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Introduction: The secretome derived from Mesenchymal Stem Cells (MSCs) have
received significant attention as a promising tool in regenerative medicine. This
“cell-free” strategy offers a promising alternative to stem cell therapies, potentially
avoiding issues like immunogenicity and tumorigenicity. Recently, we
demonstrated that MSC-conditioned media (MSC-CM) obtained from MSCs
isolated from Wharton's jelly (WJ) exerts notable bioactive effects associated
with wound healing and tissue repair. Growing evidence suggests that WJ-MSC-
CM have potential antiseptic effects through their ability to produce antimicrobial
factors and modulate immune responses. In this context, further characterization
of WJ-MSC-CM is essential to clarify its role in modulating oxidative stress and
host defense responses, thereby supporting its potential application in
regenerative therapies.

Methods: We analyzed the effects of WJ-MSC-CM on reactive oxygen species
(ROS) generation and antioxidant system activity in dermal fibroblasts subjected
to hydrogen peroxide (H,O5) exposure. Cellular metabolism assays were used to
analyze antioxidant responses. In addition, we assessed the antibacterial potential
against different bacterial strains and assessed the content of antimicrobial
peptides in WJ-MSC-CM by ELISA.

Results: WJ-MSC-CM-treated fibroblasts exhibited elevated ROS levels following
H,0O, exposure yet displayed an upregulation of antioxidant systems in fibroblast
homogenate samples. Moreover, WJ-MSC-CM protected against H,O,-induced
cytotoxicity. WJ-MSC-CM contained significant levels of antimicrobial peptides
and demonstrated inhibitory activity against a Gram-positive bacterium such as
Staphylococcus aureus.

Conclusion: These findings emphasize the antiseptic potential of WJ-MSC-CM and
support its relevance as a promising cell-free strategy in regenerative medicine.
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antimicrobial peptides, bacterial infection, immunomodulation, stem cell secretome,
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1 Introduction

The umbilical cord stroma contains a distinctive gelatinous
connective tissue known as Wharton’s jelly (WJ), which is notable
for its abundance of mesenchymal stem cells (MSCs).

WJ-MSCs have gained increasing attention in recent years due
to several advantages over MSCs derived from other sources. These
include faster proliferation rates, greater ex vivo expansion capacity,
a lower risk of graft-versus-host disease, and no associated risk of
teratoma formation (1-4). To date, hundreds of clinical trials have
been registered on ClinicalTrials.gov investigating the use of WJ-
MSCs for the treatment of a wide range of diseases, showing
encouraging therapeutic potential.

As increasing attention shifts from cell transplantation toward
secretome-based approaches as alternative therapeutic strategies,
numerous studies have demonstrated that WJ-MSCs exhibit a
uniquely distinctive secretome compared with MSCs derived from
other tissue sources, particularly in key functional domains such as
anti-inflammatory activity and angiogenesis (5). The bioactive
molecules and factors present in the secretome encompass a wide
range of components, including cytokines, chemokines, growth
factors, angiogenic mediators, hormones, integrins, metabolites,
and regulatory nucleic acids (6). Although MSCs from different
tissues share common characteristics including the expression of
common cell surface markers (CD105, CD73 and CD90) and
multipotency capacity to differentiate into osteoblasts,
chondrocytes, or adipocytes, they have different secretive properties
and the unique properties of WJ-MSCs have drawn considerable
attention as an alternative stem cell source for regenerative medi-
cine (5, 7).

A recent comparative secretome profiling by ELISA revealed
that WJ-MSCs secrete higher levels of FGF-2, VEGF, IL-6, and SDF,
and display greater potency than bone marrow-derived human
mesenchymal stromal cells (BM-MSCs) in regulating inflammation,
immunomodulation, angiogenesis, and fibrosis (8). In the study by
Napolitano et al, it was found that WJ-MSCs actively produced and
released through the secretome various cytokines, chemokines, and
growth factors more efficiently than MSCs isolated from other
tissues, including bone marrow, adipose tissue, and cord blood
(9). Furthermore, the unique composition of the WJ-MSC
secretome promotes dermal fibroblast proliferation, migration,
and wound repair, and provides protection against cellular senes-
cence. In an in vivo rat acute wound model, WJ-MSC secretome
applied to the back of test animals significantly promoted re-
epithelialization, vascularization and granulation maturation (10).
Ongoing research is increasingly directed toward the development
of gel carriers capable of delivering the WJ-MSC secretome, with the
aim of enhancing cellular regeneration and accelerating wound
healing processes. Preliminary studies demonstrated the efficacy of
this approach, suggesting its potential as a therapeutic option for
diabetic foot ulcers (11).

Over the past few years, numerous studies have highlighted that
MSCs possess significant antimicrobial properties in addition to
their well-established regenerative functions. These properties arise
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from both direct and indirect mechanisms. Directly, MSCs can
secrete a variety of antimicrobial peptides and factors, including
cathelicidins, defensins, and lipocalin-2, which can inhibit the
growth of bacteria and fungi. Indirectly, MSCs modulate the
immune microenvironment, enhancing the activity of innate
immune cells such as neutrophils and macrophages, thereby
strengthening host defense responses (12-14). Recent research
has particularly focused on the antibacterial potential of the MSC
secretome, showing that cell-free strategy can exert potent antimi-
crobial effects. Adipose tissue-derived MSCs (AT-MSC) secretome
exerted antibacterial effects against Staphylococcus spp. clinical
strains (12). Non-preconditioned BM-MSC secretome inhibited
Vibrio cholerae growth and biofilm formation in vitro (15).
However, none of these preliminary studies have examined the
antimicrobial activity of WJ-MSC secretome. Therefore, this study
aims to explore the antibacterial potential of WJ-MSC-CM on
different strains. This will be first achieved through an examination
of the pro- and antioxidant properties, as these functions play a
critical role in modulating cellular stress responses and may
contribute to the elimination of pathogens. By characterizing the
redox-modulating profile of WJ-MSC secretome, we aim to deter-
mine how these properties influence overall antibacterial activity, as
well as to identify and analyze the key antimicrobial peptides
responsible for these effects.

2 Methods
2.1 Cell culture

WJ-MSCs, BM-MSCs, and cord blood (CB)-MSCs were isolated
from different donors and characterized for all standard MSC
properties, as previously described (9). Briefly, cells were cultured
in a-MEM supplemented with 1% GlutagroTM (Corning) and 10%
FCS (Gibco) or cryopreserved in medium supplemented with 10%
FCS (Gibco) containing 10% DMSO (Sigma-Aldrich) at —80 °C
until use. Cells were routinely screened for Mycoplasma contami-
nation. BJ (human foreskin fibroblasts; ATCC CRL-2522) were
cultured in DMEM (Lonza) with 10% FCS (Gibco), 1% L-glutamine
(Corning), at 37 °C in a humidified atmosphere containing 5% CO..

2.2 Conditioned medium and lysate
collection

The collection of conditioned medium was performed as pre-
viously described (9). Briefly, MSCs were seeded at 5 x 10° cells per
P60 plate and incubated at 37 °C with 5% CO, for 24 h to allow cell
adhesion. The growth medium was then discarded, and the cells
were washed three times with PBS to remove residual serum
proteins. Subsequently, the cells were cultured in basal medium
without serum. After 24 h of incubation, the supernatants were
collected and centrifuged at 5000 rpm for 10 minutes to remove
cellular debris. The conditioned media were stored at —80 °C
until use.
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For lysate collection, WJ-MSCs were washed twice with PBS
and harvested by scraping in cold lysis buffer (50 mM HEPES,
150 mM NaCl, 10% glycerol, 1% Triton X-100, 1 mM EGTA,
1.5 mM MgCl,, 10 mM NaF, 10 mM sodium pyrophosphate, and
1 mM Na;VO,) supplemented with a cocktail of proteases and
phosphatases inhibitors. Cell suspensions were incubated on ice for
30 min with occasional gentle mixing and then centrifuged at
12,000 rpm for 15 min at 4 °C to remove insoluble material. The
supernatants, representing the cell lysates, were collected and stored
at —20 °C until further analysis.

2.3 ROS production

BJ fibroblasts were seeded at 2 x 10* cells/well in 96-well plates
and allowed to adhere overnight in DMEM supplemented with 10%
FBS. Intracellular ROS levels were assessed using 2',7'-
dichlorodihydrofluorescein diacetate (DCFH-DA). Cells were in-
cubated with 5 uM DCFH-DA for 30 minutes at 37 °C in the dark.
DCFH-DA, a cell-permeable nonfluorescent probe, is deacetylated
by intracellular esterases to form dichlorodihydrofluorescein
(DCFH), which is subsequently oxidized by ROS to yield the
fluorescent product dichlorofluorescein (DCF). Following incuba-
tion, cells were washed twice and then treated with either control
medium or WJ-MSC-CM, in the presence or absence of 1 mM
H,0,, for 5, 15, 30, or 60 minutes at 37 °C in a humidified 5% CO,
incubator. Fluorescence intensity (DCF) was measured using a
microplate reader (Tecan Trading AG, Switzerland) at an emission
wavelength of 535 nm.

2.4 Cell viability assay

BJ fibroblasts were serum-starved overnight in DMEM supple-
mented with 0.1% BSA, plated at 5x10° cells/well in 96-well plates,
and then treated with WJ-MSC-CM containing H,0O, at different
concentrations (1, 5, and 10 mM). Cells cultured in WJ-MSC-CM
without H,0O, served as negative controls. Cell proliferation was
assessed at 2, 4, 8, and 24 hours. At each point, 20 puL/well of the
CellTiter 96° AQueous One Solution Cell Proliferation Assay
(Promega, Madison, WI, USA), a colorimetric assay that measures
metabolically active viable cells, was added. After a 2-hour incuba-
tion at 37 °C, absorbance was measured at 490 nm using a
microplate reader, following the manufacturer’s instructions.

2.5 Assessment of antioxidant enzyme
activities

For antioxidant evaluation, cultured cells were collected and
processed under cold conditions. A total of 1x10° cells were

TABLE 1 Experimental scheme.

Group 1

Group
2

10.3389/fimmu.2026.1818127

harvested and homogenized in PBS using an ultrasonic cell disrup-
tor. Homogenates were centrifuged at 10,000 x g for 10 minutes at
4 °C, and the resulting supernatants were used for biochemical
assays. The enzymatic activities of catalase (CAT, Elabscience, Cat#
E-BC-K031-M), glutathione peroxidase (GSH-Px, Elabscience, Cat#
E-BC-K096-M), and total superoxide dismutase (T-SOD,
Elabscience, Cat# E-BC-K020-M) were quantified using commer-
cially available assay kits according to the manufacturers’ protocols.
All enzyme activities were normalized to total protein concentra-
tion, which was determined using the BCA assay.

2.6 Bacterial strains and culture conditions

The bacterial strains used for the screening were methicillin-
resistant Staphylococcus aureus (MRSA) ATCC 43300 and
Pseudomonas aeruginosa ATCC 9027, obtained from American
type Culture Collection (ATCC; Rockville, MD, USA). Bacteria
were cultured on Trypticase Soy Agar II supplemented with 5%
sheep blood (TSA; Becton Dickinson, USA) and incubated at 37 °C
for 24 h under standard aerobic conditions. Species identification
and antibiotic susceptibility profiles were determined using the BD
Phoenix automated system (Becton Dickinson, Franklin Lakes, NJ,
USA) and interpreted according to the guidelines of the European
Committee on Antimicrobial Susceptibility Testing
(EUCAST) (16).

2.7 Cell culture supernatants collection

BJ fibroblasts were seeded in 6-well plates at a density of 5 x 10°
cells per well in antibiotic-free growth medium and incubated for
24 h. Cells were then rinsed three times with 1x PBS and incubated
with either growth medium alone or WJ-MSC-CM for 8 h, in the
presence or absence of H,O,. Subsequently, cell culture superna-
tants were collected and centrifuged at 5000 rpm for 10 minutes to
remove cellular debris. The conditioned media were stored at —80 °
C until microbiological testing. The experimental design consisted
of six experimental groups, as summarized in Table 1.

2.8 Agar well-diffusion test

The antibacterial activity of cell culture supernatants against S.
aureus and P. aeruginosa was performed through the agar well-
diffusion method (17). Bacterial inocula were prepared in sterile
physiological saline solution from overnight cultures of each test
strain and adjusted to 0.5 McFarland standard of turbidity (ap-
proximately 1-2 x 10® CFU/mL). Each suspension was uniformly
spread onto Mueller-Hinton agar plates using sterile swabs. Wells
of 8mm diameter were punched into the agar medium and filled

Growth medium | WJ-MSC-
(0.-MEM) alone CM alone
without

Cell culture supernatants
from BJ fibroblasts cultured
in growth medium without
antibiotics

antibiotic H,0, (1 mM)

Analysis of the antibacterial activity of cell-conditioned media. For details see the “methods”.
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Cell culture supernatants from BJ
fibroblasts cultured in growth medium
without antibiotics and stimulated with

Cell culture
supernatants from BJ
fibroblasts cultured in
WJ-MSC-CM

Cell culture supernatants from BJ
fibroblasts cultured in WJ-MSC-
CM and stimulated with H,O, (1
mM)
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with 50 ul of test cell culture supernatants. Vancomycin-impreg-
nated disk (5 pg) and Meropenem-impregnated disk (10 pug) (D.I.D
S.p.A., Italy) were placed on the agar surface as positive control for
S. aureus and P. aeruginosa, respectively. Plates were incubated at
37 °C for 24 h under aerobic conditions. After incubation, the
diameters of the inhibition zones surrounding the wells or antibiotic
disks were measured in millimeters. All experiments were per-
formed in triplicate.

2.9 Determination of the minimum
inhibitory concentration

The antibacterial activities of cell culture supernatants against S.
aureus were evaluated through standard broth microdilution method
to determine the Minimum Inhibitory Concentration (MIC), defined
as the lowest supernatant concentration at which no visible bacterial
growth was detected. The bacterial inoculum was prepared in 2x
Mueller Hinton Broth (MHB) and adjusted to a turbidity equivalent to
0.5 McFarland standard. The suspension was then diluted 1:100 and
100 pL of the resulting inoculum was dispensed into each well of a
sterile 96-well microtiter plate. The test surnatantes were prepared in
two-fold serial dilutions in sterile physiological saline solution and a
volume of 100 UL of each dilution was added in triplicate to the wells
containing the bacterial inoculum. Wells without surnatant were used
as negative controls. Vancomycin (ranged from 0.25 ug/mL to 2 ug/
mL) was included as the control. The plates were incubated under
shaking at 37 °C overnight under aerobic conditions. S. aureus growth
was quantified by measuring optical density at 590 nm using a
microplate reader.

2.10 ELISA assays

The levels of antimicrobial peptides (AMPs) in WJ-MSC-CM
were quantified using ELISA assay kits according to the manufac-
turers” instructions. Culture medium alone was used as a negative
control. Specifically, LL-37 (ELK Biotechnology, Cat# E-EL-
ELKS8189), Beta-Defensin-1 (Elabscience, Cat# E-EL-H0995),
Beta-Defensin-2 (Elabscience, Cat# E-EL-H0996), and Hepcidin
(Elabscience, Cat# E-EL-H6202) were quantified. Optical density
was read at 450 nm using a BGMR-1000 microplate reader
(Hangzhou Bio-Gener Technology Co., China), and peptide con-
centrations were calculated from standard curves generated with
the standards provided in each kit.

2.11 Statistical analysis

Statistical analyses were performed using GraphPad Prism 9 for
Windows (GraphPad Software, La Jolla, CA, USA). Data are
presented as mean * standard deviation (SD). Comparisons be-
tween groups were performed using an unpaired t-test or the
Mann-Whitney U test, as appropriate. A p value < 0.05 was
considered statistically significant.
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3 Results

3.1 Differential regulation of ROS
generation by WJ-MSC-CM under basal
and oxidative stress conditions

We collected the conditioned medium from WJ-MSCs (W]J-
MSC-CM) as a model of the secretome, containing both soluble
factors and vesicular components, and investigated its effects on
intracellular ROS levels in dermal fibroblasts. To this end, cells were
stained with the DCFH-DA probe and incubated in the presence or
absence of H,0O, as an exogenous oxidative stimulus. As shown in
Figure 1A, mean fluorescence intensity was measured at 5, 15, 30,
and 60 minutes under control conditions (medium) or following
exposure to WJ-MSC-CM, with or without H,O,. At all-time
points, cells cultured in medium alone exhibited markedly higher
basal fluorescence levels compared with cells treated with WJ]-MSC-
CM. As expected, H,0, treatment significantly increased fluores-
cence intensity in both medium- and WJ-MSC-CM-cultured cells.
Notably, WJ-MSC-CM significantly attenuated the H,0O,-induced
increase in fluorescence at all time points, indicating a sustained
protective effect against oxidative stress.

Figure 1B presents violin plots showing the fold change in
fluorescence intensity of H,O,-treated cells relative to untreated
controls for each condition. In medium-cultured cells, H,O, induced
a moderate, time-dependent increase in fluorescence. In contrast,
cells exposed to WJ-MSC-CM displayed a significantly increase in
fold change of fluorescence intensity at all examined time points (5,
15, 30, and 60 minutes). This suggests that WJ-MSC-CM acts as a
modulatory agent, reducing basal intracellular ROS levels while
allowing cells to exhibit a more efficient, time-dependent increase
in ROS when exposed to exogenous stressors like H,O,.

Overall, these data indicate that W]-MSC-CM could modulate
oxidative stress by reducing harmful basal levels while enabling
protective, transient, and time-dependent ROS spikes, as happens
during bacterial infections.

3.2 WJ-MSC-CM protects fibroblasts from
H,0,-induced cytotoxicity

On this basis, we evaluated cytotoxicity in H,O,-stressed cells
cultured in WJ-MSC-CM to determine whether the observed
modulation of ROS levels was associated with changes in cell
viability. To this end, BJ cells were exposed to increasing concen-
trations of H,0, (1, 5, and 10 mM), and cell viability was tested at 2,
4, 8,12, and 24 hours using the MTS assay (Figure 2). At early time
points (2 and 4 hours), no cytotoxic effects were observed, although
a slight but significant reduction in cell viability was detected in cells
exposed to 1 mM H,0, at 4 hours (p= 0.02). At 8 hours, cell
viability in H,0,-exposed cell groups remained comparable to
control levels, indicating a transient cellular adaptation to oxidative
stress. At the time of 12 hours, cells exposed to 10 mM H,0,

frontiersin.org


https://doi.org/10.3389/fimmu.2026.1818127
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Napolitano et al.

10.3389/fimmu.2026.1818127

A 5 minutes 15 minutes 30 minutes 60 minutes
2 30000 = 2 40000 40000+ . > 40000 N —
3 k] 3 == k] =
g 8 § = g 27741 ar
% E 30000 530000— 25030 ﬁ 30000 24,
2 20000 2 2 2
g g g = g
® $ 20000 $ 20000 1138 $ 20000
S =] =3 =3
2 = ] 3
Y- 10000 = o 11141 & 10551
5 5 10000 510000 5 10000
8 g g 3809 H 3637
= = = =
0- 0- 0- 0-
Medium WJ-MSC-CM Medium WJ-MSC-CM Medium WJ-MSC-CM Medium WJ-MSC-CM
[H202 R + - + ] [ H202: - + - + [H202: - + R +~ [ H202: A + R +
B
5 minutes 15 minutes 30 minutes 60 minutes
1000
B ° 900 * ° °
2 g 800 2 2
8 8 700 419 8 8
H 2 600 4 2
) & 500 & &
H s s ]
g § 4004 ¢ 3 8
= = 300 = z
g 2 200 g g
S o’c’
&« ©
)
FIGURE 1

Effects of WJ-MSC-CM on intracellular ROS levels in dermal fibroblasts under oxidative stress. (A) Mean fluorescence intensity of intracellular ROS
measured at 5, 15, 30, and 60 minutes in dermal fibroblasts cultured in basal medium or WJ-MSC-CM, in the absence (-) or presence (+) of H,O,.
Data are expressed as mean + SD. Statistical significance is indicated as *p < 0.05, **p < 0.01, and ***p < 0.001. (B) Violin plots showing fold change
of ROS levels relative to untreated control cells at the indicated time points in fibroblasts cultured in basal medium or WJ-MSC-CM following H,O,
exposure. The dashed line represents the control baseline. Statistical significance is indicated as *p < 0.05, **p < 0.01, and ***p < 0.001.

showed significantly higher optical density (OD) values compared
to control (p = 0.01), suggesting a significant adaptive metabolic or
growth response. At the time of 24 hours, cell viability in H,O,-
exposed cell groups significantly decreased compared with control
cells, both at 1 mM (p = 0.001), 5 mM (p = 0.002), and 10
mM (p = 0.003).

3.3 WJ-MSC-CM significantly boosts the
activity of antioxidant enzymes

Given that previous experimental evidence demonstrated that
WJ-MSC-CM maintains low intracellular levels of ROS and pro-
tects dermal fibroblasts from H,0,-induced cytotoxicity, we next

evaluated the effects of WJ-MSC-CM on the enzymatic activities of
total SOD (tSOD), CAT, and GPx. Enzyme activities were assessed
in dermal fibroblast homogenates following an 8-hour exposure to
WJ-MSC-CM. As shown in Figure 3A, tSOD activity was markedly
upregulated following WJ-MSC-CM exposure (445.1 U/mgprot),
showing a highly significant increase (p = 0.0001) compared with
controls (103.7 U/mgprot). Similarly, CAT activity was significantly
increased (p = 0.0069) in fibroblast homogenates following WJ-
MSC-CM treatment (4.913 U/mgprot) compared with control
medium (0.0069 U/mgprot), as shown in Figure 3B. Notably, a
significant increase (p = 0.013) in GPx activity was observed in WJ-
MSC-CM-treated cells (40 U/mgprot) compared with control
medium (4.2 U/mgprot), as illustrated in Figure 3C.
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Effects of WJ-MSC-CM on H202-induced cytotoxicity in dermal fibroblasts. Bar graphs showing the mean optical density (OD) at 490 nm,
measured by a colorimetric proliferation assay, in dermal fibroblasts exposed to increasing concentrations of H,O5 (1 mM, 5 mM, 10 mM) with WJ-
MSC-CM treatment, compared to untreated control (Ctrl), at different time points (2, 4, 8, 12, and 24 hours). Data are expressed as mean + SD.

Statistical significance is indicated as *p < 0.05 and **p < 0.01.
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Effects of WJ-MSC-CM treatment on antioxidant enzyme activities in dermal fibroblasts. Enzymatic activity of (A) total superoxide dismutase (tSOD),
(B) catalase activity (CAT), and (C) glutathione peroxidase activity (GSH-Px) in cell homogenates of dermal fibroblasts cultured in basal medium or
treated with WJ-MSC-CM. Enzyme activities are expressed as international units per milligram of protein (U/mg). Statistical significance compared
with the untreated control group is indicated as *p < 0.05, **p < 0.01, and ***p < 0.001.

Overall, these findings indicate that W]J-MSC-CM plays a key
role in regulating cellular redox homeostasis and enhancing stress
resistance in dermal fibroblasts by promoting the activity of SOD,
CAT, and GPx. This effect may contribute to the attenuation of
ROS-induced DNA damage and inflammatory responses.

3.4 WJ-MSC-CM inhibits Staphylococcus
aureus bacterial growth

Although its antioxidant protective potential is evident due to
the increased cellular enzymatic antioxidant activity, WJ-MSC-CM
can also induce ROS production in dermal fibroblasts in response to

oxidizing agent such as H,O,. Based on this observation, we
hypothesized that WJ-MSC-CM possesses intrinsic antibacterial
activity and that this activity may be enhanced following activation
by H,O,. To demonstrate the antibacterial activity of W]-MSC-CM,
we performed agar well diffusion assay following the experimental
scheme described in the Methods section. The tests were conducted
using two bacterial strains: the Gram-positive Staphylococcus aureus
and the Gram-negative Pseudomonas aeruginosa. The best results
were obtained against S. aureus, as reported in Figures 4A-C. In all
plates, the positive control produced a clear inhibition halo of
16 mm. In Figure 4A, Group 2 showed an inhibition zone
comparable to the control, while Group 1 did not exhibit detectable
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FIGURE 4

in millimeters (mm).

Analysis of antibacterial activity of WJ-MSC-CM against S. aureus. Representative images of agar diffusion assay plates inoculated with bacteria are shown for
the experimental groups, including vancomycin as a positive control. Antibacterial activity was evaluated by the presence of a halo of inhibition, and the
corresponding graph reports the diameter of the inhibition halo expressed in millimeters (mm): (A) culture medium alone (Group 1) and WJ-MSC-CM (Group
2); (B) conditioned media from untreated fibroblasts in the absence (Group 3) or presence (Group 4) of H,O,; and (C) conditioned media from WJ-MSC-
CM-treated fibroblasts in the absence (Group 5) or presence (Group 6) of H,O,. Corresponding graphs report the diameter of the inhibition halo expressed
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antibacterial activity. In Figure 4B, neither Group 3 nor Group 4
produced an inhibition halo, indicating no observable inhibitory
effect. In contrast, in Figure 4C, both Group 5 and Group 6
demonstrated clear antibacterial activity, with inhibition halos of
15 and 16 mm, respectively. Overall, the results indicate that
Groups 2, 5, and 6 possess antibacterial activity, demonstrating a
selective inhibitory activity against S. aureus of both WJ-MSC-CM
alone and dermal fibroblasts treated with WJ-MSC-CM. Notably,
when H,0, were added to WJ-MSC-CM-treated fibroblasts (Group
6), S. aureus growth inhibition halo was similar to the vancomycin
positive. No P. aeruginosa growth inhibition halo was detected (see
Supplementary Figure 1).

Next, the antibacterial activity of active cell culture supernatants
(Group 2, 5, and 6) against S. aureus was investigated in terms of
minimum inhibitory concentration (MIC). As summarized in
Table 2, Groups 2 and 5 exhibited antibacterial activity with a
MIC at a 1:8 dilution, while Group 6 showed the strongest activity
with a MIC at a 1:16 dilution. All together, these data demonstrate
that WJ-MSC-CM contains antibacterial biofactors that inhibit the
growth of S. aureus and that WJ-MSC-CM plays a key regulatory
role in this activity when added to dermal fibroblast cultures.
Furthermore, H,O,-stressed fibroblasts exert antibacterial effects
in the presence of WJ-MSC-CM. Probably, when stressed fibro-
blasts are exposed to WJ-MSC-CM, they are stimulated to upreg-
ulate antimicrobial peptides, secrete antibacterial mediators such as
ROS, and enhance innate immune responses.

3.5 Antibacterial effects of WJ-MSC-CM
could be in part mediated from secretion
of antimicrobial peptides

Since most preclinical studies have focused on bone marrow-
and adipose tissue-derived MSC secretion of specific antimicrobial
peptides (AMPs), such as cathelicidin LL-37, hepcidin, and [-
defensins, we investigated whether also WJ-MSCs constitutively
secrete these AMPs. To this end, the basal levels of LL-37, hepcidin,
[-defensin-1, and B-defensin-2 in WJ-MSC-CM were quantified by
ELISA. As shown in Figure 5A, LL-37 was undetectable in the
control medium, while detectable basal levels were observed in WJ-
MSC-CM (0.747 + 0.36 ng/mL; **p < 0.02). The absence of LL-37 in
the control medium indicates the adequate sensitivity and specific-
ity of the ELISA Kkit, as it was able to clearly discriminate between
the absence of the peptide in the medium alone and its presence in
WJ-MSC-CM. Hepcidin levels were significantly increased (**p <
0.01) in WJ-MSC-CM (0.07 £ 0.008 ng/mL) compared with control
medium (0.04 + 0.008 ng/mL) (Figure 5B). For B-defensin-1, low
levels detected in the basal medium (86.85 + 8.97 ng/mL) may
reflect background signal that the ELISA assay is unable to fully

10.3389/fimmu.2026.1818127

eliminate, whereas the higher concentrations measured in WJ-
MSC-CM (133.28 + 34.51 ng/mL) are indicative of specific peptide
secretion (Figure 5C). Notably, B-defensin-2 levels were signifi-
cantly higher in WJ-MSC-CM (26.34 + 10.38 ng/mL) than in basal
medium (5.05 £ 0.73 ng/mL), as reported in Figure 5D. Overall,
these results indicate that, under basal conditions, W]-MSC-CM
contains low but detectable levels of antimicrobial peptides, which
may contribute, at least in part, to its antibacterial activity.

To assess the regulation of AMP secretion by WJ-MSCs under
basal conditions, the basal levels of LL-37, hepcidin, 3-defensin-1,
and B-defensin-2 in WJ-MSC lysates (WJ-MSC-LYS) and W]J-
MSC-CM were compared. The heatmap in Figure 5E illustrates
the mean basal levels (ng/mL) of AMPs detected in the WJ-MSC-
LYS and WJ-MSC-CM, after subtraction of background signal from
vehicle controls (lysis buffer for lysates and unconditioned basal
medium for CM). Overall, a heterogeneous distribution of peptide
levels is observed between the two sample types. LL-37 and hepcidin
are present at very low levels in both WJ-MSC-LYS (0.000 ng/mL
and 0.012 ng/mL, respectively) and WJ-MSC-CM (0.75 ng/mL and
0.037 ng/mL, respectively), with only minimal differences between
the two compartments, suggesting limited basal production and/or
secretion. In contrast, B-defensin-1 is markedly enriched in WJ-
MSC-LYS (86.254 ng/mL) compared to WJ-MSC-CM (46.43 ng/
mL), indicating that this peptide is predominantly retained intra-
cellularly and may require specific stimuli to be efficiently released.
Conversely, B-defensin-2 displays a more comparable distribution
between lysate (18.733 ng/mL) and conditioned medium (21.03 ng/
mL), suggesting a more efficient secretion and a potential role in
mediating the extracellular antimicrobial activity of WJ-MSCs.
Taken together, these findings indicate that WJ-MSCs differentially
regulate AMP production and release under basal conditions, with
B-defensins appearing to be the primary contributors to the
antimicrobial activity among the selected AMP.3.6 Analysis of
Antimicrobial Peptides in WJ-, BM-, and CB-MSC
Conditioned Media.

A direct comparison of the basal levels of selected antimicrobial
peptides released into the extracellular environment by MSCs
derived from different tissue sources was performed. BM-MSCs
were included as well-established and widely characterized MSC
sources, commonly used as references, to determine whether the
AMP profile observed in WJ-MSC-CM reflects a source-specific
feature or a general property shared across MSC types. CB-MSCs
were included as a fetal MSC model, similar to WJ-MSCs, to
evaluate whether fetal-origin MSCs share common AMP secretion
patterns distinct from adult-derived BM-MSCs.

The heatmap in Figure 5F illustrates the mean basal levels (ng/
mL) of AMPs detected in the WJ-, BM-, and CB-MSC-CM, after
subtraction of background signal from unconditioned basal

TABLE 2 Antibacterial activity of test cell culture supernatants towards S. aureus.

Strain

Group 1

Group 2

Group 3

Positive

Group 4 control

Group 5 Group 6

MIC S. aureus - 1:8 dilution
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Quantitative analysis of antimicrobial peptides in WJ-MSC-CM. WJ-MSCs were cultured in basal medium, and conditioned medium (CM) was
collected after 24 h. The concentrations of (A) LL-37, (B) hepcidin, (C) B-defensin-1, and (D) B-defensin-2 in the WJ-MSC-CM were quantified using
ELISA kits. Data are presented as the mean of three independent samples. Statistical significance compared with the untreated control group is
indicated as *p < 0.05. (E) Heatmap showing the mean basal levels (ng/mL) of three independent samples of LL-37, hepcidin, B-defensin-1, and B-
defensin-2 detected in WJ-MSC lysates (WJ-MSC-LYS) and conditioned medium (WJ-MSC-CM) after subtraction of background signal from vehicle
controls (lysis buffer for lysates; unconditioned basal medium for CM). (F) Heatmap showing the mean basal levels (ng/mL) of three independent
samples of LL-37, hepcidin, B-defensin-1, and B-defensin-2 detected in WJ-MSC-CM, BM-MSC-CM, and CB-MSC-CM, after subtraction of

background signal from unconditioned basal medium. **p < 0.01.

medium. The highest level of LL-37 was observed in BM-MSC-CM
(4.17 £ 3.43 ng/mL), followed by WJ-MSC-CM (0.75 + 0.37 ng/mL)
and CB-MSC-CM (0.32 + 0.35 ng/mL). Hepcidin was largely
undetectable, with only minimal levels observed in WJ-MSC-CM
(0.037 + 0.008 ng/mL). B-defensin-1 was the most abundantly
detected peptide across all samples, with markedly elevated levels
in BM-MSC-CM (867.03 + 91.97 ng/mL) and CB-MSC-CM
(756.36 + 12.49 ng/mL), compared to substantially lower levels in
WJ-MSC-CM (46.43 + 34.51 ng/mL). B-defensin-2 exhibited sim-
ilar levels in WJ-MSC-CM (21.03 + 10.37 ng/mL) and BM-MSC-
CM (20.18 + 33.95 ng/mL), although BM-MSC-CM exhibited
greater variability (as indicated by the large standard deviation).
B-defensin-2 was nearly undetectable in CB-MSC-CM (0.58+
ng/mL).

Collectively, these findings indicate that BM-MSC-CM displays
the most pronounced AMP profile, primarily driven by high -
defensin-1 levels, whereas WJ-MSC-CM demonstrates a more
balanced overall peptide expression pattern. CB-MSC-CM, while
also exhibiting high B-defensin-1 levels similar to BM-MSC-CM,
shows a more limited diversity of other AMPs, suggesting that fetal-
origin MSCs may have distinct antimicrobial signatures depending
on the source.

Frontiers in Immunology

4 Discussion

WJ-MSC-CM has been evaluated for its effects in wound
healing, tissue regeneration, and immunomodulation (18, 19).
However, relatively little is known about their potential as antimi-
crobial agents. Therefore, the present study investigates the anti-
bacterial properties of WJ-MSC-CM and their potential use in
infection treatment.

Particularly, this work was initiated based on observations from
the analysis of ROS production in dermal fibroblasts following WJ-
MSC-CM treatment. Following infection or tissue damage, fibroblasts
rapidly increase ROS production through NADPH oxidase and
mitochondrial pathways. Beyond their antimicrobial function, ROS
also act as signaling molecules that drive inflammation, promote cell
proliferation, and initiate wound-healing processes (20). Recent
studies have demonstrated that the secretome from AT-MSCs
significantly reduces intracellular ROS levels in hepatic cells (21),
while extracellular vesicles derived from umbilical cord MSCs (UC-
MSCs) alleviate oxidative stress and enhance energy metabolism
following ischemic injury (22). However, the effects of the WJ-MSC
secretome on ROS production in dermal fibroblasts remain poorly
characterized, and comprehensive data are currently lacking.
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We observed that WJ-MSC-CM maintain low basal levels of
ROS; however, following H,0, exposure, WJ-MSC-CM-treated
fibroblasts are able to produce high levels of ROS, which are not
cytotoxic on the same cells, thus suggesting that WJ-MSC-CM
could protects against oxidative stress-induced cell death in dermal
fibroblasts (23), potentially via modulation of endogenous antiox-
idant defenses and redox-regulating pathways. Maintenance of
redox homeostasis and prevention of excessive free radical produc-
tion are ensured by cellular enzymatic antioxidants, including
catalase (CAT), glutathione peroxidase (GPx), and superoxide
dismutase (SOD). Specifically, these enzymes dismutate superoxide
radical, breakdown hydrogen peroxides and hydroperoxides to
harmless molecules (24). MSCs have been shown to enhance the
antioxidant capacity of small bowel tissue following intestinal
ischemia-reperfusion (I/R) injury by increasing the activity of
CAT, GPx, and SOD (25). Moreover, antioxidant enzymes such
as SOD, CAT, and GPx have been identified within BM-MSC-CM,
supporting a paracrine mechanism underlying the antioxidant
effects of MSCs (26).

Indeed, consistent with this redox-adaptive response, WJ-MSC-
CM significantly enhanced the antioxidant activities of superoxide
dismutase (SOD), catalase (CAT), and glutathione peroxidase
(GPx). Firstly, these findings suggest that WJ-MSC-CM promote
a controlled oxidative response while simultaneously strengthening
endogenous antioxidant defenses, thereby maintaining redox ho-
meostasis in dermal fibroblasts. Secondly, the controlled, non-
cytotoxic increase in ROS, together with the enhancement of
antioxidant defenses, may be indicative of a potential microbicidal
effect. The concurrent increase in ROS levels alongside the upreg-
ulation of antioxidant defenses may initially appear paradoxical;
however, it is more appropriately interpreted within the context of a
dynamic redox-regulatory process rather than a strictly antagonistic
effect. In this framework, moderate ROS production can act as a
signaling event that triggers adaptive cellular responses, including
the activation of endogenous antioxidant systems. Accordingly, WJ-
MSC-CM may induce a controlled oxidative stimulus that promotes
a compensatory antioxidant response, thereby contributing to the
maintenance of redox homeostasis and cellular protection against
oxidative stress. Thus, we examined the antimicrobial activity of
WJ-MSC-CM against Gram-positive methicillin-resistant
Staphylococcus aureus and Gram-negative Pseudomonas
aeruginosa, using agar diffusion and MIC determination methods.
WJ-MSC-CM showed no activity against P. aeruginosa, whereas it
was active against MRSA, suggesting a selective antimicrobial effect,
as already assessed by a previous study describing a preferential
activity of AD-MSC secretome against Gram-positive bacteria (12).
Therefore, this differential response may be attributed to structural
differences in the bacterial cell envelope, as the outer membrane of
Gram-negative bacteria acts as an additional permeability barrier
that might limit the activity of soluble factors and antimicrobial
peptides contained within WJ-MSC-CM. Interestingly, the antibac-
terial action of WJ-MSC-CM against MRSA was observed both with
WJ-MSC-CM alone and with conditioned media from dermal
fibroblasts treated with WJ-MSC-CM. This finding suggests that
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WJ-MSC-CM may induce secondary antimicrobial responses in
recipient cells, potentially through the stimulation of antimicrobial
peptide secretion or the modulation of innate immune pathways.
H,0,-induced ROS production does not appear to be involved in
the antimicrobial action, as conditioned medium from H,O,-
stressed fibroblasts in control medium did not produce any inhibi-
tion zones. In contrast, conditioned medium from H,O,-stressed
fibroblasts exposed to WJ-MSC-CM produced an inhibition halo
comparable to that of vancomycin (positive control), suggesting
that WJ-MSC-CM stimulates fibroblasts to increase their antibac-
terial activity in the presence of a pro-inflammatory signal such as
H,0,. These observations imply that WJ-MSC-CM provides addi-
tional signals - possibly through secreted factors or paracrine
modulation - that stimulate fibroblasts to upregulate antimicrobial
peptides, secrete antibacterial mediators, or enhance innate
immune responses.

We recently demonstrated that WJ-MSC-CM exhibits a supe-
rior regenerative profile compared to secretome of MSCs derived
from other tissues, largely due to its higher content of growth
factors and immunomodulatory cytokines (9). The high levels of IL-
1B, IL-6, IL-17, and IFN-y in WJ-MSC-CM could partially account
for its antimicrobial properties observed in the present study, as
these cytokines are known to activate innate immune responses,
promote the recruitment and activation of neutrophils and macro-
phages, and stimulate the production of antimicrobial peptides
(AMPs). Of particular interest are AMPs, as they represent key
effector molecules of the innate immune response and may signif-
icantly contribute to the antimicrobial activity of the
MSC secretome.

Accumulating evidence indicates that MSCs exert strong anti-
microbial effects via both direct and indirect mechanisms (27).
Indirectly, MSCs modulate the host immune response against
pathogens; and directly, by the release of antimicrobial peptides
(AMPs). AMPs, also known as host defense peptides, represent a
broad class of endogenous molecules with both immunomodulatory
and antimicrobial activities. These peptides act selectively against
bacteria, yeasts, viruses, fungi, and cancer cells (28). Within the MSC
secretome, specific AMPs - including cathelicidin LL-37, hepcidin,
and B-defensins - have been identified and associated with bacteri-
cidal activity against S. aureus (27, 29). Although limited data are
available on AMPs released by MSCs, recent in vitro studies have
demonstrated that the antimicrobial effects of BM-MSCs are medi-
ated by LL-37 (cathelicidin), B-defensins, and hepcidin (30, 31).
Particularly, hepcidin - mainly known as a master regulator of iron
homeostasis — has been considered as a key component of antimi-
crobial peptide arsenal in BM-MSCs (31). While previous studies
have primarily focused on BM-MSCs and on intracellular or
inducible AMP expression, evidence of their constitutive release
within the secretome of perinatal MSCs remains limited. In this
context, our findings extend current knowledge by demonstrating
the presence of AMPs in WJ-MSC-CM. In line with these observa-
tions, our study demonstrates the simultaneous detection of LL-37,
hepcidin, and B-defensin-2 in W]-MSC-CM, whereas [B-defensin-1
was predominantly retained intracellularly. The presence of both LL-
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37 and hepcidin suggests that WJ-MSC-CM may possess an intrinsic
antimicrobial peptide repertoire. Notably, LL-37 and hepcidin exert
complementary antimicrobial mechanisms: LL-37 directly disrupts
microbial membranes and modulates immune cell recruitment,
whereas hepcidin limits pathogen survival by regulating iron avail-
ability. B-defensin-2 may partially attenuate the epithelial barrier
disruption induced by MRSA, indicating the protective effect against
S. aureus infection (32). Beyond antimicrobial activity, these pep-
tides are known to influence inflammation and tissue repair. LL-37
has been implicated in angiogenesis and wound healing, while
hepcidin has been associated with immune regulation and inflam-
matory responses (33, 34). Recently, the potential of B-defensin-2-
based hydrogels as a promising treatment for chronic wounds, such
as diabetic foot ulcers (DFUs), has been demonstrated, owing to
their antimicrobial, anti-inflammatory, and tissue-regenerative
properties (35). Thus, their presence in WJ-MSC-CM may also
contribute to the broader immunomodulatory and regenerative
properties of the secretome of these cells. Of note, our data
demonstrate that (-defensins are most abundant AMPs in WJ-
MSCs. These epithelial-derived peptides are known to activate skin
neutrophils, highlighting a potential role for this axis in both tissue
homeostasis and the response to cutaneous infection (36). Given our
focus on the development of WJ-MSC-CM-based hydrogels for
chronic ulcers, these findings suggest that -defensin-mediated
antimicrobial and immunomodulatory activities may contribute to
the therapeutic potential of WJ-MSC-CM in promoting wound
healing and preventing infection. Additionally, WJ-MSC-CM exhib-
its a more heterogenous AMP pattern compared to CB-MSC-CM,
confirming that among perinatal MSCs, WJ-MSCs may represent
the superior source for immunomodulatory and antimicrobial
peptides (9).This study is not without its limitations. First, the
presence of LL-37, hepcidin, and B-defensin-2 was identified in
the WJ-MSC-CM; however, their individual contribution to the
observed antimicrobial activity was not directly assessed.
Functional assays employing peptide neutralization would be re-
quired to elucidate the specific role of each antimicrobial peptide.
Second, the composition of MSC secretome is known to be influ-
enced by donor variability and culture conditions (37). Although
standardized protocols were applied, potential variability in
secretome content cannot be completely excluded and warrants
further investigation. It would be desirable to analyze the gene
expression of AMPs in WJ-MSCs and subsequently expand the
proteomic analysis of the secretome, including additional factors
such as lipocalin. In addition, the antimicrobial activity of the
Wharton’s Jelly MSC secretome was evaluated against a limited
panel of microorganisms, namely S. aureus and P. aeruginosa.
Although these pathogens are clinically relevant and representative
of Gram-positive and Gram-negative bacteria, respectively, the
findings cannot be generalized to a broader spectrum of microor-
ganisms. Future studies should extend the analysis to additional
clinically relevant species, including Gram-negative
Enterobacteriaceae and fungal pathogens, to better define the full
antimicrobial potential of the secretome.
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In conclusion, these results highlight the capacity of WJ-MSC-
CM to modulate host cells and reinforce their potential as a novel
strategy against S. aureus, one of the main pathogens responsible for
persistent infections in surgical wounds and chronic ulcers, such as
diabetic foot ulcers, colonizing mainly non-viable tissues and
significantly delaying the healing process (38). The demonstrated
activity against S. aureus, together with the detection of antimicro-
bial peptides such as LL-37, hepcidin, and B-defensins supports the
relevance of WJ-MSC-CM as a multifunctional, cell-free therapeu-
tic approach. These findings provide a foundation for further
investigation into the translational application of WJ-MSC-CM in
infection-associated and inflammatory conditions.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by Ethic
Committee “Campania Sud”, Brusciano, Naples, Italy (prot./SCCE
no. 24988). The studies were conducted in accordance with the local
legislation and institutional requirements. The participants pro-
vided their written informed consent to participate in this study.

Author contributions

FN: Conceptualization, Data curation, Formal analysis,
Investigation, Methodology, Resources, Software, Writing — original
draft, Writing - review & editing. ER: Data curation, Formal
analysis, Investigation, Methodology, Writing - review & editing.
MF: Investigation, Writing — review & editing. MA: Investigation,
Writing - review & editing. PF: Visualization, Writing - review &
editing. MC: Supervision, Visualization, Writing — review & editing.
NM: Conceptualization, Formal analysis, Funding acquisition,
Project administration, Resources, Supervision, Validation,
Visualization, Writing — review & editing.

Funding

The author(s) declared that financial support was received for
this work and/or its publication. This work was supported by the
Campania Bioscience PONO3PE_00060_8 grant from MIUR
(Italian Ministry of Education, University and Research).

frontiersin.org


https://doi.org/10.3389/fimmu.2026.1818127
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Napolitano et al.

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declared that generative AI was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

References

1. Bandekar M, Maurya DK, Sharma D, Sandur SK. Preclinical studies and clinical
prospects of Wharton’s jelly-derived MSC for treatment of acute radiation syndrome.
Curr Stem Cell Rep. (2021) 7:85-94. doi: 10.1007/s40778-021-00188-4

2. Liau LL, Ruszymah BHI, Ng MH, Law JX. Characteristics and clinical applications of
Wharton’s jelly-derived mesenchymal stromal cells. Curr Res Transl Med. (2020) 68:5—
16. doi: 10.1016/j.retram.2019.09.001

3. Marino L, Castaldi MA, Rosamilio R, Ragni E, Vitolo R, Fulgione C, et al.
Mesenchymal stem cells from the Wharton’s jelly of the human umbilical cord:
Biological properties and therapeutic potential. Int J Stem Cells. (2019) 12:218-26.
doi: 10.15283/ijsc18034

4. Gornicki T, Jozkowiak M, Data K, Domagata D, Niebora J, Okowinska E, et al.
Wharton’s jelly mesenchymal stem cells (WJ-MSCs), a “Holy Grail” in tissue bioen-
gineering and reconstructive medicine. BioMed Pharmacother. (2025) 192:118570.
doi: 10.1016/j.biopha.2025.118570

5. Drobiova H, Sindhu S, Ahmad R, Haddad D, Al-Mulla F, Al Madhoun A. Wharton’s
jelly mesenchymal stem cells: a concise review of their secretome and prospective clinical
applications. Front Cell Dev Biol. (2023) 11:1211217. doi: 10.3389/fcell.2023.1211217

6. Ebrahimi T, Tarhriz V, Forouhandeh H, Shariati FS, Sahraeian Jahromi A, Hadian
Tabarestani MH, et al. Human umbilical cord Wharton’s jelly mesenchymal cell
medium progress the wound healing via cytokines and growth factors expressions.
Am ] Stem Cells. (2025) 14:14-24. doi: 10.62347/AMSW4025

7. Sharma P, Maurya DK. Wharton’s jelly mesenchymal stem cells: Future regenerative
medicine for clinical applications in mitigation of radiation injury. World J Stem Cells.
(2024) 16:742-59. doi: 10.4252/wjsc.v16.i7.742

8. Konala VBR, Bhonde R, Pal R. Secretome studies of mesenchymal stromal cells
(MSCs) isolated from three tissue sources reveal subtle differences in potency. In Vitro
Cell Dev Biol Anim. (2020) 56:689-700. doi: 10.1007/s11626-020-00501-1

9. Napolitano F, Giudice V, D’Esposito V, Prevete N, Scala P, de Paulis A, et al. Cell-free
regenerative medicine: identifying the best source of mesenchymal stem cells for skin therapy
in Systemic Sclerosis. Front Cell Dev Biol. (2025) 13:1518412. doi: 10.3389/fcell.2025.1518412

10. Chin JS, Tan MLL, Lim PLK, Sharma B, Yeo A, Aw YB, et al. Secretome from
prolonged high-density human Wharton’s jelly stem cell culture accelerates wound
healing in both in vitro and in vivo models. Int Wound ]. (2025) 22:€70033.
doi: 10.1111/iw;j.70033

11. Widowati W, Faried A, Gunanegara RF, Rahardja F, Zahiroh FH, Sutendi AF, et al.
The potential of human Wharton’s jelly mesenchymal stem cells secretome based
topical gel for therapeutic application. Avicenna ] Med Biotechnol. (2024) 16:233-43.
doi: 10.18502/ajmb.v16i4.16739

12. Shaaban F, Salem Sokhn E, Khalil C, Saleh FA. Antimicrobial activity of adipose-
derived mesenchymal stromal cell secretome against methicillin-resistant Staphylococcus
aureus. Stem Cell Res Ther. (2025) 16:21. doi: 10.1186/s13287-025-04138-3

13. Afzal Haghjoo P, Mojtahedi A, Ansar MM, Ansar MM, Danesh Mobarhan S. The
antibacterial effect of human adipose-derived stem cells on LL-37-resistant bacteria.
PloS One. (2025) 20:0333647. doi: 10.1371/journal.pone.0333647

14. Bicer M, Oztiirk E, Sener F, Hakki SS, Fidan O. Antifungal efficacy of 3D-cultured
palatal mesenchymal stem cells and their secreted factors against Candida albicans.
ACS Infect Dis. (2025) 11:2894-906. doi: 10.1021/acsinfecdis.5c00657

Frontiers in Immunology

11

10.3389/fimmu.2026.1818127

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organiza-
tions, or those of the publisher, the editors and the reviewers. Any
product that may be evaluated in this article, or claim that may be
made by its manufacturer, is not guaranteed or endorsed by
the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2026.
1818127/full#supplementary-material

15. Bahroudi M, Bakhshi B, Soudi S, Najar-Peerayeh S. Antibacterial and antibiofilm
activity of bone marrow-derived human mesenchymal stem cells secretome against
Vibrio cholerae. Microb Pathog. (2020) 139:103867. doi: 10.1016/
j.micpath.2019.103867

16. Ferrazzano GF, Roberto L, Catania MR, Chiaviello A, De Natale A, Roscetto E,
et al. Screening and scoring of antimicrobial and biological activities of Italian vulnerary
plants against major oral pathogenic bacteria. Evid Based Complement Alternat Med.
(2013) 2013:316280. doi: 10.1155/2013/316280

17. The European Committee on Antimicrobial Susceptibility Testing (EUCAST).
Breakpoint tables for interpretation of MICs and zone diameters. Version 16.0, 2026
(2026). Available online at: https://www.eucast.org (Accessed January 21, 2026).

18. Ahangar P, Mills SJ, Cowin AJ. Mesenchymal stem cell secretome as an emerging
cell-free alternative for improving wound repair. Int | Mol Sci. (2020) 21:7038.
doi: 10.3390/ijms21197038

19. Canas-Arboleda M, Galindo CC, Cruz-Barrera M, Herrera K, Beltran K, Rodriguez
A, et al. Comprehensive analysis of secretome and transcriptome stability of Wharton
jelly mesenchymal stromal cells during good manufacturing practice-compliant pro-
duction. Cytotherapy. (2025) 27:107-20. doi: 10.1016/j.jcyt.2024.08.008

20. Liu S, Liu J, Wang Y, Deng F, Deng Z. Oxidative stress: Signaling pathways,
biological functions, and disease. MedComm (2020). (2025) 6:¢70268. doi: 10.1002/
mco2.70268

21. Huang YL, De Gregorio C, Silva V, Elorza AA, Léniz P, Aliaga-Tobar V, et al.
Administration of secretome derived from human mesenchymal stem cells induces
hepatoprotective effects in models of idiosyncratic drug-induced liver injury caused by
amiodarone or tamoxifen. Cells. (2023) 12:636. doi: 10.3390/cells12040636

22. FariaJ, Calcat-I-Cervera S, Skovronova R, Broeksma BC, Berends AJ, Zaal EA, et al.
Mesenchymal stromal cells secretome restores bioenergetic and redox homeostasis in
human proximal tubule cells after ischemic injury. Stem Cell Res Ther. (2023) 14:353.
doi: 10.1186/513287-023-03563-6

23. Chidawanyika T, Supattapone S. Hydrogen peroxide-induced cell death in mam-
malian cells. J Cell Signal. (2021) 2:206-11. doi: 10.33696/signaling.2.052

24. Manful CF, Fordjour E, Subramaniam D, Sey AA, Abbey L, Thomas R.
Antioxidants and reactive oxygen species: Shaping human health and disease out-
comes. Int ] Mol Sci. (2025) 26:7520. doi: 10.3390/ijms26157520

25. Inan M, Bakar E, Cerkezkayabekir A, Sanal F, Ulucam E, Subasi C, et al.
Mesenchymal stem cells increase antioxidant capacity in intestinal ischemia/
reperfusion damage. J Pediatr Surg. (2017) 52:1196-206. doi: 10.1016/
jjpedsurg.2016.12.024

26. Saleem R, Mohamed-Ahmed S, Elnour R, Berggreen E, Mustafa K, Al-Sharabi N.
Conditioned medium from bone marrow mesenchymal stem cells restored oxidative
stress-related impaired osteogenic differentiation. Int J Mol Sci. (2021) 22:13458.
doi: 10.3390/ijms222413458

27. Alcayaga-Miranda F, Cuenca J, Khoury M. Antimicrobial activity of mesenchymal
stem cells: Current status and new perspectives of antimicrobial peptide-based
therapies. Front Immunol. (2017) 8:339. doi: 10.3389/fimmu.2017.00339

28. Zhang LJ, Gallo RL. Antimicrobial peptides. Curr Biol. (2016) 26:R14-9.
doi: 10.1016/j.cub.2015.11.017

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2026.1818127/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2026.1818127/full#supplementary-material
https://doi.org/10.1007/s40778-021-00188-4
https://doi.org/10.1016/j.retram.2019.09.001
https://doi.org/10.15283/ijsc18034
https://doi.org/10.1016/j.biopha.2025.118570
https://doi.org/10.3389/fcell.2023.1211217
https://doi.org/10.62347/AMSW4025
https://doi.org/10.4252/wjsc.v16.i7.742
https://doi.org/10.1007/s11626-020-00501-1
https://doi.org/10.3389/fcell.2025.1518412
https://doi.org/10.1111/iwj.70033
https://doi.org/10.18502/ajmb.v16i4.16739
https://doi.org/10.1186/s13287-025-04138-3
https://doi.org/10.1371/journal.pone.0333647
https://doi.org/10.1021/acsinfecdis.5c00657
https://doi.org/10.1016/j.micpath.2019.103867
https://doi.org/10.1016/j.micpath.2019.103867
https://doi.org/10.1155/2013/316280
https://www.eucast.org
https://doi.org/10.3390/ijms21197038
https://doi.org/10.1016/j.jcyt.2024.08.008
https://doi.org/10.1002/mco2.70268
https://doi.org/10.1002/mco2.70268
https://doi.org/10.3390/cells12040636
https://doi.org/10.1186/s13287-023-03563-6
https://doi.org/10.33696/signaling.2.052
https://doi.org/10.3390/ijms26157520
https://doi.org/10.1016/j.jpedsurg.2016.12.024
https://doi.org/10.1016/j.jpedsurg.2016.12.024
https://doi.org/10.3390/ijms222413458
https://doi.org/10.3389/fimmu.2017.00339
https://doi.org/10.1016/j.cub.2015.11.017
https://doi.org/10.3389/fimmu.2026.1818127
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Napolitano et al.

29. Chow L, Johnson V, Impastato R, Coy J, Strumpf A, Dow S. Antibacterial activity
of human mesenchymal stem cells mediated directly by constitutively secreted factors
and indirectly by activation of innate immune effector cells. Stem Cells Transl Med.
(2020) 9:235-49. doi: 10.1002/sctm.19-0092

30. Krasnodembskaya A, Song Y, Fang X, Gupta N, Serikov V, Lee JW, et al.
Antibacterial effect of human mesenchymal stem cells is mediated in part from
secretion of the antimicrobial peptide LL-37. Stem Cells. (2010) 28:2229-38.
doi: 10.1002/stem.544

31. Krepuska M, Mayer B, Vitale-Cross L, Myneni VD, Boyajian MK, Németh K, et al.
Bone marrow stromal cell-derived hepcidin has antimicrobial and immunomodulatory
activities. Sci Rep. (2024) 14:3986. doi: 10.1038/s41598-024-54227-1

32. Tian T, Hsu S, Sun Q, Shi Y, Hu X, Wu Y, et al. Human beta defensin-2 protects the
epithelial barrier during methicillin-resistant Staphylococcus aureus infection in
chronic rhinosinusitis with nasal polyps. Front Cell Infect Microbiol. (2025)
15:1551080. doi: 10.3389/fcimb.2025.1551080

33. Yang Y, Wu G, Wang Y, Mao Q, Zhang D, Wu J. LL37 promotes angiogenesis: a
potential therapeutic strategy for lower limb ischemic diseases. Front Pharmacol. (2025)
16:1587351. doi: 10.3389/fphar.2025.1587351

Frontiers in Immunology

12

10.3389/fimmu.2026.1818127

34. Hortova-Kohoutkova M, Skotakova M, Onyango IG, Slezakova M, Panovsky R,
Opatfil L, et al. Hepcidin and ferritin levels as markers of immune cell activation during
septic shock, severe COVID-19 and sterile inflammation. Front Immunol. (2023)
14:1110540. doi: 10.3389/fimmu.2023.1110540

35. Da Silva J, Calheiros D, Gongalves T, Silva EA, Carvalho E, Leal EC. Alginate-based
hydrogels loaded with human B-defensin-2 promote healing of MRSA-infected wounds
in a diabetic model: a preclinical proof-of-concept study. Clin Exp Med. (2025) 25:250.
doi: 10.1007/s10238-025-01798-6

36. Dhariwala MO, Scharschmidt TC. The best offense is a good beta-defensin.
Immunity. (2022) 55:1586-8. doi: 10.1016/j.immuni.2022.08.014

37. Munoz-Perez E, Gonzalez-Pujana A, Igartua M, Santos-Vizcaino E, Hernandez
RM. Mesenchymal stromal cell secretome for the treatment of immune-mediated
inﬂammatory diseases: Latest trends in isolation, content optimization and delivery
avenues. Pharmaceutics. (2021) 13:1802. doi: 10.3390/pharmaceutics13111802

38. Lee J, Mashayamombe M, Walsh TP, Kuang BKP, Pena GN, Vreugde S, et al.
The bacteriology of diabetic foot ulcers and infections and incidence of
Staphylococcus aureus Small Colony Variants. ] Med Microbiol. (2023) 72(6).
doi: 10.1099/jmm.0.001716

frontiersin.org


https://doi.org/10.1002/sctm.19-0092
https://doi.org/10.1002/stem.544
https://doi.org/10.1038/s41598-024-54227-1
https://doi.org/10.3389/fcimb.2025.1551080
https://doi.org/10.3389/fphar.2025.1587351
https://doi.org/10.3389/fimmu.2023.1110540
https://doi.org/10.1007/s10238-025-01798-6
https://doi.org/10.1016/j.immuni.2022.08.014
https://doi.org/10.3390/pharmaceutics13111802
https://doi.org/10.1099/jmm.0.001716
https://doi.org/10.3389/fimmu.2026.1818127
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	The antimicrobial potential of the secretome from Wharton’s jelly mesenchymal stem cells in the context of regenerative medicine: an in vitro study
	1 Introduction
	2 Methods
	2.1 Cell culture
	2.2 Conditioned medium and lysate collection
	2.3 ROS production
	2.4 Cell viability assay
	2.5 Assessment of antioxidant enzyme activities
	2.6 Bacterial strains and culture conditions
	2.7 Cell culture supernatants collection
	2.8 Agar well-diffusion test
	2.9 Determination of the minimum inhibitory concentration
	2.10 ELISA assays
	2.11 Statistical analysis

	3 Results
	3.1 Differential regulation of ROS generation by WJ-MSC-CM under basal and oxidative stress conditions
	3.2 WJ-MSC-CM protects fibroblasts from H2O2-induced cytotoxicity
	3.3 WJ-MSC-CM significantly boosts the activity of antioxidant enzymes
	3.4 WJ-MSC-CM inhibits Staphylococcus aureus bacterial growth
	3.5 Antibacterial effects of WJ-MSC-CM could be in part mediated from secretion of antimicrobial peptides

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


