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ARTICLE INFO ABSTRACT
Keywords: Innovation in cystic fibrosis (CF) supportive care, including implementing new antimicrobial
Cystic fibrosis agents, improved physiotherapy, and highly effective modulators therapy, has advanced patient
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survival into the 4th and 5th decades of life. However, even with these remarkable improvements
in therapy, CF patients continue to suffer from pulmonary infection and other visceral organ
complications associated with long-term deficient cystic fibrosis transmembrane conductance
regulator (CFTR) expression. Human mesenchymal stem cells (MSCs) have been utilized in tissue
engineering based upon their capacity to provide structural components of mesenchymal tissues.
An alternative role of MSCs, however is their versatile utilization as cell-based infusion power-
houses due to the unique capacity to deliver milieu specific soluble biologic factors, promoting
immune supportive antimicrobial and anti-inflammatory potency. MSCs derived from umbilical
cord blood, bone marrow, adipose and other tissues can be expanded in ex vivo using good
manufacturing procedure facilities for a safe, unique therapeutic to reduce and limit CF infection
and facilitate the resolution of multi-organ inflammation. In our efforts, we conducted extensive
preclinical development and validation of an allogeneic derived bone marrow derived MSC
product in preparation for a clinical trial in CF. In this process, potency models were developed to
ensure the functional capacity of the MSC product to provide clinical benefit. In vitro, murine in
vivo and patient tissue ex vivo potency models were utilized to follow MSC anti-infective and anti-
inflammatory potency associated with the CFTR deficient environment. We showed in our “First
in CF” clinical trial that the allogeneic MSCs obtained from healthy volunteer bone marrow
samples were safe. The advent of improved CF care measures and exciting new small molecules
has changed the survival and morbidity phenotype of patients with CF, however, there are CF
patients who cannot tolerate or have genotypes that are non-responsive to modulators. Addi-
tionally, even with the small molecule therapy, CF patients are living longer, but without genetic
correction, with the CF disease manifestation aggravated by the continuance of pre-existing
CFTR-associated clinical issues such as ongoing inflammation. MSCs secrete bio-active factors
that enhance and protect tissue function and can promote “self-immune” regulation. These
properties can provide therapeutic support for the traditional and changing face of CF disease
clinical complications. Further, MSC-derived bio-active factors can directly mitigate colonizing
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pathogens’ survival by producing antimicrobial peptides (AMPs) which change the pathogen
surface and increase host recognition, elimination, and sensitivity to antibiotics. Herein, we re-
view the potential of MSC therapeutics for treating many facets of CF, emphasizing the potential
for providing great additive therapeutics for managing morbidity and quality of life.

1. Introduction

Cystic fibrosis (CF) is an orphan disease that results from autosomal recessive genetic changes in the cystic fibrosis transmembrane
conductance regulator (CFTR) gene which impairs the chemical balance of mucosal fluids resulting in a multi-organ manifestation of
inefficient hydration and tissue function. Although defects in CFTR are considered rare, CF is the most common genetic disorder in
Caucasians and is estimated to affect 1 in every 2500 to 3500 neonates at the national level [1]. The frequency of incidence is lower in
Black individuals at 1 per 17,000 and Asian Americans at 1 per 31,000. In Europe, the incidence ranges from 1 in 1353 whereas in
Ireland to 1 in 25,000 and in Finland; in Australia and Canada, the rate is approximately 1 in 3000. Before the advent of small molecule
therapy (also called modulators) to target the CFTR deficiency, most patients at most only survived into their second decade of life.
Those affected experienced significant pulmonary and gastrointestinal morbidity often presenting at birth since deficient CFTR
function alters the capacity of effected organs to maintain mucosal surface hydration, important for tissue and organ function and
prenatal development [2]. The change in CFTR ion transport across the membrane of cells imparts metabolic and physiological cellular
function globally in all cells that express CFTR [3]. The resultant anomaly leads to viscous secretions impacting mucociliary clearance
and pulmonary sufficiency, gastrointestinal mobility, fertility, pancreatic function, liver homeostasis, neurophysiology, and
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Fig. 1. Cystic Fibrosis, New Therapies and Advanced Care Progress and Deficits. The genetic manifestation of deficient CFTR which leads to
CF, has benefited from the innovative production of small molecules which together can promote and enhance CFTR availability and function. This
advance in clinical care has shifted the average life expectancy into the 3th decade of life, with improved lung function and quality of life. Even with
the advancements made with small molecules, CF patients still struggle with infections, and inflammation, as well as the consequences of long-term
CFTR dysfunction and modulator therapy. Figure created with BioRender.com.
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cardiovascular and immune function, among other tissue-organ manifestations [4]. Genome-wide association studies (GWAS), which
analyzed genetic variations between patients, have complicated the understanding of CF genotype and phenotype demonstrating the
potential role of other genes and proteins in disease progression [5-7]. Environmental and access to care also impact patient morbidity
and mortality supporting the role of physiotherapy, interventional care, compliance and daily living on CF disease presentation [8,9].
Individuals with CF are more susceptible to colonization by environmentally ubiquitous pathogens, which is attributed to the viscosity
of the CFTR deficient airways and the inefficiency by which CF adaptive immunity, impairing management of chronic disease com-
plications [2,10-12]. CF patients are not only more susceptible to infection, implying immune deficiency, but they also have an un-
derlying robust, i.e. overzealous, initial immune response to infection which is not efficiently resolved [11,13-15]. This ongoing
inflammatory state can result in significant visceral organ injury. The above deficiencies contribute to the descriptive “triad” in CF of
pathogen colonization, dysfunctional inflammation, and tissue damage [16]. The essential role of CFTR in homeostasis has become
very evident with the observation that carriers of genetic alterations in the CFTR gene have an increased susceptibility to infection and
inflammation and other attributes of the CF pathophysiology, and that individuals with chronic obstructive lung disease have altered
CFTR gene expression which correlates with disease severity [17-20]. It is also of interest that CFTR gene expression has been
associated with aging in the general population, requiring further insight into the role of CFTR in human biology and disease.

2. Current advancements IN CF disease management

The pharmaceutical pipeline for CF has provided an expanded armamentarium of drugs to treat many of the consequences of
deficient CFTR; however, changes in CF clinical disease phenotype associated with patients living longer have begun to present new
challenges [16,21]. Even with the advancements in CF targeted and supportive care, CF patients remain susceptible to the unique
spectrum of infecting pathogens and the overshooting of the threshold immune response, which continues the chronic inflammation
“triad” process [12]. The conundrum continues with trying to balance the therapeutic management of inflammation versus concurrent
infection since attenuating inflammation can hamper the eradication of the infection [22].

Before the advent of the targeted CFTR modulators, the focus of management was on the eradication of infection while attempting
to reduce pulmonary inflammation and damage, the major contributors to patient morbidity and mortality [7]. These therapies
included inhaled saline, protease inhibitors, and improved chest physiotherapy to battle inefficient mucociliary clearance. Such in-
terventions provided only limited success as the structural changes resulted in decreased lung function, respiratory failure, and
eventual mortality [23]. The availability of the small molecule agents such as Trikafta (elexacaftor, ivacaftor, and lumacaftor; Vertex
Pharmaceuticals Incorporated, Boston, MA), changed the face of CF care and management for those individuals with eligible CFTR
responsive genotypes (Fig. 1) [24]. These agents chemically induced the expression, function and availability of CFTR improving
sodium and chloride membrane transport contributing to better mucociliary clearance and lung function [25]. However, even with the
amazing advancements in CF provided by these modulator therapies, patients continue to experience morbidity associated with their
chronic disease state and the consequences of previously damaged tissues [26,27]. The complexities of the aging process as well as
drug intolerance, have brought to the spotlight of care hepatic dysfunction, CF-related diabetes mellitus, cardiovascular abnormalities,
neurological changes, allergic reactions, and cataracts for enhance clinical focus and care [1,28,29]. Further, patients receiving
modulator therapy still struggle with infections with complex combinations of traditionally microbes and inflammation, suggesting
continued immune insufficiency, and potentially enhanced immune senescence and aging [21]. Immune aging is a known physiology
and is associated with subtle immune suppression in individuals over 65 years of age, with changes in immunity [30,31]. Inmune
aging can also happen as a consequence of chronic disease due to the constant stress inflammation causes on tissue physiology [7,31,
32]. Additionally, not all patients with CF are eligible or have tolerance to the new small molecule therapy emphasizing the need for
alternative treatment and therapeutic pursuits [33,34]. Investigators continue to aggressively pursue solutions in gene therapy, in-
fectious disease, medical microbiology, endocrinology, genetics, and immunology, among others, and have continued to work tire-
lessly to mitigate these consequences of CF pathophysiology. Further, research continues on the front small molecules to address
patient tolerance, while the pursuit of gene therapy continues [28].

3. MSC biology

The initial phenotype of MSC multipotency was defined by in vitro studies that focused on differentiating MSC into different tissue
types such as cartilage and bone. Dr. Arnold Caplan and his team, based upon embryologic development, utilized defined growth
media containing biological effectors which specifically promote MSC differentiation along specific pathways of mesenchymal tissue
end-points such as chondrocytes and cartilage [35-37]. These concepts were the foundation of an entire area of MSC of biology and
tissue engineering [38,39]. Although the MSCs can differentiate when cultured in vitro, differentiation in vivo has never been realized
even when tracking the, MSC in vivo using sophisticated technologies to label and follow cells longitudinally [40]. MSCs are
short-lived, cell-based therapeutics targeted by host immunity and internalized by macrophages facilitating reprograming of the host
response phenotype to better manage the tissue milieu, i.e. appropriately temper the immune response [41-44]. Even though the
capacity to differentiate MSC in vivo was disappointing, the concept of MSC plasticity and the capacity to manipulate MSC phenotype
and function became an additional advancement in how the MSC plasticity can be utilized clinically [45].

4. MSCS as medicinal signaling cells

The biological function of MSCs has evolved, emphasizing their cell-based therapeutic clinical potential. These cells are recognized
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to be progenitors of pericytes which originate on the surface of blood vessels, exquisitely sensitive to changes in the tissue milieu
during homeostasis and tissue damage [46]. The environmentally responsive pericyte transitions in response to injury to the
phenotypic expression of MSCs [38]. Protocols have been established in which bone marrow aspirates (the original isolated source) to
understand MSC function and phenotype [47-49]. Phenotypically, bone marrow derived adherent MSCs can be characterized by the
surface expression of CD73", CD90", CD105" and CD11b~, CD14~, CD19~, CD34~, CD45", CD79a" and HLA-DR’ (outlined by the
International Society for Cell & Gene Therapy, ISCT), as well as the capacity to differentiate into adipocytes, chondrocytes, and os-
teoblasts [46]. Importantly, these phenotypic cell surface signatures can change with MSC activation, age, and donor specificity which
ultimately defines the ability to culture MSC in vitro and retain their functional capacity [50,51]. Suppressed HLA class II expression
and the short-lived nature of MSCs, provide the immune evasion advantage of MSCs, which enables their therapeutic testing across
species (xenografic) and allogeneic delivery in the clinic (allograft) [52-54]. However, differentiated and stressed MSCs have been
shown to express HLA class II, emphasizing the essential importance of understanding MSC biology, source, and culture sustainability
of the MSC product [55,56]. The ISCT distinction between mesenchymal “stromal” and “stem” cells focuses on these differences,
requiring that advanced clarification emphasizing the tissue source and function of the MSCs product since phenotypically there are
distinctions between phenotype and function between MSCs derived from different tissues [57]. The utilization of pre-clinical models
are essential to minimize the concept of “stemness,” as MSCs are not true “stem cells” due to the inability to regenerate tissue in vivo.
The difference between mesenchymal “stromal cell” and mesenchymal “stem cell” lies with the inherent functional capacity of the
stromal cell phenotype to differentiate in vitro into mesenchymal tissues lineages. The therapeutic “functional” power of MSCs is
defined by their short-lived release of signaling molecules which can be harnessed to enhance cell-based therapeutic efficacy [58].
Even though a differentiated MSC product has not been established in vivo, the benefit of a short-lived allogeneic therapeutic artillery
to treat disease cannot be underscored [41-44]. It became very apparent that the responsiveness of the MSCs to their environment
defined their secretomes, which ultimately contributed to their therapeutic impact [59-62]. In CF, the development of MSCs as a
therapeutic approach was based upon the capacity of the MSCs to respond to the unique environmental cues of the CF lung and theMSC
capacity to secrete bioactive factors and extracellular vesicles (EVs) which can provide anti-inflammatory, anti-fibrotic, and
anti-microbial tissue support (Fig. 2A) [63]. The balance of biological factors produced by the MSCs during infusion confers the
therapeutic impact.

The breadth and depth of MSC secreted bio-factors continues to grow from the identified anti-inflammatory products such as
interleukin 10, antimicrobial peptides such as cathelicidin (LL-37), human beta-defensin 2, and hepcidin, to small interfering RNAs;
the diversity with which the MSCs can contribute to the effect is endless [64-67]. The combination of the secretome repertoire and
functional responsiveness underlines the potency and potential efficacy of MSCs clinically. The malleability of hMSC defines the
“response to the tissue milieu” induced a tissue specific MSC secretomes implicating an immune-like responsiveness to the environ-
ment that defines functional potency and potential efficacy in vivo [68]. The key in CF, is the combinational packaging, providing
anti-inflammatory and antimicrobial secretomes concurrently mitigating the issue of providing anti-inflammatory therapeutics in
patients who have constitutive and chronic pulmonary infections. The MSC power provides a network of resources to promote the
outcomes for which they are developed, which in our efforts as coined by Dr. Caplan, resulted in the pursuit of a new name for MSCs
“medicinal signaling cells (MSCs)”, to minimize the confusion with the in vitro stemness of “stromal MSCs” used to create tissue
scaffolds [40,64]. The concept of stemness for MSCs is associated with the capacity to differentiate into terminal mesenchymal tissues
with unique phenotypes and structures, whereas MSCs do not differentiate but provide therapeutic “knowledge” to the tissue milieu
based upon the bio-factors and response of the MSCs to the environment.

5. MSC BIO-FACTORS: Harnessing potency for clinical impact

Although the MSCs can provide a pathway for host response, it is intriguing to think of the concept of “response specific to the
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Fig. 2A. The Ever-Expanding Understanding of the MSC Secretomes. The depth and breadth of hMSC products define the unique identity of each
MSC preparation and its potential to contribute to different facets of disease in CF. Harnessing the repertoire of MSC potency secretomes for
functionally optimal targeted delivery provides the opportunity to streamline MSC therapeutic development to treat the unique attributes of CF
pathophysiology. Figure created with BioRender.com.
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environment”, which begs the question of how the MSCs are being manipulated in vivo by the tissue milieu [22,46]. The infancy of MSC
development, translated from preclinical in vivo models to patient subjects, was designed, executed and published in the first-in-human
clinical trials by Dr. Hillard Lazarus and associates [69,70]. Subsequently, the potential immunomodulatory investigations of MSCs
were designed to promote engraftment and attenuate graft-versus-host disease, while others used MSCs in diseases such as adult
respiratory distress syndrome, osteogenic imperfecta and bronchopulmonary dysplasia [36,54,71-74]. In these studies, data were
generated for how to grow hMSCs, whether to infuse the cells fresh or after cryopreservation and thawing, what route of administration
to use, and how many infusions would impact the clinical outcome [61]. Fast forward to SARS-CoV2, and many other diseases, the use
of MSC has demonstrated both dramatic as well as suboptimal clinical benefits, depending on the trial and the endpoints measured [75,
76]. The complexity of the “MSC” malleability and the uniqueness of each patient and disease have no doubt impacted the variability
in the clinical trials and contributed to the reluctance of the FDA to approve MSCs until the recent groundbreaking acceptance of
remestemcel-L (trade name RYONCIL, Mesoblast, Inc., Melbourne Australia), for steroid-resistant acute GVHD(SR-aGVHD) [77,78]. In
the clinical trial (NCT02336230) remestemcel-L was given twice weekly over 4 weeks in 54 children with primary SR-aGVHD. MSC
treatment response correlated with improved survival with no identified infusion-related toxicities or safety concerns. The FDA
approval of remestemcel-L for SR-aGVHD provides the platform in which to circumvent the plateau of MSC therapeutics development
and translation to improve clinical outcomes to push MSCs into the FDA-approved category. The focus is on MSC malleability as a
resource instead of a deficit, utilizing strategic algorithms that can be established to optimize MSCs potency for enhanced clinical
outcomes (Fig. 2B) [44,79-81]. The innovation comes from conceptualizing where the MSC product will go and what it will encounter,
to begin to define what the MSC needs to look like in the given clinical scenario [46,66,81-83]. Standardized protocols take into
consideration the MSC product, how it adapts to culture, time to senescence, cell phenotype, and cell function. We used this approach
to align with clinical impact, utilizing in vitro validated potency models enhanced by in vivo modeling and potential patient ex vivo
tissue sample pre-clinical analysis. In our models, we utilized murine and human cells, both healthy and CF phenotypes, to bridge the in
vivo murine mouse model of infection and inflammation to human ex vivo tissue potency outcomes. This detailed analysis compares the
MSC functional attributes to ensure that the best possible product can be created to manage CF-specific infections and inflammation
pathophysiology. The concept of pharmacological manipulation of MSC phenotype promises to not only streamline MSC product
selection but also to enhance the potential power of MSCs as cell-based delivery “drug stores”, as visualized by Dr. Caplan and other
giants of the MSC frontier [84,85].

6. The MSC advantage IN CF

The utilization of MSCs has been the focus of clinicians who have treated a broad spectrum of diseases for many years due to their
diverse properties and excellent safety profiles with the capacity to use allogeneic or autologous sources (Table I) (ClinicalTrials.gov).
Although an autologous product is always the first preference, in many cases, this approach may not provide optimal clinical care,
either due to the complexities of the genetic manifestations of disease or disease severity of the patient in the clinical setting. In our
studies, blocking CFTR function in MSCs completely changed their capacity to provide antimicrobial and anti-inflammatory potency,
implicating the necessity for using an allogeneic, rather than an autologous MSC product [80,86]. MSCs provide an attractive and very
safe therapeutic for CF, due to their excellent safety profile and their capacity to selectively control inflammation while at the same
time facilitating infection management. At the same time, MSCs can provide therapeutic support for many of the other clinical
manifestations that impact CF patient quality and duration of life, especially as patients live longer with the advancements in CF
management [87]. MSCs are readily available for clinical use from a variety of tissue sources, many of them vetted already in a clinical
setting. Additionally, MSCs are amenable to efficient and stable gene transduction and transfection and subsequently can be used to
treat cardiovascular, gastrointestinal, pancreatic, liver, bone, and complications like neuropathy and autoimmunity [88-90]. MSCs
can also be derived from discarded tissues and like other MSC sources, can be rapidly expanded exponentially ex vivo for clinical
translation. Frozen hMSCs can be banked for future use, wherein cells can be shipped to clinical sites and thawed at infusion, thus
providing opportunities for multicentered clinical trials, enabling the capacity to treat CF patients globally [91,92].
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Fig. 2B. MSC Products with Clinical Potential for CF. MSCs can make a variety of products from proteins to interfering RNAs, extracellular vesicles,
cytokines, growth factors, and oxidative metabolites. All these factors define the unique capacity of the hMSCs to provide a plethora of diversity in
functional potency which has the potential to benefit individuals with CF. Further the utilization of MSCs as vehicles of delivery promises to enhance
this perspective of hMSCs as a therapeutic powerhouse. GI: Gastrointestinal. Figure created with BioRender.com.
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Table 1
FDA Clinical Trials using Mesenchymal Stem Cells in Diseases with Relevance to CF.
Trial ID # Treatment Pursuit Source Country
NCT06149832 Treatment of Oral Chronic Graft-versus-host Disease with Human Umbilical Cord China
Human Umbilical Cord Mesenchymal Stem Cell Dressing Allogenic MSCs
NCT02172885 Mesenchymal Stem Cell Based Therapy for the Treatment of =~ Bone Marrow Derived Allogenic Spain
Osteogenesis Imperfecta MSCs.
NCT02881476 Therapeutic Treatment of Amyotrophic Lateral Sclerosis Human Umbilical Cord Poland
Allogenic MSCs
NCT03130374 Treatment of Laryngotracheal Stenosis Using Mesenchymal  Olfactory mucosa derived Belarus
Stem Cells. Autologous MSCs
NCT02387749 Effect of Mesenchymal Stem cells Transfusion of the Bone Marrow Derived Cairo
Diabetic Peripheral Neuropathy Patents Autologous MSCs
NCT02530047 Safety and Efficacy of Human Mesenchymal Stem Cells for =~ Human Umbilical Cord Beijing
Treatment of Liver Failure Allogeneic MSCs
NCT01586312 Treatment of Knee Osteoarthritis with Allogenic Bone Marrow Derived Allogenic  Spain
NCT03477942  Mesenchymal Stem Cells MSCs. United States
Impact of Mesenchymal Stem Cells in Knee Osteoarthritis Bone Marro Derived Autologous
MSCs
NCT03186417 Mesenchymal Stem Cells in Early Rheumatoid Arthritis Bone Marrow Derived MetroHealth Medical Center,
Autologous University Hospitals Cleveland
Medical Center
NCT04441658 Efficacy and Safety of Umbilical Cord Mesenchymal Stem Human Umbilical Cord Shanghai East Hospital
Cells Transplantation in Patients with Type 2 Diabetes Allogeneic MSCs
Mellitus
NCT01087996 The Percutaneous Stem Cell Injections Delivery Effects on Biological Autologous and University of Miami
Neo-myogenesis of cardiomyopathy. Biological AllohMScs
NCT05095532 Autologous Mesenchymal Stromal Cells and Islet Co- Bone Marrow Derived Medical University of South Carolina
NCT06205342 transplantation in TP-IAT Autologous MSCs
Safety and Efficacy of Mesenchymal Stem Cells Associated
with Chronic Pancreatitis Pain.
NCT02866721 Safety and Tolerability of Allogeneic Mesenchymal Stem Bone Marrow Derived University Hospital Cleveland Medical
Cells in Adults with Cystic Fibrosis Allogeneic MSCs. Center.
NCT00294112 Prochymal™ Adult Human Mesenchymal Stem Cells for Prochymal™ Adult Bone Mesoblast, Inc.
Treatment of Moderate to Severe Crohn’s Disease. Marrow Derived Allogeneic
MSCs.
NCT0316231 Phase IIbTrial to Evaluate Longeveron Mesenchymal Stem Bone Marrow Derived Longeveron.
Cells to Treat Aging Fragility Allogeneic MSCs (Longeveron).
NCT04047810 Mesenchymal Stem Cells in the treatment of Subjects with Bone Marrow Derived Mayo Clinic
Advanced Chronic Obstructive Pulmonary Disease Allogeneic MSCs.
NCT02181712 Mesenchymal Stem Cell Therapy for Lung Rejection. Bone Marrow Derived Mayo Clinic

Allogeneic MSCs

The MSC therapeutic delivery in disease has been established in a diverse range of diseases including CF, SAR-CoV2-induced
COVID-19, acute respiratory distress, bronchopulmonary dysplasia, interstitial pulmonary fibrosis, osteoarthritis, rheumatoid
arthritis, graft-versus-host disease, cardiovascular disease, fragility concurrent with aging, Crohn disease, multiple sclerosis, and
Parkinson disease, to name just a few. The repertoire of these targeted diseases has, at the very basics, inflammation, but the spectrum
of disease pathophysiology is complex, emphasizing the broad-spectrum attributes of MSC as diverse and safe cell-based therapeutics.
The adaptability of the MSCs to the CF disease milieu setting provides the unique power of MSC for disease management, designing the
product to provide the most beneficial therapeutic potency (Fig. 3). Responsive to local tissue cues, MSCs cannot only attenuate the
destructive chronic inflammation that plagues CF patients but can concurrently combat infection and manage immune dysregulation.
This therapeutic balance is essential in CF and has traditionally been the major hurdle in managing the progression to significant life-
impacting morbidity and eventual respiratory failure. Even in the current era of using small molecule modulator therapy, the insidious
presence of diverse microbes such as Pseudomonas aeruginosa, Mycobacterium avium complex, Mycobacterium abscessus, Burkholderia
cepacia complex, methicillin-sensitive and resistant Staphylococcus aureus and Aspergillus fumigatus continue to adversely impact the
clinical management of many patients [93]. The capacity of MSCs to provide concurrent management of inflammation and infection
while enhancing antibiotic efficacy is a promising directive.

7. MSC and enhancing CF management and quality of life

The question becomes the relevance of MSC as a therapeutic pursuit for CF, and what the data are to support this directive. When
we undertook the introduction of allogeneic human mesenchymal stem cell (hMSC) therapeutics in our “First in CF” Phase I clinical
trial (CEASE CF: NCT02866721), our goal was to demonstrate safety. The hypothesis of treating CF (like those listed in Table 1), was
based upon the multifaceted nature of the MSCs to manage infection an inflammation. [42,94]. As we strive toward a Phase II, the
focus becomes the unique capacity of MSCs to provide clinical benefit towards managing the multi-organ complications of CF,
especially with a focus on airway infection inflammation with the unique pulmonary microbiome of colonizing pathogens [95]. The
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Fig. 3. MSC Therapeutic Development for Future CF Clinical Trials. Each donor MSC preparation has its own unique capacity to provide
potency, defined by the function in models. This functional quantification of the MSCs can be harnessed for efficiency and therapeutic efficacy using
models that represent aspects of the pathophysiology of CF. Animal models deficient in CFTR, including the mouse, rat, rabbit, ferret, and pig can be
used to analyze the functional specificity and capacity of MSCs for therapeutic selection. Analysis of MSC potency in each assay, provides a score
that are validated in both mouse and human functional assays to ensure the potency translates from animal models to human disease. All through
the process, cell lines recapitulating both animal models and human tissue are used to bridge the gap between the pre-clinical and clinical
translation. The goal is the identification of the ideal MSC product for infusion and clinical care. Figure created with BioRender.com.

advent of modulator therapy has improved pulmonary morbidity and delayed the mortality in CF, but patients continue to struggle
with CF-related diabetes, cardiovascular diseases, gastrointestinal complications, pancreatic, liver, and even sleep and behavior
consequences, all of which have been targeted successfully by MSCs in other diseases with similar manifestations.

In our phase I clinical trial, we have demonstrated that allogeneic human MSC infusions are safe in CF. We treated fifteen patients in
a 3/3 dose escalation model, and each dose was equally well tolerated. In the trial, we infused a single dose of MSCs to CF patients
suffering from mild or moderate disease. Patients were followed by a survey, phone call follow-ups, sputum expectoration bacteri-
ology, and serum markers of inflammation, along with other serum biomarkers and clinical endpoints, including pulmonary function.
Statistical significance of efficacy was not achieved, in part due to the small sample size. However, we demonstrated the potential to
pursue the optimal MSC dose and number of infusions with the ideal product, vetted for in vivo functional potency with molecular and
functional characterization. As a result, we believe this approach represents a tangible, attainable, and highly beneficial potential
therapeutic resource for CF patients [61,96]. Since our initial trial, we have been diligently pursuing the next product for the follow-up
phase II study. The changing repertoire of CF patient morbidity has defined the need for complex potency models, i.e., optimizing the
product to have the capacity to efficiently manage the ongoing pathophysiology in vivo. Strategizing the development of the MSC
clinical product based on the current landscape of infection, inflammation, and morbidity is our focus and goal (Fig. 3). In our work
and the work of others it has been demonstrated in vitro the antimicrobial potency of MSCs against a variety of pathogens known to
colonize individuals with CF including Pseudomonas aeruginosa, Staphylococcus aureus, Streptococcus pneumonia, Mycobacterium avium,
Mycobacterium intracellulare and Mycobacterium abscessus [22,62,79,97]. Further, the MSCs promote a more efficient microbial inhi-
bition capacity of antibiotics. hMSCs can improve immune cell function, minimize fibrotic tissue deposition, and attenuate airway
reactivity [22,42,74,98-101]. Harnessing these diverse MSCs properties clinically and the capacity to deliver concurrently within the
context of the current standard of care or having adverse effects is based on the thousands of hMSCs clinical trials documented by the
FDA, highlighted in Table 1 (ClinicalTrials.gov).
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Innovations in hMSC therapeutics also implicate additive directionality to clinical care in CF. In recent years, the focus on
extracellular vesicles has become more intent with the potential to provide a product that possesses the same “bang” for therapeutic
impact without the added concern on delivery of allogeneic MSC cells [102,103]. The EVs can be targeted, and they can be used as
defined delivery vehicles [104,105]. The EV field, however, is impacted by product purity and sustainability, which continues the
development of more active protocols for EV technologies [67,106,107]. Targeted product delivery has also been pursued with the
MSCs themselves, pursuing transfection protocols that can provide sustained accessibility to products important in managing infection
and inflammation in CF [108-111]. The forefront of all these studies, however, goes back to the concept of MSC malleability and to the
idea that EVs and the directed product delivery can be refined by optimization strategies. Such would provide a hMSC product that
would adapt appropriately to the tissue milieu and provide the resources necessary to promote and support infection and inflammation
resolution.

8. Conclusion

Advocating for MSC development in CF is based upon the multiple observations conducted in in vitro, in preclinical animal models,
and ex vivo studies, which is further appreciated by the history of safety in greater than two thousand clinical trials worldwide
(ClinicalTrials.gov). The diversity in hMSC cell-based therapy functional potency provides a unique platform that has the potential to
provide CF patients with a supportive therapeutic that can circumvent a variety of consequences of the longitudinal impact of deficient
CFTR. Product development, the optimal route of delivery and number of infusions, and EV development are all strategic avenues that
promise to provide a unique forum for managing the many consequences of CF until an effective cure is available for all patients who
suffer from the disease and the consequences of treatment maintenance.

Practice points

Cystic fibrosis (CF) is an inherited disease with manifestations of multi-organ disease that result from the deficient expression and
function of the cystic fibrosis transmembrane receptor in many cells.

Innovative therapeutics have improved CF morbidity and mortality but have not achieved genetic correction.

Some CF patients are not eligible for new small molecule modulator therapy due to the nature of their genetic mutation, while other
CF patients cannot tolerate several new treatment modalities.

e As CF patients age, they continue to struggle with pulmonary infection and inflammation along with other consequences of aging,
including chronic diseases such as CF-related diabetes mellitus, gastrointestinal disease, and cardiovascular diseases.
Mesenchymal stem cells can provide a safe therapeutic resource that possesses both antimicrobial and anti-inflammatory secre-
tomes which can improve the management of infection while reducing organ inflammation, thereby aiding in the management of
other CF disease complications.

Using such strategies as potency assays, mesenchymal stem cells can be optimized to produce the “ideal secretomes” for better
managing CF pathophysiology and patient symptoms.

Research agenda

Mesenchymal stem cells (MSCs) are a cellular product that can be optimized in vitro using several approaches, including potency
assays to enhance the treatment of cystic fibrosis (CF) patients. To improve morbidity, quality of life, and survival, treatment with
MSCs can be utilized in addition to standard vigorous supportive therapy.

e Advanced technological approaches to improve therapy using MSCs include RNAseq, secretomes analysis, and appropriate in vitro
and in vivo functional potency assays, which can quantify the functional appropriateness and will provide MSC product selection for
manufacturing and clinical translation.

Identifying the MSC molecular signature and functional phenotype that aligns with efficient antimicrobial and anti-inflammatory
activity for the CF diseased milieu will enhance efficacy and define the “target” for training strategies.

Future phase II mesenchymal stem cell clinical trials will be designed to improve the cell product and dosing and have a high
likelihood of advancing CF clinical care and management by reducing pulmonary infections as well as the complicating inflam-
mation that affects several visceral organs.

CRediT authorship contribution statement

Tracey L. Bonfield: Writing — review & editing, Writing — original draft, Visualization, Resources, Methodology, Investigation,
Funding acquisition, Formal analysis, Data curation, Conceptualization. Hillard M. Lazarus: Writing — review & editing, Writing —
original draft, Visualization, Investigation, Conceptualization.

Declaration of generative AI and Al-assisted technologies in the writing

The authors have not used Al or Al-assisted technology in the manuscript.


http://ClinicalTrials.gov

T.L. Bonfield and H.M. Lazarus Best Practice & Research Clinical Haematology 38 (2025) 101602
Conflict of interest

The authors have no conflict of interest related to this review.

Acknowledgments

Much of the work and thesis highlighted in this manuscript was developed through the mentorship of the late Dr. Arnold I. Caplan, a
great scientist, colleague, and innovator. The individuals who spearheaded and embraced the enthusiasm that MSC therapeutics could
be translated into clinical improvements for individuals with CF include Dr. Hillard Lazarus, Dr. Elliott Dasenbrook, Dr. James Chmiel,
Dr. Erica Roesch Dr. Aaron Weinberg. Our collaboration with the National Center for Regenerative Medicine and the management of
the hMSC product and good manufacturing resources by Jane Reese-Koc. The nurse coordinators, administrative support, technical
staff, and especially the CF patients are responsible for enabling our historical “First in CF” clinical trial. The CEASE CF clinical trial and
pre-clinical development were funded by the Cystic Fibrosis Foundation, the National Institutes of Health, The Marcus Foundation, and
the Center for Translational Science Consortium.

References

[1

—

Scotet V, L’hostis C, Férec C. The changing epidemiology of cystic fibrosis: incidence, survival and impact of the CFTRGene discovery. Genes. MDPI AG 2020.

May 26;11(6):589. https://doi.org/10.3390/genes11060589. 11.

[2] Khan MA, Ali ZS, Sweezey N, Grasemann H, Palaniyar N. Progression of cystic fibrosis lung disease from childhood to adulthood: neutrophils, neutrophil

extracellular trap (NET) formation, and NET degradation. Genes. MDPI AG 2019. Feb 26;10(3):183. https://doi.org/10.3390/genes10030183. 10.

Hanssens LS, Duchateau J, Casimir GJ. Cftr protein: not just a chloride channel? Vol. 10, Cells. MDPI. Cells 2021;10(11):2844. https://doi.org/10.3390/

cells10112844. Oct 22.

[4] Rowe SM, Heltshe SL, Gonska T, Donaldson SH, Borowitz D, Gelfond D, et al. Clinical mechanism of the cystic fibrosis transmembrane conductance regulator

potentiator ivacaftor in g551d-mediated cystic fibrosis. Am J Respir Crit Care Med [Internet] 2014 Jul 15;190(2):175-84 [cited 2019 Nov 16], http://www.

ncbi.nlm.nih.gov/pubmed/24927234.

Polineni D, Dang H, Gallins PJ, Jones LC, Pace RG, Stonebraker JR, et al. Airway mucosal host defense is key to genomic regulation of cystic fibrosis lung

disease severity. Am J Respir Crit Care Med [Internet] 2018 Jan 1;197(1):79-93 [cited 2020 Dec 5], https://pubmed.ncbi.nlm.nih.gov/28853905/.

Darrah RJ, Jacono FJ, Joshi N, Mitchell AL, Sattar A, Campanaro CK, et al. AGTR2 absence or antagonism prevents cystic fibrosis pulmonary manifestations.

J Cyst Fibros [Internet] 2019 Jan 1;18(1):127-34 [cited 2020 Dec 5], https://pubmed.ncbi.nlm.nih.gov/29937318/.

[7]1 Zhao Y, Forst CV, Sayegh CE, Wang IM, Yang X, Zhang B. Molecular and genetic inflammation networks in major human diseases. Mol Biosyst 2016;12(8):
2318-41. https://doi.org/10.1039/c6mb00240d.

[8] Cutting GR. Modifier genetics: cystic fibrosis. Annu Rev Genom Hum Genet 2005;6:237-60. https://doi.org/10.1146/annurev.genom.6.080604.162254.

[9] Magalhaes M, Rivals I, Claustres M, Varilh J, Thomasset M, Bergougnoux A, et al. DNA methylation at modifier genes of lung disease severity is altered in
cystic fibrosis. Clin Epigenetics [Internet] 2017 Dec 14;9(1):19 [cited 2019 Feb 16], http://www.ncbi.nlm.nih.gov/pubmed/28289476.

[10] Bonfield T, Chmiel JF. Impaired innate immune cells in cystic fibrosis: is it really a surprise? J Cyst Fibros [Internet] 2017 Jul;16(4):433-5 [cited 2018 Nov
18], http://www.ncbi.nlm.nih.gov/pubmed/28610881.

[11] Bruscia EM, Bonfield TL. Innate and adaptive immunity in cystic fibrosis. Clin Chest Med [Internet] 2016 Mar;37(1):17-29 [cited 2018 Nov 15], http://www.
ncbi.nlm.nih.gov/pubmed/26857765.

[12] Kiinzi L, Easter M, Hirsch MJ, Krick S. Cystic fibrosis lung disease in the aging population, vol. 12. Frontiers in Pharmacology. Frontiers Media S.A.; 2021. Apr
15:12, 601438. https://doi.org/10.3389/fphar.2021.601438.eCollection.2021.

[13] Mall MA, Davies JC, Donaldson SH, Jain R, Chalmers JD, Shteinberg M. Neutrophil serine proteases in cystic fibrosis: role in disease pathogenesis and rationale
as a therapeutic target. 33, European respiratory review : an official journal of the European Respiratory Society 2024. Sep 18;33(173):240001. https://doi.
org/10.1183/16000617.0001-2024. Print 2024 Jul.

[14] Carbone A, Vitullo P, Di Gioia S, Conese M. Lung inflammatory genes in cystic fibrosis and their relevance to cystic fibrosis transmembrane conductance
regulator modulator therapies. Genes. Multidisciplinary Digital Publishing Institute (MDPI) 2023. Oct 20;14(10):1966. https://doi.org/10.3390/
genes14101966. 14.

[15] HuY, Bojanowski CM, Britto CJ, Wellems D, Song K, Scull C, et al. Aberrant immune programming in neutrophils in cystic fibrosis. J Leukoc Biol 2024 Mar 1;
115(3):420-34. https://doi.org/10.1093/jleuko/qiad139.

[16] Bell SC, Mall MA, Gutierrez H, Macek M, Madge S, Davies JC, et al. The future of cystic fibrosis care: a global perspective. Lancet Respir Med [Internet] 2019
Sep 27;8(1):65-124. http://www.ncbi.nlm.nih.gov/pubmed/31570318.

[17] Zhang X, Moore CM, Harmacek LD, Domenico J, Rangaraj VR, Ideozu JE, et al. CFTR-mediated monocyte/macrophage dysfunction revealed by cystic fibrosis
proband-parent comparisons. JCI Insight 2022 Mar 22;7(6):e152186. https://doi.org/10.1172/jci.insight.152186.

[18] Esposito S, Colombo C, Tosco A, Montemitro E, Volpi S, Ruggiero L, et al. Streptococcus pneumoniae oropharyngeal colonization in children and adolescents
with cystic fibrosis. J Cyst Fibros 2016 May 1;15(3):366-71. https://doi.org/10.1016/j.jcf.2015.05.008. Epub 2015 Jun 3.

[19] Rab A, Rowe SM, Raju SV, Bebok Z, Matalon S, Collawn JF. Cigarette smoke and CFTR: implications in the pathogenesis of COPD. 305, American Journal of
Physiology - Lung Cellular and Molecular Physiology 2013. Oct 15;305(8):L530—41. https://doi.org/10.1152/ajplung.00039.2013. Epub 2013 Aug 9.

[20] Raju SV, Jackson PL, Courville CA, McNicholas CM, Sloane PA, Sabbatini G, et al. Cigarette smoke induces systemic defects in cystic fibrosis transmembrane
conductance regulator function. Am J Respir Crit Care Med [Internet] 2013 Dec;188(11):1321-30 [cited 2021 Dec 3], http://www.atsjournals.org/doi/abs/
10.1164/rccm.201304-07330C.

[21] Kiinzi L, Easter M, Hirsch MJ, Krick S. Cystic fibrosis lung disease in the aging population. Front Pharmacol [Internet] 2021 Apr 15;12:601438 [cited 2021 Dec
2], http://www.ncbi.nlm.nih.gov/pubmed/33935699.

[22] van Heeckeren AM, Sutton MT, Fletcher DR, Hodges CA, Caplan Al, Bonfield TL. Enhancing cystic fibrosis immune regulation. Front Pharmacol 2021 May 13;
12:269. https://doi.org/10.3389/fphar.2021.573065.eCollection.2021.

[23] Atteih SE, Armbruster CR, Hilliam Y, Rapsinski GJ, Bhusal JK, Krainz LL, et al. Effects of highly effective modulator therapy on the dynamics of the respiratory
mucosal environment and inflammatory response in cystic fibrosis. Pediatr Pulmonol [Internet] 2024 May 14;59(5):1266-73 [cited 2024 May 13], https://
onlinelibrary.wiley.com/doi/10.1002/ppul.26898.

[24] Clancy JP. Rapid therapeutic advances in CFTR modulator science. Pediatr Pulmonol [Internet] 2018 Nov 5;53:54-11. http://www.ncbi.nlm.nih.gov/
pubmed/30289627.

[25] Tiimmler B. Post-approval studies with the CFTR modulators Elexacaftor-Tezacaftor-Ivacaftor. Front Pharmacol [Internet] 2023;14:1158207 [cited 2023 Nov
23], http://www.ncbi.nlm.nih.gov/pubmed/37025483.

[26] McElvaney OJ, Gunaratnam C, McElvaney OF, Bagwe I, Reeves EP, McElvaney NG. Emerging pharmacotherapies in cystic fibrosis. Expert Rev Respir Med

[Internet] 2018 Oct 3;12(10):843-55 [cited 2019 Nov 20], http://www.ncbi.nlm.nih.gov/pubmed/30129380.

[3

—

[5

—

[6

=


https://doi.org/10.3390/genes11060589
https://doi.org/10.3390/genes10030183
https://doi.org/10.3390/cells10112844
https://doi.org/10.3390/cells10112844
http://www.ncbi.nlm.nih.gov/pubmed/24927234
http://www.ncbi.nlm.nih.gov/pubmed/24927234
https://pubmed.ncbi.nlm.nih.gov/28853905/
https://pubmed.ncbi.nlm.nih.gov/29937318/
https://doi.org/10.1039/c6mb00240d
https://doi.org/10.1146/annurev.genom.6.080604.162254
http://www.ncbi.nlm.nih.gov/pubmed/28289476
http://www.ncbi.nlm.nih.gov/pubmed/28610881
http://www.ncbi.nlm.nih.gov/pubmed/26857765
http://www.ncbi.nlm.nih.gov/pubmed/26857765
https://doi.org/10.3389/fphar.2021.601438.eCollection.2021
https://doi.org/10.1183/16000617.0001-2024
https://doi.org/10.1183/16000617.0001-2024
https://doi.org/10.3390/genes14101966
https://doi.org/10.3390/genes14101966
https://doi.org/10.1093/jleuko/qiad139
http://www.ncbi.nlm.nih.gov/pubmed/31570318
https://doi.org/10.1172/jci.insight.152186
https://doi.org/10.1016/j.jcf.2015.05.008
https://doi.org/10.1152/ajplung.00039.2013
http://www.atsjournals.org/doi/abs/10.1164/rccm.201304-0733OC
http://www.atsjournals.org/doi/abs/10.1164/rccm.201304-0733OC
http://www.ncbi.nlm.nih.gov/pubmed/33935699
https://doi.org/10.3389/fphar.2021.573065.eCollection.2021
https://onlinelibrary.wiley.com/doi/10.1002/ppul.26898
https://onlinelibrary.wiley.com/doi/10.1002/ppul.26898
http://www.ncbi.nlm.nih.gov/pubmed/30289627
http://www.ncbi.nlm.nih.gov/pubmed/30289627
http://www.ncbi.nlm.nih.gov/pubmed/37025483
http://www.ncbi.nlm.nih.gov/pubmed/30129380

T.L. Bonfield and H.M. Lazarus Best Practice & Research Clinical Haematology 38 (2025) 101602

[27]

[28]

[29]
[30]
[31]
[32]

[33]

[34]
[35]
[36]

[37]

[38]
[39]
[40]

[41]

[42]
[43]
[44]
[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

Veltman M, De Sanctis JB, Stolarczyk M, Klymiuk N, Bahr A, Brouwer RW, et al. CFTR correctors and antioxidants partially normalize lipid imbalance but not
abnormal basal inflammatory cytokine profile in CF bronchial epithelial cells. Front Physiol [Internet] 2021 Feb 4;12:619442 [cited 2021 Nov 2], http://www.
ncbi.nlm.nih.gov/pubmed/33613309.

Poamangeagra SC, Plesca DA, Tataranu E, Marginean O, Nemtoi A, Mihai C, Gilca-Blanariu GE, Andronic-Norocel, Diaconescu S. A global perspetive on
transition models for pediatric to adult cystic fibrosis care: what has been made so far? J Clin Med 2024. Dec 6;13(23):7428. https://doi.org/10.3390/

jem13237428.

Regard L, Lafoeste H, Martin C, Chassagnon G, Burgel PR. Ageing with cystic fibrosis: classical and emerging comorbidities in adults with cystic fibrosis. Revue
de Pneumologie Clinique. Elsevier Masson SAS 2018;74:279-91. https://doi.org/10.1016/j.pneumo.2018.09.012. Epub 2018 Oct 11.

Rea IM, Gibson DS, McGilligan V, McNerlan SE, Alexander HD, Ross OA. Age and age-related diseases: role of inflammation triggers and cytokines. Front
Immunol [Internet] 2018 Apr 9;9:586 [cited 2019 Nov 23], http://www.ncbi.nlm.nih.gov/pubmed/29686666.

Fulop T, Witkowski JM, Le Page A, Fortin C, Pawelec G, Larbi A. Intracellular signalling pathways: targets to reverse immunosenescence. Clinical and
Experimental Immunology. Blackwell Publishing Ltd 2017;187:35-43. https://doi.org/10.1111/cei.12836. Epub 2016 Aug 3.

Boe DM, Boule LA, Kovacs EJ. Innate immune responses in the ageing lung [Internet]. Clinical and Experimental Immunology. Blackwell Publishing Ltd 2017;
187:16-25 [cited 2020 Sep 8], https://pubmed.ncbi.nlm.nih.gov/27711979/.

Girén Moreno RM, Garcia-Clemente M, Diab-Céceres L, Martinez-Vergara A, Martinez-Garcia MA, Gémez-Punter RM. Treatment of pulmonary disease of cystic
fibrosis: a comprehensive review. Antibiot (Basel, Switzerland) [Internet] 2021 Apr 23;10(5) [cited 2021 Nov 2], http://www.ncbi.nlm.nih.gov/pubmed/
33922413.

Fajac I, Sermet I. Therapeutic approaches for patients with cystic fibrosis not eligible for current CFTR modulators. Cells 2021 Oct 1;10(10):2793. https://doi.
0rg/10.3390/cells10102793.

Song N, Scholtemeijer M, Shah K. Mesenchymal stem cell immunomodulation: mechanisms and therapeutic potential. Trends in Pharmacological Sciences.
Elsevier Ltd 2020;41:653-64. https://doi.org/10.1016/j.tips.2020.06.009. Epub 2020 Jul 22.

Dimarino AM, Caplan Al, Bonfield TL. Mesenchymal stem cells in tissue repair. Front Immunol 2013;4:1664-3224. https://doi.org/10.3389/
fimmu.2013.00201 (Print)):201.

Ma Y, Liu X, Long Y, Chen Y. Emerging therapeutic potential of mesenchymal stem cell-derived extracellular vesicles in chronic respiratory diseases: an
overview of recent progress. Frontiers in Bioengineering and Biotechnology. Frontiers Media S.A 2022. Feb 25:10;10:845042. https://doi.org/10.3389/
fbioe.2022.845042.eCollection.2022.

Gomez-Salazar M, Gonzalez-Galofre ZN, Casamitjana J, Crisan M, James AW, Péault B. Five decades later, are mesenchymal stem cells still relevant? Vol. 8.
Frontiers in Bioengineering and Biotechnology. Frontiers Media S.A 2020. Feb 28;(8):148. https://doi.org/10.3389/fbioe.2020.00148.eCollection.2020.
Maged G, Abdelsamed MA, Wang H, Lotfy A. The potency of mesenchymal stem/stromal cells: does donor sex matter? Vol. 15. Stem Cell Research and
Therapy. BioMed Central Ltd 2024. Apr 22;15(1):112. https://doi.org/10.1186/s13287-024-03722-3.

Caplan Al Mesenchymal stem cells: time to change the name. Stem Cells Transl Med [Internet] 2017 Jun;6(6):1445-51 [cited 2019 Sep 14], http://www.ncbi.
nlm.nih.gov/pubmed/28452204.

Luque-Campos N, Bustamante-Barrientos FA, Pradenas C, Garcia C, Araya MJ, Bohaud C, et al. The macrophage response is driven by mesenchymal stem cell-
mediated metabolic reprogramming [internet]. Frontiers in Inmunology. Frontiers Media S.A 2021;12 [cited 2021 Sep 12]. https://pubmed.ncbi.nlm.nih.gov/
34149687/.

Zhang F-F, Hao Y, Zhang K-X, Yang J-J, Zhao Z-Q, Liu H-J, et al. Interplay between mesenchymal stem cells and macrophages: promoting bone tissue repair.
World J Stem Cells [Internet] 2024 Apr 26;16(4):375-88 [cited 2024 May 31], http://www.ncbi.nlm.nih.gov/pubmed/38690513.

Jerkic M, Szaszi K, Laffey JG, Rotstein O, Zhang H. Key role of mesenchymal stromal cell interaction with macrophages in promoting repair of lung injury. Int J
Mol Sci [Internet] 2023 Feb 8;24(4) [cited 2023 Dec 15], http://www.ncbi.nlm.nih.gov/pubmed/36834784.

Galipeau J. Macrophages at the nexus of mesenchymal stromal cell potency: the emerging role of chemokine cooperativity. Stem Cell 2021;39:1145-54. John
Wiley and Sons Inc, http://www.ncbi.nlm.nih.gov/pubmed/28452204.

Murphy MB, Moncivais K, Caplan Al. Mesenchymal stem cells: environmentally responsive therapeutics for regenerative medicine. Exp Mol Med [Internet]
2013 Nov 15;45(11):1-16. e54. [cited 2019 Sep 141, http://www.ncbi.nlm.nih.gov/pubmed/24232253.

Galipeau J, Krampera M, Leblanc K, Nolta JA, Phinney DG, Shi Y, et al. Mesenchymal stromal cell variables influencing clinical potency: the impact of viability,
fitness, route of administration and host predisposition. Cytotherapy 2021 May 1;23(5):368-72. https://doi.org/10.1016/j.jcyt.2020.11.007. Epub 2021 Mar
11.

Crapnell K, Blaesius R, Hastings A, Lennon DP, Caplan Al, Bruder SP. Growth, differentiation capacity, and function of mesenchymal stem cells expanded in
serum-free medium developed via combinatorial screening. Exp Cell Res 2013 Jun 10;319:1409-18. https://doi.org/10.1016/j.yexcr.2013.04.004. 1090-2422
(Electronic Epub 2013 Apr 15.

Lennon DP, Caplan Al Isolation of human marrow-derived mesenchymal stem cells. Exp Hematol 2006 Nov;34:1604-5. https://doi.org/10.1016/j.
exphem.2006.07.014. 0301-472X (Print)).

Lennon D, Solchaga LA, Somoza RA, Schluchter MD, Margevicius S, Caplan Al. Human and rat bone marrow-derived mesenchymal stem cells differ in their
response to fibroblast growth factor and platelet-derived growth factor. Tissue Eng 2018 Dec 1;24(23-24):1831-43. https://doi.org/10.1089/ten.
TEA.2018.0126. Epub 2018 Aug 22.

Cakouros D, Gronthos S. The changing epigenetic landscape of Mesenchymal Stem/Stromal Cells during aging. Bone [Internet] 2020 Aug 1;137 [cited 2021 Jul
22], https://pubmed.ncbi.nlm.nih.gov/32445894/.

Harada S, Mabuchi Y, Kohyama J, Shimojo D, Suzuki S, Kawamura Y, et al. FZD5 regulates cellular senescence in human mesenchymal stem/stromal cells.
Stem Cell 2021 Mar 1;39(3):318-30. https://doi.org/10.1002/stem.3317. Epub 2020 Dec 22.

Amati E, Perbellini O, Rotta G, Bernardi M, Chieregato K, Sella S, et al. High-throughput immunophenotypic characterization of bone marrow- and cord blood-
derived mesenchymal stromal cells reveals common and differentially expressed markers: identification of angiotensin-converting enzyme (CD143) as a
marker differentially expressed between adult and perinatal tissue sources. Stem Cell Res Ther [Internet] 2018 Jan 16;9(1) [cited 2022 May 30], https://
pubmed.ncbi.nlm.nih.gov/29338788/.

Yucesoy B, Talzhanov Y, Johnson VJ, Wilson NW, Biagini RE, Wang W, et al. Genetic variants within the MHC region are associated with immune
responsiveness to childhood vaccinations. Vaccine [Internet] 2013 Nov 4;31(46):5381-91 [cited 2019 Mar 23], http://www.ncbi.nlm.nih.gov/pubmed/
24075919.

Lazarus HM, Koc ON, Devine SM, Curtin P, Maziarz RT, Holland HK, et al. Cotransplantation of HLA-identical sibling culture-expanded mesenchymal stem
cells and hematopoietic stem cells in hematologic malignancy patients. Biol Blood Marrow Transplant 2005 May;11(5):389-98. https://doi.org/10.1016/j.
bbmt.2005.02.001.

Markov A, Thangavelu L, Aravindhan S, Zekiy AO, Jarahian M, Chartrand MS, et al. Mesenchymal stem/stromal cells as a valuable source for the treatment of
immune-mediated disorders. Vol. 12, Stem Cell Research and Therapy. BioMed Central Ltd 2021. Mar 18;12(1):192. https://doi.org/10.1186/5s13287-021-
02265-1.

Rolandsson Enes S, Hampton TH, Barua J, McKenna DH, dos Santos CC, Amiel E, et al. Healthy versus inflamed lung environments differentially effect MSCs.
Eur Respir J [Internet] 2021 Apr 1 [cited 2021 Sep 121;2004149. https://pubmed.ncbi.nlm.nih.gov/33795318/.

Shanbhag S, Stavropoulos A, Suliman S, Hervig T, Mustafa K. Efficacy of humanized mesenchymal stem cell cultures for bone tissue engineering: a systematic
review with a focus on platelet derivatives. Tissue Eng Part B Rev [Internet] 2017;23(6):552-69 [cited 2019 Apr 16], http://www.ncbi.nlm.nih.gov/pubmed/
28610481.

Dunn CM, Kameishi S, Grainger DW, Okano T. Strategies to address mesenchymal stem/stromal cell heterogeneity in immunomodulatory profiles to improve
cell-based therapies. Vol. 133, Acta Biomaterialia. Acta Mater 2021:114-25. https://doi.org/10.1016/j.actbio.2021.03.069. Epub 2021 Apr 20.

10


http://www.ncbi.nlm.nih.gov/pubmed/33613309
http://www.ncbi.nlm.nih.gov/pubmed/33613309
https://doi.org/10.3390/jcm13237428
https://doi.org/10.3390/jcm13237428
https://doi.org/10.1016/j.pneumo.2018.09.012
http://www.ncbi.nlm.nih.gov/pubmed/29686666
https://doi.org/10.1111/cei.12836
https://pubmed.ncbi.nlm.nih.gov/27711979/
http://www.ncbi.nlm.nih.gov/pubmed/33922413
http://www.ncbi.nlm.nih.gov/pubmed/33922413
https://doi.org/10.3390/cells10102793
https://doi.org/10.3390/cells10102793
https://doi.org/10.1016/j.tips.2020.06.009
https://doi.org/10.3389/fimmu.2013.00201
https://doi.org/10.3389/fimmu.2013.00201
https://doi.org/10.3389/fbioe.2022.845042.eCollection.2022
https://doi.org/10.3389/fbioe.2022.845042.eCollection.2022
https://doi.org/10.3389/fbioe.2020.00148.eCollection.2020
https://doi.org/10.1186/s13287-024-03722-3
http://www.ncbi.nlm.nih.gov/pubmed/28452204
http://www.ncbi.nlm.nih.gov/pubmed/28452204
https://pubmed.ncbi.nlm.nih.gov/34149687/
https://pubmed.ncbi.nlm.nih.gov/34149687/
http://www.ncbi.nlm.nih.gov/pubmed/38690513
http://www.ncbi.nlm.nih.gov/pubmed/36834784
http://www.ncbi.nlm.nih.gov/pubmed/28452204
http://www.ncbi.nlm.nih.gov/pubmed/24232253
https://doi.org/10.1016/j.jcyt.2020.11.007
https://doi.org/10.1016/j.yexcr.2013.04.004
https://doi.org/10.1016/j.exphem.2006.07.014
https://doi.org/10.1016/j.exphem.2006.07.014
https://doi.org/10.1089/ten.TEA.2018.0126
https://doi.org/10.1089/ten.TEA.2018.0126
https://pubmed.ncbi.nlm.nih.gov/32445894/
https://doi.org/10.1002/stem.3317
https://pubmed.ncbi.nlm.nih.gov/29338788/
https://pubmed.ncbi.nlm.nih.gov/29338788/
http://www.ncbi.nlm.nih.gov/pubmed/24075919
http://www.ncbi.nlm.nih.gov/pubmed/24075919
https://doi.org/10.1016/j.bbmt.2005.02.001
https://doi.org/10.1016/j.bbmt.2005.02.001
https://doi.org/10.1186/s13287-021-02265-1
https://doi.org/10.1186/s13287-021-02265-1
https://pubmed.ncbi.nlm.nih.gov/33795318/
http://www.ncbi.nlm.nih.gov/pubmed/28610481
http://www.ncbi.nlm.nih.gov/pubmed/28610481
https://doi.org/10.1016/j.actbio.2021.03.069

T.L. Bonfield and H.M. Lazarus Best Practice & Research Clinical Haematology 38 (2025) 101602

[59]
[60]

[61]

[62]
[63]
[64]
[65]

[66]

[67]
[68]

[69]

[70]

[71]
[72]
[73]
[74]
[75]
[76]

[77]

[78]

[79]
[80]
[81]
[82]
[83]
[84]
[85]
[86]

[87]

[88]
[89]
[90]
[91]

[92]

[93]

Fan XL, Zhang Y, Li X, Fu QL. Mechanisms underlying the protective effects of mesenchymal stem cell-based therapy. Cellular and Molecular Life Sciences.
Springer 2020;77:2771-94. https://doi.org/10.1007/s00018-020-03454-6. Epub 2020 Jan 21.

Mohammadipoor A, Antebi B, Batchinsky Al, Cancio LC. Therapeutic potential of products derived from mesenchymal stem/stromal cells in pulmonary
disease. 19, Respiratory Research. BioMed Central Ltd. 2018. Nov 9;19(1):218. https://doi.org/10.1186/512931-018-0921-x.

Bonfield TL, Sutton MT, Fletcher DR, Reese-Koc J, Roesch EA, Lazarus HM, et al. Human mesenchymal stem cell (hMSC) donor potency selection for the “first
in cystic fibrosis™ phase I clinical trial (CEASE-CF). Pharmaceuticals [Internet] 2023 Feb 1;16(2):220 [cited 2023 Apr 1], https://www.mdpi.com/1424-8247/
16/2/220.

Bonfield TL, Sutton MT, Fletcher DR, Folz MA, Ragavapuram V, Somoza RA, et al. Donor-defined mesenchymal stem cell antimicrobial potency against
nontuberculous mycobacterium. Stem Cells Transl Med 2021 Aug 1;10(8):1202-16. https://doi.org/10.1002/sctm.20-0521. Epub 2021 May 4.

Nitkin CR, Bonfield TL. Concise review: mesenchymal stem cell therapy for pediatric disease: perspectives on success and potential improvements. Stem Cells
Transl Med 2017;6(2):539-65. https://doi.org/10.5966/sctm.2015-0427. Epub 2016 Sep. 13.

Sutton MT, Fletcher D, Episalla N, Auster L, Folz M, Roy V, et al. Mesenchymal stem cell soluble mediators and cystic fibrosis. J Stem Cell Res Ther [Internet]
2017 Aug;7(9). https://doi.org/10.4172/2157-7633.1000400 [cited 2018 Nov 18], http://www.ncbi.nlm.nih.gov/pubmed/29291140.

Wang M, Yuan Q, Xie L. Mesenchymal stem cell-based immunomodulation: properties and clinical application. Stem Cells International. Hindawi Limited
2018. Jun 14:2018;2018:3057624. https://doi.org/10.1155/2018/3057624.eCollection.2018.

Abreu SC, Hampton TH, Hoffman E, Dearborn J, Ashare A, Sidhu KS, et al. Differential effects of the cystic fibrosis lung inflammatory environment on
mesenchymal stromal cells. Am J Physiol - Lung Cell Mol Physiol [Internet] 2020 Nov 30;319(6):L908-925 [cited 2021 Sep 12], https://pubmed.ncbi.nlm.nih.
gov/32901521/.

Rostami Z, Khorashadizadeh M, Naseri M. Inmunoregulatory properties of mesenchymal stem cells: micro-RNAs. Inmunology Letters. Elsevier B.V. 2020;219:
34-45. https://doi.org/10.1016/j.imlet.2019.12.011. Epub 2020 Jan 7.

Holopainen M, Impola U, Lehenkari P, Laitinen S, Kerkela E. Human mesenchymal stromal cell secretome promotes the immunoregulatory phenotype and
phagocytosis activity in human macrophages. Cells 2020 Sep 22;9(9):2142. https://doi.org/10.3390/cells9092142.

Lazarus HM, Haynesworth SE, Gerson SL, Rosenthal NS, Caplan Al Ex vivo expansion and subsequent infusion of human bone marrow-derived stromal
progenitor cells (mesenchymal progenitor cells): implications for therapeutic use. Bone Marrow Transplant 1995;16(4):557-64. https://pubmed.ncbi.nlm.nih.
gov/8528172/PMID:8528172.

Kog ON, Gerson SL, Cooper BW, Dyhouse SM, Haynesworth SE, Caplan Al et al. Rapid hematopoietic recovery after coinfusion of autologous-blood stem cells
and culture-expanded marrow mesenchymal stem cells in advanced breast cancer patients receiving high-dose chemotherapy. J Clin Oncol 2000;18(2):
307-16. https://doi.org/10.1200/JC0.2000.18.2.307.

Wilson JG, Liu KD, Zhuo H, Caballero L, McMillan M, Fang X, et al. Mesenchymal stem (stromal) cells for treatment of ARDS: a phase 1 clinical trial. Lancet
Respir Med 2015 Jan 1;3(1):24-32. https://doi.org/10.1016/52213-2600(14)70291-7. Epub 2014 Dec 17.

Nitkin CR, Bonfield TL. Concise review: mesenchymal stem cell therapy for pediatric disease: perspectives on success and potential improvements. Stem Cells
Transl Med 2017;6:539-65. Available from: http://www.ncbi.nlm.nih.gov/pubmed/27625040.

Ryan AL, Ikonomou L, Atarod S, Béliikbas DA, Collins J, Freishtat R, et al. Stem cells, cell therapies, and bioengineering in lung biology and diseases 2017. Am
J Respir Cell Mol Biol 2019 Oct 1;61(4):429-39. https://doi.org/10.1165/rcmb.2019-0286ST.

Wagner DE, Ikonomou L, Gilpin SE, Magin CM, Cruz F, Greaney A, et al. Stem cells, cell therapies, and bioengineering in lung biology and disease 2019. ERJ
Open Res [Internet] 2020 Oct;6(4):1-16. 00123-2020, [cited 2021 Sep 12], https://pubmed.ncbi.nlm.nih.gov/33123557/.

Chen J, Luo L, Tian R, Yu C. A review and update for registered clinical studies of stem cells for non-tumorous and non-hematological diseases. Regenerative
Therapy. Japanese Society of Regenerative Medicine 2021;18:355-62. https://doi.org/10.1016/j.reth.2021.09.001.eCollection.2021.Dec.

Caplan Al Cell-based therapies: the nonresponder. Stem Cells Transl Med [Internet] 2018 Nov;7(11):762-6. https://doi.org/10.1002/sctm.18-0074 [cited
2019 Sep 14].

Kurtzberg J, Abdel-Azim H, Carpenter P, Chaudhury S, Horn B, Mahadeo K, et al. A phase 3, single-arm, prospective study of remestemcel-L, ex vivo culture-
expanded adult human mesenchymal stromal cells for the treatment of pediatric patients who failed to respond to steroid treatment for acute graft-versus-host
disease. Biol Blood Marrow Transplant 2020 May 1;26(5):845-54.

Kurtzberg J, Prockop S, Chaudhury S, Horn B, Nemecek E, Prasad V, et al. Study 275: updated expanded access program for remestemcel-L in steroid-refractory
acute graft-versus-host disease in children. Biol Blood Marrow Transplant 2020 May 1;26(5):855-64. https://doi.org/10.1016/j.bbmt.2020.01.018. Epub
2020 Feb 1.

Bonfield TL, Sutton MT, Fletcher DR, Folz MA, Ragavapuram V, Somoza RA, et al. Donor-defined mesenchymal stem cell antimicrobial potency against
nontuberculous mycobacterium. Stem Cells Transl Med 2021 May 4;10:1202-16. https://onlinelibrary.wiley.com/doi/10.1002/sctm.20-0521.

Sutton MT, Fletcher D, Ghosh SK, Weinberg A, Van Heeckeren R, Kaur S, et al. Antimicrobial properties of mesenchymal stem cells: therapeutic potential for
cystic fibrosis infection, and treatment. Stem Cell Int 2016;2016:5303048. https://doi.org/10.1155/2016/5303048. Epub 2016 Jan 26.

Breitman M, Bonfield TL, Caplan Al, Lazarus HM, Haghiac M, LaSalvia S, et al. Optimization of human mesenchymal stem cells for rheumatoid arthritis:
implications for improved therapeutic outcomes. ACR Open Rheumatol 2022 Feb 1;4(2):152-60. https://doi.org/10.1002/acr2.11356. Epub 2021 Nov 18.
Bonfield TL, Lennon D, Ghosh SK, DiMarino AM, Weinberg A, Caplan Al Cell based therapy aides in infection and inflammation resolution in the murine
model of cystic fibrosis lung disease. Stem Cell Discov 2013;3(No 2):1390153. https://doi.org/10.4236/scd.2013.32019.

Abreu SC, Enes SR, Dearborn J, Goodwin M, Coffey A, Borg ZD, et al. Lung inflammatory environments differentially alter mesenchymal stromal cell behavior.
Am J Physiol Lung Cell Mol Physiol 2019;317(6):L823-31. https://doi.org/10.1152/ajplung.00263.2019. Epub 2019 Sep. 25.

Caplan Al, Dennis JE. Mesenchymal stem cells as trophic mediators. J Cell Biochem 2006 Aug 1;98:730-2312. https://doi.org/10.1002/jcb.20886 (Print)):
1076-84.

Caplan Al, Correa D. The MSC: an injury drugstore. Cell Stem Cell [Internet] 2011 Jul 8;9(1):11-5 [cited 2019 Sep 14], http://www.ncbi.nlm.nih.gov/
pubmed/21726829.

Sutton MT, Fletcher D, Episalla N, Auster L, Kaur S, Gwin MC, Folz M, Veasquez D, Roy V, van Heeckeren R, Lennon DP, Caplan Ai BT. Mesenchymal stem cell
soluble mediators and cystic fibrosis. J Stem Cell Res Ther 2017;7(9). https://doi.org/10.4172/2157-7633.

Shaw TD, Krasnodembskaya AD, Schroeder GN, Zumla A, Maeurer M, O’Kane CM. Mesenchymal stromal cells: an antimicrobial and host-directed therapy for
complex infectious diseases. Vol. 34. Clinical Microbiology Reviews. American Society for Microbiology 2021. Dec 15;34(4):e0006421. https://doi.org/
10.1128/CMR.00064-21. Epub 2021 Oct 6.

Mehler VJ, Burns C, Moore ML. Concise review: exploring immunomodulatory features of mesenchymal stromal cells in humanized mouse models. Stem Cells
[Internet] 2019 Mar;37(3):298-305 [cited 2019 Mar 23], http://www.ncbi.nlm.nih.gov/pubmed/30395373.

Zhu Y, Ge J, Huang C, Liu H, Jiang H. Application of mesenchymal stem cell therapy for aging frailty: from mechanisms to therapeutics. Theranostics.
Ivyspring International Publisher 2021;11:5675-85. https://doi.org/10.7150/thno.46436.eCollection.2021.

Naji A, Eitoku M, Favier B, Deschaseaux F, Rouas-Freiss N, Suganuma N. Biological functions of mesenchymal stem cells and clinical implications. Cell Mol Life
Sci [Internet] 2019 Sep 4;76(17):3323-48 [cited 2019 Oct 16], http://www.ncbi.nlm.nih.gov/pubmed/31055643.

Cohen JA, Imrey PB, Planchon SM, Bermel RA, Fisher E, Fox RJ, et al. Pilot trial of intravenous autologous culture-expanded mesenchymal stem cell
transplantation in multiple sclerosis. Mult Scler J 2018 Apr 1;24(4):501-11. https://doi.org/10.1177/1352458517703802. Epub 2017 Apr 6.

Jerkic M, Gagnon S, Rabani R, Ward-Able T, Masterson C, Otulakowski G, et al. Human umbilical cord mesenchymal stromal cells attenuate systemic sepsis in
part by enhancing peritoneal macrophage bacterial killing via heme oxygenase-1 induction in rats. Anesthesiology 2020 Jan 1;132(1):140-54. https://doi.org/
10.1097/ALN.0000000000003018.

Ghigo A, Prono G, Riccardi E, De Rose V. Dysfunctional inflammation in cystic fibrosis airways: from mechanisms to novel therapeutic approaches.
International Journal of Molecular Sciences. MDPI AG 2021;22:1-23.

11


https://doi.org/10.1007/s00018-020-03454-6
https://doi.org/10.1186/s12931-018-0921-x
https://www.mdpi.com/1424-8247/16/2/220
https://www.mdpi.com/1424-8247/16/2/220
https://doi.org/10.1002/sctm.20-0521
https://doi.org/10.5966/sctm.2015-0427
https://doi.org/10.4172/2157-7633.1000400
http://www.ncbi.nlm.nih.gov/pubmed/29291140
https://doi.org/10.1155/2018/3057624.eCollection.2018
https://pubmed.ncbi.nlm.nih.gov/32901521/
https://pubmed.ncbi.nlm.nih.gov/32901521/
https://doi.org/10.1016/j.imlet.2019.12.011
https://doi.org/10.3390/cells9092142
https://pubmed.ncbi.nlm.nih.gov/8528172/PMID:8528172
https://pubmed.ncbi.nlm.nih.gov/8528172/PMID:8528172
https://doi.org/10.1200/JCO.2000.18.2.307
https://doi.org/10.1016/S2213-2600(14)70291-7
http://www.ncbi.nlm.nih.gov/pubmed/27625040
https://doi.org/10.1165/rcmb.2019-0286ST
https://pubmed.ncbi.nlm.nih.gov/33123557/
https://doi.org/10.1016/j.reth.2021.09.001.eCollection.2021.Dec
https://doi.org/10.1002/sctm.18-0074
http://refhub.elsevier.com/S1521-6926(25)00007-6/sref77
http://refhub.elsevier.com/S1521-6926(25)00007-6/sref77
http://refhub.elsevier.com/S1521-6926(25)00007-6/sref77
https://doi.org/10.1016/j.bbmt.2020.01.018
https://onlinelibrary.wiley.com/doi/10.1002/sctm.20-0521
https://doi.org/10.1155/2016/5303048
https://doi.org/10.1002/acr2.11356
https://doi.org/10.4236/scd.2013.32019
https://doi.org/10.1152/ajplung.00263.2019
https://doi.org/10.1002/jcb.20886
http://www.ncbi.nlm.nih.gov/pubmed/21726829
http://www.ncbi.nlm.nih.gov/pubmed/21726829
https://doi.org/10.4172/2157-7633
https://doi.org/10.1128/CMR.00064-21
https://doi.org/10.1128/CMR.00064-21
http://www.ncbi.nlm.nih.gov/pubmed/30395373
https://doi.org/10.7150/thno.46436.eCollection.2021
http://www.ncbi.nlm.nih.gov/pubmed/31055643
https://doi.org/10.1177/1352458517703802
https://doi.org/10.1097/ALN.0000000000003018
https://doi.org/10.1097/ALN.0000000000003018
http://refhub.elsevier.com/S1521-6926(25)00007-6/sref93
http://refhub.elsevier.com/S1521-6926(25)00007-6/sref93

T.L. Bonfield and H.M. Lazarus Best Practice & Research Clinical Haematology 38 (2025) 101602

[94]
[95]
[96]

[97]

[98]

[99]

[100]

[101]
[102]

[103]

[104]
[105]
[106]
[107]

[108]

[109]
[110]

[111]

Yuan D, Bao Y. El-Hashash, Mesenchymal stromal cell-based therapy in lung diseases; from resarch to clinic. Am J Stem Cells 2024 Apr 25;13(2):37-58.
https://doi.org/10.62347/JAWM2040.eCollection.2024.

Holopainen M, Impola U, Lehenkari P, Laitinen S, Kerkela E. Human mesenchymal stromal cell secretome promotes the immunoregulatory phenotype and
phagocytosis activity in human macrophages. Cells [Internet] 2020 Sep 22;9(9) [cited 2023 May 12], https://pubmed.ncbi.nlm.nih.gov/32972000/.
Roesch EA, Bonfield TL, Lazarus HM, Reese J, Hilliard K, Hilliard J, et al. A phase I study assessing the safety and tolerability of allogeneic mesenchymal stem
cell infusion in adults with cystic fibrosis. J Cyst Fibros 2023 May;22(3):407-13. https://doi.org/10.1016/j.jcf.2022.12.001. Epub 2022 Dec 20.

Shaw TD, Kransnodembskaya Ad< Schroeder GN, Doherty DF, Silva JD, Tandel SM, Su Y, Butler D, Ingram RJ, O’Kane CM. Human mesenchymal stromal cells
inhibit Mycobacterium avium replication in clinical relevant models of lung infection. Thorax 2024. Jul 16;79(8):778-87. https://doi.org/10.1136/thorax-
2023-220819.

Bonfield TL, Koloze M, Lennon DP, Zuchowski B, Yang SE, Caplan Al. Human mesenchymal stem cells suppress chronic airway inflammation in the murine
ovalbumin asthma model. Am J Physiol Lung Cell Mol Physiol 2010 Dec;299. https://doi.org/10.1152/ajplung.00182.2009. 1522-1504 (Electronic)):L760-70
Epub 2010 Sep. 3.

Caretti A, Peli V, Colombo M, Zulueta A. Lights and shadows in the use of mesenchymal stem cells in lung inflammation, a poorly investigated topic in cystic
fibrosis. 9, Cells. NLM (Medline) 2019. Dec 19;9(1):20. https://doi.org/10.3390/cells9010020.

Samarelli AV, Tonelli R, Heijink I, Martin Medina A, Marchioni A, Bruzzi G, et al. Dissecting the role of mesenchymal stem cells in idiopathic pulmonary
fibrosis: cause or solution [internet]. Frontiers in Pharmacology. Frontiers Media S.A 2021;12 [cited 2022 May 30]. https://pubmed.ncbi.nlm.nih.gov/
34290610/.

Lee BC, Kang I, Yu KR. Therapeutic features and updated clinical trials of mesenchymal stem cell (Msc)-derived exosomes. Vol. 10. Journal of Clinical
Medicine. MDPI 2021;10(4):1-18. https://doi.org/10.3390/jcm10040711. Feb 11;711.

Costa LA, Eiro N, Fraile M, Gonzalez LO, Saa J, Garcia-Portabella P, et al. Functional heterogeneity of mesenchymal stem cells from natural niches to culture
conditions: implications for further clinical uses. Cell Mol Life Sci [Internet] 2021 Jan;78(2):447-67. http://www.ncbi.nlm.nih.gov/pubmed/32699947.
Cruz-Barrera M, Florez-Zapata N, Lemus-Diaz N, Medina C, Galindo CC, Gonzalez-Acero LX, et al. Integrated analysis of transcriptome and secretome from
umbilical cord mesenchymal stromal cells reveal new mechanisms for the modulation of inflammation and immune activation. Front Immunol 2020 Sep 30;11:
575488. https://doi.org/10.3389/fimmu.2020.575488.eCollection.2020.

Mohammadipoor A, Antebi B, Batchinsky Al, Cancio LC. Therapeutic potential of products derived from mesenchymal stem/stromal cells in pulmonary
disease. Respir Res [Internet] 2018 Dec 9;19(1):218 [cited 2018 Nov 15], http://www.ncbi.nlm.nih.gov/pubmed/30413158.

Fernandez-Francos S, Eiro N, Costa LA, Escudero-Cernuda S, Fernandez-Sanchez ML, Vizoso FJ. Mesenchymal stem cells as a cornerstone in a galaxy of
intercellular signals: basis for a new era of medicine. Int J Mol Sci 2021 Apr 1;22(7):3576. https://doi.org/10.3390/ijms22073576.

Zhao T, Sun F, Liu J, Ding T, She J, Mao F, et al. Emerging role of mesenchymal stem cell-derived exosomes in regenerative medicine. Curr Stem Cell Res Ther
2019 Feb 28;14(6):482-94. https://doi.org/10.2174/1574888X14666190228103230.

Cheung TS, Bertolino GM, Giacomini C, Bornhauser M, Dazzi F, Galleu A. Mesenchymal stromal cells for graft versus host disease: mechanism-based
biomarkers. Front Immunol [Internet] 2020 Jun 25;11:1338 [cited 2020 Jul 1], https://www.frontiersin.org/article/10.3389/fimmu.2020.01338/full.
Golpanian S, DiFede DL, Pujol MV, Lowery MH, Levis-Dusseau S, Goldstein BJ, et al. Rationale and design of the allogeneiC human mesenchymal stem cells
(hMSCQ) in patients with aging fRAIlTy via intravenoUS delivery (CRATUS) study: a phase 1/1I, randomized, blinded and placebo controlled trial to evaluate the
Safety and potential efficacy of allogeneic human mesenchymal stem cell infusion in patients with aging frailty. Oncotarget 2016 Mar 15;7(11):11899-912.
Zhang R, Wang N, Zhang L-N, Huang N, Song T-F, Li Z-Z, et al. Knockdown of DNMT1 and DNMT3a promotes the angiogenesis of human mesenchymal stem
cells leading to arterial specific differentiation. Stem Cells [Internet] 2016 May 1;34(5):1273-83. https://doi.org/10.1002/stem.2288 [cited 2021 Mar 17].
Meng SS, Xu XP, Chang W, Lu ZH, Huang LL, Xu JY, et al. LincRNA-p21 promotes mesenchymal stem cell migration capacity and survival through hypoxic
preconditioning. Stem Cell Res Ther 2018 Oct 25;9(1):280. https://doi.org/10.1186/513287-018-1031-x.

Chen X, Wu S, Tang L, Ma L, Wang F, Feng H, et al. Mesenchymal stem cells overexpressing heme oxygenase-1 ameliorate lipopolysaccharide-induced acute
lung injury in rats. J Cell Physiol 2019 May 1;234(5):7301-19. https://doi.org/10.1002/jcp.27488. Epub 2018 Oct 26.

12


https://doi.org/10.62347/JAWM2040.eCollection.2024
https://pubmed.ncbi.nlm.nih.gov/32972000/
https://doi.org/10.1016/j.jcf.2022.12.001
https://doi.org/10.1136/thorax-2023-220819
https://doi.org/10.1136/thorax-2023-220819
https://doi.org/10.1152/ajplung.00182.2009
https://doi.org/10.3390/cells9010020
https://pubmed.ncbi.nlm.nih.gov/34290610/
https://pubmed.ncbi.nlm.nih.gov/34290610/
https://doi.org/10.3390/jcm10040711
http://www.ncbi.nlm.nih.gov/pubmed/32699947
https://doi.org/10.3389/fimmu.2020.575488.eCollection.2020
http://www.ncbi.nlm.nih.gov/pubmed/30413158
https://doi.org/10.3390/ijms22073576
https://doi.org/10.2174/1574888X14666190228103230
https://www.frontiersin.org/article/10.3389/fimmu.2020.01338/full
http://refhub.elsevier.com/S1521-6926(25)00007-6/sref108
http://refhub.elsevier.com/S1521-6926(25)00007-6/sref108
http://refhub.elsevier.com/S1521-6926(25)00007-6/sref108
https://doi.org/10.1002/stem.2288
https://doi.org/10.1186/s13287-018-1031-x
https://doi.org/10.1002/jcp.27488

	Human mesenchymal stem cell therapy: Potential advances for reducing cystic fibrosis infection and organ inflammation
	1 Introduction
	2 Current advancements IN CF disease management
	3 MSC biology
	4 MSCS as medicinal signaling cells
	5 MSC BIO-FACTORS: Harnessing potency for clinical impact
	6 The MSC advantage IN CF
	7 MSC and enhancing CF management and quality of life
	8 Conclusion
	Practice points
	Research agenda
	CRediT authorship contribution statement
	Declaration of generative AI and AI-assisted technologies in the writing
	Conflict of interest
	Acknowledgments
	References


