
Journal Pre-proofs

Original Article

3D-MSCs A151 ODN-Loaded Exosomes Are Immunomodulatory And Re-
veal A Proteomic Cargo That Sustains Wound Resolution

Sérgio P Camões, Ozlem Bulut, Volkan Yazar, Manuela Gaspar, Sandra
Simões, Rita Ferreira, Rui Vitorino, Jorge M Santos, Ihsan Gursel, Joana P
Miranda

PII: S2090-1232(22)00026-1
DOI: https://doi.org/10.1016/j.jare.2022.01.013
Reference: JARE 1134

To appear in: Journal of Advanced Research

Received Date: 16 November 2021
Revised Date: 10 January 2022
Accepted Date: 26 January 2022

Please cite this article as: Camões, S.P., Bulut, O., Yazar, V., Gaspar, M., Simões, S., Ferreira, R., Vitorino, R.,
Santos, J.M., Gursel, I., Miranda, J.P., 3D-MSCs A151 ODN-Loaded Exosomes Are Immunomodulatory And
Reveal A Proteomic Cargo That Sustains Wound Resolution, Journal of Advanced Research (2022), doi: https://
doi.org/10.1016/j.jare.2022.01.013

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition of a cover
page and metadata, and formatting for readability, but it is not yet the definitive version of record. This version
will undergo additional copyediting, typesetting and review before it is published in its final form, but we are
providing this version to give early visibility of the article. Please note that, during the production process, errors
may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

© 2022 THE AUTHORS. Published by Elsevier BV on behalf of Cairo University.

https://doi.org/10.1016/j.jare.2022.01.013
https://doi.org/10.1016/j.jare.2022.01.013
https://doi.org/10.1016/j.jare.2022.01.013


1

TITLE

3D-MSCs A151 ODN-Loaded Exosomes Are Immunomodulatory And Reveal A 

Proteomic Cargo That Sustains Wound Resolution

ABSTRACT

Introduction: Non-healing wounds remain a major burden due to the lack of effective 

treatments. Mesenchymal stem cell-derived exosomes (MSC-Exo) have emerged as therapeutic 

options given their pro-regenerative and immunomodulatory features. Still, little is known on 

the exact mechanisms mediated by MSC-Exo. Importantly, modulation of their efficacy 

through 3D-physiologic cultures together with loading strategies continues underexplored. 

Objectives: To uncover the MSC-Exo-mediated mechanism via proteomic analyses, and to use 

3D-culture and loading technologies to expand MSC-Exo efficacy for cutaneous wound 

healing. 

Methods: MSC-Exo were produced in 3D or 2D cultures (Exo3D/Exo2D) and loaded with an 

exogenous immunosuppressive oligodeoxynucleotide (A151 ODN). Both loaded and naïve 

exosomes were characterised regarding to size, morphology, and the presence of specific 

protein markers; whereas IPA analyses of their protein content enabled to correlate with the 

effects observed in vitro and in vivo. The Exo3D/Exo2D regenerative potential was evaluated 

in vitro by assessing keratinocytes and fibroblasts mitogenicity, motogenicity and cytokine 

secretion, and in an in vivo wound splinting model. Accordingly, the modulation of 

inflammatory and immune responses by A151-loaded Exo3D/Exo2D was also assessed. 

Results: Exo3D stimulated mitogenically and motogenically keratinocytes and fibroblasts in 

vitro, with upregulation of IL-1α and VEGF-α or increased secretion of TGF-β, TNF-α and IL-
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10. In vivo, Exo3D reduced the granulation tissue area and promoted complete re-epithelization 

of the wound. These observations were sustained by the proteomic profiling of the Exo3D cargo 

that identified wound healing-related proteins, such as TGF-β, ITGA1-3/5, IL-6, CDC151, 

S100A10 and Wnt5α). Moreover, when loaded with A151 ODN, Exo3D differentially mediated 

wound healing-related trophic factors reducing the systemic levels of IL-6 and TNF-α at the 

late stage of wound healing in vivo.

Conclusion: Our results support the potential of A151-loaded Exo3D for the treatment of 

chronic wounds by promoting skin regeneration, while modulating the systemic levels of the 

pro-inflammatory cytokines.

Keywords

Exosomes; immunosuppressive oligodeoxynucleotide loading; immunomodulation; 

proteomics; 3D-cultured mesenchymal stem/stromal cells; wound healing.

INTRODUCTION

The success of the wound healing process greatly depends on the correct sequence and timing 

of three interrelated phases – inflammation, new tissue formation and remodelling – which ends 

in the formation of a scar tissue [1]. Deviation from the strict regulation process, due to acute 

injuries or to external factors such as aging, burns, diabetes, vascular and autoimmune diseases 

[2,3], leads to faulty healing and chronic/non-healing wounds may arise. Common features 

shared by chronic wounds include prolonged/excessive inflammation, persistent infections, and 

the inability of dermal and/or epidermal cells to respond to reparative stimuli. These 

pathophysiologic phenomena result in the failure of wounds healing culminating in a reduced 
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quality of life, amputations, or even early death [4]. Current available therapeutic methods to 

accelerate wound healing consist in debridement [5], wound dressings [6], skin grafting [7] or 

the administration of growth factors [8]. Still, its efficacy is limited to the improvement of 

patient care [9]. As such, regenerative medicine resorting to stem cells and/or their by-products 

has emerged as an effective therapeutic strategy to overcome incomplete wound resolution.

Mesenchymal stem/stromal cells (MSCs) are multipotent stem cells derived from a variety of 

tissues that have progressively become valid candidates for developing cell-based therapies for 

tissue regeneration due to their recognized anti-inflammatory, immunomodulatory, 

immunosuppressive, and angiogenic properties [10–13]. This has been extensively 

demonstrated in several disease models namely rheumatoid arthritis [10], colitis [14], acute 

liver injury/failure [15], among others [16–18], where MSCs enabled tissue physiology re-

establishment. Such features have been linked to MSCs paracrine activity and extracellular 

vesicles (EVs) secretion. Indeed, MSCs have emerged as promising candidates for cutaneous 

wounds treatment, not due to their ability to differentiate into the wounding cells, such as 

fibroblasts, but mostly through to the induction of cellular crosstalks necessary to interrelate 

the different healing phases [19,20]. Such induction is mediated by the MSC secretion of wound 

healing-promoting growth factors, cytokines and chemokines, that reduce wound inflammation 

and promoting tissue repair [12,21]. They include PDGF, EGF, FGF, IGF, TGF, IFN, TNF-α, 

VEGF, SDF-1, IL, HGF, CCL-2 (or MCP-1), LIF, and CCL-20, with immunosuppressive and 

regenerative activities [21–23]. In particular, high levels of IL-6, IL-8 and CXCL-1 were found 

in the secretome of MSCs derived from bone marrow and linked to an enriched cell infiltration, 

re-epithelialization and angiogenesis by promoting epithelial and endothelial cell migration 

[22]. 

Other soluble trophic factors important for the different phases of wound healing have also been 

specifically identified in the secretome of a specific population of umbilical cord tissue-derived 
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MSCs (UC-MSCs), namely G-CSF, KGF, EGF and FGF-2 [24]. Interestingly, UC-MSCs 

spheroids showed a distinct and more pro-regenerative secretome (CM3D) profile, when 

compared to that of standard monolayer ex vivo cultures (CM2D). Trophic factors such as 

VEGF-α, HGF, MMP-2/9, TGF-β, FGF-2, G-CSF and IL-6 known to regulate tissue 

homeostasis, granulation tissue formation, and the remodelling stages of wound healing, were 

found prominently in CM3D. Moreover, MSC-derived CM3D significantly improved 

fibroblast and keratinocyte migration along with elastin production and capillary maturation in 

vitro [10,12]. Likewise, the administration of CM3D to excisional wounds in vivo resulted in a 

fully regenerated tissue with the re-establishment of a vascular system and faster appearance of 

mature skin appendages, such as glands and hair follicles, which ultimately sustains the use of 

3D culture strategies to modulate and improve the therapeutic effect of MSCs.

Besides free soluble trophic factors, the MSC secretome is also composed of EVs, such as 

exosomes, that confer specific intercellular communication, through the transfer of critical 

biological molecules and genetic information, while protecting their cargo (e.g. growth factors, 

chemokines, cytokines, nucleic acids, miRNAs, etc…) from degradation [25–30]. These 

characteristics confers targeted delivery and, consequently, therapeutic advantages for the EVs. 

In wound healing, MSC-derived exosomes would be expected to have similar therapeutic 

effects to the cells that secret them, namely on the modulation of inflammation and immune 

responses, but their impact on these crucial wound healing processes appears to be less evident 

[19,22]. Nevertheless, MSC-derived exosomes have shown to be mainly associated to re-

epithelialization [31,32] and angiogenesis [32,33]. The cargo of MSC-derived exosomes may 

contain HECT, CXCL-1/2/8, IFITM-2, HERC-5, and DEFA-1 that are chemoattractants of 

immune cells, which may induce a better protection against potential infections in damaged 

tissues [34]. Moreover, exosome-contained cytokines, such as the PDGF, G-CSF, VEGF, CCL-
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2, as well as IL-6/8 were shown to induce AKT pathway in keratinocytes and the presence of 

Wnt led to β-catenin activation that overall contributes to improved wound healing [31]. 

In turn, several synthetic immunosuppressive oligodeoxynucleotides (ODN) have been 

developed to alleviate excessive inflammation and immune activation either by inhibiting 

immune responses broadly or in a target-specific manner. The broad-acting A151 ODN for 

example, containing 4 repeats of mammalian telomeric TTAGGG, was first reported in 2003 

and initially its suppressive activity thought to be restricted to blocking the interaction between 

CpG ODN and TLR9 [35]. However, A151 ODN is responsible for metabolically 

reprogramming immune cells towards immune suppression via mechanisms, such as binding 

to STAT or AIM2 proteins or downregulation of PI3K/AKT/mTOR signalling [36–38]. Within 

the context of pathophysiological conditions involving prolonged or excessive inflammation, 

such as non-healing wounds, this ODN can present itself as an added value. As such, in this 

work, we aimed to clarify the impact of 3D culturing strategies in the modulation of the 

exosomes content, as well as their effect upon loading with A151 ODN, on cutaneous wound 

healing using in vitro and in vivo methodologies. In addition, an integrative proteomic analysis 

was adopted to unveil their mediated mechanism. We hypothesised that these approaches boost 

the exosome action and improve their therapeutic value, therefore avoiding the safety concerns 

associated with the use of the cells themselves. 

MATERIALS AND METHODS

Ethics statement

The Ethics Committee of the Hospital Dr. José de Almeida (Cascais, Portugal) has approved 

this study where umbilical cord donations were subjected to written informed consents 

according to European Directive 2004/23/EC under the scope of a research protocol between 
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ECBio - Research & Development in Biotechnology, S.A. and HPP Saúde - Parcerias Cascais, 

S.A.. All animal experiments were performed in accordance with the EU Directive 

(2010/63/EU), Portuguese law (DL 113/2013) and all relevant legislations, and approved by 

Direção Geral de Alimentação e Veterinária (DGAV), Portugal and by the Bilkent Animal 

Ethics Committee, Turkey.

UC-MSC isolation and culture

UC-MSCs were isolated from umbilical cord tissue as previously described by [39] and cultured 

in α-MEM supplemented with 10% FBS under three-dimensional (3D) and two-dimensional 

(2D) conditions according to [10,12].

Conditioned media (CM) preparation 

Conditioned media (CM) or secretome from UC-MSCs were produced from cells with similar 

number of passages. UC-MSC CM from 3D spinner flask cultures (CM3D) was obtained by 

inoculating a single cell suspension at 1 × 106 cells/mL with 80 rpm stirring rate, and subjected 

to successive medium adaptations. At day 5, FBS was completely removed from the cell 

culture. The volume of fresh α-MEM was adjusted to obtain a conditioning volume per cell 

equivalent to that in the 2D system [10,12]. To produce UC-MSC-derived CM in 2D monolayer 

cultures (CM2D), cells were seeded at 1 × 104 cells/cm2 in α-MEM supplemented with 5% FBS 

and cultured until 90% of confluency was reached. At this point, medium was replaced by α-

MEM without FBS, to a final volume of 25 mL/175cm2. Both CM were collected after 48 h 

under sterile conditions. 



7

Exosome isolation and characterisation

Isolation

Exosomes were isolated from both CM3D (Exo3D) and CM2D (Exo2D) using Exo-spin® kit 

(Cell Guidance Systems, Cambridge, UK). The kit is based in size exclusion chromatography 

(SEC) and has been calibrated to purify particles in the range of 30 – 400 nm. The protocol was 

performed according to the manufacturer’s instructions, with few exceptions as described 

below. Briefly, for compliance with mass spectrometry (MS) analysis requirements, the 

precipitation step preceding the purification through the SEC columns was omitted. Instead, 

after column equilibration with PBS, conditioned media concentrated to a final volume of 1 mL 

was directly applied to the column. After washing, 5 mL of PBS were added and allowed to 

drain under gravity to collect the exosome-containing eluate. The exosome-depleted eluate was 

also collected by adding 7 mL of PBS to the column afterwards. Total protein content was 

measured using a Bradford method (Bio-Rad Laboratories, Lisbon, Portugal) according with 

manufacturer’s instructions for microtiter plates. Samples were aliquoted and stored at -80 °C 

until further use.

A151 ODN loading into exosomes

A151 ODN loading into exosomes was performed with a controlled dehydration-rehydration 

method adapted from [40]. Briefly, exosomes (Exo3D and Exo2D) and A151 ODN were 

respectively mixed at 1 μg:1 μg (exosomes:A151 ODN) ratio resulting in A151-loaded Exo3D 

and A151-loaded Exo2D samples, respectively, and snap-frozen in liquid nitrogen. The mixture 

was lyophilized overnight with VirTis BenchTop K freeze dryer (SP Scientific, Warminster, 

PA, USA). For the controlled reconstitution, nuclease-free ddH2O at the 1:10 volume of the 

original lyophilized solution was added and vigorously vortexed.

Dynamic light scattering (DLS)
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The exosome size distribution was analysed by photon correlation spectroscopy (PCS) using a 

Zetasizer Nano S (Malvern Instruments, Malvern, UK) being measurements made at 25.0 ± 0.1 

°C in triplicates for each sample.

Atomic force microscopy (AFM)

Exosomes diluted in PBS were adsorbed onto mica sheets and dried at RT. Images were 

obtained in non-contact dynamic mode with ambient AFM (NanoMagnetics Instruments, 

Oxford, UK). The scanning area sizes were in 20 x 20 µm. Obtained images were further 

analysed using NMI ImageAnalyzer (NanoMagnetics Instruments).

Analysis of exosome surface markers by flow cytometry (FC)

Exosomes were captured using carboxyl latex beads (Invitrogen®, Thermo Fisher Scientific) 

coated with purified anti-human CD63 antibody (Biolegend, San Diego, CA, USA; 1 μL:1 μg 

ratio, respectively) overnight on a rotator at a low speed. Then, exosome-bead conjugates were 

incubated with fluorochrome antibodies for human CD9 and CD81 (Biolegend), and their 

appropriate isotype controls at a concentration of 1 μg/mL for 1 h at RT in the dark. Afterwards, 

samples were washed and resuspended in 100 μL of PBS to be analysed with NovoCyte flow 

cytometer (ACEA Biosciences, San Diego, CA, USA).

Proteomic analyses

LC-MS/MS analysis

30 μg of total protein of each sample (in triplicate) was prepared for LC-MS/MS analysis with 

the S-Trap® Micro Spin Column (ProtiFi, Farmingdale, NY, USA) digestion protocol according 

to the manufacturer’s instructions with slight modifications. 2 μg of purified peptides of each 

sample was then injected on an Ultimate 3000 RSLC nanoLC (Thermo Scientific®, Bremen, 

Germany) in-line connected to an LTQ-Orbitrap Elite (Thermo Fisher®). Detailed sample 
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processing methodology and the mass spectrometry proteomics data have been deposited to the 

ProteomeXchange Consortium via the PRIDE [41] partner repository with the dataset identifier 

PXD025633.

MS data analysis

Data analysis was performed with MaxQuant (version 1.6.8.0) using the Andromeda search 

engine with default search settings including a false discovery rate set at 1% on the PSM, 

peptide and protein level. Spectra were searched against the human protein sequences in the 

Uniprot database (database release version of June 2018), containing 20,960 sequences 

(www.uniprot.org). The mass tolerance for precursor and fragment ions was set to 4.5 and 20 

ppm, respectively, and enzyme specificity was set as C-terminal to arginine and lysine, with a 

maximum of two missed cleavages. Variable modifications were set to oxidation of methionine 

residues and acetylation of protein N-termini, while carbamidomethylation of cysteine residues 

was set as a fixed modification.

Ingenuity pathway analysis (IPA)

Gene symbols of the significant proteins identified were uploaded to the IPA server (IPA v2.4 

QIAGEN®, Germantown, MD, USA; www.qiagenbioinformatics.com/products/ingenuity-

pathway-analysis) for in-depth knowledge analysis using the “Core Analysis” function 

(Fisher’s Exact Test (FET) p-value: 1e-03). The upstream regulators were predicted by IPA 

using the default settings. The network explorer of IPA was used to identify interactions among 

the genes supplied and using these to generate gene–gene interaction networks (GGINs) with 

shortest literature-supported paths (edges) between genes (nodes). Venn diagrams were 

generated using the “venn()” function in the R package gplots v3.0.1.1.

Immunoblotting analysis
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50 µg of total protein from each condition were resolved by SDS-PAGE in 12% polyacrylamide 

gels prepared as described by [42]. Gels were blotted onto PVDF membranes, which were 

incubated with primary antibody diluted in 5% BSA [anti-TGF-β and anti-vinculin (VCL) 

diluted 1:100 and 1:1000, respectively (Abcam, Cambridge, UK), and anti-integrin-α4 (ITGA4) 

and anti-Wnt-5α diluted 1:100 (Santa Cruz Biotechnology, Heidelberg, Germany)] overnight 

at 4 °C, washed and incubated with horseradish peroxidase-conjugated anti-mouse (Cytiva, 

Lisbon, Portugal) or anti-rabbit (Jackson ImmunoResearch, Cambridgeshire, UK) antibodies 

for 2 h at RT. Immunoreactive bands were detected by enhanced chemiluminescence ECL 

(Millipore) according to the manufacturer’s instructions and images were recorded using a 

ChemiDoc XRS System (Bio-Rad Laboratories). Protein loading control was performed with 

Ponceau S staining.

In vitro and in vivo evaluation of the effect of exosomes on wound healing

Cell viabilityassay

Human immortalized keratinocyte cells (HaCaT) and mouse fibroblast cells (NIH/3T3) were 

seeded at 3.0 × 104 and 1.0 × 104 cells/cm2, respectively, in DMEM (Dulbecco’s Modified 

Eagle’s Medium; Sigma-Aldrich®) with 4.0 g/L D-(+)-Glucose supplemented with 10% of FBS, 

at 37 ºC, in 5% CO2 humidified atmosphere. Exosome fractions were added to the cells at 1, 5, 

25 and 50 µg/mL Cells were also incubated with complete cell culture medium, DMEM:PBS 

(3:1) and DMEM with 20% dimethyl sulfoxide (DMSO) as positive, solvent and negative 

control, respectively. After 48 h, both HaCaT and NIH/3T3 cells were incubated with MTS 

(Promega, Madison, WI, USA) according to manufacturer’s instructions, for 2 h at 37 ºC. Optic 

density was measured at 570 nm on SPECTROstar Omega (BMG LabTech®, Ortenber, 
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Germany) microplate spectrophotometer;. Results were shown as percentage of solvent control, 

which was considered to be 100%. (n = 3-6).

In vitro scratch assay

HaCaT and NIH/3T3 cells were seeded at 6.0 × 104 and 3.0 × 104 cells/cm2 respectively, in 

complete cell culture medium as abovementioned. Once at 90% confluence, scratches were 

performed according to [12]. Cells were incubated in DMEM supplemented either with Exo3D, 

Exo2D, Exo-dep 2D and Exo-dep 3D at a concentration of 1 µg/mL corresponding to the 

highest concentration with negligible cytotoxic effect in both NIH/3T3 and HaCaT cell types. 

DMEM, DMEM:PBS (3:1) and DMEM with 10% FBS were also tested as negative, solvent 

and positive controls, respectively. Cell migration was evaluated by measuring scratch area at 

0, 8, 20 and 24 h post-scratch. Digital photographs were taken at an amplification of 40× on 

Olympus CK30 microscope (Olympus, Tokyo, Japan) and analysed with Motic Images Version 

2.0 software (Motic®, Barcelona, Spain). Digital photographs of the scratch area were taken at 

0, 8, 20 and 24 h post-scratch, at an amplification of 40× on Olympus CK30 microscope 

(Olympus, Tokyo, Japan) and analysed with Motic Images Version 2.0 software (Motic®, 

Barcelona, Spain). Cellular migration was quantified by calculating scratch closure, given as 

the total area occupied by the cells after incubation with exosomes in relation to the initial 

scratch area at 0 h. Three independent experiments were performed for all samples, except for 

Exo-dep 3D in HaCaT where two independent experiments were performed.

In vivo wound healing model 

An excisional wound splinting assay was performed according to [12]. Briefly, male 5- to 6-

months old Wistar rats (Charles River Laboratories, Barcelona, Spain) were anaesthetized using 

intraperitoneal (i.p.) injection of ketamine (75 mg/kg; Imalgene®, Merial, Lyon, France) and 

medetomidine (0.5 mg/kg; Medetor®, Virbac, Burgdorf, Germany). Full-thickness 8-mm 
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wounds were performed and a donut-shaped splint was stitched to prevent skin contraction. 

Each animal carried four wounds to which 50 μg of total protein content of each sample were 

applied every 24 h, in a total of 3 applications via subcutaneous injection between the wound 

margin and the silicone splint of the respective wound, as follows: 1) Exo3D; 2) Exo2D; 3) 

Exo-dep 3D; 4) Exo-dep 2D; 5) PBS (solvent vehicle control); and 6) sham (natural wound 

resolution). Wound area was monitored by taking digital photographs and measured using 

ImageJ (NIH, Bethesda, MD, USA). The wound area tissue was excised for haematoxylin and 

eosin (H&E) staining, which were blindly examined by a pathologist who scored for dermis 

and epidermis healing phases according to the parameters summarized in Table 1. Four to seven 

wounds were analysed for each group.

Evaluation of the effect of loading exosomes with A151 ODN in terms of 

immunomodulation and wound healing 

In vitro cytokine production assay in HaCaT and NIH/3T3 cells

HaCaT and NIH/3T3 cell lines were seeded at 5.0 × 105 cells/well in 12-well plates as 

abovementioned, and treated with 20 μg/mL of Exo3D, Exo2D, A151-loaded Exo3D and 

A151-loaded Exo2D. A151 ODN and PBS were used as controls. After 24 h, cytokine ELISA 

for TGF-β, TNF-α and IL-10 production, RT-qPCR for TGF-β, IL-1α and CCL-2 genes, and 

Griess Assay for nitric oxide (NO) were performed as described below. A total of two 

independent experiments were performed.

Determination of cytokine levels by ELISA

PolySorp Nunc-Immuno 96-well plates (Thermo Fisher Scientific) were coated with PBS-

diluted antibodies as 50 μL/well overnight at 4 °C. After 2h at RT of blocking with 5% BSA 

and 0.05% Tween 20 in PBS followed by 3 washing steps with 0.05% Tween 20 in PBS and 3 
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washing steps with ddH2O washing steps, cell culture supernatants or blood sera and serially 

1:2 diluted recombinant protein standards (50 μL/well) were incubated overnight at 4 °C. The 

washing steps as abovementioned were performed every incubation period of biotinylated 

antibodies (50 μL/well) for 2 h and 50 μL/well SA-ALP for 1 h, both at RT. PNPP substrate 

was then added as 50 μL/well and colour development was followed by frequently taking 

measurements at 405 nm with the ThermoMax microplate reader (Molecular Devices, San Jose, 

CA, USA) until the recombinant standards reached saturation. 

Determination of gene expression by RT-qPCR

Total RNA isolation and cDNA synthesis were performed with TRIzol Reagent (Thermo Fisher 

Scientific) and RevertAid RT Reverse Transcription kit (Thermo Fisher Scientific), 

respectively, according to the instructions of the manufacturers. RT-qPCR reactions were made 

with LightCycler 480 SYBR Green I Master Mix (Roche Life Science) using the corresponding 

primers (Supplementary material, Table S1) and the reactions performed on LightCycler 480 

(Roche Life Science).

Measurement of NO level by Griess assay

Culture supernatant samples were incubated with Griess reagent (Fluka, St. Gallen, 

Switzerland) in 1:1 ratio at a final volume of 100 μL for 15 min at RT. Absorbance at 540 nm 

was measured using Synergy HT microplate reader.

In vivo quantification of pro-inflammatory cytokines and immune cells 

Female BALB/C mice, 8 to 10-weeks old were housed in the Bilkent University Animal Facility 

in the Department of Molecular Biology and Genetics under standard laboratory conditions 

with free access to commercial standard rodent chow and acidified water ad libitum. After 

anaesthesia i.p. with ketamine (75 mg/kg) and xylazine (0.5 mg/kg), a full-thickness splinting 

model was followed as abovementioned using a sterile 6-mm biopsy punch. Animals were 
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randomly divided into groups according to the treatment: 1) Exo3D; 2) Exo2D; 3) A151-loaded 

Exo3D; 4) A151-loaded Exo2D; 5) PBS (solvent vehicle control), and 6) A151. Each treatment 

consisted of 30 µg of total protein via subcutaneous injection that was repeated after 48 h. 

Animals were sacrificed at days 7 (n =2-3) and 14 (n = 5-7) for systemic cytokine measurements 

and isolation of spleen cells. Cardiac puncture blood was used for cytokine ELISA. For the 

analyses of relevant immune cell populations, spleens from BALB/c mice were surgically 

removed.  Single cell suspensions were prepared and counted with the NovoCyte flow 

cytometer. Gating was performed to assure only live cells and to discriminate doublets (Figure 

S3). Finally, splenocytes were stained with relevant antibodies to analyse T-lymphocyte, 

macrophage and myeloid derived suppressor cell (MDSC) populations and their activating and 

inhibiting surface markers (Figure S3). 

Statistical analysis

Statistical analyses were performed in GraphPad Prism v7.0 software (La Jolla, CA, USA). To 

estimate the significance of the data differences, one-way ANOVA with Tukey’s multiple 

comparisons post-hoc was used, except for the data of in vitro viability/proliferation and scratch 

assays, and in vivo histological scores, where two-way ANOVA with Tukey’s multiple 

comparisons post-hoc test was performed. Results are presented as means ± standard error of 

the mean (SEM), except where indicated and p-values are presented for statistically significant 

results (* p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001).

RESULTS
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Loading of immunosuppressive A151 ODN into exosomes preserves physicochemical 

characteristics of UC-MSC-derived exosomes regardless of the cell culture system 

adopted

The physicochemical characteristics of exosomes such as size, morphology, and the presence 

of specific protein markers, e.g. CD9 and CD81, were assessed by comparing exosomes 

originated from both 2D (Exo2D) and 3D (Exo3D) culture systems before and after A151 ODN 

loading. Size distribution was performed by DLS in aqueous state and by AFM in dry state.

DLS results revealed that Exo2D were smaller than Exo3D with Z-average diameter of 104.6 

± 11.9 nm and 188.1 ± 31.09 nm, respectively (Figure 1A). Polydispersity index (PDI) was 

higher on Exo2D than Exo3D (0.52 vs. 0.12) suggesting a high polydisperse sample [43]. 

Nevertheless, the presence of only one peak per sample indicated homogenous populations of 

both exosome samples. 

As expected, loading A151 ODN into exosomes led to an increase of the average size, however 

with different impact on Exo2D and Exo3D (A151-loaded Exo2D and Exo3D, respectively; 

Figure 1A). While A151-loaded Exo2D increased twice their average diameter to 225.5 ± 53.86 

nm, A151-loaded Exo3D with average size of 248.2 ± 61.31 nm only increased around 30%. 

Additionally, loading of A151 ODN with either Exo2D or Exo3D considerably increased size 

variation as seen by the standard deviation values (Figure 1A). However, in contrast to 3D 

conditions, the PDI value did not differ critically for A151-loaded Exo2D when compared to 

naïve Exo2D (0.52 vs. 0.42; Figure 1A). AFM image analysis corroborated the size distribution 

data revealing that A151 ODN loading into exosomes increased the particle size both in 

diameter and height, resulting in more heterogenous populations (Figure 1B). AFM imaging 

further suggested an increased size (up to 400 nm) and loss of well-rounded shape of the 

exosomes, when compared to the values obtained in aqueous state with DLS (Figure 1B). 
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However, it should be noted that in AFM imaging exosomes are attached to a surface and 

therefore their morphology and size could appear more distorted when compared to that seen 

aqueous state.

The tetraspanins CD9, CD63 and CD81, besides their roles on membrane organization, are 

commonly used as exosome surface markers [44]. Thus, to demonstrate their presence on 

Exo2D and Exo3D and to assess if A151 ODN loading procedure impaired the membrane 

integrity and bound proteins, exosome surface protein characterisation was performed by FC. 

Exosomes were captured with anti-CD63-coated carboxyl latex beads and stained with 

fluorochrome-labelled anti-CD9 and anti-CD81 antibodies. Both CD9 and CD81 were found 

to be present on both loaded and non-loaded samples (Figure 1C), with mean fluorescence 

intensity (MFI) values belonging to the fluorochrome-labelled tetraspanin-specific antibodies. 

Overall, both UC-MSC-derived Exo2D and Exo3D displayed key exosome-specific surface 

markers which was not critically affected by A151 ODN loading procedure.

Exosome cargo reveals wound healing-related proteins 

To explore exosomes as therapeutic mediators, the effect of the different culture conditions on 

the cargo of the exosomes was characterised by MS-based proteomic analyses. The protein 

content of the UC-MSC secretome (CM2D and CM3D) and of CM2D and CM3D depleted of 

exosomes (Exo3D-dep and Exo2D-dep) were analysed as well, as controls.

The LC-MS/MS proteomic analysis retrieved 2040 distinct proteins. This analysis also revealed 

that the content of samples derived from UC-MSC 3D cultures (CM3D, Exo3D and Exo3D-

dep) presented more protein diversity, when compared to that of 2D culture samples (CM2D, 

Exo2D and Exo2D-dep; Figure 2A). It further allowed the identification of unique CM2D and 

CM3D sets of proteins that were commonly expressed as shown in the Venn diagram in Figure 
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2B. More specifically, a set of 16 and 4 proteins were exclusively identified in Exo3D and in 

Exo2D, respectively. 

In addition, IPA disease and function analysis for pairwise comparisons was performed 

considering all identified proteins in both, Exo3D and Exo2D samples since they are likely the 

underlying causes of potential differential therapeutic effects. Overall, the identified proteins 

are involved in different biological processes such as metabolic and cellular processes and 

mostly found in cell parts. However, a deeper analysis was focused on key biological processes 

involved in all phases of the wound healing, namely inflammation, haemostasis, cell migration, 

chemotaxis, homing and extracellular matrix (ECM) formation and organization (Figure 2C). 

Enrichment analyses highlighted that a higher prevalence of proteins associated to many of 

these processes were contained within Exo3D, while Exo2D presented lower wound healing 

phase representation, except for inflammatory response, migration of cells and ECM 

organization. Regarding the common proteins associated to inflammatory response, cell 

migration, haemostasis, chemotaxis and homing, normalised abundance analysis evidenced the 

presence of APP, C3, FN1, IL6, VCL and SERPINE1 in all samples. Concerning the 

haemostasis process, the proteins CAPZB, CDC42, H3A, H3F3A/B, HIST2, LMAN1, PLAT, 

PLAU, PLAUR, PPIB, RAC1 and SERPINB2 were only observed in Exo3D. Likewise, 

CD151, CDC42, ILK, LGALS3, LIF, PDGFRB, PLAU, PLAUR, PPIB, RAC1, RHOG, TGFβ 

and WNT5A were associated to chemotaxis, homing and cell migration processes; whereas 

CD151, PDGFRB, PLAU, RAC1 and TGFβ were related to inflammation and only found in 

Exo3D as well. Moreover, ECM formation-related proteins were only found in Exo3D and 

include CD44, FN1, ITGB1, PDCD6IP, PLAUR and VCAN. Contrarily, both Exo3D and 

Exo2D shared proteins associated to the process of ECM organization, namely BMP1, MMP2 

and VCAN. While BSG, CAPN1, CAPNS1, COL8A1, ITGA3, LAMA1, and MMP1/3/14 were 



18

identified exclusively on Exo3D, unique proteins from Exo2D were A2M, BNG, DAG1, DCN, 

FBLN5 and ITGA4 (Figure 2C). 

Among those proteins, TGFβ and WNT5A, exclusive for 3D samples, ITGA4, exclusive for 

2D samples, and VCL for both samples, were chosen for validation of the proteomic data by 

western-blot analysis (Figure 2E). In addition, given the specific presence of TGFβ on Exo3D 

and their direct role in inflammation, cell migration, chemotactic and homing mechanisms; and 

in order to add new insights on TGFβ interactions with other targets, an IPA interaction network 

was performed showing the protein-protein interactions of TGFβ with the Exo3D content 

regarding the functions of cell morphology, cell-to-cell signalling and interaction, and tissue 

development (Figure 2D). Herein, TGFβ showed to be involved on ECM-related processes such 

as cell adhesion and collagen synthesis, binding and deposition as seen by the interaction with 

laminin, integrins (ITGA1, ITGA2, ITGA3 and ITGA5) and collagen (types I, III and V). 

Moreover, this network confirmed the role of TGFβ on i) inflammation by interacting with IL6, 

a known cytokine involved in inflammatory and immune responses, on ii) haemostasis due to 

the interaction with S100A10, which is related with the dissolution of fibrin clot, and on iii) 

cell migration through the communication with CD151 which was found to be specifically 

related chemotaxis and homing (Figure 2C-D).

Samples produced under 3D culture conditions enhance fibroblasts mitogenic ability and 

keratinocytes motogenic capacity in vitro

Following the proteomic findings, the effect of UC-MSC-derived exosomes on the viability/ 

and migration of keratinocytes (HaCaT) and fibroblasts (NIH/3T3) cell lines in vitro was 

studied by cell viability and scratch assays, respectively (Figure 3). Besides testing Exo3D and 
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Exo2D samples, UC-MSC secretome depleted of exosomes (Exo3D-dep and Exo2D-dep) were 

used as controls.

Figure 3A shows that keratinocyte viabilitywas maintained in all conditions (1-50 μg/mL). 

Conversely, fibroblast viability/was significantly promoted by Exo3D and Exo3D-dep (5 and 

25 μg/mL) when compared to 2D counterparts. In fact, increasing concentrations of Exo2D and 

Exo2D-dep led to reduced cell viability to ~10-15%. On the other hand, in Figure 3B and S1 

shows that both Exo3D and Exo2D promoted the motogenic activity of keratinocytes when 

compared to control at the latest time-points (20 and 24 h), whereas no effect was observed in 

fibroblasts. Similar results were obtained with the Exo3D-dep fraction, highlighting the 

importance of 3D culturing for improving tissue regeneration-related processes.

Exo3D promotes wound resolution in a wound healing in vivo model

Given the evidence that, besides the distinct cargo profiles, Exo3D and Exo2D differentially 

mediated the fibroblast and keratinocyte responses in vitro, the effect of cell culture conditions 

on the therapeutic potency of MSC-derived exosomes using an in vivo wound healing splinting 

rat model were further evaluated. Macroscopic observations showed that both Exo2D- and 

Exo3D-treated wounds exhibited accelerated wound closure when compared to both PBS and 

sham control-treated wounds (Figure 4A). At day 10, exosome-treated wounds revealed a 

significant improvement in terms of wound closure when compared with wounds treated with 

the exosome-depleted fractions of the 2D and 3D secretome (Exo-dep2D and Exo-dep3D), 

being the percentage of wound closure ~80%, ~50% and ~40% in Exo-treated wounds, Exo-

dep wounds and controls, respectively. Importantly, a critical histological analysis confirmed 

different wound healing stages between Exo-treated wounds, especially in terms of wound area 

and dermal regeneration (Figure 4B-C and S2). Exo3D-treated wounds showed a reduced 
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wound and granulation tissue areas, complete re-epithelization translating for higher dermis and 

epidermal stage scores, not observed with any other treatment (Figure 4B-C). In contrast, the 

high extension of granulation tissue in wounds treated with Exo2D, Exo2D-dep and Exo3D-

dep indicates a delayed wound resolution (Figure 4B-C and S2). 

A151-loaded Exo differentially mediate the production of wound healing-related trophic 

factors from fibroblasts and keratinocytes

Herein, the production of wound healing-related trophic factors by specific skin cell types was 

monitored in NIH/3T3 and HaCaT cells, representing fibroblasts and keratinocytes, 

respectively. Cells incubation with A151 ODN, Exo3D/2D, or A151-loaded Exo3D/2D for 24 

h, allowed the determination of the levels of NO, TNF-α, IL-10, TGF-β, IL-1α, CCL-2 and 

VEGF-α (Figures 5-6).

NO production was decreased in NIH/3T3 upon exposure to Exo3D when compared to control. 

In contrast, A151 ODN either alone or loaded into exosome samples significantly induced NO 

production (Figure 5). Similarly, only A151 ODN alone could induce NO secretion in HaCaT 

cells (Figure 6).

Moreover, both loaded and non-loaded Exo3D/2D increased up to ~ 8-fold the secretion of the 

inflammatory cytokine TNF-α in NIH/3T3 cells (Figure 5); while only Exo3D was responsible 

for a mild increase of TNF-α in HaCaT cells (Figure 5). The pro-inflammatory cytokine IL-1α 

mRNA level was also elevated by Exo3D in NIH/3T3 and HaCaT cells (~3-fold; Figures 5-6). 

However, the loaded form of Exo3D showed a suppressive activity of TNF-α in NIH/3T3 cells 

and of IL-1α in HaCaT cells when compared to naïve Exo3D (Figures 5-6).
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Conversely, secretion of the anti-inflammatory cytokine IL-10 was promoted by both Exo3D 

and A151 ODN alone (~40%) in fibroblasts (Figure 5). In the case of keratinocytes, none of the 

treatments altered IL-10 secretion (Figure 6).

The production of TGF-β was promoted by all 2D samples (loaded and non-loaded) in 

fibroblasts, whereas in keratinocytes the same effect was observed as a result of the exposure 

to both Exo3D samples (loaded and non-loaded; Figure 5-6). 

Interestingly, neither A151 ODN alone or naïve Exo2D/3D affected CCL-2 production in 

fibroblasts nor keratinocytes. However, a significant increase was observed by A151 ODN-

loaded forms of both exosomes (Figure 5) in NIH/3T3. Finally, augmented VEGF-α expression 

levels were observed in NIH/3T3 cells incubated with Exo3D/2D samples, being Exo3D 

responsible for the most pronounced effect (Figure 6).

A151-loaded Exo3D reduced systemic levels of IL-6 and TNF-α cytokines at the late stage 

of wound healing

Given the excessive inflammatory pathophysiologic condition of chronic wounds preventing 

their healing, the immunomodulatory effects of loading A151 ODN into exosomes were 

evaluated in vivo through a wound healing model. 

Day 7 blood analyses of mice administered with A151 ODN alone or loaded into exosome 

samples, as well as, naïve Exo2D and Exo3D resulted in higher IL-6 level in circulation when 

compared to control-treated group (Figure 7A). Accordingly, TNF-α levels were also 

significantly elevated by A151-loaded Exo3D (Figure 7A). Notably, at day 14, i.e., at a late 

stage of wound resolution, animals treated with A151-loaded Exo3D showed significantly 

lower levels of IL-6 and TNF-α (Figure 7B). 
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Furthermore, at day 14, all the treatments caused a slight elevation in macrophage numbers, but 

only statistically significant for A151 ODN alone and Exo3D when compared to the control 

(Figure 8). While no alterations were observed in M-MDSC level, Exo3D significantly elevated 

G-MDSC level (Figure 8). Interestingly, despite not reducing macrophage population, both 

loaded and non-loaded Exo3D/2D significantly decreased MHC-II surface expression in 

macrophages (Figure 8 and S4). However, no change in the anti-inflammatory macrophage (M2 

type) markers CD206 and PD-L1 was observed (Figure 8). This suggests that especially Exo3D, 

but also Exo2D, exerted their systemic immunomodulatory effects through G-MDSC induction 

and reduction of antigen presentation capacity of macrophages rather than promoting M2 type 

macrophage polarization. Additionally, A151-loaded Exo3D significantly reduced T-cell 

populations (Figure 8 and S4), however differential effects were observed in terms of 

subpopulations. While promoting a noticeable decrease in the CD4+ T-cell population (Figure 

8 and S4), no effect was observed on CD8+ T-cells (Figure 8 and S4), therefore, showing the 

specific suppression of CD4+ T-cell type by A151-loaded Exo3D. Overall, all samples were 

able to cause significant systemic immunosuppression at late stages of wound healing as 

reflected by the reduction of inflammatory capacity of macrophages and higher G-MDSC 

numbers. Importantly, only A151-loaded Exo3D were also able to reduce pro-inflammatory 

cytokine levels in circulation and T-lymphocyte numbers. 

DISCUSSION

The dogma that MSCs promote tissue regeneration only if they are present at the injury site 

appears to have been demystified. Over the past few years, increasing evidence has uncovered 

a fundamental role of the MSC secretome as an active substance capable of modulating cellular 

responses and signalling pathways, thus promoting tissue repair [45,46]. Important data further 
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disclosed that the MSC secretome itself may present different contents as a consequence of cell 

origin, cell culture conditions or cellular microenvironment [47]. Indeed, although most of the 

studies performed so far have been conducted using secretome from MSCs cultured in 

traditional static monolayer cultures (2D), priming MSCs by key factors or by 3D culturing has 

also proven to significantly enhance its therapeutic efficacy, namely in the context of cutaneous 

wound healing [48]. Understanding the factors contained in the MSC secretome responsible for 

the observed therapeutic effects has led to the study of the different components of the 

secretome, namely the exosomes. Several publications suggest that exosomes may be the active 

players in the regeneration process, more than the fraction containing the soluble trophic factors 

[49,50]. Exosomes have been reported as being intrinsically involved in several important 

biological processes such as inflammation, immune response, cell survival, migration and 

proliferation, angiogenesis, and matrix remodelling [22]. For the treatment of cutaneous 

wounds, the few studies reporting the use of MSC-derived exosomes describe their contribution 

through the improvement of the migration of fibroblasts and keratinocytes that impacts on the 

re-epithelization and ECM deposition processes [19,31,33,51–53]. However, usually non-

healing/chronic wounds suffer from exacerbated inflammatory and immune responses that 

prevent their healing. In this context, loading molecules into exosomes presents itself as a 

strategy for modulating these processes that are often jeopardized in the context of disease. As 

such, we hypothesised that 3D culture conditions and loading with an exogenous 

immunosuppressive ligand (A151 ODN) could potentiate the functional effects of exosomes 

secreted by UC-MSCs, and ultimately support their application for the treatment of cutaneous 

wounds. 

In a first approach, exosomes derived from UC-MSC 3D and 2D cultures were characterised 

concerning size distribution and surface proteins, both before and after A151 ODN loading. 

Although the morphology of UC-MSC-derived exosomes was influenced by the cell culture 
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system and loading methodology, the presence of CD63, CD9 and CD81 exosome surface 

markers was not compromised, enabling its use for in vitro and in vivo studies. 

Moreover, as changes in cell environment admittedly influence the cell responses including 

exosome secretion [54], we first evaluated the impact of the different culture conditions on the 

cargo of the UC-MSC exosomes and its effect in wound healing. It has been previously reported 

that MSCs cultured as spheroids showed induced expression of genes related to the adhesion to 

endothelial cells, to inhibitory tumour properties and to the modulation of inflammatory 

reactions, namely CXCR-4, IL-24 or TSG-6 and PGE2, respectively [55–58]. Key proteins for 

tissue regeneration, such as VEGF-α, TGF-β1, FGF-2, KGF, EGF and HGF, have also been 

identified in the secretome of UC-MSCs cultured under 3D conditions [12,24]. Herein, 3D 

culture conditions led to a higher protein number and wider protein diversity contained within 

the exosomes than the 2D environment as shown by proteomic analysis. Moreover, despite 

most of the proteins is linked to essential and basic cellular metabolic and structure, a deeper 

analysis focusing on biological processes characteristic of the wound healing phases unveiled 

distinct proteomic profiles between Exo3D and that of Exo2D. Exo3D contained unique 

proteins associated to chemotaxis and homing (e.g., CD151, LIF, RHOG, TGFβ and WNT5A), 

and ECM formation (e.g., ITGB1, PLAUR and VCAN); whereas no proteins related to this 

biological functions were uniquely identified in Exo2D. Both Exo3D and Exo2D shared 

proteins associated with inflammation, cell migration and ECM organization, such as IL6, or 

VCL, however CD151, S100A10, TGFβ, MMP1, MMP14, MMP3 were specifically found in 

Exo3D while CSF1 and ITGA4 in Exo2D. Importantly, similar observations have been 

described by several authors that further linked exosomes MoA with AKT, ERK, Notch, STAT-

3, and Wnt/β-catenin signalling pathways [22]. IL-6 has shown to be present in exosomes and 

to display different roles during wound healing [59–62]. Shabbir et al. also reported that MSC 

exosomes were able to activate signalling pathways Akt, ERK, and STAT3 that mediated these 
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events by the secretion of HGF, IGF-1, NGF and SDF-1 [33]. On the other hand, Fang et al 

described that UC-MSC secreted exosomes negatively regulated TGF-β/SMAD-2 pathway in 

fibroblasts, which culminated in faster wound closure with reduced scar tissue formation [52]. 

The effect of the different proteomic profiles between Exo3D and Exo2D was further 

demonstrated in vitro and in vivo. Exo3D showed significantly higher mitogenic activity over 

fibroblasts and when compared to Exo2D; whereas both exosome samples resulted in enhanced 

motogenicity of keratinocytes. Furthermore, although either Exo2D or Exo3D stimulated the 

cytokine production of TGF-β and IL-1α in keratinocytes, and of TNF-α and VEGF-α in 

fibroblasts, only Exo3D showed a marked effect on fibroblasts through the secretion of IL-1α 

and IL-10. Along with TNF-α, IL-1α secreted mainly by keratinocytes but also by fibroblasts 

have been described to be elevated during inflammation, and to have a supportive role on re-

epithelization [63,64]. On the other hand, TGF-β is responsible for the induction of numerous 

processes during wound healing including granulation tissue formation, keratinocyte 

proliferation and migration, collagen production and deposition [65]. Also, VEGF, which is a 

recognized mediator of angiogenesis, is responsible for promoting immune cell recruitment to 

the wound [63]. Finally, the anti-inflammatory cytokine IL-10 has been described to promote 

scarless healing [66]. As such, the secretion of IL-10 by fibroblasts exposed to Exo3D could 

foresee the better resolution of the wounds observed in the wound healing in vivo model. In 

fact, Exo3D-treated wounds showed a reduced wound area, improved re-epithelization and 

maturation of the granulation tissue when compared to the other treatments.

Several other factors counteracting the exacerbated inflammatory and immune responses 

typical of chronic wounds are also implicated in the wound healing process. Nitric oxide (NO) 

is recognized by its role in the wound healing early stages, but the inhibition of NO synthase 

enzymes is associated to pathologic conditions. Lower NO levels have been found in chronic 

wounds caused by diabetes or malnutrition [67]. Similarly, the monocyte/macrophage 
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chemoattractant CCL-2 (or MCP-1), which promotes macrophage infiltration to the wound, is 

also lacking in chronic wounds [68]. On the other hand, persistent high levels of TNF-α are 

associated with delayed wound healing [69,70]. Huang et al. [70] reported that treating wounds 

of diabetic rats with TNF-α antagonist improved the wound healing process by promoting 

keratinocyte migration and reducing M1 macrophages infiltration. Herein, the culture 

conditions did not exert a significant effect on the secretion of any of these factors by NIH/3T3 

or HaCaT cells. However, loading of A151 ODN into exosomes increased the secretion of NO, 

TNF-α and CCL-2 by fibroblasts evidencing that the therapeutic effect of exosomes could be 

potentiated by A151 ODN. In fact, in vivo, the immunomodulatory treatments appeared to 

exacerbate the inflammatory phase of wound healing, evident by the elevated levels of IL-6 and 

TNF-α, at an early stage, i.e., day 7. This response has been reported as essential so that healing 

can occur [59]. However, at day 14, the animals treated with A151-loaded Exo3D showed 

significant lower levels of serum IL-6 and TNF-α. Besides regulating leukocyte infiltration and 

angiogenesis [60], low levels of IL-6 at wound resolution state are related to collagen 

remodelling thus promoting a scarless tissue upon resolution [61]. At the cellular level, loading 

with an immunosuppressive ligand further resulted in the systemic suppression of immune cells 

at the late stage. Both A151 ODN and A151-loaded exosomes decreased MHC-II expression, 

hence the inflammatory capacities of macrophages. Exo3D also elevated the granulocytic 

MDSC population while A151 ODN and A151-loaded Exo3D decreased CD4+ T-cell numbers. 

In fact, MDSCs have shown to enhance cutaneous wound healing by inflammatory modulation, 

through their immunosuppressive function, but also by promoting cell proliferation upon 

fibrocyte differentiation [71]. Overall, these results imply that subcutaneous injection of A151-

loaded Exo3D can cause systemic immunosuppression at the late stages of wound healing 

which may help prevent the development of non-closure chronic wounds.
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CONCLUSION

This study identifies exosomes as being the active substance in MSCs and highlights the 

importance of the culture conditions for the production of improved cell-based therapeutic 

products by revealing the enriched protein cargo of Exo3D. It also establishes that the exosomes 

play a critical role in cutaneous wound healing in vitro and in vivo and further suggest the 

exosomes’ MoA by identifying the abundant proteins within their cargo. It shows that TGF-β, 

ITGA1-3/5, IL-6, CDC151, S100A10 and Wnt5α are specifically present in Exo3D supporting 

the observed Exo3D effects in improving cell migration, viability, and proliferation in vitro, 

and wound resolution promotion in vivo, the key properties of cutaneous wound healing. 

Importantly, the present study demonstrates for the first time that loading an 

immunosuppressive ODN on the harvested exosomes might aid in wound healing by mediating 

the production of wound healing-related trophic factors from fibroblasts and keratinocytes and 

via systemic immunosuppression at the late stages of wound healing that unblocks the non-

healing process of chronic wounds. As such, exosomes derived from UC-MSCs 3D cultures 

loaded with exogenous A151 ODN may represent itself as a noncellular off-the-shelf 

therapeutic modality for non-healing wound treatment. 
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TABLES

Table 1 – Criteria for histologic scoring of wound healing. 

Score Dermis stage Epidermal stage

1 Inflammation Epidermis not closed

2 Inflammation and tissue formation Hyperplasia and hyperkeratosis

3 Tissue formation
No epidermal changes with no or little 

hair re-growth

4 Tissue remodelling Wound resolved (with hair re-growth)

5 Wound resolved (with hair re-growth) ---
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FIGURE LEGENDS

Figure 1. Loading of A151 ODN preserves physicochemical characteristics of MSC-

derived exosomes. (A) Size distribution of exosomes produced under 3D/2D conditions either 

naïve (Exo3D/2D) or loaded with A151 ODN (A151-loaded Exo3D/2D) determined by 

dynamic light scattering (DLS); (B) Representative AFM images of Exo3D/2D and A151-

loaded Exo3D/2D dried on mica surface and obtained in non-contact dynamic mode; (C) Flow 

cytometry analyses of Exo3D/2D and A151-loaded Exo3D/2D captured with anti-CD63 coated 

latex beads and stained with PE-labelled anti-CD9, anti-CD81 and their appropriate isotype 

controls.

Abbreviations: Exo3D - exosomes derived from UC-MSC cultured in 3D conditions; Exo2D - 

exosomes derived from UC-MSC cultured in 2D conditions; A151-loaded Exo3D - exosomes 

produced under 3D culture conditions loaded with A151 ODN; A151-loaded Exo2D - exosomes 

produced under 2D culture conditions loaded with A151 ODN.

Figure 2. Proteomic profiling of MSC-derived secretome and exosomes reveals the 

presence of proteins related to key biological processes for wound healing. (A) Total 

protein numbers identified in CM3D, CM2D, Exo3D, Exo2D, Exo3D-dep and Exo2D-dep; (B) 

Venn diagram shows the unique and shared protein numbers among CM3D, CM2D, Exo3D, 

Exo2D, Exo3D-dep and Exo2D-dep; (C) IPA Disease&Function analysis for pairwise 

comparison of Exo3D and Exo2D regarding crucial wound healing events; (D) IPA gene–gene 

interaction network showing the protein-protein interactions of TGF-β with the Exo3D content 

regarding the functions of cell morphology, cell-to-cell signalling and interaction, and tissue 

development; (E) Confirmation of selected proteomic data by western blot analysis of VCL, 

TGFβ, ITGA4 and WNT5A.  
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Abbreviations: CM3D - whole secretome collected from UC-MSC 3D cultures; CM2D - whole 

secretome collected from UC-MSC 2D cultures; Exo3D - exosomes derived from UC-MSC 

cultured in 3D conditions; Exo2D - exosomes derived from UC-MSC cultured in 2D conditions; 

Exo3D-dep – CM3D depleted of exosomes; Exo2D-dep – CM2D depleted of exosomes.

Figure 3. Secretome fractions primed by 3D culturing improve fibroblasts mitogenic 

ability and keratinocytes motogenic capacity in vitro. (A) NIH/3T3 (left) and HaCaT (right) 

viability/proliferation evaluated by MTST reduction assay after 48 h of incubation with 

Exo3D/2D and Exo3D/2D-dep. n = 3-6. (B) Graphic representation of the average area 

occupied by the NIH/3T3 (left) and HaCaT (right) cells after 8, 20 and 40 h in contact with 

Exo3D/2D and Exo3D/2D-dep as evaluated by in vitro scratch assay. Culture medium was used 

as negative control. Data is shown as mean ± SEM. n = 2-3. * p < 0.05, ** p < 0.01, **** p < 

0.0001.

Abbreviations: Exo3D - exosomes derived from UC-MSC cultured in 3D conditions; Exo2D - 

exosomes derived from UC-MSC cultured in 2D conditions; Exo3D-dep – CM3D depleted of 

exosomes; Exo2D-dep – CM2D depleted of exosomes.

Figure 4. Exosomes isolated from UC-MSC 3D cultures (Exo3D) enhance wound healing 

in vivo. (A) Graph represents the closure of the wounds treated with Exo3D/2D, Exo3D/2D-

dep, PBS (solvent vehicle control) and sham (natural wound resolution) control throughout time 

via macroscopic analyses. Data is shown as mean ± SEM. n = 4-7. (B) Representative images 

(left) of macroscopic view and (right) histological slices stained by H&E of Exo3D/2D-, 

Exo3D/2D-dep-, PBS and sham-treated wounds at day 14. (C) Graphs represent the histological 

wound area and dermis and epidermis stages scores, evaluated in Exo3D/2D-, Exo3D/2D-dep-, 
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PBS- and sham-treated wounds at day 14 via microphotographs histological analyses. Data is 

shown as mean ± SEM. * p < 0.05, ** p < 0.01.

Abbreviations: Exo3D - exosomes derived from UC-MSC cultured in 3D conditions; Exo2D - 

exosomes derived from UC-MSC cultured in 2D conditions; Exo3D-dep – CM3D depleted of 

exosomes; Exo2D-dep – CM2D depleted of exosomes.

Figure 5. A151 ODN loaded exosomes mediate the production of wound healing-related 

trophic factors by fibroblasts (NIH/3T3 cell line). Nitric oxide (NO), TNF-α and IL-10 

secretions were determined by Griess assay and ELISA, respectively. TGF-β, IL-1α, CCL-2 

and VEGF-α expressions, relative to β-actin, were quantified by RT-qPCR. Cells maintained 

in cell culture medium were used as control (CTRL). Data is shown as mean ± SEM. n = 2. * p 

< 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

Abbreviations: Exo3D - exosomes derived from UC-MSC cultured in 3D conditions; Exo2D - 

exosomes derived from UC-MSC cultured in 2D conditions; A151 ODN - immunosuppressor 

A151 oligodeoxynucleotide; A151-loaded Exo3D - exosomes produced under 3D culture 

conditions loaded with A151 ODN; A151-loaded Exo2D - exosomes produced under 2D culture 

conditions loaded with A151 ODN.

Figure 6. A151 ODN loaded exosomes mediate the release of wound healing-related 

trophic factors by keratinocytes (HaCaT cell line). Nitric oxide (NO), TNF-α and IL-10 

secretions were determined by Griess assay and ELISA, respectively. TGF-β, IL-1α, CCL-2 

and VEGF-α expressions, relative to β-actin, were quantified by RT-qPCR. Cells maintained 

in cell culture medium were used as control (CTRL). Data is shown as mean ± SEM. n = 2. * p 

< 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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Abbreviations: Exo3D - exosomes derived from UC-MSC cultured in 3D conditions; Exo2D - 

exosomes derived from UC-MSC cultured in 2D conditions; A151 ODN - immunosuppressor 

A151 oligodeoxynucleotide; A151-loaded Exo3D - exosomes produced under 3D culture 

conditions loaded with A151 ODN; A151-loaded Exo2D - exosomes produced under 2D culture 

conditions loaded with A151 ODN.

Figure 7. A151 ODN loaded exosomes produced under 3D conditions (A151-loaded 

Exo3D) modulate pro-inflammatory cytokine levels in vivo. Serum levels of IL-6 and TNF-α 

of mice treated with Exo3D, Exo2D, A151-loaded Exo3D, A151-loaded Exo2D, A151 ODN 

or PBS (CTRL), as controls, were determined by ELISA at days 7 (A) and 14 (B). Data is 

shown as mean ± SEM. n = 2-7. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

Abbreviations: Exo3D - exosomes derived from UC-MSC cultured in 3D conditions; Exo2D - 

exosomes derived from UC-MSC cultured in 2D conditions; A151 ODN - immunosuppressor 

A151 oligodeoxynucleotide; A151-loaded Exo3D - exosomes produced under 3D culture 

conditions loaded with A151 ODN; A151-loaded Exo2D - exosomes produced under 2D culture 

conditions loaded with A151 ODN.

Figure 8. A151 ODN loaded exosomes produced under 3D conditions (A151-loaded 

Exo3D) reduced inflammatory capacity of macrophages and T-lymphocyte cell numbers 

at late stages of wound healing. Differences in spleen macrophage and T-cell populations at 

day 14 of mice treated with Exo3D, Exo2D, A151-loaded Exo3D, A151-loaded Exo2D, A151 

ODN or PBS (CTRL) analysed by flow cytometry. Data is shown as mean ± SEM. n = 5-7. * 

p < 0.05, ** p < 0.01, *** p < 0.001.
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Abbreviations: Exo3D - exosomes derived from UC-MSC cultured in 3D conditions; Exo2D - 

exosomes derived from UC-MSC cultured in 2D conditions; A151 ODN – immunosuppressor 

A151 oligodeoxynucleotide; A151-loaded Exo3D - exosomes produced under 3D culture 

conditions loaded with A151 ODN; A151-loaded Exo2D - exosomes produced under 2D culture 

conditions loaded with A151 ODN.
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HIGHLIGHTS

3D-MSCs A151 ODN-Loaded Exosomes Are Immunomodulatory And Reveal A 
Proteomic Cargo That Sustains Wound Resolution

Sérgio P Camões1#, Ozlem Bulut2#, Volkan Yazar3, Manuela Gaspar1, Sandra Simões1, Rita 
Ferreira4, Rui Vitorino5,6, Jorge M Santos7, Ihsan Gursel2*, Joana P Miranda1*

# both authors contributed equally

* both authors coordinated this work

• The MSC-derived secretome from 3D cultures enhances fibroblasts and keratinocytes 
mitogenic and motogenic capacity in vitro, respectively;

• The cargo of the 3D MSC-derived exosomes (Exo3D) reveals wound healing-related proteins 
and promote wound resolution in a wound healing in vivo model;
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• Loading MSC-derived exosomes with A151 ODN further reduces the systemic levels of IL-6 
and TNF-α pro-inflammatory cytokines at the late stage of wound healing in vivo, crucial for 
a full regenerated tissue;

• A151-loaded Exo3D have a great potential as a noncellular off-the-shelf therapy for non-
healing wound treatment.
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