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Antigen presenting cells (APCs)-derived exosomes are nano-vesicles that can induce antigen-specific T cell re-
sponses, and possess therapeutic effects in clinical settings. Moreover, dendritic cells (DCs)-based vaccines have
been developed to combat human immunodeficiency virus-1 (HIV-1) infection in preclinical and clinical trials.
We investigated the immunostimulatory effects (B- and T-cells activities) of DCs- and exosomes-based vaccine
constructs harboring HIV-1 Nef™-Tat fusion protein as an antigen candidate and heat shock protein 70 (Hsp70)
as an adjuvant in mice. The modified DCs and engineered exosomes harboring Nef™"-Tat protein or Hsp70 were
prepared using lentiviral vectors compared to electroporation, characterized and evaluated by in vitro and in vivo
immunological tests. Our data indicated that the engineered exosomes induced high levels of total IgG, 1gG2a,
IFN-y, TNF-a and Granzyme B. Moreover, co-injection of exosomes harboring Hsp70 could significantly increase
the secretion of antibodies, cytokines and Granzyme B. The highest levels of IFN-y and TNF-a were observed in
exosomes harboring Nef™!-Tat combined with exosomes harboring Hsp70 (Exo-Nef™.Tat + Exo-Hsp70)
regimen after single-cycle replicable (SCR) HIV-1 exposure. Generally, Exo-Nef™"-Tat + Exo-Hsp70 regimen can
be considered as a promising safe vaccine candidate due to high T-cells (Th1l and CTL) activity and its main-

Exosome-based vaccine
Electroporation
Lentiviral vector

tenance against SCR HIV-1 exposure.

1. Introduction

An effective vaccine against human immunodeficiency virus-1 (HIV-
1) infection should prevent infection completely or remove the infected
CD4* T cells. Thus, it is critical to induce potent immune responses at
the time of exposure to the virus [1,2]. Recently, extracellular vesicles
(EVs) have been proposed as therapeutic agents to control viral in-
fections. Exosomes (a main group of EVs)-based vaccines have demon-
strated promising results against different types of infectious diseases in
vitro and in vivo [3]. More than two decades ago, dendritic cells (DCs)-
derived exosomes (named as DEXs) were developed to induce T-cell
activity and co-stimulatory molecules, and finally tumor suppression.
Exosomes-based vaccines possess an increased safety and improved half-
life in blood circulation in comparison with other vaccines [4,5]. A va-
riety of cells such as lymphocytes, mesenchymal stem cells (MSCs),
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macrophages, dendritic cells (DCs) and tumor cells release exosomes
with different contents. Exosomes are small membrane vesicles (30-150
nm in diameter) harboring cytoplasmic proteins (heat shock protein 70
(Hsp70) and Hsp90), cytoskeletal proteins (tubulin and actin), mem-
brane fusion proteins (Rab GTPases) and membrane-associated proteins
(CD9, CD81 and CD63) [6-8]. It was reported that exosomes secreted
from immune cells are immunogenic and can elicit effective immune
responses [9]. For instance, macrophages-derived exosomes carrying
Mycobacterium tuberculosis antigens could induce the secretion of
antigen-specific IFN-y and interleukin 2 (IL-2) [10]. Moreover, exosomes
released from DCs have been used as an effective immunotherapy
approach due to stability, safety, high biocompatibility, and contents (e.
g, immune regulatory molecules) [11]. Antigen-pulsed DEXs could
stimulate stronger antigen-specific immunity than microvesicles in vivo
[12-14]. DEXs could also induce activation and proliferation of natural
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killer (NK) cells by establishing interaction of the NKG2D ligand on
DEXs with NKG2D receptors on the membrane of NK cells [15]. On the
other hand, exosomes secreted by virus-infected cells (e.g., Influenza
virus-infected cells in mice) could induce the secretion of cytokines and
chemokines due to delivery of viral proteins and RNAs [16,17]. The
studies showed that exosomes carrying the spike protein of SARS-CoV-2
elicited virus-specific neutralizing antibody titers [18,19]. Gould et al.
proposed the “Trojan exosome” hypothesis because of the evolutionary
similarity in biogenesis and transmission approaches between viruses
and exosomes. This subject suggests the use of exosomes in vaccine
design against viral infections (e.g, HIV, Ebola, influenza, hepatitis B
and C viruses (HBV and HCV)) [20,21]. For example, the designed
exosomes-based vaccines including Gp120-Texo or Gag-Texo (i.e., DEXs
derived from DCs transfected with an adenoviral vector expressing en-
velope glycoprotein 120 (Gp120) or Gag) could activate antigen-specific
cytotoxic T lymphocytes (CTLs) against HIV-1-infected cells in mice and
animal models of chronic infection [22-24]. All studies indicated that
the immunogenicity of exosomes depends on the amount and quality of
antigens loaded in exosomes. Thus, new approaches are required to
enhance the immunogenicity and therapeutic effects of exosomes-based
vaccines [25]. Among HIV-1 proteins, Nef protein plays main roles in the
survival of infected cells and vesicular trafficking [26]. It was reported
that the mutant Nef protein (Nef™") can be highly incorporated in
exosomes. The Nef™ protein maintained the immunogenicity of wild
type Nef, while lost its functions such as down-regulation of CD4™ T cell
and MHC class I, and enhancement of virus infectivity [25]. Moreover,
the efficiency of Nef™ protein in exosomes was not significantly
changed after linkage to the N-terminal region of foreign proteins (e.g.,
human papillomavirus (HPV)-16 E7) [25]. On the other hand, exosomes
carry heat shock proteins such as Hsp20, Hsp27, Hsp70 and Hsp90
involved in antigen presentation, DC maturation, and translocation of
NF-kf into the nucleus. The release of Hsp70 from human peripheral
blood mononuclear cells (PBMCs) under natural and stress conditions
showed immunogenic properties. The reports demonstrated the immu-
nogenicity of exosomes may be related to the presence of Hsp70 and
many main proteins for generation of immune responses (e.g., MHC-I,
MHC-II, CD81, CD86 and CD11b) [27-30].

Up to now, different vaccines were designed based on the HIV-1
structural proteins (e.g, Env or Gag). Most of them couldn’t signifi-
cantly prevent the infection in non-human primate (NHP) models. To
overcome these challenges, HIV-1 vaccines were developed based on the
regulatory or accessory viral proteins (e.g., Tat/Rev./Nef) [31]. The viral
Tat protein is an early regulatory protein with a variable length encoded
by two exons (86-104 aa) [32]. Tat protein is highly conserved in the
first 58 aa of exon 1 which plays a major role in the Tat transactivation
activity [33,34]. In the current study, two engineered exosomes
harboring the Nef™"-Tat fusion protein (Exo-Nef™'-Tat) and Hsp70
(Exo-Hsp70) were generated from mice bone marrow-derived DCs
transduced with the lentivirions harboring the Nef™.Tat protein or
Hsp70 in vitro. After characterization of the engineered exosomes, in
vitro cytokine secretion (IFN-y, TNF-a, and IL-10) was assessed by
exposure of mice DCs and splenocytes (/ lymphocytes) to these exo-
somes. Moreover, exosomes-pulsed DCs were incubated with spleno-
cytes (DCs + splenocytes) for evaluation of cytokine secretion in vitro.
Then, mice immunization was performed by two main vaccination
strategies including engineered exosomes-based vaccine constructs, and
modified dendritic cells-based vaccine constructs. The humoral and
cellular immune responses were evaluated using these vaccine con-
structs in mice. Finally, the pooled splenocytes isolated from each group
were exposed to single-cycle replicable (SCR) HIV-1 for evaluating the
secretion of cytokines in vitro. General overview of this study was shown
in Graphical Abstract (as supplementary material).
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2. Materials and methods
2.1. Construction of the recombinant plasmids

At first, the full length of human heat shock protein 70 kDa (HspA1A,
Accession No: UniProtKB-PODMV8), HIV-1 Nef (pNL4.3 vector, Acces-
sion No: AF324493.2) and HIV-1 Tat (pNL4.3 vector, Accession No:
AF324493.2) were retrieved from the NCBI database. The mutations
were considered in three nucleotides of Nef gene sequence containing
G3C, V153L and E177G entitled as Nef™ [25]. The gene sequences of
Nef™".Tat (i.e., Nef™ linked to the exon I of Tat) and Hsp70 were
designed in different vectors using SnapGene software, and synthesized
in pUC57 cloning vector by GeneScript company. Then, for generation
of pCDH-Hsp70 and pCDH-Nef™'Tat, the Hsp70 and Nef™Tat
transgenes were subcloned from pUC57 vector into the pCDH-CMV-
MCS-EF1-copGFP-T2A-Puro (CD513B-1) eukaryotic expression vector
using Nhel/BamHI and Nhel/Notl restriction enzymes (Fermentas, Ger-
many), respectively. Also, for construction of pEGFP-Hsp70 and pEGFP-
Nef™.Tat, the Hsp70 and Nef™'-Tat gene fragments were subcloned
into the pEGFP-N3 eukaryotic expression vector using Nhel/Sall re-
striction enzymes (Fermentas, Germany). All recombinant vectors
(pCDH-Hsp70, pCDH-Nef™"-Tat, pEGFP-Hsp70 and pEGFP-Nef™ " Tat)
along with the psPAX2 (Plasmid #12260) and pMD2.G (Plasmid
#12259) vectors (helper plasmids) for virion construction were pre-
pared in large scale using an endotoxin-free plasmid DNA extraction
Giga kit (Qiagen, Germany). Finally, the purity and concentration of
DNA constructs were determined by NanoDrop Spectrophotometry.

2.2. Gene delivery of the recombinant vectors in mouse bone marrow-
derived DCs

Gene delivery (/ transfection) in DCs was performed by two methods:
a) electroporation using pEGFP-N3, pEGFP-Hsp70 and pEGFP-Nef™ "
Tat; and b) lentiviral vectors using pCDH, pCDH-Hsp70 and pCDH-
Nef™.Tat. The goal of this study was to determine the most efficient
delivery method with the highest protein expression.

2.3. Gene delivery in DCs using electroporation

Murine DCs were isolated from bone marrow according to the opti-
mized protocol [35]. This study was approved by the Ethical Committee
of Pasteur Institute of Iran with the code number of IR.PIL
REC.1400.026. BALB/c mice (male, 5-7-week-old) were provided from
Pasteur Institute of Iran. After anesthetizing with ketamine (50 mg/kg)
and xylazine (10 mg/kg), the mice were sacrificed and immersed in 70
% ethanol. Briefly, bone marrow was flushed from the bone cavity of
tibias and femurs of male BALB/c mice. ACK lysis buffer (composed of
NH4Cl, KHCO3 and NayEDTA; pH = 7.2, Sigma, Germany) was used to
deplete erythrocytes. Then, the cells were cultured in complete medium
(i.e., RPMI 1640 (Sigma, Germany) containing 20 % fetal bovine serum
(FBS, Gibco, Germany), 3 % Penicillin-Streptomycin antibiotic (Sigma,
Germany)) for 48 h to remove adherent macrophages. After that, non-
adherent cells were cultured in culture medium containing 20 ng/mL
of murine granulocyte-macrophage colony-stimulating factor (mGM-
CSF; Pepro-Tech, Rocky Hill, USA) and 10 ng/mL of murine interleukin-
4 (IL-4) (Pepro-Tech, Rocky Hill, USA). Culture medium was changed
every 2 days, and cells were harvested on day 5. Immature DCs were
stained to analyze surface expression of the DC markers including
CD11c, MHC-II, CD86, CD40 and CD83 using FACScan Flow Cytometer
(Becton Dickinson). The expression levels of CD11c, CD86, CD40, MHC-
II and CD83 in immature DCs were 78.2 %, 52 %, 36 %, 61 % and 17.8
%, respectively. After DC isolation, the immature DCs were harvested,
and centrifuged at 1200 rpm for 5 min. The cells were resuspended in
200 L of different buffers at a density of 2 x 10° cells and added to the
cuvettes after mixing with two concentrations (10 pg and 2 pg) of the
plasmid DNA (i.e., pEGFP-Hsp70, pEGFP-Nef™ Tat and pEGFP-N3).
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The effects of voltage, number of pulses, concentration of plasmid and
type of buffer were evaluated in ten experiments to determine the best
transfection efficiency (Table 1) based on the published reports [36,37].
The electroporation was performed using Gene Pulser II Electroporation
System (Bio-Rad, Richmond, CA). Then, the transfected DCs were
diluted in 2 mL RPMI 1640 supplemented with 10 % FBS and Penicillin
(100 U/ mL)/Streptomycin (0.1 mg/mL), and transferred into a 12-well
plate. Finally, the cells were incubated in a humidifed 5 % CO5 incubator
at 37 °C for 48 h. Transfection efficiency was investigated using flow
cytometry (Partec, Germany) and fluorescent microscopy.

2.4. Gene delivery in mouse bone marrow-derived DCs using lentiviral
vector

This experiment includes four steps as described in below: Cell cul-
ture, Production and titration of lentivirions, Transduction of DCs by
lentiviral particles, and Evaluation of cytotoxic effects of polybrene for
transduction of dendritic cells.

2.5. Cell culture

The Lenti-X™ 293 T cell line (provided from the cell bank of Pasteur
Institute of Iran) was grown in Dulbecco’s Modified Eagle’s Medium
(DMEM; Gibco, Germany) supplemented with 10 % FBS and 1 %
Penicillin-Streptomycin antibiotic. The cells were seeded at a density of
4 x 10° cells in 6-well plate 24 h prior to transfection, and incubated
under standard cell culture conditions (37 °C, 5 % CO,, humidified air)
for achieving approximately 70 %-80 % confluency.

2.6. Production and titration of lentivirions

For production of lentiviral particles (LVs), the lentiviral vectors
containing transgenes (2 pg pCDH-Nef™'.Tat & pCDH-Hsp70) and
without transgene) pCDH as a positive control(were co-transfected with
PpSPAX2 (1.5 pg) and pMD2.G (0.5 pg) into Lenti-X™ 293 T cells in a 6-
well plate using TurboFect reagent (Fermentas, Germany) according to
the manufacturer’s protocol. The transfection efficiency was evaluated
by flow cytometry and fluorescent microscopy at 24 h after transfection.
Then, the cell supernatants were harvested at 48 and 72 h post-
transfection, and were filtered through a 0.45 pm filter. After that,
viral supernatants were concentrated by high speed centrifuge at 45000
g for 3 h. The concentrated supernatants were placed on a rocker at 4 °C
for 24 h, and used for lentiviral titration. Briefly, a 12-well culture plate
was seeded with HEK-293 T cells (1 x 10° cells/well; provided from the
National Cell Bank, Pasteur Institute of Iran) in complete RPMI medium
supplemented with 10 % FBS. After 24 h, the cells were harvested by
trypsin and counted (350 x 103) to seed in the wells. The culture

Table 1
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medium was removed from each well, and 100 pL of 5-fold serial dilu-
tion of viral stock (the concentrated viral supernatants) was added to
each well. Then, after 4-6 h, RPMI medium with 10 % FBS and 1 %
Penicillin-Streptomycin antibiotic was added to each well. Finally, the
percentage of transduced cells was determined by flow cytometry after
72 h. The following formula was used to determine viral titration: T =
(N)*(D)*(P)/ (V) [T: Titer (Unit/mL), P: Percentage of GFP positive cells,
N: Number of cells, D: Dilution factor, V: Volume of virion solution]. In
addition, for detection of the presence, size and morphology of lentiviral
particles, the transmission electron microscopy (TEM) was used.

2.7. Transduction of DCs by lentiviral particles

Murine DCs were generated as mentioned in the previous section.
Then, 5 x 10° cells were seeded in a non-treated 24-well plate and
transduced with the recombinant lentivirions (MOI: 20) harboring
Nef™.Tat, Hsp70 and green fluorescent protein (GFP; without trans-
gene) using 8 pg/mL polybrene reagent (Solarbio; contributing to len-
tivirion integration) according to the manufacturer’s protocol. The
cytotoxic effects of polybrene alone and combined with LVs on DCs were
described in the next section. The infected cells were incubated in
serum-free medium. Then, three hours after the cell transduction, the
complete medium was added and incubated for 24 h at 37 °C in a hu-
midified, 5 % CO. incubator. Next, medium was replaced with the pre-
warmed exosome depleted complete medium (Thermo Fisher Scientific,
UK) in the presence of 20 ng/ mL murine GM-CSF and 10 ng/ mL murine
IL-4 cytokine. Finally, the transduction efficiency was investigated using
fluorescent microscopy and flow cytometry at 48 h post-transduction.

2.8. Evaluation of cytotoxic effects of polybrene for transduction of
dendritic cells

Polybrene is a cationic polymer that improved the transduction ef-
ficiency of lentiviral particles in DCs in vitro. It has a neutralizing effect
on negatively charged viral particles which facilitates their attachment
and entry into DC cells. However, some cells are sensitive to polybrene,
thus its cytotoxicity should be determined to improve cell transduction.
At first, a serial dilution of the polybrene in incomplete RPMI medium
was provided. Then, half of the polybrene solution was mixed with the
lentiviral particles. Finally, the cytotoxic effects of polybrene alone and
polybrene-LVs mixtures were evaluated on dendritic cells (5 x 104
seeded in a non-treated 96-well plate using MTT (3-(4, 5-dimethylthia-
zolyl-2)-2, 5 diphenyltetrazolium bromide, Sigma, Germany) for 24 h.
Three formulations include: 1) different concentrations of polybrene, 2)
different concentrations of polybrene along with different MOI of LVs
added to each well, and 3) incubation of different concentrations of
polybrene with different MOI of LVs for 2 h followed by the addition to

Optimization of gene delivery in DCs using electroporation under different conditions.

Voltage DNA Number of pulse Pulse length
Program Number of cells Plasmid Concentration Type of buffer

1 300 V 2 x 10° PEGFP-Hsp70, pEGFP-Nef™!Tat, pEGFP-N3 2 g RPMI* 1 5 ms

2 300V 2 x 10° PEGFP-Hsp70, pEGFP-Nef™.Tat, pEGFP-N3 2ug RPMI 1 5 ms

3 300V 2 x 10° pEGFP-Hsp70, pEGFP-Nef™"-Tat, pEGFP-N3 2 g RPMI 1 1 ms

4 1300 V 2 x 10° PEGFP-Hsp70, pEGFP-Nef™!Tat, pEGFP-N3 2 g RPMI 2 1 ms

5 1300 V 2 x 10° PEGFP-Hsp70, pEGFP-Nef™"-Tat, pEGFP-N3 10 pg Buffer 1** 2 100 ps

6 600 V 2 x 108 PEGFP-Hsp70, pEGFP-Nef™"-Tat, pEGFP-N3 10 pg Buffer 1 1 5 ms

7 1300 V 2 x 10° pEGFP-Hsp70, pEGFP-Nef™"-Tat, pEGFP-N3 10 pg Buffer 27" 2 100 ps

8 600 V 2 x 10° PEGFP-Hsp70, pEGFP-Nef™"-Tat, pEGFP-N3 10 pg Buffer 2 2 5 ms

9 600 Vfollowed ;06 PEGFP-Hsp70, pEGFP-Nef™..Tat, pEGFP-N3 10 g Buffer 2 2 5 ms followed
by 1300 V ’ ’ by 100 ps

10 ii%%gé"uowed 2 x 105 PEGFP-Hsp70, pEGFP-Nef™..Tat, pEGFP-N3 10 pg Buffer 2 2 13;5“;2011"“‘1

*

RPMI: Incomplete medium (without FBS).

“* Buffer 1: Standard isoosmolar electroporation medium: KH;PO,4/KoHPO,4 (10 mM) + MgCl, (1 mM) + Sucrose (250 mM) with pH = 7.2
" Buffer 2: Standard isoosmolar electroporation medium +20 % v/v incomplete RPML
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each well (Table 2). The control sample contains un-treated DCs.
2.9. Isolation of DCs-derived engineered exosomes

Due to higher efficiency of DC transduction using lentiviral particles
compared to electroporation, exosomes were isolated from DCs trans-
duced with different lentivirions (Lenti-Nef™Tat, Lenti-Hsp70 and
Lenti-GFP) at 72 h post-transduction. Moreover, exosomes were
extracted from untransduced DCs. DCs-derived exosomes were isolated
from the cell supernatants using ExoQuick-TC kit (System Biosciences)
according to the manufacturer’s protocol. After isolation, four solutions
containing 4 types of pure exosomes were obtained and stored at
—80 °C, named as empty exosome (Exo; DCs-derived exosomes),
exosome-GFP (Exo-GFP; exosomes isolated from Lenti-GFP-transduced
DCs), exosome-Hsp70 (Exo-Hsp70; exosomes isolated from Lenti-
Hsp70-transduced DCs), and exosome-Nef™"-Tat (Exo-Nef™"-Tat; exo-
somes isolated from Lenti-Nef™-Tat-transduced DCs). The total protein
concentration of isolated exosomes was assessed using a bicinchoninic
acid (BCA) protein assay kit (Thermo Fisher Scientific, USA) according
to the manufacturer’s instructions.

2.10. Characterization of DCs-derived exosomes

The size and morphology of the isolated exosomes were determined
by transmission electron microscopy (TEM) using negative staining
(LEO 906; Germany) at 100 kV. In addition, scanning electron micro-
scopy (SEM, FEIESEM QUANTA 200-EDAX SILICON DRIFT) was used to
detect the presence and surface morphology of the isolated exosomes.
Zeta potential (surface charge) of exosomes was determined by Zetasizer
(Nano ZS3600, Malvern Instruments, UK). On the other hand, western
blotting was performed to identify exosomes through detection of CD63
and CD9 markers, and proteins loaded in exosomes (i.e., GFP, Nef ™.Tat
and Hsp70). The anti-mouse CD63 monoclonal antibody (Abcam, USA;
1:1000 v/v), anti-mouse CD9 monoclonal antibody (Abcam, 1:500 v/v),
anti-Nef monoclonal antibody (Abcam, 1:1000 v/v), anti-Hsp70 mono-
clonal antibody (Abcam, 1:1000 v/v), and anti-GFP polyclonal antibody
(Abcam, 1:5000 v/v) were used to react with the proteins transferred to
nitrocellulose membranes. All antibodies were conjugated to horse-
radish peroxidase (HRP); thus DAB (3, 3-diaminobenzidine)/ hydrogen
peroxide solution (Sigma, Germany) was used to detect the protein
bands.

2.11. Preparation of the recombinant proteins

The recombinant (r) Nef™-Tat protein and rHsp70 were previously
prepared by our group (Depertment of Hepatitis and AIDS, Pasteur
Institute of Iran, unpublished data). Herein, their expression was per-
formed in large scale using isopropyl thiogalactopyranoside (IPTG;
Sigma, Germany) inducer in the E. coli Rosetta (Nef™"'-Tat protein) and
BL21 (Hsp70) strains. They were produced in 16-18 h post-induction at
37 °C. The recombinant Nef™-Tat (~ 35 kDa) and Hsp70 (~70 kDa)
proteins were purified by affinity chromatography using Ni-NTA column
under denaturing and native conditions according to Qiagen protocol,
respectively and confirmed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) technique. The purified proteins were

Table 2
Different formulations of polybrene for evaluation of its cytotoxicity on den-
dritic cells.

Formulation  Concentration of polybrene/ MOI of LVs
1 8 pg/mL/ 4 pg/mL/ 2 ug/mL/ 1 pug/mL/
MOI =0 MOI = 0 MOI = 0 MOI = 0
2 8 pg/mL/ 4 pg/mL/ 2 pg/mL/ 1 pg/mL/
MOI = 20 MOI =10 MOI =5 MOI = 2.5
3 8 ug/mL/ 4 ug/mL/ 2 ug/mL/ 1 pg/mL/
MOI = 20 MOI = 10 MOI = 5 MOI = 2.5

International Journal of Biological Macromolecules 270 (2024) 132236

dialyzed against phosphate buffered saline 1 x (PBS1X), and assessed by
NanoDrop spectrophotometry.

2.12. Invitro cytokine assay for evaluating potential immunostimulatory
effects of exosomes

The immunostimulatory effects of engineered exosomes (Exo-Hsp70,
Exo-Nef™".Tat and Exo-GFP), and also rNef™.-Tat protein were eval-
uated on mouse bone marrow-derived DCs and mouse splenocytes (or
lymphocytes) isolated from naive BALB/c mice (male, 5-7-week-old)
using in vitro cytokine assay (i.e., IFN-y, TNF-a, and IL-10). Moreover,
mouse DCs pulsed with antigenic protein (rNef™!-Tat protein) and
engineered exosomes were co-cultured with splenocytes, and the
secretion of cytokines was investigated in vitro. The un-treated cells (DCs
or splenocytes) were considered as control groups. Briefly, the immu-
nostimulatory effects of exosomes or recombinant protein on acceptor
DCs were investigated by incubating 10 pg exosomes or protein with 1 x
10° DCs. The morphological change was checked in the cells, and the
culture supernatant was analyzed for cytokine secretion at 72 h post-
incubation using a sandwich-based ELISA kit (Mabtech, Swedish
Biotech Company) according to the manufacturer’s instructions. More-
over, mouse splenocytes were investigated by incubating 10 pg exo-
somes or protein with 10 x 10° red blood cell depleted-splenocytes
followed by harvesting on day 3 and measuring levels of cytokines
using sandwich-based ELISA. On the other hand, exosomes/ protein-
pulsed DCs (in 24 h) were cocultured in triplicates with splenocytes in
a 96-well culture plate at a ratio of 1: 10 (number of cells: 1 x 10° DCs:
10 x 10° splenocytes) [38-40]. After 72 h, the secretion of cytokines
was assessed by sandwich-based ELISA.

2.13. Mice immunization

Five to seven week old inbred BALB/c female mice were purchased
from the breeding stocks maintained at Pasteur Institute of Iran. Five
mice in each group were considered and immunized subcutaneously at
the footpad with different formulations containing engineered exosomes
(Exo-Nef ™"“.Tat, Exo-Hsp70, Exo-GFP), transduced DCs (DC-Nef ™t
Tat, DC-Hsp70, DC-GFP), and the recombinant Nef ™ -Tat protein (rNef
mutT4t) emulsified in Montanide 720 (Seppic S.A., France) at ratio of 30:
70 v/v (protein: adjuvant). The unmodified (or empty) DCs and exo-
somes (Exo), and PBS 1x were used as control groups (Table 3). All
experimental procedures were in accordance with the Animal Care and
Use Protocol of Pasteur Institute of Iran (national guideline) for scien-
tific purposes (Ethics code: IR.PI.REC.1400.026; Approval Date: 2021-
06-07). Immunization was performed three times with a 2-week

Table 3
Immunization program in mice.
Group  Formulations First injection Second Third
(Prime: Day 0)  injection injection
(Booster 1: (Booster 2:
Day 14) Day 28)
Gl DC-GFP 5 x 10° cells 5 x 10° cells 5 x 10° cells
G2 Exo-GFP 10 pg 10 pg 10 pg
G3 DC-Nef™".Tat 5 x 10° cells 5 x 10 cells 5 x 10° cells
G4 Exo-Nef™"-Tat 10 pg 10 pg 10 pg
G5 Nef™".Tat protein 10 pg 10 pg 10 pg
G6 + Montanide 5 x 10° cells 5 x 10° cells 5 x 10° cells
G7 DC-Hsp70 10 pg 10 pg 10 pg

5 x 10° cells
+5 x 10° cells

5 x 10° cells
+5 x 10° cells

5 x 10°cells
+5x10°

G8 Exo-Hsp70
G9 DC-Nef™"-Tat +

G10  DC-Hsp70 cells 10 pg + 10 pg 10 pg +10 pg
G11  Exo-Nef™'-Tat + 10ug +10pg 10 pg 10 pg
G12  Exo-HSP70 10 pg 40 pL 40 pL
Empty Exosome 40 pL 5 x 10° cells 5 x 10° cells
(Exo) 5 x 10° cells
PBS

Empty DC (DC)
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interval (Days 0, 14 & 28). The well-being of the animals was monitored
daily, taking into consideration their appetite level, grooming behavior,
general activity, and hair coat condition. Mice belonging to the same
treatment group were housed together in polycarbonate cages main-
tained under controlled environmental conditions.

2.14. Evaluation of antibody responses in mice sera

The pooled sera were prepared from each group, two weeks after the
second injection and also three weeks after the third injection. The levels
of antigen-specific total IgG and its subclasses (IgG1 and I1gG2a) were
determined in the pooled sera of each group (dilution: 1:100 v/v) using
goat anti-mouse HRP-conjugated antibodies (dilution: 1:10000 v/v;
Sigma, Germany) by indirect ELISA [41,42]. The coated antigens were
rNef™".Tat protein and rHsp70 (~5 pg/mL) diluted in PBS1X. Each
sample was repeated in triplicate, and all results were shown as mean +
SD for each sample. Optical density was determined in 450 nm due to
the use of 3, 3/, 5, 5-tetramethylbenzidine (TMB) as a substrate.

2.15. Cytokine secretion assay

Three weeks after the last immunization, five mice from each group
were sacrificed, and their spleen tissues were dissected. Then, the pooled
splenocytes (2 x 10° cells/ well) without red blood cells (i.e., lysed by
ACK buffer) were cultured in 24-well plates containing complete RPMI-
1640 medium supplemented with 10 % FBS, and re-stimulated with the
recombinant proteins (5 pg/mL of Nef™!-Tat and Hsp70) for 72 h. A
sample of each group without restimualtion with antigens was included
as a negative control. Moreover, concanavalin A (ConA) mitogen was
used as a positive control. Finally, the cell supernatants were collected
and stored in —70 °C. The secretion of IFN-y, TNF-a and IL-10 in su-
pernatants of the cultured splenocytes was assessed by a sandwich-based
ELISA kit (Mabtech, Swedish Biotech Company) according to the man-
ufacturer’s instructions [41,42]. Each assay was repeated in duplicate
and all results were shown as mean + SD for each sample.

2.16. Granzyme B secretion assay

The release of Granzyme B (or CTL activity in vitro) from effector
splenocytes (E) was assessed by ELISA kit. Briefly, SP2/0 target cells
(provided from the National Cell Bank, Pasteur Institute of Iran) were
seeded in triplicate into U-bottomed 96-well plates (2 x 10* cells/well)
for 24 h in the presence of 5 pg/mL of rNef ™ -Tat protein and rHsp70.
The pooled splenocytes of each group were added to the target cells at an
E (splenocytes): T (SP2/0) ratio of 100:1 and co-cultured in RPMI1640
medium supplemented with 10 % heat-inactivated FBS at 37 °C and 5 %
CO5 under humidified conditions. After 6 h incubation, microplates
were centrifuged at 250 g for 6 min at 4 °C, and the supernatants were
harvested. The concentration of Granzyme B in these samples was
measured using an ELISA kit (eBioscience, USA) according to the man-
ufacturer’s instructions [41,42]. Each assay was performed in triplicate.
All results were shown as mean + SD for each sample.

2.17. Construction of SCR HIV-1 and cytokines secretion assay in
infected immune cells

This experiment includes in vitro and in vivo assays as described in
below:

a) Invitro assay: At first, SCR HIV-1 were generated in vitro. In brief, the
HEK 293 T cells were seeded in a 6-well plate, and transfected with
the lipofectamine 2000 transfection reagent (Sigma, Germany; 6
pL)/plasmid (4 pg of psPAX2, pmzNL4-3 and pMD2.G) complex. The
produced virions were isolated from the cell supernatants using high
speed centrifuge (45,000 g, 3 h) after 72 h, assessed by p24 ELISA
assay kit (Cell Biolabs, USA), and stored at —70 °C [41]. Then, the
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immunostimulatory effects of SCR HIV-1 (50 pg of p24 antigen) on
naive mice DCs, splenocytes, and SCR-pulsed DCs co-cultured with
splenocytes were investigated by evaluating the secretion of IFN-y,
TNF-a and IL-10. The morphological change of SCR HIV-1 was
investigated in DCs, as well.

b) In vivo assay: The pooled splenocytes of groups immunized with DC-
Nef ™Ut.Tat, Exo-Nef™ -Tat, DC-Nef™-Tat + DC-HSP70, Exo-Nef-
MUt Tat + Exo-HSP70, Exo and DC (Table 3) were exposed to SCR
HIV-1 (50 pg of p24 antigen) for 72 h. Then, the cell supernatants
were collected to assess the secretion of IFN-y, TNF-a and IL-10 using
a sandwich-based ELISA kit [41]. Each assay was repeated in
duplicate, and all results were shown as mean + SD for each sample.

2.18. Data analysis

The final results were statistically analyzed using one-way ANOVA to
evaluate differences between groups (Prism 9.5.1, GraphPad Software,
USA). Data were indicated as mean =+ standard deviation (SD) for each
group. A p-value <0.05 was statistically considered significant (* p <
0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001; ns: non-significant (p
> 0.05)).

3. Results
3.1. Confirmation of the DNA constructs

The Hsp70 and Nef™"-Tat gene sequences were correctly subcloned
in eukaryotic expression vectors (pCDH-CMV-MCS-EF1-copGFP-T2A-
Puro and pEGFP-N3). The presence of Hsp70 and Nef™"-Tat genes was
confirmed using digestion as a clear band of ~1950 bp and ~ 893 bp
migrated in agarose gel, respectively. The endotoxin-free recombinant
plasmids (pCDH-Hsp70, pCDH-Nef™"-Tat, pEGFP-Hsp70 and pEGFP-
Nef™".Tat) had a concentration range of 2000-2700 ng/pL. The purity
of plasmids was confirmed by the 260: 280 absorption ratios ranged
from 1.8 to 1.9.

3.2. Electro-transfection of the plasmid DNAs into DCs

The immature DCs were electro-transfected with pEGFP-Nef™"".Tat,
PEGFP-Hsp70 and pEGFP-N3. Our results showed significant effects of
voltage, DNA concentration, the number of pulse and buffer type on
transfection efficiency. The programs of 5, 7 and 8 including 1300 V and
600 V versus 300 V, buffers 1 and 2 versus RPMI, 10 pg DNA versus 2 ug
DNA, and 2 pulses versus 1 pulse showed higher DNA delivery than other
conditions. The best transfection efficiency was quantified by flow
cytometry about 19-35 % for the transfected DCs under conditions of
1300V, 2 pulses of 100 ps, 10 pg DNA and buffer 1 (program 5, Table 4).
The fluorescent microscopy images were shown for the best electropo-
ration conditions (program 5), as well (Supplementary Fig. 1).

3.3. Generation of the modified DCs

The lentiviral vectors harboring pCDH-Nef™"‘-Tat, pCDH-Hsp70 and
pCDH were co-transfected with psPAX2 and pMD2.G plasmids (Helper
plasmids) into Lenti-X™ 293 T cells using TurboFect reagent. The
transfection efficiency was evaluated by fluorescent microscopy and
flow cytometry at 24 h post-transfection. The transfection rates (or GFP
positive populations) were 94.25 % + 1.02, 87.1 % + 0.60, and 96.0 %
+ 2.33 for the cells transfected with pCDH-Nef™'-Tat, pCDH-Hsp70 and
PCDH using flow cytometry analysis, respectively. The fluorescent mi-
croscopy images were shown in Supplementary Fig. 2. The supernatants
were harvested at 48 and 72 h post-transfection, and the concentrated
viral supernatants were confirmed by TEM images. The diameter of
Lenti-GFP, Lenti-Nef™"-Tat and Lenti-Hsp70 particles was in a range of
80-100 nm (Supplementary Fig. 3). As observed, two copies of ssRNA
enclosed by a capsid were observed in all lentiviral particles. After
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lentivirions preparation, DCs were infected with them using polybrene
(polybrene mixed with lentiviral particles and incubated for 2 h before
adding to each well). The transduction efficiency was evaluated by
fluorescent microscopy and flow cytometry at 72 h after DC transduction
(Supplementary Fig. 4). The transduction rates (or GFP positive pop-
ulations) in DCs transduced with Lenti-GFP, Lenti-Nef™Tat and Lenti-
Hsp70 were 91.25 % + 1.11, 91.33 % + 0.50 and 90.2 % =+ 1.03,
respectively.

3.4. Cytotoxic effects of polybrene on DCs

The cytotoxic effects of three formulations of polybrene were eval-
uated on DCs using MTT assay in 570 nm by ELISA reader (Fig. 1).
Generally, the results indicated that incubation of polybrene with len-
tivirions for 2 h and then their addition to DCs (formulation 3) increased
cell viability significantly more than polybrene alone (formulation 1)
and also polybrene + lentivirions (formulation 2). Indeed, the cytotoxic
effects were considerably reduced in all polybrene concentrations and
MOI of lentivirions. Moreover, the viability percentage was increased
with the reduction of polybrene concentration and MOI of lentivirions.
We used 8 pg/mL polybrene and MOI of 20 for lentivirions in trans-
duction of DCs based on formulation 3 as described above. Although,
lower amounts of polybrene and lentivirions (MOI) showed more cell
viability; but the percentages of transduction were considerably lower
than 8 pg/mL polybrene and MOI of 20 (62-71 % for 2 pg/mL polybrene
and MOI of 5 versus 90-92 % for 8 pg/mL polybrene and MOI of 20). The
viability rate of the control sample (i.e., un-treated DCs) was 98.53 % +
1.01.

3.5. Characterization and quantitation of exosomes

Isolation and identification of exosomes derived from the modified
DCs were performed using SEM, TEM, DLS and western blotting. The
results of SEM showed that the size of the nanovesicles was in a range of
50-80 nm in diameter. Moreover, ultra-structural analysis of the nano-
vesicles using TEM represented the typical spherical-shaped exosomes
with a bilayer membrane (Fig. 2). The zeta potential (or surface charge)
of exosomes detected by Zetasizer was —14.1 mV, 3.68 mV, 6.08 mV and
3.62 mV for Exo, Exo-GFP, Exo-Nef ™"-Tat and Exo-Hsp70, respectively
(Fig. 3) indicating positive charges of exosomes by the loaded proteins.
It was interesting that the surface charge of Exo-Nef ™" .-Tat was more
positive than Exo-GFP and Exo-Hsp70. On the other hand, western
blotting was performed for detection of exosomal markers and the
loaded proteins. The results showed the clear bands of ~26, ~53, ~35
and ~ 70 kDa for CD9, CD63, Nef ™"Tat and Hsp70, respectively
confirming the correct nature of exosomes (i.e., the presence of CD9 and
CD63), and the proteins loaded in exosomes (i.e., Nef ™""-Tat and Hsp70)
as shown in Supplementary Fig. 5. It should be mentioned that the
empty exosome (Exo) showed a weak band of ~70 kDa for Hsp70 and no
band for Nef™ " -Tat protein. Moreover, the presence of CD9 and CD63
was detected in all exosomes (Exo, Exo-GFP, Exo-Nef ™ .Tat and Exo-
Hsp70) that was shown only once in Supplementary Fig. 5 due to the
similarity of bands and prevention of repetition for each one

Table 4
Electro-transfection of the plasmid DNA into DCs.
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ns mmm Formulation 1
100=y mmm Formulation 2

Formulation 3

80 Un-treated DCs

% viability
2
1

40

20=

Concentration polybrene ug/ml, MOI virion

Fig. 1. The percentage of viability for DCs treated with polybrene (formulation
1), polybrene + LV (formulation 2) and polybrene incubated with LV for 2 h

(formulation 3); ns: non-significant (p > 0.05), ****: p < 0.0001.

individually. The total protein concentration of isolated exosomes was in
a range of 0.5-0.8 pg/pL using BCA protein assay kit.

3.6. Generation of the recombinant proteins in large scale

The recombinant Nef ™-Tat protein (~ 35 kDa) and Hsp70 (~ 70
kDa) were prepared in large scale using affinity chromatography. We
showed their expression and purification in Supplementary Fig. 6. The
recombinant proteins (rNef™'Tat and rHsp70) had a concentration
range of 1.2-1.6 mg/mL.

3.7. Invitro cytokine secretion

The results of cytokines secretion from DCs incubated with different
regimens such as the exosomes (Exo, Exo-GFP, Exo-Hsp70 and Exo-
Nef™‘.Tat) and the rNef™'Tat protein showed a significant TNF-a
response in comparison with other cytokines (i.e., IFN-y and IL-10; p <
0.0001). It was interesting that the rNef™"Tat-exposed DCs (G3) eli-
cited higher levels of IL-10 than other groups (p < 0.0001). All test
groups (G1-G5) effectively enhanced the levels of TNF-a compared to
control group (un-treated DCs, G6, p < 0.0001; Fig. 4A). On the other
hand, high levels of TNF-a were observed in all splenocytes exposed to
different regimens (G1-G5) compared to control group (un-treated
splenocytes, G6, p < 0.0001). The highest levels of IFN-y and IL-10 were
observed in splenocytes exposed to rNef™ -Tat (G3) as compared to
other groups (p < 0.0001; Fig. 4B). Furthermore, interesting results for
secretion of cytokines were obtained from different regimens-pulsed DCs
co-cultured with splenocytes (DCs + splenocytes). As shown in Fig. 4C,
Exo-Nef ™“Tat-pulsed DCs co-cultured with splenocytes (G2) could
induce the highest level of IFN-y as compared to other groups (p < 0.01).

Program Voltage Number of cells Concentration of plasmid DNA

Type of buffer

Number of pulse Pulse length Transfection efficiency

5 1300 V 2 % 10° 10 pg

7 1300 V 2 % 108 10 pg

8 600 V 2 % 10° 10 pg

Buffer 1 2

Buffer 2 2

Buffer 2 2 5 ms

PEGFP-Hsp70 (19.2 %),
PEGFP-Nef™"Tat (32.8 %),
PEGFP-N3 (35.1 %)
PEGFP-Hsp70 (11.5 %),
PEGFP-Nef™"Tat (19.4 %),
PEGFP-N3 (21.2 %)
pEGFP-Hsp70 (7.3 %),
PEGFP-Nef™"Tat (10.8 %),
PEGFP-N3 (12.7 %)

100 ps

100 ps
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A) (B) ©)

Fig. 2. Characterization of Exo-Nef™"Tat (A), Exo-Hsp70 (B) and Exo-GFP (C)
using SEM (above figures) and TEM (below figures) images.

Fig. 3. Surface charge analysis of the nanovesicles using dynamic light scat-
tering (DLS): Exo (A), Exo-GFP (B), Exo-Nef™"-Tat (C), Exo-Hsp70 (D).

The levels of TNF-a and IFN-y were significantly higher in all test groups
(G1-G5) than control group (un-pulsed DCs + splenocytes, G6, p <
0.0001). Generally, this experiment showed induction of cytokines from
DCs and splenocytes isolated from naive mice with different levels. The
morphological changes of DCs occurred after exposure to Exo-Nef™'-Tat
and Exo-Hsp70 as compared to other regimens (e.g., rNef ™" Tat) sug-
gesting possible maturation of DCs (Fig. 4a-c). However, exact results of
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antigen-specific immune responses were obtained from in vivo studies.
3.8. Cytokine secretion in vivo

The results of cytokines secretion from the pooled splenocytes of five
mice in each group after restimulation with rNef™"-Tat protein (Fig. 5A)
showed higher levels of IFN-y in groups receiving DC-Nef™"-Tat (G3),
Exo-Nef™!.-Tat (G4), DC-Nef™"-Tat + DC-Hsp70 (G8), Exo-Nef™"-Tat
+ Exo-HSP70 (G9) as compared to other groups (p < 0.0001). In
contrast, the highest level of TNF-a was detected in group receiving
rNef™ " Tat protein (G5) as compared to other groups (p < 0.0001). The
level of IFN-y was significantly higher in groups immunized with DC-
Nef™'.Tat (G3) and DC-Nef™'Tat + DC-Hsp70 (G8) than groups
immunized with Exo-Nef™-Tat (G4) and Exo-Nef™-Tat + Exo-HSP70
(G9) (p < 0.0001). However, the levels of IFN-y and TNF-a did not show
any significant differences between groups receiving DC-Nef™"-Tat (G3)
and DC-Nef™".Tat + DC-Hsp70 (G8), and also between groups receiving
Exo-Nef™".Tat (G4) and Exo-Nef™"-Tat + Exo-HSP70 (G9) (p > 0.05)
indicating antigen-specific immune responses. Moreover, all test groups
(G1-G9) showed no significant levels of IL-10 in comparison with control
groups (G10-G12; p > 0.05, Fig. 5A). On the other hand, the cytokines
secretion was investigated in the pooled splenocytes after restimulation
with rHsp70 for groups receiving Hsp70 in different formulations
(Fig. 5B). The levels of IFN-y and TNF-a were higher in groups receiving
Hsp70 (G6-G9) than other groups (G3, G4 and control groups; p <
0.0001). Moreover, groups receiving DG-Nef™"-Tat + DGC-Hsp70 (G8)
and Exo-Nef™.Tat + Exo-HSP70 (G9) showed higher levels of IFN-y
and TNF-a than groups receiving DC-Hsp70 (G6) and Exo-Hsp70 (G7),
respectively (p < 0.05; Fig. 5B). Moreover, all test groups (G3, G4 and
G6-G9) showed no significant levels of IL-10 in comparison with control
groups (G10-G12; p > 0.05, Fig. 5B).

3.9. Evaluation of antibody responses

For evaluation of antibody responses, the levels of total IgG and the
relevant subclasses were detected against rNef ™ -Tat coated antigen
using indirect ELISA. As observed in Fig. 6A, the highest levels of total
IgG, IgG1 and IgG2a were observed in groups immunized with rNef™"-
Tat protein (G5) as compared to other groups (p < 0.0001). Moreover,
groups immunized with DC-GFP (G1), Exo-GFP (G2), DC-Hsp70 (G6)
and Exo-Hsp70 (G7) did not show any significant difference with control
groups (G10-G12; p > 0.05) indicating Nef™'-Tat antigen-specific
antibody responses. Also, groups receiving Exo-Nef™'-Tat (G4) and

©)

Concentration (pg/mL)

G2 G3 G4 G5 G6 Gl G2 G3 G4 G5 G6
Groups Groups

Fig. 4. Evaluation of in vitro cytokines secretion from naive mice DCs (A), splenocytes (B) and DCs + splenocytes (C) exposed to different regimens (exosomes and
recombinant protein) using a sandwich ELISA method; Morphological changes of DCs exposed to Exo-Nef™ "-Tat (a), Exo-Hsp70 (b) and rNef ™""-Tat protein (c); All
analyses were performed in duplicate for each sample shown as mean absorbance at 450 nm =+ SD (ns: non-significant; ** p < 0.01; **** p < 0.0001).
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Fig. 5. Evaluation of cytokines secretion in the pooled splenocytes of each group restimulated with rNef™ " -Tat protein (A) and rHsp70 (B) using sandwich-based

ELISA; All analyses were performed in duplicate for each sample shown as mean absorbance at 450 nm =+ SD (ns: non-significant; * p < 0.05; ** p < 0.01; *** p <

0.001; **** p < 0.0001).
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Fig. 6. Evaluation of total IgG, IgG1 and IgG2a secretion against rNef™"-Tat protein (A) and rHsp70 (B) using indirect ELISA: All analyses were performed in
duplicate for each sample shown as mean absorbance at 450 nm =+ SD (ns: non-significant; ** p < 0.01; **** p < 0.0001).

Exo-Nef™"-Tat + Exo-Hsp70 (G9) induced higher total IgG and IgG2a
than groups receiving DC-Nef™"-Tat (G3) and DC-Nef™.Tat + DC-
Hsp70 (G8), respectively (p < 0.01). On the other hand, groups receiving
Exo-Nef™"-Tat + Exo-Hsp70 (G9) and DC-Nef™"-Tat + DC-Hsp70 (G8)
showed higher total IgG and IgG2a than groups receiving Exo-Nef™ " -Tat
(G4) and DC-Nef™.-Tat (G3), respectively indicating the importance of
Hsp70 in stimulation of antibody responses (p < 0.001). The data
showed a mixture of IgGl and IgG2a antibodies induced by groups
receiving Exo-Nef™'-Tat (G4) and DC-Nef™-Tat (G3) alone or along
with Exo-Hsp70 (G9) and DC-Hsp70 (G8) directed more toward IgG2a.
The high ratios of IgG2a to IgG1 showed direction toward Th1 cellular
immunity. On the other hand, the levels of total IgG, IgG1l and IgG2a
were not high in the immunized groups against rHsp70 coated antigen
(Fig. 6B). However, among these groups, the highest levels of IgG1 were
observed in mice immunized with Exo-Hsp70 (G7) and Exo-Nef™"Tat
+ Exo-Hsp70 (G9) against the Hsp70 coated antigen (p < 0.01).

3.10. Evaluation of Granzyme B secretion

Granzyme B secretion was measured in three weeks after the last
injection in each group using ELISA. The data showed that among all the
test groups, groups immunized with DC-Nef™-Tat + DC-Hsp70 (G8)
and Exo-Nef™'.-Tat + Exo-Hsp70 (G9) produced significantly higher
concentrations of Granzyme B than other groups (p < 0.001) in response
to the recombinant Nef™"Tat protein. The Granzyme B secretion was
significantly higher in groups immunized with Exo-Nef™"-Tat (G4) and
Exo-Nef™ "-Tat + Exo-Hsp70 (G9) compared to groups immunized with
DC-Nef™".Tat (G3) and DC-Nef™"-Tat + DC-Hsp70 (G8) in response to
the recombinant Nef™-Tat protein, respectively (p < 0.01; Fig. 7A). On
the other hand, the results of Granzyme B assay indicated that all the test
groups had higher secretion of Granzyme B than control groups (p <
0.0001) in response to the recombinant Hsp70 protein. The data showed
that among all the test groups, groups immunized with DC-Nef™""-Tat +
DC-Hsp70 (G8) and Exo-Nef™!.Tat + Exo-Hsp70 (G9) produced
significantly higher concentration of Granzyme B than other groups (p
< 0.05) in response to the recombinant Hsp70 protein. However, no
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Fig. 7. Evaluation of granzyme B secretion in response to rNef™ " Tat protein
(A) and rHsp70 (B) using sandwich-based ELISA; All analyses were performed
in triplicate for each sample shown as mean absorbance at 450 nm =+ SD (ns:
non-significant; * p < 0.05; ** p < 0.01; **** p < 0.0001).

significant difference in Granzyme B secretion was observed between
exosomes harboring Hsp70 (G7 and G9) and DCs harboring Hsp70
regimens (G6 and G8, p > 0.05; Fig. 7B).

3.11. SCR effects on the secretion of cytokines from splenocytes

At first, we investigated the effects of SCR on the secretion of cyto-
kines from DCs, splenocytes and DCs co-cultured with splenocytes, all
isolated from Naive mice (Fig. 8A). The results of cytokines secretion
from DCs showed high secretion of TNF-a as compared to control group
(untreated DCs; p < 0.0001). Moreover, high levels of IL-10, TNF-a and
IFN-y were detected in splenocytes stimulated with SCR as compared to
control group (unstimulated splenocytes; p < 0.0001). It was interesting
that the level of IL-10 was higher than TNF-a and IFN-y in splenocytes
stimulated with SCR. In SCR-pulsed DCs co-cultured with splenocytes,
the secretion of TNF-o and IFN-y from splenocytes was higher than SCR-
stimulated splenocytes. However, no significant difference was observed
in IL-10 secretion (p > 0.05; Fig. 8A).

After mice immunization, the splenocytes of four groups including
DC-Nef™"-Tat (G3), Exo-Nef™"-Tat (G4), DC-Nef™"-Tat + DC-Hsp70
(G8) and Exo-Nef™".Tat + Exo-Hsp70 (G9) as well as control groups
(G10-G12) were stimulated with SCR in vitro (Fig. 8B). The results
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Fig. 8. Evaluation of IFN-y, TNF-a and IL-10 secretion in the DCs, splenocytes and DCs co-cultured with splenocytes isolated from Naive mice in vitro along with
morphological change of DCs exposed to virions (A), and in splenocytes isolated from immunized mice in vitro (B): All analyses were performed in duplicate for each
sample shown as mean absorbance at 450 nm + SD (ns: non-significant; *** p < 0.001; **** p < 0.0001).

indicated that the secretion of TNF-a and IFN-y was higher than control
groups (G10-G12; p < 0.0001). Moreover, the levels of TNF-o and IFN-y
were higher in groups immunized with exosomes (G4 and G9) than
groups immunized with DCs (G3 and G8; p < 0.001). It was interesting
that the levels of IFN-y were increased in groups receiving exosomes (G4
and G9) and DCs (G3 and G8) as compared to the levels of TNF-a (p <
0.0001). However, no considerable secretion of IL-10 was observed in all
groups as compared to control groups. The highest levels of IFN-y and
TNF-a were detected in group receiving Exo-Nef™-Tat + Exo-Hsp70
(G9) among all groups (Fig. 8B).

4. Discussion

The failure of strategies aimed at eradicating the HIV reservoirs is
mainly related to the decreased expression of viral antigens in latently
infected cells [43-45]. Recent studies have shown promising results of
exosome-based therapy for development of HIV vaccines or diagnostic
purposes [46]. Therapeutic vaccines should elicit strong Thl and CTL
responses to control HIV infection and eliminate infected cells [47]. The
studies indicated that exosomes derived from pathogen-infected cells
contain pathogens-specific antigens which can induce the proliferation
of both CD4" and CD8™ T cells [43,48,49]. Zitvogel et al. showed that
DCs-derived exosomes could induce CD8" T cell-mediated anti-tumor
immune response in mice [48]. Previous studies indicated that small EVs
(i.e., exosomes) induce Thl-type responses, while large EVs stimulate
Th2-type responses [50-52]. For example, exosomes derived from Sal-
monella-infected cells induced a Thl-type response and increased Sal-
monella-specific CD4" T cell responses (i.e., the release of IFN-y, IL-2 or
TNF-a) [50]. Cheng et al. showed that exosomes derived from macro-
phages treated with mycobacterium tuberculosis induced antigen-specific
IFN-y and IL-2-expressing CD4" and CD8" T cells [53,54]. Efforts are
ongoing to evaluate the potential of exosomes-based vaccines against
HIV infection [55]. However, potent and safe delivery of nucleic acids
and proteins is a major issue in clinical settings. Different methods are
utilized to deliver nucleic acids into the cells such as non-viral carriers
(e.g., electroporation and viral vectors). Electroporation was suggested
as an effective, easy and low cost strategy for delivery of different cargos
into the cells in vivo and in vitro [56]. Moreover, lentiviral vectors are
other strong tools for gene delivery. They have some advantages
including the ability to transduce non-dividing cells (e.g., DCs), inte-
gration into the host cell genome for stable gene expression in vitro and
in vivo, effective transduction in different tissues in vivo without toxicity
or immune responses, and high gene delivery efficiency (95-100 %)
[57-62].

Various factors influence the efficacy of electro-transfection
including the number of pulses, intervals between pulses, voltage, cell
type, and composition of electroporation buffer [63-65].

Electroporation buffer is an important factor responsible for cell
viability after electroporation [66]. Thus, electroporation conditions
should be optimized for different cell types. In this study, delivery of
eukaryotic expression vectors harboring pEGFP-N3, pGFP-N3-Nef™.
Tat and pGFP-N3-Hsp70 into mouse bone marrow-derived DCs was
evaluated using electroporation under different conditions. The highest
percentage of electroporation efficiency for DCs (19-35 % with cell
viability of ~80 %) was obtained under conditions of 1300 V, 2 pulses of
100 ps, 10 pg DNA and standard buffer electroporation. Moreover, we
used lentiviral vectors for gene delivery into DCs. Lentiviral particles
(LVs) along with polybrene cationic polymer were used to transduce DCs
after assessing cytotoxicity and finding the best formulation. The per-
centage of transduction efficiency was between 90 % and 92 % with high
viability (~ 90 %). Thus, we used LVs for gene delivery into DCs (i.e.,
preparation of modified DCs: DC-GFP, DC-Nef ™"-Tat, DC-Hsp70), and
subsequently isolation of the engineered exosomes (Exo-GFP, Exo-Nef
mut ot Exo-Hsp70). It was reported that extracellular vesicles (EVs)
such as exosomes are negatively charged under physiological conditions
that allows interaction of EVs with a positively charged molecule such as
protamine to induce EV precipitation from serum, saliva and cell culture
medium without the need for ultracentrifugation [67,68]. In our study,
loading the Nef™"-Tat protein, Hsp70 and GFP in engineered exosomes
was confirmed by western blotting as a clear band of ~35 kDa (Exo-
Nef™".Tat), ~ 70 kDa (Exo-Hsp70) and ~ 27 kDa (Exo-GFP), respec-
tively. Moreover, the results of surface charge of exosomes by zetasizer
showed that Exo-Nef™ -Tat had a more positive surface charge than
empty exosome (Exo) and other engineered exosomes (Exo-GFP and
Exo-Hsp70). The surface charge of DCs-released exosomes is negative
[69,70]; while the Nef™"Tat protein has an overall positive charge
determined by ProtParam (total number of negatively charged residues
(Asp + Glu) was 32, and total number of positively charged residues
(Arg + Lys) was 38). This result strengthens the anchoring of the Nef™"-
Tat mosaic protein by the myristoyl and palmitoyl groups in the exo-
some membrane [25].

Viral infections induce a pro-inflammatory response including
expression of cytokines [71]. Thus, some studies have investigated
cytokine profiles in response to HIV vaccines [72]. For example, Huang
et al. investigated a broad array of cytokines/chemokines produced in T-
cell proliferation supernatants from a therapeutic HIV-1 vaccine clinical
trial [73]. Some cytokines studied in HIV vaccines include IFN-y, TNF-a,
and IL-10. IFN-y is produced by T cells and natural killer cells (NK cells)
in response to viral infections. It has antiviral properties and is impor-
tant for the control of viral replication [74]. Furthermore, the presence
of IFN-stimulated genes such as ISG15, ISG56, MxB, OAS-1, GBP5 and
Viperin with anti-HIV activity was reported in EVs. These genes code
proteins with diverse functions aimed at blocking HIV [44]. On the other
hand, TNF-a pro-inflammatory cytokine is produced by activated T cells
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and macrophages. It plays a role in the immune response to viral in-
fections, and can enhance the activity of other cytokines [74]. Lane et al.
reported that TNF-a could suppress HIV-1 replication in bone marrow
progenitors, blood monocytes and tissue macrophages through
increasing the expression of the CCR5 ligand RANTES, and also
decreasing the surface expression of the HIV-1 receptor CCR5 [75]. On
the other hand, IL-10 anti-inflammatory cytokine is produced by regu-
latory T cells and other immune cells. It plays a role in the modulation of
immune responses, and can suppress the activity of pro-inflammatory
cytokines [74]. Herein, we evaluated the secretion of TNF-a, IFN-y
and IL-10 from DCs, splenocytes (/ T-cells) and the pulsed DCs co-
cultured with splenocytes. DCs have the unique capacity to activate
naive T cells by presenting T cell receptor-specific peptides from exog-
enously acquired antigens bound to MHC molecules [76]. Our results
showed that Naive mouse bone marrow-isolated DCs are capable of
expressing diverse cytokine profiles (IFN-y, TNF-a, and IL-10) after
exposure to exosomes (Exo, Exo-Nef™'.Tat, Exo-GFP, Exo-Hsp70) and
rNef™"Tat protein. The results showed that the Exo-Nef™-Tat, Exo-
GFP and Exo-Hsp70 regimens induced a higher secretion of TNF-u
than IL-10 and IFN-y. As known, immature DCs do not produce IFN-y as
observed in this study. On the other hand, the levels of IFN-y secreted
from splenocytes were increased after co-culturing with DCs exposed to
exosomes and rNef™ -Tat protein. Moreover, the levels of IL-10 were
significantly lower in exosomes-exposed cells than in rNef™!-Tat
protein-exposed cells. Indeed, the secretion of IFN-y and TNF-a from
splenocytes was significantly lower than those from the pulsed DCs-co-
cultured splenocytes. As known, mature T cells travel to tissue and or-
gans in lymph system including spleen and lymph nodes [76]. According
to the previous studies, T cell stimulators such as MHC-I, MHC-II and
CD81 are available on exosome surfaces originating from APCs. The T
stimulatory molecules play a critical role in antigen-specific interaction
between B and T cells [77]. DCs-derived exosomes carry T cell co-
stimulatory molecules (CD81) and T cell receptors on their surface to
activate T-cells [53].

On the other hand, exosomes carry heat shock proteins such as
Hsp20, Hsp27, Hsp70 and Hsp90 [53]. Our results showed that Exo-
Hsp70 could induce higher levels of TNF-a, IFN-y and IL-10 in Naive
mice splenocytes co-cultured with DCs (DCs + splenocytes) as compared
to Exo suggesting higher content of Hsp70 molecules in the engineered
exosomes harboring Hsp70. Our findings confirmed the previous find-
ings that the Hsp70 molecule offers adjuvant properties to exosomes
[53]. Also, no significant difference in the secretion of cytokines from
splenocytes co-cultured with DCs was observed between Exo-GFP and
Exo. These findings suggested that the presence of GFP protein in the
engineered exosomes (Exo-Nef™'-Tat, Exo-Hsp70) did not affect the
results of cytokines secretion (or immunostimulatory properties). Pre-
vious studies also indicated that GFP lacks the ability to locate in exo-
somes [78]. GFP was further used to detect other proteins in exosomes
[21,25].

In the current study, we also evaluated the humoral and cellular
immune responses of Exo-Nef™Tat, Exo-Hsp70, Exo-GFP, Exo and
Nef™'.-Tat mosaic protein in vivo. As reported, the recipient DCs may
interact with DEX through the endosomal pathway, and then the
peptide-MHC complex is transferred to the DC surface membrane for
antigen presentation to T-cell [53,79-81]. Moreover, the recipient DCs
can uptake DEXs by facilitating membrane fusion and retain the peptide-
MHC complex without processing on the DC surface. This mechanism of
indirect antigen presentation was known as cross-dressing [81]. Kul-
karni et al. showed an increased gene expression of the pro-
inflammatory cytokines (IFN-y and TNF-a), and activation of p38/Stat
pathways in T-cells exposed to exosomes derived from HIV-1-infected
DCs [82]. It was reported that DCs-derived exosomes can also activate
NK cells [83]. Furthermore, the previous studies demonstrated that
exosomes present antigens slowly in vivo, and their half-life can vary
depending on various factors [84,85].

Our data showed that the splenocytes of mice immunized with DC-
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Nef™".-Tat, Exo-Nef™'-Tat, DC-Nef™ -Tat + DC-Hsp70, and Exo-Nef-
MU Tat + Exo-Hsp70 regimens after re-stimulation with Nef™'-Tat
mosaic protein produced higher levels of IFN-y than other groups. The
ratios of TNF-a and IFN-y to IL-10 in these groups were significantly
higher than in other groups suggesting induction of Th1 cellular immune
responses. The findings suggest that the balance between pro-
inflammatory and anti-inflammatory cytokines is critical in deter-
mining the effectiveness of immunotherapeutic strategies [25,73,86].
For example, the immunological memory induced by DEXs was
observed in CD4™ T cells of mice treated with ovalbumin (OVA)-pulsed
DEXs which elicited Thl immune response [55,87]. Furthermore, our
results indicated that group immunized with the recombinant Nef™"-
Tat protein (G5) had the highest level of TNF-a and IL-10 among all
groups. However, the secretion of IFN-y and the IFN-y/ IL-10 ratio in
group receiving rNef™ '-Tat protein (G5) were lower than groups
receiving DC-Nef™-Tat (G3), Exo-Nef™"Tat (G4), DC-Nef™"Tat +
DC-Hsp70 (G8), and Exo-Nef™!.Tat + Exo-Hsp70 (G9). Also, groups
immunized with DC-Nef™"-Tat with or without DC-Hsp70 (G3 and G8)
induced a higher level of IFN-y secretion than groups immunized with
Exo-Nef™ " -Tat with or without Exo-Hsp70 (G4 and G9). This result may
be related to surface markers of DCs and more content of Nef™"Tat
protein in DCs. DCs as a common delivery system can control the di-
rection of antigen-specific immune responses. However, DC vaccines are
difficult to ensure standardized production, and lose efficacy over long
periods of storage as compared to exosomes [77,88]. Due to these rea-
sons, exosomes are recently proposed as a promising vaccine candidate.
Our data indicated that group immunized with Exo-Nef ™" -Tat + Exo-
Hsp70 (G9) had a higher level of IFN-y than group immunized with Exo-
Nef™.-Tat (G4) suggesting the adjuvant properties of Exo-Hsp70 as re-
ported by Komarova et al. [30].

In the present study, the highest levels of antibodies (total IgG, IgG1
and IgG2a) against Nef™ .Tat coated antigen was observed in group
immunized with rNef™ -Tat (G5) among all groups such as the engi-
neered exosomes and modified DCs that may be related to more acces-
sibility of free protein to B cells, the effect of Montanide 720 as an
adjuvant, amount of protein, and importantly mechanism of antigen
presentation. Our data showed that mice immunized with DC-Nef™"
Tat + DC-Hsp70 (G8) and Exo-Nef™ " Tat + Exo-Hsp70 (G9) increased
the levels of total IgG and IgG2a in comparison with mice immunized
with DC-Nef™"-Tat (G3) and Exo-Nef™'-Tat (G4), respectively. The
higher presence of Hsp70 in Exo-HSP70 may enhance their ability to
stimulate antibodies by promoting antigen presentation to immune
cells. Moreover, the secretion of total IgG and IgG2a were higher in
groups receiving Exo-Nef™-Tat (G4) and Exo-Nef™ "-Tat + Exo-Hsp70
(G9) than groups receiving DC-Nef™".Tat (G3) and DC-Nef™"-Tat + DC-
Hsp70 (G8). It should be mentioned that the ratio of IgG2a to IgG1 was
significantly high in groups immunized with engineered exosomes (G4
and G9) and modified DCs (G3 and G8) indicating direction of immune
responses toward Th1l immunity. The reports demonstrated that OVA-
Dex helped accumulate the complement factors making the antigen
epitopes more recognizable to B cells and thus inducing stronger I1gG
response. Similar to OVA-Dex, simultaneous pulsing of exosomes
derived from BMDCs (Bone Marrow-derived Dendritic Cells) with aGC
could also amplify the titers of specific antibodies in a mouse model. In
addition, B cells were crucial for the secondary expansion of CD8" T
cells [13,89]. Segura et al. reported that the Dex could carry antigen-
MHC complexes and ICAM1 molecules to B cells, thus promoting the
stimulation of T cell in vitro and in vivo [2]. Qazi et al. showed that
exosomes can provide antigens for B-cell activation, as indicated by the
detection of IgG2a and IFN-y secretion from splenocytes [89]. In vivo
studies using MUC1-Dex constructs have demonstrated high MUCI-
specific IgG antibody titers with promotion of cytokine secretion.
Additionally, CD8" T cells from immunized mice exhibited potent
cytotoxicity against MUC1-positive tumor cells [90]. The studies
established the presence of TNF receptors and ligands along with
interferon-induced transmembrane proteins on exosome surfaces. It was
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hypothesized that these exosomes can influence T and B cells [83,89].
Moreover, viral proteins loaded in EV-based vaccines could indirectly
activate B cells and CD8™ T cells through the cross-presentation of an-
tigen [91]. From the previous findings, it can be concluded that exo-
somes are not only capable of stimulating B cells but also play a role in
altering B cell function. The ratio of IgG2a to IgG1 can provide insights
into the type of immune response, with an increased IgG1/IgG2a ratio
indicating a Th2 type response and an increased IgG2a/IgG1 ratio sug-
gesting a Th1 type response. However, the specific ratio of IgG2a to IgG1
in humoral immunity was not directly addressed in the search results
[92,93].

On the other hand, CD8" cytotoxic T lymphocytes (CTLs) play a
critical role in control of HIV-1 proliferation. Indeed, cellular immunity
plays an important role in controlling the acute phase of infection and
disease progression even in the absence of neutralizing antibodies
[94-96]. Based on previous studies, exosomes engineered by Nef™"
linked to viral proteins (HPV E7) were able to effectively stimulate CTLs
[21,25]. Granzyme B (GrB) is a serine protease that plays a crucial role
in the cytotoxic activity of CTLs and NK cells [97,98]. EVs can be
engineered to display viral antigens and so induce high and specific
CD8™ T cells [87,99]. Herein, the secretion of Granzyme B was signifi-
cantly increased in groups immunized with the Exo-Nef™Tat + Exo-
Hsp70 (G9) as compared to group immunized with the Exo-Nef™"Tat
(G4). The same result was observed in regimens with modified DCs (G3
and G8) indicating the adjuvant effect of Hsp70 in these constructs.
Moreover, the engineered exosomes (G4 and G9) showed higher Gran-
zyme B secretion than modified DCs (G3 and G8). Krupka et al. reported
that the levels of HIV antigen-specific IFN-y and Granzyme B secretion
elicited by immunization with HSPs/HIV protein complexes were
significantly higher than groups immunized with HIV proteins without
HSPs molecules [100]. Among HSPs, Hsp70 was known as an effective
adjuvant in vaccine development studies [12]. Another group reported
that Hsp70 derived from TEXs (exosomes derived from tumor cells)
activates NK cells leading to tumor cell lysis through Granzyme B
secretion [101].

In the recent study, we reported the secretion of cytokines from
splenocytes of immunized mice with engineered exosomes and modified
DCs after exposure to SCR HIV-1. These results showed that unstimu-
lated splenocytes of groups immunized with engineered exosomes (G4
and G9) significantly increased the secretion of IFN-y and TNF-a as
compared to those of groups immunized with modified DCs (G3 and G8).
Moreover, the secretion of IFN-y and TNF-o was higher in groups
receiving Exo-Nef™Tat + Exo-Hsp70 (G9) and DC-Nef™'Tat + DC-
Hsp70 (G8) than Exo-Nef™'Tat (G4) and DC-Nef™ 'Tat (G3) indicating
the immunostimulatory effects of Hsp70 as an adjuvant. Thus, the SCR
HIV-1 could likely stimulate memory T cells indicating the maintenance
of T cell activity in immunized mice.

5. Conclusions

The novelty and importance of this study include: a) Production and
validation of engineered exosomes from DCs transduced with novel
mosaic antigen (Nef™"-Tat) capable of presenting epitopes on the sur-
face of exosomes; b) Evaluation of the role of Hsp70 as an adjuvant in
engineered exosome platform; ¢) Evaluation of the cytotoxic effects of
polybrene on DCs; d) Comparison of electroporation and lentiviral
vectors in gene delivery; e) Comparison of the efficiency of modified DCs
with engineered exosomes in immune stimulation, e) Evaluation of cy-
tokines secretion in vitro and in vivo, and f) Comparison of the efficiency
of modified DCs with engineered exosomes after exposure to SCR HIV-1
in vitro.

In summary, based on the obtained data, the high levels of IgG2a,
IFN-y, TNF-o and Granzyme B secretion were observed in group
receiving Exo-Nef™'Tat + Exo-Hsp70 suggesting induction of cellular
immune response (Thl and CTL activity). Although group receiving DC-
Nef™'Tat + DC-Hsp70 induced higher IFN-y secretion than group
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receiving Exo-Nef™Tat + Exo-Hsp70, but it produced lower levels of
IgG2a and Granzyme B. Moreover, it was important that the highest
levels of IFN-y and TNF-a were detected in splenocytes of mice immu-
nized with Exo-Nef™'Tat + Exo-Hsp70 after exposure to SCR HIV-1.
Although splenocytes of group receiving DC-Nef™'Tat + DC-Hsp70
indicated considerable immune responses before and after exposure to
SCR HIV-1; however, immunity induced by Exo-Nef™Tat + Exo-Hsp70
was higher than other groups as well as safety, long-term storage and
cell-free (virus-free) construct of exosomes. However, further studies are
required to test these constructs in animal models (e.g., macaque).
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijbiomac.2024.132236.
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