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Leishmaniasis is a group of parasitic diseases whose etiological agent is the protozoa Leishmania. These diseases afflict impover-
ished populations in tropical and subtropical regions and affect wild and domestic animals. Canine leishmaniasis is a global disease
mostly caused by L. infantum. Dogs are recognized as a good reservoir since harbor the infection long before developing the
disease, facilitating parasite transmission. Furthermore, there is growing evidence that dogs may also be the reservoir of the
American Leishmania spp. as L. amazonensis. The innate immune response is the first defense line against pathogens, which
includes natural killer (NK) and dendritic cells (DCs). By recognizing and ultimately destroying infected cells, and by secreting
immune mediators that favor inflammatory microenvironments, NK cells take the lead in the infectious process. When interacting
with Leishmania parasites, DCs become activated and play a key role in driving the host immune response. While activated DCs
can modulate NK cell activity, Leishmania parasites can directly activate NK cells by interacting with innate immune receptors.
Once activated, NK cells can engage in a bidirectional interplay with DCs. However, the complexity of these interactions during
Leishmania infection makes it challenging to fully understand the underlying processes. To further explore this, the present study
investigated the dynamic interplay established between monocyte-derived DCs (moDCs) and putative NK (pNK) cells of dogs
during Leishmania infection. Findings indicate that the crosstalk between moDCs exposed to L. infantum or L. amazonensis and
pNK cells enhances chemokine upregulation, potentially attracting other leukocytes to the site of infection. pNK cells activated by
L. infantum infected DCs upregulate IL-10, which can lead to a regulatory immune response while moDCs exposed to L. amazo-
nensis induced pNK cells to overexpress IFN-γ and IL-13, favoring a mix of pro- and anti-inflammatory response. In addition,
parasite-derived extracellular vesicles (EVs) can modulate the host immune response by stimulating the upregulation of anti-
inflammatory cytokines and perforin release, which may impact infection outcomes. Thus, Leishmania and parasitic EVs can
influence the bidirectional interplay between canine NK cells and DCs.
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1. Introduction

Leishmaniasis is a group of parasitic diseases caused by proto-
zoan parasites from the Leishmania genus, which affect the
human populations in tropical and subtropical regions. Differ-
ent Leishmania species can lead to diverse clinical manifesta-
tions that depend on the host’s immune competence. Both wild
and domestic animals, including the domestic dog, can also be
affected by leishmaniasis. The dog is considered the primary
reservoir of Leishmania infantum, which is the aetiological
agent of zoonotic visceral leishmaniasis. Although not com-
monly detected in dogs, Leishmania amazonensis, the agent
of human cutaneous leishmaniasis in Central and South Amer-
ica, can also cause canine leishmaniasis (CanL) [1]. The dog’s
immune response plays a critical role in controlling parasite
transmission to sandflies and limiting parasite spread within
the host, influencing the disease’s outcome, which can range
from subclinical infection to severe systemic illness. Although it
is widely recognized that an acquired immune response is cru-
cial for controlling CanL, innate immunity, which is the first
line of defense mediated by various cells, including natural
killer (NK) cells and dendritic cells (DCs), is also essential.

NK cells are a granular lymphocyte subtype characterized
by the loss of cluster of differentiation (CD) 3 that are differen-
tiated in the bone marrow. Although representing only
10%–15% of blood lymphocytes, they are crucial cells of the
innate response because can rapidly release immunemediators
and lyse target infected cells without prior activation [2, 3].
Their activity depends on a combination of signals displayed
by activating and inhibitory receptors that recognize ligands in
the target cell surface. Inhibitory receptors of NK cells, as is the
case of killer immunoglobulin-like receptors (KIRs) can recog-
nize molecules of class I of the major histocompatibility com-
plex (MHCI) [4–6]. Thus, the absence or alterations of MHCI
molecules, usually found in infected cells (and in malignant
cells), prevent the attachment of the inhibitory receptors,
resulting in the activation of NK cells [2, 6, 7]. Once activated,
NK cells can produce chemokines (e.g., macrophage inflam-
matory protein 1 [MIP-1], chemokine ligand 5 [CCL5]) and
immune mediators (e.g., interferon [IFN]-γ, tumor necrosis
factor [TNF]-α), which may favor the expansion of the type
1 T helper (Th1) immune response andmacrophage activation,
directing the implementation of antimicrobial mechanisms
[8, 9]. Moreover, during systemic infections, NK cells can
also produce interleukin (IL)-13 [10–12] in addition to IL-10,
which can regulate the immune response by inhibiting IL-12
[13]. On the other hand, NK cell cytotoxic mechanisms take a
lead in infection control through the exocytosis of granules rich
in the soluble monomer perforin which causes pores in the
membrane of the target cell. The perforin pores constitute a
passive conductor for granzymes and granulysin across the cell
membrane, inducing ion exchange that generates an intracel-
lular imbalance [14, 15]. Granzyme B cleaves proteins at aspar-
tate residues, leading to the pro-caspase-10 activation to
caspase-10, which can cleave inhibited caspase-activated
DNase (ICAD). Once activated, CAD transposes the nuclear
membrane and can cleave DNA leading to cell death [16–18].

According to previous studies, antigen-presenting cells
(APCs) can also stimulate NK cells, which can send stimulatory
signals to lymphocytes [19, 20]. There are not many studies
regarding the interaction between DCs and NK cells in the
context of Leishmania infection. To date, published studies
have reported that plasmacytoid DCs (pDCs) and myeloid
DCs may be critical for in vivo activation of NK cells by releas-
ing large quantities of IL-12 and IFN-γ [21]. Moreover, studies
using the mouse model have shown that L. major genomic
DNA and L. braziliensis promastigotes can induce IL-12 and
IFN-α/β secretion by classical DCs and pDCs, which in turn
favor the increase of IFN-δ and NK cell cytotoxicity [15, 22].

DCs and NK cells interact in the lymph node paracortex,
where they can induce a localized CD4+ T cell immune
response. According to Bajénoff et al. [23], NK cells from
mice infected with L. major constitute a “network” within
lymph nodes, where they interact with DCs. This interaction
promotes cytokines production, which in turn shapes the
development of the adaptive immune response. Although
NK cell activation is usually related to disease protection [24,
25], some studies have reported that L. amazonensis, L. mexi-
cana, and L. tropica amastigotes are weak stimulators of IL-12
producing DCs, explaining the limited NK cell response
observed [25, 26]. On the other hand, DCs and IL-12 appear
to become insufficient to activate NK cells, as the presence of
IL-2-producing CD4+ T cells is also required [15, 27]. Interest-
ingly, it has been shown in vivo and in vitro that the absence of
specific CD4+ T cells after L. major infection prevents NK cell
activation by DCs [28].

In summary, these findings stress that stimulation of
immune response through DCs-NK cells crosstalk increases
NK cell activation and cytotoxicity, thereby strengthening a
defensive innate immune response against Leishmania infec-
tion. Therefore, using an in vitro dog model, the current study
investigates the interplay between NK cells and Leishmania
exposed-DCs by examining the cytokine profile and cytotoxic
activity of NK cells, as well as the apoptotic state of DCs,
chemokine and cytokine generation, surface expression of
MHC molecules, and the gene expression costimulatory mole-
cules. Recently, it has been recognized that extracellular vesicles
(EVs) derived from Leishmania parasites, which carry bioactive
molecules, can influence the host immune response by modu-
lating the activity of immune cells, as is the case of DCs [29].
Thus, this study also examines the impact of EVs on DCs-NK
cell interplay.

2. Materials and Methods

2.1. Experimental Design. To examine the relationship
between DCs and NK cells, DCs were in vitro differentiated
from blood monocytes (monocyte-derived DCs [moDCs]),
and NK cells were directly isolated from the buffy coat and
immunophenotyped by multiparametric flow cytometry.
Then, moDCs were exposed to Leishmania parasites or primed
with EVs shed from Leishmania cultured promastigotes and
cocultured with autologous NK cells. The immune activity of
loaded moDCs and NK cells was then analyzed. Cytokines
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(IFN-γ, TNF-α, and IL-13) and chemokines (CCL3/MIP-1α,
CCL4/MIP-1β, and CXCL8/IL-8) gene expression quantified
by real-time PCR (RT-qPCR) were used to assess NK cell
activity. To analyze cytotoxicity, perforin, and granzyme B
released byNK cells to the extracellularmediumwere evaluated
by a colorimetric immunoassay, and the levels of apoptotic/
necrotic moDCs were estimated by multiparametric flow cyto-
metry. The impact of moDCs-NK cells interaction on intracel-
lular parasite survival was examined by resuspending moDCs
in Schneider’s Drosophila medium to perceive parasite viabil-
ity. Furthermore, the immune activity of adherent moDCs
induced by active NK cells was evaluated by gene expression
of proinflammatory (IL-12p40) and anti-inflammatory (IL-10)
cytokines and the costimulatory molecules CD80/CD86 by
RT-qPCR, in addition to the assessment of MHC surface
expression by multiparametric flow cytometry, indicating pos-
sible antigen presentation to lymphocytes.

The Ethics and Welfare Committee of the Faculty of Vet-
erinary Medicine, University of Lisbon (Portugal), approved
the current study that was performed following the institu-
tional guidelines and EU requirements. Informed consent
was obtained from dog tutors who were previously notified
of the work’s purpose and the interventions’ nature.

2.2. Leishmania Growth and EVs Purification. L. infantum
(MCAN/2012/IHMT0003SG) and L. amazonensis (MHOM/
BR/1973/M2269) promastigotes were grown in Schneider’s
Drosophila medium (SCH, Sigma–Aldrich) supplemented
with fetal bovine serum heat-inactivated (hiFBS, Sigma–
Aldrich) and penicillin-streptomycin (Biochrom) (complete

SCHN medium). The parasites were maintained for a maxi-
mum of five passages in case of L. infantum and 10 passages
for L. amazonensis to preserve virulence. Promastigotes at
the late log growth phase were used to infect moDCs.

EVs derived from L. infantum and L. amazonensis were
harvested according toWeber et al. [30]. Briefly, L. amazonensis
and L. infantum promastigotes were grown in SCH supplemen-
ted with exosome-depleted fetal bovine serum (Gibco, USA).
After 72h of growth, cultures were centrifuged, and the super-
natant free of parasites was added to the exosome isolation
reagent (Invitrogen). After overnight incubation, the pellet of
the centrifuged solution was resuspended in 1×phosphate-buff-
ered saline solution (PBS, Lonza, Belgium). The protein concen-
tration was estimated in NanoDrop (Thermo Fisher Scientific).
moDCs were exposed to promastigotes or purified EVs.

2.3. Differentiation of moDCs and NK Cell Isolation. moDCs
were differentiated according to the in vitro canine model
described by Valério-Bolas et al. [29]. Briefly, mononuclear
cells were incubated in Roswell Park Memorial Institute
medium 1640 (RPMI, Sigma–Aldrich) supplemented with
hiFBS, colony-stimulating factor, and recombinant canine IL-
4 (rcaIL-4, R&D Systems) until showing conventional DC
morphology with an elongated shape and filiform cytoplasmic
emissions (Figure 1).

NK cells were isolated from the buffy coat (20–30mL) of
peripheral blood obtained from clinically and analytically
healthy dogs that were also negative for Leishmania infection
by serology and qPCR, as previously described by Valério-
Bolas et al. [29].

ðAÞ ðBÞ

ðCÞ
FIGURE 1: Canine monocyte-derived dendritic cells of dog. Digital images of moDCs were captured using inverted optical microscopy at
400xmagnification (A, B) and scanning electron microscopy (C). moDCs, monocyte-derived DCs.
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Buffy coat was overlaid onto a Hystopaque (density 1077,
Sigma–Aldrich) gradient and after centrifugation, the fraction
enriched in peripheral blood mononuclear cells (PBMCs) was
collected. Then, mononuclear cells were used to sort NK cells
using aMultiStand System (Miltenyi Biotec, Germany) andNK
Cell Isolation Kit microbeads (Miltenyi Biotec) following the
manufacturer’s indications. PBMCs resuspended in 1×PBS
supplemented with 0.5% hiFBS and 2mM ethylenediaminete-
traacetic acid (EDTA) (magnetic separation [MS] buffer) were
added to NK Cell Biotin-Antibody Cocktail (Miltenyi Biotec)
and incubated for 5min at 4°C.MS buffer (30μL) was added to
20 μL of NKCell MicroBead Cocktail and incubated for 10min
at 4°C. The cell suspension was then passed through MS col-
umns attached to a Mini MACS. Unlabeled cells, representing
lymphocytes enriched in NK cells, were eluted and the column
was detached from the magnetic field. This cell suspension
underwent a new MS to remove CD3+ cells. The cells were
washed (10min, 500× g, 4°C) and resuspended in 100 µL of
PBS supplemented with 3% hiFBS and 10mM EDTA (cell
sorting buffer) and then added to MagniSort Positive Selection
Antibody. Cells were incubated for 10min at room tempera-
ture, washed with cell sorting buffer (5min, 300× g, 4°C), and
resuspended in 100 µL of sorting buffer and 20 µL ofMagniSort
Positive Selection Beads. After incubation (10min, room tem-
perature), the cell suspension passed through the MS column
attached to a Mini MACS separator, and eluted unlabeled cells
were collected. Cell morphology was observed under an optic
microscope, and digital images were taken.

2.4. Immunophenotyping and Morphology of NK Cells. Sorted
NK cells immunophenotype was evaluated by multiparametric
flow cytometry using five surface biomarkers (CD3, CD16,
CD21, CD94, and MHCII). Cells washed twice with cold 1×
PBS (300× g, 10min, 4°C) were incubated (30min, 4°C) in
PBS 2% hiFBS with the following monoclonal antibodies
directed conjugated: FICT-conjugated mouse antidog CD3
(clone CA17.2A12, Bio-Rad), Alexa Fluor 647-conjugated
mouse anticanine CD21 (clone CA2.1D6, Bio-Rad), APC-
conjugated mouse antidog CD94 monoclonal antibody (clone
HP-3D9, eBioscience), FICT-conjugated Human CD16mono-
clonal antibody (clone eBioCB16, eBioscience), and FICT-
conjugated rat antidog DLA region MHC class II monomor-
phic (clone YKIX334.2, Bio-Rad) (Table S1). Cells fixed in PBS
2% paraformaldehyde (Sigma–Aldrich) were acquired on a
CytoFLEX system cell analyzer (Beckman Coulter). To ensure
accurate sample reading, controls were used to identify the
background fluorescence, adjust channel spillover, and define
the gates [31]. Debris and pyknotic cells were removed by
applying the FSC-H vs. SSC-H gate, and the nonclumping cells
were retired using the FSC-H vs. FSC-A singlet gate. Data were
analyzed using the CytExpert software (Beckman Coulter).

2.5. moDCs-NK Cells’ Cocultures. To establish moDCs-NK
cells’ cocultures, moDCs were added to 96-well plates (1×
105 cells/well) and exposed to Leishmania cultured promasti-
gotes, at 3 : 1 parasite–moDCs ratio or with Leishmania derived
EVs (10 μg/mL). After incubation for 24h at 37°C in a humid-
ified atmosphere containing 5% CO2, autologous NK cells
freshly isolated were plated at a 1 : 1 moDCs-to-NK cell ratio.

After 18 h of incubation, cells were pooled (500× g, 10min,
room temperature) and the coculture supernatant was
obtained to evaluate perforin and granzyme concentration by
immunoassays while cells (moDCs and NK cells) were kept for
RNA extraction and multiparametric flow cytometry analysis.
In parallel, resting putative NK (pNK) cells, unprimedmoDCs,
loaded moDCs, and cocultures unloaded moDCs-NK cells
were used as controls.

2.6. Perforin and Granzyme Immunoassays. To assess NK cell
cytotoxicity, perforin, and granzyme B concentrations were
estimated in the coculture supernatants using the dog/canine
perforin 1 PRF1 ELISA Kit (Novatein Bioscience, USA) and
Human granzyme B ELISA Kit (Quimigen Unipessoal LDA,
Portugal), respectively, following the manufacturer’s
instructions.

2.7. DNACopies of Chemokines, Cytokines, and Costimulatory
Molecules. RNA isolated from NK cells cocultured with loaded
moDCs (infected by L. infantum or L. amazonensis or primed
by EVs) was used to examine the gene expression of chemo-
kines (CCL4, CCL3, and CXCL8) and cytokines (IL-13, IFN-γ,
and TNF-α) through RT-quantitative PCR (qPCR). On the
other hand, RNA from loaded moDCs cocultured with NK
cells was obtained to assess the number of copies of cytokines
(IL-10 and IL-12p40) and costimulatory molecules
(CD80/CD86).

NZY total RNA isolation kit (genes and enzymes) andNZY
first-strand complementary DNA (cDNA) synthesis kit (genes
and enzymes) were used to extract RNA and then transcribed
into cDNA, respectively. DNA amplification was performed in
a Bio-Rad CFX Maestro PCR System thermal cycler (Bio-Rad,
UK) using endogenous β-actin control, as previously reported
[32]. RT-qPCR conditions were 5min at 95°C followed by 40
cycles of 30 s at 95°C, 30 s at each primer/gene-specific temper-
ature, and 90 cycles of 10 s at 50°C with 0.5°C increase for each
thermal cycle. Primers used for amplification of cDNA were
either designed using Primer3 software [33] or selected from
previously published studies (Table S2). External cDNA stan-
dards were used to determine the amount of DNA copies, as
described by Rodrigues et al. [34].

2.8. Surface Expression of MHC Molecules by Loaded moDCs.
LoadedmoDCs in coculture with NK cells were used to analyze
the MHC expression using multiparametric flow cytometry.
Harvested moDCs were washed, fixed with paraformaldehyde,
and incubated with the rat antidog DLA region class II
(MHCII, BioRaD, YKIX334.2) and mouse antihuman HLA
ABC, (MHCI, BioRad, W6/32) monoclonal antibodies
conjugated with fluorescent dyes (Table S1). Cells were then
rewashed and acquired on a flow cytometer, and the mean
fluorescence intensity (MFI) of labeled cells was assessed.

2.9. Apoptosis of moDCs. The cytotoxic effect of NK cells on
moDCs was assessed using annexin and propidium iodide (PI)
to label the cells. LoadedmoDCswere incubated for 24 h before
adding to NK cells. After 18 h of incubation, moDCs were
washed with cold 1×PBS (300× g, 10min, 4°C), incubated
with annexin (TACSTM Annexin V FITC, R&D Systems,
USA) following manufactured instructions, and then treated
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by PI (R&D Systems). The proportion of apoptotic cells
(FITC+ or − /PI+ cells) was determined by multiparametric
flow cytometry (Table S3).

2.10. Viability of Intracellular Parasites. The viability of
L. amazonensis and L. infantum parasites taken up by moDCs
was assessed after they had been in contact with the NK cells.
After 24 h of infection, moDCs were cocultured with NK cells
for 18 h. The harvested moDCs were washed twice with 1×
PBS to remove any extracellular parasites and incubated in the
complete SCH medium for 72 h at 24°C to allow the differen-
tiation of intracellular viable amastigotes into extracellular
motile promastigotes. The number of viable parasites was esti-
mated using a Neubauer counting chamber under an optical
microscope.

2.11. Statistical Analysis. A total of six canine samples were
collected and each sample was analyzed in duplicate. Data
statistical analysis was performed by applying the nonparamet-
ric Wilcoxon test for paired samples using GraphPad Prism
software (USA). Significant statistical differences were consid-
ered whenever the p-value was less than 0.05 (5% significance
level).

3. Results

3.1. Magnetically Sorted Cells Were Enriched in pNK Cells.
The cell population sorted from PBMCs was immunopheno-
typed using the surface markers CD3, CD21, CD16, CD94, and
MHCII (Figure 2A). Although themolecular signature of canine
NK cells remains controversial, CD16, CD94, and MHCII
molecules are expected to be present on the cell surface, but
not CD21. Nonetheless, it has also been indicated that
depending on maturation state CD3 expression can also occur
in NK cells [35]. Thus, in the current study, CD3, CD16, CD94,
and MHCII were used as molecular markers of pNK cells of
dogs. Within the cell population magnetically sorted, there was
≈27% of CD3+CD21−CD16+CD94+MHCII+ corresponding to
immature NK cells and ≈54% of CD3−CD21−CD16+

CD94+MHCII+ cells which represent the most consensual
phenotype for mature NK cells, indicate that it was obtained a
cell population enriched in pNK cells. These cells appeared
morphologically homogenous under light microscopy,
showing a round shape and small to medium sized. They were
free of contamination from larger mononuclear cells or
granulocytes (Figure 2B).

3.2. moDCs Infected With L. infantum or L. amazonensis
Drive the Generation of Chemokines by pNK Cells. NK cells
can produce chemokines either by interacting with other
immune cells or in direct response to pathogens. To analyze
the capacity of pNK cells to attract other leukocytes following
coculture with moDCs infected by Leishmania parasites or
primed with parasite-derived EVs, the gene expression levels
of CCL3, CCL4, and CXCL8 (IL-8) were assessed using
RT-qPCR.

Results indicated that moDCs primed with EVs induced
significant upregulation of CCL3 (p¼ 0:0313) and CCL4 (p¼
0:015) in pNK cells (Figure 3A,B) when compared to pNK that
were in coculture with unloaded moDCs. Likewise, infected

moDCs induced marked overexpression of CCL3 (p¼ 0:031)
and CCL4 (p¼ 0:0156) in pNK cells. Although CXCL8mRNA
levels increased in pNK cells (Figure 3C), significant upregula-
tion was observed in pNK cells cocultured with moDCs
infected with L. infantum (p¼ 0:0391) or L. amazonensis
(p¼ 0:0078) and in moDCs primed with L.infantum derived
EVs (p¼ 0:0363).

Overall, the results suggest that loaded moDCs can direct
pNK cells to generate chemokines, mainly CCL4 and CCL3,
which attract CD4+ and CD8+ T cells, respectively. Further-
more, pNK triggered by infected moDCs or L. infantum
derived EVs can generate CXCL8, which is chemotactic for
polymorphonuclear cells.

3.3. L. amazonensis Infected moDCs Induce pNK Cells to
Generate IFN-γ and IL-13. Activated NK cells can release
cytokines in response to various stimuli, influencing the
immune response of lymphocytes. Thus, to examine the proin-
flammatory activity of pNK cells, RT-qPCR was used to quan-
tify the gene expression of IL-13, IFN-γ, and TNF-α in pNK
cells cocultured with Leishmania-infected moDCs and EVs
primed moDCs.

In comparison to pNK cells cocultured with unloaded
moDCs, IFN-γ was significantly upregulated (p¼ 0:0313) in
pNK cells induced by moDCs infected with L. amazonensis
(Figure 4A). In turn, coculturewithmoDCs exposed toL. infan-
tum parasites led to a marked downregulation of TNF-α (p¼
0:0273) and IFN-γ (p¼ 0:0156) in pNK cells (Figure 4A,B).
Additionally, a significant accumulation of IL-13 mRNA was
only found in pNK cells induced by moDCs infected with
L. amazonensis parasites (p¼ 0:015) or primed with L. amazo-
nensis derived EVs (p¼ 0:0313) (Figure 4C).

Therefore, these results suggest that L. infantum infected
moDCs drive pNK cells to download proinflammatory cyto-
kines. By contrast, L. amazonensis infected moDCs direct pNK
cells to overexpress IFN-γ and IL-13, without influencing TNF-
α gene expression, while moDCs primed with L. amazonensis
derived EVs drive pNK cells to generate IL-13. However,
moDCs primed by L. infantum EVs have no impact on cyto-
kine generation by pNK cells.

3.4. NK Cell Degranulation Is Triggered by L. amazonensis
and EVs Loaded moDCs. NK cell cytotoxicity is an effector
mechanism of the innate immune response that can damage
pathogens and infected cells throughout the exocytosis of gran-
ules containing perforin and granzymes. Therefore, to evaluate
the cytotoxic activity of pNK cells, the levels of perforin and
granzyme B released into coculture supernatants were esti-
mated using colorimetric immune assays.

Compared to pNK cells cocultured with unloaded moDCs,
increased levels of perforin were found in all moDCs cocultures
(Figure 5A). Indeed, the amount of perforin in supernatants of
pNK cells cocultured with L. amazonensis (p¼ 0:0078) or EVs
loadedmoDCswas significantly high (pLiEVs= 0.0156, pLaEVs=
0.0078). In contrast, no significant differences were observed in
granzyme B levels in all loadedmoDCs cocultures compared to
unloaded moDCs cocultures (Figure 5B).

Thus, L. amazonensis or EVs-loaded moDCs induce pNK
cell degranulation, mainly resulting in the release of perforin.

Journal of Immunology Research 5

 1607, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/jim

r/3176927 by N
ova M

edical School, W
iley O

nline L
ibrary on [02/05/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



0

0

100

200

300

0 200
FSC-H

200

400

(×104)

102 103 104

FITC-H

a b

105 106

102 103 104

FITC-H
105 106

102 103 104

APC-H
105 106

102 103 104

APC-H

CD94+
CD16+

MHC-II+

CD3

Single cells

CD21

105 106

(×104)

SS
C-

H

Co
un

t

0

100

200

300

Co
un

t

0

100

200

Co
un

t

0

200

400

Co
un

t

0

200

400

Co
un

t

600

– + +

102 103 104

FITC-H
105 106

P1 (72.29%)
27.8 (%) P2 (80.96%)

19.04 (%)

P2 (35.58%)

P1 (56.45%)

P1 (46.08%)

–

ðAÞ

ðBÞ
FIGURE 2: Morphology and immunophenotype of NK cells. Negative magnetic selection was used to isolate NK cells from dog PBMCs. NK
cells were labeled with CD3, CD16, CD21, CD94, and MHCII mononuclear antibodies directed conjugated and analyzed using multi-
parametric flow cytometry (A). Representative single-cell dot plots and histograms of labeled cell populations are shown. A digital image of
sorted NK cells observed by inverted light microscopy is included (B).
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However, the process of pNK degranulation triggered by
moDCs exposed to L. infantum appears to be more regulated,
leading to lower levels of perforin. The early release of perforin
into the extracellular environment by pNK cells is complemen-
ted by a minimal release of granzyme B.

3.5. Infected moDCs and Intracellular Parasites Are Resistant
to pNK Cell Cytotoxicity. Considering that NK perforin can
promote pore formation in the membranes of target cells, result-
ing in loss of membrane integrity and leading to osmotic

imbalance, the cytotoxic effect of pNK cells in loaded moDCs
was assessed by estimating the proportion of apoptotic cells.
The results were normalized to the frequency of loaded apoptotic
moDCs that had not interactedwithNKcells, therebyminimizing
the direct impact of parasites or EVs onmoDCs apoptosis. More-
over, the viability of L. amazonensis and L. infantum parasites
internalized bymoDCs was also examined by estimating extracel-
lularmotile promastigote forms and assessing parasite replication.

In comparison to unloaded moDCs cocultured with autol-
ogous pNK cells, the levels of apoptotic cells were lower among
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FIGURE 3: Chemokine gene expression in pNK cells induced by loaded moDCs. CCL3 (A), CCL4 (B), and CXCL8 (C) gene expression in pNK
cells were evaluated by RT-qPCR following stimulation by moDCs infected with L. infantum (moDC+Li) or L. amazonensis (moDC+La)
parasites, or moDCs primed by EVs (moDC+LaEVs or moDC+ LiEVs). Gene expression of pNK chemokines induced by unloaded moDCs
was also assessed (moDC). Data from six samples (n= 6) with two replicates per sample are shown as box plots (interquartile range, median,
maximum, and minimum values) with statistically significant differences indicated by ∗p<0:05 and ∗∗p<0:01. moDCs, monocyte-derived
DCs.
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FIGURE 4: Cytokine gene expression in pNK cells cocultured with loaded moDCs. Gene expression of IFN-γ (A), TNF-α (B), and IL-13 (C) in
pNK cells induced by moDCs infected with L. infantum (moDC+Li) or L. amazonensis (moDC+La) parasites or primed with EVs (moDC
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cocultures involving infected or EVs primedmoDCs. However,
a significant reduction in cells was observed among moDCs
infected with L. infantum (p¼ 0:0150) or L. amazonensis
(p¼ 0:0156) (Figure 6).

Intracellular amastigotes within moDCs were able to differ-
entiate into motile promastigotes, resulting in a significantly
higher number of viable parasites (pLi= 0.002; pLa= 0.001) com-
pared to the initial concentration of promastigotes used to infect
moDCs (Figure 7A,C). Moreover, the parasites maintained their
ability to replicate (pLi= 0.0020; pLa= 0.0010), as indicated by the
high density of rosettes observed (Figure 7B,D).

Thus, infected moDCs and internalized L. infantum and
L. amazonensis parasites are resistant to the cytotoxic effect of
pNK cells.

3.6. Exposure to pNK Cells Does Not Favor Antigen
Presentation by Loaded moDCs. Given the importance of the
interplay between NK cells and DCs in shaping the adaptive
immune response, the influence of pNK cells on antigen presen-
tation by loaded moDCs was examined by evaluating the expres-
sion levels of MHCI and MHCII molecules along with the gene
expression of CD80 and CD86 in moDCs. The results were then
normalized against the levels of MHCI and MHCII surface
expression as well as CD80 and CD86 gene expression in
loaded moDCs (infected or EVs primed) that were not exposed
to pNK cells to withdraw the direct effects of parasites or EVs.

When in coculture with pNK cells, the expression levels of
MHCI and MHCII molecules in loaded moDCs, along with
CD80 gene expression (Figure 8A) showed no considerable
changes, except for a significant reduction in CD80 gene
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FIGURE 5: Degranulation of pNK cells induced by loaded moDCs. The release of perforin (A) and granzyme B (B) by pNK cells stimulated by
moDCs infected with L. infantum (moDC+Li) or L. amazonensis (moDC+La) parasites, or primed by EVs (moDC+LaEVs or moDC
+LiEVs) were evaluated using colorimetric immunoassays. Perforin and granzyme B released by pNK cells induced by unloaded moDCs
(moDC) were also assessed. Data from six canine samples (n= 6) with two replicates per sample are represented by box plots showing
interquartile range, median, maximum, and minimum values. Statistically significant differences are indicated by ∗p<0:05 and ∗∗p<0:01.
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FIGURE 6: Cytotoxicity of pNK cells on loaded moDCs. Apoptotic
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zonensis (moDC+La) parasites, or primed with EVs (moDC
+LaEVs or moDC+LiEVs) that were cocultured with pNK cells
were assessed using multiparametric flow cytometry after staining
with annexin-V and PI. In parallel, the cytotoxic effect of pNK cells
on unloaded moDCs (moDC) was also evaluated. The mean and
SEM of the relative frequency of apoptotic moDCs derived from six
dog samples (n= 6) with two replicates per sample normalized to
loaded or unloaded moDCs not exposed to NK cells are represented
by column bars. Statistically significant differences are indicated by
∗p <0:05. EVs, extracellular vesicles; moDCs, monocyte-derived
DCs; PI, propidium iodide.

8 Journal of Immunology Research

 1607, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/jim

r/3176927 by N
ova M

edical School, W
iley O

nline L
ibrary on [02/05/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



expression (p¼ 0:002) inmoDCs infectedwithL. amazonensis.
The accumulation of CD86 mRNA in moDCs infected
with L. amazonensis or L. infantum parasites or primed by
L. infantum derived EVs was similar to that of unloaded
moDCs cocultured with pNK cells. Although the difference
was not statistically significant, moDCs primed with L. amazo-
nensis derived EVs showed a marked increase in CD86 gene
expression (Figure 8B) compared to unloaded moDCs cocul-
tured with autologous pNK cells.

While pNK cells do not trigger the expression of MHC and
costimulatory molecules in infected moDCs or moDCs primed
by L. infantum derived EVs, there appears to be a trend for
pNK cells to favor CD86 overexpression in moDCs primed by
L. amazonensis EVs.

3.7. Exposure to Autologous NK Cells Enhances the
Upregulation of IL-10 in L. infantum Infected moDCs and
moDCs Primed by L. amazonensis Derived EVs. Since cyto-
kines released by NK cells can modulate DC activity, the effect
of autologous pNK cells on pro- and anti-inflammatory cyto-
kines generated by loaded moDCs was assessed by RT-qPCR.
The results were normalized to the levels of cytokine gene
expression in infected and EV primed moDCs that were not
exposed to NK cells.

LoadedmoDCs exposed to pNK cells showed an upregula-
tion of IL-12p40 (Figure 9A) and IL-10 (Figure 9B). While, IL-
12p40 gene expression was similar in both L. infantum infected
moDCs and unprimed moDCs, L. amazonensis infected
moDCs and EVs primed moDCs cocultured with autologous

0 114

108

107

106

L. infantum

Time (h)

N
um

be
r o

f v
ia

bl
e p

ro
m

as
tig

ot
es

∗∗∗

ðAÞ ðBÞ

108

107

106

N
um

be
r o

f v
ia

bl
e p

ro
m

as
tig

ot
es

0 114

L. amazonensis

Time (h)

∗∗∗

ðCÞ ðDÞ
FIGURE 7: Viability of intracellular parasites in moDCs coculture with autologous pNK cells. moDCs infected with L. infantum or L. ama-
zonensis promastigotes for 24 h were incubated with pNK cells for an additional 18 h. The cultures were then transferred to SCH and
incubated for 72 h. The number of viable promastigotes (A, C) of six dog samples (n= 6) with two replicates per sample is presented as box
plots showing interquartile range, median, maximum, and minimum values. Statistically significant differences between 0 h (initial concen-
tration of Leishmania promastigotes used to infect moDCs) and 72 h (114 h total) are indicated with ∗∗∗p<0:001. Digital light microscopy
images of viable L. infantum (B) and L. amazonensis (D) promastigotes (400xmagnification) were captured. Arrows indicate replicating
promastigotes (rosettes). moDCs, monocyte-derived DCs.
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pNK cells showed an accentuated IL-12p40 upregulation.
Though, these increases were not statistically significant in
comparison to unloaded moDCs cocultured with pNK cells.
Furthermore, moDCS infected with L. infantum (p¼ 0:0273)
or primed with L. amazonensis derived EVs (p¼ 0:0098)
showed a marked upregulation of IL-10 compared to unloaded
moDCs cocultured with autologous pNK cells. Interestingly,

moDCs infected with L. infantum parasites exhibited the high-
est upregulation of IL-10 and the lowest IL-12p40 copy
number.

Thus, these results suggest that pNK cells can influence
loaded moDCs to generate cytokines, particularly when
moDCs are primed by EVs. Curiously, L. infantum infected
moDCs mainly generate the regulatory cytokine IL-10, while
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FIGURE 8: Gene expression of costimulatory molecules in loaded moDCs induced by pNK cells. Copy numbers of CD80 (A) and CD86 (B) in
moDCs infected with L. infantum (moDC+Li) or L. amazonensis (moDC+La) parasites or primed with EVs (moDC+LiEVs or moDC
+LaEVs) were evaluated by RT-qPCR following coculture with pNK cells. Gene expression of unloaded moDCs in coculture with pNK cells
was also assessed (moDC). Column bars represent the mean and SEM of relative gene expression of six samples (n= 6) with two replicates
per sample normalized to loaded or unloaded moDCs not exposed to NK cells. Statistically significant difference is indicated with ∗∗p<0:01.
moDCs, monocyte-derived DCs.
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FIGURE 9: Cytokine gene expression in loaded moDCs cocultured with autologous pNK cells. IL-12p40 (A) and IL-10 (B) gene expression in
moDCs infected with L. infantum (moDC+Li) or L. amazonensis (moDC+La) parasites or primed by EVs (moDC+LaEVs or moDC+LiEVs)
were evaluated by RT-qPCR. Unloaded moDCs cocultured with pNK cells were also assessed. The relative gene expression of six dog samples
(n= 6) with two replicates per sample normalized to loaded or unloaded moDCs not exposed to NK cells is presented by column bars
showing mean and SEM. Statistically significant differences are indicated with ∗p <0:05 and ∗∗p<0:01. EVs, extracellular vesicles; moDCs,
monocyte-derived DCs.
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L. amazonensis infected moDCs predominantly upregulate IL-
12p40.

4. Discussion

As APCs, DCs bridge the innate and acquired immune
responses, leading to the development of a T lymphocyte
immune response. Furthermore, NK cells, which are a primary
source of IFN-γ, have been shown to play a protective role in
leishmaniasis by promoting a Th1 immune response [26, 28].
However, in diffuse cutaneous leishmaniasis, there was a reduc-
tion of NK cells and low levels of proinflammatory immune
mediators, such as IFN-γ and TNF-α, when compared to local-
ized cutaneous leishmaniasis [26]. On the other hand, NK cells
may also play a role in the immunopathology of leishmaniasis,
mainly due to the release of granzyme B, which enhances the
cytotoxicity found in cutaneous leishmaniasis patients [36].

Exposure to pathogens or stimulation by cytokines and
accessory cells can induce NK cells to secrete cytokines. Previ-
ous studies have shown that pathogens can directly activate NK
cells either by binding the NK cell receptors or by signaling the
downstream pathways of pattern recognition receptors [37,
38]. However, DCs appear to be the most effective stimulator,
triggering a key role in the in vivo activation of NK
cells [39–41].

The bidirectional interplay between DCs and NK cells can
promote the maturation and activation of both cell types, as
well as cytokine production. Previous in vivo studies using
mouse models of visceral and cutaneous leishmaniasis have
reported that, during the early phase of infection, DCs can
activate NK cells in a TLR9 and IL-12-dependent manner,
thereby limiting parasite spread and preventing disease estab-
lishment [15, 23]. Activated NK cells can release chemokines
(e.g., CCL3, CCL4, CCL5) and cytokines (e.g., GM-CSF, IFN-γ,
TNF-α) [40]. However, activation of DCs by NK cells requires
cell-to-cell contact along with the presence of both TNF-α and
IFN-γ. According to Ferlazzo et al. [39], under conditions of
reduced inflammation, NK cells may be essential in supporting
the effective activation of DCs, which favor a T cell immune
response, but only when NK cell activation is mediated by
target cell recognition. Furthermore, IL-12-producing DCs
are also crucial for NK cell activation and IFN-γ synthesis while
TNF and IFN-γ releasingNK cells promote the development of
a Th1 immune response by enhancing DCs’ costimulatory
molecules [41].

The control of all clinical forms of leishmaniasis relies on T
cell differentiation driven by IL-12 and the recruitment of IFN-
γ-producing Th cells to the site of infection [42]. Helper T cells
are also essential for triggeringmacrophages to kill intracellular
amastigote forms [43] in addition to signaling pathways that
are involved in reducing hyperinflammation and supporting
tissue repair [44]. Moreover, Leishmania parasites use sophis-
ticated strategies tomanipulate the activity ofmacrophages and
DCs in order to guarantee their own survival and replication.
The primary strategy of Leishmania parasites involves suppres-
sion of IL-12 production, which prevents Th1 differentiation
and avoids parasite antigen presentation by DCs to T cells,
leading to a weakened cell-mediated immune response. The

findings of the present work indicate that L. amazonensis
infected moDCs stimulate canine pNK cells to generate IFN-
γ. Although these infected moDCs drive pNK cells to slightly
upregulate IL-12p40, which is an IL-12 subunit that is known to
be a chemoattractant for macrophages and activated DCs [45].
Indeed, a previous study by Xin, Li, and Soong [26] reported
that the upregulation of IL-12p40 in moDCs infected with
L. amazonensis was rather low and transient. Nevertheless,
IFN-γ may help to restrain L. amazonensis infection in dogs.
In mouse models of visceral leishmaniasis, as well as in dogs
and humans, TNF-α appears to play a critical role in the onset
of granuloma formation, which is associated with the control of
L. infantum infection [46–48]. However, in the current study,
the interaction between loaded moDCs with pNK cells did not
lead to a considerable generation of TNF-α. Therefore, since
the activation of inflammatory macrophages requires IFN-γ
and TNF-α synergy, optimal activation of these cells should
not be achieved, which may allow parasite survival. Neverthe-
less, NK cells seem to have divergent protagonism according to
leishmaniasis clinical forms and disease severity. It has been
reported that patients with diffuse cutaneous leishmaniasis
exhibited a reduced number of NK cells, lower levels of cyto-
kines, such as IFN-γ, and diminished TLR expression, as is the
case of TLR1, TLR2, and TLR6. In contrast, patients with local-
ized cutaneous leishmaniasis have higher cytokine levels and a
greater amount of NK cells [49, 50]. Furthermore, CD4+T cell-
deficient mice indicate that IFN-γ production by NK cells is not
sufficient to restrain L. major infection [51].

IL-13 is an anti-inflammatory cytokine linked to suscepti-
bility to leishmaniasis caused by different species of Leish-
mania. Indeed, studies involving IL-13 knockout and
transgenic mice have shown that this cytokine plays a key
role in inducing the differentiation of Th2 cells [52]. Since
IL-13 regulates inflammatory macrophages, the early produc-
tion of this cytokine during L. amazonensis infection might be
part of the strategy used by the parasite to evade host immune
defenses. Interestingly, despite the early anti-inflammatory
response, still appears to be able to generate IFN-γ. These
data correlate with L. braziliensis infection in both mice and
humans, where predominate a Th1 response after a brief period
of impaired immune defenses [53]. The study of disease out-
comes in IL-13 knockout and wild-type C57BL/6mice revealed
an IL-13-independent role in L. mexicana infection. After 8
weeks of infection, lesions that were comparable in size to those
of wild-type animals were found in IL-13 knockoutmice. How-
ever, while wild-type mice exhibited progressive lesion devel-
opment, knockout mice healed the lesions favored by the
establishment of a Th1 response. It is therefore possible that
IL-4 plays a decisive role in the initial stages of lesion develop-
ment, while IL-13 promotes a chronic, nonhealing form of the
infection [54]. Recent findings indicate that IL-13 is a dominant
Th2 cytokine in human lesions caused by L. guyanensis, inhi-
biting the expression of the β2 chain of the IL-12 receptor in
lymphocytes [55]. In another study, Zaatar, Simaan, and
Karam [56] showed that L. major infected mice treated with
IL-13 display an increase in parasite burden.Moreover, 12 days
after IL-13 administration, IFN-γ levels were significantly
reduced, suggesting that exogenous IL-13 hinders a shift
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from Th1 to Th2 by preventing IFN-γ production, a process
linked to disease severity. Coêlho et al. [57] demonstrated that
human PBMCs release high levels of IL-13 and IL-10 alongside
reduced IL-12 production, several hours after exposure to
L. amazonensis parasites, promoting the activation of a Th2
response. In the present study, moDCs infected with L. amazo-
nensis parasites or primed by L. amazonensis derived EVs
induce pNK cells to generate IL-13, pointing toward an anti-
inflammatory response that favors skin remodeling through
fibroblast recruitment and enhancing collagen deposition.
However, pNK cells also appear to be able to generate IFN-γ,
which induces a Th1 response. Therefore, during L. amazonen-
sis infection in dogs, the interplay established between DCs and
NK cells may shape a balanced proinflammatory and anti-
inflammatory immune response, preventing inflammation
and favoring the establishment of a chronic infection.

Another immune mediator that can limit NK cell activity
after Leishmania infection is IL-10. This immunosuppressive
cytokine can be secreted by macrophages, as well as by helper
and regulatory T cells [58–61], in addition to human and
mouse-activated NK cells, including those from patients diag-
nosed with localized cutaneous leishmaniasis [62, 63]. Never-
theless, the role played by IL-10 in either activating or
suppressing NK cell activity in leishmaniasis remains unde-
fined. Indeed, during Leishmania infection, macrophages can
antagonize NK cell functions by producing IL-10, which sup-
presses activating cytokines. In the current study, loaded
moDCs induced by pNK cells present increased levels of IL-
10 mRNA, particularly in L. infantum infected moDCs, which
suggests the impairment of pNK activity, especially regarding
the secretion of proinflammatory cytokines. Indeed, pNK cells
exposed to L. infantum infected moDCs exhibited suppressed
generation of the proinflammatory cytokines IFN-γ and
TNF-α.

Both CCL3 and CCL4, which can be released by human
NK cells, stimulate T cells throughCCR5, inducing lymphocyte
migration. CCL3 preferentially mediates recruitment of CD8+

T lymphocytes while CCL4 is involved in the migration of
CD4+ T cells [64–66]. Prior research demonstrated that bone
marrow-derived DCs from mice infected with L. amazonensis
amastigotes can secrete CCL3, CCL5, and CXCL10 when in
coculture with NK cells [67, 68]. In turn, the current study
findings suggest that moDCs infected with L. amazonensis or
L. infantum parasites or primed by EVs direct the generation of
both CCL3 and CCL4 by pNK cells. These chemokines are
likely to promote the recruitment of lymphocytes to the site
of infection, thereby favoring a cellular immune response
(helper and cytotoxic) in the parasite target organs, which
may limit the infection in dogs. The production of the chemo-
kine CXCL8 by both leukocytes and nonleukocyte somatic cells
appears to rely on IL-1 proinflammatory stimuli. This chemo-
kine plays a crucial role in inducing the migration of polymor-
phic mononuclear cells [69, 70], which are key players involved
in the first line of defense against Leishmania infection. In the
current work, infected moDCs and L. infantum EVs primed
moDCs stimulate NK cells to upregulate CXCL8, suggesting
the potential recruitment of polymorphic mononuclear cells to
parasite target organs, which may elicit parasite load reduction.

An in vitro study reported by Pereira et al. [71] highlights the
effector functions of canine polymorphic mononuclear cells
during the early phase of L. infantum infection, promoting
parasite load reduction through the emission of extracellular
traps.

The interaction between DCs and NK cells can drive the
differentiation and proliferation of T cells [72, 73]. The matu-
ration of DCs is associated with the overexpression of surface
markers, such as MHCII and costimulatory molecules (e.g.,
CD80, CD86). These molecules induce T cell receptor signal-
ing, enabling T helper cells to recognize antigens complex with
MHCmolecules [74]. According to Calmeiro et al. [75], imma-
ture DCs cocultured with NK cells and lipopolysaccharide lead
to the maturation of DCs, overexpressing CD86 and releasing
IL-12. NK cells recognize target cells through surface receptors
that interact with MHCI epitopes. Recognition of these epi-
topes prevents NK cell cytotoxicity, but if MHCI molecules
on the target cell differ from those of the other cells of the
organism, NK cell cytotoxicity is triggered. During moDCs
maturation, overexpression of MHCI may protect these cells
from NK lysis [76, 77]. In the current study, pNK cells do not
influence the expression of MHC surface molecules of loaded
moDCs and do not appear to affect the gene expression of
costimulatory molecules, beyond the modulation exerted by
parasites or EVs. Except in the case of moDCs infected with
L. amazonensis, where pNK cells lead to diminishedCD80 gene
expression. Thus, pNK cells do not influence loaded moDCs to
trigger the activation of the T cell immune response.

In addition to producing immunemediators following acti-
vation by DCs, a key activity of NK cells is to promote the
destruction of infected cells by the exocytosis of granules, which
release perforin and granzyme, leading to the apoptosis of tar-
get cells. In Leishmania infection, granzymes play a role in
enhancing inflammation, which contributes to tissue damage
[78]. Therefore, the effect of the cytotoxic activity of pNK cells
onmoDCs and the viability of parasites internalized bymoDCs
was also examined in the present study. Although perforin and
granzyme B were released by pNK cells when induced by
loaded moDCs, reduced levels of apoptotic cells were exhibited
by infected moDCs. Furthermore, internalized parasites were
viable and maintained their replicative capacity, being able to
establish infection. Thus, the cytotoxic activity of canine NK
cells can be impaired by L. infantum and L. amazonensis
infected moDCs.

5. Conclusions

In CanL, the intricate interactions that are established between
the dog’s immune response and parasite control have yet to be
fully understood. NK cells can establish multiple interactions
with innate leukocytes including DCs, driving the killing of
target cells. Given the scarce information available on the inter-
play between DCs and NK cells in leishmaniasis, this study
reports for the first time the immune interaction features of
canine DCs and NK cells during infection by cutaneous and
visceral Leishmania parasites, as well as by parasite-derived
EVs. An in vitro model was established using moDCs infected
with L. infantum, which is the Leishmania species that is the
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primary cause of CanL worldwide, or infected with L. amazo-
nensis, a species that has also been found in dogs. ThesemoDCs
were then exposed to autologous pNK cells to study their inter-
actions. In addition, moDCs primed with EVs derived from
both parasite species were also used. Chemotaxis, cytotoxicity,
immune mediators, MHC molecules, and costimulatory mole-
cules that are involved in T cell activation and infection control
have been studied. The findings suggest that the interplay
between canine moDCs and pNK cells, although exhibiting
different immune response patterns, appears to be regulated
by the cutaneous and visceral Leishmania spp., favoring the
establishment of active or chronic infections (Figure 10). Cross-
talk of L. amazonensis infectedmoDCs and pNK cells leads to a
balanced pro- and anti-inflammatory response involving per-
forin release, which may control lesion outcome, as lesion heal-
ing relies on parasite control and modulation of local
inflammation. While L. infantum infected moDCs contribute
to a regulatory environment that supports parasite survival.
Leishmania EVs, which are intrinsic to the parasite’s biology,
may be used to manipulate infection outcomes by modulating
the interplay betweenDCs andNK cells. EVs induce aDCs-NK
cell crosstalk similar to the respective parasites, but differ from
parasite infection in a few aspects. L. infantumEVs do not favor
cytokine generation while L. amazonensis EVs can foster an
immunosuppressive environment. Moreover, EVs derived
from both parasite species are chemotactic, having the potential

to attract other leukocytes to the infection site. Thus, EVs emit-
ted by Leishmania parasites are emerging as key immunomo-
dulators of the canine immune response.
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Additional supporting information can be found online in
the Supporting Information section. (Supporting Information)
The panel of direct conjugated monoclonal antibodies used to
immunophenotype pNK cells and DCs by multiparametric
flow cytometry is listed in Table S1, including the laser and
emission filters used. The reverse and forward primers used in
RT-qPCR to assess gene expression of chemokines (CCL4,
CCL3, and CXCL8), cytokines (IFN-, TNF-α, IL-3, IL-10, IL-
12p40, and IL-13), and costimulatory molecules (CD80 and
CD86) in moDCs and pNK cells are listed in Table S2. The
primers for amplifying the housekeeping gene (β-actin) are also
included. Table S3 includes a list of reagents used in the current
study, the vendors, catalog number, and concentration.

References

[1] F. Dantas-Torres, “Canine Leishmaniasis in the Americas:
Etiology, Distribution, and Clinical and Zoonotic Impor-
tance,” Parasites & Vectors 17, no. 1 (2024): 198.

[2] M. A. Cooper, T. A. Fehniger, and M. A. Caligiuri, “The
Biology of Human Natural Killer-Cell Subsets,” Trends in
Immunology 22, no. 11 (2001): 633–640.

[3] S. E. Franks, B. Wolfson, and J. W. Hodge, “Natural Born
Killers: NK Cells in Cancer Therapy,” Cancers 12, no. 8
(2020): 2131.

[4] L. L. Lanier, “On Guard—Activating NK Cell Receptors,”
Nature Immunology 2, no. 1 (2001): 23–27.

[5] L. L. Lanier, “Up on the Tightrope: Natural Killer Cell
Activation and Inhibition,” Nature Immunology 9, no. 5
(2008): 495–502.

[6] L. Quatrini, M. Della Chiesa, S. Sivori, M. C. Mingari,
D. Pende, and L. Moretta, “Human NK Cells, Their Receptors
and Function,” European Journal of Immunology 51, no. 7
(2021): 1566–1579.

[7] W. Held, M. Kijima, G. Angelov, and S. Bessoles, “The
Function of Natural Killer Cells: Education, Reminders and
Some Good Memories,” Current Opinion in Immunology 23,
no. 2 (2011): 228–233.

[8] C. Bogdan, “Nitric Oxide and the Immune Response,” Nature
Immunology 2, no. 10 (2001): 907–916.

[9] Y. Laouar, F. S. Sutterwala, L. Gorelik, and R. A. Flavell,
“Transforming Growth Factor-β Controls T Helper Type 1
Cell Development Through Regulation of Natural Killer Cell
Interferon-γ, Nature Immunology 6, no. 6 (2005): 600–607.

[10] M. J. Loza, L. Zamai, L. Azzoni, E. Rosati, and B. Perussia,
“Expression of Type 1 (Interferon Gamma) and Type 2
(Interleukin-13, Interleukin-5) Cytokines at Distinct Stages of
Natural Killer Cell Differentiation From Progenitor Cells,”
Blood 99, no. 4 (2002): 1273–1281.

[11] M. J. Robertson, “Role of Chemokines in the Biology of
Natural Killer Cells,” Journal of Leukocyte Biology 71, no. 2
(2002): 173–183.

[12] B. G. Dorner, H. R. C. Smith, A. R. French, et al., “Coordinate
Expression of Cytokines and Chemokines by NK Cells During
Murine Cytomegalovirus Infection,” The Journal of Immunol-
ogy 172, no. 5 (2004): 3119–3131.

[13] A. Maroof, L. Beattie, S. Zubairi, M. Svensson, S. Stager, and
P. M. Kaye, “Posttranscriptional Regulation of Il10 Gene
Expression Allows Natural Killer Cells to Express
Immunoregulatory Function,” Immunity 29, no. 2 (2008):
295–305.

[14] I. Voskoboinik, M. J. Smyth, and J. A. Trapani, “Perforin-
Mediated Target-Cell Death and Immune Homeostasis,”
Nature Reviews Immunology 6, no. 12 (2006): 940–952.

[15] M. E. Ivanova, N. Lukoyanova, S. Malhotra, et al., “The Pore
Conformation of Lymphocyte Perforin,” Science Advances 8,
no. 6 (2022): eabk3147.

[16] A. Tittarelli, B. Janji, K. Van Moer, M. Z. Noman, and
S. Chouaib, “The Selective Degradation of Synaptic Connexin
43 Protein by Hypoxia-Induced Autophagy Impairs Natural
Killer Cell-mediated Tumor Cell Killing,” Journal of Biological
Chemistry 290, no. 39 (2015): 23670–23679.

[17] A. C. Wensink, C. E. Hack, and N. Bovenschen, “Granzymes
Regulate Proinflammatory Cytokine Responses,” The Journal
of Immunology 194, no. 2 (2015): 491–497.

[18] L. Cigalotto and D. Martinvalet, “Granzymes in Health and
Diseases: The Good, the Bad and the Ugly,” Frontiers in
Immunology 15 (2024): 1371743.

[19] I. R. Blanca, E. W. Bere, H. A. Young, and J. R. Ortaldo,
“Human B Cell Activation by Autologous NK Cells Is
Regulated by CD40-CD40 Ligand Interaction: Role of Memory
B Cells and CD5+ B Cells,” The Journal of Immunology 167,
no. 11 (2001): 6132–6139.

[20] A. Zingoni, T. Sornasse, B. G. Cocks, Y. Tanaka, A. Santoni,
and L. L. Lanier, “Cross-Talk Between Activated Human NK
Cells and CD4

+ T Cells via OX40-OX40 Ligand Interactions,”
The Journal of Immunology 173, no. 6 (2004): 3716–3724.

[21] J. Liese, U. Schleicher, and C. Bogdan, “The Innate Immune
Response Against Leishmania Parasites,” Immunobiology 213,
no. 3-4 (2008): 377–387.

[22] J. Liese, U. Schleicher, and C. Bogdan, “TLR9 Signaling Is
Essential for the Innate NK Cell Response in Murine
Cutaneous Leishmaniasis,” European Journal of Immunology
37, no. 12 (2007): 3424–3434.

[23] M. Bajénoff, B. Breart, A. Y. Huang, et al., “Natural Killer Cell
Behavior in Lymph Nodes Revealed by Static and Real-Time
Imaging,” The Journal of Experimental Medicine 203, no. 3
(2006): 619–631.

[24] C. Bogdan, “Natural Killer Cells in Experimental and Human
Leishmaniasis,” Frontiers in Cellular and Infection Microbiol-
ogy 2 (2012): 69.

[25] L. Soong, C. A. Henard, and P. C. Melby, “Immunopathogen-
esis of Non-Healing American Cutaneous Leishmaniasis and
Progressive Visceral Leishmaniasis,” Seminars in Immunopa-
thology 34, no. 6 (2012): 735–751.

[26] L. Xin, Y. Li, and L. Soong, “Role of Interleukin-1β in
Activating the CD11chigh CD45RB-Dendritic Cell Subset and
Priming Leishmania amazonensis-Specific CD4+ T Cells in
Vitro and in Vivo,” Infection and Immunity 75, no. 10 (2007):
5018–5026.

[27] T. M. Scharton and P. Scott, “Natural Killer Cells are a Source
of Interferon Gamma that Drives Differentiation of CD4+ T
Cell Subsets and Induces Early Resistance to Leishmania major
in Mice,” The Journal of Experimental Medicine 178, no. 2
(1993): 567–577.

[28] F. Bihl, J. Pecheur, B. Bréart, et al., “Primed Antigen-Specific
CD4+ T Cells are Required for NK Cell Activation in Vivo
upon Leishmania major Infection,” The Journal of Immunol-
ogy 185, no. 4 (2010): 2174–2181.

14 Journal of Immunology Research

 1607, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/jim

r/3176927 by N
ova M

edical School, W
iley O

nline L
ibrary on [02/05/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1155/jimr/3176927


[29] A. Valério-Bolas, M. Meunier, J. Palma-Marques, et al.,
“Exploiting Leishmania-Primed Dendritic Cells as Potential
Immunomodulators of Canine Immune Response,” Cells 13,
no. 5 (2024): 445.

[30] J. I. Weber, A. V. Rodrigues, A. Valério-Bolas, et al., “Insights
on Host-Parasite Immunomodulation Mediated by Extracel-
lular Vesicles of Cutaneous Leishmania shawi and Leishmania
guyanensis,” Cells 12, no. 8 (2023): 1101.

[31] M. F. Santos, G. Alexandre-Pires, M. A. Pereira, et al.,
“Immunophenotyping of Peripheral Blood, Lymph Node, and
Bone Marrow T Lymphocytes During Canine Leishmaniosis
and the Impact of Antileishmanial Chemotherapy,” Frontiers
in Veterinary Science 7 (2020): 375.

[32] A. Rodrigues, M. Claro, G. Alexandre-Pires, et al., “Leishmania
infantum Antigens Modulate Memory Cell Subsets of Liver
Resident T Lymphocyte,” Immunobiology 222, no. 2 (2017):
409–422.

[33] A. Untergasser, I. Cutcutache, T. Koressaar, et al., “Primer3—
New Capabilities and Interfaces,” Nucleic Acids Research 40,
no. 15 (2012): e115.

[34] O. R. Rodrigues, R. A. Moura, S. Gomes-Pereira, and
G. M. Santos-Gomes, “H-2 Complex Influences Cytokine
Gene Expression in Leishmania Infantum-Infected macro-
phages,” Cellular Immunology 243 (2006): 118–126.

[35] S. H. Lee, D. J. Shin, Y. Kim, et al., “Comparison of Phenotypic
and Functional Characteristics between Canine Non-B, Non-T
Natural Killer Lymphocytes and CD3+CD5dimCD21− Cytotoxic
Large Granular Lymphocytes,” Frontiers in Immunology 9 (2018):
841.

[36] M. Della Chiesa, E. Marcenaro, S. Sivori, S. Carlomagno, S. Pesce,
and A. Moretta, “Human NK Cell Response to Pathogens,”
Seminars in Immunology 26, no. 2 (2014): 152–160.

[37] M. R. Goodier and E. M. Riley, “Regulation of the Human NK
Cell Compartment by Pathogens and Vaccines,” Clinical &
Translational Immunology 10, no. 1 (2021): e1244.

[38] K. Shortman and Y.-J. Liu, “Mouse and Human Dendritic Cell
Subtypes,” Nature Reviews Immunology 2, no. 3 (2002): 151–
161.

[39] G. Ferlazzo, M. Pack, D. Thomas, et al., “Distinct Roles of IL-
12 and IL-15 in Human Natural Killer Cell Activation by
Dendritic Cells From Secondary Lymphoid Organs,” Proceed-
ings of the National Academy of Sciences 101, no. 47 (2004):
16606–16611.

[40] T. Walzer, M. Dalod, S. H. Robbins, L. Zitvogel, and E. Vivier,
“Natural-Killer Cells and Dendritic Cells: “l’union Fait la
Force,” Blood 106, no. 7 (2005): 2252–2258.

[41] E. Mougneau, F. Bihl, and N. Glaichenhaus, “Cell Biology and
Immunology of Leishmania,” Immunological Reviews 240,
no. 1 (2011): 286–296.

[42] J. E. Lykens, C. E. Terrell, E. E. Zoller, et al., “Mice With a
Selective Impairment of IFN-γ Signaling in Macrophage
Lineage Cells Demonstrate the Critical Role of IFN-
γ-Activated Macrophages for the Control of Protozoan
Parasitic Infections In Vivo,” The Journal of Immunology 184,
no. 2 (2010): 877–885.

[43] N. Peters and D. Sacks, “Immune Privilege in Sites of Chronic
Infection: Leishmania and Regulatory T Cells,” Immunological
Reviews 213, no. 1 (2006): 159–179.

[44] A. M. Cooper and S. A. Khader, “IL-12p40: An Inherently
Agonistic Cytokine,” Trends in Immunology 28, no. 1 (2007):
33–38.

[45] R. D. Pearson and A. Q. Sousa, “Clinical Spectrum of
Leishmaniasis,”Clinical Infectious Diseases 22, no. 1 (1996): 1–13.

[46] H. W. Murray, “Clinical and Experimental Advances in
Treatment of Visceral Leishmaniasis,” Antimicrobial Agents
and Chemotherapy 45, no. 8 (2001): 2185–2197.

[47] R. A. Sánchez-Delgado and A. Anzellotti, “Metal Complexes
as Chemotherapeutic Agents Against Tropical Diseases:
Trypanosomiasis, Malaria and Leishmaniasis,” Mini-Reviews
in Medicinal Chemistry 4, no. 1 (2004): 23–30.

[48] N. Salaiza-Suazo, P. Volkow, R. Tamayo, et al., “Treatment of
Two Patients With Diffuse Cutaneous Leishmaniasis Caused
by Leishmania mexicana Modifies the Immunohistological
Profile but Not the Disease Outcome,” Tropical Medicine &
International Health 4, no. 12 (1999): 801–811.

[49] I. C. Cañeda-Guzmán, N. Salaiza-Suazo, E. A. Fernández-
Figueroa, G. Carrada-Figueroa, M. Aguirre-García, and
I. Becker, “NK Cell Activity Differs Between Patients With
Localized and Diffuse Cutaneous Leishmaniasis Infected With
Leishmania mexicana: A Comparative Study of TLRs and
Cytokines,” PLoS ONE 9, no. 11 (2014): e112410.

[50] A. E. Wakil, Z. E. Wang, J. C. Ryan, D. J. Fowell, and
R. M. Locksley, “Interferon γ Derived From CD4+ T Cells Is
Sufficient to Mediate T Helper Cell Type 1 Development,” The
Journal of Experimental Medicine 188, no. 9 (1998): 1651–
1656.

[51] J. Alexander and K. Bryson, “T Helper (h) 1/Th2 and
Leishmania: Paradox Rather than Paradigm,” Immunology
Letters 99, no. 1 (2005): 17–23.

[52] H. W. Murray, C. W. Tsai, J. Liu, and X. Ma, “Visceral
Leishmania donovani Infection in Interleukin-13−/− Mice,”
Infection and Immunity 74, no. 4 (2006): 2487–2490.

[53] J. Alexander, F. Brombacher, H. A. McGachy,
A. N. McKenzie, W. Walker, and K. C. Carter, “An Essential
Role for IL-13 in Maintaining a Non-Healing Response
Following Leishmania mexicana Infection,” European Journal
of Immunology 32, no. 10 (2002): 2923–2933.

[54] E. Bourreau, G. Prévot, R. Pradinaud, and P. Launois,
“Interleukin (IL)–13 Is the Predominant Th2 Cytokine in
Localized Cutaneous Leishmaniasis Lesions and Renders
Specific CD4+ T Cells Unresponsive to IL-12,” The Journal of
Infectious Diseases 183, no. 6 (2001): 953–959.

[55] B. O. Osero, Z. Cele, R. T. Aruleba, et al., “Interleukin-4
Responsive Dendritic Cells are Dispensable to Host Resistance
Against Leishmania mexicana Infection,” Frontiers in
Immunology 12 (2022): 759021.

[56] M. T. Zaatar, Y. Simaan, and M. C. Karam, “Exogenous IL-13
Exacerbates Leishmania major Infection and Abrogates
Acquired Immunity to Re-Infection,” Parasitology Research
121, no. 7 (2022): 2009–2017.

[57] Z. C. Coêlho, M. J. Teixeira, E. F. Mota, et al., “In Vitro Initial
Immune Response Against Leishmania amazonensis Infection
Is Characterized by an Increased Production of IL-10 and IL-
13,” The Brazilian Journal of Infectious Diseases 14, no. 5
(2010): 476–482.

[58] C. F. Anderson, M. Oukka, V. J. Kuchroo, and D. Sacks,
“CD4+CD25−Foxp3− Th1 Cells are the Source of IL-
10–Mediated Immune Suppression in Chronic Cutaneous
Leishmaniasis,” The Journal of Experimental Medicine 204,
no. 2 (2007): 285–297.

[59] H. Nagase, K. M. Jones, C. F. Anderson, and N. Noben-
Trauth, “Despite Increased CD4+Foxp3+ Cells Within the
Infection Site, BALB/c IL-4 Receptor-Deficient Mice Reveal
CD4+Foxp3−Negative T Cells as a Source of IL-10 in
Leishmania major Susceptibility,” The Journal of Immunology
179, no. 4 (2007): 2435–2444.

Journal of Immunology Research 15

 1607, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/jim

r/3176927 by N
ova M

edical School, W
iley O

nline L
ibrary on [02/05/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



[60] O. R. Rodrigues, C. Marques, M. Soares-Clemente,
M. H. Ferronha, and G. M. Santos-Gomes, “Identification of
Regulatory T Cells During Experimental Leishmania infantum
Infection,” Immunobiology 214, no. 2 (2009): 101–111.

[61] H. Akuffo, A. Alexis, L. Eidsmo, A. Saed, S. Nylén, and
K. Maasho, “Natural Killer Cells in Cross-Regulation of IL-12
by IL-10 in Leishmania Antigen-Stimulated Blood Donor
Cells,” Clinical and Experimental Immunology 117, no. 3
(1999): 529–534.

[62] K. Maasho, D. McMahon-Pratt, J. Raita, et al., “Evaluation of
Amastigote Reactive Cells in Human Cutaneous Leishmaniasis
Caused by Leishmania aethiopica,” Clinical and Experimental
Immunology 132, no. 2 (2003): 316–322.

[63] N. W. Lukacs, T. J. Standiford, S. W. Chensue, R. G. Kunkel,
R. M. Strieter, and S. L. Kunkel, “C-C Chemokine-Induced
Eosinophil Chemotaxis During Allergic Airway Inflamma-
tion,” Journal of Leukocyte Biology 60, no. 5 (1996): 573–578.

[64] P. Menten, A. Wuyts, and J. Van Damme, “Macrophage
Inflammatory Protein-1,” Cytokine & Growth Factor Reviews
13, no. 6 (2002): 455–481.

[65] M. N. Ajuebor, C. M. Hogaboam, T. Le, A. E. I. Proudfoot,
and M. G. Swain, “CCL3/MIP-1α is Pro-Inflammatory in
Murine T Cell-Mediated Hepatitis by Recruiting CCR1-
Expressing CD4+ T Cells to the Liver,” European Journal of
Immunology 34, no. 10 (2004): 2907–2918.

[66] C. Fauriat, E. O. Long, H.-G. Ljunggren, and Y. T. Bryceson,
“Regulation of Human NK-Cell Cytokine and Chemokine
Production by Target Cell Recognition,” Blood 115, no. 11
(2010): 2167–2176.

[67] M. X. H. Sanabria, D. A. Vargas-Inchaustegui, L. Xin, and
L. Soong, “Role of Natural Killer Cells in Modulating Dendritic
Cell Responses to Leishmania amazonensis Infection,”
Infection and Immunity 76, no. 11 (2008): 5100–5109.

[68] M. Baggiolini and I. Clark-Lewis, “Interleukin-8, a Chemotac-
tic and Inflammatory Cytokine,” FEBS Letters 307, no. 1
(1992): 97–101.

[69] N.Mukaida, “Pathophysiological Roles of Interleukin-8/CXCL8 in
Pulmonary Diseases,” American Journal of Physiology-Lung
Cellular and Molecular Physiology 284, no. 4 (2003): L566–L577.

[70] S. Möller and T. Laskay, “Purinergic Enhancement of Anti-
Leishmanial Effector Functions of Neutrophil Granulocytes,”
Frontiers in Immunology 12 (2021): 747049.

[71] M. Pereira, A. Valério-Bolas, D. Santos-Mateus, et al., “Canine
Neutrophils Activate Effector Mechanisms in Response to
Leishmania infantum,” Veterinary Parasitology 248 (2017):
10–20.

[72] L. Zitvogel, “Dendritic and Natural Killer Cells Cooperate in
the Control/Switch of Innate Immunity,” The Journal of
Experimental Medicine 195, no. 3 (2002): F9–F14.

[73] M. A. Cooper, T. A. Fehniger, A. Fuchs, M. Colonna, and
M. A. Caligiuri, “NK Cell and DC Interactions,” Trends in
Immunology 25, no. 1 (2004): 47–52.

[74] S. Y. Tseng, M. Otsuji, K. Gorski, et al., “B7-Dc, a New
Dendritic Cell Molecule With Potent Costimulatory Proper-
ties for T Cells,” The Journal of Experimental Medicine 193,
no. 7 (2001): 839–846.

[75] J. Calmeiro, M. Carrascal, C. Gomes, A. Falcão, M. T. Cruz, and
B. M. Neves, “Highlighting the Role of DC-NK Cell Interplay in
Immunobiology and Immunotherapy,” in Dendritic Cells,
(IntechOpen, 2018).

[76] J. V. Ravetch and L. L. Lanier, “Immune Inhibitory
Receptors,” Science 290, no. 5489 (2000): 84–89.

[77] A. Moretta, C. Bottino, M. Vitale, et al., “Activating Receptors
and Coreceptors Involved in Human Natural Killer Cell-
Mediated Cytolysis,” Annual Review of Immunology 19, no. 1
(2001): 197–223.

[78] T. M. Campos, F. O. Novais, M. Saldanha, et al., “Granzyme B
Produced by Natural Killer Cells Enhances Inflammatory
Response and Contributes to the Immunopathology of
Cutaneous Leishmaniasis,” The Journal of Infectious Diseases
221, no. 6 (2020): 973–982.

16 Journal of Immunology Research

 1607, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/jim

r/3176927 by N
ova M

edical School, W
iley O

nline L
ibrary on [02/05/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense


	Unveiling the Interplay Between Dendritic Cells and Natural Killer Cells as Key Players in Leishmania Infection
	1. Introduction
	2. Materials and Methods
	2.1. Experimental Design
	2.2. Leishmania Growth and EVs Purification
	2.3. Differentiation of moDCs and NK Cell Isolation
	2.4. Immunophenotyping and Morphology of NK Cells
	2.5. moDCs-NK Cells' Cocultures
	2.6. Perforin and Granzyme Immunoassays
	2.7. DNA Copies of Chemokines, Cytokines, and Costimulatory Molecules
	2.8. Surface Expression of MHC Molecules by Loaded moDCs
	2.9. Apoptosis of moDCs
	2.10. Viability of Intracellular Parasites
	2.11. Statistical Analysis

	3. Results
	3.1. Magnetically Sorted Cells Were Enriched in pNK Cells
	3.2. moDCs Infected With L.&x00A0;infantum or L.&x00A0;amazonensis Drive the Generation of Chemokines by pNK Cells
	3.3. L.&x00A0;amazonensis Infected moDCs Induce pNK Cells to Generate IFN-γ and IL-13
	3.4. NK Cell Degranulation Is Triggered by L.&x00A0;amazonensis and EVs Loaded moDCs
	3.5. Infected moDCs and Intracellular Parasites Are Resistant to pNK Cell Cytotoxicity
	3.6. Exposure to pNK Cells Does Not Favor Antigen Presentation by Loaded moDCs
	3.7. Exposure to Autologous NK Cells Enhances the Upregulation of IL-10 in L.&x00A0;infantum Infected moDCs and moDCs Primed by L.&x00A0;amazonensis Derived EVs

	4. Discussion
	5. Conclusions
	Data Availability Statement
	Conflicts of Interest
	Funding
	Supporting Information
	References




