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ABSTRACT 

 

Chronic inflammation is associated with many pulmonary conditions such as Cystic 

Fibrosis (CF), chronic obstructive pulmonary disease (COPD), asthma and acute 

respiratory distress syndrome (ARDS). Often, patients with inflammatory lung disease 

exhibit increased immune cell counts in their lungs such as neutrophils, macrophages and 

T cells accompanied by elevated levels of pro-inflammatory cytokines such as IFN-γ, IL-

6, IL-8, IL-1β and neutrophil elastase (NE). Increased immune cell numbers and 

increased levels of their associated cytokines in the pulmonary environment of these 

patients do not necessarily correlate with increased efficiency to clear bacteria and 

resolve the inflammatory response. Thus, patients exhibit a progressive cycle of chronic 

inflammation, lung fibrosis and reduction in lung function. As many studies have shown, 

immune cells in patients with inflammatory lung disease might be dysregulated and often 

lead to disease worsening and contribute to the progressive loss of lung function. 

Therapeutic regimens for these diseases mainly rely on the use of anti-inflammatory 

drugs such as corticosteroids, ibuprofen and azithromycin to mitigate the inflammatory 

response and improve lung function. However, the use of these drug regimens has been 

associated with serious adverse events such as growth retardation, and often presents 

challenges to establish precise doses in patients. Thus, therapeutic regimens provide 

symptom management in an attempt to slow the progression of the disease however; it is 

the repeated cycles of inflammation, injury and fibrosis that cause the chronic, life-

threatening manifestations that ultimately lead to respiratory failure. Thus, therapies that 

can target this inflammatory environment and disrupt the destructive cycle of infection, 
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inflammation and fibrosis would have a major impact in preventing the progression of 

lung disease.  

We hypothesized that immune-modulatory cell therapy can be an effective treatment for 

inflammatory lung disease, such as CF, to prevent ongoing inflammation and improve 

lung function. Perinatal stem cells have anti-inflammatory properties that make them a 

promising cell therapeutic approach for treating inflammation in lung disease. In Aim 1, 

we demonstrated that perinatal cells, particularly placental stem cells (PLSCs) have 

potent suppressive properties on the proliferation of lymphocytes as well as on the levels 

of acute phase reactants such as NE, NF-κB, IL-1β, TNF, IL-6 and IFN-γ. PLSCs 

decreased the percentage of pro-inflammatory Th1 cells and reduced their function to 

secrete IFN-γ in healthy derived immune cells stimulated in vitro. In Aim 2 we first 

confirmed that the administration of PLSCs to immune cells derived from CF patients 

also decreased the level of IFN-γ, suggesting that PLSCs have consistent therapeutic 

effects that are exerted via the Th1 branch of the immune response. Next we 

demonstrated that PLSCs primed with CF derived from supernatant of mucopurulent 

material (SMM) showed a superior suppressive effect on lymphocytes, describing a new 

approach to generate PLSCs with potent disease specific properties that make them useful 

candidates for targeted CF therapy. We found that PLSCs secreted factors, conditioned 

media (CM) and exosomes was not successful in sustaining the suppressive effects 

observed in the presence of PLSCs, thus we concluded that in our in vitro immunoassay 

settings, cell-to-cell contact is required between immune cells and PLSCs to achieve the 

desired immunomodulation. In Aim 3, we were successful in establishing an LPS acute 

lung injury model and pulmonary function testing methodology using a novel ferret 



xix 
 

model. We demonstrated that repeated does of 1mg/ml LPS triggered an inflammatory 

response characterized by increased neutrophilia in the lung and reduced lung function. 

We found that the administration of PLSCs in LPS ferrets could reduce lung 

inflammation but did not rescue pulmonary function at the doses and duration of the 

injury evaluated. In conclusion, these studies highlighted the immunomodulatory 

properties of PLSCs and enhanced our understanding of the potential interactions with 

the immune system in vitro and in vivo. This work devised new insights about the 

immune properties of cell therapy, and highlighted characteristics that should be taken 

into account for the development of a successful targeted therapy.
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CHAPTER I: Introduction and Background 

This chapter contains sections taken from: 

Oula Khoury, Christopher Barrios, Victor Ortega, Anthony Atala, Sean V. Murphy. 

Immunomodulatory cell therapy to target cystic fibrosis inflammation. American Journal of 

Respiratory Cell and Molecular Biology. 2018, Jan;58(1):12-20) 

 

1. Lung Disease 

Lung diseases constitute some of the most common illnesses that affect millions of 

people worldwide. The most prevalent causes of lung diseases are environmental 

conditions such as infections and smoking, genetic mutations and cancer (1-6). The lungs 

are complex organs with a main function to allow gas exchange and provide oxygen to 

the body. Thus, lung diseases can affect different part of these organs such as the airways 

causing conditions like asthma, chronic obstructive pulmonary disease (COPD), and 

cystic fibrosis (CF) (7-9). Lung disease can also affect the alveoli such as in pneumonia, 

emphysema and acute distress respiratory syndrome (ARDS), among others (10-12). 

Pathology in other parts of lungs can also manifest in  the interstitium, blood vessels and 

lung pleura and lead to the development of diseases such as idiopathic pulmonary fibrosis 

(IPF) and pulmonary embolism (13, 14).  According to the World Health organization, 

respiratory diseases affect millions of people worldwide and over 4 million lives are lost 

prematurely each year due to chronic lung diseases such as COPD (15, 16). Importantly, 

the inflammatory response that is manifested in the compromised pulmonary 

environment is often associated with disease morbidity. For example, studies have shown 

that the inflammatory response in the lungs of patients with lung diseases such as COPD, 
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CF and ARDS plays a major role in the pathology of the disease and lead to progressive 

tissue damage and decrease in pulmonary function over time.  

 

1.1 Cystic fibrosis  

Cystic Fibrosis (CF) is caused by genetic variants in the gene coding for the cystic 

fibrosis transmembrane conductance regulator (CFTR), an ABC transporter-class ion 

channel protein that conducts chloride, bicarbonate and thiocyanate ions across epithelial 

cell membranes (17). Additionally, CFTR channels have a role in the modulation of 

ENaC‐dependent Na
+
 resorption (18). Although most individuals are diagnosed at birth 

and symptoms can be apparent in newborn babies, there is no cure for CF and many 

individuals progress to chronic disease at a young age (19, 20). Mutations in the CFTR 

gene affect epithelial cells in the upper and lower respiratory tracts, gastrointestinal tract, 

and the endocrine and reproductive systems (1). More than 2000 rare variants have been 

identified in CFTR, of which a subgroup results in CF with varying disease 

manifestations and severity (21).  Functional CFTR variations eliminate or alter the ion 

channel conductance in cells of the airway epithelium, create a reduced volume of the 

airway surface liquid (ASL), mucus thickening and decreased mucus detachment and 

mucociliary clearance (22). Other changes in the mucosal properties include increased 

ASL acidity. The pH of secretions from CF tracheobronchial submucosal glands have 

been found to be an average of 0.6 pH units lower than normal secretions, resulting in 

disruption of anti-bacterial defenses (23-26). Thus, the CF pulmonary environment 

constitutes a suitable habitat for recurrent infections with microorganisms such as 
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Pseudomona aeruginosa, Staphylococcus aureus and Hemophylus influenzae that bind to 

uncleared mucus and form biofilms (27). In addition, the bronchial airways are 

influenced by dysregulated immune responses and enhanced recruitment of neutrophils. 

The repeated cycles of infection and inflammation contribute to extensive airway 

inflammatory changes and scarring results in bronchiectasis and progressive airflow 

obstruction which can be life limiting (28, 29).  

 

 

1.2 Chronic obstructive pulmonary disease 

Chronic Obstructive Pulmonary Disease (COPD) is a complex manifestation of airway 

obstruction, with subsequent effect on gas exchange, pulmonary and cardiac functions as 

well as systemic manifestations.  Patients with COPD usually present with a history of 

cigarette smoking, which is considered the primary cause of the progressive disease (30).  

Although defined as a disease of airflow limitation that is not fully reversible, further 

studies have shown that COPD is  not only  associated with an abnormal inflammatory 

response to the inhalation of noxious gases in the lungs, but also has been shown to have 

extrapulmonary effects on hormonal and renal systems, malnutrition, anemia and 

osteoporosis. In the lungs, COPD is associated with two main pathophysiological 

phenotypes: chronic bronchitis, which affects the lung airways, and emphysema which 

mainly influences the lung parenchyma (31, 32). Chronic bronchitis is usually defined by 

the occurrence of a chronic cough and the production and accumulation of sputum (33), 

and the incidence of developing chronic bronchitis increases with smoking and is 

associated with worsening lung function and increased risk of exacerbations, ultimately 

leading to increased mortality  rates (34-36). Emphysema, on the other hand is 
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characterized by the loss of lung tissue, reduced bone density and lower skeletal muscle 

tissue, and is associated with lower FEV1, where longitudinal studies have shown that 

patients with chronic emphysema have accelerated decline in lung function (37, 38). 

 

1.3 Acute respiratory distress syndrome 

Acute respiratory distress syndrome (ARDS) is a condition that is associated with a high 

mortality rate in intensive care unit (ICU) patients and is caused by the deterioration of 

the alveolar-endothelial barrier. It is characterized by a deficiency of gas exchange and 

altered lung mechanics that lead to the development of dyspnea and respiratory failure 

(39). Additionally, the development of stiff tissue in the ARDS lungs leads to decreased 

tissue oxygenation (hypoxemia) and lower lung compliance (40). Shock and sepsis 

increase the prevalence of ARDS development; so ARDS can either result from a direct 

insult to the lungs or from a systemic inflammatory response. The early stage of disease 

is characterized by fluid leakage and edema in the lungs followed by a storm of 

inflammatory cytokines released into the pulmonary milieu. This inflammatory surge is 

thought to be the underlying cause of the tissue damage observed in ARDS patients (11). 

Specifically, many studies have shown that the destruction of the alveolar architecture is 

due to a rather dysregulated inflammatory response in addition to poor lymphatic 

drainage and loss of surfactant (41-43). The increased permeability of the pulmonary 

capillary, increased alveolar edema and distortion of alveolar mechanics during 

ventilation further exacerbate the disease and result in a progressive decline in lung 

function (44). 
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2. Inflammation in lung diseases 

Studies investigating immune cell function and inflammation in disease such as CF, 

COPD and ARDS have provided evidence that the inflammatory responses associated 

with these conditions may be abnormal or dysregulated.  

 In CF, the pulmonary inflammatory response is still an ongoing subject of debate among 

researchers in the field. Whether inflammation occurs as a direct result of CFTR 

mutations or whether it is a symptom of the resulting disease, remains controversial. 

Among the inflammatory cells that are involved in CF, neutrophils have the highest 

accumulation density in the lungs of patients. While a larger number of neutrophils are 

recruited to the CF lungs during infection, this does not result in an increased ability to 

efficiently clear infection. Some reports implicate the CFTR mutation within neutrophils 

is responsible for the reduced microbial killing properties (45). Another study indicated 

that CF neutrophils have dysfunctional degranulation of the secondary and tertiary 

granules that leads to decreased anti-microbial effects (46). Neutrophil accumulation is 

also associated with lung tissue damage due to a prolonged hypersecretion of neutrophil 

proteases such as neutrophil elastase (NE) into the CF airways. CF has also been 

associated with a dysregulation of the adaptive immune response manifested with an 

increase in T lymphocyte proliferation and increased production of pro-inflammatory 

cytokines. It has been reported that CF individuals exhibit an increased Th2/Th17 

immune response that is correlated with poor lung function. Th17 and their associated 

cytokines are present at high levels in the airways and in the lung-draining lymph nodes 

of CF patients. Bacterial infections common in CF patients, such as P. aeruginosa have 

been linked to a Th2 response accompanied, in some cases, by a Th17-Th2 cytokine 
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profile (47). In addition, CFTR mutation alters the regulation of macrophage receptors 

such as TLR5, CD11b and MHC class II molecules, thus altering their recognition of 

pathogens, adhesion, migration, and antigen presentation (48, 49). In young non-

exacerbating CF patients, the levels of macrophages are elevated compared to non-CF 

subjects, and these higher numbers are associated with elevated levels of CCL2, a 

monocyte chemoattractant chemokine. These high levels of macrophages do not 

necessarily implicate increased phagocytic activity as CF macrophages have been shown 

to exhibit an impaired ability to kill bacteria (50, 51). 

Patients with COPD experience local chronic pulmonary inflammation in their lungs 

triggered by cigarette smoking as well as systemic inflammation evidenced by high levels 

of circulating acute phase reactants, cytokines and chemokines. It is yet to be determined 

if the systemic inflammation in these patients actually stems from the pulmonary 

inflammation or rather is an extra pulmonary comorbidity. Some studies have shown that 

circulating leukocytes in COPD patients may be dysfunctional or dysregulated, and may 

lead to worsened disease progression (52, 53). Other studies have shown that sputum 

concentration of IL-8, a potent neutrophil chemoattractant, and serum IL-32, which 

activates the release of pro-inflammatory IL-6 and TNF-α correlate with lower forced 

expiratory volume at 1 second (FEV1) to forced vital capacity (FVC) ratio (FEV1/FVC), 

indicating that high levels of these cytokines are associated with the degree of airflow 

obstruction in COPD patients (54, 55). Juan-Fu et al. attributed the high risk of 

exacerbation in COPD patients to the activation of the systemic IL-1β pathway and to the 

increased levels of IL-6 in the serum, suggesting that systemic inflammation could lead to 

increased risk of exacerbations. Immune cells such as neutrophils also play a central role 
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in the pathogenesis of COPD as O’Donnel et al. showed that a strong correlation exists 

between the increased level of neutrophil elastase (NE) due to airway neutrophilia and 

the severity of the peripheral airway dysfunction observed in patients (56).  Macrophages 

have also been shown to have reduced phagocytic functions despite their high numbers in 

the COPD lung. The elevated M2 macrophage count and the associated increased levels 

of matrix metalloproteinases in the alveolar space have been associated with disease 

progression and lower FEV (57-59). Cells of the adaptive immune response also play an 

important role in COPD dysfunction where effector T cells and regulatory T cells (Tregs) 

have a decreased ability to respond to bacterial antigens and might exhibit immune 

exhaustion (60-62).  

ARDS is also associated with a dysfunctional inflammation that results in the 

accumulation of high levels of immune cells and associated cytokines in the pulmonary 

tissue. Dysregulated coagulation mediators such as platelets coupled with immune cells 

like alveolar macrophages, and neutrophils, in addition to endothelial cells have been 

implicated as potential mechanisms in the pathology of ARDS (42, 63-65). Initial injury 

or bacterial infection in ARDS, trigger a hyper inflammatory response characterized by 

increased levels of IL-6, IL-8, IL-1β, TNF-α and IL-10 cytokines and allow for increased 

capillary permeability to macrophages (66). High levels of IL-1β in serum and BALs 

further trigger subsequent production of IL-6 by monocytes and macrophages. This 

milieu results in alveolar edema and increases infiltration of leukocytes, resulting in 

decrease gas exchange. This is often followed by lung fibrosis due to tissue damage and 

scarring (67, 68). Neutrophils in ARDS patients have been shown to secrete high levels 

of reactive oxygen species (ROS) which accumulate in the vascular bed and lead to 
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vascular leakage, thus jeopardize the endothelial barrier and increase the risk of organ 

injury (69). There seems to be a strong association between alveolar macrophages 

impaired functions, neutrophils accumulation in the ARDS lung and disease progression. 

More recent reports indicated that alveolar macrophages exhibit impaired efferocytosis 

causing apoptotic neutrophils to undergo necrosis and accumulate in the alveoli resulting 

in a prolonged inflammatory response (70). Lymphocytes have also been shown to 

contribute to ARDS disease as increased levels of the cytokine IL-17A has been 

associated with increased alveolar permeability and neutrophil recruitment into the lungs 

(71). Thus, the proper regulation of the inflammatory response is important in ARDS to 

prevent the underlying tissue damage and thus attenuate the underlying lung tissue injury 

(72). 

 

2.1 Treatments for inflammatory lung disease 

Several anti-inflammatory drugs have been studied in inflammatory lung diseases as a 

means to mitigate this chronic inflammation and preserve lung function. Corticosteroids 

have been shown to interfere with the synthesis or actions of inflammatory mediators, 

and inhibit leukocyte chemotaxis, adhesion, and activation. Non-steroidal anti-

inflammatory drugs (NSAIDs) such as ibuprofen possess some of the same anti-

inflammatory properties as corticosteroids; however, they tend to be better tolerated. 

Ibuprofen is an inhibitor of the enzyme cyclooxygenase (COX) which converts 

arachidonic acid into prostaglandins (PGs) and thromboxanes, which are mediators of 

inflammation, fever, pain and blood clots (73). Oral doses of ibuprofen that result in a 

plasma concentration of >50µg/ml were associated with a decreased neutrophil migration 
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to the mucosal epithelia and a slower decline in FEV1, especially in younger patients (74, 

75). Azithromycin, a macrolide antibiotic with anti-inflammatory properties, has been 

used in the treatment of CF and other chronic lung diseases such as COPD (76). It has 

been shown that azithromycin attenuates the expression and release of some pro-

inflammatory cytokines such as IL-6, IL-10 and TNF-α and reduces Th1 response by 

inhibiting macrophage secretion of IL-12 (77-79). Azithromycin use correlates with a 

rapid decrease in neutrophilic azurophilic granule enzyme activities and enhanced 

oxidative burst response. Saiman et al. in 2003 showed patients with CF chronically 

infected with P. aeruginosa had an improvement in FEV1 and a reduction in 

hospitalizations when treated with chronic azithromycin over placebo (80, 81). A 

Cochrane review in 2012 of the use of macrolide antibiotics as chronic therapy in CF 

concluded a significant improvement in lung function when compared with placebo (82), 

and the CF Foundation recommends the chronic use of azithromycin in patients with CF 

who are 6 years of age and older and who are chronically infected with P. aeruginosa 

(61).   

 

2.3 Limitations of current treatments 

In children with CF, oral corticosteroids are associated with an improvement in lung 

function but are also associated with glucose intolerance, cataracts, and growth 

retardation (83).  Because of these adverse effects, the Cystic Fibrosis Foundation 

recommends against the chronic use of oral corticosteroids to improve lung function in 

pediatric patients with CF. In adults with CF, oral corticosteroids have not been shown in 

clinical trials to improve lung function and there is concern that the chronic use of 
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corticosteroids could lead to the development of steroid-related diabetes mellitus and 

osteoporosis. The CF Foundation recommends against the routine use of ICS in patients 

with CF without asthma or allergic bronchopulmonary aspergillosis (83).  The use of 

ibuprofen has not been widely adopted as well, largely because of the challenges 

associated with establishing doses in each patient, as well as the well documented, but 

rare adverse effects of the drug, which include gastrointestinal bleeding and ulcers and 

kidney injury (75). Additionally, there is concern that implementing azithromycin as 

prophylactic or long-term treatment may predispose to infection with macrolide-resistant 

strains of nontuberculous mycobacteria, and adverse effects, although rare, have been 

reported (82, 84). Thus, new therapies are needed to overcome the hurdles that are 

present with the current treatments and provide a better resolution of the inflammatory 

response that is observed in patients with lung disease. 

 

3. Stem cells as anti-inflammatory therapy for inflammatory lung diseases  

A variety of different stromal cells have been discovered in several tissue of the body like 

the bone marrow, adipose tissue, perinatal tissue etc., to have stem cell like properties 

with the ability to differentiate into several cell fates, proliferate, respond to the 

environmental cues and produce a plethora of biological factors that can play a role in 

regulating physiological responses (85). In more recent years, studies have shown that 

some stem cells such as ones derived from bone marrow, the placenta and amniotic fluid 

and membranes, have therapeutic properties including a wide range of 

immunomodulatory properties that can target inflammatory responses, with the added 

advantage of non-immunogenicity, thus decreasing the risk of engraftment or formation 
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of teratomas. Thus a new use for cell therapy has been under study to potentially treat 

dysregulated inflammatory responses in multiple diseases. 

 

3.1 Mesenchymal stem cells  

Mesenchymal stem cells (MSCs) are multipotent adult stem cells that are present in 

practically all tissues of the body (86). According to the International Society for Cellular 

Therapy, the minimal criteria used to define MSCs are that they are a plastic adherent 

population that express a variety of non-specific cell surface markers including CD44, 

CD73, CD90, CD105, CD146, whereas they lack expression of the hematopoietic 

markers CD11b, CD14, CD45 and CD34 (87). Many studies have shown that MSCs have 

anti-inflammatory properties that can modulate airway inflammatory disease by targeting 

the regulation of immune cell activation and function. Several studies have shown some 

major effects of MSCs in modulating ventilator induced lung injury (VILI) in rats. 

Administration of 2x10
6 

MSCs/kg dose was well tolerated and effective in promoting 

lung repair in this model even when administered at later time points after injury (24hrs). 

Additionally, MSCs therapy decreased the levels of pro-inflammatory cytokines in the 

alveoli (88). Similarly, a reduction in lung injury induced by E. coli was observed in a rat 

model after administration of MSCs, however, a dose of 20x10
6
cells/kg was needed to 

achieve improved lung compliance and decrease bacterial counts (89). In another study, 

systemic administration of human bone marrow derived MSCs reduced lung 

inflammation and ameliorated induced mixed Th2/Th17 airway hyper reactivity in 

immunocompetent mouse models. These findings suggest that such an 

immunomodulatory effect may be beneficial for CF patients who have Th2-biased 
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inflammation, potentially exacerbated by infection with P. aeruginosa or Aspergillus 

fumigatus. This study further demonstrated that human MSCs had the same effect as 

mouse MSCs suggesting that the effects of MSCs are rather a disease-specific than 

species-specific response (90). Most recently, Chan et al. showed that the administration 

of MSCs to aged H5N1-infected mice (8 to 12 months of age) reduced their acute lung 

injury and increased their chances of survival. Mice infected with H5N1 exhibited a 

downregulation of the CFTR protein in the alveolar epithelium, in addition to increased 

levels of pro-inflammatory cytokines and chemokines. The therapeutic effects of MSCs 

were associated with reduced lung lesions and pro-inflammatory cytokine levels and 

increased levels of bronchoalveolar M2 macrophages, indicating the promotion of 

inflammatory resolution and tissue repair (91). Gu et al. investigated probable 

mechanisms of action of MSCs therapy in a cigarette smoke-induced rat model of COPD. 

They showed that administration of MSCs decreased inflammation and emphysema of 

the airways in COPD by downregulating COX-2 through phosphorylation inhibition of 

p38 and ERK/MAPK pathways, thus leading to a decrease in the expression of PG, 

including PGE2. Further evidence showed that there were increased numbers of IL-10 

producing M2 macrophages following MSCs therapy, suggesting that MSCs may 

function to promote the resolution of inflammation (92). In addition, MSCs seem to 

exhibit some antimicrobial properties as the administration of MSC supernatant directly 

reduced the growth of Staphylococcus aureus and Streptococcus pneumoniae. Data 

obtained from this study showed that MSCs have the ability to lower both gram negative 

and gram-positive bacterial burden by secreting the antimicrobial peptide LL-37. LL-37 

is known to soften the bacterial cell wall thus allowing a higher sensitivity to host and 
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antibacterial agents. The potency of MSCs also depends on donor variability as a 

patients’ own cells may have lower efficiency to clear bacteria compared to healthy 

donor derived cells (93). As reviewed by Alcayage-Miranda et al., additional data 

indicate that MSCs stimulated with inflammatory cytokines exhibit antimicrobial 

properties against bacteria including S. aureus, protozoa and viruses such as HSV-1. This 

potent antimicrobial effector function of MSCs is shown to be dependent on high levels 

of indoleamine 2-3-dioxygenase (IDO). On the other hand, UC-MSCs exposed to E. coli 

were shown to upregulate toll like receptor (TLR)-2 and TLR4 and hBD2 suggesting that 

the TLR pathway is involved in the antimicrobial effects of UC-MSCs. Furthermore, 

other sources of MSCs like menstrual fluid derived MSCs (MenSCs) exert their anti-

microbial properties in a hepcidin-dependent mechanism (94).  

There have been a number of clinical trials using MSCs as therapeutic approach to treat 

inflammatory diseases, including inflammatory lung diseases. Two patients with ARDS 

were treated under a compassionate use basis with 2x10
6 

MSCs/kg of body weight 

infused systemically through a central venous catheter. The patients demonstrated 

improvements in respiration, evidenced by an increase in oxygenation and lung 

compliance. Furthermore, MSCs administration increased the levels of lung epithelial 

markers such as surfactant protein B further suggesting alveolar epithelial cell recovery. 

A significant gain of lung function was observed with these patients and was 

accompanied by an overall clinical improvement (95). Wilson et al. conducted a multi-

center, open-label, dose-escalation, phase 1 clinical trial whereby 9 patients with mild to 

severe ARDS were treated with a single intravenous infusion of allogeneic, bone 

marrow-derived human MSCs. This study demonstrated that the IV infusion of MSCs 
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was well tolerated in these patients and was not associated with any severe adverse 

events. They also suggested that increased doses of administered MSCs might directly 

correlate with improved clinical outcomes (96). Consentius et al. performed an open-

label phase I dose escalation study in critical limb ischemia (CLI) patients, finding that 

MSCs inhibit cytokine production and migration of myeloid dendritic cells (mDCs). 

Consequently, MSCs decrease the priming of Th1 and natural killer (NK) cells. mDCs in 

contact with MSCs not only showed decreased levels of pro-inflammatory cytokines such 

as IL-12 but also exhibited higher production of anti-inflammatory cytokines such as IL-

10. The results of this study led to the conclusion that MSCs control Th1 priming 

checkpoint by regulating mDCs and NKs crosstalk (97). This research demonstrates that 

MSCs hold the potential to modulate the inflammatory environment in patients with lung 

disease, thus reduce the underlying lung tissue damage. Particularly, the effect that MSCs 

have on the polarization of macrophages towards M2, the reduction of pro-inflammatory 

cytokines, and the reduction of bacterial growth can be very useful for the treatment of 

CF patients as they exhibit high levels of the latter mediators and bacterial loads 

contributing to disease progression.  

 

3.2 Perinatal cells 

Another source of stem cells with therapeutic potential are cells derived from perinatal 

tissue. These tissues include the placenta, placental membranes, umbilical cord and the 

amniotic fluid. These tissues are usually discarded at birth, so they constitute a non-

invasive, simple and safe source of cells (98). Cells derived from these tissues have been 

shown to share both adult and embryonic stem cell characteristics such as exhibiting 
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multipotent differentiation, but without forming teratomas in vivo (99). Stem cells 

derived from perinatal tissue have been shown to exhibit immunomodulatory properties 

(100, 101) and have been used clinically to treat inflammatory diseases such as Crohn’s 

disease (Celgene, PDA001). 

The co-culture of amniotic fluid stem cells (AFSCs) or placental stem cells (PLSCs) with 

T cells isolated from human peripheral blood, lead to an increase in Treg levels, favored 

both CD4
+ 

and CD8
+
 naïve T-cells and induced an increase in anti-inflammatory 

cytokines IL-4, IL-10 and Th17 cytokines (102). Recent studies show that human 

amniotic mesenchymal stromal cells (hAMSCs) have anti-inflammatory properties and 

interact with several T cell subsets. Pianta et al. compared the immunomodulatory 

functions of hAMSCs of pre-eclamptic (PE) pregnancies to healthy controls. They 

showed that PE-hAMSCs maintain the anti-inflammatory properties as normal hAMSCs 

as they suppress CD4
+
 and CD8

+
 T cell proliferation, decrease the production of 

granzyme B and TNF-α by CD8
+
 cytotoxic T cells. Moreover, PE-hAMSCs reduced the 

expression of Th1, Th2 and Th17 associated markers and their corresponding subset 

cytokines such as TNF-α, IFN-γ, IL-1β, IL-5, IL-9 and IL-22. PE-hAMSCs skewed 

macrophage polarization towards an anti-inflammatory M2 profile and inhibited the 

differentiation of monocytes into dendritic cells. Additionally, PE-hAMSCs seems to 

have higher capabilities to suppress Th1 and induce Treg formation compared to normal 

hAMSCs (101). hAMSCs also secrete and release factors and biological components into 

their culture media. These secreted factors have now been evaluated in multiple studies, 

and are thought to share some similar therapeutic properties with the cells they are 

derived from. Particularly, hAMSC-derived conditioned media (CM-hAMSCs) was 
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shown to inhibit CD4
+
 T helper cells as well as CD8

+
 cytotoxic T cells, CD4

+
 effector 

memory cells and CD4
+
 central memory cells. Additionally, CM-hAMSCs increased the 

frequency of suppressor/regulatory CD8
+
 CD28

-
 cells within the effector and central 

memory populations. CD8
+
 CD28

-
 T cells play a role in immune modulation as they can 

activate Tregs and interact with effector CD4
+ 

T cells rendering them anergic and 

apoptotic (103). CM-hAMSCs also reduced the proportion of cells expressing markers 

associated with the Th1 and Th17 populations. Additional analysis showed that 

administration of CM-hAMSCs inhibited the production of pro-inflammatory Th1-

cytokines as well as TNF-α, IFN-γ, IL-1β, IL-5, IL-6 and inhibited the release of Th-17 

and Th9-associated cytokines (104). The role of Th9 in immunity is still not very well 

understood but they have been implicated in chronic inflammation and autoimmune 

diseases (105).  

Previous studies have also reported that administration of perinatal cells are therapeutic in 

various animal models of lung disease, and have significant outcomes on disease 

resolution and progression. Vosdoganes et al. administered human amnion epithelial cells 

(hAECs) to mice with hyperoxia-induced lung injury, a model that replicates many of the 

disease symptoms of bronchopulmonary dysplasia (BPD). Inflammation constitutes the 

major cause of pulmonary epithelium damage and reduced lung function in patients with 

BPD. Findings from this study show that hAECs reduced hyperoxia-induced lung injury 

and inflammation. Specifically, hAECs attenuated levels of pro-inflammatory markers 

such as IL-1α, IL-6 and TGF-β. Additionally, mice receiving hAECs showed decreased 

myeloperoxidase (MPO) staining, indicating a possible reduction in neutrophil infiltration 

and/or enzymatic activity (106). Other studies have investigated the therapeutic potential 
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of hAECs in mice with bleomycin induced lung injury. Administration of hAECs in 

bleomycin challenged mice caused an increase in the percentage of Tregs in the lungs 7 

days after injury. Findings show that hAECs decreased macrophage recruitment to the 

lungs and polarize macrophages towards an M2 phenotype. This effect occurred via 

hAECs interaction with Tregs, indicating that Tregs are required for the hAECs effect on 

macrophage polarization and the subsequent prevention of injury after bleomycin (107). 

Furthermore, hAECs reduced leukocyte numbers and expression of proinflammatory 

cytokines and enhanced the expression of surfactant A and C, both of which have anti-

inflammatory properties (108). Furthermore, Tan et al. investigated the administration of 

4 million cells via IP injection to bleomycin-injured mice 24 hours following bleomycin 

challenge. FACS and qPCR analysis indicated decreased macrophage infiltration to the 

lungs, with a predominance of M2 phenotypes in pulmonary macrophages (109).  

In clinical trials, perinatal cells are investigated for a number of therapeutic applications, 

including lung diseases. In a phase 1b study, an administration dose of 2x10
6
cells/kg of 

placental stem cells (PLSCs) was safe in patients with moderate to severe idiopathic 

pulmonary fibrosis (IPF). The results of this study show that there were no major clinical 

adverse events associated with cells found to be retained in the pulmonary vascular bed. 

Findings indicated that patients enrolled in this study exhibited minor and transient 

alterations in hemodynamics and gas exchange, without any worsening of fibrosis 

following PLSCs treatment. This was also accompanied by unchanged CT scores and 

lung function parameters and at 6 months. (110). While the number of studies using 

perinatal cell sources are fewer than those using MSCs, these findings support the 

hypothesis that perinatal cells have potent immunomodulatory properties and seem to 
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maintain their anti-inflammatory characteristics irrespective of the source. In that context, 

perinatal cells hold the potential to provide therapeutic value for the treatment of CF. The 

application of perinatal cells to treat CF would provide a beneficial therapeutic approach 

as perinatal cells provide numerous advantages to treat CF patients. These advantages 

include their immunomodulatory functions that could overcome the dysregulated immune 

response in CF patients, such as interacting with T lymphocytes to promote the formation 

of anti-inflammatory cell subsets, reducing neutrophil enzymatic activities and promoting 

the resolution of inflammation via inducing M2 macrophage phenotypes. Furthermore, 

immunomodulatory cell therapy may constitute a potential application to decrease the 

risk of lung transplant rejection in CF patients. When compared to other lung transplant 

recipients, CF patients have a higher risk of developing rejection within their first year of 

transplant, possibly due to the CF- related increased immune response, and/or secondary 

to chronic infections (111). Further studies to investigate mechanisms of actions of 

perinatal cells would greatly assist our understanding of their interactions with the 

different components of the immune system. 

 

4. Current State of the Field 

Pulmonary diseases constitute one of the major causes of morbidity and mortality in 

patients. Dysregulated and abnormal inflammatory response are major key players in the 

progression of pulmonary disease and progressive lung function impairment. Over the 

years, the uses of anti-inflammatory treatments have shown positive outcomes, but are 

limited by their non-specific adverse effects and do not resolve the chronic inflammation 

observed in patients. Hence, the resolution of chronic inflammation remains one of the 
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most important aspects to consider when developing therapeutics for inflammatory lung 

diseases including CF. Cell therapies have been shown to be effective for the treatment of 

multiple types of inflammatory diseases in clinical studies, and while still not completely 

understood, the mechanisms of action appear to target the same inflammatory pathways 

that are dysfunctional in some of these pulmonary diseases. This evidence suggests that a 

cell therapy could also be effective in modulating the dysregulated inflammatory 

response in the pulmonary lung microenvironment, thus decrease the onset of lung injury 

and improve lung function over time. 

 

5. Key Questions to Address 

The use of cell therapy to target inflammatory dysfunctional responses has been an 

emerging novel field that holds important therapeutic possibilities for patients with 

inflammatory lung diseases. However, many gaps in knowledge limit our understanding 

of the underlying mechanisms of action of the use of cell therapy in the clinic. As 

discussed previously, different inflammatory diseases are present with various defective 

immune responses that are unique to each illness. Similarly, stem cells derived from 

different tissue sources have distinct immunomodulatory properties that could be 

different with each cell source. Thus, comparison studies are needed to determine any 

potential differences in the immunomodulatory properties of stem cells derived from 

different tissue sources. This will offer better guidelines for choosing the appropriate 

stem cell type to target specific inflammatory axes. In addition, more studies are required 

to elucidate mechanisms of action of cell therapy and their interactions with the different 

components of the immune system. Such studies are crucial to understand how the stem 
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cells interact with the immune system and help highlight signaling pathways and 

potential molecules that could play key roles in immunomodulation such as stem cell 

derived exosomes and conditioned media (CM). New approaches such as cell “priming” 

developed to improve the immunomodulatory properties of cell therapy will have the 

added benefit of contributing greater potential for creating a more targeted cell therapy to 

treat specific inflammatory diseases. For translational studies, it is also important to 

develop animal models that closely represent the disease at hand and thus provide better 

platforms for accurate evaluation of cell therapy in vivo. Taken together, these aspects 

once addressed, will greatly enhance our understanding of cell therapy and its potential to 

provide clinically relevant outcomes in the prevention of disease progression and 

amelioration of inflammatory conditions in lung illness.   

 

6. Challenges for Clinical Translation 

Stem cells could play a role in the development of new approaches to attenuate chronic 

inflammation and potentially be used as an adjunct to current therapies, although the 

clinical setting for their optimal use and the effectiveness of stem cell therapies remains 

to be determined. While there appears to be evidence that cell therapies such as those 

described here have the potential to have beneficial immunomodulatory properties, there 

remain potential risks of detrimental immune responses, such as the suppression of 

immune responses that are essential for defense against chronic lung infections. Caution 

will need to be taken to monitor these potential adverse effects in any clinical studies 

using immune modulators. For example, in a recent Phase II clinical trial, the leukotriene 

B4 receptor antagonist BIIL 284, was anticipated to provide some protective benefit to 
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the CF lung with respect to inflammation and inflammatory damage. Although there was 

strong preclinical evidence to support the potential for clinical efficacy of BIIL 284 in 

CF, as well as successful animal studies and two phase 1b trials, this Phase 2 trial was 

terminated early as a result of increased acute pulmonary exacerbations possibly 

associated with increased inflammation (112). Studies such as this provide a cautionary 

note for the use of immune modulatory therapies in individuals with chronic 

inflammation, as the potential to significantly suppress the inflammatory response may 

increase the risk of infection-related adverse events.  

To address these potential risks, and to provide further, direct evidence of efficacy for 

lung diseases, further studies are needed to improve our understanding of the immune-

modulatory mechanisms of these cell types. Thus, studies in this dissertation were 

performed in vitro using healthy and CF patient-derived immune cells, as well as in an 

LPS ferret model that closely represents the inflammatory environment in patients with 

pulmonary diseases. We established the immuno-modulatory properties of perinatal cells 

using a series of immunological assays that investigated their effect on cytokine levels in 

total leukocytes as well as on migratory and enzymatic activities of isolated neutrophils 

and proliferative effects of lymphocytes stimulated in vitro. Furthermore, by “priming” 

perinatal cells with disease specific stimuli such as supernatant from mucopurulent 

material (SMM) derived from CF lungs, we were able to determine that perinatal cells 

have disease specific properties, an aspect that is beneficial when developing a targeted 

therapy. We also investigated potential mechanisms of perinatal cells’ interactions with 

the different components of the immune system, such as the potential effect of exosomes 

as well as conditioned media on immune cells. These studies are essential to determine if 
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the positive immunomodulatory effects seen in preclinical and clinical studies for non- 

lung diseases also translates to airway diseases. Therapies targeting multiple 

inflammatory pathway intermediates may be more effective, but their use will need to be 

weighed against the risk of impairing innate immunity. The application of cell therapy to 

treat inflammation has the potential of providing benefit as a targeted treatment for the 

inflammation, disease severity, and its progression in inflammatory lung diseases. 
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Abstract 

Rationale: Many immune mediated conditions such as multiple sclerosis (MS), systemic 

lupus erythematosus (SLE), and psoriasis are associated with a dysregulated immune 

response and an imbalance towards a Th1 mediated response associated with increased 

levels of IFN-γ that leads to disease onset, severity and damage. Many of the anti-

inflammatory therapies such as immunomodulators and anti-TNF-α antibodies often fall 

short in preventing disease progression and ameliorating disease conditions.  Thus, new 

therapies that can target inflammatory environments would have a major impact in 

preventing the progression of inflammatory diseases. 

Objective: To investigate the role of stem cells derived from the amniotic fluid (AFSCs), 

the placenta (PLSCs) and bone marrow (BM) MSCs in modulating the inflammatory 

response in in vitro-stimulated circulating blood-derived immune cells.   

Methods: Immune cells were isolated from the blood of healthy individuals, and 

stimulated in vitro with antigens to mimic physiological inflammatory responses to 

stimuli. AFSC, MSCs and PLSCs were directly co-cultured with stimulated either 

leukocytes, neutrophils and lymphocytes, and inflammatory cytokine production, 

neutrophil migration and enzymatic activity, T cell proliferation, and T cell subsets were 

evaluated. 

Results: We found that co-culture of all three stem cell types alters the gene expression 

of inflammatory cytokines such as NE, IL-1β, IFN-γ and transcription factor NF-κB in 

LPS-stimulated leukocytes over 24 hrs. TNF-α, protein levels were also decreased when 

LPS-stimulated leukocytes were co-cultured with PLSCs. Although we observed an 

inhibitory effect on NE gene expression when total leukocytes were co-cultured with 
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stem cells, we did not observe significant suppression of isolated neutrophil migration or 

enzymatic activity with stromal cell co-culture. With isolated PHA-stimulated 

lymphocytes, stem cell co-culture lead to a decrease in lymphocytes proliferation. Flow 

cytometry analysis demonstrated this effect correlated with decreased numbers of 

lymphocytes of the Th1 subset. This was supported by a decreased in the secreted levels 

of IFN-γ, a cytokine closely associated with Th1 function.  

Conclusion: AFSC, MSCs and PLSCs have immuno-modulatory properties in their 

ability to suppress in vitro inflammatory responses. PLSC suppress lymphocyte 

proliferation, including the Th1 lymphocyte subset. These cells may be a novel candidate 

for cell therapy to treat Th1 related inflammatory diseases. 

 

Key words:  Inflammation, T cell subsets, immunomodulation, perinatal cells, Th1 
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Introduction 

Inflammation is a tightly regulated phenomenon that requires coordination of cytokine 

signaling (1). Cytokines involved in the inflammatory response are most abundantly 

produced by T helper cells (Th), a subtype of T lymphocytes that are distinguished by 

expressing the surface marker CD4, as opposed to effector T lymphocytes that express 

the surface marker CD8. Th lymphocytes are further subdivided into several subsets, 

including Th1 and Th2, each with distinct roles in inflammation. Th1 cells have pro-

inflammatory properties, mainly secrete IFN-γ, IL-2 and TNF-α and aid in the fight 

against intracellular bacterial and parasitic infections. Th2 cells, on the other hand, 

produce the cytokines IL-4 and IL-5, mediate an eosinophilic response that activates the 

production of immunoglobulin (Ig)-E, and have been implicated in allergic reactions. Th2 

also produce IL-10, thus, potentially having some anti-inflammatory properties. A 

balance between Th1 and Th2 responses and their associated cytokines are thus important 

to maintain a balanced immune response (2-5). Dysfunction in the regulation of Th1/Th2-

mediated inflammation can lead to disease and tissue damage (6). For example, in 

chronic obstructive pulmonary disease (COPD), lung tissue-derived elastin is responsible 

for the activation of CD4+ Th1 cell-mediated inflammation, causing tissue injury and 

emphysema (7). Crohn’s disease is also closely related to a Th1 skewed immune 

response, in which enhanced IFN-γ expression and release have been shown (8, 9).  

Th1-mediated inflammation is also implicated for many types of auto-immune diseases, 

including rheumatoid arthritis (RA), multiple sclerosis (MS), corneal transplant rejection, 

and Type I diabetes (10-13). Current treatments for these types of diseases include the 

use of Th1 pre-inflammatory cytokine antagonists, such as antibodies to TNF-α or IFN-γ 
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(14). However, these treatments, even when used in combination, appear to have limited 

effects on the more chronic and severe forms of disease and there is a pressing need for 

the development of new treatment strategies. In this study, we investigated the potential 

role of stromal cells derived from different tissue sources to modulate the inflammatory 

response of immune cells in vitro, thus identifying a potential anti-inflammatory therapy 

for a range of diseases. 

Stem cells derived from perinatal tissues such as the placenta and amniotic fluid, offer an 

advantage over other sources like bone marrow (BM) because of their ease of collection, 

ready availability, high abundance and high proliferation rates (15, 16). Human amnion 

derived MSCs (hAMSC) from pre-eclamptic pregnancies have been shown to skew 

macrophage polarization towards M2, inhibit monocyte differentiation into dendritic 

cells, and reduce the expression of Th1, Th2 and Th17 associated markers and their 

corresponding subset cytokines including TNF-α, IFN-γ, IL-1β, IL-5, IL-9 and IL-22 

(17). In another study, human umbilical cord derived MSCs (UC-MSCs) inhibited the 

proliferation of lymphocytes stimulated with phytohemaglutinin (PHA) under co-culture 

setting in vitro, and enhanced the abundance of T regulatory (Tregs) cells, while also 

increasing IL-10 levels (18). Thus, perinatal stem cells exhibit a wide range of 

therapeutic properties that make them the ideal candidates to treat inflammatory diseases. 

In this study, we compared the potential immuno-modulatory properties of amniotic 

fluid-derived stem cells (AFSCs), placenta-derived stem cells (PLSCs) and bone marrow-

derived mesenchymal stem cells (BM-MSCs, referred to hereby as MSCs) on antigen-

stimulated leukocytes, lymphocytes, neutrophils and T cell subsets derived from the 

blood of healthy donors. 
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Materials and Methods 

Patient selection and sampling 

This study and all procedures described in this proposal were approved by the Wake 

Forest Baptist Medical Center - Institutional Review Board (IRB) (Study ID: 

IRB000207670). Healthy donors were identified, consented and recruited by our study 

coordinators. They had 15mL blood drawn by the clinical phlebotomist at the Wake 

Forest Baptist Medical Center. Donors were adults (above 18 years old). At the time of 

recruitment, donors did not present with a history of blood or bleeding disorders. Data 

collected on each subject includes age and gender. The in vitro immunological assays 

were performed at Wake Forest Institute of Regenerative Medicine.  Except for the time 

during which blood is withdrawn, the subjects were not involved in any research 

procedure. 

 

Isolation and culture of stem cells 

Stem cells were derived from human amniotic fluid and placental tissue were isolated, 

characterized and cryopreserved in the Regenerative Medicine Clinical Center located 

within the Wake Forest Institute for Regenerative Medicine (WFIRM). These cell lines 

have been developed under current Good Manufacturing Practices (cGMP) in accordance 

with regulations for clinical applications, and were banked and characterized under FDA 

guidelines for rapid translation of research into clinical trials. Both perinatal stem cells 

(AFSCs and PLSCs) were isolated and cultured as previously described (19). The cells 

are ckit +, have a doubling time of approximately 36 hrs and are non-tumorigenic. AFSCs 

and PLSCs retain long telomeres and express embryogenic stem cell markers (ie. Sox2 
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and OCT4). They are highly multipotent and can differentiate into cells of all three germ 

layers. AFSCs and PLSCs, like MSCs also expressed adult cell surface markers including 

CD44, CD90, CD105, and CD166. AFSCs, MSCs and PLSCs were cultured in Chang 

media, MSCBM and AmnioMax media respectively, and were supplied with 18% fetal 

bovine serum (FBS) and 1% penicillin/streptomycin. Cells between passages 10-15 were 

used. Prior to use, cryopreserved cells were thawed, and cultured for 4 days in their 

respective media. Cells were detached using 0.05% trypsin and viability was assessed 

using trypan blue. 

 

Leukocyte isolation from peripheral blood 

Total white cells (leukocytes) were isolated by HetaSep™ (StemCell Technologies, 

Vancouver, Canada) density gradient centrifugation. Briefly, 1 part HetaSep™ was added 

to 5 parts blood and the sample was centrifuged at 90 x g for 3 mins at room temperature. 

The supernatant rich in total white cells was then collected and washed 3 times with 

Roswell Park Memorial Institute (RPMI) 1640 media + 1% bovine serum albumin 

(BSA). Red blood cell (RBC) lysis was performed by incubating the leukocyte pellet in 

10ml of Red blood Cell Lysing buffer Hybri-Max
TM

 (Sigma - Aldrich, ST. Louis, MO) 

for 10 mins with frequent vortexing. Cell count and viability was determined using trypan 

blue exclusion method. 

 

Isolation of peripheral blood mononuclear cells (PBMCs) 

PBMCs were isolated from blood by density centrifugation using Histopaque® (Sigma, 

St. Louis, MO). Briefly, the total volume of blood was laid over an equivalent volume of 
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Histopaque® and the sample was centrifuged at 450g for 30 mins. PBMCs were then 

collected from the buffy coat phase and transferred into a fresh tube and washed with 

PBS. Sample was centrifuged at 2000rpm for 10 mins. RBC lysis was performed by 

incubating the PBMC pellet in 10 ml of Red blood Cell Lysing buffer Hybri-Max
TM

 

(Sigma-Aldrich, ST. Louis, MO) for 10 mins with frequent vortexing. Cell count and 

viability was determined using trypan blue exclusion method.  

 

Neutrophil isolation 

Neutrophils were isolated by means of negative selection magnetic isolation using the 

Human Neutrophil Enrichment Kit (StemCell Technologies, Vancouver, Canada) 

according to the manufacturer’s guidelines. Briefly, total white cells were incubated with 

EasySep Human Neutrophil Enrichment cocktail for 10 mins at 4
o
C. EasySep 

nanoparticles were then added to the mixture and were incubated for 10 mins at 4
o 

C. The 

suspension was then mixed and brought to a total volume of 2.5 ml. The tube was then 

inserted into the EasySep magnet, and with one continuous motion, the tube was inverted 

and the contents were poured into a fresh 5 ml polystyrene tube. Cell count and viability 

were determined using trypan blue exclusion method. 

 

Lymphocyte proliferation assay 

PBMCs were stimulated with 10ug/ml phytohemaglutinin (PHA) and seeded at 20 x 10
4
 

cells in a 96- well plate in the presence or absence of 20 x 10
3 

mitomycin-C (25ug/ml) 

treated AFSC, BM-MSCs or placental cells (PLSCs). Stem cells were plated into a 96-

well plate and allowed to adhere overnight. The co-culture system was incubated for 6 
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days before cell proliferation was assessed using the Cell proliferation ELISA BrdU kit 

(Roche, Basel, Switzerland). BrDU was added on day 5 for an overnight incubation. 

 

Flow cytometry T cell subset analysis 

PBMCs were collected and stained with cell surface markers CD294 (Th2), CD183 

(Th1), CD196 (Th17), CD25 (Tregs) obtained from BD Biosciences. PBMCs were 

incubated for 30 minutes, then washed with PBS twice and stored on ice in 1% PFA 

solution until analysis was acquired using a BD Accuri C6 flow cytometer (BD 

Biosciences, San Jose, CA). FoxP3 intracellular staining was also performed as a marker 

for Treg subpopulation, PBMCs were permeabilized with 0.1% Tween 20 solution for 10 

mins before staining with CD25 and FoxP3 antibodies. 

 

IFN-γ cytokine ELISA 

IFN-γ secreted levels were measured in the supernatant of cells cultured under the system 

described above. Briefly PBMCs were centrifuged at 1500rpm for 5 mins, re-suspended 

in PBS for flow analysis whereas the supernatants were collected and assessed for IFN-γ 

protein levels using the Human IFN Gamma PicoKine™ ELISA Kit (Boster, Pleasanton, 

CA) following manufacturer’s protocol. 

 

Th1/Th2/Th17 cytokine bead assay 

Supernatants collected from cells cultured under the system described above were used to 

measure the levels of 7 cytokines by flow cytometry, IL-2, IL-4, IL-6, IL-10, TNF, IFN-γ 

and IL-17A using the Human Th1/Th2/Th17 Kit (BD Biosciences, San Jose, CA), 
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according to the manufacturer’s protocol. Analysis was acquired using a BD Accuri C6 

flow cytometer (BD Biosciences, San Jose, CA). 

 

Neutrophil migration assay 

Isolated neutrophils were seeded at a density of 25 x 10
4 

cells in the top chambers of a 

96- well plate with a transwell system in the presence (co-culture) or absence of 2 x 10
4 

stem cells. Cells were incubated for 4 hours before neutrophils migration was assessed in 

response to 80ng/ml IL-8 solution in the bottom chamber of the transwell system, using 

the Cytoselect 96-well cell migration assay 3μm, fluorometric format (Cell Biolabs, Inc., 

San Diego, CA), according to the manufacturer’s protocol. Briefly, neutrophils were 

allowed to migrate from the upper chamber through the polycarbonate membrane where 

they attach to the bottom side. The migratory cells were then dissociated from the 

membrane by the addition of Cell Detachment Buffer to the lower chamber. Neutrophils 

were then lysed and quantified using the CyQuant GR Fluorescent dye and fluorescence 

was measured using a fluorescent microplate reader at Ex/Em= 480nm/520 nm.  

 

Myeloperoxidase (MPO) and neutrophil elastase (NE) activity assays 

Isolated neutrophils were stimulated with 100nM phorbol myristate acetate (PMA) and 

seeded at a density of 25 X 10
4 

cells in a 96-well plate in the presence or absence of 20 

x10
3 

stem cells. Cells were cultured for 2 hrs and 30 mins before MPO and NE activities 

were assessed using the Neutrophil Myeloperoxidase Activity Assay kit (Cayman 

Chemical, Ann Arbor, MI) and Neutrophil Elastase Activity Assay Kit (Abcam, 

Cambridge, MA).  MPO activity was assessed by incubating with MPO substrate for 10 
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mins. Absorbance was read using a plate reader at 650nm. NE activity was assessed by 

incubating with NE substrate for 20 mins and measuring the output on a fluorescent 

microplate reader at Ex/Em= 380/500nm. 

 

In Vitro stimulation of total white cells 

Total white cells (2 x 10
6
 cells) were stimulated with 10ng/ml LPS for 24 hrs in a 12-well 

plate, supplied with RPMI +1% BSA media. LPS stimulated cells were exposed to 20 x 

10
4 

stem cells in a transwell culture system using cell culture inserts (Millicell cell culture 

inserts 0.4 μm, 12 mm diameter). Cells were used to perform the following assays: 

 

Cytokine ELISA 

Cell supernatant from the in vitro stimulated and unstimulated of total white cells was 

collected by centrifuging the total white cells at 1500rpm for 5 mins. IL-6, NE and TNF-

α protein levels were then assessed using the Human PMN Elastase Platinum ELISA 

(Invitrogen, Carlsbad, CA), IL-6 and TNF-α PicoKine™ ELISA Kits (Boster, Pleasanton, 

CA).  

 

RNA Sampling, cDNA generation and qRT-PCR 

RNA was isolated using the TRIzol™ reagent (Invitrogen, Carlsbad, CA) method 

according to the manufacturer’s guidelines. RNA quality was determined using the 

NanoDrop™ 2000 Spectrophotometer (ThermoFisher Scientific, Wilmington, DE).  

cDNA was generated using the High Capacity cDNA Reverse Transcriptase kit (Applied 

Biosystems, Foster City, CA) according to the manufacturer’s protocol.  qRT-PCR was 
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performed using Taqman Primers for IL-8, IL-1β, TNF-α, neutrophil elastase (NE), IL-6, 

NF-κB, IFN-γ, CCL2, IL-10 (TaqMan gene expression assays, Thermo Fischer) 

following the TaqMan Fast Advanced Master Mix Protocol (Applied Biosystems, Foster 

City, CA).  

 

Nuclear extraction and NF-kB ELISA 

Cells from the above cell culture system were collected and centrifuged at 1500 rpm for 5 

mins. The cell pellet was used for nuclear and cytoplasmic extraction using the NE-PER 

nuclear and cytoplasmic extraction reagents kit (abcam, Cambridge, MA) following the 

manufacturer’s protocol. Nuclear extracts were then used to perform the NF-kB p50 

transcription factor assay kit (Abcam, Cambridge, MA) following the kit’s protocol.  

 

Statistical Analysis  

In vitro assays were performed with triplicate technical replicates, and data from the 

groups were pooled and displayed as mean ± standard error of the mean (SEM). Data was 

analyzed using GraphPad Prism version 6.0.  Two-tailed unpaired Student’s t tests were 

used to determine statistical significance between the groups of immune cells exposed to 

stimulus and/or perinatal cells. A confidence limit of 95% was considered significant. 
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Results 

Assessment of stem cells effect on gene expression profile of inflammatory cytokines and 

enzymes 

A total of 81 samples (obtained from 21 females and 60 males, average age: 33, age 

range: 23-57) were used in this study. We first compared the gene expression profile of 

healthy leukocytes following LPS stimulation with that of the LPS-stimulated leukocytes 

cultured with stem cells located in the upper chamber of a transwell system for indirect 

co-culture conditions. RNA isolation was performed 24 hrs after initiation of LPS 

stimulation for all groups. We found that MSCs and PLSCs co-culture decreased IFN-γ 

gene expression in LPS-stimulated leukocytes (p < 0.05) (Fig. 1A). A significant 

decrease in the NE (Fig. 1B) gene expression was also observed with the transwell co-

culture of AFSCs (p < 0.05), MSCs (p < 0.05) as well as PLSCs (p < 0.001). We also 

observed a significant decrease in NF-κB gene expression only in the presence of PLSCs 

(p < 0.05) (Fig.1C). AFSCs and MSCs co-culture also showed a trend of decreased NF-

κB gene expression; however this was not statistically significant. Only AFSCs decreased 

the gene expression levels of IL-1β (p < 0.05) (Fig. 1D). We observed decreased levels of 

IL-6 and TNF-α with the transwell co-culture of all stem cell types, however these 

changes were not statistically significant. We did not observe any changes in IL-8 or IL-

10 expression levels with any of our stem cells, however CCL2 gene expression 

significantly increased following co-culture with  PLSCS (p < 0.05), but not AFSCs, or 

MSCs , (Fig.1 G, H, I). Although some differences between the three stem cell types 

were observed, these findings indicate that these stem cell populations have an inhibitory 

effect on inflammatory cytokine gene expression, including the NF-κB signaling 
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pathway, and downstream factors such as NE. This data also indicates that this 

phenomenon is not dependent on direct contact between stem cells and leukocytes, 

suggesting a role of soluble factors produced by stem cells in transwell co-culture. 

 

Effect of stem cells on cytokine release profiles 

Next we assessed cytokine protein levels in the cell culture supernatants. Cytokine 

ELISAs were performed on supernatants obtained from healthy leukocytes following 

LPS stimulation and compared to LPS-stimulated leukocytes co-cultured with stem cells 

located in the upper chamber of a transwell system. Culture supernatants were collected 

(combined from the lower and upper chambers) 24 hrs after initiation of LPS stimulation 

for all groups. Supernatant protein levels of NF-κB, NE, IL-8, IL-10, CCL2 and IFN- γ, 

did not show any significant differences with LPS stimulation, or in any of co-culture 

groups (data not shown). Levels of IL-6 in the supernatant derived from leukocytes 

increased following LPS stimulation, and co-culture with all 3 stem cell types further 

increased the levels of secreted IL-6, however only MSCs and PLSCs co-culture were 

statistically significant (p < 0.001) (Fig. 2A). PLSCs co-culture significantly decreased 

the protein levels of secreted TNF-α following LPS stimulation (p < 0.05). IL-1β levels in 

the supernatant seem to increase with the transwell co-culture of all stem cell types; 

however changes were not statistically significant (Fig. 2C). Secreted NE levels were 

unaffected by the LPS stimulation and remained unchanged with co-culture of all stem 

cell types. In comparison to gene expression analysis, in which RNA was isolated only 

from leukocytes in the lower transwell chamber, analysis of the cytokines in the culture 

supernatant, can represent cytokines secreted by leukocytes and potentially also by the 
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co-cultured stem cells. It appears the primary effect of LPS-stimulation was the secretion 

of inflammatory cytokines IL-6, TNF-α, IL-1β and IL-10, which are all known to be 

secreted by LPS-stimulated monocytes. While stem cell co-culture appeared to decrease 

secreted TNF-α levels, the observed increase in IL-6 may be due to increased secretion 

from monocytes, and/or secretion from the stem cells themselves, which have been 

shown to secrete IL-6 under various conditions (20). 

 

Effect of stem cells on neutrophil migration and enzymatic activities 

Our qPCR data indicated a significant decrease of NE gene expression following 

transwell co-culture with all three stem cell types. To explore potential mechanisms of 

interaction of stem cells with neutrophils, we isolated neutrophils by means of negative-

selection magnetic isolation and subjected them to an IL-8 concentration gradient. 

Neutrophils exhibited a significant increase in migration following exposure to the IL-8 

gradient however; none of the three stem cell types had any significant effect on this 

phenomenon (Fig.3A). Similarly, stem cells did not seem to affect the degranulation of 

MPO or NE (Fig. 3B, C). These data suggest that there are no significant direct effects of 

stem cells co-culture on clinically relevant functions of neutrophils under these in vitro 

conditions. 
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Figure 1. Acute-phase reactants gene expression of leukocytes at baseline and following 

stimulation with 10ng/ml LPS, in the presence and/or absence of stem cells (A) interferon 

gamma (IFN-γ), (B) neutrophil elastase (NE), (C) nuclear factor kappa B (NF-κB), (D) 

interleukin 1β (IL-1β), (E) interleukin -6 (IL-6), (F) tumor necrosis factor-alpha (TNF-α), 

(G) interleukin-8 (IL-8), (H) interleukin (IL-10) and (I) chemokine ligand -2 (CCL2). 

Bars represent SEM.  * = p-value < 0.05. ** = p-value < 0.01. ***= p-value < 0.001. 
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Figure 2. Cytokine release of interleukin-6 (IL-6) (A), tumor necrosis factor-alpha (TNF-

α) (B),  interleukin-1 beta (IL-1 β) (C) and neutrophils elastase (NE) (D) detected on 

unstimulated (US) leukocytes following stimulation with LPS and/or in the presence of 

AFSCs, MSCs and PLSCs. Bars represent SEM.* = p-value < 0.05. ** = p-value < 0.01. 

***= p-value < 0.001. 
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Figure 3. Migration assay of isolated neutrophils derived from healthy donors subjected 

to an IL-8 concentration gradient (A), myeloperoxidase (MPO) (B)  and neutrophil 

elastase (NE) (C) enzymatic activity assays of isolated neutrophils stimulated with PMA, 

alone and in co-culture with AFSCs, MSCs and PLSCs. Bars represent SEM. * = p-value 

< 0.05. ** = p-value < 0.01. ***= p-value < 0.001. 
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in direct contact) of all three stem cell types decreased the proliferation of stimulated 

lymphocytes, with a statistically significant effect observed for AFSCs (p < 0.05) and 

PLSCs (p < 0.01) (Fig. 4). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Lymphocyte proliferation assay of PHA stimulated healthy derived PBMCs 

alone and in co-culture with AFSCs, MSCs and PLSCs. Bars represent SEM. * = p-value 

< 0.05. ** = p-value < 0.01. ***= p-value < 0.001. 
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population (Fig.5A). We observed that the proportion of Th1 cells significantly increased 

following stimulation with PHA for 6 days (stimulated) when compared to unstimulated 

levels (US) (p < 0.01). Co-culture with PLSCs significantly decreased the proportion of 

Th1 cells similar to levels observed in unstimulated PBMCs (p < 0.05) (Fig.5B). We next 

analyzed the secreted cytokine profile of PMBCs under the same culture conditions. 

Secreted levels of IFN-γ in the culture medium coincided with observed Th1 subset 

proportions, with an observed increase in IFN-γ levels following stimulation with PHA 

compared to unstimulated levels (p < 0.001) and a significant reduction of IFN-γ levels in 

the presence of PLSCs, when compared to the stimulated group (p < 0.001) (Fig.5C).   

 

We also measured the levels of other Th -associated cytokines using the Th1/Th2/Th17 

detection beads. Our findings further confirmed the decreased levels of IFN-γ in the 

presence of PLSCs, validating the suppressive effect on Th1 cells. TNF levels were 

completely abolished in the presence of PLSCs when compared to unstimulated and PHA 

stimulated groups, whereas IL-6 levels were only detected in unstimulated cells (Fig.6 B, 

C). Both IL-10 and IL-17A were elevated following PHA stimulation but PLSCs only 

increased the levels of IL-17A compared to the stimulated group (p < 0.05).  Levels of 

IL-2 measured via ELISA also showed decreased levels after PHA stimulation (p <  0.01) 

compared to unstimulated cells, and a further reduction was accomplished in the presence 

of PLSCs (p <0.05) when compared to the stimulated cells. 
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Figure 5. Effects of PLSCs on the proliferation of CD3
+ 

CD4
+ 

subsets, panel (A) shows 

the gating strategy used for analysis. (B) graph showing the change in Th1 percentage at 

baseline and following PHA stimulation in the presence and/or absence of PLSCs. (C) 

IFN-γ secreted levels measured in the culture medium of the different groups. Bars 

represent SEM. * = p-value < 0.05. ** = p-value < 0.01. ***= p-value < 0.001. 
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Figure 6. Effects of PLSCs on Th1/Th2/Th17 cytokine levels detected in the supernatant 

of cells at baseline, and after PHA stimulation with and without the presence of PLSCs. 

(A) interferon-gamma (IFN-γ), (B) tumor necrosis factor (TNF), (C) interleukin-6 (IL-6), 

(D) interleukin-10 (IL-10), (E) interleukin-17A (IL-17A) and (F) interleukin-2 (IL-2). 

Bars represent SEM. * = p-value < 0.05. ** = p-value < 0.01. ***= p-value < 0.001. 
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of immune cells. This induces the activation of transcription factor NF-κB which 

subsequently activates the downstream transcription of a plethora of inflammatory 

cytokines such as IL-1β, IL-6, IL-8, IFN-γ and NE (21, 22). We further analyzed the 

effect of these stem cells on neutrophils and lymphocytes in isolation, to investigate the 

probable mechanisms of interaction between the immune cells and stem cells. The gene 

expression data suggested that secreted factors from the stem cells might play a role in 

modulating cytokine levels, given that the assay was set up under transwell culture 

conditions. Our findings were in accordance with other studies in showing that perinatal 

cells, especially PLSCs, decreased the gene expression and protein levels of IFN-γ and 

TNF-α, suggesting that PLSCs may have an inhibitory effect on lymphocytes, 

particularly Th1 cells. Furthermore, PLSCs significantly decreased the gene expression of 

NF-κB and NE suggesting that PLSCs as well as AFSCs might interact with neutrophils. 

Moreover, perinatal cells and BM-MSCs did not have any effect on the migratory or 

enzymatic activities of isolated neutrophils, despite their inhibitory effect on NE gene 

expression when total leukocytes were analyzed. This implies that a potential crosstalk 

between perinatal cells and other components of the immune system is needed to 

influence these neutrophil functions. PLSCs also decreased the proliferation of Th1 T cell 

subsets and their associated cytokines.  

 

In our study, we found that PLSCs showed the greatest level of suppression of NF-κB 

and NE gene expression. We also observed a decrease in the gene expression of IL-1β 

and IFN-γ in the presence of AFSCs and PLSCs respectively. Additionally, PLSCs 

increased the gene expression of CCL2, a chemokine involved in the recruitment of 
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monocytes. Secreted supernatant cytokine analysis demonstrated increased levels of IL-6 

secretion in the presence of MSCs and PLSCS, contradicting the gene expression of IL-6, 

which remained relatively unchanged. This may be explained by the fact that gene 

expression analysis was performed only on leukocyte-derived RNA, with the stem cells 

excluded from analysis by their location in the upper transwell membrane. For protein 

cytokine analysis, the analyzed culture supernatant contained proteins that were 

potentially secreted by both cell types. Stem cells from the bone marrow, as well as 

AFSCs and PLSCs have been shown to secrete IL-6 (20, 23) suggesting that the stem 

cells might have been the source of the increased IL-6 levels in our supernatant samples 

under the transwell culture conditions. We also observed significantly lower levels of 

secreted TNF-α when leukocytes were co-cultured with stem cells. During the early 

stages of the immune response, IL-1β, TNF-α and IL-6 are secreted by macrophages and 

monocytes into the inflammatory milieu, and trigger downstream inflammatory activity 

including increased vascular permeability and recruitment of neutrophils and 

lymphocytes (24-26). Macrophages also promote Th1 mediated immunity by secreting 

the cytokine IL-12. IL-12, along with TNF-α and other inflammatory cytokines, then, 

stimulate the production of IFN-γ (27, 28). These findings suggest that PLSCs might 

interact with monocytes and macrophages at early time points and suppress their function 

to secrete pro-inflammatory cytokines. This also suggests that the downregulation of 

these cytokines by PLSCs may also explain the downstream potential inhibitory role of 

perinatal cells on Th1 cells (20, 28). Cell supernatants analyzed for NE levels 24 hours 

after LPS stimulation showed unchanged levels. One limitation of these experiments is 

that our analysis was performed at a single time-point, chosen to facilitate detection of a 
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majority of clinically relevant cytokines and acute-phase reactants. However this 

compromise provides only a brief snapshot of the dynamic inflammatory process, and is 

likely to have resulted in our chosen assays missing very early (< 60mins) as well as late 

(> 48 hours) responses. This may explain some of our findings such as our gene 

expression data, where the presence of stem cells had a significant inhibitory effect on the 

gene expression of NE.  NE protein is secreted very early in the inflammatory response, 

analyzing NE levels after 24 hours might be too late to detect any significant changes, 

although the effects of NE gene expression under the regulation of the NF-κB could still 

be detected. To address these questions, further longitudinal studies are required to 

provide more information about how stem cells interact with both early as well as late-

acting immune responses. 

 

To evaluate potential direct interactions between stem cell types and neutrophils, we 

purified neutrophils from the total white cells using magnetic bead separation and 

performed functional assays with stem cell co-culture. We observed that neutrophil 

migration towards an IL-8 gradient, and enzymatic activities remained unaffected by the 

co-culture with stem cells. Although all three stem cell types suppressed the gene 

expression of NE when evaluated in total leukocytes, this effect was not observed when 

isolated neutrophils were used. Contrary to our findings, results from Jiang et al, who 

investigated the effect of adipose tissue derived MSCs on neutrophil mediated tissue 

damage, revealed that mouse derived neutrophils co-cultured with MSCs exhibited a 

decrease in MPO and NE secreted levels as well as their enzymatic activities (29), 

suggesting potential differences between these interactions between human and mouse 
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cells. In another study, human MSCs derived from Wharton’s jelly, trabecular bone and 

BM were capable of suppressing human neutrophil recruitment to TNF-α-stimulated 

endothelial cell monolayers (30). As distinct stimulation approaches can be used for 

neutrophil activation and recruitment, these differences may be useful in evaluating 

differential responses to stem cells. Similarly, the presence of multiple interacting cell 

types appears to be essential for appropriate modeling of neutrophil functions. Our 

neutrophil isolation protocol eliminated other immune cell populations such as 

macrophages and monocytes, suggesting these cell interactions may be important for 

neutrophil activation and interactions with stem cells (31). It is possible that the observed 

inhibitory effect on NE gene expression may be mediated by indirect mechanisms, where 

perinatal cells interact with other components of the immune system which then influence 

neutrophil functions. This hypothesis requires further study, but is supported by a study 

performed by Lai et al. who attributed the induced NE reduction in a rat model of 

ventilator-induced lung injury (VILI), to the MSCs suppression of early-stage pro-

inflammatory cytokines like TNF-α (32).  

 

When we evaluated the inhibitory effects of AFSCs, MSCs and PLSCs on PHA 

stimulated PBMCs from healthy donors, we found that PLSCs suppressed the 

proliferation of stimulated lymphocytes in vitro. This finding confirms studies performed 

by others, who have shown that PHA-stimulated lymphocyte proliferation can be 

suppressed by bone-marrow and perinatal-derived stem cells under co-culture conditions 

(20).  We also demonstrated by flow cytometry analysis of the Th cell subsets that Th1 

(CD3+ CD4+ CD183+) proportions (%) were reduced in the presence of PLSCs. This is 
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supported by our observed decrease in levels of secreted IFN-γ.  Our findings are in 

accordance with other reports that showed that PLSCs downregulate Th1 cells and 

decrease the levels of their associated cytokines such as IFN-γ and IL-2 (20, 33, 34). Th1 

cells mediate immune responses against intracellular bacteria and protozoa by producing 

IL-2 and IFN-γ that lead to activation of macrophages as well as CD8+ T cells and 

antibody producing B cells (35). During an infection, antigen presenting cells present 

antigen derived proteins to naïve T cells (Th0) which recognize these signals using their 

T cell receptors (TCR) and become activated. CD4+ naïve T cells then differentiate into 

multiple T helper subsets including Th1. Th0 give rise to Th1 cells in the presence of IL-

12 and IFN-γ, which trigger the expression of high levels of STAT4 and T-bet 

transcription factors in naïve T cells, favoring Th1 differentiation (36). Th1 have been 

implicated in many illnesses as a potential mechanism of disease dysfunction and 

progression. Studies have shown that increased levels of IFN-γ, associated with a 

predominant Th1 imbalanced inflammatory response, play a major role in the progression 

of autoimmune disease in lupus prone MRL mice (37). Other studies investigating the 

role of Th1 in rheumatoid arthritis in rat models revealed that polyclonal expansion of 

Th1 cells was necessary for the onset of disease (38). Patients with Crohn’s disease (CD) 

exhibited high infiltration of Th1 cells in the gastric and intestinal mucosa, accompanied 

by increased levels of IFN-γ and TNF-α which have been implicated in the progression of 

the disease (39). In autoimmune demyelinating diseases, such as MS, patients showed 

elevated serum levels of TNF and IFN-γ derived from Th1 cells (40, 41). More recently, 

Zhou et al. reported that patients with psoriasis, exhibited increased levels of IFN-γ as 

well as IL-17 in the serum, that was mainly mediated by increased NF-κB expression 
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(42). Current treatments for Th1 mediated diseases include anti-inflammatory and 

immunomodulatory drugs to reduce the Th1 mediated immune response, such as anti-

TNFα antibodies (43-46).  However, these therapies have been associated with major side 

effects such as infusion reactions especially in nonspecific cells of the body, and is some 

cases, the development of eczema and  tuberculosis due to neutralization of TNF-α (47, 

48). Thus, the potential to modulate Th1 responses in patients with autoimmune diseases 

may be beneficial for controlling or preventing disease onset. Interestingly, the presence 

of PLSCs in contact with stimulated immune cells led to an increase in IL-17A and a 

reduction in IL-2 supernatant levels. IL-2 is mainly involved in the maintenance and 

growth of regulatory T cells (Tregs), as well as the differentiation of Th1 and Th2 cells. 

IL-2 might also play a role in the suppression of the differentiation of Th17 cells, the 

main sources for IL-17A. Th17 cells, on the other hand, are highly inflammatory cells 

that are involved in a number of autoimmune diseases such as psoriasis, rheumatoid 

arthritis and MS (49-52). This may explain our findings showing elevated levels of IL-

17A and reduced IL-2 levels following PHA stimulation. However, the administration of 

PLSCs further exacerbated this phenomenon, suggesting that PLSCs may favor Th17 

cells. In this context, although we did not detect any significant changes in the percentage 

of Th17 cells in our co-culture system with PLSCs, it seems that the presence of PLSCs 

might increase the function of these cells to produce IL-17A. This suggests that the 

suppressive effect of PLSCs on Th1 cells and the subsequent downregulation of IL-2 

cytokine might create a suitable environment for Th17 cells upregulation. This 

contradicts some of the reports showing that PLSCs may suppress the expansion of Th17 

cells (20, 34). Along the lines of our results, MSC activation of Th17 has been previously 
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reported in vitro, as Carrion et al. demonstrated similar opposing effects on Th1 and Th17 

cells, where the addition of MSCs after T cell activation led to an increase in IL-17A 

production while inhibiting IFN-γ. MSCs only decreased Th17 cells when added early 

(prior to T cell activation) (53). These findings emphasize the importance of investigating 

the underlying mechanisms of action of cell therapy and its effect on the different cells of 

the immune response, taking into consideration important criteria such as the state of T 

cell activation as well as timing of cell therapy administration. PLSCs’ suppression of 

one axis of the pro-inflammatory response might come at the risk of allowing 

upregulation of other inflammatory pathways that could be just as deleterious to disease 

severity.  

 

Conclusion 

Our study showed that PLSCs have a robust effect on the suppression and function of 

Th1 subsets. These findings confirm the anti-inflammatory properties of PLSCs on Th1, 

provide further understanding about the interaction of PLSCs with the different 

components of the immune system, and offer a potential anti-inflammatory effect on Th1 

cell subset, suggesting a potential use of these cells to target Th1-related diseases. 
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Introduction 

Cystic fibrosis (CF) is a genetic disease that is caused by a mutation in the gene coding 

for the cystic fibrosis transmembrane conductance regulator (CFTR), an ion channel that 

is expressed on the surface of most epithelial cells, thus CF is a multi-organ disease that 

affects epithelial cells of airways, the gastrointestinal tract, reproductive and endocrine 

systems (1, 2). In the lungs, CFTR mutations alter the ion transport across the epithelial 

cells of the airways causing a decrease in the volume of the air surface liquid interface 

(ALI). These changes lead to airway dehydration accompanied by thickening of mucosal 

material and reduced mucus clearance, rendering the lungs a suitable environment for 

repeated bacterial infections (3). Thus, CF patients exhibit a persistent chronic 

inflammatory response in their lungs characterized by neutrophilia, an increased 

Th2/Th17 response and an elevated level of pro-inflammatory cytokines including 

neutrophil elastase (NE), IL-8 and matrix metalloproteinase (MMP)-12 (4-6). The onset 

of inflammation in CF remains a subject of debate in the field, as some studies have 

shown that inflammation is observed in CF patients even in the absence of any bacterial 

infections (7, 8). In CFTR knockout ferrets, studies describe impaired inflammatory 

pathways, reduced macrophage functions and increased levels of IL-8, IL-1β and TNF-α 

in newborn ferrets despite the absence of any change in bacterial load shortly after birth; 

similar changes are described for human CF patients (8-10). In CF fetal lungs, NFκB is 

activated when compared to healthy fetuses, and CF fetal lungs also exhibited higher 

levels of ICAM-1 and Gro-γ, both pro-inflammatory cytokines involved in neutrophil 

extravasation and migration. These findings suggested that an intrinsic pro-inflammatory 

environment exists prior to birth in the CF airways (11). Another study investigated the 
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levels of pro-inflammatory cytokines in CF infants at 6 months of age. Despite the 

absence of any positive bacterial cultures at the time of bronchoalveolar lavage (BAL) 

collection, CF infants exhibited higher neutrophil counts and IL-8 levels, suggesting that 

inflammation is already present in the airways (12). On the other hand, other studies have 

reported that CFTR mutation could be the cause of the dysfunction of the CF immune 

cells.  Some reports implicate the CFTR mutation within neutrophils in the reduced 

production of hypochlorous acid in the neutrophilic phagosome as one mechanism that 

contributes to neutrophils’ decreased microbial killing (13). Another study indicated that 

CF neutrophils have dysfunctional degranulation of the secondary and tertiary granules 

that leads to decreased anti-microbial effects (14). CFTR mutation also alters the 

regulation of macrophage receptors such as TLR5, CD11b and MHC class II molecules, 

thus altering their recognition of pathogens, adhesion, migration, and antigen presentation 

(15, 16). Thus, it remains controversial as whether inflammation is a direct result of 

CFTR mutations or rather is a result of the disease. One important notion remains is that 

the inflammatory response in the lungs of CF patients is one of the key factors that 

contribute to the morbidity and the progressive decrease of lung function in patients (17), 

hence, CF associated inflammation provides a potential target for immunomodulatory 

cell therapy.  

Perinatal stromal cells are derived from tissues of the umbilical cord, the placenta, 

amniotic fluid and membranes and constitute a potential source of cells with 

immunomodulatory and therapeutic properties. Cells derived from these tissues have a 

plethora of immunomodulatory and anti-inflammatory properties and are used in pre-

clinical studies and in clinical trials to treat multiple inflammatory diseases such as 
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idiopathic pulmonary fibrosis (IPF) and Crohn’s disease (18-21). Thus, perinatal cells 

constitute novel candidates for the application of cell‐based therapies to prevent and treat 

CF-associated inflammation. More recent studies have also shown that the 

immunomodulatory properties of mesenchymal stromal cells (MSCs) can be augmented 

by pre-exposing these cells to a various stimuli. This approach has been defined as 

“priming” in which stromal cells are exposed to conditions such as hypoxia, low serum 

media or pro-inflammatory cytokines stimuli such as IL-17A, IFN-γ and TNF-α (22-24). 

Kim et al. demonstrated that IFN-γ primed MSCs exerted superior suppressive properties 

on lymphocyte proliferation potentially through the upregulation of the Janus kinase 

(JAK)/ activator of transcription (STAT) pathway in NOD-SCID mice (25). Jiang et al 

showed that exposing gingival derived MSCs to hypoxia augmented MSCs wound repair 

properties, and enhanced their suppressive effect on the proliferation of peripheral blood 

mononuclear cells (PBMCs)(26). Additionally, pre-treatment of MSCs with pro-

inflammatory cytokine IL-1β triggered an increase in IL-8 and IL-6 cytokines and 

promoted the proliferation of T helper (Th)-2 and regulatory T cells (Tregs) in a mouse 

model of DSS-induced colitis (27). In our study, we hypothesized that 

immunomodulatory cell therapy can be an effective treatment for inflammatory lung 

diseases such as CF, and that cell “priming” may augment the immunomodulatory effects 

of cell therapy. To test this hypothesis we first stimulated CF derived PBMCs with LPS 

and measured the levels and inflammatory cytokines in the presence and/or absence of 

perinatal cells and MSCs. We then aimed to determine the cell source with the most 

potent immunomodulatory properties, in regards to having the most significant and 

widespread effect on the cytokine levels for use in our subsequent studies. To evaluate 
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whether “priming” would improve the anti-inflammatory properties of PLSCs, we 

performed comparative studies to evaluate the effect of PLSCs pre-treated with either 

IFN-γ/TNF-α or CF derived supernatant from mucopurulent material (SMM), on PHA 

stimulated lymphocytes. Finally, to determine if the immunomodulatory effect of PLSCs 

on proliferating lymphocytes is dependent on the inflammatory microenvironment, we 

pre-exposed PLSCs to serum free media, to generated conditioned media (CM), and to 

supernatants derived from either unstimulated - or PHA-stimulated PBMCs. Supernatants 

from these pre-exposed PLSCs were compared the effect of the use of PLSCs and un-

exposed PLSC supernatants for their ability to suppress lymphocyte proliferation. These 

studies provided important evaluation of the mechanisms of immunomodulatory cell 

therapy which will be essential for their clinical application for diseases such as CF. 

 

Materials and methods 

Patient selection and sampling 

This study including chart reviews, and sample collections were approved by the Wake 

Forest Baptist Medical Center Institutional Review Board (Study ID#IRB00029036) and 

informed consent was obtained from all participants. Inclusion criteria included: adults 18 

years or older with a diagnosis of CF, and healthy adults 18 years or older to serve as 

controls.  Exclusion criteria included:  current oral or IV antibiotic use (except for 

suppressive therapy), current use of anti-inflammatory medications, and history of blood 

dyscrasia.  Data collected on each subject includes age and gender for healthy donors as 

well as current medications, illnesses CF genotype, current CF severity/lung function and 
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history of sputum cultures for all CF subjects.  Blood samples from 37 patients confirmed 

to have CF through sweat chloride tests and/or genetic sequencing were collected during 

routine medical care at the Adult CF Center at Wake Forest Baptist Medical Center. 

Approximately 15 mL of blood were collected into sodium heparin coated collection 

tubes for further processing.  

 

 

Cell Culture 

Perinatal cell lines derived from human amniotic fluid and placental tissue have been 

isolated, characterized and cryopreserved in the Regenerative Medicine Clinical Center 

located within the Wake Forest Institute for Regenerative Medicine (WFIRM). These cell 

lines have been developed under current Good Manufacturing Practices (cGMP) in 

accordance with regulations for clinical applications, banked and characterized under 

FDA guidelines for rapid translation of research into clinical trials. Amniotic fluid 

stromal cells (AFSCs), bone marrow mesenchymal stromal cells (BM-MSCs, referred to 

hereby, as MSCs) and placental cells (PLSCs) were cultured for 4 days in Chang media, 

MSCBM and AmnioMax media respectively, supplied with FBS and 

penicillin/streptomycin. Stem cells between passages 10-15 were used. Briefly, cells were 

cultured for 4 days in their respective media. Before use, stem cells were detached using 

0.05% trypsin and viability was assessed using trypan blue method. 
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Isolation of total white cells from peripheral blood of CF donors 

Total white cells were isolated by HetaSep™ (StemCell Technologies, Vancouver, 

Canada) density gradient centrifugation. Briefly, 1 part HetaSep™ was added to 5 parts 

blood and the sample was centrifuged at 90 x g for 3 mins at room temperature. The 

supernatant rich in toal white cells was then collected and washed 3 times with Roswell 

Park Memorial Institute (RPMI) 1640 + 1% bovine serum albumin (BSA). Red blood cell 

(RBC) lysis was performed by incubating the leukocyte pellet in 10ml of Red blood Cell 

Lysing buffer Hybri-MaxTM (Sigma - Aldrich, ST. Louis, MO) for 10 mins with 

frequent vortexing. Cell count and viability was determined using trypan blue exclusion 

method. 

 

In vitro stimulation of total white cells 

Total white cells (2 x 10
6 

cells) were stimulated with 10ng/ml LPS (Sigma Aldrich, St. 

Louis, MO) for 24 hrs in a 12-well plate, supplied with RPMI +1% BSA media. LPS 

stimulated cells were exposed to 20 x 10
4
 stem cells in a transwell culture system using 

cell culture inserts (Millicell cell culture inserts 0.4 μm, 12 mm diameter). Cells were 

used to perform the following assays: 

 

RNA isolation, cDNA generation and qRT-PCR 

RNA was isolated from total white cells of CF patients following the TRIzol™ reagent 

(Invitrogen, Carlsbad, CA) method according to the manufacturer’s guidelines. RNA 

quality was determined using the NanoDrop™ 2000 Spectrophotometer (ThermoFisher 

Scientific, Wilmington, DE).  cDNA was generated using the High Capacity cDNA 
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Reverse Transcriptase kit (Applied Biosystems, Foster City, CA) according to the 

manufacturer’s protocol.  qRT-PCR was performed using Taqman Primers for IL-8, IL-

1β, TNF-α, neutrophil elastase (NE), IL-6, NF-κB, IFN-γ, CCL2, IL-10 (TaqMan gene 

expression assays, Thermo Fischer) following the TaqMan Fast Advanced Master Mix 

Protocol (Applied Biosystems, Foster City, CA). 

 

Cytokine ELISA  

Cell supernatant from the above cell culture system was collected by centrifuging the 

total white cells at 1500rpm for 5 mins. IL-6, NE and TNF-α protein levels were then 

assessed using the Human PMN Elastase Platinum ELISA (Invitrogen, Carlsbad, CA), 

IL-6 and TNF-α PicoKine™ ELISA Kits (Boster, Pleasanton, CA). 

 

Nuclear extraction and NF-kB ELISA 

Cells from the above cell culture system were collected and centrifuged at 1500 rpm for 5 

mins. The cell pellet was used for nuclear and cytoplasmic extraction using the NE-PER 

nuclear and cytoplasmic extraction reagents kit (Abcam, Cambridge, MA) following the 

manufacturer’s protocol. Nuclear extracts were then used to perform the NF-kB p50 

transcription factor assay kit (Abcam, Cambridge, MA) following the kit’s protocol. 

 

Isolation of peripheral blood mononuclear cells (PBMCs) 

PBMCs were isolated from blood by density centrifugation using Histopaque® (Sigma, 

St. Louis, MO). Briefly, the total volume of blood was laid over an equivalent volume of 
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Histopaque® and the sample was centrifuged at 450g for 30 mins. PBMCs were then 

collected from the buffy coat phase and transferred into a fresh tube and washed with 

PBS. Sample was centrifuged at 2000rpm for 10 mins. RBC lysis was performed by 

incubating the PBMC pellet in 10 ml of Red blood Cell Lysing buffer Hybri-MaxTM 

(Sigma-Aldrich, ST. Louis, MO) for 10 mins with frequent vortexing. Cell count and 

viability was determined using trypan blue exclusion method. PBMCs were then used to 

perform the following assays: 

 

Lymphocyte proliferation assay 

PBMCs were stimulated with 10ug/ml PHA and seeded at 20 x 10
4 

cells in a 96- well 

plate in the presence or absence of 20 x 10
3
 mitomycin-C (25ug/ml) (Sigma, St Louis, 

MO) treated placental cells (PLSCs) that were either unprimed, receiving only serum free 

media, or primed with one of the priming cocktails detailed below. Stem cells were plated 

into a 96-well plate and allowed to adhere overnight. The co-culture system was 

incubated for 6 days before cell proliferation was assessed using the Cell proliferation 

ELISA BrdU kit (Roche, Basel, Switzerland). BrDU was added on day 5 for an overnight 

incubation. 

 

Conditioned media (CM) preparation  

PLSCs were allowed to grow in full growth media until they reached 70-80% confluency, 

then media was removed, cells were washed with PBS twice and serum free media was 
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added to generate the CM. After 48 hours, CM was collected and stored at -80
o 

C. CM 

was then used to expose PHA-activated PBMCs and compare its effect to PLSCs.  

 

 

Preparation of the priming cocktails 

Supernatant from mucopurulent material (SMM): Mucopurulent material was harvested 

from the airway lumens of excised human CF lungs infected with Pseudomonas 

aeruginosa and S. aureus at the time of transplant and provided by the University of 

North Carolina CF Center Tissue Core. This material was centrifuged at 100,000 rpm (60 

min, 4 °C), and the supernatant was filtered through a 0.2-μm filter and frozen at –80 °C. 

Preliminary studies revealed that treatment of airway epithelia with SMM from 

individual CF lungs infected with P. aeruginosa and Staphyloccocus aureus induced 

epithelial hyper-inflammation. Because of the small volume of SMM/patient, SMMs 

from nine CF lungs (five males and four females, age 17–48 years, four ΔF508 

homozygous and five unknown genotypes) were pooled to assure homogeneous stimulus 

throughout experiments. 

TNF-α/IFN-γ: Concentrations of 3ng/ml TNF-α (Millipore, Burlington, MA) and 

10ng/ml IFN-γ (Sigma - Aldrich, ST. Louis, MO) were used for this priming cocktail. 

3 placental stem cell lines: WF38, WF65 and PLS-15-103 (referred to as 103, 

subsequently) obtained from RMCC were tested to investigate potential differences 

among cells from different donors as well and identify potential cell source bias. 
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Stimulated immune cells cocktail: PBMCs were plated following to the protocol of the 

lymphocyte proliferation assay detailed above. Briefly, 20x10
4 

PBMCs were plated at the 

bottom of a 96-well plate for 6 days. Each day, the plate was centrifuged at 1500rpm for 

5 mins and supernatants were collected and stored at -80
o 

C. This procedure was repeated 

every day for the duration of the assay (6 days). The supernatants collected above were 

then used to stimulate PLSCs daily. Briefly, PLSCs cells were plated in a 96-well plate, 

at a density of 20 x 10
3 

cells/well and were allowed to adhere overnight. On the next day, 

instead of receiving PHA-stimulated PBMCs, the PLSCs were incubated with the media 

derived from PHA stimulated immune cells collected in the previous step collected on 

day 1. On the next day, PLSCs derived supernatant was collected and replaced with PHA 

stimulated immune cell supernatant from day 2. This was repeated for a total of 6 days. 

The PLSCs supernatants obtained through these preparations were then used in the same 

sequential method to stimulate PBMCs and assess lymphocyte proliferation after 6 days.   

 

Cell Priming 

2 x 10 
4 

PLSCs were plated in their corresponding media at the bottom of a 96-well plate 

and allowed to adhere overnight. On the following day, media was removed and replaced 

with the priming cocktail and incubated for 24 hours. After that, the priming cocktails 

were removed, PLSCs were washed 3 times with PBS, before freshly isolated, PHA 

stimulated PBMCs were added to the PLSCs. All priming cocktails were prepared and/or 

diluted with serum free media. All groups were compared to unprimed cells where 

PLSCs were seeded in their regular growth medium.  
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PLSCs -derived exosomes (PLSCExo) on lymphocyte proliferation  

Exosome preparation: PLSCs were cultured in complete media until they reach 70% 

confluency; thereafter, complete media was removed, cells were washed with PBS to 

remove traces of remaining serum. Serum free media was added and cells were then 

cultured for 48 h. Subsequently, conditioned media was harvested and exosomes were 

isolated by serial centrifugation. The collected cell culture media was centrifuged at 

500 g at 4 °C for 5 min to remove detached cells, then at 2000 g for 5 min to remove 

cellular debris. The supernatant was collected and filtered through 0.22 μm filters to 

remove the apoptotic bodies and microvesicles. The filtrate was concentrated using 

Pierce concentrators (150 K MWCO/20 ml) by centrifuging at 3000 g for 15 min. The 

supernatants were then centrifuged at 100,000 g for 90 min (L-80 Ultracentrifuge, 70.1 Ti 

fixed angel rotor, Beckman Coulter, Indianapolis, IN). Finally, the pelleted exosomes 

(here onward mentioned as PLSCExo) were re-suspended in DPBS and stored at 4 °C 

until further use. 10ug and 25ug exosomes were used to perform the lymphocyte 

proliferation assay. Briefly, 10ug and 25ug of exosomes were added to PHA stimulated 

PBMCs and incubated for 5 days before BrDU was added for an overnight incubation. 

Proliferation was assessed the following day using the Cell proliferation ELISA BrdU kit 

(Roche, Basel, Switzerland). 

 

Statistical analysis 

In vitro assays were performed with triplicate technical replicates, and data from the 

groups were pooled and displayed as mean ± standard error of the mean (SEM). Data was 

analyzed using GraphPad Prism version 6.0.  Two-tailed unpaired Student’s t tests were 
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used to determine statistical significance between the groups of immune cells exposed to 

stimulus and/or perinatal cells. A confidence limit of 95% was considered significant. 

 

Results 

Assessment of the effect of stromal cells on the gene expression profile of inflammatory 

cytokines in the CF cohort 

We have previously established that stromal cells have a suppressive effect on pro- 

inflammatory cytokines in LPS stimulated total leukocytes derived from healthy donors. 

Therefore we hypothesized that cell therapy could have similar modulation of the 

dysregulated inflammatory response observed in CF patients. To test this hypothesis, the 

gene expression profile of CF patient-derived total leukocytes was assessed for 37 CF 

donors in the presence or absence of MSCs, AFSCs, and PLSCs. The analysis of cytokine 

gene expression of CF immune cells stimulated with 10ng/ml LPS for 24 hours with and 

without the presence of stromal cells revealed that co-culture conditions with all stromal 

cell types did not significantly affect inflammatory cytokines NE, NF-κB, IL-1β and IL-6 

(Fig.1). On the other hand, PLSCs seem to increase the gene expression of pro-

inflammatory cytokine IL-8 (p < 0.001), monocyte chemoattractant CCL2 (p < 0.05) and 

the anti-inflammatory IL-10 (p < 0.05), the latter’s gene expression also increased in the 

presence of MSCs (p < 0.05) (Fig. 1H). We observed that CF derived leukocytes did not 

exhibit significant stimulation with LPS and we have previously determined that CF 

leukocytes did exhibit lower cytokine levels following stimulation  with LPS when 

compared to healthy derived leukocytes (manuscript submitted).  
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Assessment of the effect of stromal cells on the levels of secreted cytokines in the CF 

cohort 

We then measured the levels of the corresponding secreted cytokines in the supernatants 

following stimulation with LPS for 24 hours in the presence and/or absence of stromal 

cells. Contrary to our findings in the gene expression, protein analysis of the cells’ 

supernatant revealed no significant changes in NE and NF-kB protein levels in the 

presence of stromal cells (Fig. 2). IL-10, IFN-γ and TNF-α were not detectable in the 

supernatant by the ELISA (data not shown). On the other hand, protein levels of IL-8 

were found to increase in the presence of PLSCs (p < 0.05). IL-6 supernatant levels 

increased in the presence of MSCs and PLSCs (p < 0.01), and CCL2 protein levels in the 

cells’ supernatant significantly increased in the presence of AFSCs (p < 0.05), MSCs and 

PLSCs (p < 0.001). These findings indicate that stromal cells potentially have an effect 

on macrophages evidenced by increased IL-8 and CCL2 which are cytokines closely 

associated with macrophage activation and recruitment and lymphocytes due to decreased 

IFN-γ in the CF cohort . However, contrary to their effects observed in the healthy 

cohort, which showed a reduction in leukocytes’ NE gene expression, stromal cells do 

not appear to have a significant direct effect on CF neutrophils function, however, 

increased IL-8 levels might suggest indirect effects on neutrophils potentially through 

interactions with other immune cells such as macrophages We also identified that PLSCs 

have the most potent immunosuppressive effects, as they induced therapeutic effects on 

the cytokine panel that were more statistically significant and widespread than AFSCs or 

MSCs, and will thus be used in the subsequent studies. 
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Figure 1. Acute phase reactants gene expression profiles in CF leukocytes after 

stimulation with 10ng/ml LPS for 24 hours, in the presence and/or absence of AFSCs, 

MSCs and PLSCs. (A) neutrophil elastase (NE),  (B) NF-kB, (C) IL-8, (D) IL-1β, (E) IL-

10, (F) IL-6, (G) CCL2 and (H) IFN-γ. Bars represent SEM.  * = p-value < 0.05. ** = p-

value < 0.01. ***= p-value < 0.001. 
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Figure 2.  Protein cytokines levels measured in the supernatant of CF-derived leukocytes 

following stimulation with 10ng/ml LPS for 24 hours in the presence and/or absence of 

AFSCs, MSCs or PLSCS. (A)neutrophil elastase (NE), (B) NF-kB, (C) IL-8, (D) IL-1β, 

(E) IL-6 and (F) CCL2 . Bars represent SEM.  * = p-value < 0.05. ** = p-value < 0.01. 

***= p-value < 0.001. 
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Potential mechanisms of action of PLSCs in response to stimuli 

Cell priming has been adopted in many studies as a novel approach to augment the 

immunomodulatory properties of stromal cells. We hypothesized that pre-treatment of 

PLSCs with disease specific cocktail would enhance their therapeutic properties in CF. 

Compared to unprimed cells we expected to observe a more robust suppression of 

lymphocyte proliferation in the presence of primed cells. 

To test our hypothesis we exposed PLSCs to either a pro-inflammatory cytokine cocktail 

consisting of 3ng/ml TNF-α and 10ng/ml IFN-γ, or alternatively a CF lung derived 

supernatant known as supernatant from mucopurulent material (SMM) (28). SMM was 

chosen as a potential “disease-specific” priming approach, as it contains a series of 

inflammatory cytokines and factors (Figure 3) that are representative of the CF 

pulmonary environment which may have an effect of upregulating PLSCs therapeutic 

properties. As the best performing stromal cell population in previous experiments, 

PLSCs were chosen for further analysis, and for evaluation of potential cell line-to-cell 

line variability. Three different PLSCs cell lines, WF38, WF65 and PLS-15-103 were 

pre-exposed to priming cocktails for 24 hours before the addition of the healthy derived 

PBMCs. We first performed a series of SMM dilutions to determine the most efficient 

dose to use for “priming”. We determined that WF38 cells exposed to , 1:3, 1:5 and 1:10 

SMM dilutions equally suppressed the proliferation of PHA stimulated lymphocytes (p < 

0.01) (Figure 4. A). For the subsequent study, 1:10 SMM dilution was used, as we 

determined that using a lower SMM concentration would still provide WF38 cells with  

similar suppressive properties as higher doses . Compared to PHA stimulated group, the 

presence of unprimed PLSC cell lines WF38 (p < 0.01) and 103 (p < 0.05) decreases the 
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proliferation of stimulated lymphocytes, but not in the presence of unprimed WF65. 

Similarly, we observed significant suppression of lymphocyte proliferation when cells 

were primed with SMM, but only with PLSC cell lines WF38 (p < 0.001) and 103 (p < 

0.05). Lastly, PLSC cell lines WF38 and 103, but not WF65 also showed significant 

suppression of lymphocyte proliferation when primed with IFN-γ/TNF-α (p < 0.05). The 

103 cell line exhibited similar suppressive properties under all priming conditions 

compared to the corresponding unprimed cells. On the other hand, WF38 cells showed 

superior suppression when cells were primed with SMM compared to unprimed cells (p < 

0.05) (Figure 4. B). WF65 appeared to not have any suppressive effect under any of the 

tested conditions. These findings indicated that “priming” PLSCs with IFN-γ/TNF-α 

maintained the suppressive effects of PLSCs but did not enhance immunomodulatory 

properties. Priming with SMM, on the other hand, enhanced WF38 therapeutic properties 

suggesting that CF specific SMM could provide a potential mechanism of interaction of 

WF38 cells with CF immune system.  

PLSC-derived CM was also collected from each of the cell lines, and used to evaluate 

potential effect of the cells’ secretome on lymphocyte proliferation. Interestingly, groups 

that received CM derived from any of the PLSC cell lines did not exhibit any significant 

decrease in proliferation when compared to the stimulated-only group (Figure 4. C). Our 

results indicated that CM derived from PLSCs do not have the same suppressive 

properties as the cells themselves and suggest that cell-to-cell contact might be required 

to suppress lymphocyte proliferation. 
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Figure 3. Cytokine content of SMM evaluated using a (Bio-Rad, Hercules, CA) and 

Flurokine FMAP Cytokine Panel A reagents (R&D Systems, Minneapolis, MN), Data 

represent mean + SD (n = 14) (28).   
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Figure 4. The effect of “priming” on PLSCs’ immune suppression of lymphocyte 

proliferation (A) Lymphocyte proliferation assay with WF38 cells primed with 1:3, 1:5 
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and 1:10 dilutions of SMM. (B) Lymphocyte proliferation assay in the presence of 

primed and unprimed PLSCs (C) effect of CM versus unprimed cells on lymphocyte 

proliferation. Bars represent SEM. * = p-value < 0.05. ** = p-value < 0.01. ***= p-value 

< 0.001, # = p-value < 0.05.  

 

PLSCs -derived exosomes (PLSCExo) effects on lymphocyte proliferation 

To investigate potential mechanisms of action of how PLSCs might suppress 

lymphocytes, we isolated exosomes form PLSCs according to the protocol described 

above. We speculated that exosomes would represent a concentrated set of secreted 

factors that may provide potential immunomodulatory effects superior to CM. We 

hypothesized that the PLSCs derived exosomes could have suppressive properties similar 

to the cells they are derived from. Based on our findings from the priming study, we 

determined that only WF38 and 103 cells lines had immunomodulatory properties, 

whereas WF65 did not have any significant effects, thus we isolated exosomes from 

WF38 and 103 cells lines according to the protocol described in the methods. PLSExo 

yield reported as total protein concentration was measured at approximately 3ug/10
6 

cells. 

In our studies, we used the equivalent of 10ug and 25ug of exosomes derived from WF38 

and 103 cells. This represents exosomes produced by approximately 3 to 8 million 

PLSCs. PLSExo were then incubated in the presence of PHA stimulated PBMCs for 6 

days. Compared to the stimulated group (received PHA only), the addition of PLSExo 

did not have a significant impact on the proliferation of PHA-stimulated lymphocytes 

(Figure 5). These findings, combined with results from conditioned media exposure 

studies suggest that the contact between PLSCS and PBMCs might be required to 

suppress lymphocyte proliferation. 
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Figure 5. The effect of WF38 and 103- derived exosomes on lymphocyte proliferation. 

Bars represent SEM.  * = p-value < 0.05. ** = p-value < 0.01. ***= p-value < 0.001. 
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Based on our findings that PLSExo and CM did not recapitulate the same suppressive 

effect lymphocyte proliferation observed with the use of PLSCs in co-culture conditions,, 

we next evaluated the role of cell-to-cell contact in maintaining the suppressive effect of 

PLSCs on stimulated lymphocytes. In this context, we devised as series of comparison 

studies to investigate 1) the role of direct PHA activation of PLSCs, 2) PBMC activation 

of PLSCs, and 3) PHA-stimulated PBMC activation of PLSCs. To achieve this, we first 

derived supernatants from unstimulated (US) and PHA-stimulated PBMCs. Next, we 

exposed WF38 PLSC to these supernatants from US and PHA PBMCs to generate the 

following PLSC-derived supernatants (PLSCSups):   
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Group 1: PLSCSup from WF38 exposed to supernatant from US immune cells. 

Group 2: PLSCSup from WF38 cells exposed to supernatant from PHA-stimulated 

immune cells. 

Group 3: PLSCSup from WF38 cells exposed to serum free media only. 

Group 4: PLSCSup from WF38 cells exposed to PHA media only (Figure 5).  Media 

changes and collection were performed daily for 6 days to reflect the dynamic profile of 

secreted cytokines under the lymphocyte proliferation assay setting. A graphic 

representation of the study design is shown in Figure 6, and a summary of the potential 

outcomes of the effect of the different PLSCSups on the lymphocyte proliferation are 

outlined in Table 1. PHA-stimulated PBMCs that were exposed to the PLSCs supernatant 

did not exhibit any decrease in proliferation when compared to the PHA only group. The 

most robust suppression of lymphocyte proliferation was still accomplished in the group 

where both PLSCs and PBMCs were present in direct contact (Figure 7). This suggests 

that while PLSC-derived secreted factors may have some effect of immune cell functions, 

direct contact between PLSC and PMBC are required for the observed suppression in 

lymphocyte proliferation.  
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Figure 6. Diagram showing the study design for the generation of the PLSCSup 

 

 

 

Table 1. Table showing the projected outcomes of PLSCSup suppression of lymphocyte 

proliferation under the following conditions: if PHA only or PBMCs only activate 

PLSCs, or if PHA stimulated PBMCs activate the therapeutic properties of PLSCs. X = 

lymphocyte proliferation suppression. 
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Figure 7. Lymphocyte proliferation assay showing changes in proliferation of PBMCs in 

direct contact with PLSCs versus PBMCs exposed to (A) Group 1 -4 of PLSCSup. (B) 

only PLSCSup in group 4 as it showed potential suppressive effects  compared to PHA 

stimulated PBMCs. Bars represent SEM.  * = p-value < 0.05. ** = p-value < 0.01. ***= 

p-value < 0.001. 
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Discussion 

 The goal of this study was to evaluate the immunomodulatory properties of perinatal 

cells to treat the systemic inflammation in CF patients. Although the current dogma in CF 

patients delineates the presence of a hyper-inflammatory phenotype, we have shown, 

concurrently with these studies, that the peripheral immune response in CF might be 

hypo-inflammatory. We have previously shown that CF immune cells have similar 

baseline levels of inflammatory cytokines such as IL-8, IL-1β and NFκB, but show 

decreased levels following stimulation with LPS, when compared to healthy immune 

cells (Immune and Cytokine Dysfunction in Cystic Fibrosis, manuscript under review). 

Thus we concluded that in the CF cohort, the systemic inflammatory response is not 

hyper-activated but rather dysfunctional in response to stimuli. In this study,  we thus 

aimed to investigate if immunomodulatory cell therapy could target the dysfunctional 

systemic inflammation in CF. We showed that PLSCs presented the most potent 

immuno-modulatory properties compared to AFSCs and MSCs, and elicited an increase 

in IL-8, IL-6 and CCL2 cytokines while decreasing the levels of IFN-γ. These changes 

indicate that PLSCs might upregulate recruitment and activation by upregulating IL-8, 

IL-6 and CCL2 (29), but potentially suppress lymphocyte function to secrete IFN-γ in the 

CF cohort (30-33).  These findings indicate that although the systemic inflammation in 

CF is hypo-activated and dysfunctional rather than hyper-activated, it still provides a 

potential target for the immunomodulatory perinatal cell therapy especially in CF 

associated pulmonary exacerbations. Although supporting evidence show that CF patients 

exhibit a local hyper-inflammatory response in their lungs dominated by neutrophils (34, 

35), we showed that the systemic immune cell functions in these patients is rather hypo-



88 
 

activated. Our findings are supported by a recent study showing that CF plasma induces a 

decrease in myeloid cells and leads to suppression of signaling pathways such as IL-8, 

LPS/IL-1, implicating potential monocyte dysfunction to secrete IL-8{Zhang, 2019 

#291}. Future studies will investigate the use of lung-derived immune cells to elucidate 

potential dysfunctional immune response that could be targeted by perinatal cells.   

We also tested 3 different PLSCs cell lines to eliminate any cell source bias and define 

potential consistent effects among PLSCs. Interestingly, only 2 out of the 3 cells lines, 

namely, WF38 and PLS-15-103 (referred to as 103) had a suppressive effect on PHA-

stimulated PBMCs compared to the stimulated group. These findings emphasize that 

tissue donor variability plays an important role in the properties of the derived cells. In 

addition, this sheds the light on the importance of consistent and accurate testing of cell 

lines to derive precise characterization criteria including well devised standardized assays 

to establish potential therapeutic properties for each cell line including lymphocyte 

proliferation assays, cytokine panel microarrays and macrophage activation assays. For 

clinical use, this would provide an improved platform for choosing the appropriate cells 

to target the disease at hand. Disease and mechanism specific assays would be needed 

which can be potentially achieved by personalized testing of therapies using patient 

derived peripheral blood.  

With the goal of augmenting the immunomodulation properties of PLSCs and potentially 

defining disease specific effects of PLSC therapy, we “primed” PLSCs with SMM 

derived from CF lungs. We determined that “priming” PLSCs with SMM showed 

superior suppressive properties with WF38 cell line only when compared to the 

corresponding unprimed and IFN-γ/TNF-α primed cells. Other studies have shown that 
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priming MSCs with IFN-γ/TNF-α enhanced the cells’ suppression of lymphocyte 

proliferation and activation of monocyte differentiation into M2 macrophages, potentially 

through upregulating the indoleamine 2,3-dioxygenase (IDO) enzyme (36, 37) and factor 

H (38). Other studies reported that priming of placenta derived stromal cells with IFN-

γ/TNF-α increased the expression of the programmed death ligand (PDL)-2 on PLSCs 

which in turn promoted the expansion of IL-10 producing Tregs (39). Our findings are in 

accordance with these reports as we showed that pre-treatment of PLSCs with IFN-

γ/TNF-α cocktail suppressed the proliferation of lymphocytes; an effect that was 

achieved in 2 of our PLSCs cell lines. However, we also determined that this priming 

cocktail does not provide any therapeutic advantage over unprimed cells, as our tested 

PLSCs cell lines primed with this regimen did not exhibit any enhanced suppressive 

properties compared to unprimed cells. This does not necessarily mean that “priming” 

PLSCs with IFN-γ/TNF-α is not advantageous, but could rather indicate that immune cell 

activation through a specific pathway (using PHA in our case) could also influence the 

efficiency of primed PLSCs. In the mixed lymphocyte reaction (MLR) setting, Wharton’s 

jelly MSCs primed with IFN-γ were better suppressors of lymphocyte proliferation 

compared to their effect on the PHA stimulated proliferation (40). This provides further 

evidence that stromal cells could exert their immunomodulatory effects via distinct 

pathways that could be influenced by the mechanisms of immune cell activation. Future 

studies would investigate potential cell therapy effect on immune cell function in 

promoting resolution of the inflammatory response following stimulus. 

With the aim to further investigate whether the PLSCs secretome contributes to the 

suppression of lymphocyte proliferation, we generated PLSCs-derived conditioned media 
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(CM) as well as exosomes isolated from this CM. Finally, to investigate the role of cell-

to-cell contact in maintaining the suppressive effect of PLSCs on stimulated 

lymphocytes, we compared various exposure conditions (PLSCSup, a supernatant 

obtained by exposing PLSCs to media derived from PHA stimulated immune cells) to 

PLSCs in direct contact with lymphocytes. Accumulating evidence has shown that MSCs 

could have paracrine effectors that are responsible for the therapeutic benefits. Stromal 

cells secrete a plethora of anti-inflammatory and anti-fibrotic factors such as hyaluronic 

acid, prostaglandin E2 (PGE2), and interleukins including IL-10, into their media (42).  

The use of cell derived secreted factors including CM and exosomes, have been explored 

as potential alternatives to cell therapy in animal models as they showed therapeutic 

properties that are similar to the cells they are derived from. CM derived from BM-MSCs 

as well as AFSCs attenuated lung injury in LPS or bleomycin challenged mice and 

improved lung function (43, 44). Exosomes have also been studied as potentially more 

purified secreted factors that could have potent immunomodulatory properties. Exosomes 

are defined as nanovesicles involved in intracellular crosstalk and are thought to function 

as carriers of nucleic acids and proteins to different parts of the body. Thus, exosomes 

can be secreted by all cells of the body and serve as messengers that convey effector 

molecules among specific cell types (45, 46). In this context, it must be crucial to 

highlight that the local environment that the stromal cells are exposed to highly 

influences the production and release of all of these factors. Thus, the CM/exosome 

content could be highly variable and depends on several factors such as cell source, local 

environment and stimulus. In our studies, we determined that PLSCs derived serum free 

CM, exosomes, and PLSCSup did not recapitulate the suppressive effect that PLSCs had 
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on the proliferation of lymphocytes. However, PLSCs in contact with stimulated PBMCs 

maintained the suppressive effect on proliferation. This rather suggests that in our in vitro 

immunoassays, our PLSCs likely require direct cell-to-cell contact to exert their 

suppressive effects. This is in accordance with some reports showing that cell-to-cell 

contact between MSCs and T cells is required for promoting the decrease in T cell 

proliferation and the induction of Tregs (47, 48).  This potentially could be promoted by 

adhesion molecules such as CD274 and galectin -1, that have been shown to support the 

cell-to-cell contact between the different cell types, and also contribute to the 

immunomodulation properties (49, 50). Interestingly, our initial findings indicated that 

under the transwell culture system, where no cell-to-cell contact existed between PLSCs 

and immune cells, PLSCs exerted a therapeutic effect on the cytokine profile of immune 

cells. This indicates that PLSCs might affect the immune cell cytokines through secreted 

factors but rather necessitate cell-to-cell contact to influence immune cells’ proliferation 

and survival. Thus the immune cell functions seem to play an important role in PLSCs 

mechanism of action, suggesting that the local inflammatory environment could play a 

crucial role in defining the outcome properties of perinatal cells and their corresponding 

secretome. To further evaluate the interaction of cell-to-cell contact and delineate 

potential downstream effects, studies will need to investigate if lymphocytes exposed to 

PLSCs would present altered functions to recruit and interact with other cells of the 

immune system such as with neutrophils. 

Studies that investigate how specific disease environment affects the stromal cells 

therapeutic properties and how the regulation of the mechanisms of stromal cells 

response in disease specific environment contribute to their immunomodulation are key 



92 
 

questions to address when developing a successful targeted cell therapy. Such studies 

would be important to determine the target pathway of interest in specific diseases and 

thus determine the appropriate PLSCs approach to use. If the goal is to mitigate pro-

inflammatory cytokines levels in inflammatory lung disease, then IV delivery of PLSCs 

derived CM could be a useful approach to achieve immunomodulation. If the goal is to 

limit uncontrolled proliferation and increasing numbers of immune cells in the pulmonary 

bed, then delivering PLSCs directly into the site of injury might provide an efficient 

approach. Given that stromal cells entrap in the vasculature of the lung, this might 

provide a useful platform for direct interactions with immune cells and might explain the 

beneficial effects observed in in vivo studies. 
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Introduction 

Inflammatory lung diseases such as asthma, chronic obstructive pulmonary disease 

(COPD), cystic fibrosis (CF) and acute distress lung syndrome (ARDS) affect millions of 

people worldwide. In addition to structural changes and damage of the pulmonary tissues, 

inflammatory responses in the lungs and airways have been associated with worsening of 

lung disease and declines in lung function. As anti-inflammatory therapies fall short in 

resolving the chronic pulmonary inflammation in the patients affected with these 

diseases, more studies are needed to understand the mechanisms of the inflammatory 

environment and develop new immunomodulatory therapies that can prevent the chronic 

inflammation and its deleterious consequences on the decreased lung function. Many 

animal models of lung diseases have been developed to investigate/test new therapies as 

well as to understand mechanism of action of diseases such as lung fibrosis, chronic lung 

injury, asthma, and COPD (1-5). To mimic the inflammatory environment that takes 

place in the lungs of patients, many of the in vivo studies resort to the use of antigens or 

chemical stimuli to illicit a similar response in animal models such as bleomycin (6-8), 

ovalbumin (9-11) and  lipopolysaccharide (LPS) (12-14). The use of bacterial infections 

to induce lung injury have been associated with several limitations such as low 

transfection rates, species/strains variation and difficulty in managing morbidity and 

mortality while maintaining clinically-relevant injury. The use of LPS has been widely 

adopted to induce inflammatory responses characterized by an increased infiltration of 

neutrophils, lymphocytes and macrophages into the site of injury, accompanied by 

elevated levels of pro-inflammatory mediators. Particularly, LPS binds to the toll like 

receptor (TLR)-4 found on the surface of many immune cells and leads to the activation 

of NF-κB, a transcription factor upstream of pathways that are involved in the production 
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and release of a plethora of pro-inflammatory cytokines such as IFN-γ, TNF-α and IL-6 

(15, 16). Many studies have shown that local delivery of repeated doses of LPS into the 

lungs via inhalation or intra-tracheal instillation causes inflammatory responses similar to 

reactions observed in patients with inflammatory lung disease such as COPD (17, 18). In 

addition, prolonged LPS exposure caused the accumulation of neutrophils in the lung 

parenchyma as well as structural changes in the lung tissue and alveoli enlargement in a 

chronic inflammatory lung injury model in guinea pigs (19). Thus, this makes LPS a 

useful tool to stimulate an inflammatory response in lungs and create a pulmonary injury 

similar to that caused by bacterial infections such as in CF associated pulmonary 

exacerbations (PE) However, the use of small animals to model airway disease is 

associated with limitations regarding the feasibility of lung function measurements and 

repeated testing as procedures can be considered quite invasive. Furthermore, the use of 

ferrets to model airway disease such as CF offers additional advantages as ferrets express 

CFTR ion channel on airway epithelial cells, develop several of the CF associated 

symptoms as they possess lung physiology and bacterial infection susceptibility that are 

similar to humans (20, 21). In addition, increased tissue volume and larger lungs allow 

for more BAL sample acquisition which permits repeated testing. The use of a larger 

animal such as ferrets overcomes these limitations by allowing more thorough and 

comparative evaluation of the induced lung injury as it permits multiple lung function 

testing and allows the establishment of baseline lung testing measurements. Changes in 

lung function following an insult to the lung constitute one of the most important 

indicators of the severity of lung injury and provide important parameters for diagnosis 
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and treatment options in the clinic. Such lung tests are only possible in ferrets, which 

make them suitable species to model lung disease. 

In our study, we administered repeated doses of nebulized LPS in ferrets to mimic the 

physiological response that is observed in patients with lung disease. Our animal model 

closely represents the pulmonary manifestations associated with pneumonia or CF related 

pulmonary exacerbations in which patients exhibit bacterial infections and LPS activation 

of the immune response leading to increased immune cell infiltration and activities,  lung 

tissue damage and a decline in lung function, which allowed us to test the 

immunomodulatory properties of amniotic fluid stromal cells (AFSCs) as well as 

placental stromal cells (PLSCs) and their potential effect to mitigate the LPS-induced 

inflammatory response and improve lung function.  

Studies have shown that cells derived from perinatal tissues such as the amniotic fluid 

and the placenta have potent immunomodulatory properties that were useful in the 

treatment of inflammatory responses. Amniotic membrane and amniotic fluid derived 

cells (AFSCs) have been shown to suppress the proliferation of in vitro activated 

lymphocytes in a dose dependent manner, decrease the levels of pro-inflammatory 

cytokines such as IL-6, TNF-α, IL-1β and Cox 2, and promote tissue repair (21-23). 

Placental cells (PLSCs) also show similar immunomodulatory properties as AFSCs as 

they reduce the proliferation of lymphocytes and increase T regulatory cell abundance in 

vitro (24) and reduce neutrophil infiltration and prevent fibrosis in a mouse model of 

bleomycin induced lung fibrosis (25). These findings and many others (26, 27),  

emphasize the potential of perinatal cell therapy for promoting the resolution of 
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inflammation and thus render them a good source for cell therapy application to treat 

inflammatory lung disease.   

 

Materials and Methods 

Culture of stem cells 

Perinatal stem cell lines derived from human amniotic fluid and placental tissue have 

been isolated, characterized and cryopreserved in the Regenerative Medicine Clinical 

Center located within the Wake Forest Institute for Regenerative Medicine (WFIRM). 

These cell lines have been developed under current Good Manufacturing Practices 

(cGMP) in accordance with regulations for clinical applications, banked and 

characterized under FDA guidelines for rapid translation of research into clinical trials. 

Amniotic fluid stem cells (AFSCs), and placental cells (PLSCs) were cultured for 4 days 

in Chang media, and AmnioMax media respectively, supplied with FBS and 

penicillin/streptomycin. Stem cells between passages 10-15 were used. Briefly, cells were 

cultured for 4 days in their respective media. Before use, stem cells were detached using 

0.05% trypsin and viability was assessed using trypan blue method. AFSCs were used at 

a dose of 10 x 10
6 

cells/kg of body weight, delivered IV every other day in ferrets that 

received the low dose of LPS (10ng/ml) or 14 days.  

In the ferret cohort that received the higher dose of LPS (1mg/ml), PLSCs were used to 

investigate the role of cell therapy in this model of lung disease. Particularly, Group 1 of 

ferrets (n=3) received WF38 cells at a density of 10 x 10
6 

cells/kg of body weight 

delivered IV on days 2, 4 and 6 following LPS administration. Group 2 of ferrets (n=3) 
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received 7.5 x 10
6 

cells/kg of body weight delivered IV following LPS administration 

every day for 7 days. 

 

Animals 

Male, neutered sable ferrets were purchased from Marshall BioResources. Each weighed, 

on average, 0.78kg and was 3-4 months old. They were fasted approximately 3-4 hours 

prior to any anesthetic events. 

 

Animal Sedation 

Animals were weighed and a baseline physical examination was performed.  The animals 

were sedated with an incremental increase in isoflurane inhalant that was administered 

via a 18.5L anesthesia chamber (Patterson veterinary).  Once the animal showed no 

response to stimuli, it was then maintained via mask.  Anesthetic levels were managed 

based on vital parameters.  An intravenous 24g catheter (Terumo, Tockyo, Japan) was 

placed in either the right or left cephalic vein.  The animal was then intubated using a 

2.5mm ID, cuffed endotracheal tube that was placed to the level of the thoracic inlet 

(Teleflex, Wayne, PA). The pilot balloon was inflated to ensure there were no leaks 

around the tube. Ensuring that the animal was anesthetically stable via pulse-oximetry, a 

slow bolus of injectable anesthetic was provided via the IV catheter.  This cocktail 

consisted of ketamine at 40mg/kg (Vedco, Saint Josef, Mo), xylazine at 1mg/kg (Akorn 

Animal Health, Lake Forest, IL), and buprenorphine at 0.003 mg/kg (Woodcliff Lake, 

NJ). Approximately 0.1-.15 ml of this cocktail exhibited a slow decline of 10-20 beats 

per minute (bpm) in heart rate and minimal to no decrease in SpO2. This provided 
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approximately 15-20 minutes of a surgical anesthesia.  In parallel, the isoflurane level 

was reduced to zero and the breathing circuit flushed with O2 after initiating the injection 

of the anesthetic. Continued anesthetic monitoring included mucous membrane color and 

response to stimuli (from the PFT apparatus). Additional anesthetic bolus could be 

provided in 0.05ml increments of the cocktail or ketamine alone via the IV catheter as 

necessary based on response to stimuli. Once the PFT procedure was completed, the 

animal was removed from the apparatus. Pulse-oximetry monitoring and heat 

supplementation were replaced.  Generally, mild comparative tachycardia and decreased 

SpO2 (80-90%) was observed directly post-PFT. Low levels of isoflurane (1-1.5%) were 

used to supplement anesthesia to maintain a surgical plane.  

  

Pulmonary function testing 

Lung function was assessed by using the Forced Pulmonary Maneuver System (Buxco 

Electronics, Inc., Sharon, CT). Briefly, ferrets were anesthetized using the cocktail 

described above, intubated and placed in the system’s body chamber. PFT was conducted 

by occluding, inflating and deflating the ferret lungs at different rates. The average 

breathing frequency was 40 breathes/min. Three semiautomatic maneuvers, Boyle’s law, 

quasi-static pressure volume (PV) and fast flow volume maneuver were measured using a 

forced pulmonary manoeuvre system (Buxco, USA). Resistance and FRC were 

determined with Boyle’s law. Chord compliance (C-chord) was measured with quasi-

static PV maneuver. Forced expiration volume in 400 milliseconds (FEV400) and forced 

vital capacity (FVC) were recorded by the fast flow volume maneuver (Figure 1). 
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Figure 1. The Buxco® pulmonary function testing system 

Bronchoalveolar lavage (BAL) collection in live animals 

 BAL was performed in animals after the PFT procedure.  A luer lock adapter was 

inserted into the endotracheal tube.  The animal was placed in sternal recumbency and the 

head/upper thorax elevated off the table.  Up to 1.5mg/kg of warm saline is instilled in 

the trachea and followed with 1-1.5 ml of air to ensure full deposition of the full saline 

volume into the lungs.  A 20 ml syringe was then attached to the tube and the animal 

inverted so that the head is directed downward and the caudal body is elevated.  Gentle 

coupage was provided and the 20ml syringe applies continuous aspiration. This was 

repeated up to three times. Total cell count was performed on the collected BAL samples 

using the trypan blue method. For differential count, BAL samples were then sampled on 
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slides using a cytospin and a differential stain was performed to stain for the different 

immune cells mainly, neutrophils, macrophages, monocytes and lymphocytes. 

 

Bronchoalveolar lavage (BAL) collection post euthanasia 

In an attempt to increase BAL total volume yield, we aimed to collect BAL samples post-

euthanasia. This was performed in ferrets in group 2 (detailed below) and their 

corresponding controls. Briefly, post-euthanasia, both lungs were removed from the 

thoracic cavity and tied to allow complete separation of the left and right lungs. Then, an 

incision down the trachea leading to the tracheal bifurcation was made and a luer lock 

was inserted in the right bronchus. A total of 20 ml of saline was then injected using a 20 

ml syringe in the lung and allowed to fill all the lobes. With the syringe still connected in 

place, gentle squeezing of the lobes allowed for re-collection of the infused lavage into 

the syringe. This was repeated twice corresponding to a total of 40 ml lavage.  

 

Tissue collection and histology 

After lavage and post-euthanasia, ferret right lungs were collected for histology. Briefly, 

the lung was fixed by slow inflation with 4% paraformaldehyde solution (PFA) via the 

trachea, followed by removal from the thoracic cavity. Lungs are then immersed in 4% 

PFA solution for 48 hours. After fixation, samples from each lung lobe were cut, 

dehydrated in 70% ethanol and embedded in paraffin. Then, 5µm sections were cut, 

deparaffinized and stained for morphology using hematoxylin and eosin (H&E). 
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BCA protein assay 

Total protein content of the BAL samples was measured using Pierce BCA assay 

(Thermo Scientific, Waltham, MA). Briefly, BAL samples were centrifuged at 500g for 5 

mins at 4
o
C and the supernatant was collected and used to measure the total protein 

content according to the manufacturer’s instructions. 

 

Neutrophil Elastase Activity Assay 

Neutrophil elastase (NE) activity was assessed in the BAL samples using the Neutrophil 

Elastase Activity Assay Kit (Abcam, Cambridge, MA). Briefly, BAL samples were 

centrifuged at 500g for 5 mins and the supernatant was collected for this assay. NE 

activity was assessed by incubating with NE substrate for 20 mins and measuring the 

output on a fluorescent microplate reader at Ex/Em= 380/500nm. 

 

IFN-γ Cytokine ELISA 

IFN-γ secreted levels were measured in the collected BAL samples. Briefly, BAL 

samples were centrifuged at 500g for 5 mins and the supernatant was collected and used 

for the subsequent steps in this assay. IFN-γ protein levels were measured using the 

Human IFN Gamma PicoKine™ ELISA Kit (Boster, Pleasanton, CA) following 

manufacturer’s protocol. 
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Statistical Analysis  

Tests were performed with triplicate technical replicates, and data from the groups were 

pooled and displayed as mean ± standard error of the mean (SEM). Data was analyzed 

using GraphPad Prism version 6.0.  Two-tailed unpaired Student’s t tests were used to 

determine statistical significance between the different groups. A confidence limit of 95% 

was considered significant. 

 

 

Results 

Administration of LPS (10ng/ml) every 48 hours for 14 days 

Repeated exposure to LPS in animal models creates an inflammatory response that could 

mimic the physiological manifestation observed in patients with inflammatory lung 

disease. We hypothesized that repeated LPS dosing, direct to the airways via a nebulizer, 

will elicit a pulmonary inflammatory response and decrease lung function in ferrets, 

creating a similar injury to the one observed in human patients, and that the 

administration of AFSCs will mitigate the inflammation and lung injury caused by LPS. 

A total of 7 doses of 10ng/ml LPS were administered to ferrets via a nebulizer for 1 hour 

every 48 hours. Saline was administered to ferrets via a nebulizer in control ferrets. Lung 

function measurements and BALs samples were performed on days 7 and 14 following 

LPS and/or saline.  

The pressure-volume relation describes the mechanical behavior of respiratory system at 

different levels of lung inflation and deflation. Thus, the use of the PV curve has been 

used to determine disease severity and measure reduction in lung compliance. In our 
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pulmonary testing system, the PV curve was obtained by slowly inflating the chest, either 

continuously or in a series of small steps. The PV is described as a true sigmoid curve. 

The first segment is characterized by low compliance. The intermediate segment, which 

falls between 2 points, the upper and lower inflection points, can be considered linear and 

is used to measure the 'linear' compliance. Beyond the upper inflection point, the PV 

curve tends to flatten again (28). The inflection points delineate the levels of opening and 

closing pressures and thus constitute useful markers to determine pulmonary 

abnormalities (Figure 2). 

 

Figure 2. Pressure – Volume (PV) curve of ferret respiratory response during inspiration 

generated at baseline (orange line) and following administration of LPS at day 7 (yellow 

line). 

 

Compared to the control groups, in which ferrets received nebulized saline every 48hrs, 

ferrets that received LPS exhibited a decrease in the inspiratory (p < 0.01), vital and 
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forced vital capacities (p <0.05) on day 7 (Figure 3. A, B and C). Similarly, both FEV400 

(p < 0.01) and TV (p < 0.001) were decreased on day 7 following LPS, and TV remained 

significantly lower on day 14 (p < 0.05) (Figure 4. B and D); while the other lung volume 

parameters (FERV, ERV and MV) remained unchanged when compared to the control 

group. In addition, LPS administration caused a decrease in inspiration times (Ti) (p < 

0.01) at days 7 and 14 and lead to an increase in the number of breaths per minute (p < 

0.05) on day 7 only (Figure 5. A, C). Furthermore, ferrets that received LPS exhibited a 

decrease in lung compliance, particularly chord and dynamic compliance on day 7 (p < 

0.01), the latter remained significantly lower on day 14 (p < 0.001) (Figure 6. A, B). 

Pulmonary flows remained unchanged in the LPS group when compared to the saline 

controls, however, FEV400/FVC ratio revealed significant difference and was lower on 

day 14 when compared to day 7 (P < 0.01) (Figure 7).  Interestingly, in the ferret group 

that received AFSCs as a cell therapy, pulmonary testing performed on day 14 revealed 

no significant changes in parameters when compared to day 7 and the administration of 

AFSCs did not seem to ameliorate the LPS induced lung injury. Although we observed 

statistically significant declines in some parameters of lung function, these differences 

were likely to be too minor of a magnitude to allow evaluation of therapeutic correction 

with stem cells. In BALs, total cell counts remained relatively proportional in all groups 

and differential count revealed that LPS increased the percentage of total neutrophils, but 

decreased lymphocyte abundance compared to saline baselines. In ferrets receiving LPS, 

neutrophils constituted more than 90% of the total cells present in the BAL samples 

(Figure 8). Taken together, these findings indicate that ferrets regain lung function by day 
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14 following LPS even when inflammation is still apparent in their lungs and that the 

administration of AFSCs did not to rescue any LPS induced injury. 

 

Lung function testing: lung capacities – 10ng/ml LPS every 48 hours 

AFSCs on day 2, 4 and 6 

 

Figure 3. Lung function testing: lung capacities – 10ng/ml LPS every 48 hours, 

AFSCs on day 2, 4 and 6. Lung function parameters measured at days 7 and 14 

following saline, LPS (10ng/ml) and AFSCs administration showing functional changes 

in lung capacities. (A) inspiratory capacity (IC), (B) forced vital capacity (FVC), (C) vital 

capacity (VC), (D) forced residual capacity. Bars represent SEM. Bars represent SEM.  * 

= p-value < 0.05. ** = p-value < 0.01. ***= p-value < 0.001. 
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Lung function testing: lung volumes – 10ng/ml LPS every 48 hours 

AFSCs on days 2, 4 and 6 

Figure 4. Lung function testing: lung volumes – 10ng/ml LPS every 48 hours. AFSCs 

on days 2, 4 and 6. Lung function parameters measured at days 7 and 14 following 

saline, LPS (10ng/ml) and AFSCs administration showing functional changes in lung 

volumes. (A) forced expiratory reserve volume (FERV), (B) forced expiratory volume in 

the first 400 ms (FEV400), (C) expiratory reserve volume (ERV), (D) tidal volume (TV) 

and (E) minute volume (MV).  Bars represent SEM). Bars represent SEM.  * = p-value < 

0.05. ** = p-value < 0.01. ***= p-value < 0.001. 
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Lung function testing: times – 10ng/ml LPS every 48 hours 

AFSCs on days 2, 4 and 6 

 

Figure 5.  Lung function testing: times – 10ng/ml LPS every 48 hours, AFSCs on 

days 2, 4 and 6. Functional measurements of (A) expiration time (Te), (B) inspiration 

time (Ti) and (C) breath frequency, in ferrets that received saline, LPS (10ng/ml) and/ or 

AFSCs on days 7 and 14. Bars represent SEM.  * = p-value < 0.05. ** = p-value < 0.01. 

***= p-value < 0.001. 
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Lung function testing: lung compliance – 10ng/ml LPS every 48 hours 

AFSCs on days 2, 4 and 6 

 

Figure 6. Lung function testing: lung compliance – 10ng/ml LPS every 48 hours, 

AFSCs on days 2, 4 and 6. Lung compliance and resistance changes observed on days 7 

and 14 in ferrets that received LPS (10ng/ml) only and/or ferrets that received LPS 

followed by AFSCs injection, compared to the saline group. (A) chord compliance 

(Cchord), (B) dynamic compliance (Cdyn), (C) peak compliance (Cpk), (D) inspiratory 

resistance (RI). Bars represent SEM.  * = p-value < 0.05. ** = p-value < 0.01. ***= p-

value < 0.001. 
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Lung function testing: lung flow – 10ng/ml LPS every 48 hours 

AFSCs on days 2, 4 and 6 

 

Figure 7. Lung function testing: lung flow – 10ng/ml LPS every 48 hours, AFSCs on 

days 2, 4 and 6. Pressure and flow parameters measured on days 7 and 14 following 

saline, LPS (10ng/ml) and/or LPS and AFSCs in ferrets. (A) peak inspiratory flow (PEF), 

(B) forced expiratory flow 50 (FEF50), (C) maximal mid expiratory flow (MMEF) and 

(D) FEV400/FVC ratio. Bars represent SEM.  * = p-value < 0.05. ** = p-value < 0.01. 

***= p-value < 0.001. 
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Bronchoalveolar lavage total and differential cell counts – 10ng/ml LPS every 48 

hours, AFSCs on days 2, 4 and 6 
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Figure 8. Bronchoalveolar lavage total and differential cell counts – 10ng/ml LPS 

every 48 hours. Total and differential BAL counts performed on samples obtained 

following saline, LPS, on days 7 and 14 and/or following AFSCs administration on day 

14. (A) total BAL count, (B) differential BAL count showing percentage of neutrophils, 

macrophages and lymphocytes. Bars represent SEM.  * = p-value < 0.05. ** = p-value < 

0.01. ***= p-value < 0.001. 

 

Administration of 1mg/ml LPS daily for 14 days 

Based on our findings that ferrets receiving LPS every other day did not exhibit a 

pronounced lung injury, we aimed to increase the dose and frequency of LPS to attempt 

to create a more  lung injury. We hypothesized that the administration of 1mg/ml LPS in 

daily doses would elicit a more pronounced inflammatory immune response. So in this 

cohort, ferrets were subjected to daily doses of 1mg/ml LPS nebulized over a course of 1 

hour for 14 days. Prior to LPS challenge, lung function testing was performed to 

determine baseline parameters for each of the ferrets in this cohort. This permits a more 

thorough and accurate evaluation of the effect of LPS on lung function Compared to 

baseline, LPS administration caused significant decrease in inspiratory (p <0.05), vital (p 
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< 0.05) and forced vital (p < 0.01) capacities when lung function testing was performed 

on day 7 following LPS. At day 14, only inspiratory capacity (IC) remained significantly 

lower (p < 0.001), whereas FVC and VC were back to normal by day 14 (Figure 9). 

Similarly, lung volumes such as FERV (p < 0.01), FEV400 (p < 0.001) and ERV (p < 

0.05) decreased by LPS day 7, before going back to baseline levels by day 14. No 

significant changes in TV or MV were detected following LPS challenge (Figure 10).  On 

the other hand, LPS administration led to an increase in the frequency of breaths in ferrets 

at day 7 (Figure 11. C), and decreased both chord and dynamic compliances on day 7 

(Figure 12. A, B). Finally, pulmonary flow measurements revealed that ferrets receiving 

LPS experienced lower peak PEF as well as MMEF on day 7 but not by day 14 (Figure 

13. A, C). Cell counts in BAL samples collected on day 7 and 14 contained 

approximately 30 x 10
6 

cells/ml on average, but no significant differences were detected 

between the 2 time points (Figure 14. A). Differential staining was also performed and 

counts revealed that LPS administration lead to a reduction in lymphocyte percentage, 

but increased neutrophils which were the most abundant cell type in the BAL samples 

both at day 7 and 14 (Figure 14. B). These findings indicated that the administration of a 

higher and more frequent dose of LPS caused a more robust inflammatory response and 

decline in pulmonary function parameters, however it also highlighted the potential for 

some level of lung function recovery between days 7 and 14 of this model.  Until the 

administration of LPS, ferrets used for these studies were considered healthy animals, 

thus lung function recovery by day 14 indicates that the LPS administration induced lung 

injury can be overcome by the ferrets natural defenses, even in the presence of an 

ongoing inflammatory response in the lungs and potential lung tissue distortions. This 
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suggests that the lung function injury caused by LPS could be considered an acute 

response that may be promoted by inflammation but not dependent on it. 
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Lung function testing: lung capacities – 1mg/ml LPS daily for 14 days 

 

Figure 9. Lung function testing: lung capacities – 1mg/ml LPS daily for 14 days. 

Acute lung injury model establishment with lung function testing measured at baseline, 

day 7 and day 14 following LPS (1mg/ml) showing functional changes in lung capacities. 

(A) inspiratory capacity (IC), (B) forced vital capacity (FVC), (C) vital capacity (VC), 

(D) forced residual capacity. Bars represent SEM. Bars represent SEM.  * = p-value < 

0.05. ** = p-value < 0.01. ***= p-value < 0.001. 
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Lung function testing: lung volumes – 1mg/ml LPS daily for 14 days 

Figure 10. Lung function testing: lung volumes – 1mg/ml LPS daily for 14 days. 

Lung function parameters measured at baseline, day 7 and 14 following LPS (1mg/ml) 

showing functional changes in lung volumes. (A) forced expiratory reserve volume 

(FERV), (B) forced expiratory volume in the first 400 ms (FEV400), (C) expiratory 

reserve volume (ERV), (D) tidal volume (TV) and (E) minute volume (MV).  Bars 

represent SEM). Bars represent SEM.  * = p-value < 0.05. ** = p-value < 0.01. ***= p-

value < 0.001. 
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Lung function testing: times – 1mg/ml LPS daily for 14 days 

 
Figure 11. Lung function testing: times – 1mg/ml LPS daily for 14 days. Functional 

measurements of (A) expiration time (Te), (B) inspiration time (Ti) and (C) breath 

frequency, in ferrets at baseline and following LPS (1mg/ml) on days 7 and 14. Bars 

represent SEM.  * = p-value < 0.05. ** = p-value < 0.01. ***= p-value < 0.001. 
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Lung function testing: lung compliance – 1mg/ml LPS daily for 14 days 

 

Figure 12. Lung function testing: lung compliance – 1mg/ml LPS daily for 14 days. 

Lung compliance and resistance changes observed on days 7 and 14 in ferrets that 

received LPS (1mg/ml) compared to baseline measurements. (A) chord compliance 

(Cchord), (B) dynamic compliance (Cdyn), (C) peak compliance (Cpk), (D) inspiratory 

resistance (RI). Bars represent SEM.  * = p-value < 0.05. ** = p-value < 0.01. ***= p-

value < 0.001. 
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Lung function testing: lung flows – 1mg/ml LPS daily for 14 days 

 

Figure 13. Lung function testing: lung flows – 1mg/ml LPS daily for 14 days. 

Pressure and flow parameters measured on days 7 and 14 following LPS (1mg/ml) 

compared to baseline. (A) peak inspiratory flow (PEF), (B) forced expiratory flow 50 

(FEF50), (C) maximal mid expiratory flow (MMEF) and (D) FEV400/FVC ratio. Bars 

represent SEM.  * = p-value < 0.05. ** = p-value < 0.01. ***= p-value < 0.001. 
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Bronchoalveolar lavage total and differential cell counts – 1mg/ml LPS daily for 14 

days 

Figure 14. Bronchoalveolar lavage total and differential cell counts – 10ng/ml LPS 

every 48 hours. BAL counts and differential performed on samples collected on days 7 

and 14 following lung function testing. (A) total BAL counts, (B) differential count 

showing neutrophils, macrophages and lymphocyte percentage in BALs. Bars represent 

SEM.   
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immune reactants compared to AFSCs, thus could potentially target multiple pathways of 

immune dysfuntion.  We hypothesized that PLSCs will reduce inflammatory lung injury 

and prevent the loss of function in our ferret model. Next, we set to test out 2 different 

doses of PLSCs, the first cohort of ferrets (LPS only n=3, Group 1 n=3) received 3 doses 

of 10 x 10
6 

cells/kg of body weight PLSCs, administered on days 2, 4 and 6 following 

LPS, while animals in the second cohort (LPS only n=3, Group 2 n=3) received 7.5 x 10
6
 

cells/kg of body weight PLSCs, administered daily following LPS for 7 days. In Group 2, 

we increased the frequency of PLSCs administration to maximize the effect of cells to 

overcome the LPS injury before the next dose is administered. We hypothesized that by 

doing so we would provide a daily resolution of the LPS induced inflammation that could 

prevent the onset of lung injury. In order to prevent any potential accumulation of a high 

number of cells in the pulmonary bed within a 24 hour period, we decreased the PLSCs 

dose to 7.5 x 10 
6 

cells/kg. Pulmonary testing was performed at baseline and on day 7 in 

all groups. We found that the administration of PLSCs did not prevent the decreased IC 

or FVC following LPS dosing. On the other hand, ferrets in Group 2 exhibited a further 

decrease in their VC compared to day 7 LPS induced injury (p < 0.01) (Figure 15. B). 

Administration of PLSCs in both groups did not have any significant effect on lung 

volumes, times or frequency of breaths (Figure 16, 17.) However, compared to 

measurement at day 7 following LPS, RI decreased in ferrets receiving PLSCs in Group 

2 (p < 0.05) (Figure 18. D). Ferrets in Groups 1 and 2 did not exhibit any improvement 

in lung flows and the FEV400/FVC ratio remained consistent in all groups compared to 

LPS day 7 (Figure 19). Histological analysis of ferret lungs collected post euthanasia 

showed the presence of immune cells in the alveolar and airway spaces in LPS and Group 
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2 when compared to the saline group. Additionally, we detected some structural 

distortions in alveolar space and thickening of the alveoli linings accompanied by an 

increase in tissue/airspace ratio in ferrets that received LPS. The administration of PLSCs 

seem to mitigate the tissue injury caused by LPS injury, these changes however are not 

statistically significant (Figure 20). In addition, analysis of BAL samples collected on day 

7 showed lower count levels but similar immune cell percentages and NE activity in 

Group 1 compared to untreated LPS only group (Figure 21. A, B). Similarly, total protein 

content in the BAL was elevated following LPS and PLSCs administration. However, 

due to high variability among samples and low sample size for Group 1 (n=3), the 

observed trends were not statistically significant (Figure 21. C). Interestingly, IFN-γ 

levels in the BAL supernatants were reduced following LPS injury and group 1 compared 

to levels measured in saline BAL supernatants (Figure 21 E). In the Group 2  BAL 

samples collected using a higher saline volume post euthanasia contained a more 

heterogeneous distribution of various cell types including a high % of lung epithelial cells 

and red blood cells, accounting for the observed increase in BAL total cell counts. 

However, differential counts showed similar immune cell distribution with high 

abundance of neutrophils in BALs in LPS only and LPS + PLSCs, when compared to 

saline groups. Similar to the findings observed in ferrets in Group 1, Group 2 ferrets 

showed proportional total protein and NE content as well as decreased IFN-γ levels in 

BAL samples (Figure 22). These findings indicated that PLSCs could potentially mitigate 

the inflammation in ferret lungs by decreasing the total immune cell counts and reduce 

the alveolar structure damage. 
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Lung function testing: lung capacities – 1mg/ml LPS daily for 7 days 

PLSCs on days 2, 4 and 6 (Group 1), PLSCs daily (Group 2) 

 

Figure 15. Lung function testing: lung capacities – 1mg/ml LPS daily for 7 days, 

PLSCs on days 2, 4 and 6 (Group 1), PLSCs daily (Group 2). Lung function 

parameters measured at baseline and day 7 following LPS (1mg/ml) and PLSCs 

administration showing functional changes in lung capacities. (A) inspiratory capacity 

(IC), (B) forced vital capacity (FVC), (C) vital capacity (VC), (D) forced residual 

capacity. Bars represent SEM. Bars represent SEM.  * = p-value < 0.05. ** = p-value < 

0.01. ***= p-value < 0.001. Group 1: 10 x10
6 

PLSCs/kg on days 2, 4 and 6 following 

LPS. Group 2: 7.5 x 10
6
 PLSCs/kg daily for 7 days following LPS. 
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Lung function testing: lung volumes – 1mg/ml LPS daily for 7 days 

PLSCs on days 2, 4 and 6 (Group 1), PLSCs daily (Group 2) 

 

Figure 16. Lung function testing: lung volumes – 1mg/ml LPS daily for 7 days, 

PLSCs on days 2, 4 and 6 (Group 1), PLSCs daily (Group 2). Lung function 

parameters measured at baseline and day 7 following LPS (1mg/ml) and PLSCs 

administration, showing functional changes in lung volumes. (A) forced expiratory 

reserve volume (FERV), (B) forced expiratory volume in the first 400 ms (FEV400), (C) 

expiratory reserve volume (ERV), (D) tidal volume (TV) and (E) minute volume (MV).  

Bars represent SEM). Bars represent SEM.  * = p-value < 0.05. ** = p-value < 0.01. 

***= p-value < 0.001. Group 1: 10 x10
6 

PLSCs/kg on days 2, 4 and 6 following LPS. 

Group 2: 7.5 x 10
6
 PLSCs/kg daily for 7 days following LPS. 
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Lung function testing: times – 1mg/ml LPS daily for 7 days 

PLSCs on days 2, 4 and 6 (Group 1), PLSCs daily (Group 2) 

 

Figure 17. Lung function testing: times – 1mg/ml LPS daily for 7 days, PLSCs on 

days 2, 4 and 6 (Group 1), PLSCs daily (Group 2). Functional measurements of (A) 

expiration time (Te), (B) inspiration time (Ti) and (C) breath frequency, in ferrets at 

baseline and following LPS (1mg/ml) on day 7 and after the administration of PLSCs, 

compared to baseline measurements. Bars represent SEM.  * = p-value < 0.05. ** = p-

value < 0.01. ***= p-value < 0.001. Group 1: 10 x10
6 

PLSCs/kg on days 2, 4 and 6 

following LPS. Group 2: 7.5 x 10
6
 PLSCs/kg daily for 7 days following LPS. 
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Lung function testing: lung compliance – 1mg/ml LPS daily for 7 days 

PLSCs on days 2, 4 and 6 (Group 1), PLSCs daily (Group 2) 

 

Figure 18. Lung function testing: lung compliance – 1mg/ml LPS daily for 7 days, 
PLSCs on days 2, 4 and 6 (Group 1), PLSCs daily (Group 2). Lung compliance and 

resistance changes observed on days 7 in ferrets that received LPS (1mg/ml) and/or 

PLSCs, compared to baseline measurements. (A) chord compliance (Cchord), (B) 

dynamic compliance (Cdyn), (C) peak compliance (Cpk), (D) inspiratory resistance (RI). 

Bars represent SEM.  * = p-value < 0.05. ** = p-value < 0.01. ***= p-value < 0.001. 

Group 1: 10 x10
6 

PLSCs/kg on days 2, 4 and 6 following LPS. Group 2: 7.5 x 10
6
 

PLSCs/kg daily for 7 days following LPS. 
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Lung function testing: lung flows – 1mg/ml LPS daily for 7 days 

PLSCs on days 2, 4 and 6 (Group 1), PLSCs daily (Group 2) 

 

Figure 19. Lung function testing: lung flows – 1mg/ml LPS daily for 7 days, PLSCs 

on days 2, 4 and 6 (Group 1), PLSCs daily (Group 2). Pressure and flow parameters 

measured on days 7 following LPS (1mg/ml) and/or LPS+PLSCs compared to baseline. 

(A) peak inspiratory flow (PEF), (B) forced expiratory flow 50 (FEF50), (C) maximal 

mid expiratory flow (MMEF) and (D) FEV400/FVC ratio. Bars represent SEM.  * = p-

value < 0.05. ** = p-value < 0.01. ***= p-value < 0.001. Group 1: 10 x10
6 

PLSCs/kg on 

days 2, 4 and 6 following LPS. Group 2: 7.5 x 10
6
 PLSCs/kg daily for 7 days following 

LPS. 
 

 

 

 

Peak Expiratory Flow (PEF)

Baseline LPS day 7 Group 1 Group 2
100

200

300

400

**

m
l/
s
e
c

Forced Expiratory Flow (FEF50)

Baseline LPS day 7 Group 1 Group 2
100

150

200

250

300 *

m
l/
s
e
c

Maximal Mid Expiratory Flow (MMEF)

Baseline LPS day 7 Group 1 Group 2
100

150

200

250

300 *

m
l/
s
e
c

FEV400/FVC

Baseline LPS day 7 Group 1 Group 2
0.0

0.5

1.0

1.5

R
a
ti

o

A

DC

B



131 
 

 

 

Figure 20. Lung histological changes in ferrets that received saline, LPS and/or LPS + 

stem cells (Group 2). (A) Representative photomicrographs of pulmonary mesenchyme 

and alveolar spaces in H&E-stained sections at 10x magnification, (B) at 40 x 

magnification. (C) quantification of the tissue/airspace ratio. Bars represent SEM. 
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Bronchoalveolar lavage total and differential cell counts – 1mg/ml LPS daily for 7 

days, PLSCs on days 2, 4 and 6 (Group 1) 

 

 
Figure 21. Bronchoalveolar lavage total and differential cell counts – 1mg/ml LPS 

daily for 7 days, PLSCs on days 2, 4 and 6 (Group 1). Analysis of BAL counts and 

protein levels for samples collected following saline, LPS at day 7, with and without the 

administration of PLSCs. (A) BAL total counts, (B), BAL differential counts, (C), BAL 

total protein content, (D) NE activity, (E) IFN-γ protein level. Bars represent SEM.  * = 

p-value < 0.05. ** = p-value < 0.01. ***= p-value < 0.001. Group 1: 10 x10
6 

PLSCs/kg 

on days 2, 4 and 6 following LPS. 
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Bronchoalveolar lavage total and differential cell counts – 1mg/ml LPS daily for 7 

days, PLSCs daily (Group 2) 

 

Figure 22. Bronchoalveolar lavage total and differential cell counts – 1mg/ml LPS 

daily for 7 days, PLSCs daily (Group 2). Analysis of BAL counts and protein levels for 

samples collected following saline, LPS at day 7, with and without the administration of 

PLSCs. (A) BAL total counts, (B), BAL differential counts, (C), BAL total protein 

content, (D)NE protein level  (E) IFN-γ protein level. Bars represent SEM.  * = p-value < 

0.05. ** = p-value < 0.01. ***= p-value < 0.001. Group 2: 7.5 x 10
6 

PLSCs/kg daily for 7 

days following LPS administration. 
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Discussion 

A key objective of this study was to develop an animal model that mimics the 

inflammatory response that is observed in the lungs of patients with inflammatory lung 

diseases such as pneumonia, acute lung injury and CF patients undergoing a pulmonary 

exacerbation (PE). In CF, a PE is defined as a clinical manifestation triggered by a 

bacterial infection such as Pseudomonas aeruginosa (29), that causes an increase in 

coughing and mucus production as well as shortening of breath. PE often leads to an 

acute decrease in the lung function manifested by a decrease in FEV in the first second 

(FEV1) (> 10% within a month), however, in some cases, patients with a history of 

repeated PEs fail to recover their lung function even after treatment (30-32). Thus an 

animal model that closely represents this phenomenon would be of great value to 

investigate potential therapeutic approaches to treat the pulmonary inflammation. For this 

aim, LPS derived from Pseudomonas aeruginosa was chosen to be administered to 

ferrets in order to mimic the physiological stimulus observed in patients. The 

administration of nebulized 10ng/ml LPS was successful in inducing an inflammatory 

response in the lungs of ferrets evidenced by increased BAL and neutrophil counts.  This 

is in accordance with multiple studies that reported increased BAL counts and 

neutrophilia into the pulmonary bed following exposure to LPS (19, 33, 34). Our data 

showed that a dose of 10ng/ml LPS administered every 48 hours for 14 days was enough 

to cause an acute lung injury in ferrets, evidenced by a decrease in lung IC, FVC, VC, 

FEV400 as well as TV, chord and dynamic compliance. This injury was most 

pronounced when pulmonary function testing was measured on day 7 post LPS in which 

ferrets had a 16% (mean difference saline vs. LPS = 18.03 ± 4.679) drop in their FEV400 

when compared to controls, and experienced shorter but more frequent breaths, indicating 
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that these animals exhibited a decline in air flow through their lungs. We also observed 

decrease in lung FVC following LPS exposure. This is important because the FEV/FVC 

ratio is often used as indication to define if lung disease is of an obstructive or restrictive 

pattern (35). The FEV/FVC ratio determines the amount of air that can be exhaled during 

a certain time (in ferrets this is adopted at 400 milliseconds hence FEV400), versus the 

total amount of air that can be exhaled (36). As observed in our data analysis, the ratio of 

FEV400/FVC remained proportional throughout our studies, but FVC measurements 

were low when compared to saline/baseline controls. In addition, lung compliance 

parameters, Cchord, and Cdyn, which determine the dispensability and elasticity of the 

lung tissue, decreased following LPS exposure suggesting that the lungs exhibit more 

stiffness and have limited expansion. These indications suggest that the administration of 

LPS caused an acute lung injury in which subjects are unable to breathe as deeply as 

possible, potentially due to tissue damage.  

Furthermore, we observed that structural damage and thickening of the alveolar lining 

was still evident on day 14; this in accordance with several studies showing that LPS 

caused histopathological changes in lungs of mice with acute lung injury (37, 38). BAL 

cell counts remained elevated accompanied by proportional levels of NE, indicating that 

the inflammatory response was still ongoing in ferret lungs by day 14. This suggested 

that the persistent ongoing inflammatory response might be contributing to the tissue 

damage, potentially by inducing oxidative stress (39, 40). However, it might not have 

been enough to contribute to a sustained functional injury as lung function parameters 

were back to normal by day 14. 
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Interestingly, levels of IFN-γ in BAL samples were decreased following LPS stimulation. 

This contradicted with our in vitro studies where the administration of LPS caused an 

increase in IFN-γ levels in stimulated healthy immune cells. Our in vitro findings are in 

accordance with several studies showing LPS induction of IFN-γ production (41-44).We 

speculated that these findings might be due to immune tolerance which could have 

developed in response to LPS. The exposure to daily doses of LPS may have elicited an 

adaptive mechanism to protect the ferrets from further inflammatory injury. Reports have 

indicated that the primary cause of the development of LPS tolerance could be 

dysfunctional macrophage abilities to induce IFN-γ production by T cells and natural 

killer (NK) cells (45). We speculate that this phenomenon could suggest that ferrets 

might have undergone immune exhaustion in which T cells exhibit declined ability to 

produce inflammatory cytokine such as IL-2, IFN-γ and TNF such as in chronic viral 

infections and cancer (46-49), and may also be a phenomenon that explains the hypo-

inflammatory phenotype recently identified in the peripheral immune cells of CF patients. 

Thus, it is possible that the daily exposure to LPS may have influenced the function of 

immune cells and could have potentially led to decreased cell activation and migration in 

response to stimuli. This addresses a potential mechanism of how LPS affects different 

cell types of the immune response such as macrophages and lymphocytes and how the 

LPS induced defect may cause modifications in immune cells interactions, leading to 

altered immunity.  

Based on our findings that the ferret induced LPS lung injury was not pronounced in our 

initial studies, we aimed to prolong the lung injury, by increasing the frequency and the 

dose of administered LPS, for the goal of delaying natural recovery, thus providing a 
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potential wider window for therapeutic intervention. Toxins such as LPS have been 

shown to provide no optimal range of activity and rather cause injury to the host in a dose 

dependent manner (50). Importantly, frequency of drug administration is also a key factor 

in maintaining drug effect for a prolonged time, as the repeated administration of the drug 

before the previous dose is eliminated ensures its accumulation and increased 

concentration in the body. Hence, we determined that both the frequency and dose of 

nebulized LPS have the potential to influence the gravity of lung injury (51).  

Furthermore, in our initial in vitro experiments, we have demonstrated that AFSCs have 

potent immunomodulatory properties and were successful in decreasing pro-

inflammatory cytokines and suppress lymphocyte proliferation in stimulated healthy 

derived immune cells. Based on our in vitro findings, we aimed to investigate whether the 

immunomodulatory properties of AFSCs can be used to treat the LPS induced injury in 

our ferret model. The effects of AFSCs observed in vitro did not translate into the ferret 

model, as the administration of AFSCs did not improve the LPS induced inflammation. 

These observations could be explained by our findings that the administration of LPS 

every other day did not elicit a pronounced inflammatory response, thus we were not able 

to detect effects of AFSCs on the minor levels of injury. 

. Thus, we increased the dose of LPS to 1mg/ml administered daily. Ferrets in this cohort 

sustained the same damage in lung capacities and compliance as the ferrets in the low 

dose cohort. However, increasing the dose and frequency of LPS to 1 mg/ml daily did 

cause further decline in FEV400 (30%, mean difference baseline vs. LPS = 31.72 ± 

4.678) and a decrease in lung flow parameters, PEF and MMEF at day 7 when compared 

to baseline measurements. PEF and MMEF are defined as the maximum speed of 
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expiration and the peak of expiratory flow respectively, and are inversely related to the 

state of airway constriction. We also observed a reduction in FEF50, which determines 

the speed of air coming out of the lungs and is considered a strong predictor of small 

airway disease (52), Taken together, the observed decrease in these flow parameters 

determined that LPS administration might have caused pathology in the smaller in 

addition to the larger airways (53).  These pulmonary function changes are often 

observed in idiopathic pulmonary fibrosis (IPF), as well as pulmonary infections and 

inflammatory lung disease such as pneumonia (54). Our findings showing persistent 

increased neutrophil counts in BALs, accompanied by the decrease in FEV, FVC, 

pulmonary flows, lung compliance and structural changes such as distortion and 

thickening of the alveoli structure indicated that daily administration of 1mg/ml LPS in 

our ferret model caused the development of a restrictive pulmonary disease phenotype 

similar to pneumonia. Increasing the dose and frequency of nebulized LPS did not 

however prolong the lung function injury. The ongoing inflammatory response in the 

ferrets could provide a potential suitable environment that promotes tissue damage 

however; it seems that inflammation alone is not sufficient to maintain the decrease in 

lung function. We believe that in addition to a continuous inflammatory response, a 

prolonged exposure to LPS in the lung tissue is required to achieve a sustained lung 

function injury. A potential approach to create such injury in our animal model might 

require a combination of different toxins and routes of administration to insure a 

homogenous and sustained injury throughout the lung. Such approach may require longer 

exposure to nebulized LPS, potential use of direct instillation of LPS in the airways, as 

well as the administration of toxins that cause tissue damage and fibrosis such as 
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bleomycin. Later time points will be required to assess tissue damage and lung function 

after a prolonged insult to the lungs.  

Using this model, we aimed to test multiple doses of PLSCs in the aim to investigate their 

immune-modulatory properties and their potential to mitigate the inflammatory response 

and improve lung function in our ferret model. In these subsequent animal studies, we 

used PLSCs instead of AFSCs as the formers provided more potent immunomodulatory 

properties based on further in vitro studies. Irrespective of the dose, the administration of 

PLSCs seemed to decrease the total immune cell count in BAL samples, limited the 

structural damage of the alveolar spaces, but did not rescue the lung function damage 

caused by LPS. These observations could be explained by our findings that the ferret 

model actually represented an acute inflammatory response governed by early responder 

neutrophils in response to LPS, whereas in vitro properties of PLSCs pointed to potential 

effects on the chronic inflammatory response players like macrophages and lymphocytes. 

PLSCs could target the immune cells in the pulmonary environment and mitigate its 

potential effect on the progression of lung function damage. Inflammation in the 

pulmonary bed might have led to increased capillary leakage evidenced by increased 

BAL total protein content. We speculated that the further increase in total proteins in 

BALs and potential worsening of some lung function parameters might have been 

associated with the potential attachment of PLSCs to the already inflamed leaky 

capillaries in the pulmonary beds, thus exacerbating this phenomenon. On the other hand, 

the decrease in BAL counts observed following PLSCs administration indicated that 

PLSCs could have the potential to mitigate the inflammatory response. We increased the 

dose of PLSCs to daily administration to potentially provide a daily resolution of the LPS 
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induced inflammation that could potentially alleviate lung injury. However, in order to 

prevent any potential accumulation of a high number of cells in the pulmonary bed within 

a 24 hour period, we decreased the PLSCs dose to 7.5 x 10 
6 

cells/kg. Our findings 

revealed that ferrets in Group 2 seemed to exhibit a decrease in the neutrophil abundance 

in BALs potentially indicating that daily administration of  PLSCs might help in the 

clearance of early responder neutrophils and decrease their accumulation prior to the next 

LPS exposure, however, PLSCs did not affect neutrophils’ function to secrete NE as 

levels remained elevated. As mentioned previously, our in vitro studies determined that 

PLSCs have suppressive effects on Th1 cells proliferation and function to secrete IFN-γ, 

which are important players in chronic inflammation. In this context, PLSCs might 

present more effective benefits in the treatment of ferrets with chronic inflammation.   

We conclude that the administration of LPS daily was sufficient to elicit an inflammatory 

response in ferret lungs, accompanied by lung tissue damage to the alveolar structures 

and a decrease in lung function, making this a robust model of restrictive disease such as 

pneumonia and constitutes a useful platform to test new therapies. 
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The overall hypothesis of this thesis is that immunomodulatory perinatal cell therapy can 

be an effective treatment for inflammatory lung disease to prevent ongoing inflammation 

and improve lung function.  The studies that were conducted in this dissertation were 

devised to address this hypothesis. The overall goal of Aim 1 was to establish an 

improved understanding of the immunomodulatory properties of perinatal cells in vitro.  

For that purpose, a series of immune assays were used to test the effect of perinatal cells 

on the different components of the immune system. Firstly, LPS derived from 

Pseudomonas aeruginosa was used to stimulate leukocytes from healthy blood in vitro, 

to mimic the physiological stimulus that occurs during a bacterial infection. The presence 

of perinatal cells decreased the levels of NE, NFκB, IL-1β, TNF-α and IFN-γ, suggesting 

potential interactions with neutrophils as well as lymphocytes. To understand the effect 

of perinatal cells on each of these immune cell types, we isolated neutrophils using 

negative selection magnetic bead isolation and tested their migratory and enzymatic 

activities in co-culture with perinatal cells. Perinatal cells did not have any effect on 

isolated neutrophils’ migration toward an IL-8 gradient or their function to secrete MPO 

and NE enzymes, suggesting that perinatal cells’ observed effect on neutrophils might be 

indirect and likely requires interactions with other immune cells such as lymphocytes, 

given that total leukocytes were used in the initial experiments. Thus, the next step was to 

establish the effect of perinatal cells on lymphocytes. Co-culture experiments determined 

that the presence of perinatal cells in direct contact with PHA-stimulated PBMCs 

suppressed the proliferation of lymphocytes, led to a decrease in the percentage of Th1 

subsets and reduced their function to secrete IFN-γ. These findings established that 

perinatal cells interact directly with lymphocytes, particularly Th1 cells. 
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The overall goal of Aim 2 was to determine if the immunomodulatory properties of 

perinatal cells described in Aim 1 could be used to treat the systemic inflammatory 

response in CF patients in vitro. As part of this aim, we explored methodologies to 

augment perinatal stem cell immunomodulation, as well as to further understand 

mechanism of action to better facilitate the treatment of CF patients in the future. In the 

CF cohort, perinatal cells had an immunosuppressive effect on lymphocytes but not on 

neutrophils suggesting that perinatal cells could have an effect on the chronic 

inflammatory response in CF patients. In addition, compared to AFSCs and MSCs, 

PLSCs were determined to be the cell source with the most potent anti-inflammatory 

properties, so they were used for the subsequent experiments. To further understand 

potential mechanisms of PLSCs in a diseased environment such as CF, 3 different cell 

lines of PLSCs were primed with SMM derived from CF lungs. Only 2 out of the 3 cell 

lines tested successfully suppressed the proliferation of healthy derived lymphocytes and 

only one cell line, WF38, showed superior suppression with SMM priming. These 

findings indicate that a level of variation exists among PLSC cell lines, and thus 

emphasize the importance of accurate testing to establish cells’ immunomodulatory 

potency. Furthermore, PLSCs exhibited improved therapeutic properties when exposed to 

the CF environment, suggesting that they could be a good source for cell therapy to treat 

CF associated inflammation. The following step in this line of work was to define if cell-

to-cell contact is required for the interaction between PLSCs and immune cells. Thus, we 

used PLSCs derived CM, exosomes and PLSCSup to determine if PLSCs secretome 

could convey the suppressive activities of the cells. Our findings showed that none of 

these preparations recapitulated the suppressive effect of PLSCs on lymphocyte 
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proliferation. We thus, concluded that in our in vitro immune assays, cell-to-cell contact 

is necessary for PLSCs exert their suppressive effects on PBMCs. 

The overall goal of Aim 3 was to establish an in vivo model that could closely represent 

the inflammatory response that is observed in the lungs of patients with inflammatory 

lung disease, and to evaluate perinatal cell therapy using this model. In patients, the 

pulmonary immune response is often triggered by recurrent bacterial infections. Hence, 

to mimic the local physiological inflammatory response in the lungs, daily doses of LPS 

derived from Pseudomonas aeruginosa were nebulized in ferrets. Neutrophilic counts as 

well as protein content in the BALs were elevated, indicating that LPS administration 

successfully triggered an inflammatory response in the lungs of the ferrets. Histological 

analysis of lung tissue also revealed potential thickening of the alveolar linings and 

presence of immune cells in the alveolar space and small airways. The repeated LPS 

administration also decreased lung function parameters such as FEV400, FRC, IC, FVC 

and lung flows and compliance by day 7 of LPS exposure, indicating that LPS 

successfully caused an acute lung injury similar to the one observed in patients with 

bacterial infections or pneumonia.  

The next step of the work outlined in Aim 3 was to test the immunomodulatory properties 

of PLSCs in the LPS-induced acute lung injury model. The aim of this study was to test 

PLSCs’ potential to reduce inflammation and improve lung function in the in vivo model. 

Given that the lung injury observed in ferrets was maximal on day 7 of LPS exposure, 2 

different doses (10x10
6 

cells/kg given every other day and 7.5 x 10
6 

cells/kg given every 

day for 7 days) of PLSCs were tested for their efficacy in reducing inflammation and 

lung injury. Although we observed decrease in BAL total cell counts in the treatment 
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groups, changes were not statistically significant and did not improve lung function 

parameters when compared to the LPS only ferrets.  

The methods and immunoassays used in these studies have offered very important tools 

for the evaluation of the immunomodulatory properties of perinatal cells. The in vitro 

studies evaluated in this thesis established the anti-inflammatory properties of perinatal 

cells on reactants downstream of the NF-κB pathway and associated cytokines, and 

determined the suppressive effect on Th1 cells. In our experiments we found that PLSCs 

targeted the PHA stimulated Th1 cells and decreased their function to secrete IFN-γ, 

however, by doing so, PLSCs seem to favor the upregulation of pro-inflammatory Th17 

cell function to secrete IL17. Other studies have shown that MSCs derived from perinatal 

tissue have suppressive functions on Th17 cells, but upregulate anti-inflammatory Treg 

cells under the mixed lymphocyte reaction (MLR) setting (1-3). Therefore, future studies 

will investigate the potential immunomodulatory activities of PLSCs activated Th17 and 

Tregs cells under the MLR setting. 

The in vitro studies in the CF cohort established that PLSCs have CF specific properties 

that could provide an understanding of potential mechanisms underlying their effect on 

CF immune cells. The use of blood derived immune cells might not offer the best 

representation of the local pulmonary hyper-inflammation in the lungs of CF patients as 

we demonstrated that the systemic inflammatory response is rather hypo-activated in CF 

patients. Our findings are in accordance with other studies that showed that CF systemic 

inflammatory response is dysfunctional in response to stimuli (4). These findings offer 

novel insights about the debate regarding the CF associated inflammation and highlights 

that potential discrepancies in systemic inflammation could explain the lack of 
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inflammation resolution. Future studies will investigate the use of lung derived immune 

cells exposed to CF derived plasma to address potential influence of the dysfunctional 

systemic inflammation on the local inflammatory response.  

In our studies, we found that CM and exosomes derived from PLSCs did not show 

significant effects on lymphocyte proliferation. Although secreted factors like CM and 

exosomes have been shown to potentially execute such effects on the immune system (5), 

our findings did not show efficient effects of these secreted factors in our immunoassays. 

The content of cells’ CM and exosomes is not the same when obtained from various cell 

types and variation could even exist in CM obtained from various batches of the same 

cell lines (6). Thus CM and exosome contents are not constant, but rather depend on  the 

tissue origin, culture conditions activities and the environmental cues of the cells they are 

derived from. Thus the same factors that influence the cells’ functions could also 

influence the outcome of secretome content. These aspects are important for the clinical 

application of PLSCs, and more careful considerations will need to be evaluated to 

determine the specific disease pathway to target and thus determine the stem cell 

approach to use. In disease such as COPD and ARDS, where acute phase reactant 

imbalance seem to contribute to disease, CM derived from PLSCs might provide a 

potential therapeutic. On the other hand, in CF patients with increased numbers of 

dysregulated immune cells, the administration of PLSCs might be a more potent 

approach to target the inflammation. 

Given that most cytokine production occurs in feedback loops, in the absence of 

functional inflammatory regulation on cytokine reactants (such as in CF), PLSCs derived 
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secreted factors could provide the missing regulatory factors to regulate the cytokine 

levels and regain balance. 

The translational model created in our studies represents a robust model for acute lung 

injury evidenced by the observed pulmonary inflammation and the accompanied tissue 

damage and lung function injury caused by the repeated LPS exposure. The use of LPS to 

induce pulmonary injury has been adopted in several studies modeling lung 

inflammation. However, in small animals like mice, rats and guinea pigs, pulmonary 

function testing could only be performed once due to the invasiveness of the procedure. 

This infers further increased variability in comparison studies and calls for additional 

control groups and a higher number of animals. In our approach, the use of ferrets offered 

an advantage in that initial lung function testing could be measured in healthy animals 

prior to the LPS injury, thus establish robust baseline parameters with the added 

advantage of having each animal serving as their own control. Baseline measurements of 

lung function parameters allowed for a more thorough and accurate assessment of the 

induced pulmonary injury and reduced the highly variable outcomes that are usually 

associated with animal studies.  

Our in vitro studies have defined that perinatal cells have direct modulatory effects on the 

chronic rather than the acute mediators of the inflammatory response such as 

lymphocytes and macrophages. Although the administration of PLSCs in our ferret model 

decreased the total BAL counts, suggesting that they could mitigate the pulmonary 

inflammation in vivo, it did not rescue the LPS induced lung injury. Thus, the perinatal 

cells function established in vitro do not represent a suitable therapy to target the acute 

neutrophilic inflammatory response and subsequent lung function injury that occurred in 
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our animal model. More appropriate models will be needed to test the 

immunomodulatory properties of perinatal cells in the chronic reactants of the immune 

system. A prolonged exposure to nebulized LPS will be required to achieve a chronic 

pulmonary inflammatory response; further LPS instillation directly into the lungs might 

help achieve a more consistent and homogenous injury throughout the lungs. In addition, 

to recapitulate the tissue damage and alveolar structure distortion observed in patients, a 

fibrosis inducing drug such as bleomycin might be a good candidate to provide the 

desired effects on lung tissue. This combination of induced chronic responses might lead 

to a sustained lung function injury and thus achieve the chronic disease phenotypes 

observed in patients with CF. 

Perinatal cells constitute a novel therapeutic approach that provides a wide range of 

immunomodulatory properties, and thus constitute potential candidates to treat 

inflammatory disease including lung disease. We have identified that perinatal cells have 

immunosuppressive effects on acute phase reactants such as NE, NF-κB, IL-1β, TNF-α 

and IFN-γ in healthy and CF derived immune cells and that this therapeutic effect could 

be exerted through secreted factors. In addition we determined that PLSCs require direct 

cell-to-cell contact to affect immune cell proliferation particularly Th1 cells and limit 

their function to secrete of IFN-γ. By downregulating the Th1 pathway, the presence of 

PLSCs also seemed to favor upregulation of Th17 function. In the CF setting, priming 

PLSCs with SMM revealed that they might exhibit disease specific properties that could 

provide potential mechanisms of action.   
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This dissertation presented some of the potential aspects that could increase the 

understanding of perinatal cells and their potential application to treat inflammatory lung 

disease. 
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