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Abstract

Background

The effective treatment of blast-related soft tissue injuries requires the development of innovative
approaches. MSCs have demonstrated paracrine beneficial effects by regulating inflammation,
modulating fibroblast activation and collagen production, and promoting neovascularization and re-
epithelialization. This research focused on how wound functional status and transcriptome changed
following umbilical cord-derived mesenchymal stromal cell transplantation in patients with mine
explosive wounds of the lower limbs.

Methods

This study involved 7 patients following conventional wound treatment (control group) and 8 patients
treated with a single dose of intra-wound injection of human umbilical cord-derived mesenchymal
stromal cells (hUC-MSCs) (MCS group). RNA-seq of wound biopsy specimens was used for
transcriptome analysis, and selected mRNA expression levels were validated by real-time quantitative
PCR (qPCR). Data was collected on the day of patient admission (day 0) and on the 15t and 7" days of
follow-up. Surgical autoplasty was applied as a treatment method for wound closure. To assess potency,
hUC-MSCs were co-cultured with various immune cells, followed by flow cytometry and gPCR analyses.

Results

In the present study, we demonstrated that hUC-MSCs transplantation was safe and did not affect the
wound healing rate or the efficiency of surgical autoplasty in patients with mine-explosive wounds within
one week. hUC-MSCs injections exerted anti-inflammatory effects in wounds at the transcriptomic level.
Gene expression changes observed in macrophages and CD4* T cells in MSC co-culture models further
support the immunomodulatory potency of hUC-MSCs in attenuating inflammation in mine-explosive
wounds.

Conclusions

hUC-MSCs transplantation was shown to be safe and did not adversely affect wound healing or surgical
autoplasty outcomes, while demonstrating pronounced anti-inflammatory effects within one week of
observation.

Trial registration

This study was conducted as a prospective, single-center, open-label, non-randomized clinical study. All
procedures were performed in accordance with the Declaration of Helsinki and were approved by the
local Ethics Committee of 0.0. Shalimov National Scientific Center of Surgery and Transplantology
(protocol #10/05/2024).
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Introduction

Large traumatic soft tissue wounds, in particular mine-blast injuries, require new effective treatment
approaches. All military operations are the cause of suffering for both military personnel and civilians
with mine-explosive wounds that require adequate treatment. By July 2025, the number of civilians
injured by explosive weapon use in Ukraine since the Russian invasion began on 24 Feb 2022 had
reached 29,748 [1]. The number of casualties among military personnel, both killed and wounded, is a
state secret in Ukraine due to the ongoing war; however, Western analysts estimate the number to be ten
times higher than civilians [2, 3]. Blast-related injuries are frequently associated with extensive soft
tissue destruction, contamination, ischemia, and complex combined trauma. These factors significantly
complicate timely wound closure and increase the risk of long-term complications, including chronic
infection and functional impairment. Conventional surgical management is often limited by inadequate
wound granulation and excessive scar formation, particularly in large or complex defects. Consequently,
regenerative strategies are increasingly being explored as adjunctive treatments to standard surgery.

Mesenchymal stromal cells (MSCs) are known for their immunomodulatory properties and have been
applied in the treatment of various conditions, including osteoarthritis, rheumatoid arthritis, and acute
respiratory distress syndrome [4-7]. MSCs or their derived products have demonstrated beneficial
paracrine effects by modulating inflammation, regulating fibroblast activation and collagen production,
and promoting neovascularization and re-epithelialization [8, 9]. However, data on the impact of MSCs on
wound healing and theirimmunomodulatory properties in humans, particularly in the context of acute
traumatic wounds, remain limited. A meta-analysis demonstrated that MSC-based therapy can
accelerate the healing of diabetic ulcers, reduce pain, preserve limbs, and improve prognosis compared
with conventional treatment [10]. These findings suggest that local administration of human umbilical
cord-derived MSCs (hUC-MSCs) may enhance the healing of landmine-explosive wounds of the
extremities.

However, the mechanisms through which MSCs influence wound healing are not yet fully understood.
Most studies have been conducted on experimental models, and findings from laboratory animals do not
fully reflect the complex pathogenesis of mine-explosive wounds in humans. The standard surgical
treatment strategy for patients with mine-explosive injuries includes careful preparation of the recipient
wound bed, ensuring successful engraftment of both free flaps and non-vascularized skin grafts [11, 12].
The severe inflammation and extensive soft tissue trauma characteristic of mine-explosive wounds
result in delayed granulation and vasculogenesis, which should be addressed to improve autograft
engraftment [13, 14]. Furthermore, the compensatory effort of mine-explosive wounds to closure and
epithelialization can accelerate scar formation.

Therefore, the transplantation of hUC-MSCs could represent a promising therapeutic approach to reduce
wound inflammation, stimulate granulation tissue formation and enhance vascularization of the wound
bed, thereby creating optimal conditions for closure of large and complex lower extremity defects.
Furthermore, the study of the molecular biological effects of MSC therapy in the regeneration of limb
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mine-explosive wounds may provide insights into the underlying mechanisms of their therapeutic action
in humans.

Materials and methods

Participants and study design

A prospective, single-center, open-label, non-randomized study was conducted at the O. O. Shalimov
National Scientific Center of Surgery and Transplantology, Kyiv, Ukraine, from February 2024 to
November 2024.

The methods employed in this study included general clinical assessments (physical examination),
laboratory tests (complete blood count, biochemical blood tests, wound microflora analysis, and PCR),
and instrumental procedures (angiography and wound biopsy).

A total of 15 patients (men aged 22 to 56 years) were initially enrolled in the study. Seven patients who
received treatment with Betadine (CJSC Pharmaceutical Plant EGIS, Hungary) or Levomekol (PJSC
Farmak, Ukraine) were assigned to the control group. The MSC group consisted of eight patients who, in
addition to conventional therapy, received a local injection of a single dose of hUC-MSCs. The inclusion
criteria were as follows: mine-explosive injuries of the upper/ lower limbs; the wound surface area does
not exceed 600 cm?; blood glucose < 7 mmol/L; HbA1c < 6.0%; number of microorganisms in the wound

culture during the screening period < 107; adequate blood supply to the limb demonstrated by any
instrumental method (Doppler ultrasonography of the lower extremity arteries, CT angiography, or laser
Doppler flowmetry); no planned amputation of the limb within the next 3 months according to the
investigator; the participant’s willingness to refrain from tobacco/nicotine use during the study; age 18-
60 years.

The exclusion criteria were as follows: gangrene of a limb; acute kidney or liver failure; diagnosis of
concomitant tumour in any organs; occurrence of severe and/or unexpected adverse events during the
study potentially related to the use of the biological drug; withdrawal of the patient from further
participation in the study, age < 18 or > 60 years. All participants provided written informed consent
before enroliment.

hUC-MSCs isolation and preparation

Umbilical cords (UCs) obtained after Caesarean section were collected from 23- to 36-year-old donors at
39-41 weeks of gestation in the Kyiv city maternity hospital #3. All donors (n = 19) provided written
informed consent for the collection and the use of their UCs in the approved clinical study. The UC
quality assessment, donor screening, MSCs isolation, and cryopreservation were performed according to
a previously published method [15]. Briefly, UC tissue pieces were plated into cell culture-treated flasks
(Sarstedt, Nimbrecht, Germany) and covered with MEM alpha modification (Sigma, Irvine, UK)
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supplemented with 15% FBS (Sigma, Paraguay origin, Saint Louis, MO, USA), 1x RPMI amino acid
solution (Sigma, Irvine, UK), and 1x streptomycin/penicillin (Sigma, Irvine, UK), referred to as completed
culture medium. Explants were incubated at 37°C in 5% CO, for 14 days, with medium changes twice a
week. hUC-MSCs at passage 3 were harvested and cryopreserved using a rate-controlled freezer at a
final concentration of 5% dimethyl sulfoxide (Sigma-Aldrich, Saint Louis, MO, USA) in HBSS (Sigma,
Irvine, UK). Aliquots from all samples were collected for quality control.

Administration of hUC-MSCs

The release criteria for the clinical use of hUC-MSCs included the absence of contamination with
pathogenic microorganisms (bacteria, mycoplasma, and fungi), a normal karyotype, and characteristic
identity and purity profiles. Cells were required to be positive (= 95%) for CD73, CD90, and CD105, and
negative (= 2%) for CD45 and CD34, expression in accordance with the minimal criteria for multipotent
mesenchymal stromal cells established by the International Society for Cellular Therapy (ISCT) [16].

For local injections, hUC-MSCs at passage 3 were thawed in a water bath at 37°C until the liquid phase
appeared. Cells were centrifuged at 300 xg for 5 min at RT, and resuspended in a vehicle solution
composed of saline (Darnytsya, Kyiv, Ukraine) and 5% human serum albumin (Biopharma, Kyiv, Ukraine).
The average cell viability was 87.8 £ 5.1% before injection. Cells were administered as a single dose on
the treatment day. The administered cell dose was calculated as 2.5 x 10¢ cells per 5 cm? applied to the
wound bed and 1 x 10¢ cells per 4 cm along the wound perimeter of the affected lower limb, delivered via
a series of 0.1 ml injections. During administration and for 30 minutes thereafter, the patient’s blood
pressure, body temperature, pulse, and skin color were continuously monitored. No serious adverse
events (SAEs) were observed during or after MSC administration.

Wound biopsy

Wound biopsies were collected before treatment on the day of inclusion (day 0), 24 hours, and 7 days
after hUC-MSC administration. In the control group, biopsies were collected at the same time points.
Wounds were treated with sterile saline and antiseptics along the edges. Biopsy samples (weighing 0.2-
0.5 g) were excised to full thickness using a scalpel and placed in sterile cryotubes. Tubes were snap
frozen in liquid nitrogen and stored at -80°C until further processing.

Assessment of wound surface area

Photographs of the wounds were taken before hUC-MSCs administration, immediately after, and at day

7. The wound surface area was assessed using ImagedJ. The wound healing rate was calculated using
WAO-WAT 1009
Ol

. H O/ —
the formula: Wound healing rate, % = WAO

where: WA_O — wound area at day 0, WA_7 — wound area at day 7.
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Reconstructive surgical approaches for lower extremity
defects

Closure of soft tissue defects of the lower extremities was performed based on the composition of the
wound bed, the extent of tissue damage and the need for subsequent reconstructive interventions. In
cases involving functional areas, such as joint osteosynthesis insertion or when future orthopedic
interventions (e.g., osteosynthesis or plate insertion) were required, free microsurgical transplantation of
skin-fat, skin-fascial, or skin-muscle flaps was performed. This approach ensured coverage of the defect
with soft-elastic well-vascularized tissues. In other cases, when the wound bed consisted of muscle, the
defect was not in a functional zone and no preparation for future surgical interventions was needed,
autologous dermoplasty was performed using a non-vascularized, thinned full-thickness skin graft
obtained with a dermatome. A non-vascularized skin graft allows for defect closure through diffusion
from the adjacent recipient tissues, which requires high-quality granulations. Subsequently, after
engraftment, these grafts form scar tissue in contrast to a freely transplanted vascularized tissue
complex.

Isolation of PBMC, CD4+, CD14 + cells and their co-culture with hUC-
MSCs

Human peripheral blood mononuclear cells (PBMC, n = 5) were isolated from peripheral blood samples
of patients with mine-explosive wounds using density gradient centrifugation with Ficoll (Cytiva, Global
Life Sciences Solutions, Marlborough, MA, USA). CD4* and CD14" cell subpopulations were purified from
PBMCs using the MagniSort™ Human CD4 T cell 2-Step Enrichment Kit according to the manufacturer’s
instructions. PBMC, CD4", or CD14" cells were resuspended in RPMI-1640 media (Gibco, Life
Technologies Corp., Carlsbad, CA, USA) supplemented with 10% heat-inactivated fetal bovine serum
(FBS) and seeded in a 24-well plate at a total volume of 1000 uL. PBMCs and CD4* T cells were
stimulated using Dynabeads® Human T-Activator CD3/CD28 (Life Technologies AS, Oslo, Norway) at a
bead/cell ratio of 1:5 and 1:1, respectively. Differentiation of CD14" cells from PBMC into macrophages
was performed in RPMI-1640 media, supplemented with 10% FBS and 50 ng/mL macrophage colony-
stimulating factor (M-CSF) for 7 days, followed by polarization toward M1 phenotype using
lipopolysaccharide (LPS, 100 ng/mL) and interferon-y (IFN-y, 20 ng/mL) for 24 hours.

hUC-MSCs from three donors were thawed and cultured as described above. The cells were incubated
with mitomycin C (20 pg/mL) in complete culture medium for 2 hours, detached using 0.05% trypsin and
0.02% EDTA (Sigma, UK), washed, counted. hUC-MSCs from three donors were mixed in equal proportion
(1:1:1) and then seeded into 0.4 um ThinCerts™-TC insert (Greiner Bio-One, Monroe, NC, USA). Co-
cultures of MSC: PBMC (1:5) and MSC: CD4" cells (1:10) were maintained at 37°C for 4 days and
harvested for flow cytometry and RT-qPCR analyses.
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Flow cytometry

The expression of surface markers on hUC-MSCs and PBMCs was analyzed by flow cytometry. For
immunostaining, cells were incubated with fluorochrome-conjugated mouse anti-human monoclonal
antibodies (all from BD Biosciences) targeting the following markers:

hUC-MSCs: CD34, CD45, CD73, CD90, CD105.

PBMCs: CD3, CD4, CD8, CD14, CD25, CD45, CD45R0, CD57, CD69, CD80, CD127, CD169, CD183, CD206,
CD279.

Cells were stained according to the manufacturer’s instructions, typically for 30 minutes at 4°C in the
dark. After staining, cells were washed with BD CellWash buffer and then resuspended in 300 yL DPBS
for acquisition. Data acquisition was performed using a BD FACSAria cell sorter (BD Biosciences). At
least 20,000 events were collected per sample. Data were analyzed using BD FACSDiva 6.1.3 software
(BD Biosciences), and results were expressed as the percentage of positive cells for each marker or cell
population. Appropriate negative (unstained) and single-stained controls were included in each
experiment to set voltages, establish gating, and perform fluorescence compensation.

RNA isolation, RNA-seq, and bioinformatics analysis

Samples were prepared in biological triplicate. RNA was extracted using a NucleoSpin RNA isolation kit
(Macherey—Nagel, Heerdt, France) according to the manufacturer’s protocol. RNA-seq libraries were
prepared using the Agilent SureSelect Automated Strand-Specific RNA Library Prep kit, with polyA
selection by Novogene Co., Ltd. (Beijing, China). Prepared libraries were sequenced on an lllumina
HiSeq2000, using a paired-end 150 bp sequencing strategy (short-reads) and 20M read pairs per sample.
Raw data (in the fastq format) were first processed using the fastp software. In this step, clean data
(clean reads) were obtained by removing reads containing adapters, reads containing poly-N, and low-
quality reads from the raw data. At the same time, the Q20, Q30, and GC content of the clean data were
calculated. All downstream analyses were based on high-quality, clean data. Raw paired-end sequence
reads were mapped to the human transcriptome
(ensembl_homo_sapiens_grch38_p12_gca_000001405_27) using Hisat2 v2.0.5. featureCounts v1.5.0-p3
was used to count the read numbers mapped to each gene. Then, the FPKM of each gene was
calculated based on the gene's length and the read count mapped to that gene. Differential expression
analysis was performed using the DESeq2 R package (1.20.0). Genes with adjusted p-value (p,g;) < 0.05
and |log, (FoldChange)| > 0 were considered differentially expressed. Gene Ontology (GO) enrichment
analysis of differentially expressed genes and statistical enrichment of differentially expressed genes in
KEGG pathways were implemented using the clusterProfiler R package. The differentially expressed
genes are listed in Supplementary Table 1. The local version of the GSEA analysis tool
(http://www.broadinstitute.org/gsea/index.jsp (accessed on 4 January 2023)) was used for Gene Set
Enrichment Analysis (GSEA). GO and the KEGG data set were used for GSEA independently.
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RNA isolation and gene expression analysis by RT-qPCR

For total RNA extraction, the NucleoSpin RNA Kit (Macherey-Nagel, Germany) was used according to the
manufacturer's recommendations. After RNA isolation, cDNA was synthesized using LunaScript® RT
SuperMix Kit (New England Biolabs, MA, USA) by following the manufacturers guidelines. RT-gPCR was
performed using Luna® Universal qPCR Master Mix (New England Biolabs, MA, USA) and Rotor-Gene
6000 Real-time PCR system (Corbett Life Science, QIAGEN, Germany) with cycling conditions as follows:
95°C 1 min., 95°C 15s, 60 °C 30 s (40 cycles). The 272" method was used for mMRNA quantification
analysis [17]. mRNA expression was normalized to the geometric mean of GAPDH and RPL13A
expression. The primer sequences are listed in Supplementary Table S1.

Statistical analysis

IBM SPSS for Windows, version 27.0 (IBM Corp., Armonk, NY, USA) was used for statistical analysis.
GraphPad Prism, version 7.0a (GraphPad Software, San Diego, CA, USA) was used for data visualization.
Variables are presented as mean + SD. The Wilcoxon signed-rank test was used to compare time-
dependent variables. The paired t-test was used to compare related groups. Statistical significance was
defined as a two-tailed p-value of < 0.05.

Results

Basic characteristics of the patients

A total of 15 patients, aged 28 to 56 years, with mine-explosive injuries to the lower limbs were enrolled
in this study after providing written informed consent. Detailed patient characteristics are shown in Table
1.

Table 1. Clinical characteristics of patients included in this study.
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Parameter

Age ( years), mean (range)
Type of injury*, n (%)
Type 1

Type 2

Type 3A

Type 3B

Side of injury:

Left

Right

Both

Limb fixation device:
External

Internal

Without device
VAC-therapy:

Applied

Not applied

Skin flap transplantation:
Performed

Not performed
Transplant engraftment
Yes

No

Self-healing

Bed days, mean

Days to transplantation, mean

Control group (n=7)
39.86 (22-50)

0

2/7 (28.57%)
1/7 (14.29%)
4/7 (57.14 %)

2/7 (28.57%)
4/7 (57.14%)
1/7 (14.28%)

4/7 (57.14%)
0/7 (0.0%)
3/7 (42.86%)

3/7 (42.85%)
4/7 (57.14 %)

6/7 (85.7%)
1/7 (12.5%)
6/7 (100 %)
0/7 (0.0 %)

1/7 (12.5%)
73.86
35.28
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MSC group
(n=8)

39.5 (28-56)

0
5/8 (62.5 %)
2/8 (25 %)

1/8 (12.5 %)

1/8 (12.5%)
7/8 (87.5%)

5/8 (62.5%)
0/8 (0.0%)
3/8 (37.5%)

4/8 (50%)
4/8 (50 %)

7/8 (85.7%)
1/8 (12.5%)
7/8 (100 %)
0/8 (0.0 %)

1/8 (12.5%)
79.0
24.37

p value

0.948

0.812
0.121




Bacterial load, CFUx108, mean  0-111 5.548 0.606

*: Type 1: clean wound, low-energy puncture wound less than 1 cm, minimal contamination, minimal soft
tissue damage, adequate soft tissue coverage of bone, no periostal stripping, minimal fracture
fragmentation.

Type 2: moderate soft tissue damage and crushing, moderate contamination, laceration greater than 1
cm, adequate soft tissue coverage of bone, no periosteal stripping, minimal fracture comminution.

Type 3A: high-energy open trauma with a wound area of 100 cm? to 600 cm?, massive wound
contamination, extensive soft tissue damage and crushing, adequate soft tissue coverage of bone,
severely comminuted and/or segmental fracture, and periosteal detachment.

Type 3B: highly contaminated wound with an area of 100 cm? to 600 cm?, extensive soft tissue damage,
inability to cover bone with soft tissue (requiring graft reconstruction), severely comminuted and/or
segmental fracture, periosteal stripping, and exposure of bone.

The mean baseline bacterial load (CFU) on the day of admission was 5.548x10° in the MSC group and
0.111x10° in the control group. During the observation period, the MSC group demonstrated a 4.85-fold
decrease in the number of viable microorganisms (mean change: 1.145x10° CFU; p = 0.3), whereas the
control group showed a 9.8-fold increase (mean change: 1.091x10° CFU). No statistically significant
differences were observed between the groups at baseline or at the end of the follow-up period.

Effect of hUC-MSCs therapy on the healing of mine
explosive wounds

The relative wound area gradually decreased in both groups throughout the observation period (Fig. 1A).
The wound healing rate (WHR) in the control group (n=7) was 20.2 % per week. In contrast, in the MSC
group (n=8) it was 25.9 % per week. However, no significant difference between the groups was
observed (p=0.513) (Fig.1B). Representing images of patients’ wounds treated with conventional or MSC
therapy are shown in Fig.2. The safety of the hUC-MSCs application was assessed by

monitoring adverse events (AEs) recorded within 24 h after treatment, including changes in skin color
and measurements of the patient’s blood pressure, body temperature, and pulse. Evaluation of potential
side effects was performed from the time of administration until the end of the study.

Effect of hUC-MSCs injection on the transcriptome of mine-
explosive wounds
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We investigated the transcriptomic profiles of wound biopsy samples obtained from patients with mine-
explosive injuries of the extremities 24 hours and 7 days after multiple injections of hUC-MSCs.

Bioinformatic analysis of RNA-seq data revealed that 2,304 genes were differentially expressed in the
MSC (n=8) group compared with the control (n=7) group (p.y1,e <0.05, Blog,FCl=0) 24 h after treatment
(Fig. 3, Supplementary Table. S2). Among the differentially expressed genes (DEG, Pagjs0.05), several
immune-associated genes were identified. Specifically, increased expression was observed for MS4A2,
TPSB2, CPA3, TPSABI1. In contrast, decreased expression was detected for HLA-DQB1, HELZ2, ACOD1,
MFSD2B, AIM2, IGLV1-40, HISTTH2AC, MX1, CCL5 (Fig. 3). Furthermore, a downregulation of T cell- and
myeloid/macrophage-associated genes was observed in the MSC group compared to the control group
(Supplementary Fig. S1).

Gene ontology (GO) analysis of 840 up-expressed (UP) DEGs and 1464 down-expressed (DW) DEGs was
performed. According to the GO biological processes database, the most highly expressed UP genes in
the MSC group compared with the control group 24 h after treatment were associated with blood
circulation and muscle contraction (Fig. 4A). GO biological process analysis showed that genes involved
in the regulation of response to biotic stimulus, regulation of innate immune response, defense response
to virus and symbiont, positive regulation of defense response, immune response-regulating signaling
pathway, positive regulation of response to biotic stimulus, and immune response-activating signaling
pathway were downregulated (Fig. 4B).

GO molecular function enrichment analysis of upregulated genes revealed that immunoglobulin
complex, monoatomic ion channel complex, and collagen-containing extracellular matrix were the most
significantly overrepresented. Among downregulated genes, the most relevant categories were secretory
granule membrane, phagocytic vesicle, secretory granule lumen, cytoplasmic vesicle lumen, vesicle
lumen (Fig. 4A, B).

KEGG pathway analysis revealed that, 24 h after treatment, the upregulated genes in the MSC group were
enriched in pathways related to hypertrophic cardiomyopathy, vascular smooth muscle contraction,
cAMP, and cGMP-PKG signaling (Fig. 4C). In contrast, downregulated enriched categories analyzed by
KEGG included genes associated with the immune system, especially influenza A, inflammatory bowel
disease, measles, osteoclast differentiation, Epstein-Barr virus infection, neutrophil extracellular trap
formation, Th17/Th1/Th2 cell differentiation, NOD-like receptor, cytosolic DNA-sensing, Toll-like receptor,
JAK-STAT, RIG-I-like receptor, TNF, IL-17, NF-kappa B signaling pathways, indicating the suppression of
immune and inflammatory responses in mine-explosive wounds (Fig. 4D).

It was observed that 2,376 genes exhibited altered expression levels in the MSC group (n=7) compared
with the control (n=6) group (p,4,e<0.05, llog,FCE=0) at 7 days after cell therapy (Fig. 5A, B,

Supplementary Table S2). Among the DEG we identified a subset of immune associated genes (Fig. 5B,
Supplementary Fig. S2). The most relevant upregulated genes (padjs0,0S) were QPCT, TIFAB, CCRS,

HMOX1, CLEC5A, CCL22, MRC1, CCL24, MS4A2, CPA3, IGHG3, TPSB2, MMP12, CD1B, TPSAB1, TPSD1,
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ADCYAPT1, IGHV5-10-1, whereas downregulated genes included PDZK1IP1, CLIC3, VIPR1, CRLF1, CYP2ET,
MPP7, KLF4 (Fig. 5B). GO analysis of 770 up-expressed DEGs and 1606 down-expressed DEGs was
performed. According to the GO biological processes database, the most highly expressed UP genes in
the MSC group compared with the control group 7 days after treatment were involved in cell chemotaxis,
leukocyte chemotaxis, leukocyte migration, chemokine-mediated signaling pathway, and response to
chemokine (Fig. 6A). In contrast, GO biological process analysis showed that genes involved in
cytoplasmic translation and rRNA metabolic process were significantly downregulated (Fig. 6B).

GO molecular function analysis showed that, among upregulated genes, the most relevant categories
were cytokine receptor binding and immune and chemokine receptor activity (Fig. 6A). Among
downregulated genes, the most pertinent categories were structural constituent of ribosome and rRNA
binding (Fig. 6B). KEGG pathway analysis revealed that, 7 days after treatment, upregulated genes in the
MSC group were enriched in cytokine-cytokine receptor interaction, viral protein interaction with cytokine
and cytokine receptor, chemokine signaling, osteoclast differentiation, vascular smooth muscle
contraction, cGMP-PKG, Toll-like receptor, and cAMP signaling pathways (Fig. 6C). KEGG analysis of DW
genes in the MSC group compared with the control showed extracellular matrix (ECM) receptor
interaction (Fig. 6D). These results indicate that hUC-MSCs therapy has a significant impact on the
transcriptome of cells in mine-blast wounds, particularly affecting processes related to the immune
system, blood circulation, and muscle function.

A total of 5,161 genes were differentially expressed in the MSC group 24 h after hUC-MSCs treatment
(Pvaiues0.05, [log,FC|20). Among the most significant DEGs (p,;<0,05), 432 were upregulated and 1264
were downregulated (Supplementary Table S2). It should be noted that in the control group 1189 genes
were differentially expressed (p,4,e<0.05, |log,FC|=0) at the same time points; of which only 32 were
upregulated and 2 were downregulated, (p,¢;<0,05) (Supplementary Fig.S3, Supplementary Table S2).

Interestingly, according to the GO biological processes database and KEGG analysis, the most
significantly upregulated genes 24 h after hUC-MSCs injections were involved in muscle contraction and
oxidative phosphorylation (Supplementary Fig.S4A, C). Genes associated with epidermis and skin
development, as well as immune system regulation, were enriched within downregulated. DW genes
involved in sphingolipid, IL-17, NF-kappa B, and TNF signaling pathways were clustered by KEGG analysis
24 h after hUC-MSCs injection, indicating anti-inflammatory effects of MSC therapy in mine-explosive
wounds (Supplementary Fig.S4 B, D).

At 7 day of observation, 2,100 and 1,898 genes were differentially expressed in the MSC and control
groups, respectively (p,,,6<0.05, [log,FC|=0) compared to the day of admission. Among the most
significant DEGs (padj < 0.05), 25 and 13 genes were upregulated, whereas 299 and 6 genes were
downregulated in the MSC and control groups, respectively (Supplementary Table S2). hUC-MSCs
injection leads to the suppression of genes involved in skin and epidermis development over the 7-day
observation period (Supplementary Fig. S4, S6).
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Effect of hUC-MSCs on macrophages in vitro: phagocytosis
and gene expression

hUC-MSCs slightly increased the phagocytic activity of peripheral blood monocytes (CD14*)-derived
macrophages from patients with mine-explosive wounds in a transwell co-culture model (Fig. 7A, B). RT-
gPCR analysis revealed that hUC-MSCs in this model significantly downregulated the expression of the
following inflammation-associated genes in macrophages: KLF4, ACOD1, TIFAB, HMOX1, CLEC5A,
PDZK1IP1, IL1B, CXCL10, CCL22, IL10, CXCL8, and PTGS2 (Fig. 7C). Some of these genes, such as KLF4,
ACOD1, and PDZK1IP1, were also downregulated in mine explosive wounds after cell therapy compared
with the control group. Changes in CLEC5A, CXCL8, and PTGS2 expression in macrophages under hUC-
MSCs influence were consistent with the alterations observed in wound tissues 24 h after cell injection.
In contrast, the expression of AIM2, MX1, MMP12, CCL17, CSF3, and CD1B was not affected in the co-
culture system, whereas all these genes were upregulated in wound tissues 7 days after cell therapy.
Furthermore, CXCL8 expression was downregulated in macrophages co-cultured with hUC-MSCs but
remained unchanged in wounds tissues following cell therapy.

Effect of hUC-MSCs on CD4+ T cells in vitro: proliferation,
immunophenotype, and gene expression

hUC-MSCs significantly suppressed the proliferative activitiy of CD4* T cells isolated from PBMC of
patients with mine-explosive wounds (Fig. 8A). Flow cytometry analysis demonstrated a significant
increase in early activated CD4"CD69*CD25"CD127* cells among CD4™ T cells after co-culture with hUC-
MSCs. Furthermore, there was a tendency to increased proportions of CD127* (p=0.058), CD69*CD25"
(p=0.069) and CD4*CD25'°“CD127'°" (p=0.069) cell subpopulations among CD4* T cells following co-
culture with hUC-MSCs. hUC-MSCs did not affect the maturation of Th cells (CD183*), senescent
effector of Th cells (CD57%183%), and memory Th cells (CD577183"CD45R0") (Fig. 8B). Expression levels
of CD70 and HLA-DQB1 tended to decrease in CD4™ T cells after co-culturing with hUC-MSCs, whereas
genes including TNFAIP2, IL6, CXCL8, CCL5, IFNG, CD160, and CXCR2 were not markedly altered (Fig.

8C).

Effect of hUC-MSCs on PBMC in vitro: proliferation and
immunophenotype

Co-culture with hUC-MSCs significantly decreased the proliferation of PBMC from patients with mine-
explosive wounds (Fig. 9A). Following co-culture with hUC-MSCs, the percentage of CD14" monocytes
with M2-like phenotype CD14*CD206%, CD14 CD80™ cells, and CD4* T-helpers were increased among

CD45* cells, whereas the percentage of total CD8" cells, exhausted CD4* T cells (CD4*CD57*CD279%),
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and exhausted CD8* T cells (CD8*CD57"CD279%) were decreased (Fig. 9B). These results indicate that
hUC-MSCs exert anti-inflammatory properties in the co-culture model.

Discussion

In the present study, we aimed to investigate the impact of human umbilical cord-derived mesenchymal
stromal cell transplantation on the safety and clinical outcomes of patients with mine-explosive wounds,
with a focus on transcriptomic profile changes in the wounds and the efficiency of complex surgical
treatment. The administration of hUC-MSCs was safe and was not associated with adverse events or
alterations in the rate of clinical healing during a week observation period. Engraftment of free TFL flaps
and non-vascularized autologous skin grafts was observed in all patients.

RNA-seq analysis revealed that hUC-MSCs injections induced a pronounced short-term anti-
inflammatory effect in wounds, which was no longer detectable by the 7th day. The reduction in the
expression levels of KLF4, ACOD1, PDZK1IP1, CLEC5A, CXCL8, and PTGS2 genes in macrophages co-
cultured with hUC-MSCs mirrored the changes observed in wounds 24 h after cell injection. Previous
studies have demonstrated that KLF4 plays a critical role in mediating proinflammatory responses in
macrophages, and its downregulation under the influence of anti-inflammatory growth factor TGF-31
promotes M2 phenotype [18, 19]. Moreover, KLF4 expression supports cutaneous wound healing in mice
and the expansion of keratinocyte precursors from adult human skin [20, 21]. Activation of macrophages
by different pathogen infections and pathogen-associated molecular pattern molecules, as well as
cytokines (e.g., TNF and IFNs), leads to upregulation of ACOD1 expression [22].

PDZK1IP1 plays an essential role in the inflammatory phenotype in tumors and other inflammatory
conditions, including psoriasis. Furthermore, PDZK1IP1 was found to directly regulate NFAT2 and IL-6
activation, inducing the differentiation of monocytes into dendritic cells [23]. The surface expression of
CLEC5A is highest on proinflammatory M1 macrophages, while intermediate on M2 macrophages, and
its activation by pathogen-derived antigens induces the secretion of proinflammatory mediators [24].
CXCL8 and PTGS2 expressions are rapidly upregulated in wounds, reaching levels significantly higher
than in normal tissue [25, 26]. CXCL8 is a chemokine that is increasingly expressed in macrophages
under inflammatory conditions [27]. However, in our co-culture system we observed the downregulation
of PTGS2 under the influence of hUC-MSCs, which contrasts with its anti-inflammatory role in M2
macrophages [28]. Therefore, the reduced expression of KLF4, ACOD1, PDZK1IP1, CLEC5A, CXCL8, and
PTGS2 genes in mine-explosive wounds on day 1 and in macrophages in the co-culture system may
reflect their important role in the anti-inflammatory effect of UC-MSC.

It was reported that MSC-conditioned media treatment inhibited IL1B mRNA transcription in LPS-
stimulated macrophages [29], which is consistent with our experimental findings. It was shown that the
expression of inflammatory genes MX7 and AIM2 in wounds was downregulated on day 1 after cell
therapy, unlike in macrophages. Immune cell infiltration analysis revealed that MX7 was associated with
M1 macrophage [30]. AIM2 expression is strongly upregulated in inflamed skin [31]. The downregulation
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of inflammation-associated genes in macrophages co-cultured with hUC-MSCs and stimulation of
phagocytosis suggested a shift toward an anti-inflammatory phenotype [32-34]. Furthermore, the
increasing frequency of monocytes expressing the M2 macrophage marker CD206 in the hUC-
MSCs/PBMCs co-culture system confirms the anti-inflammatory properties of MSCs [35].

The expression levels of CD70 and HLA-DQB1 decreased in CD4" T cells after co-culture with hUC-MSCs,
consistent with in vivo RNA-Seq data from wounds 1 day after cell therapy. In contrast, the expression
patterns of TNFAIP2, CD1B, IL6, CXCL8, CCL5, IFNG, CD160, and CXCR2 differed between wounds and

CD4* T cells under the influence of hUC-MSCs. The immune system in wounds represented a highly
complex network comprising various immune cell types, such as T, B, NK, innate lymphoid cells,
macrophages, dendritic cells, and neutrophils [13, 36]. The multitarget effect of hUC-MSCs in vivo may
explain the observed differences in immune gene expression between macrophages in vitro and wounds.

In this study, we demonstrated that hUC-MSCs significantly inhibited the proliferative activity of CD4* T
cells isolated from peripheral blood of patients with mine-explosive wounds. Moreover, a reduction in the
pool of effector T cells after co-culturing activated PBMCs with hUC-MSCs has been reported previously
[15, 35]. Our study shows that hUC-MSCs induce the expression of CD69, an early T cell activation
marker, and CD25 as a mid-stage marker, consistent with prior studies [15, 37, 38]. Furthermore, the
increased proportion of CD69* T-reg cells among CD4* T cells under hUC-MSCs co-culture in our
research suggests their anti-inflammatory properties, as previously described [39]. The decrease in the
CD4%/CD8" cells ratio and in exhausted T cell subsets under hUC-MSCs treatment of PBMCs suggested
an anti-inflammatory effect on T cells, in agreement with existing literature [15, 40].

Interestingly, hUC-MSCs therapy upregulated several immune-associated genes one week after
treatment, including TIFAB, HMOX1, CLEC5A, MRC1, MMP12, CD1B, CCL22, CCL17, CSF3, CCL24, and
CCRS8. Given that MRC1, CCL22, CCL17, CCL24, CCR8, CSF3, and MMP12 are markers of M2 macrophages
[41-43], their increased expression in the wound could suggest anti-inflammatory effects of hUC-MSCs
on mine-explosive wound healing. Furthermore, the hUC-MSCs have been shown to upregulate MRCT,
CCL22, CCL24, CLEC5A, and CSF3 in PBMC from COVID-19 patients under co-culture conditions [15]. In
contrast to anti-inflammatory effects on wounds, we observed upregulation of mast-associated genes
ADCYAP1, CPA3, TPSAB1, TPSB2, TPSD1, and MS4A2 on days 1 and 7 after therapy. The elevation of both
mast- and macrophage M2-associated genes may reflect an MSC-induced type 2-like immune response
in wounds. Mast cells play a crucial role in routine wound healing but are also associated with excessive
scarring [44, 45].

It has been previously demonstrated that xenogeneic mesenchymal stromal cells enhance wound
healing and exhibit immunosuppressive effects in a rat model of extensive burn [46]. Treatment of skin
wounds with bone-marrow MSC-conditioned medium (BM-MSC CM) also led to increased neutrophil and
macrophage infiltration. Chronic methicillin-resistant Staphylococcus aureus-infected wounds treated
with BM-MSC CM showed a reduced bacterial load accompanied by better resolution of granulation
tissue formation and increased infiltration of pro-healing M2 macrophages compared with control-
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treated infected wounds [47]. In this study, we demonstrated for the first time the anti-inflammatory
effect of hUC-MSCs on wounds in humans at the transcriptome level, consistent with results from non-
clinical studies.

Mitochondrial genes involved in oxidative phosphorylation, including NDUFA11, MT-ND1, NDUFV1, MT-
CYB, MT-ND4L, MT-ND2, NDUFS8, NUPR1, MT-ND5, MT-CO3, MT-CO1, MT-ND6, MT-CO2, MT-ND4 and MT-
ATP6 were significantly upregulated after hUC-MSCs therapy. In contrast, chronic and acute wounds
exhibited significant downregulation of the MT-CYB, MT-ND4L, MT-ATP8, MT-ND4, MT-ND5, MT-CO3, MT-
ATP6, MT-CO1, MT-ND1, and MT-CO2 genes compared to normal skin [48]. The upregulation of OXPHOS-
associated genes in wounds reflects accelerated healing processes [49]. However, elevated expression
of MT-ND1, MT-ND4, MT-ND5, and MT-CO1 in chronic wounds can lead to increased ROS production
during mitochondrial respiration, contributing to high levels of oxygen species in chronic wounds [50].
The ROS-involved genes (DUOX1, SOD2) were downregulated in wounds after hUC-MSCs therapy,
suggesting that the elevation of OXPHOS-associated genes is linked to aerobic respiration rather than to
ROS production, which is consistent with attenuation of inflammation.

The anti-inflammatory effects associated with hUC-MSCs injection were accompanied by
downregulation of genes involved in skin and epidermis development, including FGF22, SPTSSB, and
FGFR2. We propose that this effect may be related to the suppression of wound inflammation. It is
known that anti-inflammatory therapy delays wound healing [51-53]. hUC-MSCs-mediated
immunosuppression could inhibit re-epithelialization, which requires pro-inflammatory macrophages
during the inflammatory phase of wound regeneration [36]. Furthermore, comparison with single-cell
data from venous and diabetic foot ulcers reveals a connection between impaired keratinocyte migration
and an inadequate inflammatory response in chronic wounds [47, 48].

Conclusion

In the present study, we demonstrated that hUC-MSCs transplantation was safe and did not affect the
healing rate of mine-explosive wounds in humans within one week. The engraftment of free flaps and
non-vascularized autologous skin grafts could benefit from the anti-inflammatory effect of hUC-MSCs on
wounds in complex surgical treatment of mine-explosive wounds. Observed gene expression changes in
macrophages, CD4" T cells, and PBMCs highlight the potency of hUC-MSCs to attenuate inflammation in
mine-explosive wounds at the transcriptomic level. The challenge of determining the long-term effects,
including their impact on reconstructive outcomes, systemic immune response, and long-term tissue
quality, remains to be addressed through further randomized controlled trials.
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Figure 1

Effect of hUC-MSC therapy on wounds healing. (A) ratio of wound area on day 1 and day 7; (B) wound
healing rate. Data are presented as mean + SD. Statistical comparisons within and between groups were
performed using the Wilcoxon signed-rank test. *, p < 0.05.
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Figure 2

Representative images of wounds in the control (A) and MSC (B) groups on a day 0 and day 7.
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Figure 3

Differentially expressed genes (DEGs) in the MSC and the control groups 24 h after hUC-MSCs injections.

A) Volcano plot of DEGs; B) Heatmap of DE

Gs.
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Gene Ontology (GO) analysis of upregulated (A) and downregulated (B) genes 24 h after hUC-MSCs
injection; KEGG analysis of upregulated (C) and downregulated (D) genes 24h after hUC-MSCs injection.
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Differentially expressed genes (DEGs) in the MSC and control groups 7 days after hUC-MSCs injection.

A) Volcano plot of DEGs; B) Heatmap of DEGs.
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Figure 7

Effect of hUC-MSCs on macrophages in vitro. A) phagocytosis assay; B) representative micrographs of
macrophages, scale bar 50 um, Control — M1 pro-inflammatory macrophages without MSCs, red -
measured signal from pHrodo™ Red BioParticles™ Conjugate at 585 nm, blue — nuclei stained with DAPI,
457 nm; C) RT-gPCR analysis. Data are presented as mean + SD. Wilcoxon signed-rank test was used to
compare the control and MSC groups: *, p < 0.05.
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Figure 8

Effect of hUC-MSCs on CD4" cells in vitro. A) proliferation rate; B) immunophenotype analysis; C) RT-
gPCR analysis. Data are presented as mean + SD. Wilcoxon signed-rank test was used to compare the
control and MSC groups: *, p < 0.05.
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Figure 9

Effect of hUC-MSCs on PBMC in vitro. A) proliferation rate; B) immunophenotype analysis. Data are
presented as mean = SD. Wilcoxon signed-rank test was used to compare the control and MSC groups: *,
p < 0.05; **, p < 0.01; ns, not significant.
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