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major requires the activation of both TH1
and CD8" T lymphocytes. Because L.
major is an intra-phagosomal parasite, its
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infected macrophages and subsequent

activation of cytotoxic CD8* T lymphocytes.

Methods: Recombinant CPA and CPB of L. major were produced in expression vectors and
purified. Aldehyde functionalized a-AL203 were conjugated to hydrazine-modified CPA/CPB
by a chemical bond was confirmed by Fourier-transform infrared spectroscopy (FTIR). The
High efficient internalization of a-AL203 conjugated CPA/CPB to macrophages was confirmed
using a fluorescence microscope and flowcytometry. Induction of the acidic autophagosome and
LC3 conversion in macrophages was determined by acridine orange (AO) staining and western
blot. Autophagy-activated macrophages were used for CD8" T cell priming. Cytotoxic activity of
the primed CD8* T cell against L. major infected macrophages was measured using apoptosis assay.
Results: a-AL203 conjugated CPA/CPB enhances macrophages antigen uptake and increases
acidic vacuole formation and LC-3I to LC-3II conversion. Co-culture of autophagy-activated
macrophages with CD8* T cells augmented CD8* T cells priming and proliferation more than
in other study groups. These primed CD8* T cells induce significant apoptotic death of L. major
infected macrophages compared with non-primed CD8* T cells.

Conclusion: a-AL203 nanoparticles enhance the cross-presentation of L. major antigens to CD8*
T cells by inducing autophagy. This finding supports the positive role of autophagy and encourages
the use of a-AL203 in vaccine design.

and Tregs in both local and systemic secondary lymphoid

Leishmaniasis is known as a group of globally widespread
parasitic diseases caused by different species of Leishmania,
which is capable of infecting a variety of mammals.'?
In both human and animal models of leishmaniasis,
immunity is predominantly mediated by T lymphocytes.?
Both helper and cytotoxic T cells play a significant role
in the clearance of intracellular parasitic infections and
generating antigen-specific memory T-cell responses to
inhibit the establishment of the same infection after the
second exposure. Post Leishmania exposure, the different
populations of CD4* T cells, including Th1, Th2, Th17,

tissue.*® According to various preclinical and clinical
studies, the predominance of the Th1 population indicates
resistance to leishmaniasis and provides protection.®” The
most important reason is the production of high levels
of interferon-gamma (IFN-y), tumor necrosis factor-a
(TNF-a), and interleukin-2 (IL-2) cytokines, which
activate ROS and nitric oxide-mediated parasite killing
mechanisms.® In contrast, induction of Tregs promoted
latent leishmaniasis by IL-10 production while restricted
exacerbation of infection through inhibiting Th2
development and IL-4 production.>'® The similar dual role
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in Leishmania infection is seen in the Th17 population.
Although most evidence demonstrated the counter-
protective activity of Th17, some evidence confirmed the
therapeutic and protective effect of IL-17 production."
CD8*T cellsareanotherlymphocyte population participant
in the host defense against Leishmania species.’ These
lymphocytes increase innate immune cells' killing activity
by IFN-y secretion and eliminate Leishmania-infected
cells by cytotoxic activity.’? Numerous studies have
shown that the formation of predominant Thl responses
alone is sufficient to overcome leishmaniosis.”” The role of
CD8* T cells becomes prominent when the host immune
system fails to induce an effective Th1 response or the
innate immune cells, including macrophages, neutrophils,
and natural killer (NK) cells, have weak killing activity.'*
However, the protective role for CD8* T cells during
Leishmania infection is still controversial and largely
depends on the infection model.”” In this regard, Uzonna et
al demonstrated that infection with a low dose of L. major
terminated to predominant Th2 immune response and
inhibition of parasite dissemination and disease recovery
depends on CD8* T cell expansion.'® Other experiments
confirmed the protective role of IFN-y production and
Fas dependent cytotoxicity of CD8" T cells in secondary
L. major infection and lesion healing.'”'® According to
evidence, there is a significant correlation between the
recovery of patients with leishmaniasis and the apoptosis
rate of infected macrophages induced by CD8* T cells.?
Based on these results, induction and activation of CD8*
T lymphocytes were targeted for vaccine development
against Leishmania. Vaccination with DNA encoding
LACK antigen, heat-killed Leishmania antigen, and
recombinant Leishmania proteins promoted protective
immune responses mediated by CD8* T-cell."”** Although
cytotoxic T lymphocytes are induced against Leishmania
antigens during natural infection, there are obstacles
to the efficient antigen presentation through MHC-I
pathway. Leishmania enters the antigen-presenting cells
through phagocytosis and is enclosed in a phagosomal
membrane.r Therefore, Leishmania antigens cannot
interact with major histocompatibility complex
(MHC)-I molecules through the classical presentation
of endogenous peptides. Cross-presentation is the main
way to deliver intra-phagosomal antigen to the MHC-I
molecules.> During cross-presentation, Leishmania
proteins are degraded by intra-phagosomal proteases or
escape to the cytosol and convert into antigenic peptides
by immunoproteasomes. In both situations, antigenic
peptides are loaded onto the intra-vacuolar MHC-I in
an unusual place.® Therefore, the cross-presentation
phenomenonis particularly importantin immunity against
Leishmania. So to circumvent this phenomenon, different
species of Leishmania reduce the induction of cytotoxic
T lymphocytes by inhibiting cross-presentation.”* The
Leishmania metalloprotease GP63 cleaves phagosomal
SNAREs, notably vesicle-associated membrane protein

8, and inhibits phagolysosome biogenesis and cross-
presentation.* Also, lipophosphoglycan and GP63 prevent
phagosome acidification and subsequent Leishmania
protein degradation.®* Therefore, enhancing antigens
cross-presentation via MHC-I molecules is particularly
important for optimal CD8* T cells stimulation. In
contrast to cross-presentation, during autophagy,
cytosolic components or organelles are surrounded by the
auto-phagosome, directed to the lysosome, and degraded
by enzymatic digestion.” Autophagy affects the outcome
of immune responses by affecting the development
and function of immune cells.® Different evidence
demonstrated an effective function of autophagy in MHC-
IT cross-presentation of cytosolic antigens and MHC-I
cross-presentation of exogenous antigens.”** Although
the mode of action of autophagy in the cross-presentation
of exogenous antigens to MHC-I is not well understood,
experimental findings suggest that activation of autophagy
in herpes simplex virus-1 infected macrophages, human
cytomegalovirus infected dendritic cells and other
viral infections, plays an important role in CD8" T-cell
priming.*** In addition, induction of cytotoxic T cell
responses by autophagy inducing adjuvants or vaccines
confirmed the direct relation between autophagy and
MHC-I cross-presentation.”> Nano-particles are among
the most important activators and inhibitors of autophagy.
Antigen or drug carrier metallic nanoparticles and their
derivatives, including Au-NPs, C60-NPs, a-Al203-NPs,
FeO-NPs, Si-NPs and Zn-NPs, can stimulate autophagy-
related immune responses while enhancing the entry
of antigen/drugs into the cell.**** This new approach in
immunotherapy has been considered in the treatment
of cancer while neglected in parasitic infections.***” The
present study was designed to evaluate the effectiveness
of using antigen-carrying nanoparticles in activating
cytotoxic CD8* T lymphocytes against L. major infected
macrophages. The alumina nanoparticle was chosen as
the antigen carrier because various studies have confirmed
the potential in delivering antigen to the autophagosome
and modulating autophagy.””** In addition, aluminium
based adjuvants, including aluminium oxide (Al O,), are
safe and non-cytotoxic ingredients of human vaccines.”

Cysteine peptidase A and B (CPA and CPB), as one
of the main virulence factors of L. major and vaccine
candidates, were applied as antigens for conjugation to
alumina.” Different cysteine peptidase vaccines based on
DNA, recombinant, and purified protein immunization
have been designed and used in animal models against
leishmaniasis.*** Although Thl immunity and IFN-y
production were induced post this vaccination, they could
not support an effective protective immunity.*

This research considered enhancing the immune
response against L. major cysteine CPA and CPB by
inducing autophagy in macrophages. To induce autophagy;,
recombinant L. major CPA and CPB conjugated to
a-AL203 nanoparticle using Aldehyde/Hydrazine
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reaction. Then the efficacy of CPA/CPB- a-AL203
entrance to macrophages was assessed. The optimum
amount of CPA/CPB- a-AL203 was used for autophagy
induction in BALB/c peritoneal macrophages. Induction
of autophagy was analyzed in CPA/CPB- a-AL203 treated
macrophages by measuring acidic vacuole formation and
LC3-I/LC3-II conversion using acridine orange (AO)
and western blotting. Autophagy-activated macrophages
were used for CD8" T cell priming. Finally, induction of
CD8* T cell cytotoxic activity against L. major infected
macrophages was determined.

Materials and Methods

Materials

All cell culture media and components were provided
from Gibco, Life Technologies (Paisley, UK). qPCR
SYBER Green master mix was purchased from BioFACT
(Daejeon, Korea), and Taq DNA Polymerase Master
Mix RED was obtained from Ampliqon. Well plates, cell
culture flasks, and pipettes were purchased from SPL
Life Sciences (Pocheon, South Korea).Anti-LC3 antibody
(MAP LC3a/B SC-398822 F2918), Annexin V Apoptosis
Detection Kit PE (eBioscience), CD8" T cell isolation Kkit,
MiniMACS (Miltenyi Biotec Inc cat NO: 130-096-543),
AQO (Invitrogen, USA).

CPA, CPB protein preparation, and conjugation

For this purpose, L. major promastigotes MHRO: IR:
75: ER were isolated from infected BALB/c mice as
described previously.* CPB and CPA coding regions were
amplified using previously designed primers and cloned
in the pET28a expression vector.* After determining the
accuracy of the inserted sequence, pET28a-CPB, and
pET28a-CPA recombinant vectors were introduced into
E. coli BL21 (DE3) and related proteins were purified
by affinity chromatography on a Ni*? resin column. The
eluted rCPA, and rCPB were concentrated with Amicon
and dialyzed against PBS. The eluted proteins were
conjugated to a-AL203 nanoparticles. The size and
morphology of conjugated nanoparticles and proper
conjugation were confirmed using transmission electronic
microscopy (TEM) and Fourier. The method and results
of recombinant protein production and conjugation were
described in detail in the previously published paper.

Detection of acidic vesicular organelles

Peritoneal macrophages from BALB/c mice (Experiments
were carried out according to the instruction of the
laboratory animal ethical commission of Tarbiat
Modares University) were obtained by the peritoneal
lavage technique based on our previous study.* AO
staining was used to determine the acidic vesicular
organelles which increase during autophagy induction.
Briefly, macrophages were cultured at 10° cells per well
of 6 well-plates and allowed to attach by an overnight
incubation and were treated with 3-methyladenine (3-

MA) (10 mM), rapamycin (50 nM ), a-AL203 (100 pg),
a-AL203 conjugated with CPA (100 pg containing 8 ug
CPA protein), a-AL203 conjugated with CPB (100 pg
containing 8 pg CPB protein), CPA (8 ug), CPB protein
(8 ug), for 48 hours. Then the cells were treated with 1
pg/mL AO (Invitrogen, USA) in PBS for 20 minutes.
Red and green fluorescent vesicles were analyzed using a
fluorescence microscope (Zeiss, Germany) and reported
as a percentage of red to green fluorescent ratio by Image]J
software.

Determination of LC3I/LCII conversion by western
blotting

To determine the effect of a-AL203 nanoparticles on
the induction of autophagy in macrophages, conversion
of the unlipidated form of LC3 (LC3-I) into the lipidated
form (LC3-II) was assessed using western blotting.*
Peritoneal macrophages of different experimental groups
were harvested, washed, and treated as mentioned above
experimental groups. After 48h, macrophages were
detached by ice-cold PBS and were centrifuged twice
at 3000 rpm at 4°C. The pellet was suspended in lysis
RIPA buffer at 4°C 5 times and then shifted to 95°C. The
protein concentration of each sample was determined
using BCA Protein Quantification Kit (Parstous Biotech).
10 pug of proteins from each sample were fractionated on
10% SDS-PAGE gels and transferred to nitrocellulose
membrane by western blotting. The membrane was
subjected to an anti-LC3 antibody (MAP LC3a/p SC-
398822 F2918) overnight at 4°C, followed by anti-mouse
IgG-HRP staining for 1 hour at room temperature. Finally,
LC3protein visualization was performed by ECL Kits.

Evaluation of the cytotoxic effect of a-AL203 on
macrophage

To determine the cytotoxic effect of a-AL203 on
macrophage cultures, the impact of different treatments
on macrophage apoptosis and necrosis was assessed. For
this purpose, Annexin V Apoptosis Detection Kit PE
(eBioscience) was used. In brief, 10° macrophages were
treated with a-AL203 (100 pg), a-AL203conjugated
with CPA (100 pg containing 8 pg CPA protein),
a-AL203 conjugated with CPB (100 pg containing 8 ug
CPB protein), CPA (8 pg), CPB protein (8 pg). After 72
hours, the macrophages were washed and resuspended in
the binding buffer (100 pL of calcium buffer containing
10 mM HEPES/NaOH, pH 7.4, 140 mM NaCl, 2.5 mM
CaCl2). Then, annexin-V (5 pl) was added to the cells,
followed by 5 puL 7-AAD. The samples were incubated
for 10 minutes in the dark at 4°C and then subjected to
flowcytometry evaluation.

In vitro naive T CD8+ cells proliferation assay
Naive CD8" T cells (CD,,, CD,*, CD,,") were enriched
to more than 90% purity from the spleen by depletion of

non-target cells using the Naive CD8* T cell isolation kit,
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MiniMACS (Miltenyi Biotec Inc cat NO: 130-096-543).
Non-target cells, including T helper cells, B cells, NK
cells, macrophages, granulocytes, endothelial cells, and
erythroid cells, are magnetically labeled with a cocktail of
biotin-conjugated monoclonal antibodies. Simultaneously,
CD,, microbeads were added to label memory T cells and
their separation. Purified naive CD8" T cells were washed
with PBS and resuspended in PBS containing 1 mM
carboxyfluorescein diacetate succinimidyl ester (CFSE).
* The cell suspension was incubated at 37°C for 10 min
and immediately washed with cold RPMI 1640/10% FCS
before plating. 5x10° macrophages were incubated with
a-AL203conjugated with CPA, a-AL2O3conjugated
with CPB, CPA, and CPB protein for 6 h in the presence
or absence of 3-MA, then washed three times and co-
incubated for 60 hours with 10° CFSE labeled naive CD8*
T cell. The percentages of divided naive CD8* T cells were
determined by flowcytometry analysis. Co-incubated
non-treated macrophages with naive CD8" T cells and
only naive CD8* T cell culture were used as control.

Killing activity of CD8+ T cells on L. major infected
macrophages

For this purpose, 10° macrophages/wells of 6-well plates
were cultured as described previously and were exposed
to the stationary phase promastigotes of L. major in a 1:10
ratio. After one hour, the parasites were removed and
replaced with 10° preactivated CD8* T cells. To produce
activated CD8* T cells, the cells were co-cultured with pre-
treated macrophages with a-AL203 conjugated with CPA,
a-AL203 conjugated with CPB, CPA, and CPB protein.
After 48 hours, activated CD8* T cells were collected and
added to L. major infected macrophages. The percentage
of apoptosis of infected macrophages was measured to
show the killing activity of pre-activated CD8* T. The
experiment was repeated three times. The results were
reported as the mean percentage of apoptosis.

Statistical analysis

All in vitro experiments were repeated three times in
triplicate. The obtained data were reported as mean + SD
and analyzed by SPSS software version 14.0. Statistical
significance was set at the level of P < 0.05.

Results

«-AL203 conjugation increases acidic vesicles

To examine the effect of a-AL203 conjugation on induction
of autophagy, peritoneal macrophages of BALB/c mice

were treated with different forms of a-AL203 conjugates
mentioned in the 2.2 section. As the lysosomotropic dye,
AO gives a green fluorescent colour at physiological PH
but becomes protonated and emits bright red fluorescence
within an acidic environment. So, AO staining was used
to detect the amount of autophagolysosome induction.
For this purpose, the stained specimens were examined
by fluorescence microscopy, and photographs of different
sections of each sample were stored. At least three images
from each experimental group were analyzed by Image]J
software, and the ratio of red to green fluorescent vesicles
was calculated. The mean ratio of red to green fluorescent
vesicles were 0.05, 0.01, 20, 3.25, 1.16, 0.77, and 0.43 for
non-treated, 3-MA, rapamycin, a-AL203, a-AL203+
CPA, a-AL203+ CPB, CPA and CPB groups, respectively
(Fig. 1I). Both visual examination and statistical analysis
of mean ratios show a significant increase (P<0.05)
in the red colour vesicles in rapamycin (50nM, a well-
known inhibitor of the PI3K-mTOR pathway) treated
macrophages as autophagy inducer compared to other
groups (Fig. 1C)."” a-AL203 and 3-MA, which potently
inhibit autophagy-dependent protein degradation and
suppress the formation of autophagosomes, showed the
lowest amount of red vacuoles as the untreated group (Fig.
1A, B, D), Post hoc analysis with ANOVA showed that
although CPA and CPB antigens induce the formation of
autophagosomes (Fig. 1G, H)., their conjugated form with
a-AL203 causes a significant increase (P<0.05) in this
process (Fig. 1E, F; Table 1).

«-AL203 induces the conversion of LC3-I to LC3-11

Following autophagy induction, the unlipidated form of
LC3 (LC3I) is converted to its lapidated form (LC3II),
indicating the formation of autophagosomes. Although
LC3II has more molecular weight than LC3I, it moves
faster on the electrophoresis gel due to its spatial shape. So
measurement of the conversion of LC3I to LC31I represents
autophagy induction. As indicated in Fig. 2A, the LC3I
to LC3II conversion was induced in all experimental
groups compared with non-treated and 3-MA treated
macrophages. Since the amount of protein used in western
blotting was the same for all experimental groups, semi-
quantitative analysis of the bands was done by mean
grey value measurement by Image] software (Fig. 2B).
Statistical analysis of densitometry results demonstrated a
significant increase (P<0.05) in LC3I to LC3II conversion
in the a-AL203+ CPB treated macrophages compared
to other experimental groups. There was no significant

Table 1. Percentage of macrophages that internalized the FITC labeled AL203-CPA/CPB at different concentrations by flowcytometry analysis

Concentration(pg/mL) %Internalization a-AL203-CPA-FITC %Internalization a-AL203-CPB-FITC
1 15% 8%
5 27% 33.3%
10 61% 90.3%
100 95% 94.55%
200 98% 96.7%
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Fig. 1. Fluorescence microscopy of stained peritoneal macrophages with acridine orange/ethidium bromide. Untreated macrophages (A) or macrophages
treated with 3-MA(B), rapamycin (C), a-AL203 (D), a-AL203-CPA (E), a-AL203-CPB (F), CPA (G), CPB(H), for 48 h. This experiment was performed in
triplicate. For each repetition, different microscopic images were prepared and examined. The mean ratio of red/ green fluorescent of experimental groups
was estimated by Imaged software (1). Statistically significant groups were determined using post hoc tests with ANOVA. Star (*) indicates that this group is
statistically different (P < 0.05) from other groups. The star on the bracket shows a statistically significant difference (P < 0.05) between the two comparing

groups.
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Fig. 2. Western blot analysis of LC3 protein expression in the lysate of
macrophages of different experimental groups. Representation of protein
level of LC3l (18 kDa) and LC3Il (16 kDa) bands on a nitrocellulose
membrane by western blotting (A). Densitometry analysis of LC3I/LC3II
level by Imaged software (B). After detection and imaging, the bands only
appeared within the range of 15 kDa and 20 kDa in the blot. Then the
part that included these bands was cropped and examined with ImageJ
software. However, compared with SDS-electrophoresis gel and protein
ladder, the bands that appeared were within the range of 15 kDa and 20
kDa, which are estimated to represent LC3I| and LC3lIl at 16 and 18 kDa,
respectively. To confirm this, two of the SDS- gel electrophoresis images of
the experiment (macrophage extract) (C). This experiment was performed
in triplicate. Statistically significant groups were determined using the
ANOVA test. Star (*) indicates that this group is significantly different (P <
0.05) from 3-MA. Hash (*) indicates that this group is significantly different
(P < 0.05) from Rapamycin.

difference in LC3I/LC3II protein level between rapamycin
and autophagy inducers with a-AL203, CPB, CPA, and
a-AL203+ CPA treated groups. This experiment was
performed in triplicate. Statistically significant (P<0.05)
groups were determined using the ANOVA test.

Apoptosis increases in the presence of «-AL203

The rate of cell death (apoptosis and necrosis) was
assessed using an apoptosis detection kit to evaluate the
cytotoxic effect of different treatments on macrophages.
For this purpose, 72 hours after treatment of macrophages
with previously mentioned stimulators, cells were stained
with annexin-V/7-AAD and analyzed by flow cytometry.
An example of gating of macrophages and annexin-V/7-
AAD positive cell populations is shown in Fig. 3. This
experiment was performed three times, and the mean
results were reported in Fig. 3B. As indicated in the result,
non-treated macrophages represented about 0.06% of
cell death in both apoptosis and necrosis. The increase
in apoptosis and necrosis of other experimental groups,
including macrophages treated with rapamycin, CPA,
CPB, a-AL203-CPA/CPB, was very small and ineffective.
While, the apoptosis rate in macrophages treated with
3-MA and a-AL203 was significantly (P<0.05) increased
by 20% and 6.8%, respectively. The results show that
a-AL203 alone can induce apoptosis in macrophages, but
its cytotoxic effect disappears after conjugation (P<0.05).

Peritoneal  macrophages induce antigen-specific
activation of CD8* T Cells upon uptake of a-AL203-
CPA/CPB in vitro

To evaluate the effect of different treatments on the ability
of macrophages to stimulate CD8* T cells, peritoneal
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macrophages were treated for 6h with different treatments
and then co-cultured for an additional 60 h with CFSE-
labeled naive CD8* T cells. Subsequently, CD8" T
cell proliferation was analyzed by flowcytometry. To
determine the role of autophagy-induced macrophages in
antigen presentation and activation of CD8* T cell, both
autophagy inhibitor (3-MA) and autophagy activator
(rapamycin) were used. To evaluate cell proliferation,
the fluorescent intensity of the cells was first recorded
immediately after being labeled by CFSE. Changes in the
fluorescent intensity of lymphocytes co-cultured with
treated macrophages are compared to the initial position.
According to the obtained results, macrophages treated
with a-AL203-CPA/CPB induced proliferation of naive
CD8" T cells more efficiently than macrophages treated
with a-AL203, CPA, or CPB alone (P<0.05). Post hoc
analysis of obtained results indicated that the presence of
3-MA in the culture of AL203-CPA/CPB, CPA, and CPB
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Fig. 3. Flowcytometry analysis of annexin-v/ 7-AAD expression in
macrophages of different experimental groups. Macrophages were
treated with a-AL,O,, a-AL,0,-CPA/CPB, soluble CPA, CPB, 3-MA, and
rapamycin for 72 h and examined for detection of apoptotic macrophages
using Annexin V-PE apoptosis detection kit. Dot plot analysis represented
the total population of early apoptotic cells (Q1), late apoptotic cells (Q2),
necrotic cells (Q3), and viable cells (Q4) (A). The mean percent of apoptotic
and necrotic macrophages of different experimental groups is shown in
the bar chart (B). This experiment was performed in triplicate. Statistically
significant groups were determined using the ANOVA test. Star (*) indicates
that amount of necrosis in this group is significantly different (P<0.05) from
other groups. Hash (#) indicates that amount of apoptosis in this group is
significantly different (p<0.05) from other groups.

stimulated macrophages reduced significantly (P<0.05)
the proliferation of CD8+ T cells compared with the
non-3MA containing groups. Flow cytometry analysis
of CFSE labeled CD8* T cell stimulated with non-treated
macrophages, and PHA is shown in Fig. 4A. A sample of
the histogram of CFSE labeled CD8" T cell after co-culture
with different antigen primed macrophages is shown in
Fig. 4B. This experiment was performed in triplicate,
and the mean + SD of the percentage of CD8" T cell
proliferation is represented in Fig. 4C.

CD8+ T cells educated with « -AL203-CPA/CPB primed
macrophages induce apoptosis of L. major infected
macrophages

The cytotoxic ability of educated CD8" T cells by
nanoparticle/Ag-loaded macrophages was assessed
by measurement of apoptosis of L. major infected
macrophages. As indicated in Fig. 5, a -AL203 treated
and non-treated macrophages could not affect the
cytotoxic activity of CD8* T cells. Whereas CPA, CPB,
and a-AL203-CPA/CPB treated macrophages induce
a significant (P<0.05) increase in the cytotoxic activity
of CD8" T cells with apoptotic death of 32%, 53%, 74%,
and 90% of L. major infected macrophages, respectively.
The highest cytotoxic activity was observed in CD8* T
cells stimulated with macrophages treated with a-AL203
conjugated CPA or CPB. A decrease in apoptosis induction
by CD8" T cells stimulated with macrophages in the
presence of autophagy inhibitor (3-MA) demonstrated
the role of autophagy in CD8* T cells activation.

Discussion

Induction of a protective immune response against L.
major requires the activation of both Thl and cytotoxic
T lymphocyte populations. Therefore, efficient antigen
presentation is required from both MHC-I and MHC-
II pathways. Because Leishmania is a mandatory
intracellular parasite, it is usually captured, infected,
and removed by phagocytes (such as macrophages)
and lives inside their phagosomes.” As mentioned,
because L. major is an intra-phagosomal parasite, its
antigens do not have access to MHC-I classically. Cross-
presentation of antigens is the cell's strategy to make
intra-phagosomal antigens available to MHC-I and intra-
cytosolic antigens to MHC-IL.¥ As mentioned before,
autophagy facilitates the cross-presentation of antigens
as a cellular hemostatic process. Although autophagy is
the host's natural response to infection-induced stress,
the involvement of pathogens in autophagy as an escape
mechanism necessitates manipulating this process for
infection control. Nanoparticles, including metallic
nanoparticles, are effective tools for inducing or inhibiting
autophagy. In the present study, a-AL203 nanoparticles
were used as Leishmania CPA/CPB antigens carrier and
inducer of autophagy in macrophages as the main host
of L. major. Autophagy-activated macrophages were
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Fig. 4. Flowcytometry analysis of the proliferation of CFSE labeled CD8* T cells. Macrophages were treated with a-AL203, a-AL203-CPA/CPB, soluble
CPA, CPB, 3-MA, and rapamycin for 6 h, then co-cultured with CFSE labeled CD8* T lymphocytes. 60 hours later, lymphocyte proliferation was determined
using CFSE dilution analysis. Histogram analysis of CFSE labeled CD8* T cells at day 0 of CFSE labeling and 48 hours post-PHA stimulation as the positive
control (A & B). Histogram analysis of CFSE labeled CD8* T cells proliferation after 60 hours of co-culturing with differently treated macrophages in the
presence or absence of autophagy inhibitor (3-MA) (C). This experiment was performed in triplicate. The bar chart represented the mean percent of CD8* T
cells proliferation co-cultured with treated macrophages. Statistically significant groups were determined using post hoc tests with ANOVA. Star (*) indicates
that this group is statistically different (P <0.05) from other groups. The star on the bracket shows a statistically significant difference (P <0.05) between the

two comparing groups.

then used to activate CD8* T lymphocytes. Finally, the
apoptosis detection kit measured the cytotoxic activity
of CD8" T cells against L. major infected macrophages.
Recombinant CPA/CPB antigens production and
conjugation to a-AL203 were produced and qualified
according to the previously published paper.** A study by
Li et al showed that a-AL203 nanoparticles effectively
induce autophagy.®® Also, other studies have shown that
alum can induce NLRP3-mediated inflammasome and
IL-1B, which results in an increase in autophagy.*® In
addition, the ability of different concentrations of antigen
and their a-AL203 conjugates to enter the macrophage
was determined in the mentioned paper. The amount of
antigens and a-AL203 that were not toxic to macrophages
and entered efficiently were selected for treatment of
macrophages in the current study. There were no studies on
induction of autophagy by CPA and CPB in macrophages
before this work, but Williams reported their effects
in facilitating effective differentiation in L. Mexicana
through autophagy.*” BALB/c isolated macrophages were
grouped and treated with 3-MA, rapamycin, a-AL203
conjugated with CPA, a-AL203 conjugated with CPB,

CPA, and CPB protein for 48 hours. To evaluate the effect
of treatments on autophagy induction, both AO staining
and LC3 conversion were used. Since the results of both
methods are qualitative, they were semi-quantified with
the help of Image] software for a more detailed evaluation.
The ratios obtained from these two methods were not
the same because the ratio of change in acidic vacuoles
is not necessarily the same as the ratio of change in
LC-3 conversion. Regarding the finding of AO staining,
it should be noted that not all active lysosomal vacuoles
have resulted from autophagy, while LC-3 conversion is
directly related to autophagy.* However, both experiments
confirmed the acidic vacuole formation and significant
changes in LC-3 conversion in rapamycin, CPA/CPB, and
its a-AL203 conjugated form compared to 3-MA and
no-treat groups. It seems that an exaggerated significant
increase in acidic vacuole content in the rapamycin
group is related to vacuolar fragmentation under the
TOR network activation by rapamycin.”® However, both
rapamycin and a-AL203 show the same LC3 conversion
ratio. According to obtained results, both CPA and CPB
antigens can trigger LC3 conversion similar to a-AL203
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Fig. 5. Cytotoxic activity of educated CD8" T cells on L. major infected macrophages. CD8* T lymphocytes were pre-activated with macrophages of different
experimental groups, then co-cultured with L. major infected macrophages in a 10 to 1 ratio. 48 hours later, CD8+ T lymphocytes were removed, and
apoptosis of L. major infected macrophages was determined. This experiment was performed in triplicate. The bar chart represented the mean + SD percent
of apoptosis of infected macrophages. A statistically significant difference (P<0.05) between the two comparing groups was denoted by the star (*). The X-axis
demonstrated different treatments of macrophages that applied for CD8+ T cells priming in the presence or absence of autophagy inhibitor (3-MA).

or rapamycin. Although the mechanism of induction of
autophagy by CPA /CPB antigens is unknown, it may have
promoted the autophagy process through the intervention
in the autophagy pathway or interaction with macrophage
TLR receptors.”’*® Different studies demonstrated the
ability of a-Al203 to induction autophagy. Although
the CPA/CPB conjugated with a-Al203 shows higher
acidic vacuole formation compared with CPA/CPB
alone, the increase in LC3 conversion was only observed
in a-Al203+CPA compared with CPA alone. These
differences indicate that the CPA/CPB antigens target
the autophagy pathway differently from the a-Al203
conjugated form. After confirmation of the autophagy
enhancement in treated macrophages, the effect of these
treatments on macrophage viability was determined using
an apoptosis detection Kkit.

As shown in Fig. 3, a significant apoptotic death was
observed in 3-MA and a-Al203 treated macrophages,
while other treatments had no significant effect on
viability. The increase in apoptosis in the presence of the
3-MA seems to be due to the lack of a pro-survival role of
autophagy and the loss of inhibition from the apoptotic
pathway.>* Regarding the toxicity of a-Al203, several
studies have shown the effect of a-Al203 on apoptosis
and necrosis of cells in size and concentration-dependent
manner.” Finally, autophagy-activated macrophages co-
cultured with CD8' T cells. According to the flowcytometry
analysis of CFSE labeled CD8* T cells, a-Al203, CPA,
CPB, a-Al203+CPA, and a-Al203+CPB stimulated
CD8" T cells priming and proliferation. The higher
CD8' T cells priming ability is related to a-Al203+CPA
and a-Al203+CPB treated macrophages, indicating the
higher enhancement of MHC-I antigen presentation
compared with CPA or CPB alone.*® As expected from the
LC3 conversion results, CPA/CPB treatment alone could
induce MHC-I antigen presentation and CD8" T cells
priming. In all experimental groups, the amount of CD8*
T cell proliferation showed a significant reduction in the
presence of 3-MA as an autophagy inhibitor.

However, the CD8" T cell proliferation in the presence of
3-MA never stopped. This finding suggests that the applied
treatments used different ways to enhance antigen cross-
presentation, including autophagy.” The killing activity of
CD8* T cells against L. major infected macrophages can be
mediated by granule-dependent cytotoxicity or Fas-FasL
interaction. The result of both Fas-FasL interaction and
perforin-granzyme B secretion terminated to induction
of apoptosis in infected macrophages.'>”” Therefore,
the apoptosis rate of L. major infected macrophages
was determined after the co-culture with activated
CD8* T cells. According to obtained results, there was
a direct correlation between CD8* T cell activation and
apoptosis induction. Both CPA and CPB antigens treated
macrophages could prime cytotoxic activity of CD8*
T cells. However, a higher rate of apoptotic induction
was observed in the population of CD8" T cells that
a-Al203+CPA and a-Al203+CPB treated macrophages
triggered. Although we did not track the presentation of
CPA/CPB epitopes on the macrophage MHC-I molecules
in this experiment, the difference between the results
obtained from CPA and CPB priming confirmed the
antigen-specific responses of the CD8* T cells. Significant
reduction in the apoptotic rate of L. major infected
macrophages in 3-MA treated groups emphasized the
involvement of the autophagy pathway on MHC-I cross-
presentation and CD8" T cells cytotoxicity. The current
research findings are inconsistent with previous studies
on the role of a-Al203 as an efficient antigen delivery tool
and enhancer of MHC-I cross-presentation to CD8+ T
lymphocytes.”® According to the present study results, as
a perspective, after extracting macrophages and activating
them by a-Al203 conjugated with CPA/CPB, they can be
injected into mice with Leishmania infection and study
the infection and recovery process in them.

Conclusion
CPA and CPB are among the virulent factors and vaccine
candidates against L. major infection. This study tried
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Research Highlights

What is the current knowledge?

v Many nanomaterials were reported to change the basal
level of autophagy.

Y Correlation between a-AL203 nanoparticles and
mitochondria dysfunction that leads to autophagy
increasement.

v AL203 induces autophagy effectively and exhibits potent
antitumor capability.

What is new here?

V' Alpha-alumina conjugated to cysteine peptidase A and
B antigens of L. major, can internalize to macrophages and
induce autophagy.

v Autophagy-induced macrophages activate CD8* T
lymphocyte proliferation and cytotoxic properties.
V Activated CD8* T lymphocyte induces apoptotic death of L.
major infected macrophages.

to improve the MHC-I cross-presentation of antigens to
CD8" T lymphocytes by conjugating these antigens to
a-Al203. While CPA and CPB antigens trigger autophagy
and MHC-I cross-presentation, its a-Al203conjugated
forms augmented this process, leading to higher CD8* T
cells cytotoxic activity. Applying 3-MA in combination
with different antigenic treatments showed that inhibiting
autophagy reduces antigen cross-presentation and CD8* T
lymphocyte stimulation but does not disappear completely.
Itis suggested that antigens use different methods of cross-
presentation to CD8" T lymphocytes which are not limited
to autophagy. Unequal levels of LC3 conversion and CD8*
T cells priming by CPA and CPB antigens reflected the
distinctive mode of their intervention in autophagy and
cross-presentation. Evaluation of the effect of a-Al203
conjugated with CPA/CPB on the induction of CD4" T
lymphocyte responses and the outcome of vaccination
in the L. major susceptible and resistance mouse model
is missing in this study, which will be considered in the
future.
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