan, E.O.; McShane, H.; Hill, A.V.S.; Beverley, P.C.L.; Tchilian, E.Z. Multifunctional, High-Level
Cytokine-Producing Th1 Cells in the Lung, but Not Spleen, Correlate with Protection against Mycobacterium tuberculosis Aerosol
Challenge in Mice. J. Immunol. 2008, 181, 4955-4964. [CrossRef]

Caccamo, N.R.; Guggino, G.; Joosten, S.A.; Gelsomino, G.; Di Carlo, P; Titone, L.; Galati, D.; Bocchino, M.; Matarese, A.;
Salerno, A.; et al. Multifunctional CD4+ T cells correlate with active Mycobacterium tuberculosis infection. Eur. J. Immunol. 2010,
40, 2211-2220. [CrossRef] [PubMed]

Derrick, S.C.; Yabe, LM.; Yang, A.; Morris, S.L. Vaccine-induced anti-tuberculosis protective immunity in mice correlates with the
magnitude and quality of multifunctional CD4 T cells. Vaccine 2011, 29, 2902-2909. [CrossRef] [PubMed]

Lewinsohn, D.A.; Lewinsohn, D.M.; Scriba, T. Polyfunctional CD4+ T Cells As Targets for Tuberculosis Vaccination.
Front. Immunol. 2017, 8, 8. [CrossRef] [PubMed]


http://doi.org/10.1016/j.tube.2006.01.010
http://www.ncbi.nlm.nih.gov/pubmed/16677861
http://doi.org/10.18527/2500-2236-2018-5-1-48-58
http://doi.org/10.3390/microorganisms9040690
http://doi.org/10.1128/CVI.00056-06
http://www.ncbi.nlm.nih.gov/pubmed/16893990
http://doi.org/10.1073/pnas.96.16.9345
http://www.ncbi.nlm.nih.gov/pubmed/10430945
http://doi.org/10.1165/rcmb.2013-0086MA
http://www.ncbi.nlm.nih.gov/pubmed/23672262
http://doi.org/10.1371/journal.pone.0150606
http://doi.org/10.1016/j.coi.2005.06.006
http://doi.org/10.1155/2015/854507
http://www.ncbi.nlm.nih.gov/pubmed/26640327
http://doi.org/10.1038/cmi.2017.113
http://doi.org/10.1073/pnas.95.1.270
http://www.ncbi.nlm.nih.gov/pubmed/9419365
http://doi.org/10.1002/eji.201445193
http://www.ncbi.nlm.nih.gov/pubmed/25631937
http://doi.org/10.1038/nm1592
http://www.ncbi.nlm.nih.gov/pubmed/17558415
http://doi.org/10.3390/vaccines9040394
http://www.ncbi.nlm.nih.gov/pubmed/33923548
http://doi.org/10.1016/S1471-4906(02)02214-7
http://doi.org/10.1146/annurev-immunol-032712-095939
http://www.ncbi.nlm.nih.gov/pubmed/23516984
http://doi.org/10.1084/jem.178.6.2249
http://www.ncbi.nlm.nih.gov/pubmed/7504064
http://doi.org/10.1084/jem.178.6.2243
http://www.ncbi.nlm.nih.gov/pubmed/8245795
http://doi.org/10.4049/jimmunol.181.7.4955
http://doi.org/10.1002/eji.201040455
http://www.ncbi.nlm.nih.gov/pubmed/20540114
http://doi.org/10.1016/j.vaccine.2011.02.010
http://www.ncbi.nlm.nih.gov/pubmed/21338678
http://doi.org/10.3389/fimmu.2017.01262
http://www.ncbi.nlm.nih.gov/pubmed/29051764

	Introduction 
	Materials and Methods 
	Animals 
	Vaccine Strain 
	Experimental Design 
	Cell Preparation 
	Flow Cytometry Analysis 
	Protection Study in Mice 
	Mycobacterial Load 
	Histopathology 
	Statistical Analysis 

	Results 
	Flu/THSP Recombinant Virus Efficiently Activates Innate Immune Response at the Site of Administration 
	Single Flu/THSP Immunization Induces Both Local and Systemic Antigen-Specific T-Cell Response 
	Prime-Boost Immunization with Flu/THSP Induces Better Protection against M. tb Strain H37Rv Compared to Single BCG Immunization 
	Prime-Boost Immunization with Flu/THSP Induces Higher Local and Systemic Antigen-Specific T-Cell Response Than Single BCG Vaccination 

	Discussion 
	References

