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Executive Summary 

Sulfur mustard (SM) is a toxic chemical warfare agent that causes severe and persistent pulmonary damage, for which no specific treatment 

exists. Emerging evidence suggests that mesenchymal stem cells (MSCs) exert anti-inflammatory effects through paracrine signaling. This 

study evaluated the therapeutic potential of monocytes treated with MSC-derived supernatant in a murine model of SM-induced lung 

inflammation using CEES as a surrogate. Monocytes treated with MSC supernatant showed significant immunomodulatory effects, including 

reduced pro-inflammatory cytokines (IL-12), increased anti-inflammatory cytokines (IL-4, IL-10, TGF-β), and decreased oxidative stress 

markers (NO, MPO). Histopathological analysis revealed reduced inflammation, mucus accumulation, and tissue remodeling in treated 

animals. These findings suggest that MSC supernatant-treated monocytes may offer a novel therapeutic strategy for chemical-induced lung 

injury, warranting further investigation into their mechanisms and efficacy in more complex models. 
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Introduction

Sulfur mustard (SM), a highly toxic alkylating chemical 

warfare agent, has caused long-term and devastating health 

consequences in thousands of victims, particularly among 

Iranian veterans exposed during the Iran-Iraq war. Known 

for its mutagenic, carcinogenic, and cytotoxic properties, 

SM primarily targets moist tissues such as the eyes, skin, 

and respiratory system.1,2 Among these, pulmonary 

complications are the most common and persistent, often 

leading to chronic conditions such as bronchitis, 

bronchiectasis, airway fibrosis, and obstructive lung 

disease. Despite decades of research, no definitive or 

curative treatment has been established for SM-induced 

lung injury, leaving many survivors with progressive and 

debilitating respiratory symptoms.3,4 Exposure to SM 

triggers acute inflammatory responses through the 

upregulation of pro-inflammatory cytokines such as IL-1, 

IL-6, TNF-α, IFN-γ, and IL-17, which contribute to 

prolonged tissue damage and dysfunction.5 Over time, this 

chronic inflammation leads to structural changes in the 

airways, including epithelial cell necrosis, mucus 

hypersecretion, fibrosis, and infiltration of inflammatory 

cells.6 Moreover, alterations in immune homeostasis, 

including reduced NK cell activity and dysregulated T-cell 

responses, have been reported in SM-exposed individuals, 

further complicating the pathophysiology of the disease.7 

In recent years, mesenchymal stem cells (MSCs) have 

emerged as promising candidates for regenerative and 

immunomodulatory therapies due to their ability to 

modulate immune responses and promote tissue repair.8 

These effects are largely mediated through paracrine 

signaling, including the secretion of anti-inflammatory 

cytokines such as IL-10 and TGF-β, as well as bioactive 

molecules like nitric oxide (NO) and indoleamine 2,3-

dioxygenase (IDO).9 Importantly, studies have shown that 

Int J Travel Med Glob Health.  2025 Mar;13(1):90-93 

http:// i j tmgh.com  JTMGH 

 

I 
 

International Journal of Travel Medicine and Global Health 

Policy Briefs                                                                                                    Open Access 

doi 10.30491/ijtmgh.2025.527814.1490  

mailto:shahriary961@gmail.com
http://ijtmgh.com/


Shahriary et al 

 

91 |   International Journal of Travel Medicine and Global Health. 2025;13(1):90-93. 

 

MSC-derived conditioned medium (MCM) can reprogram 

monocytes into anti-inflammatory macrophages (M2 

phenotype), offering a novel strategy to control chronic 

inflammation without direct cell transplantation.10 

Ultimately, this research seeks to bridge the gap between 

laboratory findings and clinical application by proposing a 

novel, cell-based therapeutic strategy that could 

significantly improve the quality of life for those affected 

by SM exposure. It also highlights the importance of 

developing innovative, human-centered interventions for 

long-standing global health challenges rooted in conflict 

and chemical warfare. 

 

Materials and Methods 

In this study, we explored a novel, cell-based therapy that 

leverages the immunomodulatory properties of 

mesenchymal stem cells (MSCs), not through direct 

transplantation, but via their secretome — specifically, by 

reprogramming monocytes into an anti-inflammatory state. 

This study investigates the therapeutic potential of 

monocytes preconditioned with MSC-conditioned medium 

in a BALB/c mouse model of SM-induced pulmonary 

injury, using 2-chloroethyl ethyl sulfide (CEES) as a 

surrogate. The research aims to evaluate key cellular and 

molecular outcomes, including phenotypic changes in 

monocytes, cytokine profiles in bronchoalveolar lavage 

fluid (BALF), levels of oxidative stress markers such as 

NO and myeloperoxidase (MPO), splenocyte proliferation, 

and histopathological changes in lung tissue. By 

modulating the inflammatory response and promoting a 

shift toward an anti-inflammatory milieu, this approach 

may offer a scalable and potentially translatable therapy for 

victims of chemical warfare, as well as patients suffering 

from other chronic inflammatory lung diseases. All data 

were analyzed using one-way ANOVA followed by LSD 

post-hoc test (p<0.05 ). 

 

Results 

In this study, we evaluated the therapeutic potential of 

monocytes preconditioned with mesenchymal stem cell-

conditioned medium (MCM) in a CEES-induced murine 

model of sulfur mustard (SM)-like pulmonary injury. Flow 

cytometry confirmed that isolated MSCs expressed high 

levels of mesenchymal markers CD44, CD73, and CD105, 

while lacking hematopoietic markers CD34 and CD45, 

confirming their identity. Monocytes treated with MCM 

showed a significant shift toward an anti-inflammatory 

phenotype, with reduced IL-12 and increased IL-10, IL-4, 

and TGF-β production compared to untreated monocytes 

(P<0.05). Oxidative stress markers, including nitric oxide 

(NO) and myeloperoxidase (MPO), were significantly 

decreased in the MCM-treated monocyte group compared 

to the untreated group (P<0.0001), nearly comparable to 

the dexamethasone control group. Histopathological 

assessment revealed marked reductions in inflammatory 

cell infiltration, mucus accumulation, and airway 

remodeling in mice receiving MCM-treated monocytes, 

with a tissue damage score of 1 compared to 3 in the 

untreated group. The dexamethasone group showed the 

most improvement, with a score of 0. Splenocyte 

proliferation assays also demonstrated significantly 

reduced immune activation in the MCM-treated group 

(P<0.0001), indicating systemic immunomodulation. 

Cytokine profiling in bronchoalveolar lavage fluid (BALF) 

further supported these findings, showing decreased pro-

inflammatory cytokines (IL-1β, IL-6, TNF-α, IL-17) and 

increased anti-inflammatory mediators (IL-10, TGF-β) in 

MCM-treated monocyte recipients. These results suggest 

that monocytes modulated by MSC-derived secretome can 

effectively mitigate SM-induced lung inflammation, 

offering a promising, scalable, and potentially translatable 

therapy for victims of chemical warfare and other chronic 

inflammatory lung conditions. 

 

Discussion 

The persistent and systemic inflammatory responses 

observed in sulfur mustard (SM)-exposed patients play a 

critical role in the progression of long-term pulmonary 

complications.11,12 This study highlights how dysregulated 

immune responses, particularly those mediated by pro-

inflammatory cytokines such as IL-1β, IL-6, TNF-α, and 

IL-17, contribute significantly to chronic lung pathology. 

Moreover, oxidative stress and imbalance in redox 

homeostasis further exacerbate tissue damage and impair 

regenerative capacity. These findings align with clinical 

observations in mustard lung (ML) patients, where 

systemic inflammation and extra-pulmonary 

manifestations, such as cardiovascular disease and 

osteoporosis, suggest that ML is not only a localized injury 

but also a systemic disorder.13 Emerging evidence supports 

the immunomodulatory potential of mesenchymal stem 

cell-derived conditioned medium (MCM) in 

reprogramming monocytes toward an anti-inflammatory 

M2 macrophage phenotype.14 Our results demonstrate that 

monocytes treated with MCM significantly reduce the 

production of pro-inflammatory cytokines (IL-12) while 

increasing anti-inflammatory mediators (IL-4, IL-10, TGF-

β). This shift was associated with reduced levels of nitr ic 

oxide (NO) and myeloperoxidase (MPO), indicating 

decreased oxidative stress and neutrophil infiltration. 

Histopathological analysis further confirmed reduced 

inflammatory cell infiltration, mucus accumulation, and 

structural remodeling in the MCM-treated monocyte 

group, comparable to dexamethasone treatment. These
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findings are consistent with previous studies showing that 

MSC-secreted factors can modulate macrophage 

polarization and suppress excessive inflammation. In line 

with the present study, Sadeghi et al. investigated the 

immunomodulatory effects of mesenchymal stem cells 

(MSCs) in a model of sulfur mustard-induced lung injury. 

Their findings demonstrated that MSC therapy promoted a 

phenotypic shift in T cells from Th1 to Th2 and in 

macrophages from pro-inflammatory M1 to anti-

inflammatory M2 subsets.15 Similarly, Al-Rubaie et al. 

reported that MSCs attenuated neonatal hyperoxia-induced 

lung injury by modulating macrophage polarization. Their 

results indicated that MSC treatment not only contributed 

to structural repair but also limited the progression of 

pulmonary fibrosis.16 Beyond pulmonary models, other 

studies have also highlighted the therapeutic potential of 

MSC-secreted factors in inflammatory conditions. For 

example, Ghalavand et al. examined the effects of 

monocytes treated with MSC-conditioned medium in a 

murine model of colitis. They found that these treated 

monocytes exhibited enhanced antioxidant capacity and 

could be considered as a potential adjunctive therapy for 

ulcerative colitis.17 The ability of MCM to induce an 

immunoregulatory monocyte phenotype suggests a 

promising therapeutic strategy for chemical-induced lung 

injury. While our results support the anti-inflammatory and 

tissue-protective effects of MCM-treated monocytes in a 

CEES-induced murine model, future research should 

explore additional molecular mechanisms and validate 

these findings in more complex models before clinical 

translation. This approach may offer a scalable, cell-free 

alternative to direct MSC therapy, with potential 

applications beyond mustard lung, including other chronic 

inflammatory lung diseases. 

 

Conflicts of Interest Disclosures 

The authors declare that the research was conducted in the 

absence of any commercial or financial relationships that 

could be construed as a potential conflict of interest. 

Consent For Publication 

Not applicable 

 

References 

1. Gore A, Kadar T, Dachir S, Horwitz V. Therapeutic measures 

for sulfur mustard-induced ocular injury. Toxicology Letters. 

2021 Apr 1;340:58-66. Doi: 10.1016/j.toxlet.2021.01.006 

2. Mao GC, Gong CC, Wang Z, Sun MX, Pei ZP, Meng WQ, Cen 

JF, He XW, Lu Y, Xu QQ, Xiao K. BMSC-derived exosomes 

ameliorate sulfur mustard-induced acute lung injury by 

regulating the GPRC5A–YAP axis. Acta Pharmacologica 

Sinica. 2021 Dec;42(12):2082-93. Doi: 10.1038/s41401-021-

00625-4 

3. Khazdair MR, Boskabady MH. Possible treatment with 

medicinal herbs and their ingredients of lung disorders induced 

by sulfur mustard exposures: a review. Environmental Science 

and Pollution Research. 2021 Oct;28(39):54191-208. Doi: 

10.1007/s11356-021-15697-2 

4. Malaviya R, Bellomo A, Abramova E, Croutch CR, Roseman 

J, Tuttle R, Peters E, Casillas RP, Sunil VR, Laskin JD, Laskin 

DL. Pulmonary injury and oxidative stress in rats induced by 

inhaled sulfur mustard is ameliorated by anti-tumor necrosis 

factor-α antibody. Toxicology and Applied Pharmacology. 

2021 Oct 1;428:115677. Doi: 10.1016/j.taap.2021.115677 

5. She YX, Yu QY, Tang XX. Role of interleukins in the 

pathogenesis of pulmonary fibrosis. Cell Death Discovery. 

2021 Mar 15;7(1):52. Doi: 10.1038/s41420-021-00437-9 

6. Cheng P, Li S, Chen H. Macrophages in lung injury, repair, and 

fibrosis. Cells. 2021 Feb 18;10(2):436. Doi: 

10.3390/cells10020436 

7. Kucuksezer UC, Aktas Cetin E, Esen F, Tahrali I, Akdeniz N, 

Gelmez MY, Deniz G. The Role of Natural Killer Cells in 

Autoimmune Diseases. Front Immunol. 2021 Feb 

25;12:622306. doi: 10.3389/fimmu.2021.622306. PMID: 

33717125; PMCID: PMC7947192. Doi: 

10.3389/fimmu.2021.622306 

8. Fröhlich E. Therapeutic potential of mesenchymal stem cells 

and their products in lung diseases—intravenous 

administration versus inhalation. Pharmaceutics. 2021 Feb 

7;13(2):232. Doi: 10.3390/pharmaceutics13020232 

9. Yamada, K., Uchiyama, A., Uehara, A., Perera, B., Ogino, S., 

Yokoyama, Y., Takeuchi, Y., Udey, M. C., Ishikawa, O., & 

Motegi, S. (2016). MFG-E8 Drives Melanoma Growth by 

Stimulating Mesenchymal Stromal CellInduced Angiogenesis 

and M2 Polarization of Tumor-Associated Macrophages. 

Cancer Research, 76: 4283-4292. Doi: 10.1158/0008-

5472.CAN-15-2812 

10. Esmaili Gourvarchin Galeh, H., Abtahi Froushani, S. M., 

Afzale Ahangaran, N., & Naji Hadai, S. (2018). Effects of 

Educated Monocytes with Xenogeneic Mesenchymal Stem 

Cell-Derived Conditioned Medium in a Mouse Model of 

Chronic Asthma, Immunological Investigations, 47(5), 504-

520. Doi: 10.1080/08820139.2018.1458108 

11. Ghotbi L, Hassan Z. The immunostatus of natural killer cells 

in people exposed to sulfur mustard. International 

immunopharmacology. 2002;2(7):981-5. Doi: 10.1016/S1567-

5769(02)00053-X 

12. Ghanei M, Harandi AA. Long term consequences from 

exposure to sulfur mustard: a review. Inhalation toxicology. 

2007;19(5):451-6. Doi: 10.1080/08958370601174990 

13. Shahriary A, Ghanei M, Rahmani H. The systemic nature of 

mustard lung: Comparison with COPD patients. Interdiscip 

Toxicol. 2017 Nov;10(3):114-127. doi: 10.1515/intox-2017-

0018. Epub 2018 Feb 14. PMID: 30174535; PMCID: 

PMC6107649. 

14. Saldaña L, Bensiamar F, Vallés G, Mancebo FJ, García-Rey E, 

Vilaboa N. Immunoregulatory potential of mesenchymal stem 

cells following activation by macrophage-derived soluble 

https://doi.org/10.1016/j.toxlet.2021.01.006
https://doi.org/10.1038/s41401-021-00625-4
https://doi.org/10.1038/s41401-021-00625-4
https://doi.org/10.1007/s11356-021-15697-2
https://doi.org/10.1007/s11356-021-15697-2
https://doi.org/10.1016/j.taap.2021.115677
https://doi.org/10.1038/s41420-021-00437-9
https://doi.org/10.3390/cells10020436
https://doi.org/10.3389/fimmu.2021.622306
https://doi.org/10.3390/pharmaceutics13020232
https://doi.org/10.1158/0008-5472.CAN-15-2812
https://doi.org/10.1158/0008-5472.CAN-15-2812
https://doi.org/10.1080/08820139.2018.1458108
https://doi.org/10.1016/S1567-5769(02)00053-X
https://doi.org/10.1016/S1567-5769(02)00053-X
https://doi.org/10.1080/08958370601174990


Shahriary et al 

 

93 |   International Journal of Travel Medicine and Global Health. 2025;13(1):90-93. 

 

factors. Stem Cell Res Ther. 2019 Feb 13;10(1):58. doi: 

10.1186/s13287-019-1156-6. PMID: 30760316; PMCID: 

PMC6375172. Doi: 10.1186/s13287-019-1156-6 

15. Sadeghi S, Mosaffa N, Hashemi SM, Naghizadeh MM, 

Ghazanfari T. The immunomodulatory effects of mesenchymal 

stem cells on long term pulmonary complications in an animal 

model exposed to a sulfur mustard analog. International 

Immunopharmacology. 2020 Mar 1;80:105879. Doi: 

10.1016/j.intimp.2019.105879 

16. Al-Rubaie A, Wise AF, Sozo F, De Matteo R, Samuel CS, 

Harding R, Ricardo SD. The therapeutic effect of 

mesenchymal stem cells on pulmonary myeloid cells following 

neonatal hyperoxic lung injury in mice. Respiratory Research. 

2018 Dec;19:1-1. Doi: 10.1186/s12931-018-0816-x 

17. Ghalavand M, Ghaleh HE, Kondori BJ, Razaviyan J, 

Mohammadi-Yeganeh S. Evaluation of the anti-oxidative 

effects of monocyte cells treated with bone marrow 

mesenchymal stem cells supernatant on experimental colitis in 

BALB/c Mice. Galen Medical Journal. 2021 Dec 8;10:e2131-. 

Doi: 10.31661/gmj.v10i.2131 

https://doi.org/10.1186/s13287-019-1156-6
https://doi.org/10.1016/j.intimp.2019.105879
https://doi.org/10.1016/j.intimp.2019.105879
https://doi.org/10.1186/s12931-018-0816-x
https://doi.org/10.31661/gmj.v10i.2131

