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Abstract: Hemorrhagic fever with renal syndrome (HFRS) is an emerging infectious disease that
remains a global public health threat. The highest incidence rate is among zoonotic disease cases in
Russia. Most cases of HFRS are reported in the Volga region of Russia, which commonly identifies the
Puumala virus (PUUV) as a pathogen. HFRS management is especially challenging due to the lack of
specific treatments and vaccines. This study aims to develop new approaches for HFRS prevention.
Our goal is to test the efficacy of microvesicles (MVs) as PUUV nucleocapsid (N) and glycoproteins
(Gn/Gc) delivery vehicles. Our findings show that MVs could deliver the PUUV N and Gn/Gc
proteins in vitro. We have also demonstrated that MVs loaded with PUUV proteins could elicit a
specific humoral and cellular immune response in vivo. These data suggest that an MV-based vaccine
could control HFRS.

Keywords: orthohantavirus; hemorrhagic fever with renal syndrome; microvesicles; delivery
system; vaccine

1. Introduction

Hemorrhagic fever with renal syndrome (HFRS) is a zoonotic disease characterized
by an acute kidney insufficiency, hypotension, and coagulation abnormalities [1]. HFRS
is caused by orthohantaviruses, which are transmitted by inhaling virus-contaminated
aerosols [2]. It is a reportable disease, with the highest incidence rates in the Volga river
region of Russia [3,4]. The Volga River region includes the Republic of Tatarstan, where
hundreds of HFRS cases are documented annually [2]. In 2020, 3845 cases of hantavirus
infection were registered in Russia, with the highest prevalence in the Volga region [5].
Moderate course of the disease was observed in 98.1% of cases, and 13 fatal outcomes
were officially documented [5]. Although the mortality rate is low (0-0.4%), HFRS is fre-
quently accompanied by serious complications involving the cardio-vascular and excretory
systems [3,6].

The disease is likely to exhibit a cyclical pattern, with the highest and the lowest annual
cases in humans observed every 3-5 years [4]. Between 2000 and 2017, a total of 131,590
HERS cases were reported in 68 of Russia’s 85 administrative regions, an annual average
rate of 4.9 cases/100,000 inhabitants. Annual incidence rates varied greatly, and epidemics
occurred every 2—4 years with occasional 2-year peaks, such as 2008-2009 and 2014-2015 [2].
According to the state report of Rospotrebnadzor in Russia, the economic damage caused
by viral hemorrhagic fevers amounted to more than USD 2 million [7]. It was reported
that the incidence rate increased by 60% as compared to that in 2018. The high incidence
rate and prevalence among the young calls for the development of preventative measures
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against this disease. Currently, there is no approved vaccine in the Russian Federation,
therefore disease management remains focused on treating the symptoms [8-10].

Puumala virus (PUUV), a member of the Orthohantavirus genus, is commonly found as
an HERS pathogen in the Republic of Tatarstan [2]. Orthohantaviruses (order Bunyaviriales)
have a negative-sense, single-stranded RNA genome [11]. The genome contains three
segments—L, M, and S—which encode for RNA-dependent RNA polymerase (RdRp),
envelope glycoproteins (Gn and Gc), and a nucleocapsid (N) protein, respectively [12,13].
It was shown that N and Gn/Gc could elicit specific immune responses [3,14-17], and they
have been used as components of several vaccines [18-23]. The first hantavirus vaccine,
Hantavax, was developed in South Korea in 1990 [24]. This vaccine contained inactivated
viruses derived from the brains of rodents and cell cultures. Hantavax was reported to elicit
antibody responses detectable by ELISA, but neutralizing antibodies were detected in only
about half of the recipients [25]. By contrast, in Korea, only half of the vaccinated individuals
in a cohort had anti-HTNV N and anti-HTNV Gc protein-neutralizing antibodies [26]. Later,
four inactivated vaccines were developed in China; however, these vaccines had a low
immune reactivity [27,28]. Commercially available inactivated Hantaan (HTNV) and Seoul
orthohantavirus vaccines used in China were shown to induce a humoral immunity in
2013 [29]. Increased levels of anti-HTNV N protein specific IgM, IgG, and anti-HTNV G
protein-neutralizing antibodies were detected in the sera of vaccinated individuals [29]. The
immune response was effective in reducing incidences of orthohantavirus infections [29-31],
but vaccination failed to reduce the disease severity [32]. Therefore, it appears that the
vaccines induced only short-term immune responses that required booster immunizations.
Currently in the Russian Federation there is no approved vaccine for HFRS prevention.
In 2019, there were reports of successful pre-clinical studies of an inactivated polyvalent
vaccine based on PUUV, HTNYV, and Dobrava—-Belgrade strains [28,33]; nevertheless, the
vaccine is not available for general vaccination.

Another approach to developing protection against orthohantavirus infections is the
use of epitope peptide vaccines. Using an immunoinformatic approach, Abdulla et al.
proposed an ideal formula for orthohantavirus vaccines in which viral peptides carrying
immunogenic epitopes were conjugated with TLR-4, a natural adjuvant [34]. The efficacy
of this vaccine remains unknown. In 2020, Ma et al. designed a macromolecular HTNV
multiple antigenic peptide (MAP) with a polylysine core and single-CTL-epitope chains [35].
It was demonstrated that HTNV MAP could stimulate the CD8+ T cell secretion of IFN-
v in HLA-A*02 + HFRS patients [35]. In another approach, the efficacy of DNA vaccine
coding for the Gn/Gc of orthohantaviruses to induce the antibody response was demon-
strated [36-38]; yet the immunogenicity of these vaccines was shown to be inconsistent [36].
Improving the efficacy of orthohantavirus vaccines remains central to developing safe and
effective vaccines.

It has previously been demonstrated that HFRS patients gain long-lasting protection
following infection [39,40]. Neutralizing antibodies have been detected years after PUUV,
SNV, and ANDV infections, indicating a long-lasting immune response [41,42]. Notably, the
reactivity of antibodies in HFRS convalescent sera were detected in both Puumala (PUUV)
and Hantaan viruses [43,44]. Natural infection could be associated with an abnormal
kidney function (a higher prevalence of tubular proteinuria and increased urinary protein
excretion) and cardiovascular disturbances even 6 years after acute HFRS [45,46]. Therefore,
it is very important to develop novel strategies providing cross-protective immunity.

Recently, membrane microvesicles (MVs) have gained attention as potential vaccine
delivery tools [47,48]. MVs are nano-sized extracellular vesicles, physiologically produced
by all cell types through direct shedding from the plasma membrane [49-52]. There are
multiple advantages of MVs as a delivery system, including their endogenous origin,
stability, and ability to cross natural biological barriers, which make them favorable for a
wide range of applications [47]. One of these applications is their use as a delivery vehicle
for natural and synthetic substances [53,54]. The delivery potential of MVs was verified by
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the demonstration of the specific immune response activation against their cargo through
the uptake of the antigen by antigen-presenting cells [55,56].

Based on the evidence supporting the successful vaccine delivery using MVs [57-60],
we sought to determine their efficacy in the following ways: 1. carrying and transferring
orthohantavirus PUUV N and Gn/Gc proteins in vitro; and 2. eliciting humoral and T cell
immune response in vivo. We have demonstrated that MVs could deliver PUUV N and
Gn/Gc proteins in vitro. We also found that MVs carrying PUUV proteins could produce
a specific humoral and cellular immune response in vivo. Additionally, the activation of
CCL11, TNF-«, IFN-y, IL-6, G-CSE, and GM-CSF in mice treated with MVs taking PUUV N
and Gn/Gc proteins was demonstrated at 14 and 28 days following treatment.

2. Materials and Methods
2.1. Cells

Murine mesenchymal stem cells (mMSCs) were isolated from C57BL /6 mice adipose
tissue [61]. Slices of adipose tissue were washed (0.9% NaCl, PanEco, Moscow, Russia)
and digested using 0.4% collagenase (Biolot, Saint Petersburg, Russia) for 1 h at 37 °C
with vigorous shaking at 220 rpm. mMSCs were pelleted (1500 rpm, for 5 min), washed
(3x; PBS) and maintained using Dulbecco’s modified Eagle’s medium (DMEM, PanEco,
Moscow, Russia) supplemented with 10% fetal bovine serum (FBS, HyClone, Utah, UT,
USA) and 2 mM L-glutamine (PanEco, Moscow, Russia) at 37 °C with 5% CO5,

Human embryonic kidney HEK293T cells and human lung cancer A549 cells were
obtained from the American Type Culture Collection (ATCC) and maintained in DMEM
(PanEco, Moscow, Russia) supplemented with 10% fetal bovine serum (FBS, HyClone, Utah,
USA) and 2 mM L-glutamine (PanEco, Moscow, Russia) at 37 °C with 5% COy,

2.2. Animals

Female C57Bl/6 mice (8-10 weeks old) were obtained from the animal breeding facility
of the Kurchatov Institute (Rappolovo, Russia). Mice were housed at the Kazan Federal
University animal facility. All animals received food and water ad libitum and were
contained in a room with a 12 h light/12 h dark cycle and an ambient temperature of 22 °C.
Mice received subcutaneous injection of MVs (15 pg/50 pL). Selection of MV concentration
was based on previous publications according to which the concentration 15 p1g/mouse was
sufficient for induction of immune response [62,63]. The Institutional Ethics Committees of
the Kazan Federal University approved procedures including the use of animals (protocol
#23. 06.30.2020).

2.3. PUUV Peptides

Peptides (95% purity) were synthesized by GeneScript (Jiangsu, China) using the N
and Gn/Gc protein amino acid (aa) sequence (Genbank accession numbers: CAA43370.1
and AABO01661.1, respectively). The sequence of peptides is summarized in Table 1.

Table 1. Peptides used in this study.

Peptides Sequence (aa) Position (aa)
PUUV N-25 EKECPFIKPEVKPGT 241-255
PUUV N-29 HVADIDKLIDYAASG 281-295
PUUV N-43 EIKVKEISNQEPLKI 424-438
PUUV M-26 FQGYYICLVGSSSEP 51-65
PUUV M-44 KFVCQRVDMDITVYC 431-445
PUUV M-82 YTRKACIQLGTEQTC 811-825

aa—amino acid.

2.4. Flow Cytometry

mMSCs (5 x 10° cells) were incubated with Alexa Fluor 647 anti-mouse CD73 anti-
bodies (BioLegend, San Diego, CA, USA), Brilliant Violet 421 anti-mouse CD90.2 antibodies
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(BioLegend, San Diego, CA, USA), PE anti-mouse CD49 antibodies, and PE anti-mouse-
CD29 antibodies (BioLegend, San Diego, CA, USA). Washed (3 x, PBS) cells were analyzed
using flow cytometry with a FACS Aria III (Becton, Dickinson and Company, Becton Drive
Franklin Lakes, Franklin lakes, NJ, USA). A minimum of 300,000 events were collected
for each sample. The fraction of mMSCs was selected using FSC-A (forward side scatter)
and SSA (side scatter) parameters based on cell size, granularity, and viability. To reduce
contamination with cell debris and exclude auto-fluorescence, we selected only cells with
mMSC characteristics. Non-stained mMSC cells were used for gating as shown in Supple-
mentary Figure S1. mMSCs were identified as being Sca-1*, CD90*, CD73*, CD29*, and
CD49~ phenotypes.

2.5. Recombinant Lentivirus

Recombinant lentiviruses (LV) were generated by transfecting HEK293T cells with a
mix of packaging (psPAX2; 6.63 ug; Addgene, Watertown, MA, USA), envelope (pCMV-
VSV-G; 3.51 pg; Addgene, Watertown, MA, USA) plasmids as well as one of the plasmids
encoding for PUUV N (pLX-PUUV-S; 10.14 pg) or Gn/Gce (pWPT-PUUV-M; 10.14 ug)
proteins. Plasmid vectors pLX-PUUV-S and pLX-Katushka2S were previously generated
using Gateway cloning technology, while pWPT-PUUV-M was subcloned by GenScript
(GenScript, Jiangsu, China).

The medium was replaced 16 h after transfection and supernatant was collected every
12 h for 96 h. Cell debris was removed (5000 g, 2 min) and supernatant was concentrated
by ultracentrifugation (26,000 rpm, 4 °C, 2 h). Recombinant lentivirus aliquots (200 uL)
were stored at —80 °C. The lentiviruses and proteins coded are summarized in Table 2.

Table 2. Lentiviruses used in this study.

Lentiviruses Protein Expressed

LV-PUUV-S PUUV N

LV-PUUV-M PUUV Gn/Gc
LV-Katushka2S Red fluorescent protein (Katushka2S)

2.6. Transduction

mMSCs were seeded (6 x 10° cells/flask) and maintained in DMEM supplemented
with 10% fetal bovine serum (FBS) and 2 mM L-glutamine at 37 °C with 5% CO,. mM-
SCs were transduced with recombinant lentivirus (LV-PUUV-S, LV-PUUV-M, and LV-
Katushka2S) carrying PUUV N, Gn/Gc, or red fluorescent protein Katushka2S (MOI 100)
using Opti-MEM medium (Gibco, Grand Island, New York, USA) supplemented with
8 pug/mL protamine sulphate (Sigma, Saint Louis, USA). Fresh media was added after 24 h
to support cell proliferation. The medium and cells were collected 48 h later.

2.7. MVs Production

Genetically modified mMSCs were trypsinized, washed (2, PBS; PanEco, Moscow,
Russia) and incubated in serum-free DMEM /F12 (PanEco, Moscow, Russia) medium
supplemented with 10 ug/mL Cytochalasin B (Sigma, Sant Louis, USA) for 30 min (37 °C,
5% COy). Cells were vortexed for 60 sec to produce MVs. Cells were separated (700 rpm,
10 min) and MVs were collected by two subsequent centrifugations of the supernatant
(700 rpm for 20 min and 15,000 rpm for 25 min).

2.8. Transmission Electron Microscopy (TEM)

MVs were fixed (2.5% glutaraldehyde; Sigma, Sant Louis, MI, USA) in 10% neutral
buffered formalin (BioVitrum, Saint Petersburg, Russia) for 2 h and incubated in 1% osmium
tetroxide (Sigma, Hamburg, Germany) for 1 h in the dark. Then, MVs were dehydrated in
ethanol gradient (30-50-70%) followed by acetone (30 min) and oxypropylene (30 min).
Dry MVs were impregnated with epoxy resin mixed with propylene in the proportion of
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(2:1-1:1-1:2), and each was incubated for 12 h or overnight. Then, MVs were incubated in
100% epoxy resin for 1 h 30 min at room temperature (RT) and then polymerized for three
days at 37°, 45°, and 60°. Then, MVs samples were cut using a Leica EM ultramicrotome
(Leica UC7, Wien, Austria) and mounted on a grid. MV sections were contrasted by uranyl
acetate and lead citrate and were scanned using a TEM (Hitachi HT7700 Exalens, Tokyo,
Japan). The diameters of MVs in each experimental group were calculated individually
(5 images per each group) using ZEN 2.3 (blue edition)software (Carl Zeiss Microscopy
GmbH, Jena, Germany).

2.9. Protein Concentration Analysis

Total protein concentration was determined using a BCA protein kit (Pierce, Rockford,
IL, USA) according to the recommended instructions. Briefly, MVs (150 puL) were lysed in
buffer (50 mM Hepes, 150 mM NaCl, 1 mM EDTA; 0.5% Triton X100, 10% glycerol; Panreac,
Barcelona, Spain) containing Halts protease inhibitor (1 uM; Thermoscientific, Rockford, IL,
USA) for 30 min and pelleted (12,000 g). Supernatant containing proteins was collected
and stored at —80 °C.

2.10. Multiplex Analysis

Cytokine and chemokine analysis was done using the Bio-Plex Pro Mouse Cytokine
23-plex Assay (BioRad, Hercules, CA, USA) according to the manufacturer’s protocol.
Twenty-three cytokines and chemokines (IL-1«, IL-13, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9,
IL-10, IL-12 p40, IL -12 p70, IL-13, IL-17A, Eotaxin (CCL11), G-CSF, GM-CSEF, IFN-y, Gro-a
(CXCL1), MCP-1 (CCL2), MIP-1e (CCL3), MIP-1B (CCL4), RANTES (CCL5), and TNF-
o) were analyzed. Sample aliquots (50 uL) were used in the study with a minimum of
50 beads per analyte acquired. Median fluorescence intensities were collected using a
MAGPIX analyzer (Luminex, Austin, TX, USA). Each sample was analyzed in triplicate.
Data collected were analyzed with MasterPlex CT control software and MasterPlex QT
analysis software (MiraiBio, San Bruno, CA, USA). Standard curves for each cytokine were
generated using standards provided by the manufacturer.

2.11. Cell Treatment with MVs

A549 cells were seeded (5 x 10* cells/well) for 24 h to generate a 70% monolayer. MVs
(30 pg/well) containing PUUV proteins were applied onto the A549 cell monolayer for
48 h. Then, the A549 cell monolayer was washed (3, PBS) before protein collection.

2.12. Western Blot

Proteins (10 ng) were loaded into wells of 12% gel, separated using electrophoresis
and transferred onto polyvinylidene difluoride (PVDF) membranes (BioRad, Hercules, CA,
USA). Membranes were blocked (5% non-fat dry milk, PBS + Tween 0.1% (PBS-T)) and
incubated in rabbit anti-N protein (1:500, Sigma, Darmstadt, Germany) or mouse anti-Gc
protein (1:500, Abcam, Waltham, MA, USA) antibodies. Secondary anti-rabbit HRP or goat
anti-mouse IgG-HRP (1:2000; Sigma, Darmstadt, Germany) antibodies were used to form
antibody—antibody complexes, visualized using Clarity ECL Substrate solution (BioRad,
Hercules, CA, USA). Images were captured with ImageLab Software.

2.13. Immunofluorescence Assay (IFA)

The A549 cell monolayers were fixed (methanol, 10 min), rehydrated with PBS and
permeabilized using 0.1% Triton X-100 solution for 20 min. Monolayers were incubated
with primary rabbit anti-N protein (1:500; Sigma, Darmstadt, Germany) and mouse anti-
Gc protein (1:50; Abcam, Waltham, MA, USA) antibodies (3 h, RT) followed by donkey
anti-rabbit IgG (H + L) Alexa Fluor 647 (1:1000, Invitrogen, Rockford, USA) and donkey
anti-mouse IgG (H + L) Alexa Fluor 555 (1:1000, Invitrogen, Rockford, USA), respectively.
The nucleus was visualized using 4/ ,6-diamidino-2-phenylindol (DAPI; Sigma, Darmstadt,
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Germany). Images were captured using laser confocal microscope LSM 700 (Carl Zeiss)
and ZEN software.

2.14. Enzyme-Linked Immunosorbent Assay (ELISA)

Analysis of serum IgG was done using a VektoHanta IgG ELISA kit (Vektor Best,
Ufa, Russia) with a few modifications. A serum sample (50 pL; 1:100) was added to the
wells pre-coated with orthohantavirus antigens (1 h at 37 °C), washed (5x, PBS-T) and
incubated with goat anti-mouse IgG-HRP (1:10,000; American Qualex technologies, San
Clemente, CA, USA) secondary antibodies (30 min at 37 °C). Immune complexes were
visualized by adding 3, 3/, 5, 5'-tetramethylbenzidine solution (Khemamedica, Moscow,
Russia). Results were obtained using a Tecan 200 plate reader (Tecan, Hombrechtikon,
Switzerland) at ODys.

2.15. ELISpot Assay

ELISpot analysis was done using a mouse IFN-y ELISpot kit (Abcam, Waltham, MA
USA). Murine lymphocytes obtained from inguinal lymph nodes (1 x 10° cells/well) were
loaded into a well of 96 well plates. Lymphocytes were stimulated with each peptide
(1 ng/well) for 24 h at 37 °C, 5% CO,. Peptide sequences are summarized in Table 1.
Lymphocytes treated with phytohemagglutinin (1 ug, PHA; PanEco, Moscow, Russia) were
used as positive control. Cells without treatment were used as the negative control. Each
peptide was analyzed in duplicate.

2.16. Statistical Analysis

Statistical analysis was done using version 8.0.1 of GraphPad Prism software (244).
The statistical significance was determined using one-way ANOVA with the multiple
Tukey’s and Dunnett’s tests: ns = not significant; * p < 0.05; ** p < 0.01; *** p < 0.005; and
##4% 1 < 0.0001. The p value < 0.05 was considered statistically significant.

3. Results
3.1. Immunophenotype of mMSCs

mMSCs were isolated from adipose tissues of C57BL/6 male mice and analyzed using
flow cytometry (Figure 1). mMSCs (95% of the whole cell population) were positive for
the expression of markers intrinsic to MSCs: CD29 (f3-integrin, 95.1%), Sca-1 (murine
hematopoietic and mesenchymal stem/progenitor cell marker, 96.4%), and CD73 (95.4%),
CD90 (Thy-1, 95.1%). Cells were negative for the CD49 marker («5 integrin, 0.5%), also
indicating their mMSCs origin [64]. The percentage of cells simultaneously expressing
CD29 and Sca-1 was 90%, while 95.9% were CD73*CD90*.

3.2. TEM Analysis of M Vs Size and Structure

mMSCs were transduced with lentiviruses expressing PUUV N (LV-PUUVS), Gn/Gc
(LV-PUUV-M), a combination of N and Gn/Gc proteins (LV-PUUV-S and LV-PUUV-M),
and a fluorescent protein (LV-Katushka2S). MVs were obtained 48 h after transduction
by using the cytochalasin B treatment followed by a series of subsequent centrifugations
of the supernatant [65]. MVs from non-transduced mMSCs served as the control. The
size and structure of mMSC-derived MVs was captured using TEM (Figure 2). We found
that the MVs had a round shape (Figure 2A) and diameters varying from 100 to 1000 nm
(Figure 2B), which is the expected size of MVs [66]. We analyzed the size distribution of
MVs carrying different PUUV proteins to demonstrate that MVs carrying different PUUV
proteins maintained the size commonly identified with MV characteristics and that the
PUUYV protein cargo did not affect the MVs’ size.
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Figure 1. Immunophenotyping analysis of adipose-tissue-derived mMSCs by flow cytometry.
Adipose-tissue-derived mMSCs were incubated in anti-mouse-CD29-PE, anti-mouse-Sca-1-AmCyan-
A, anti-mouse CD90-BV421, anti-mouse-CD49-PE, and anti-mouse CD73-Alexa Fluor 647 antibodies.
Cells were analyzed using flow cytometry on a FACS Aria III (Becton, Dickinson and Company,
Becton Drive Franklin Lakes, Franklin Lakes, NJ, USA). A minimum of 300,000 events were collected
for each sample. Results represent the percentage of cells expressing the surface markers.
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Figure 2. The structure and size distribution of MVs. (A)—TEM analysis was used to analyze
the structure of mMSC-derived MVs (scale bar 1 um). The diameter of the MVs (black lines) in
each experimental group was calculated individually (five images per group) using ZEN 2 Blue
Edition software. One example figure was demonstrated for each group: I—control MVs; II—
MVs-Katushka2S; [II—MVs-PUUV N; IV—MVs PUUV Gn/Gc; and V—MVs-PUUV N and Gn/Gec.
(B)—The size distribution of MVs: control (blue); Katushka2S (green); PUUV N (orange); Gn/Gc
(red); and a combination of N and Gn/Gc proteins (pink). MVs from non-transduced cells were used
as the control. Data are presented as the percentage of MVs in each size range + SD.

3.3. Western Blot Analysis of MV's

We sought to determine the PUUYV protein load in MVs derived from mMSCs trans-
duced with lentiviruses expressing PUUV N (LV-PUUV-S), Gn/Gc (LV-PUUV-M), and a
combination of N and Gn/Gc proteins (LV-PUUV-S and LV-PUUV-M) (Figure 3). PUUV N
and Gn/Gc proteins were detected in a cargo of MVs.

3.4. Cytokines Released by Genetically Modified mMSCs

Twenty-three serum cytokines were analyzed by multiplex assay (BioRad, Hercules,
USA). Initially, we determined the cytokine and chemokine levels in transduced mMSCs
media (Figure 4 and Supplementary Figure S2). Cells transduced with LV-Katushka2S were
considered the reference control.

Interestingly, an increased level of CXCL-1 was demonstrated in supernatant of mM-
SCs expressing combinations of PUUV proteins only, indicating links to PUUV protein-
expression. Simultaneous expression of PUUV N and Gn/Gc appears to have a more
profound effect on cytokines activation as increased levels of CCL2 and G-CSF was found
in supernatants of mMSCs.
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Figure 3. Western blot analysis of N and Gn/Gc protein load in MV cargo. Total proteins (10 pg)
from MVs carrying PUUV N, Gn/Gc as well as a combination of PUUV N and Gn/Gc proteins were
analyzed by Western blot. MVs from non-transduced mMSCs were used as the control. Proteins were
probed with primary rabbit anti-N protein or mouse anti-Gc protein antibodies detecting PUUV N or
Gc proteins, respectively. Antibody-antibody complexes were visualized using Clarity ECL substrate
solution. (A)—PUUYV Gc (56 kDa) in MVs. Lane Al—control; lane A2—MVs PUUV Gn/Gg; lane
A3—PUUV N and Gn/Gec. (B)—PUUV N protein (50 kDa) in MVs. Lane Bl—control; lane B2—MYVs
PUUYV N; lane B3—PUUV N and Gn/Gec.
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Figure 4. Cytokine and chemokine levels in mMSCs supernatant. mMSCs were transduced with
LV-PUUV-S, LV-PUUV-M, as well as combined LV-PUUV-S and PUUV-M lentiviruses. Supernatants
from non-transduced as well as cells transduced with LV-Katushka2S were used as the control. Data
are represented as the median 4 SD. * p < 0.05. A p value < 0.05 was considered statistically significant.

3.5. Analysis of Cytokines in Cargo of Genetically Modified mMSCs

Next, we analyzed cytokines in MVs cargo (Figure 5 and Supplementary Figure S3).
Interestingly, we found more cytokines upregulated in cargo of MVs carrying PUUV
proteins as compared to the supernatant of the parental cells. Additionally, CCL2, CXCL1
and G-CSF were upregulated in supernatant of mMSCs transduced with LV-PUUV S and
M, levels of IL-2, IL-6, IL-13, IL-17A, CCL2, CCL3, CCL4, CCL5, CCL11, CXCL1, GM-CSF
and TNF-a were increased in MVs cargo.
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Figure 5. Cytokines and chemokine analysis of MVs cargo. Cytokine and chemokine levels were
analyzed in MVs carrying PUUV N, PUUV Gn/Gc and combined PUUV N and Gn/Gc proteins, using
Multiplex analysis. MVs generated from non-transduced as well as transduced with LV-Katushka2S
mMSCs were used as control. MVs (50 uL in each well) with total protein (10 ug) were loaded into
the well. (A)—Interleukin levels; (B)—cytokine and chemokine levels. Data is represented as median
£ SD. *p <0.05, ** p < 0.01, *** p < 0.005, *** p < 0.0001. A p-value < 0.05 was considered statistically
significant.

Many of these cytokines (IL-6, CCL2, CCL4, CCL5, CXCL1 and GM-CSF) were up-
regulated in MVs expressing PUUV proteins. This data suggests that MVs cargo contains
a plethora of cytokines and chemokines which are present together with PUUV proteins.
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We suggest that these cytokines, delivered together with PUUV proteins, could attract
leukocytes and stimulate leukocytes facilitating antigen uptake.

It is worth pointing out that upregulated levels of IL-2, CCL3, CCL4, G-CSF and
TNF-« were detected in MVs carrying PUUV N or PUUV N and Gn/Gc, while increased
concentrations of CCL11 and GM-CSF was observed only in MVs containing both han-
taviral proteins. Thus, the combination of N and Gn/Gc proteins is likely to have more
immunogenic potential.

3.6. Analysis of PUUV N and Gn/Gc Proteins Expression in A549 Cells Treated with MV's

To demonstrate PUUV protein transmission, A549 cells were treated with MVs derived
from mMSC expressing PUUV N, Gn/Gc or a combination of N and Gn/Gc proteins. Cells
were harvested 48 h after MVs treatment and analyzed using western blot. Specific bands
representing PUUV N (50 kDa) and PUUV Gc (56 kDa) proteins [37] were demonstrated
(Figure 6) in A549 cells treated with MVs suggesting the transfer of these PUUV proteins
from MVs.
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Figure 6. PUUV N and Gn/Gc proteins in A549 cells after MVs treatment. Proteins (10 ug) were
loaded in each well and separated using electrophoresis. Primary rabbit anti-N protein or mouse
anti-Gc protein antibodies were used to detect PUUV N or Gn/Gc proteins, respectively. PUUV
proteins were visualized using Clarity ECL Substrate solution. (A)—PUUV Gc (56 kDa) protein in
Ab49 cells treated with MVs carrying PUUV Gn/Gec (lane A2) or PUUV N and Gn/Gc (lane A3);
(B)—PUUV N (50 kDa) protein in A549 cells treated with MVs carrying PUUV N (lane B2) or PUUV
N and Gn/Gc (lane B3). A549 cells treated with MVs from non-transduced MSCs, were used as
control (lane A1-B1).

Expression of PUUV proteins in A549 cells treated with MVs from mMSCs was
also demonstrated using IFA (Figure 7). PUUV N and Gn/Gc proteins were detected in
A549 cells treated with MVs carrying PUUV N and Gn/Gc, suggesting the transfer of
orthohantavirus proteins from MVs.
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Figure 7. PUUV N and Gn/Gc protein detection in A549 cells treated with MVs. A549 cells (5 x 10*
cells/per well) were treated with MVs, containing PUUV N, Gn/Gc or their combination together
with red fluorescent protein Katushka2S. Treated cells were incubated with primary rabbit anti-N
protein or mouse anti-Gc protein antibodies followed by secondary donkey anti-rabbit IgG (H + L)
Alexa Fluor 647 or donkey anti-mouse IgG (H + L) Alexa Fluor 555 to previous primary antibodies,
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respectively. (A)—Ab549 cells treated with MVs derived from non-transduced MSCs; (B)—The nuclei
of A549 cells treated with MVs derived from non-transduced MSCs; (C)—Merged images (A,B);
(D)—AbB49 cells treated with MVs-Katushka2S; (E)—The nuclei of A549 cells treated with MVs-
Katushka2S; (F)—Merged images (D,E); (G)—Ab549 cells treated with MVs expressing PUUV N
protein; (H)—The nuclei of A549 cells treated with MVs expressing PUUV N protein; (I)—Merged
images (G,H); (J)—A549 cells treated with MVs expressing PUUV Gn/Gec protein; (K)—The nu-
clei of A549 cells treated with MVs expressing PUUV Gn/Gc protein; (L)—Merged images (J,K);
(M)—Ab549 cells treated with MVs expressing PUUV N and Gn/Gec proteins; (N)—A549 cells treated
with MVs expressing PUUV N and Gn/Gc proteins; (O)—The nuclei of A549 cells treated with MVs
expressing PUUV N and Gn/Gec proteins; (P)—Merged images (M—O). Red fluorescence-PUUV N
protein expression revealed by anti-rabbit AlexaFluor 647 antibodies. Yellow fluorescence-PUUV Gc
protein expression revealed by anti-mouse AlexaFluor 546 antibodies. DAPI staining was used to
demonstrate the nucleus. A549 cells treated with MVs derived from non-transduced MSCs, served as
negative control. Scale bar 10 um.

3.7. Serum Anti-PUUV Antibodies

Mice were injected subcutaneously with MVs (15 ug/50 pL) containing one of the
following: PUUV N protein, PUUV Gn/Gc protein, or PUUV N and PUUV Gn/Gc proteins.
Animals treated with physiological solution (50 uL; 0.9% NaCl) and mice treated with MVs-
Katushka2S were used as control. The concentration of MVs (15 ug) showed a significant
elevation in comparison to control groups. However, there was no significant difference
between (10 pg, 15 pg, 20 pg, 30 pg) concentrations (Supplementary Figure S4). There
were eight mice in each group. To monitor immune responses to PUUV proteins, serum
samples were collected at 14 and 28 days after MVs administration. Anti-orthohantavirus
specific IgG were detected using VektoHanta IgG ELISA (Vektor Best, Russia). A significant
elevation of anti-orthohantavirus IgG was found in mice treated with MVs carrying PUUV
N and Gn/Gc at 14-days as compared to MVs-Katushka2S (Figure 8A). Increased levels of
anti-orthohantavirus serum IgG in mice treated with MVs carrying PUUV N or Gn/Gc as
well as combination of these proteins was found 28-day after treatment, as compared to
MVs-Katushka?2S (Figure 8B).

3.8. Cytotoxic T-Cell Activation

T cell activation is essential for the efficacy of anti-viral vaccines [67,68] providing
specific defense and memory against the pathogen [69-71]. Therefore, we sought to
determine whether MVs can activate T cell immune response. Several N and Gn/Gc
proteins peptides were used to stimulate leukocytes from mice treated with MVs carrying
PUUV proteins. Cytotoxic lymphocyte activation was analyzed by counting spots produced
by INF-y, released by lymphocytes, reacting with anti-INF-y antibodies on membranes.
Peptides used in this study are summarized in Table 1. PUUV N (N25, N29 and N43), Gn
(M26 and M44), and Gc (M82) peptides stimulation increased INF-y secretion by leukocytes
from mice received MVs containing combined PUUV N and Gn/Gc proteins at 14 days
compared to MVs-Katushka2S (Figure 9A). Only the M26 peptide was activating leukocytes
from mice treated with MVs carrying PUUV Gn/Gc and MVs-PUUV N and Gn/Gc proteins
at 14 days, compared to MVs-Katushka2S, while M44 and M82 peptides were activating
leukocytes only in MVs-PUUV N and Gn/Gc. We also found the activation of cytotoxic
T-lymphocytes in mice treated with MVs carrying PUUV N as well as a combination of
PUUV N and Gn/Gc proteins after stimulation with N25 peptide at 28 days as compared
to Katushka2S (Figure 9B). Interestingly, N25, N29, and N43 peptides provoked activation
of cytotoxic leucocytes only in MVs-PUUV N and Gn/Gc after 14 days, while after 28 days
significant IFN-y secretion was detected after stimulation with N25 both in MVs-PUUV N
and MVs-PUUV N and Gn/Gc groups. Activation of cytotoxic leukocytes after stimulation
with N29 was pronounced only in the MVs-PUUV N group after 28 days. In contrast,
peptides N43, M26, M44 and M82 had limited effect on secretion of IFN-y by leukocytes
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collected from mice treated with MVs carrying PUUV N and Gn/Gc proteins on day 28 as
compared to Katushka2S (data not shown).
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Figure 8. Serum anti-orthohantavirus IgG in mice treated with MVs carrying PUUV N, Gn/Gc as
well as their combination. Serum samples were collected 14 and 28 after injection of MVs expressing
PUUV N, Gn/Gc and combination of these proteins. Serum samples from the mice treated with
0.9% NaCl solution as well as from mice treated with MVs-Katushka2S were used as control. Anti-
orthohantavirus proteins antibodies were detected using ELISA. (A)—anti-orthohantavirus antibody
level at 14 days after MVs treatment; (B)—anti-orthohantavirus antibody level at 28 days after MVs
treatment. Results are presented as ODys5¢ values. Data is represented as median + SD. * p < 0.05,
**p <0.01, *** p < 0.005. p value < 0.05 was considered statistically significant.
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Figure 9. Analysis cytotoxic T lymphocytes at 14 and 28 days after MVs injection. ELISpot method
was used for detection of INF-y secretion by the activated T cells. Mice lymphocytes were isolated
after treatment with MVs containing PUUV N, Gn/Geg, or their combination. Control lympho-
cytes were obtained from mice treated with 0.9% NaCl solution as well as from mice treated with
MVs-Katushka2S. Lymphocytes (1 x 10° cells) were placed into each well and treated with 1 pg
of PUUV N25, N29, N43, M26, M44 or M82 peptides. Number of spots was counted to demon-
strate the cytotoxic T cells activation. (A)—Cytotoxic T cell activation 14 days after MVs treatment;
(B)—Cytotoxic T cell activation at 28 days after MVs treatment. Data is represented as median =+ SD.
*p <0.05,** p <0.01, ** p < 0.005, *** p < 0.0001. A p-value < 0.05 was considered statistically significant.
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3.9. Serum Cytokine Analysis

The immune response is regulated by cytokines that promote phagocytosis, attract
leukocytes, and stimulate leukopoiesis [72-75]. Since MVs were carrying PUUV proteins
together with cytokines, we proposed that this cargo could trigger activation and release of
cytokines within the host. Therefore, we analyzed serum levels of twenty-three cytokines
in mice that received MVs at 14 and 28 days after MVs treatment as compared to MVs-
Katushka2S (Figure 10 and Supplementary Figure S5). We found increased serum levels of
TNF-« in animals that received MVs loaded with PUUV N protein at 14 days, as compared
to animals treated with MVs-Katushka2S. Interestingly, MVs loaded with PUUV Gn/Gc
significantly decreased levels of CCL3 in MVs-PUUV Gn/Gc groups; while CCL11 was
upregulated (Figure 10A) at 14 days as compared to MVs-Katushka2S.
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Figure 10. Serum cytokine analysis in mice treated with MVs at 14 and 28 days. Serum level of
cytokines and chemokines was determined by using Multiplex method (BioRad). Serum was collected
from mice treated with MVs containing PUUV N and Gn/Gc proteins, as well as their combination.
Serum from mice treated with 0.9% NaCl solution as well as from mice treated with MVs-Katushka2S
served as control. (A)—Serum cytokines and chemokines levels 14 days after MVs treatment;
(B)—Serum cytokines and chemokines levels 28 days after MVs treatment. Data is represented
as median £ SD. * p < 0.05, ** p < 0.01. p value < 0.05 was considered statistically significant.
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At 28 days, levels of IL-6, G-CSF and GM-CSF were increased in serum of animals
treated with MVs loaded with PUUV N protein as compared to control (Figure 10B).
Elevated levels of IFN-y were found only in animals that received MVs carrying PUUV
Gn/Gc proteins, as compared to MVs carrying Katushka2S. This data indicates that MVs
treatment could stimulate cytokine production in the host.

4. Discussion

HFRS, caused by orthohantaviruses, is an emerging infectious disease that is endemic
in multiple countries and poses a significant public health threat [76]. The incidence rate of
HFRS in the Republic of Tatarstan is the highest in Russia, with over 1000 cases registered
annually [10]. PUUYV is the orthohantavirus strain commonly isolated from patient and
rodent samples collected in the Republic of Tatarstan [4]. Most patients are young, previ-
ously healthy individuals without co-morbidities [77-79]. HFRS hospitalization causes a
decline in individuals” productivity for several weeks, producing negative socio-economic
impacts on the patient’s family [80-82]. Although the fatality rate is low, a HFRS-related
death can place substantial financial and personal burdens on families. There are limited
options for HFRS management, as no approved vaccines are available to prevent PUUV
infections and their treatment remains focused on symptom management [9].

MVs were proposed as vehicles for the delivery of vaccine antigens, since they were
shown to induce innate and adaptive immune responses [59,60,83,84]. The advantages
of using MVs, as compared to conventional vaccines, are that they are less toxic and are
capable of crossing natural biological barriers [85-88]. MV-based vaccines can specifically
target mucosal sites, which often cannot be reached by injected vaccines [59]. This non-
invasive administration of MVs could be used for mass vaccination programs, especially
in remote and challenging environments [59]. Another advantage of MVs is their activ-
ity [62]. MVs derived from bacterial outer membranes were shown to be effective carriers
of immunogenic proteins and were capable of attenuating keratitis caused by Pseudomonas
aeruginosa [89]. MVs obtained from outer membranes of Vibrio cholerae, and Neisseria
meningitides could prevent infectious challenge and block transmission [60,84,90]. Recently,
Hirayama and Nakao described a series of methods for isolating MVs from Porphyromonas
gingivalis and analyzed the immunogenicity of these vaccines after intranasal administra-
tion [91]. Interestingly, MVs derived from bioengineered non-pathogenic bacteria were
used as vehicles for viral antigens [58]. Rappazzo et al. demonstrated that engineering
E-coli Nissle to display the influenza A matrix protein 2 (M2e) upon outer-membrane
MVs resulted in significantly elevated anti-M2e IgG titers and therefore protected against
influenza A strain PR8 [58]. In another study, Carvalho et al. demonstrated the efficacy of
MVs derived from normal gut microflora in eliciting a mucosal immune response [59].

Our study aimed to investigate the immunogenic potential of MVs isolated from
mMSCs expressing structural hantaviral proteins and their combination. For the first
time, we have demonstrated the immunogenicity of MVs carrying PUUV proteins in vivo.
Our data shows MVs’ capability to induce a humoral immune response. MVs carrying
PUUV N and Gn/Gc proteins induced an IgG antibody response at 14 and 28 days after
delivery. Interestingly, MVs carrying the combined PUUV N and Gn/Gc proteins had a
higher capacity to induce an antibody response as compared to those delivering individual
viral proteins. In addition to anti-orthohantavirus antibodies, we found that MVs carrying
PUUV proteins could stimulate the T lymphocytes that recognize virus antigens. The
activation of a cellular immune response is an important feature of effective vaccines [19],
as virus-specific cytotoxic T cells could protect the host by eliminating infected cells [92-95].

For the first time, we demonstrated that MVs could induce a T cell immune response to
N protein peptides previously identified as containing immunogenic epitopes [96,97]. One
of these peptides, N25 (241-255 aa), was shown to activate PUUV-specific CD8+ memory T
cells [96]. Furthermore, this peptide has a HLA-B8-restricted epitope, and it was one of the
most consistently recognized among HFRS convalescent donors. Our data also identified a
peptide containing 241-255 aa of N protein as immunogenic and showed that it produced
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a long term T cell immune response, as it was still reactive 28 days after MVs vaccination.
Although we demonstrated a T cell reactivity to Gn/Gc peptides, it was detected only on
day 14 after MV injection, suggesting its short-lasting nature. The detection of reactivity
to the N25 (241-255 aa) peptide indicates that the immune response induced by MVs
carrying PUUV N protein would be similar to that found in HFRS convalescent individuals.
Therefore, we believe that orthohantavirus proteins carrying MV vaccines show a potential
for developing a protective immune response against PUUV infection.

We have demonstrated the possibility of mMSC-derived MVs carrying PUUV N and
Gn/Gc proteins serving as a delivery vehicle to induce a specific innate and adaptive
immune response. We have shown that MVs could deliver PUUV N and Gn/Gc proteins
to cells in vitro, confirming their ability to transfer viral proteins. In addition to PUUV
proteins, MVs carry cytokines and chemokines (IL-6, CCL2, CCL3, CCL5, CCL11, CXCL1,
and GM-CSF) as they were also found in the cargo. These cytokines, when released at
the delivery site, could attract leukocytes, stimulate phagocytosis, and PUUV protein
processing by antigen presenting cells [98-102]. Some of these cytokines were shown to
be activated in HFRS caused by PUUYV, suggesting their role in the induction of immune
response to this orthohantavirus [3,103]. These data demonstrate that carrying cytokines
and chemokines together with PUUV proteins could contribute to the development of an
immune response by MVs.

We have also found that MVs were activating cytokines in animals. We demonstrated
an increased TNF-a serum level after treatment, with MVs carrying PUUV N protein
at 14 days after treatment. TNF-« is essential for triggering an immune response, as it
stimulates phagocytosis by macrophages, which are essential antigen-presenting cells [104].
In contrast, increased CCL11 and decreased CCL3 levels were found in mice treated with
MVs carrying PUUV Gn/Gc proteins. These chemokines are chemoattractants that regulate
leukocyte migration [105,106]. Interestingly, CCL11 was shown to bind to CCR3 receptors,
which are expressed on eosinophils [107]. The expression of CCR3 was also demonstrated
on T helper type 2 (Th2) lymphocytes [108]. This observation led to the suggestion that
CCL11 plays a role in developing a Th2 immune response [109]. We found an increased
level of anti-PPUV antibodies in mice treated with MVs carrying PUUV Gn/Gc. Although
the stimulation of the humoral immune response requires the cooperation of multiple
cytokines, we suggest that CCL11 could contribute to antibody production after treatment
with PUUV Gn/Gc MVs. The decreased serum level of CCL3 could indicate an impairment
of leukocyte migration to the site of the MVs’ injection. These leukocytes include monocytes,
macrophages, and natural killer cells [110]. CCL3 also contributes to type 1 macrophages’
polarization [111]. Therefore, we suggest that low levels of CCL3 in mice treated with
PUUYV proteins containing MVs could contribute to the polarization of macrophages to
type 2.

Twenty-eight days after treatment with PUUV containing MVs, increased serum
levels of IL-6, IFNy, G-CSF, and GM-CSF was found. These cytokines are growth fac-
tors, stimulating leukocyte proliferation and differentiation [98,112-114] and serving as
chemoattractants [99,115]. IL-6 is a pleotropic cytokine with profound effects on CD4
T cell proliferation [116] and it could protect lymphocytes from activation-induced cell
death [117]. IL-6 can also stimulate the differentiation of lymphocytes, shifting the bal-
ance towards the Th2 population [118,119]. In contrast, IFNY is a cytokine stimulating
Th1 lymphocytes [120]. Together, increased serum levels of IL-6 and IFNy could indicate
the stimulation of a Th2 (humoral) and Th1 (cellular) immune response after treatment
with PUUV containing MVs. This assumption is supported by our finding of anti-PUUV
antibodies and anti-PUUV IFNy-producing T cells. Increased serum levels of G-CSF and
GM-CSF could indicate the stimulation of granulocyte and monocyte proliferation [121].The
secretion of G-CSF and GM-CSF could be stimulated by IL-6 [121,122]. Both G-CSF and
GM-CSF stimulate phagocytosis [123], which could play a role in the uptake of MVs and the
processing of their cargo. Therefore, we suggest that the increased production of cytokines
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and chemokines triggered by MVs’ cargo (PUUV proteins, cytokines, and chemokines)
could facilitate the antigen recognition and immune response development.

In summary, our data provides evidence that MVs could be used for the delivery of
PUUY proteins and can induce a humoral immune response to orthohantavirus proteins.
PUU-specific T cell were generated after treatment with MVs carrying PUUV proteins.
These data present, for the first time, MVs as vehicles for the delivery PUUV antigens
for vaccination.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article /10
.3390/pharmaceutics14010093/s1, Figure S1. Inmunophenotyping analysis of adipose tissue-derived
mMSCs by flow cytometry. Figure S2. Cytokine and chemokine levels in mMSCs supernatant.
Figure S3. Cytokines and chemokine analysis of MVs cargo. Figure S4: PUUV N proteins in A549
cells after treatment with different concentrations of MVs. Figure S5. Serum cytokine analysis in mice
treated with MVs at 14 and 28 days.

Author Contributions: Conceptualization, E.E.G., SEK. and A.A.R.; methodology, L.S., EE.G. and
S.EK.; software, L.S; validation, E.E.G. and L.S.; investigation, L.S., EE.G., ALK, S.S.A. and A.A.T,;
data Curation, L.S.; writing—original draft preparation, L.S. and E.E.G.; writing—review & editing,
S.EK,; visualization, L.S. and E.V.M.; supervision, S.EK.; project administration, A.A.R.; funding
acquisition, E.E.G. All authors have read and agreed to the published version of the manuscript.

Funding: The study was supported by RSF grant #19-74-00113.

Institutional Review Board Statement: All procedures using animals were approved by the Kazan
Federal University Animal Care and Use Committee (protocol #23 dated 30 June 2020).

Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated or analyzed during this study are included in this
published article. The data that support the findings of this study are available from the corresponding
author upon request.

Acknowledgments: This work was part of Kazan Federal University Strategic Academic Leadership
Program. We thank the Interdisciplinary Center of Analytical Microscopy for conducting laser
confocal and electronic microscopy.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

Fulhorst, C.E; Koster, E.T.; Enria, D.A.; Peters, C.J. CHAPTER 71—Hantavirus Infections. In Tropical Infectious Diseases: Principles,
Pathogens and Practice, 3rd ed.; Guerrant, R.L., Walker, D.H., Weller, PF,, Eds.; W.B. Saunders: Edinburgh, UK, 2011; pp. 470-480.
[CrossRef]

Tkachenko, E.A.; Ishmukhametov, A.A.; Dzagurova, T.K,; Bernshtein, A.D.; Morozov, V.G; Siniugina, A.A.; Kurashova, S.S.;
Balkina, A.S.; Tkachenko, PE.; Kruger, D.H.; et al. Hemorrhagic Fever with Renal Syndrome, Russia. Emerg. Infect. Dis. 2019, 25,
2325-2328. [CrossRef]

Garanina, E.; Martynova, E.; Davidyuk, Y.; Kabwe, E.; Ivanov, K,; Titova, A.; Markelova, M.; Zhuravleva, M.; Cherepnev, G.;
Shakirova, V.G.; et al. Cytokine Storm Combined with Humoral Immune Response Defect in Fatal Hemorrhagic Fever with Renal
Syndrome Case, Tatarstan, Russia. Viruses 2019, 11, 601. [CrossRef]

Khismatullina, N.A.; Karimov, M.M.; Khaertynov, K.S.; Shuralev, E.A.; Morzunov, S.P,; Khaertynova, .M.; Ivanov, A.A.; Milova,
I.V.; Khakimzyanova, M.B.; Sayfullina, G.; et al. Epidemiological dynamics of nephropathia epidemica in the Republic of
Tatarstan, Russia, during the period of 1997-2013. Epidemiol. Infect. 2016, 144, 618-626. [CrossRef] [PubMed]

Federal Service for Surveillance on Consumer Rights Protection and Human Welfare. On the State of Sanitary and Epidemiological
Well-Being of the Population in the Russian Federation in 2020. 2021. Available online: https://www.rospotrebnadzor.ru/
upload/iblock/5fa/gd-seb_02.06-_s-podpisyu_.pdf (accessed on 12 December 2021).

Shakirova, V.; Martynova, E.; Saubanova, A.; Khaertynova, I.; Khaybullina, S.; Garanina, E. Analysis of markers of renal damage
in patients with hantaan hemorrhagic fever. Pract. Med. 2019, 17, 97-102. [CrossRef]

Podkopay, A.V,; Kruglov, E.E.; Myakisheva, Y.V.; Segodina, A.V.; Lomakin, D.N.; Redkozubov, A.A.; Gavrilov, I.N. Clinical, labora-
tory and epidemiological features of hemorrhagic fever with renal syndrome in pacients from organized collectives in the Middle
Volga region, Astrakhan. Med. J. 2021, 16, 47-56. Available online: https:/ /cyberleninka.ru/article/n/klinicheskie-laboratornye-
i-epidemiologicheskie-sobennosti-techeniya-gemorragicheskoy-lihoradki-s-pochechnym-sindromom-u-patsientov (accessed on
12 December 2021).


https://www.mdpi.com/article/10.3390/pharmaceutics14010093/s1
https://www.mdpi.com/article/10.3390/pharmaceutics14010093/s1
http://doi.org/10.1016/B978-0-7020-3935-5.00071-9
http://doi.org/10.3201/eid2512.181649
http://doi.org/10.3390/v11070601
http://doi.org/10.1017/S0950268815001454
http://www.ncbi.nlm.nih.gov/pubmed/26160776
https://www.rospotrebnadzor.ru/upload/iblock/5fa/gd-seb_02.06-_s-podpisyu_.pdf
https://www.rospotrebnadzor.ru/upload/iblock/5fa/gd-seb_02.06-_s-podpisyu_.pdf
http://doi.org/10.32000/2072-1757-2019-8-97-102
https://cyberleninka.ru/article/n/klinicheskie-laboratornye-i-epidemiologicheskie-sobennosti-techeniya-gemorragicheskoy-lihoradki-s-pochechnym-sindromom-u-patsientov
https://cyberleninka.ru/article/n/klinicheskie-laboratornye-i-epidemiologicheskie-sobennosti-techeniya-gemorragicheskoy-lihoradki-s-pochechnym-sindromom-u-patsientov

Pharmaceutics 2022, 14, 93 19 of 23

10.

11.
12.
13.
14.
15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Liu, R.; Ma, H.; Shu, J.; Zhang, Q.; Han, M.; Liu, Z; Jin, X.; Zhang, F; Wu, X. Vaccines and Therapeutics Against Hantaviruses.
Front. Microbiol. 2020, 10, 2989. [CrossRef]

Dheerasekara, K.; Sumathipala, S.; Muthugala, R. Hantavirus Infections—Treatment and Prevention. Curr. Treat. Options Infect.
Dis. 2020, 12, 410-421. [CrossRef]

Davidyuk, Y.N.; Kabwe, E.; Shakirova, V.G.; Martynova, E.V.; Ismagilova, R K.; Khaertynova, I.M.; Khaiboullina, S.F; Rizvanov,
A.A_; Morzunov, S.P. Characterization of the Puumala orthohantavirus Strains in the Northwestern Region of the Republic of
Tatarstan in Relation to the Clinical Manifestations in Hemorrhagic Fever With Renal Syndrome Patients. Front. Pharmacol. 2019,
10, 10. [CrossRef]

Guardado-Calvo, P; Rey, EA. The Envelope Proteins of the Bunyavirales. Adv. Virus Res. 2017, 98, 83-118. [CrossRef]

Mir, M.A. Hantaviruses. Clin. Lab. Med. 2010, 30, 67-91. [CrossRef]

Laenen, L.; Vergote, V.; Calisher, C.H.; Klempa, B.; Klingstrom, J.; Kuhn, J.H.; Maes, P. Hantaviridae: Current Classification and
Future Perspectives. Viruses 2019, 11, 788. [CrossRef] [PubMed]

Jiang, D.B.; Zhang, ].P,; Cheng, L.F.; Zhang, G.W.; Li, Y.; Li, Z.C.; Lu, Z.H.; Zhang, Z.X,; Lu, Y.C.; Zheng, L.H.; et al. Hantavirus Gc
induces long-term immune protection via LAMP-targeting DNA vaccine strategy. Antivir. Res. 2018, 150, 174-182. [CrossRef]
Slough, M.M.; Chandran, K ; Jangra, R.K. Two Point Mutations in Old World Hantavirus Glycoproteins Afford the Generation of
Highly Infectious Recombinant Vesicular Stomatitis Virus Vectors. mBio 2019, 10, e02372—e02381. [CrossRef] [PubMed]

Whitt, M.A. Generation of VSV pseudotypes using recombinant AG-VSV for studies on virus entry, identification of entry
inhibitors, and immune responses to vaccines. J. Virol. Methods 2010, 169, 365-374. [CrossRef] [PubMed]

Geldmacher, A.; Skrastina, D.; Borisova, G.; Petrovskis, I.; Kriiger, D.H.; Pumpens, P.; Ulrich, R. A hantavirus nucleocapsid
protein segment exposed on hepatitis B virus core particles is highly immunogenic in mice when applied without adjuvants or in
the presence of pre-existing anti-core antibodies. Vaccine 2005, 23, 3973-3983. [CrossRef]

Ying, Q.; Ma, T; Cheng, L.; Zhang, X.; Truax, A.D.; Ma, R,; Liu, Z.; Lei, Y.; Zhang, L.; Ye, W.; et al. Construction and immunological
characterization of CD40L or GM-CSF incorporated Hantaan virus like particle. Oncotarget 2016, 7, 63488-63503. [CrossRef]
Dong, Y.; Ma, T.; Zhang, X.; Ying, Q.; Han, M.; Zhang, M.; Yang, R.; Li, Y.; Wang, F; Liu, R.; et al. Incorporation of CD40 ligand or
granulocyte-macrophage colony stimulating factor into Hantaan virus (HTNV) virus-like particles significantly enhances the
long-term immunity potency against HTNV infection. . Med. Microbiol. 2019, 68, 480-492. [CrossRef] [PubMed]

Geldmacher, A.; Skrastina, D.; Petrovskis, I.; Borisova, G.; Berriman, J.A.; Roseman, A.M.; Crowther, R.A; Fischer, J.; Musema,
S.; Gelderblom, H.R.; et al. An amino-terminal segment of hantavirus nucleocapsid protein presented on hepatitis B virus core
particles induces a strong and highly cross-reactive antibody response in mice. Virology 2004, 323, 108-119. [CrossRef]
Schmaljohn, C.S.; Chu, Y.K.; Schmaljohn, A.L.; Dalrymple, ]. M. Antigenic subunits of Hantaan virus expressed by baculovirus
and vaccinia virus recombinants. J. Virol. 1990, 64, 3162-3170. [CrossRef]

Lundkvist, A.; Kallio-Kokko, H.; Sjolander, K.B.; Lankinen, H.; Niklasson, B.; Vaheri, A.; Vapalahti, O. Characterization of
Puumala virus nucleocapsid protein: Identification of B-cell epitopes and domains involved in protective immunity. Virology
1996, 216, 397-406. [CrossRef]

Maes, P,; Clement, J.; Cauwe, B.; Bonnet, V.; Keyaerts, E.; Robert, A.; Van Ranst, M. Truncated recombinant puumala virus
nucleocapsid proteins protect mice against challenge in vivo. Viral Immunol. 2008, 21, 49-60. [CrossRef]

Cho, HW.,; Howard, C.R.; Lee, HW. Review of an inactivated vaccine against hantaviruses. Intervirology 2002, 45, 328-333.
[CrossRef]

Sohn, YM.; Rho, H.O.; Park, M.S,; Kim, J.S.; Summers, P.L. Primary humoral immune responses to formalin inactivated
hemorrhagic fever with renal syndrome vaccine (Hantavax): Consideration of active immunization in South Korea. Yonsei Med. ].
2001, 42, 278-284. [CrossRef]

.Cho, H.-W.; Howard, C.R. Antibody responses in humans to an inactivated hantavirus vaccine (Hantavax®). Vaccine 1999, 17,
2569-2575. [CrossRef]

Schmaljohn, C. Vaccines for hantaviruses. Vaccine 2009, 27 (Suppl. S4), D61-D64. [CrossRef] [PubMed]

Sinyugina, A.; Dzagurova, T.; Ishmukhametov, A.; Balovneva, M.; Kurashova, S.; Korotina, N.; Egorova, M.; Tkachenko, E.
Pre-Clinical Studies of Inactivated Polivalent Vaccine Against Hemorrhagic Fever with Renal Syndrome. Epidemiol. Vaccinal Prev.
2019, 18, 52-58. [CrossRef]

Li, Z.; Zeng, H.; Wang, Y.; Zhang, Y.; Cheng, L.; Zhang, F,; Lei, Y.; Jin, B.; Ma, Y.; Chen, L. The assessment of Hantaan virus-specific
antibody responses after the immunization program for hemorrhagic fever with renal syndrome in northwest China. Hum.
Vaccines Immunother. 2017, 13, 802-807. [CrossRef]

Xiao, D.; Wu, K,; Tan, X,; Yan, T,; Li, H.; Yan, Y. The impact of the vaccination program for hemorrhagic fever with renal syndrome
in Hu County, China. Vaccine 2014, 32, 740-745. [CrossRef] [PubMed]

Zheng, Y.; Zhou, B.Y,; Wei, ].; Xu, Y.; Dong, J.H.; Guan, L.Y.; Ma, P; Yu, P.B.; Wang, ].]. Persistence of immune responses to vaccine
against haemorrhagic fever with renal syndrome in healthy adults aged 16-60 years: Results from an open-label2-year follow-up
study. Infect. Dis. 2018, 50, 21-26. [CrossRef]

Yi, Y,; Park, H.; Jung, J. Effectiveness of inactivated hantavirus vaccine on the disease severity of hemorrhagic fever with renal
syndrome. Kidney Res. Clin. Pract. 2018, 37, 366-372. [CrossRef]


http://doi.org/10.3389/fmicb.2019.02989
http://doi.org/10.1007/s40506-020-00236-3
http://doi.org/10.3389/fphar.2019.00970
http://doi.org/10.1016/bs.aivir.2017.02.002
http://doi.org/10.1016/j.cll.2010.01.004
http://doi.org/10.3390/v11090788
http://www.ncbi.nlm.nih.gov/pubmed/31461937
http://doi.org/10.1016/j.antiviral.2017.12.011
http://doi.org/10.1128/mBio.02372-18
http://www.ncbi.nlm.nih.gov/pubmed/30622188
http://doi.org/10.1016/j.jviromet.2010.08.006
http://www.ncbi.nlm.nih.gov/pubmed/20709108
http://doi.org/10.1016/j.vaccine.2005.02.025
http://doi.org/10.18632/oncotarget.11329
http://doi.org/10.1099/jmm.0.000897
http://www.ncbi.nlm.nih.gov/pubmed/30657443
http://doi.org/10.1016/j.virol.2004.02.022
http://doi.org/10.1128/jvi.64.7.3162-3170.1990
http://doi.org/10.1006/viro.1996.0075
http://doi.org/10.1089/vim.2007.0059
http://doi.org/10.1159/000067925
http://doi.org/10.3349/ymj.2001.42.3.278
http://doi.org/10.1016/S0264-410X(99)00057-2
http://doi.org/10.1016/j.vaccine.2009.07.096
http://www.ncbi.nlm.nih.gov/pubmed/19837289
http://doi.org/10.31631/2073-3046-2019-18-4-52-58
http://doi.org/10.1080/21645515.2016.1253645
http://doi.org/10.1016/j.vaccine.2013.11.024
http://www.ncbi.nlm.nih.gov/pubmed/24252696
http://doi.org/10.1080/23744235.2017.1353704
http://doi.org/10.23876/j.krcp.18.0044

Pharmaceutics 2022, 14, 93 20 of 23

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Dzagurova, TK,; Siniugina, A.A.; Ishmukhametov, A.A.; Egorova, M.S.; Kurashova, S.S.; Balovneva, M.V.; Deviatkin, A.A;
Tkachenko, PE.; Leonovich, O.A.; Tkachenko, E.A. Pre-Clinical Studies of Inactivated Polyvalent HFRS Vaccine. Front. Cell Infect.
Microbiol. 2020, 10, 545372. [CrossRef]

Abdulla, E; Nain, Z.; Hossain, M.M.; Syed, S.B.; Khan, M.S.A.; Adhikari, UK. A comprehensive screening of the whole proteome
of hantavirus and designing a multi-epitope subunit vaccine for cross-protection against hantavirus: Structural vaccinology and
immunoinformatics study. Microb. Pathog. 2021, 150, 104705. [CrossRef] [PubMed]

Ma, Y,; Tang, K.; Zhang, Y.; Zhang, C.; Zhang, Y,; Jin, B.; Ma, Y. Design and synthesis of HLA-A*02-restricted Hantaan virus
multiple-antigenic peptide for CD8+ T cells. Virol. |. 2020, 17, 15. [CrossRef] [PubMed]

Schmaljohn, C.S.; Spik, K.W.; Hooper, ]. W. DNA vaccines for HFRS: Laboratory and clinical studies. Virus Res. 2014, 187, 91-96.
[CrossRef] [PubMed]

Hooper, ] W.; Kamrud, K.I; Elgh, E; Custer, D.; Schmaljohn, C.S. DNA vaccination with hantavirus M segment elicits neutralizing
antibodies and protects against seoul virus infection. Virology 1999, 255, 269-278. [CrossRef] [PubMed]

Kwilas, S.; Kishimori, ].M.; Josleyn, M.; Jerke, K.; Ballantyne, J.; Royals, M.; Hooper, ]. W. A hantavirus pulmonary syndrome
(HPS) DNA vaccine delivered using a spring-powered jet injector elicits a potent neutralizing antibody response in rabbits and
nonhuman primates. Curr. Gene Ther. 2014, 14, 200-210. [CrossRef]

Zheng, Y.; Wei, ].; Zhou, B.Y; Xu, Y;; Dong, J.H.; Guan, L.Y.; Ma, P; Yu, P.B.; Wang, ].]. Long-term persistence of anti-hantavirus
antibodies in sera of patients undergoing hemorrhagic fever with renal syndrome and subjects vaccinated against the disease.
Infect. Dis. 2016, 48, 262-266. [CrossRef] [PubMed]

Morozov, V.; Ishmukhametov, A.; Dzagurova, T.; Tkachenko, E. Clinical manifestations of hemorrhagic fever with renal syndrome
in Russia. Med. Counc. 2017, 5, 156-161. [CrossRef]

Valdivieso, F; Vial, P; Ferres, M.; Ye, C.; Goade, D.; Cuiza, A.; Hjelle, B. Neutralizing antibodies in survivors of Sin Nombre and
Andes hantavirus infection. Emerg. Infect. Dis. 2006, 12, 166-168. [CrossRef]

Horling, J.; Lundkvist, A.; Huggins, ] W.; Niklasson, B. Antibodies to Puumala virus in humans determined by neutralization test.
J. Virol. Methods 1992, 39, 139-147. [CrossRef]

Alexeyev, O.; Elgh, F.; Zhestkov, A.; Wadell, G.; Juto, P. Hantaan and Puumala virus antibodies in blood donors in Samara, an
HFRS-endemic region in European Russia. Lancet 1996, 347, 1483. [CrossRef]

Xiong, HR,; Li, Q.; Chen, W,; Liu, D.Y,; Ling, ] X,; Liu, J.; Liu, Y.J.; Zhang, Y.; Yang, Z.Q. Specific humoral reaction of hemorrhagic
fever with renal syndrome (HFRS) patients in China to recombinant nucleocapsid proteins from European hantaviruses. Eur. J.
Clin. Microbiol. Infect. Dis. 2011, 30, 645-651. [CrossRef]

Miettinen, M.H.; Makela, S.M.; Ala-Houhala, 1.O.; Huhtala, H.S.; Koobi, T.; Vaheri, A.l.; Pasternack, A.L.; Porsti, .H.; Mustonen,
J.T. Tubular proteinuria and glomerular filtration 6 years after puumala hantavirus-induced acute interstitial nephritis. Nephron
Clin. Pract. 2009, 112, c115—c120. [CrossRef]

Pimenov, L.T.; Dudarev, M.V,; Vasil’ev, M. Arterial hypertension, its metabolic aspects and kidney function in patients after
hemorrhagic fever with renal syndrome. Terapevticheskii Arkhiv 2003, 75, 28-31.

Shkair, L.; Garanina, E.E.; Stott, R.J.; Foster, T.L.; Rizvanov, A.A.; Khaiboullina, S.F. Membrane Microvesicles as Potential Vaccine
Candidates. Int. J. Mol. Sci. 2021, 22, 1142. [CrossRef]

Zani-Ruttenstock, E.; Antounians, L.; Khalaj, K.; Figueira, R.L.; Zani, A. The Role of Exosomes in the Treatment, Prevention,
Diagnosis, and Pathogenesis of COVID-19. Eur. ]. Pediatr. Surg. 2021, 31, 326-334. [CrossRef]

Pap, E.; Pallinger, E.; Pasztoi, M.; Falus, A. Highlights of a new type of intercellular communication: Microvesicle-based
information transfer. Inflamm. Res. 2009, 58, 1-8. [CrossRef] [PubMed]

Algarni, A.; Greenman, J.; Madden, L.A. Procoagulant tumor microvesicles attach to endothelial cells on biochips under
microfluidic flow. Biomicrofluidics 2019, 13, 064124. [CrossRef]

Ratajczak, M.Z.; Ratajczak, J. Extracellular microvesicles/exosomes: Discovery, disbelief, acceptance, and the future? Leukemia
2020, 34, 3126-3135. [CrossRef] [PubMed]

Stahl, P.D.; Raposo, G. Extracellular Vesicles: Exosomes and Microvesicles, Integrators of Homeostasis. Physiology 2019, 34,
169-177. [CrossRef] [PubMed]

Armstrong, J.PK,; Stevens, M.M. Strategic design of extracellular vesicle drug delivery systems. Adv. Drug Deliv. Rev. 2018, 130,
12-16. [CrossRef]

Armstrong, ].PK.; Holme, M.N.; Stevens, M.M. Re-Engineering Extracellular Vesicles as Smart Nanoscale Therapeutics. ACS
Nano 2017, 11, 69-83. [CrossRef]

Mehanny, M.; Koch, M.; Lehr, C.M.; Fuhrmann, G. Streptococcal Extracellular Membrane Vesicles Are Rapidly Internalized by
Immune Cells and Alter Their Cytokine Release. Front. Immunol. 2020, 11, 80. [CrossRef] [PubMed]

Gerritzen, M.J.H.; Martens, D.E.; Wijffels, R.H.; van der Pol, L.; Stork, M. Bioengineering bacterial outer membrane vesicles as
vaccine platform. Biotechnol. Adv. 2017, 35, 565-574. [CrossRef] [PubMed]

O’Dwyer Cliona, A.; Reddin, K.; Martin, D.; Stephen, C.T.; Gorringe, R.A.; Hudson, ].M.; Brodeur, R.B.; Langford, R.P.; Kroll,
J.S. Expression of Heterologous Antigens in Commensal Neisseria spp.: Preservation of Conformational Epitopes with Vaccine
Potential. Infect. Immun. 2004, 72, 6511-6518. [CrossRef] [PubMed]


http://doi.org/10.3389/fcimb.2020.545372
http://doi.org/10.1016/j.micpath.2020.104705
http://www.ncbi.nlm.nih.gov/pubmed/33352214
http://doi.org/10.1186/s12985-020-1290-x
http://www.ncbi.nlm.nih.gov/pubmed/32005266
http://doi.org/10.1016/j.virusres.2013.12.020
http://www.ncbi.nlm.nih.gov/pubmed/24370868
http://doi.org/10.1006/viro.1998.9586
http://www.ncbi.nlm.nih.gov/pubmed/10069952
http://doi.org/10.2174/1566523214666140522122633
http://doi.org/10.3109/23744235.2015.1121289
http://www.ncbi.nlm.nih.gov/pubmed/26654580
http://doi.org/10.21518/2079-701X-2017-5-156-161
http://doi.org/10.3201/eid1201.050930
http://doi.org/10.1016/0166-0934(92)90132-W
http://doi.org/10.1016/S0140-6736(96)91717-1
http://doi.org/10.1007/s10096-010-1134-5
http://doi.org/10.1159/000213899
http://doi.org/10.3390/ijms22031142
http://doi.org/10.1055/s-0041-1731294
http://doi.org/10.1007/s00011-008-8210-7
http://www.ncbi.nlm.nih.gov/pubmed/19132498
http://doi.org/10.1063/1.5123462
http://doi.org/10.1038/s41375-020-01041-z
http://www.ncbi.nlm.nih.gov/pubmed/32929129
http://doi.org/10.1152/physiol.00045.2018
http://www.ncbi.nlm.nih.gov/pubmed/30968753
http://doi.org/10.1016/j.addr.2018.06.017
http://doi.org/10.1021/acsnano.6b07607
http://doi.org/10.3389/fimmu.2020.00080
http://www.ncbi.nlm.nih.gov/pubmed/32117243
http://doi.org/10.1016/j.biotechadv.2017.05.003
http://www.ncbi.nlm.nih.gov/pubmed/28522212
http://doi.org/10.1128/IAI.72.11.6511-6518.2004
http://www.ncbi.nlm.nih.gov/pubmed/15501782

Pharmaceutics 2022, 14, 93 21 of 23

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Rappazzo, C.G.; Watkins, H.C.; Guarino, C.M.; Chau, A.; Lopez, ].L.; DeLisa, M.P; Leifer, C.A.; Whittaker, G.R.; Putnam, D.
Recombinant M2e outer membrane vesicle vaccines protect against lethal influenza A challenge in BALB/c mice. Vaccine 2016, 34,
1252-1258. [CrossRef]

Carvalho, A.L.; Miquel-Clopés, A.; Wegmann, U.; Jones, E.; Stentz, R.; Telatin, A.; Walker, N.J.; Butcher, W.A.; Brown, P.J.; Holmes,
S.; et al. Use of bioengineered human commensal gut bacteria-derived microvesicles for mucosal plague vaccine delivery and
immunization. Clin. Exp. Immunol. 2019, 196, 287-304. [CrossRef]

Bishop, A.L.; Tarique, A.A.; Patimalla, B.; Calderwood, S.B.; Qadri, F.; Camilli, A. Immunization of Mice With Vibrio cholerae
Outer-Membrane Vesicles Protects Against Hyperinfectious Challenge and Blocks Transmission. |. Infect. Dis. 2012, 205, 412-421.
[CrossRef]

Sung, ]. H.; Yang, HM.,; Park, ].B.; Choi, G.S.; Joh, ] W.; Kwon, C.H.; Chun, ].M.; Lee, S.K,; Kim, S.J. Isolation and characterization
of mouse mesenchymal stem cells. Transplant. Proc. 2008, 40, 2649-2654. [CrossRef]

Gomzikova, M.O.; Aimaletdinov, A.M.; Bondar, O.V,; Starostina, 1.G.; Gorshkova, N.V.; Neustroeva, O.A.; Kletukhina, S.K.;
Kurbangaleeva, S.V.; Vorobev, V.V,; Garanina, E.E.; et al. Immunosuppressive properties of cytochalasin B-induced membrane
vesicles of mesenchymal stem cells: Comparing with extracellular vesicles derived from mesenchymal stem cells. Sci. Rep. 2020,
10, 10740. [CrossRef]

Gomzikova, M.O,; Kletukhina, S.K.; Kurbangaleeva, S.V.; Neustroeva, O.A.; Vasileva, O.S.; Garanina, E.E.; Khaiboullina, S.F;
Rizvanov, A.A. Mesenchymal Stem Cell Derived Biocompatible Membrane Vesicles Demonstrate Immunomodulatory Activity
Inhibiting Activation and Proliferation of Human Mononuclear Cells. Pharmaceutics 2020, 12, 577. [CrossRef]

Takahashi, A.; Nakajima, H.; Uchida, K.; Takeura, N.; Honjoh, K.; Watanabe, S.; Kitade, M.; Kokubo, Y.; Johnson, W.E.B,;
Matsumine, A. Comparison of Mesenchymal Stromal Cells Isolated from Murine Adipose Tissue and Bone Marrow in the
Treatment of Spinal Cord Injury. Cell Transplant. 2018, 27, 1126-1139. [CrossRef]

Pick, H.; Schmid, E.L.; Tairi, A.P,; Ilegems, E.; Hovius, R.; Vogel, H. Investigating cellular signaling reactions in single attoliter
vesicles. J. Am. Chem. Soc. 2005, 127,2908-2912. [CrossRef] [PubMed]

Gomzikova, M.O.; Zhuravleva, M.N.; Miftakhova, R.R.; Arkhipova, S.S.; Evtugin, V.G.; Khaiboullina, S.F.; Kiyasov, A.P,; Persson,
J.L.; Mongan, N.P; Pestell, R.G,; et al. Cytochalasin B-induced membrane vesicles convey angiogenic activity of parental cells.
Oncotarget 2017, 8, 70496-70507. [CrossRef] [PubMed]

Panagioti, E.; Klenerman, P; Lee, L.N.; van der Burg, S.H.; Arens, R. Features of Effective T Cell-Inducing Vaccines against
Chronic Viral Infections. Front. Immunol. 2018, 9, 276. [CrossRef] [PubMed]

Bertoletti, A.; Le Bert, N.; Qui, M.; Tan, A.T. SARS-CoV-2-specific T cells in infection and vaccination. Cell. Mol. Immunol. 2021, 18,
2307-2312. [CrossRef] [PubMed]

Klingstrom, J.; Smed-Sorensen, A.; Maleki, K.T.; Sola-Riera, C.; Ahlm, C.; Bjorkstrom, N.K.; Ljunggren, H.G. Innate and adaptive
immune responses against human Puumala virus infection: Immunopathogenesis and suggestions for novel treatment strategies
for severe hantavirus-associated syndromes. J. Intern. Med. 2019, 285, 510-523. [CrossRef] [PubMed]

Wang, X.; Peng, H.; Tian, Z. Innate lymphoid cell memory. Cell. Mol. Immunol. 2019, 16, 423-429. [CrossRef]

Brillantes, M.; Beaulieu, A.M. Memory and Memory-Like NK Cell Responses to Microbial Pathogens. Front. Cell. Infect. Microbiol.
2020, 10, 102. [CrossRef]

Arango Duque, G.; Descoteaux, A. Macrophage Cytokines: Involvement in Immunity and Infectious Diseases. Front. Immunol.
2014, 5, 491. [CrossRef]

Acharya, D; Li, X.R.; Heineman, R.E.-S.; Harrison, R.E. Complement Receptor-Mediated Phagocytosis Induces Proinflammatory
Cytokine Production in Murine Macrophages. Front. Immunol. 2020, 10, 10. [CrossRef] [PubMed]

Ratthé, C.; Ennaciri, J.; Garcés Gongalves, D.M.; Chiasson, S.; Girard, D. Interleukin (IL)-4 Induces Leukocyte Infiltration In Vivo
by an Indirect Mechanism. Mediat. Inflamm. 2009, 2009, 193970. [CrossRef] [PubMed]

Fagundes, D.L.G.; Franga, E.L.; Morceli, G.; Rudge, M.V.C.; Calderon, I.d.M.P,; Honorio-Franga, A.C. The Role of Cytokines
in the Functional Activity of Phagocytes in Blood and Colostrum of Diabetic Mothers. Clin. Dev. Immunol. 2013, 2013, 590190.
[CrossRef] [PubMed]

Jonsson, C.B.; Figueiredo, L.T.M.; Vapalahti, O. A global perspective on hantavirus ecology, epidemiology, and disease. Clin.
Microbiol. Rev. 2010, 23, 412—441. [CrossRef] [PubMed]

Bi, X.; Yi, S.; Zhang, A.; Zhao, Z.; Liu, Y.; Zhang, C.; Ye, Z. Epidemiology of hemorrhagic fever with renal syndrome in Tai’an area.
Sci. Rep. 2021, 11, 11596. [CrossRef]

He, X.; Wang, S.; Huang, X.; Wang, X. Changes in age distribution of hemorrhagic fever with renal syndrome: An implication of
China’s expanded program of immunization. BMC Public Health 2013, 13, 394. [CrossRef]

Liang, W.; Gu, X;; Li, X,; Zhang, K.; Wu, K,; Pang, M.; Dong, J.; Merrill, H.; Hu, T,; Liu, K; et al. Mapping the epidemic changes
and risks of hemorrhagic fever with renal syndrome in Shaanxi Province, China, 2005-2016. Sci. Rep. 2018, 8, 1-10. [CrossRef]
She, K.; Li, C.; Qi, C.; Liu, T; Jia, Y;; Zhu, Y,; Liu, L.; Wang, Z.; Zhang, Y.; Li, X. Epidemiological Characteristics and Regional Risk
Prediction of Hemorrhagic Fever with Renal Syndrome in Shandong Province, China. Int. J. Environ. Res. Public Health 2021, 18,
8495. [CrossRef]

Mofijur, M.; Fattah, LM.R.; Alam, M.A_; Islam, A.B.M.S.; Ong, H.C.; Rahman, SM.A ; Najafi, G.; Ahmed, S.F; Uddin, M.A;
Mabhlia, TM.I. Impact of COVID-19 on the social, economic, environmental and energy domains: Lessons learnt from a global
pandemic. Sustain. Prod. Consum. 2021, 26, 343-359. [CrossRef]


http://doi.org/10.1016/j.vaccine.2016.01.028
http://doi.org/10.1111/cei.13301
http://doi.org/10.1093/infdis/jir756
http://doi.org/10.1016/j.transproceed.2008.08.009
http://doi.org/10.1038/s41598-020-67563-9
http://doi.org/10.3390/pharmaceutics12060577
http://doi.org/10.1177/0963689718780309
http://doi.org/10.1021/ja044605x
http://www.ncbi.nlm.nih.gov/pubmed/15740126
http://doi.org/10.18632/oncotarget.19723
http://www.ncbi.nlm.nih.gov/pubmed/29050297
http://doi.org/10.3389/fimmu.2018.00276
http://www.ncbi.nlm.nih.gov/pubmed/29503649
http://doi.org/10.1038/s41423-021-00743-3
http://www.ncbi.nlm.nih.gov/pubmed/34471260
http://doi.org/10.1111/joim.12876
http://www.ncbi.nlm.nih.gov/pubmed/30663801
http://doi.org/10.1038/s41423-019-0212-6
http://doi.org/10.3389/fcimb.2020.00102
http://doi.org/10.3389/fimmu.2014.00491
http://doi.org/10.3389/fimmu.2019.03049
http://www.ncbi.nlm.nih.gov/pubmed/31993058
http://doi.org/10.1155/2009/193970
http://www.ncbi.nlm.nih.gov/pubmed/19753321
http://doi.org/10.1155/2013/590190
http://www.ncbi.nlm.nih.gov/pubmed/24489577
http://doi.org/10.1128/CMR.00062-09
http://www.ncbi.nlm.nih.gov/pubmed/20375360
http://doi.org/10.1038/s41598-021-91029-1
http://doi.org/10.1186/1471-2458-13-394
http://doi.org/10.1038/s41598-017-18819-4
http://doi.org/10.3390/ijerph18168495
http://doi.org/10.1016/j.spc.2020.10.016

Pharmaceutics 2022, 14, 93 22 of 23

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Jiang, H.; Du, H.; Wang, L.M.; Wang, P.Z; Bai, X.F. Hemorrhagic Fever with Renal Syndrome: Pathogenesis and Clinical Picture.
Front. Cell. Infect. Microbiol. 2016, 6, 1. [CrossRef]

Price, N.L.; Goyette-Desjardins, G.; Nothaft, H.; Valguarnera, E.; Szymanski, C.M.; Segura, M.; Feldman, M.E. Glycoengineered
Outer Membrane Vesicles: A Novel Platform for Bacterial Vaccines. Sci. Rep. 2016, 6, 24931. [CrossRef]

Sedaghat, M.; Siadat, S.D.; Mirabzadeh, E.; Keramati, M.; Vaziri, F.; Shafiei, M.; Shahcheraghi, F. Evaluation of antibody responses
to outer membrane vesicles (OMVs) and killed whole cell of Vibrio cholerae O1 El Tor in immunized mice. Iran J. Microbiol. 2019,
11, 212-219. [CrossRef] [PubMed]

Wang, Q.; Yu, J.; Kadungure, T.; Beyene, J.; Zhang, H.; Lu, Q. ARMMSs as a versatile platform for intracellular delivery of
macromolecules. Nat. Commun. 2018, 9, 960. [CrossRef] [PubMed]

Fuhrmann, G.; Chandrawati, R. Engineering Extracellular Vesicles with the Tools of Enzyme Prodrug Therapy. Adv. Mater. 2018,
30, €1706616. [CrossRef]

Pieragostino, D.; Lanuti, P.; Cicalini, I.; Cufaro, M.C.; Ciccocioppo, F.; Ronci, M.; Simeone, P.; Onofrj, M.; van der Pol, E.; Fontana,
A.; et al. Proteomics characterization of extracellular vesicles sorted by flow cytometry reveals a disease-specific molecular
cross-talk from cerebrospinal fluid and tears in multiple sclerosis. J. Proteom. 2019, 204, 103403. [CrossRef] [PubMed]

Saint-Pol, J.; Gosselet, F. Targeting and Crossing the Blood-Brain Barrier with Extracellular Vesicles. Cells 2020, 9, 851. [CrossRef]
[PubMed]

Ito, S.; Nakamura, J.; Fukuta, M.; Ura, T,; Teshigawara, T.; Fukushima, J.; Mizuki, N.; Okuda, K.; Shimada, M. Prophylactic and
therapeutic vaccine against Pseudomonas aeruginosa keratitis using bacterial membrane vesicles. Vaccine 2021, 39, 3152-3160.
[CrossRef] [PubMed]

Kimura, A.; Toneatto, D.; Kleinschmidt, A.; Wang, H.; Dull, P. Immunogenicity and Safety of a Multicomponent Meningococcal
Serogroup B Vaccine and a Quadrivalent Meningococcal CRM 197 Conjugate Vaccine against Serogroups A, C, W-135, and Y in
Adults Who Are at Increased Risk for Occupational Exposure to Meningococcal Isolates. Clin. Vaccine Immunol. 2011, 18, 483-486.
[CrossRef] [PubMed]

Hirayama, S.; Nakao, R. Intranasal Vaccine Study Using Porphyromonas gingivalis Membrane Vesicles: Isolation Method and
Application to a Mouse Model. Methods Mol. Biol. 2021, 2210, 157-166. [CrossRef]

Watkins, H.C.; Rappazzo, C.G.; Higgins, ].S.; Sun, X.; Brock, N.; Chau, A.; Misra, A.; Cannizzo, ].P.B.; King, M.R.; Maines, TR,;
et al. Safe Recombinant Outer Membrane Vesicles that Display M2e Elicit Heterologous Influenza Protection. Mol. Ther. 2017, 25,
989-1002. [CrossRef]

Ma, Y;; Tang, K.; Zhang, Y.; Zhang, C.; Cheng, L.; Zhang, F.; Zhuang, R.; Jin, B.; Zhang, Y. Protective CD8+ T-cell response against
Hantaan virus infection induced by immunization with designed linear multi-epitope peptides in HLA-A2.1/Kb transgenic mice.
Virol. J. 2020, 17, 146. [CrossRef] [PubMed]

Rowland-Jones, S.; Dong, T.; Krausa, P.; Sutton, J.; Newell, H.; Ariyoshi, K.; Gotch, F,; Sabally, S.; Corrah, T.; Kimani, J.; et al. The
role of cytotoxic T-cells in HIV infection. Dev. Biol. Stand. 1998, 92, 209-214. [PubMed]

Ito, H.; Seishima, M. Regulation of the Induction and Function of Cytotoxic T Lymphocytes by Natural Killer T Cell. ]. Biomed.
Biotechnol. 2010, 2010, 641757. [CrossRef] [PubMed]

Van Epps, H.L.; Terajima, M.; Mustonen, J.; Arstila, T.P,; Corey, E.A.; Vaheri, A.; Ennis, FA. Long-lived memory T lymphocyte
responses after hantavirus infection. J. Exp. Med. 2002, 196, 579-588. [CrossRef] [PubMed]

Tuuminen, T.; Kekildinen, E.; Mikels, S.; Ala-Houhala, I.; Ennis, EA.; Hedman, K.; Mustonen, J.; Vaheri, A.; Arstila, T.P. Human
CD8" T Cell Memory Generation in Puumala Hantavirus Infection Occurs after the Acute Phase and Is Associated with Boosting
of EBV-Specific CD8+ Memory T Cells. J. Immunol. 2007, 179, 1988. [CrossRef] [PubMed]

Rose-John, S.; Winthrop, K.; Calabrese, L. The role of IL-6 in host defence against infections: Immunobiology and clinical
implications. Nat. Rev. Rheumatol. 2017, 13, 399-409. [CrossRef] [PubMed]

Repeke, C.E.; Garlet, T.P,; Francisconi, C.F.; Broll, D.; Trombone, A.P.E; Garlet, G.P. CCL3. In Encyclopedia of Signaling Molecules;
Choi, S., Ed.; Springer: New York, NY, USA, 2016; pp. 1-7. [CrossRef]

Marques, R.E.; Guabiraba, R.; Russo, R.C.; Teixeira, M.M. Targeting CCL5 in inflammation. Expert Opin. Targets 2013, 17,
1439-1460. [CrossRef] [PubMed]

Gschwandtner, M.; Derler, R.; Midwood, K.S. More Than Just Attractive: How CCL2 Influences Myeloid Cell Behavior Beyond
Chemotaxis. Front. Immunol. 2019, 10, 2759. [CrossRef]

Kindstedt, E.; Holm, C.K,; Sulniute, R.; Martinez-Carrasco, I.; Lundmark, R.; Lundberg, P. CCL11, a novel mediator of inflamma-
tory bone resorption. Sci. Rep. 2017, 7, 5334. [CrossRef]

Khaiboullina, S.F.; Rizvanov, A.A.; Lombardi, V.C.; Morzunov, S.P; Reis, H.J.; Palotas, A.; St Jeor, S. Andes-virus-induced cytokine
storm is partially suppressed by ribavirin. Antivir. Ther. 2013, 18, 575-584. [CrossRef]

Parameswaran, N.; Patial, S. Tumor necrosis factor-« signaling in macrophages. Crit. Rev. Eukaryot. Gene Expr. 2010, 20, 87-103.
[CrossRef]

Jose, PJ.; Griffiths-Johnson, D.A.; Collins, P.D.; Walsh, D.T.; Mogbel, R.; Totty, N.E,; Truong, O.; Hsuan, J.J.; Williams, T.J. Eotaxin:
A potent eosinophil chemoattractant cytokine detected in a guinea pig model of allergic airways inflammation. J. Exp. Med. 1994,
179, 881-887. [CrossRef]


http://doi.org/10.3389/fcimb.2016.00001
http://doi.org/10.1038/srep24931
http://doi.org/10.18502/ijm.v11i3.1317
http://www.ncbi.nlm.nih.gov/pubmed/31523404
http://doi.org/10.1038/s41467-018-03390-x
http://www.ncbi.nlm.nih.gov/pubmed/29511190
http://doi.org/10.1002/adma.201706616
http://doi.org/10.1016/j.jprot.2019.103403
http://www.ncbi.nlm.nih.gov/pubmed/31170500
http://doi.org/10.3390/cells9040851
http://www.ncbi.nlm.nih.gov/pubmed/32244730
http://doi.org/10.1016/j.vaccine.2021.04.035
http://www.ncbi.nlm.nih.gov/pubmed/33934918
http://doi.org/10.1128/CVI.00304-10
http://www.ncbi.nlm.nih.gov/pubmed/21177912
http://doi.org/10.1007/978-1-0716-0939-2_15
http://doi.org/10.1016/j.ymthe.2017.01.010
http://doi.org/10.1186/s12985-020-01421-y
http://www.ncbi.nlm.nih.gov/pubmed/33028368
http://www.ncbi.nlm.nih.gov/pubmed/9554277
http://doi.org/10.1155/2010/641757
http://www.ncbi.nlm.nih.gov/pubmed/20508728
http://doi.org/10.1084/jem.20011255
http://www.ncbi.nlm.nih.gov/pubmed/12208874
http://doi.org/10.4049/jimmunol.179.3.1988
http://www.ncbi.nlm.nih.gov/pubmed/17641066
http://doi.org/10.1038/nrrheum.2017.83
http://www.ncbi.nlm.nih.gov/pubmed/28615731
http://doi.org/10.1007/978-1-4614-6438-9_579-1
http://doi.org/10.1517/14728222.2013.837886
http://www.ncbi.nlm.nih.gov/pubmed/24090198
http://doi.org/10.3389/fimmu.2019.02759
http://doi.org/10.1038/s41598-017-05654-w
http://doi.org/10.3851/IMP2524
http://doi.org/10.1615/CritRevEukarGeneExpr.v20.i2.10
http://doi.org/10.1084/jem.179.3.881

Pharmaceutics 2022, 14, 93 23 of 23

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Wolpe, S.D.; Davatelis, G.; Sherry, B.; Beutler, B.; Hesse, D.G.; Nguyen, H.T.; Moldawer, L.L.; Nathan, C.E; Lowry, S.E; Cerami, A.
Macrophages secrete a novel heparin-binding protein with inflammatory and neutrophil chemokinetic properties. J. Exp. Med.
1988, 167, 570-581. [CrossRef]

Kitaura, M.; Nakajima, T.; Imai, T.; Harada, S.; Combadiere, C.; Tiffany, H.L.; Murphy, PM.; Yoshie, O. Molecular cloning of
human eotaxin, an eosinophil-selective CC chemokine, and identification of a specific eosinophil eotaxin receptor, CC chemokine
receptor 3. J. Biol. Chem. 1996, 271, 7725-7730. [CrossRef]

Francis, J.N.; Lloyd, C.M.; Sabroe, I.; Durham, S.R.; Till, S.J. T lymphocytes expressing CCR3 are increased in allergic rhinitis
compared with non-allergic controls and following allergen immunotherapy. Allergy 2007, 62, 59-65. [CrossRef]

Conroy, D.M.; Williams, T.J. Eotaxin and the attraction of eosinophils to the asthmatic lung. Respir. Res. 2001, 2, 150-156.
[CrossRef]

Mantovani, A.; Sica, A.; Sozzani, S.; Allavena, P.; Vecchi, A.; Locati, M. The chemokine system in diverse forms of macrophage
activation and polarization. Trends Immunol. 2004, 25, 677—-686. [CrossRef]

Olszewski, M.A.; Huffnagle, G.B.; McDonald, R.A.; Lindell, D.M.; Moore, B.B.; Cook, D.N.; Toews, G.B. The role of macrophage
inflammatory protein-1 alpha/CCL3 in regulation of T cell-mediated immunity to Cryptococcus neoformans infection. J. Immunol.
2000, 165, 6429-6436. [CrossRef]

Fischmeister, G.; Kurz, M.; Haas, O.A.; Micksche, M.; Buchinger, P.; Printz, D.; Ressmann, G.; Stroebel, T.; Peters, C.; Fritsch, G.;
et al. G-CSF versus GM-CSF for stimulation of peripheral blood progenitor cells (PBPC) and leukocytes in healthy volunteers:
Comparison of efficacy and tolerability. Ann. Hematol. 1999, 78, 117-123. [CrossRef] [PubMed]

Castellani, S.; D’Oria, S.; Diana, A.; Polizzi, A.M.; Di Gioia, S.; Mariggio, M.A.; Guerra, L.; Favia, M.; Vinella, A ; Leonetti, G.; et al.
G-CSF and GM-CSF Modify Neutrophil Functions at Concentrations found in Cystic Fibrosis. Sci. Rep. 2019, 9, 12937. [CrossRef]
[PubMed]

Carr, R.; Modi, N.; Doré, C. G-CSF and GM-CSF for treating or preventing neonatal infections. Cochrane Database Syst. Rev. 2003,
2003, CD003066. [CrossRef] [PubMed]

Gibaldi, D.; Vilar-Pereira, G.; Pereira, I.R.; Silva, A.A.; Barrios, L.C.; Ramos, I.P.,; dos Santos, H.A.M.; Gazzinelli, R.; Lannes-Vieira,
J. CCL3/Macrophage Inflammatory Protein-1a Is Dually Involved in Parasite Persistence and Induction of a TNF- and IFNy-
Enriched Inflammatory Milieu in Trypanosoma cruzi-Induced Chronic Cardiomyopathy. Front. Immunol. 2020, 11, 11. [CrossRef]
[PubMed]

Lotz, M.; Jirik, F.; Kabouridis, P.; Tsoukas, C.; Hirano, T.; Kishimoto, T.; Carson, D.A. B cell stimulating factor 2/interleukin 6 is a
costimulant for human thymocytes and T lymphocytes. |. Exp. Med. 1988, 167, 1253-1258. [CrossRef]

Ayroldi, E.; Zollo, O.; Cannarile, L.; D’Adamio, F.; Grohmann, U.; Delfino, D.V.; Riccardi, C. Interleukin-6 (IL-6) prevents
activation-induced cell death: IL-2-independent inhibition of Fas/fasL expression and cell death. Blood 1998, 92, 4212-4219.
[CrossRef]

Rincoén, M.; Anguita, J.; Nakamura, T.; Fikrig, E.; Flavell, R.A. Interleukin (IL)-6 directs the differentiation of IL-4-producing CD4+
T cells. . Exp. Med. 1997, 185, 461-469. [CrossRef] [PubMed]

Diehl, S.; Anguita, J.; Hoffmeyer, A.; Zapton, T.; Ihle, ].N.; Fikrig, E.; Rincén, M. Inhibition of Thl differentiation by IL-6 is
mediated by SOCS1. Immunity 2000, 13, 805-815. [CrossRef]

Bradley, L.M.; Dalton, D.K.; Croft, M. A direct role for IFN-gamma in regulation of Th1 cell development. J. Immunol. 1996,
157, 1350.

Mehta, H.M.; Malandra, M.; Corey, S.J. G-CSF and GM-CSF in Neutropenia. |. Immunol. 2015, 195, 1341-1349. [CrossRef]
[PubMed]

Huleihel, M.; Douvdevani, A ; Segal, S.; Apte, R.N. Different regulatory levels are involved in the generation of hemopoietic
cytokines (CSFs and IL-6) in fibroblasts stimulated by inflammatory products. Cytokine 1993, 5, 47-56. [CrossRef]

Pitrak, D.L. Effects of granulocyte colony-stimulating factor and granulocyte-macrophage colony-stimulating factor on the
bactericidal functions of neutrophils. Curr. Opin. Hematol. 1997, 4, 183-190. [CrossRef]


http://doi.org/10.1084/jem.167.2.570
http://doi.org/10.1074/jbc.271.13.7725
http://doi.org/10.1111/j.1398-9995.2006.01253.x
http://doi.org/10.1186/rr52
http://doi.org/10.1016/j.it.2004.09.015
http://doi.org/10.4049/jimmunol.165.11.6429
http://doi.org/10.1007/s002770050487
http://www.ncbi.nlm.nih.gov/pubmed/10211753
http://doi.org/10.1038/s41598-019-49419-z
http://www.ncbi.nlm.nih.gov/pubmed/31506515
http://doi.org/10.1002/14651858.CD003066
http://www.ncbi.nlm.nih.gov/pubmed/12917944
http://doi.org/10.3389/fimmu.2020.00306
http://www.ncbi.nlm.nih.gov/pubmed/32194558
http://doi.org/10.1084/jem.167.3.1253
http://doi.org/10.1182/blood.V92.11.4212
http://doi.org/10.1084/jem.185.3.461
http://www.ncbi.nlm.nih.gov/pubmed/9053446
http://doi.org/10.1016/S1074-7613(00)00078-9
http://doi.org/10.4049/jimmunol.1500861
http://www.ncbi.nlm.nih.gov/pubmed/26254266
http://doi.org/10.1016/1043-4666(93)90023-X
http://doi.org/10.1097/00062752-199704030-00005

	Introduction 
	Materials and Methods 
	Cells 
	Animals 
	PUUV Peptides 
	Flow Cytometry 
	Recombinant Lentivirus 
	Transduction 
	MVs Production 
	Transmission Electron Microscopy (TEM) 
	Protein Concentration Analysis 
	Multiplex Analysis 
	Cell Treatment with MVs 
	Western Blot 
	Immunofluorescence Assay (IFA) 
	Enzyme-Linked Immunosorbent Assay (ELISA) 
	ELISpot Assay 
	Statistical Analysis 

	Results 
	Immunophenotype of mMSCs 
	TEM Analysis of MVs Size and Structure 
	Western Blot Analysis of MVs 
	Cytokines Released by Genetically Modified mMSCs 
	Analysis of Cytokines in Cargo of Genetically Modified mMSCs 
	Analysis of PUUV N and Gn/Gc Proteins Expression in A549 Cells Treated with MVs 
	Serum Anti-PUUV Antibodies 
	Cytotoxic T-Cell Activation 
	Serum Cytokine Analysis 

	Discussion 
	References

