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Abstract

Cutaneous leishmaniasis (CL) is the most common clinical form of leishmaniasis, char-
acterized by persistent skin ulcers and nodules. Standard chemotherapeutic agents have
substantial toxicity and do nothing to repair the damaged tissue, an unmet need that moti-
vates the search for adjunctive strategies. Mesenchymal stem cells (MSCs) can modulate
macrophage activity and support tissue regeneration, yet their role in CL has received
limited attention. In this study, we tested whether bone marrow-derived MSCs (BM-MSCs)
could attenuate Leishmania mexicana-induced inflammation and facilitate skin repair. Indi-
rect co-culture of BM-MSCs with infected RAW264.7 macrophages shifted the macrophage
phenotype from M1 toward M2, with higher IL-10 and Arg-1 expression and lower iNOS
and IL-1β. In BALB/c mice with established CL, three weekly intravenous injections
of BM-MSCs reduced paw swelling, improved skin histology, decreased type I collagen
deposition, lowered Integrin β1 and Cytokeratin 17 expression, and reduced tissue parasite
load. Immunofluorescence confirmed a predominantly M2 macrophage distribution in
treated lesions. We inferred that BM-MSCs acted on both the immune and reparative
aspects of the disease process, supporting their potential as an adjunct to conventional
anti-leishmanial therapy.

Keywords: Leishmania mexicana; host-directed therapy; macrophage immunomodulation;
skin wound healing; lesion pathology

1. Introduction
Leishmaniasis is a zoonotic disease caused by intracellular protozoa of the genus Leish-

mania and transmitted through the bites of infected phlebotomine sandflies. It ranks among
the most neglected tropical diseases worldwide, placing an estimated 350 million people
at risk across 98 countries and generating over 1.2 million new cases each year [1,2]. The
cutaneous form (CL) accounts for approximately 70% of all cases and represents the most
common clinical manifestation, with an estimated 600,000–1,000,000 new cases occurring
annually worldwide [1]. CL is defined clinically by persistent skin ulcers and nodular
lesions that can persist for months to years; in severe presentations, tissue destruction leads
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to disfigurement and lasting functional impairment [2]. Canine leishmaniasis also deserves
mention, as dogs develop systemic disease with prominent dermatological involvement,
and they are a primary reservoir for human infection, creating an important veterinary and
public-health burden [3]. Notably, canine leishmaniasis has re-emerged in Beijing, China,
with approximately 5% of dogs in mountainous areas reported to be infected [4].

Chemotherapy for leishmaniasis has undergone only limited changes over the past
half-century, and each available agent has notable drawbacks. Pentavalent antimoni-
als remain the first-line choice in many settings, but cardiac and pancreatic toxicity are
common, and resistance is now widespread on the Indian subcontinent [5]. Liposomal
amphotericin B achieves high cure rates yet is nephrotoxic and too expensive for most en-
demic countries [6,7]. Miltefosine, the only oral option, is teratogenic and is already facing
emerging resistance [8,9]. Physical modalities—cryotherapy, radiofrequency heat, and CO2

laser—have shown benefits in selected patients but are not uniformly effective [10–13]. Per-
haps most importantly, all of these approaches target the parasite but leave the lesion itself
largely unaddressed; patients may achieve a parasitological cure but still have non-healing
ulcers that are prone to secondary infection. A treatment that could provide both infection
control and tissue repair would therefore fill an important gap.

Mesenchymal stem cells (MSCs) have attracted interest in inflammatory and immune-
mediated diseases because of their capacity to secrete paracrine factors that reshape local
immune responses and support tissue regeneration [14]. In CL, the macrophage sits at the
intersection of parasite biology and host pathology; it is the primary intracellular host for
Leishmania amastigotes and a central driver of inflammation. M1-polarized macrophages
produce iNOS-derived NO, IL-1β, and TNF-α that can kill parasites, whereas M2-polarized
macrophages secrete IL-10 and arginase-1 (Arg-1) and promote wound healing but may
also create a more permissive environment for parasite persistence [15,16]. Whether and
how MSCs might recalibrate this balance in the setting of active Leishmania infection are
important questions, with both mechanistic and practical relevance.

Prior work has produced mixed results. In co-culture studies, MSCs reduced
macrophage inflammatory activity after Leishmania stimulation [17,18], and murine ex-
periments with adipose- or bone marrow-derived MSCs reported variable changes in
lesion size, parasite burden, and Th1/Th2 cytokine profiles [19–21]. In one L. amazonensis
model, MSC administration actually increased parasite load and IL-10 levels [21]; in an-
other, combining MSCs with meglumine antimoniate reduced both lesion size and parasite
numbers [22]. These discrepancies make it difficult to draw firm conclusions about MSC
efficacy in CL, and the specific question of whether BM-MSCs can promote skin repair
concurrent with infection control has not been directly addressed.

In this study, we used L. mexicana-infected BALB/c mice—a susceptible strain that
develops chronic, ulcerative lesions—together with complementary in vitro macrophage
co-culture models to determine if BM-MSC treatment could shift macrophage polarization
toward M2, reduce inflammatory gene expression, improve skin pathology, and decrease
tissue parasite burden. The findings provide new knowledge on the feasibility of MSCs as
an adjunctive intervention in CL and on mechanisms through which they might act.

2. Materials and Methods
2.1. Experimental Animals and Ethics Statement

Six- to eight-week-old female BALB/c mice were purchased from Spefo (Beijing)
Biotechnology Co., Ltd. (Beijing, China) and housed under specific pathogen-free condi-
tions at the Laboratory Animal Center of China Agricultural University. Standard rodent
chow and water were available ad libitum, and mice were acclimatized for 1 wk before any
experimental procedure. All protocols were reviewed and approved by the Institutional
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Animal Care and Use Committee of the College of Veterinary Medicine, China Agricultural
University (Approval No. AW02113202-2-2).

2.2. Parasites and Cell Lines

Leishmania mexicana promastigotes (strain MNYC/BZ/62/M379) were a kind gift
from Beijing Friendship Hospital. After rapid thawing, parasites were pelleted at 300× g
for 10 min, resuspended in Schneider’s insect medium (Sigma-Aldrich, St. Louis, MO,
USA) with 10% heat-inactivated FBS (Gibco, Thermo Fisher Scientific, Waltham, MA, USA),
and maintained at 22–25 ◦C without CO2. Virulence was sustained by serial passage
through BALB/c mice. Stationary-phase promastigotes from days 4–6 of culture were
used throughout.

RAW264.7 cells were obtained from Shanghai Jinyuan Biotechnology Co., Ltd. (Shang-
hai, China). BM-MSCs derived from BALB/c mice were from Jingxiang Qidian Cell
Technology Co., Ltd. (Shanghai, China); cells at passages 3–5 were used for the experi-
ments, and epidermal stem cells were from Yi’aobang Biotechnology Research Co., Ltd.
(Beijing, China). All mammalian cells were maintained in DMEM (Gibco) with 10% FBS
and 1% penicillin–streptomycin (Gibco) at 37 ◦C, 5% CO2.

2.3. In Vitro Infection and Indirect Co-Culture Model

RAW264.7 macrophages were infected with stationary-phase promastigotes at a 10:1
parasite-to-cell ratio and incubated at 37 ◦C, 5% CO2. Cells were collected at 24, 48 and
96 h post-infection for downstream analysis. For co-culture experiments, infected or
uninfected RAW264.7 cells were seeded in the lower compartment of 12-well plates. After
12 h, epidermal stem cells (2 × 105 cells/mL) were placed in Transwell inserts (0.4 µm;
Corning Inc., Corning, NY, USA) above the macrophages, allowing for paracrine exchange
without direct contact. Three groups were run in parallel: a blank control (RAW264.7
only), a negative control (RAW264.7 + uninfected epidermal stem cells), and an infected
group (L. mexicana-infected RAW264.7 + epidermal stem cells; n = 3 biological replicates).
Co-cultures were maintained for 24 h before harvest.

2.4. Murine Model of Cutaneous Leishmaniasis

After acclimatization, mice were randomized into a naïve control group and an infected
group (L.MEX; n = 10 per group). The L.MEX mice received a subcutaneous injection of
1 × 106 stationary-phase promastigotes in 50 µL sterile PBS into the right hind paw pad;
controls received PBS alone. Body weight, feed and water consumption, and the appearance
of the inoculation site were recorded weekly for 12 wk. At Week 12, five animals per group
were euthanized under isoflurane, and paw pad tissue, adjacent skin and spleens were
harvested aseptically.

2.5. Macrophage Polarization Assay and MSC Co-Culture

RAW264.7 cells were polarized to M1 by treatment with LPS (100 ng/mL; Sigma-
Aldrich) and IFN-γ (20 ng/mL; PeproTech, Cranbury, NJ, USA) for 24 h, or to M2 by
IL-4 (20 ng/mL; PeproTech) for 24 h. Polarized macrophages were then placed beneath
BM-MSCs (2 × 105 cells/mL) seeded in 0.4 µm Transwell inserts for 48–96 h. The insert
design restricted communication to secreted factors.

2.6. Flow Cytometry

Cells were harvested, washed twice in ice-cold PBS and stained for 30 min at 4 ◦C with
fluorochrome-conjugated antibodies against CD86 (M1 marker) and CD206 (M2 marker).
After washing, cells were passed through a 40 µm strainer and immediately acquired. Data
were analyzed in FlowJo v10.8.1 (BD Biosciences, Franklin Lakes, NJ, USA).
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2.7. In Vivo BM-MSC Treatment

At Week 12 post-infection, mice were redistributed into three groups (n = 6 per group):
naïve control, untreated infected (L.MEX), and BM-MSC-treated infected (L.MEX + MSC).
Treated mice received tail-vein injections of 1 × 106 BM-MSCs in 200 µL PBS once weekly
for three consecutive weeks; the other groups received PBS on the same schedule. All
animals were euthanized 28 d after the last injection, and skin lesion tissues were collected
for histology, immunofluorescence, molecular analysis, and parasite quantification.

2.8. RNA Extraction and RT-qPCR

Total RNA was extracted from cells, and tissue was snap-frozen using a commercial kit
(Foregene, Chengdu, China), according to the manufacturer’s instructions. Concentration
and purity were checked by spectrophotometry (A260/A280 ≥ 1.8), and integrity was
confirmed by agarose gel electrophoresis. One microgram of RNA was reverse-transcribed
with a commercial kit (Vazyme, Nanjing, China), and qPCR was run in a SYBR Green
system (Vazyme) on an Applied Biosystems instrument (Waltham, MA, USA). Each sample
was measured in technical triplicate alongside a no-template control. Relative expression
was calculated by the 2−∆∆CT method, using β-actin as the reference. Primers are in Table 1.

Table 1. Primer sequences used in RT-qPCR and parasite burden assays.

Gene Primer Sequence (5′–3′)

β-actin F: TGGAATCCTGTGGCATCCATGAAAC
R: TAAAACGCAGCTCAGTAACAGTCCG

Cytokeratin 17 F: ACCATCCGCCAGTTTACCTC
R: CTACCCAGGCCACTAGCTGA

Integrin β1 F: CGTGGTTGCCGGAATTGTTC
R: ACCAGCTTTACGTCCATAGTTTG

iNOS F: CAGCTGGGCTGTACAAACCTT
R: CATTGGAAGTGAAGCGTTTCG

Arg-1 F: AACACTCCCCTGACAACCA
R: CATCACCTTGCCAATCCC

2.9. Western Blot Analysis

Cells and minced tissue were lysed in RIPA buffer with 1 mM PMSF and a protease
inhibitor cocktail (Beyotime, Shanghai, China) and then centrifuged at 12,000× g, 4 ◦C for
15 min. Protein concentration was measured by BCA assay. Equal amounts of protein were
separated by SDS-PAGE, transferred to PVDF membranes, and blocked in 5% non-fat milk
(TBST, 1 h, room temperature). Membranes were incubated overnight at 4 ◦C with primary
antibodies against iNOS, IL-1β, Arg-1, Integrin β1, and Cytokeratin 17 (Proteintech, Wuhan,
China) and then with HRP-conjugated secondary antibodies for 1 h. Bands were detected by
enhanced chemiluminescence and quantified with ImageJ 1.51K (NIH, Bethesda, MD, USA).

2.10. Histological Analysis and Immunofluorescence Staining

Skin lesion tissues were fixed in 10% neutral-buffered formalin, paraffin-embedded,
and cut into 5 µm sections. H&E staining was used to assess tissue architecture and
inflammatory infiltration. Under polarized light, Sirius Red staining distinguished type I
collagen (thick, red-orange birefringent fibers) from type III collagen (thin, green fibers),
providing a measure of fibrosis and remodeling quality.

For immunofluorescence, sections were deparaffinized, rehydrated, and subjected
to heat-induced antigen retrieval, followed by blocking with 5% BSA for 30 min. After
overnight incubation with primary antibodies against iNOS and Arg-1 at 4 ◦C, sections were
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incubated with Alexa Fluor-conjugated secondary antibodies for 1 h and counterstained
with DAPI. Images were acquired by confocal laser scanning microscopy.

2.11. Parasite Burden Quantification

Genomic DNA was extracted from ~20 mg of skin lesion tissue (Tiangen, Beijing,
China). Parasite numbers were determined by TaqMan qPCR targeting kinetoplast DNA
(kDNA): forward 5′-TGTAAAATAGGGGCGGGTGG-3′, reverse 5′-CACCCAAAACCAAG
CCCAAC-3′, probe 5′-FAM-GGCCGGAAATGGCTCCCCCTGGGCT-TAMRA-3′. A stan-
dard curve generated from serial 10-fold dilutions of promastigote DNA (106–100 parasites,
with each dilution mixed with skin tissue collected from uninfected mice) was used to
convert CT values into copy numbers, reported as parasites per milligram of tissue.

2.12. Statistical Analysis

Data are presented as mean ± SD from at least three independent experiments. Group
comparisons were made by unpaired Student’s t-test (two groups) or one-way ANOVA
followed by Tukey’s post hoc test (three or more groups), using GraphPad Prism v8.0.2
(San Diego, CA, USA). A p-value < 0.05 was considered significant (* p < 0.05; ** p < 0.01;
ns, not significant).

3. Results
3.1. L. mexicana Infection Drives M1 Macrophage Polarization In Vitro

We first assessed how macrophage phenotype changes over the course of L. mexicana
infection. Based on flow cytometry at 24, 48 and 96 h post-infection, CD86 (M1 marker)
was strongly upregulated at all three time points (81.6, 95.9, and 92.97%, respectively) in
infected cells versus corresponding controls (all p < 0.01; Figure 1). CD206 (M2 marker)
expression remained low at 24 h (17.2%) and 48 h (3.0%), with no significant difference
from uninfected cells. At 96 h, however, CD206 positivity rose sharply to 96.9% (p < 0.01),
indicating that a late-stage mixed phenotype emerged as infection progressed.

Figure 1. Macrophage polarization following L. mexicana infection. (A) Flow cytometry dot plots
showing CD86 (M1) and CD206 (M2) surface expression on RAW264.7 cells at 24, 48, and 96 h
post-infection. (B) Quantification of CD86+ and CD206+ cells. Data are mean ± SD, n = 3. ** p < 0.01;
ns, not significant.
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Gene and protein expression analyses were consistent with flow cytometry data.
iNOS mRNA and protein were significantly elevated from 24 h onward (p < 0.01), as was
IL-1β mRNA (p < 0.01; Figure 2). Arg-1 mRNA and protein had no significant change
(p > 0.05). Taken together, these data indicated that L. mexicana infection initially enforced
an M1-associated, pro-inflammatory state, with partial acquisition of CD206-associated M2
features only at 96 h.

Figure 2. L. mexicana infection upregulates M1 markers in RAW264.7 macrophages. (A) Relative
mRNA expression of IL-1β, iNOS, and Arg-1. (B) Representative Western blots for iNOS and Arg-1.
(C) Densitometric quantification normalized to β-actin. RAW264.7 macrophages were infected with
L. mexicana promastigotes and analyzed at 24 h post-infection. Data are mean ± SD, n = 3. ** p < 0.01;
ns, not significant. Original Western blots images can be found in the Supplementary Materials.

3.2. BM-MSC Co-Culture Shifts Macrophage Polarization Toward M2

To test whether BM-MSCs could modulate macrophage polarization under different
stimulation conditions, untreated M0 macrophages, LPS/IFN-γ-induced M1 macrophages,
and IL-4-induced M2 macrophages were co-cultured with BM-MSCs in a Transwell sys-
tem (Figure 3). In both conditions, BM-MSC co-culture increased IL-10 and Arg-1 mRNA
and protein relative to the respective controls (p < 0.01), whereas iNOS and IL-1β expres-
sion decreased. The M2-promoting effect suggests that paracrine BM-MSC signals are
sufficient to reprogram macrophage phenotype in the presence of ongoing inflammatory
stimulus. Notably, BM-MSC co-culture also significantly increased iNOS expression in
M2-stimulated macrophages.
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Figure 3. BM-MSC co-culture promotes M2 polarization in M1-stimulated macrophages. (A) mRNA
expression of IL-10, Arg-1, and iNOS after co-culture with BM-MSCs. (B) Western blot for Arg-1,
iNOS, and IL-10. “+” and “−” indicate the presence or absence of the indicated cell type; lanes
containing both macrophages and MSCs represent Transwell co-culture conditions. (C) Densitometric
quantification. Data are mean ± SD, n = 3. Different letters indicate statistically significant differences;
shared letters indicate no significant difference (one-way ANOVA, Tukey’s post hoc). Original
Western blots images can be found in the Supplementary Materials.

3.3. L. mexicana Damages Epidermal Stem Cells and Induces Skin Pathology

Integrin β1 and Cytokeratin 17 are markers of epidermal stem cell activation associated
with skin injury. In the co-culture model, infection significantly increased mRNA and
protein levels of both markers in epidermal stem cells compared to uninfected controls
(p < 0.01; Figure 4), suggesting that macrophages conditioned by L. mexicana release factors
that damage the epidermal compartment.
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Figure 4. L. mexicana-infected macrophages damage epidermal stem cells via paracrine signaling.
(A) Relative mRNA expression of Integrin β1 and Cytokeratin 17 in co-cultured epidermal stem cells.
(B) Western blots for both markers. (C) Densitometric quantification. M0, uninfected RAW264.7; BPG,
epidermal stem cells; MEX, L. mexicana-infected. Data are mean ± SD, n = 3. ** p < 0.01. Original
Western blots images can be found in the Supplementary Materials.

In BALB/c mice, visible paw swelling appeared from Week 4 and progressed through
Week 12 (Figure 5A). Histologically, there was a disrupted epithelium, extensive neutrophil
infiltration, and heavy inflammatory cell accumulation (Figure 5B). In addition, Sirius Red
staining revealed a marked increase in type I collagen deposition, consistent with fibrotic
remodeling (Figure 5C).
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Figure 5. BM-MSC treatment reduces lesion severity in infected mice. (A) Representative photographs
of paw pads at the experimental endpoint. Scale bar = 1.0 mm. (B) H&E-stained sections showing
tissue architecture and inflammatory infiltration. (C) Sirius Red-stained sections; type I collagen
appears red-orange and type III collagen appears green under polarized light. Magnification scales
are indicated in each panel.

3.4. BM-MSC Treatment Reduces Lesion Severity, Parasite Burden, and M1 Marker Expression
In Vivo

Mice that received three weekly BM-MSC injections beginning at Week 12 had sub-
stantially reduced paw swelling by the experimental endpoint, 28 d later (Figure 5A).
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Histologically, the improvement was clear; inflammatory infiltration was considerably
lower, and Sirius Red staining showed a shift from type I toward type III collagen, indicat-
ing more orderly, less fibrotic tissue repair (Figure 5B,C).

At the molecular level, Integrin β1 and Cytokeratin 17 protein expression in skin
lesions was lower in the BM-MSC group than in untreated infected animals (p < 0.01),
approaching control values, although mRNA changes were less pronounced (Figure 6).
Tissue parasite load, measured by kDNA-targeting TaqMan qPCR, was also significantly
reduced in treated mice (Figure 7). Western blot and immunofluorescence showed lower
iNOS and higher Arg-1 protein in lesion tissue from treated mice (Figure 8A–D), and
this pattern was reflected in qPCR data showing decreased iNOS and IL-1β alongside
increased Arg-1 transcripts (Figure 8E). Therefore, systemic BM-MSC delivery reshaped
the inflammatory microenvironment of established CL lesions while also reducing the local
parasite burden.

Figure 6. BM-MSC treatment reduces skin injury marker expression in vivo. (A) Relative mRNA
expression of Integrin β1 and Cytokeratin 17. (B) Western blots. (C) Densitometric quantification.
Data are mean ± SD, n = 6. ** p < 0.01; ns, not significant. Original Western blots images can be found
in the Supplementary Materials.
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Figure 7. BM-MSC treatment reduces tissue parasite burden. Parasite load (copies/mg tissue) in
skin lesions of untreated infected and BM-MSC-treated mice, quantified by kDNA-targeting TaqMan
qPCR. Data are mean ± SD, n = 6. ** p < 0.01.

Figure 8. BM-MSC treatment modulates macrophage-associated polarization markers in skin lesions.
(A) Western blots for iNOS and Arg-1. (B) Densitometric quantification. (C) Confocal immunofluo-
rescence for iNOS (red) and Arg-1 (green); DAPI (blue). (D) Semi-quantitative analysis of relative
fluorescence intensity for iNOS and Arg-1. (E) RT-qPCR for iNOS, IL-1β, and Arg-1 mRNA. Data are
mean ± SD, n = 6. * p < 0.05; ** p < 0.01; ns, not significant. Original Western blots images can be
found in the Supplementary Materials.
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4. Discussion
The main finding of this study was that bone marrow-derived MSCs, given intra-

venously to mice with established cutaneous leishmaniasis, reduced skin inflammation,
improved tissue architecture, and decreased tissue parasite burden. In parallel in vitro ex-
periments, BM-MSC co-culture shifted macrophages from an M1 toward an M2 phenotype.
Together, these data supported the notion that BM-MSCs engage both the immune and
reparative aspects of CL—a profile that current antiparasitic drugs lack.

The macrophage polarization shift observed in vitro fits with a broader body of work
on MSC–macrophage interactions. During physiological wound healing, an initial M1
response—necessary for pathogen clearance and debris removal—gives way to M2 activa-
tion that dampens inflammation and promotes matrix remodeling [15,16]. MSCs promote
skin repair by modulating macrophage function and favoring an M2-associated, pro-repair
microenvironment [23–25]. In CL, this transition appears to stall; based on flow cytom-
etry data, M1 dominance was maintained through at least 48 h of L. mexicana infection,
with only partial M2 emergence at 96 h. Notably, BM-MSC co-culture increased iNOS
expression in IL-4-induced M2 macrophages. Evidence indicates that macrophages ex-
pressing both M1- and M2-associated markers during inflammation resolution [26,27] and
BM-MSCs can promote M2b polarization with concurrent increases in iNOS and IL-10
under M2-polarizing conditions [28]. Since multiple soluble mediators can induce M2 or
M2-like macrophage polarization under different experimental settings [29–33], whether
other stromal or epithelial-lineage cells could produce similar paracrine effects remains
to be determined.

Several paracrine mediators produced by MSCs are known to promote M2 polarization.
Prostaglandin E2 drives macrophages toward IL-10-producing M2-like states via cAMP [32],
and MSC-derived TGF-β1 activates the Akt/FoxO1 pathway to similar effect [34]. Extra-
cellular vesicles (EVs) from MSCs retain much of their parent cell’s immunomodulatory
activity [35,36], and the specific cargo—TGF-β1, PGE2, and others—varies depending
on culture conditions and the inflammatory stimulus the MSCs have received [37–39].
However, factors underlying the M2 shift were not identified and would require targeted
conditioned-medium fractionation or mediator-specific blockade to resolve.

The reduction in skin parasite burden after BM-MSC treatment was somewhat unex-
pected, given that M2 macrophages are generally considered more permissive to Leishmania
survival than M1 cells [40,41]. Perhaps intravenously administered MSCs release systemic
mediators that stimulate Th1 responses in lymphoid organs, enhancing anti-parasitic im-
munity at sites distant from the lesion [42]. Alternatively, restoration of tissue structure
may deprive the parasite of the inflammatory microenvironment it exploits. However, our
study was not designed to distinguish between these mechanisms; we measured neither
draining lymph node cytokine profiles nor splenic T cell subsets. Therefore, this remains
an important question for follow-up work.

A somewhat puzzling observation was the discordance between protein and mRNA
for Integrin β1 and Cytokeratin 17 in skin tissue; although BM-MSC treatment signifi-
cantly reduced protein levels of both markers, mRNA changes were smaller and incon-
sistent. A similar pattern was reported in other MSC studies [25] and may reflect post-
translational regulation—altered protein turnover, proteasomal degradation, or matrix-
dependent stabilization—rather than transcriptional control. Whether this is a general
feature of MSC-mediated tissue repair or specific to the Leishmania model is unclear.

The host immune background is likely to influence MSC outcomes in leishmaniasis. We
used BALB/c mice, which mount an early Th2-skewed response and develop progressive,
chronic infection rather than self-healing lesions [43–46]. This susceptible background
may have amplified the apparent therapeutic benefit of BM-MSCs. Whether similar effects
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would be seen in C57BL/6 mice, which control L. major infection through Th1 immunity [44],
or in immunocompetent models of other Leishmania species, remains to be tested. The
question of combining BM-MSC therapy with conventional antiparasitic drugs is also open;
one study reported synergy between adipose-derived MSCs and meglumine antimoniate in
an L. amazonensis model [20], but no equivalent data exist for BM-MSCs or for L. mexicana.

From a translational standpoint, BM-MSC therapy is attractive precisely because it
acts on the host rather than the parasite, circumventing resistance mechanisms that under-
mine conventional drugs. The in vivo improvements in tissue architecture and collagen
remodeling observed here point to a reparative function that no current antileishmanial
treatment provides [47–49]. Practical hurdles—scalable manufacturing, route and dosing
optimization, and cost—are real, but they are not unique to this application. MSC-derived
EVs may eventually offer a cell-free alternative that is easier to standardize and store [35].

This study had several limitations. Mechanistic evidence for M2 reprogramming was
based on indirect co-culture data; identifying the responsible paracrine mediators will
require more targeted approaches. Parasite burden was assessed at a single endpoint,
so we cannot say whether the reduction is sustained. Systemic immune parameters—
serum cytokines, T cell subsets, and splenic responses—were not measured, leaving the
broader immunological picture incomplete. Finally, the study used a single BM-MSC
source and dosing regimen; both variables may affect outcomes substantially and should
be explored systematically.

5. Conclusions
Bone marrow-derived MSCs reduced inflammation, improved skin histology, and

decreased tissue parasite burden in a murine model of cutaneous leishmaniasis, while
also modulating macrophage polarization in M1- and M2-stimulated macrophage cultures.
These effects address aspects of CL pathology—persistent non-healing lesions, fibrotic
remodeling, and a dysregulated immune microenvironment—that standard chemotherapy
does not target. The findings provide a rationale for exploring BM-MSC therapy as an
adjunct to conventional treatment and point to the need for mechanistic studies identifying
the paracrine factors responsible for macrophage reprogramming, as well as combination
and longitudinal experiments to establish durability and clinical feasibility.
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