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ABSTRACT 
 

KATHERINE BRALEY 

EFFECT OF CALCITRIOL ON THE IMMUNOMODULATORY PROPERTIES AND 
HYALURONIC ACID METABOLIC PATHWAYS OF HUMAN MESENCHYMAL STEM 
CELLS 
Under the direction of: ROBERT MCKALLIP, PhD, RAGHAVAN CHINNADURAI, PhD 
 

Mesenchymal stem cells (MSCs) are non-hematopoietic stem cells which have remarkable 

immunomodulatory and tissue reparative properties, sparking clinical interest in their use in 

regenerative medicine. MSC-mediated immunomodulation occurs primarily via production of 

soluble factors like indolamine-2,3-dioxygenase (IDO), programmed death ligand-1 (PDL-1), 

prostaglandin E2 (PGE2), among others which function to inhibit effector immune cell function 

while promoting regulatory subtypes. Our lab focuses on the role of hyaluronic acid (HA) 

metabolism and signaling through HA receptor, CD44, in MSC’s ability to modulate the immune 

system and promote tissue repair. Data from our lab has demonstrated alterations in HA 

metabolism, production, and signaling in MSCs that have been primed with an inflammatory 

signal. Emerging research has suggested that calcitriol, the biologically active form of Vitamin D, 

may modulate soluble factor production by MSCs in response to inflammation. Taken together, 

we then hypothesized that calcitriol may also augment HA metabolic pathways.  

We utilized secretomes from Staphylococcal enterotoxin B (SEB)-activated peripheral 

blood mononuclear cells (PBMCs) to simulate the inflammatory microenvironment. In PBMC 

supernatant-activated MSCs we saw a consistent upregulation in gene expression of CD44, HA 

synthase isoform HAS-3, IDO-1, and PDL-1. Preliminary data suggests possible alterations in the 

molecular weight of hyaluronic acid secreted by activated MSCs when treated with calcitriol and 

PBMC supernatant when visualized by gel electrophoresis, though further replicates are needed. 
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On its own, calcitriol was not able to modulate the alterations seen in HA metabolism in activated 

MSCs, as there was no statistically significant change in HAS3 gene expression between calcitriol 

and vehicle at 24-hour time-points. Though, calcitriol was shown to decrease total HA production 

in activated MSCs, as well as partially restore high molecular weight HA in PBMC supernatant-

activated MSCs. Calcitriol was not demonstrated to meaningfully alter gene expression of IDO-1 

or PDL-1 compared to PBMC supernatant-treated cells, suggesting that calcitriol does not affect 

MSC activation by inflammatory stimuli. However, optimization of the calcitriol delivery process 

and exposure time is necessary. Preliminary results following optimization of calcitriol dose and 

timing demonstrate a significant alteration in expression of HAS3, though further replicates are 

needed to confirm this effect. Additional studies investigating the effects of secretomes from 

MSCs treated with calcitriol on immune cell activity, and co-culturing experiments between MSCs 

and immune cells in the presence of calcitriol may provide more insight into the role of calcitriol 

and its effect on the immunomodulatory properties of MSCs. 
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CHAPTER 1  
 

INTRODUCTION 
 

Mesenchymal Stem Cells 

 Mesenchymal stem cells (MSCs), or mesenchymal stromal cells, are pluripotent stem cells 

found near ubiquitously at sites in the human body and can be harvested from a variety of tissues, 

including bone marrow, adipose tissues, periodontal ligaments, placenta, umbilical cord, and other 

tissues. In vitro, they are characterized by their fibroblast-like morphology, rapid growth, and 

plastic adherence. MSCs can also be characterized by expression of cell-surface markers such as 

CD73, CD90, CD105, and CD44, though lack cell-surface markers typically associated with 

hematopoietic stem cells such as CD45, CD34, or HLA-DR. MSCs possess the potential for 

differentiation into multiple cell types, including those from mesodermal lineages such as 

adipocytes, chondrocytes, and osteocytes. Though MSCs also possess the ability to differentiate 

into non-mesodermal lineage cells as well, such as neurons, cardiomyocytes, epithelial cells, 

hepatocytes, and lung cells. MSCs inherent ability for multilineage differentiation may imbue 

further benefits in MSC-mediated tissue repair (Hmadcha et al. 2020).  

Functionally, MSCs exert pleiotropic effects to include immunomodulation, promotion of 

angiogenesis, as well as suppression of inflammation, fibrosis, and apoptosis. Both pre-clinical 

and clinical studies have demonstrated that MSCs serve a crucial role in the repair of damaged 

tissues and are actively recruited to sites of inflammation and tissue damage. MSCs are also 

involved in other processes such as maintenance of cellular homeostasis, aging, inflammatory 

diseases, tumorigenesis, and evasion of cancer cells from immune clearance (Müller et al. 2021). 

Figure 1 provides an overview of MSC isolation, differentiation potential, effects, and potential 

clinical applications.  
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Figure 1. Original image, presented in color. Overview of MSC characterization and potential. Created with 
BIoRender.com 

MSCs as a Cell-Based Therapy 
 

The abilities of MSCs to both directly modulate inflammation by means of immune 

suppression, as well as their abilities to aid in tissue repair have sparked an interest in their potential 

as a cell-based therapy in regenerative medicine and tissue engineering for the treatment of a wide 

variety of rheumatic and inflammatory disease states, osteoarthritis, and genetic disorders of bone 

and cartilage. MSCs also display low immunogenicity, further highlighting their potential as a cell-

based therapy. At present, there are over 1400 clinical trials in progress utilizing mesenchymal 

stem cells worldwide, per search of ClicialTrials.gov. The premise of cell-based therapies includes 

first harvesting cells from donor tissues, then isolating and expanding target cells in a laboratory 
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setting, followed by transplantation or infusion of specific cells or cell-derived products into the 

patient. MSCs themselves can be used as a cell-based therapy, though cell-derived products such 

as MSC-derived extracellular vesicles and supernatants derived from MSCs can also be utilized. 

MSC-derived extracellular vesicles have become an increasingly important target in the treatment 

of various inflammatory diseases as they possess similar functional capabilities while generally 

considered safer, less toxic, able to cross the blood-brain barrier, and without the potential for 

iatrogenic tumor formation (Liu et al. 2020). The ability of MSC-derived extracellular vesicles to 

cross the blood-brain barrier may provide possibilities of treating various disorders affecting the 

nervous system which were not possible with conventional cell-based therapies.  

MSC-Mediated Tissue Repair  
 

MSCs ability to modulate immune responses occurs by means of paracrine factors as well 

as direct cell-contact dependent mechanisms. In response to tissue injury, phagocytic cells produce 

inflammatory mediators such as TNF-a, IL1-b, radical oxygen species (ROS), chemokines,\]]\\]/      

and leukotrienes which, together with cells surrounding damaged tissue, lead to changes in the 

cellular microenvironment that helps to recruit MSCs to the site of tissue damage/inflammation 

(Müller et al. 2021). While it is known that MSCs are recruited to the site of tissue damage and 

inflammation, the process by which this occurs has yet to be elucidated. Once at the site of tissue 

damage, various extracellular signals within the microenvironment signal MSCs for differentiation 

into various cell types involved in the repair of damaged tissues, as depicted in Figure 2. Following 

extravasation into the site of tissue damage, MSCs secrete a variety of growth factors such as  

epidermal growth factor (EGF), platelet-derived growth factor (PDGF), vascular endothelial 

growth factor (VEGF), hepatocyte growth factor (HGF), and others in response to the 

inflammatory cytokines produced by effector immune cells. These secreted growth factors act 
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upon endothelial cells, fibroblasts, and stem cells to induce tissue repair via promotion of 

angiogenesis, inhibition of leukocyte migration, and induction of stem cell differentiation (Ma et 

al. 2013). 

Immunomodulation by MSCs 
 

In addition to their role in the repair of damaged tissues, MSCs exhibit potent 

immunomodulatory properties capable of modulating the phenotype and function of various 

immune cells. Multiple studies have elucidated their role in inhibiting various effector immune 

cells such as monocytes/macrophages, dendritic cells, T cells, and B cells. This inhibitory process 

is “licensed” by IFN-g in combination with other inflammatory cytokines, such as TNF-a, IL-1b, 

or IL-1a, which stimulate MSCs to produce various immunosuppressive factors as well as 

chemokines and adhesion molecules which, together, lead to an accumulation of immune cells 

near MSCs. MSCs have been shown to suppress the activity of proinflammatory, M1 

macrophages, shifting the polarization of macrophage subtypes towards the anti-inflammatory, 

M2 subtype, which exhibit higher rates of phagocytosis and are involved in tissue repair. They 

accomplish this via secretion of prostaglandin E2 (PGE2), indolamine-2,3-dioxygenase (IDO-1), 

Il-6, hepatocyte growth factor (HGF), Il-1 receptor antagonist (IL-1RA), programmed cell death 

ligand 1 (PDL-1), tumor necrosis factor-inducible gene 6 protein (TSG-6), and transforming 

growth factor (TGF-b). Additionally, upregulation of anti-inflammatory IL-10 production 

accompanied by a reduced production of TNF-a, IL-1b, and IL-12 are also involved in MSC-

induced M2 polarization (Müller et al. 2021). Moreover, MSCs are also known to exert 

antimicrobial properties against a wide variety of bacteria via the secretion of IDO-1 (Meisel et al. 

2011). MSCs are capable of directly modulating immune cells through extrinsic mechanisms, via 

modification of the surrounding microenvironment, as well as intrinsic mechanisms, via paracrine 
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secretion of anti-inflammatory molecules, or soluble factors, in response to inflammatory signals 

in the environment (Coulson-Thomas et al. 2016). A summation of the effects of soluble factor 

secretion by MSCs is included in Figure 2.  

 

Figure 2. Overview of intrinsic mechanisms by which MSCs modulate immune cell activity. Original image, 
presented in color. Created with BioRender.com.  

Intrinsic mechanisms by which MSCs suppress inflammation result from the secretion of 

anti-inflammatory cytokines by MSCs in response to proinflammatory signals in the surrounding 

environment. These inflammatory signals result in activation of MSCs via Toll-like receptor 3 

(TLR3), causing the MSCs to adopt an immunosuppressive phenotype characterized by 

suppression of proliferation and activation of dendritic cells, macrophages, T cells, B cells, NK 
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cells, NKT cells, and neutrophils (Coulson-Thomas et al. 2016). MSC’s ability to modulate 

inflammation and activity of leukocytes is accomplished via secretion of paracrine factors by 

MSCs which act on nearby cells, such as TGF-b, leukemia inhibitory factor, galectins 1 and 3, and 

semaphorin-3A, all involved in suppression of T	cell proliferation (Coulson-Thomas et al. 2016).  

Alternatively, MSCs can also adopt a pro-inflammatory subtype via activation of TLR4 

leading to the secretion of inflammatory cytokines (IL-6 and IL-8) to promote neutrophil and T 

cell activation (Ma et al. 2014). IFN-g is thought to regulate the anti- and pro-inflammatory 

characteristics of MSCs through coordination of MSCs, T-reg cells, and IFN-g levels. While low 

levels of IFN-g induce MSCs to express MHC-II and present antigens and activate regulatory T 

cells, high levels of  IFN-g secreted by activated regulatory T cells induces a downregulation 

MHC-II expression on MSCs, resulting in MSC activation leading to a diminished inflammatory 

response (Coulson-Thomas et al. 2016). Additionally, MSCs have been shown to secrete 

extracellular vesicles, which are a widely studied topic in the treatment of inflammatory diseases 

as they, too, possess significant anti-inflammatory and tissue reparative properties like those of 

MSCs themselves, without the potential downsides of treatment with MSCs such as iatrogenic 

tumor potential and high cost (Meisel et al. 2011). 

Studies of extrinsic mechanisms by which MSCs modulate inflammation have 

demonstrated substantial cell-to-cell communication between MSCs and other immune cells, as 

well as that the inflammatory profile of the microenvironment alters MSC secretome. More 

recently, efforts have been directed at the role of the extracellular matrix (EMC) in MSC-induced 

immunosuppression and downregulation of inflammation.  
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Mesenchymal Stem Cells, the Extracellular Matrix, and Hyaluronic Acid 

 
Overview 
 
 Hyaluronic acid (HA), a main constituent of the extracellular matrix, is a linear, non-

sulfated glycosaminoglycan consisting of D-glucuronic acid and N-acetylglucosamine repeats that 

is present in the connective tissue of vertebrates. The negative charge of HA allows it to bind large 

amounts of water, and functions as a lubricant and shock absorber in joints. HA production is 

regulated by activity through transmembrane synthases at the inner surface of the plasma 

membrane called hyaluronic acid synthases (HAS), of which there are there known isoforms, 

HAS1-3. The three HAS isoforms each produce HA of varying molecular weight, and biological 

activity of HA differs depending on molecular weight. Degradation of hyaluronic acid is regulated 

by hyaluronidases (HYAL), of which there are also 3 known isoforms, HYAL1-3.  

Over the past decade, the potential of HA in medicine for treatment of arthritis, rheumatic 

diseases, tissue engineering, drug discovery, cosmetics, and regenerative medicine has been 

realized. However negatively, alterations in HA metabolism have also been implicated in 

numerous autoimmune disorders and malignancy states, such as rheumatoid arthritis and chronic 

myeloid leukemia, respectively.  

Hyaluronic Acid and MSCs 
 

MSCs express the cell adhesion molecule, CD44, which serves as a receptor for hyaluronic 

acid. Research in our lab has demonstrated that not only do MSCs secrete large amounts of HA, 

but they also upregulate their expression of CD44 in response to treatment with supernatant from 

Staphylococcus enterotoxin B (SEB)-activated peripheral blood mononuclear cells (PBMCs) 

(Christiansen 2021). While numerous studies have detailed the role of hyaluronic acid-CD44 
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interaction in the mobilization of MSCs into sites of inflammation and tissue damage, the role of 

CD44 and HA in immunomodulation by MSCs is yet to be ascertained. CD44 is thought to be 

involved in pulmonary tissue remodeling and resolving inflammation within the lungs, as CD44 

deficient mice demonstrate persistent inflammation, accumulation of HA fragments, and persistent 

TGF-b1 activation (Zhou et al. 2021). It is also known that MSCs can differentiate into lung 

epithelial cells. Taken together, these results have sparked interest in the use of MSCs in the 

treatment of chronic pulmonary diseases. Studies in mice models have demonstrated amelioration 

of bleomycin-induced pulmonary fibrosis by MSCs (Bitencourt et al. 2011). A 2021 study 

demonstrated that low- and medium-molecular weight HA stimulated the differentiation of MSCs 

into mature, type-II pneumocytes that produce surfactant (Della Salla et al. 2021). Additionally, 

CD44 has been shown to induce MSC mobilization to cigarette smoke-damaged lung tissue (Ouhtit 

et al. 2020). Furthermore, hyaluronidase has been shown to increase airway mononuclear cells that 

are phenotypically similar to MSCs, and treatment with hyaluronidase reduced bleomycin-induced 

fibrosis in lung parenchyma of mice (Bitencourt et al. 2011).  

Furthermore, HA has been connected to the process by which MSCs interact directly with 

neighboring cells. Differential MSC activation through either TLR-3- or TLR-4-mediated 

signaling resulted in distinct leukocyte binding mechanisms (Kota et al. 2014). In this paper, MSCs 

activated with poly-I:C resulted in signaling through TLR-3 and induced MSCs to adopt an anti-

inflammatory phenotype, while MSCs activated with lipopolysaccharide (LPS) resulted in TLR-4 

signaling and resulted in MSCs adopting a more pro-inflammatory phenotype. TLR-3 signaling in 

MSCs resulted in the formation of HA cables on the cell surface that trapped leukocytes near 

MSCs, while TLR-4 signaling resulted in MSC-leukocyte binding via adhesion molecules ICAM-

1 and VCAM-1. This indicates that HA production by MSCs may serve a role in their ability to 
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suppress the immune system via direct-cell contact. Auxiliary evidence that HA is involved in 

MSC-mediated immunosuppression via direct-cell contact was established in a 2014 publication 

showing that umbilical cord-derived MSCs (UMSCs) exposed to inflammatory stimuli secreted a 

pericellular coat consisting of the proteoglycan versican bound to an HA matrix crosslinked with 

heavy chains (HC), TSG-6, and pentraxin-3 (Coulson-Thomas et al. 2014). TSG-6 catalyzes the 

process of HA matrix formation via the addition of HCs 1-3 to N-acetylglucosamine residues in 

HA. When exposed to an inflammatory environment, UMSCs upregulated the production of this 

pericellular coat, and led to a change in the structure of this coat with increased cable-like HA 

formations. This glycocalyx, or pericellular coat, was shown to confer protection for MSCs in an 

inflammatory environment as well as serve to sequester macrophages near MSCs. 

Mesenchymal Stem Cells and Vitamin D 

Cell-based therapies, including the use of MSCs, have been suggested as potential 

therapeutics in the treatment of acute lung injury (ALI) as a result of acute respiratory distress 

syndrome (ARDS). The emergence of the novel coronavirus SARS-CoV-2 and the lack of 

effective therapeutic options in the treatment of severe disease, kindled renewed interest into the 

use of MSCs as a potential treatment for ARDS.  

Vitamin D is known to play a role in the maintenance of bone metabolism, and its effects 

on calcium homeostasis have been well characterized. While previously thought to be involved in 

processes limited to calcium homeostasis and bone metabolism, more recent data demonstrates 

that Vitamin D also serves an immunoregulatory role. Deficiency states of Vitamin D have been 

correlated with several inflammatory and autoimmune disorders, as well as increased susceptibility 

to infections.  
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Vitamin D2 (ergocalciferol) as well as Vitamin D3 (cholecalciferol) constitute the major 

inactive precursors of steroid hormone Vitamin D. In humans, Vitamin D3 is made in the skin from 

7-dehydrocholesterol following exposure to UV-B radiation to form pre-Vitamin D3 that then 

undergoes further rearrangement to form Vitamin D3. It is then transported to the liver, where it is 

converted into 25-hydroxyvitamin D3, which is then further converted by the kidneys into the 

biologically active form, 1a, 25-dihydroxyvitamin D3 (1,25(OH)2D3), or calcitriol. Many of the 

activities of calcitriol in humans are regulated by the Vitamin D receptor (VDR), which upon 

ligand binding, heterodimerizes with nuclear retinoid X receptor (RXR) to form VDR-RXR 

complex that can bind specific DNA sequences known as Vitamin D response elements (VDRE). 

Various immune cells, such as promyelocytes, monocytes, and dendritic cells are known to express 

VDR and can respond to calcitriol. In these cells, VDR-mediated signaling activates expression of 

certain genes leading to immunomodulatory and anti-proliferative effects. Additionally, calcitriol 

has been shown to decrease the production of several inflammatory mediators in 

monocytes/macrophages (Saldaña et al. 2017). 

Previous studies have demonstrated that porcine-derived MSCs possess the necessary 

machinery for Vitamin D metabolism, including: VDR, Vitamin D3 hydroxylases CYP27B1, 

CYP27A1, and CYP24A1 suggesting that Vitamin D may play a role in the biological activities 

of MSCs (Valle, Almalki, and Agrawal 2016). Much of the research into the role of calcitriol in 

MSC function has focused on osteogenesis and bone healing, however more recent data suggests 

that calcitriol also plays a role in the immunomodulatory properties of MSCs. In human 

periodontal ligament-derived MSCs (hPDLSCs), calcitriol was demonstrated to influence the 

immunomodulatory properties of these cells depending on the presence of specific cytokines. 

Namely, treatment of hPDLSCs with calcitriol led to a significant reduction in TNF-a, IL-1b, and 
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IFN-g induced expression of immunomodulatory factors secreted by hPDLSCs. Another study 

demonstrated that calcitriol induces MSCs to produce PGE2 suggesting that calcitriol may 

potentiate the immunomodulatory properties of MSCs. This study also suggests that calcitriol may 

serve a regulatory role in the paracrine interactions, or crosstalk, between MSCs and macrophages 

by influencing the production of soluble factors involved in MSC-mediated immunomodulation. 

Calcitriol was shown to promote a switch in macrophages to an anti-inflammatory phenotype 

corresponding to increased IL-10 and decreased TNFA gene expression in both MSCs and 

macrophages co-cultured together (Andrukhov et al. 2020).  

Furthermore, in a unilateral ureteral obstruction (UUO) model of acute kidney 

inflammation, Vitamin D analog, paricalcitol, and MSCs were shown to additively suppress Th17-

differentiation of CD4+ T cells, decrease intrarenal CD4+ and CD8+ T cells, neutrophils, 

monocytes, and IL-17 transcript production (Duffy et al. 2014). Additional studies have 

demonstrated that the supernatants of MSCs treated with Vitamin D3 potentiate the anti-

inflammatory effects of MSC-educated macrophages through increased proliferation and 

phagocytic ability meanwhile decreasing ROS production of macrophages (Motlagh, Ahangaran, 

and Abtahi Groushani 2015). A similar study published in the Turkish Journal of Biology showed 

that the supernatants of calcitriol-treated MSCs increased the phagocytic abilities of neutrophils as 

well as decreased ROS production via an IL-6 mediated mechanism (Galeh et al. 2014). 

Hypotheses 

 We hypothesized that MSC activation results in alterations in the metabolic processes and 

production of hyaluronic acid, and that these can be modulated by calcitriol.  
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CHAPTER 2  
 

METHODOLOGY 
 

 
Figure 3. Overview of experimental design. Original image, presented in color. Created with BioRender.com 

 
Cell Culture 

Rescue from Cryopreservation 
 
 MSCs from storage in a liquid nitrogen tank were warmed to room temperature and quickly 

added to 9 mL of warmed a-MEM (Corning, Product No. 10-022-CV) supplemented with 1% 

penicillin/streptomycin and 10% FBS in a 15 mL FalconÔ conical centrifuge tube. Rescued cells 

were then centrifuged at 200 x g for 5 minutes. Supernatant was discarded, and pellet was disrupted 

using 5 mL of warm media. After determining cell count and viability using trypan blue exclusion, 

cell suspension was added to a 75 mL culture flask containing 5 mL of pre-warned media and  
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placed into incubator at 27°C at 5% CO2. Cells were allowed to adhere to flask for 24-hours, 

following which media was decanted and 10 mL of fresh media was added to the flask. Cells were 

allowed to rest for 72-hours, or until 80% confluency was established.  

 Preparation for Experimentation 
 

Table 1. Overview of experimental plate set up, including cell concentration per well, and total well volume. 

Cells were allowed to reach approximately 80% confluency following rescue from 

cryopreservation prior to preparation for experimentation. Once cell cultures were determined to 

be confluent, media was decanted, and cells were rinsed once with warmed PBS. 3 mL of 0.25% 

trypsin with EDTA was added to the culture flask with MSCs and flask was returned to incubator 

for 3-5 minutes to allow proper detachment of cells. Following detachment, 7 mL of warmed media 

was added to flask to quench trypsin reagent, and cell suspension was pipetted up and down to 

ensure a single-cell suspension. Flask contents were then transferred to 15 mL FalconÔ conical 

centrifuge tube and centrifuged at 200 x g for 5 minutes. Supernatant was decanted and 5 mL of 

fresh, warmed media was used to disrupt pellet. Cell count and viability was determined using 

trypan blue dye exclusion protocol. After determining the number of cells necessary for 

experimentation, cells were evenly divided into individual wells for experimentation according to 

concentrations listed in Table 1. Any excess cells not needed for experimentation were replated in 

Plate Size Number of Cells Well Volume 

6-Well 1.0-2.0 x 105 cells/well 2.5 mL 

12-Well 1.0-2.0 x 105 cells/well 2 mL 

24-Well 0.5-1.0 x 105 cells/well 1 mL 

96-Well 1.0 x 104 cells/well 100 µL 
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75 mL culture flask and allowed to reach confluency for use in later experiments. Plated cells were 

allowed to rest for periods of 24-48 hours prior to experimentation.  

MTT Assay 
 
 An MTT assay was used to assess cell viability after treatment with either calcitriol or 

vehicle to ensure neither would significantly affect cell viability. MSCs were cultured in 75 mL 

culture flask until confluency. Media was decanted, cells were washed once with PBS, and 

underwent trypsinization per protocol above. MSCs were seeded into a 96-well plate at 

concentrations of 1 x 104 cells/well after trypan blue dye exclusion to determine cell number. Cells 

were treated with calcitriol at concentrations of 250 nM, 125 nM, 62.5 nM, or vehicle at 

corresponding concentrations. Each concentration was tested in triplicate for both calcitriol and 

vehicle. Cells were incubated for either 24 or 48 hours, before MTT reagent was added at a volume 

of 10% of the total volume per well. Cells were placed back into the incubator for a period of 4 

hours to allow for reduction of MTT reagent to purple formazan crystals by NADPH-dependent 

oxidoreductases. The greater the metabolic activity of the cells, the more purple crystal formation, 

allowing for measurement of absorbance. After a period of 4 hours, solubilization solution was 

added to dissolve crystals, and absorbance was measured by spectrophotometer at 595 nm. 

Absorbance of treatment and control groups was normalized to media control without cells to 

remove background absorbance by the media. Percent absorbance was determined by: %Abs =

	!"#!"#$!%#!%!	'"()*+$!"#,(%!"(-
!"#,(%!"(-

× 100%.  
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Cell Treatment  

Inflammatory Stimuli Culture  
 

Inflammatory Stimuli Concentration 

PBMC Supernatant 25% of total well volume 

IFN-g 2 ng/µL or 10 ng/µL 

 
Table 2. Concentrations of inflammatory stimuli utilized in experimentation. 

Plated MSCs were cultured in the presence of inflammatory stimuli: either Staphylococcal 

Enterotoxin B-stimulated PBMC supernatant (kindly gifted by and produced from Chinnadurai 

lab, Mercer University, Savannah) or IFN-g at concentrations listed in Table 2. Cells were cultured 

in the presence of inflammatory stimuli for periods of 12, 24, 48, and  72 hours prior to harvesting 

for further experimentation.  

Calcitriol Treatment 
 

Calcitriol Dose Stock Concentration Total Well Volume % 

100 nM 100 µM, 2.4 mM 25%, 10% 

50 nM 100 µM, 2.4 mM 25% 

10 nM 100 µM, 2.4 mM 25%, 10% 

1 nM 100 µM, 2.4 mM 25% 

	
Table 3. Concentrations of calcitriol used in experimentation. 
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Calcitriol (1,25-dihydroxycholecalciferol, Cayman Chemical, Item No. 71820) was 

dissolved in DMSO to form a 2.4 mM stock solution. Stock solution was further diluted in DMSO 

to 100 µM concentrations. Early experiments utilized 100 µM stock calcitriol solution to prepare 

dilutions prior to experimentations, however in an effort to reduce concentration of vehicle 

(DMSO), 2.4 mM stock solution was utilized for dilutions in later experiments. 2.4 mM calcitriol 

stock was first diluted to 100 µM in warm a-MEM media supplemented with 1% pen/strep and 

10% FBS, and further dilutions were prepared in either 4X or 10X concentrations to give above-

listed concentrations when added to existing volume in individual wells. DMSO was utilized as 

vehicle control, and dilutions were prepared exactly as calcitriol, corresponding to each 

concentration tested. Cells treated with calcitriol or vehicle cultured in the presence and absence 

of inflammatory stimuli listed above for periods of 6, 12, 24, 48, and 72 hours prior to harvesting. 

Following incubation, cell supernatants were collected for further experimentation. Adhered cells 

were rinsed once with PBS, then lysed in lysis buffer (Thermo ScientificÔ, Catalog No. K0731) 

supplemented with 2-mercaptoethanol. Whole-cell lysates were transferred to 1.5 mL 

microcentrifuge tubes and stored at -20°C.  

PCR  

RNA Extraction and Purification 
 
 Tabletop was disinfected and RNase contamination was removed from work area and 

equipment using RNase AwayÒ (Sigma-Aldrich, Product No. 83931). RNA was extracted from 

whole-cell lysates using GeneJetÔ RNA Purification Kit (Thermo ScientificÔ, Catalog No. 

K0731). An appropriate volume of 100% EtOH was added to whole-cell lysates according to 
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manufacturer’s instruction and mixed well. Samples were loaded onto an RNA purification column 

and centrifuged at 12000 x g for 1 minute.  

Collection tube containing flow-through was discarded and replaced with a new 2 mL collection 

tube. 700 µL of Wash Buffer 1 (supplemented with 100% EtOH, per manufacturer’s instructions) 

was added to the column and centrifuged at 12000 x g for 1 minute. Flow-through was discarded 

and RNA purification column was placed back onto collection tube. 600 µL of Wash Buffer 2 

(supplemented with 100% EtOH, per manufacturer’s instructions) was added to the column, then 

centrifuged at 12000 x g for 1 minute. Flow through was again discarded, and RNA purification 

column was placed back onto collection tube. 250 µL of Wash Buffer 2 was added to the column, 

then centrifuged at 12000 x g for 2 minutes. Collection tube containing flow-through was then 

discarded, and RNA purification column was placed into 1.5 mL RNase-free microcentrifuge tube. 

30-50 µL of RNase-free H20 was added to the column and allowed to rest at room temperature for 

5 minutes to obtain maximal RNA yield. Samples were then centrifuged at 12000 x g for 2 minutes, 

and immediately placed on ice. RNA concentration and purity was determined using NanoDrop 

Lite. RNA concentrations of ≥ 20 ng/µL were utilized for downstream applications. RNA purity 

was assessed using A260/280 ratios, and ideal purity fell within the range of 2 ± 0.1. Extracted 

RNA was stored at -80°C for use in further experiments. 
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Reverse Transcription (RT) and cDNA Synthesis 
 

Reagent Volume Per Sample 

Buffer 2 µL 

Random Primers 2 µL 

dNTPs 0.8 µL 

RNAse Inhibitor 0.5 µL 

Reverse Transcriptase 1 µL 
 

Table 4. Overview of master mix protocol used in reverse transcription of mRNA, prepared according to 
manufacturer’s recommendation. 

Tabletop and laboratory equipment were disinfected, and RNase contamination was 

removed using RNase AwayÒ. Microcentrifuge tubes containing purified RNA were removed 

from cryopreservation and placed on ice. The RNA was standardized to maximum concentration 

possible for each experimental sample, ranging from 220-1000 ng depending on total yield from 

RNA extraction and purification. A total volume of 13.7 µL RNA + RNase-free H20 was added to 

0.2 mL RNase-free microcentrifuge tubes. High-Capacity cDNA Reverse Transcription Kit 

(Applied BiosystemsÔ, Catalog No. 4368814) was utilized to generate cDNA for use in qPCR 

experimentation. All reagents and RNA samples were kept on ice during duration of sample 

preparation. RT master mix was prepared according to manufacturer’s instructions, with a 

calculated 10% excess to allow for pipetting errors, see Table 4 for reagents used and their 

individual volumes. Next, 6.3 µL of master mix was pipetted into microcentrifuge tubes containing 

RNA + RNase-free H2O, for a total volume of 20 µL per sample, vortexed well, and spun down. 

RT was carried out in thermocycler for 135 minutes according to manufacturer’s instructions. 

Following RT, cDNA samples were stored at -20 °C until used in later experiments.  
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qPCR of Selected Gene Targets 
 

cDNA Master Mix (per sample) 

0.5-1 µL cDNA1 

7-7.5 µL nuclease-free H2O1 

10 µL PowerTrackÔ SYBRÔ Green Master Mix 

	
Table 5. cDNA master mix protocol used for qPCR analysis. 1Amount of cDNA and H2O utilized depended on 
total cDNA concentration to yield concentration of ~2 ng cDNA/reaction. 

cDNA samples were removed from freezer and placed on ice. Approximately 2 ng of 

cDNA was utilized for each reaction, and each sample was run in duplicate. PowerTrackÔ 

SYBRÔ Green Master Mix (Applied Biosystems, Catalog No. A46109) was utilized in qPCR 

analysis, all master mixes were prepared with 10% overage to allow for pipetting variations. The 

primer master mix was prepared utilizing 1.5 µL of primer mix (prepared with equivalent amounts 

of forward and reverse primers for each gene of interest), and 0.5 µL of Yellow Sample Buffer 

(PowerTrackÔ kit) and vortexed well. Primer master mixes were prepared to allow sufficient 

volume for each sample to be run in duplicate, and 2 µL of each primer mix was pipetted into 

MicroAmpÔ Optical 96-Well Reaction Plate (Applied Biosystems). All gene primer sequences 

are included in the Appendix. cDNA master mix was prepared for each cDNA sample according 

to manufacturer’s instructions, see Table 5 for volumes of individual reagents. 18 µL was pipetted 

into wells of reaction plate to yield a final volume of 20 µL per well (2 µL primer mix + 18 µL 

cDNA master mix). Reaction plate was sealed with adhesive film and centrifuged at 200 x g for 1 

minute to remove bubbles and spin down contents prior to being placed into QuantStudioÔ 3 Real-

Time PCR system and ran under standard time conditions according to manufacturer’s protocol.  
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Analysis of Gene Expression: 2-DDCt method 
 

The 2-DDCt method was utilized for gene expression analysis. Primary Ct values generated 

during qPCR process of target genes were first normalized to those of endogenous control genes 

for each sample, yielding the DCt value. DCt values for biological replicates were averaged for 

both experimental and control groups. The difference in mean DCt of each treatment group and 

negative control yielded mean DDCt values, allowing for fold change analysis to quantify any 

changes in gene expression. Fold change was determined by 2-DDCt  values. As DDCt  were 

generated by subtracting the DCt values of each treatment group from the DCt values of the 

negative control the fold change in the negative control groups was 1 (2% = 1). A fold change of 

greater than 2 or less than 0.5 compared to untreated control cells was considered significant.  

18s rRNA and b2-microglobulin (B2M) were used as endogenous controls genes early in 

the experimentation process for gene expression analysis. However, in MSC groups treated with 

an inflammatory stimulus, an average difference in primary Ct values of approximately 3 was 

observed for B2M groups, making B2M an undesirable candidate for use as an endogenous control. 

Final results were instead normalized to 18s only as its expression remained stable.  

MSC Secretome Analysis 

ELISA 

Analysis of total HA concentration in MSC secretome was performed using R&D Systems 

Hyaluronan DuoSet ELISA Development System (Catalog No. DY3614). First, 96-well ELISA 

plates were coated with 100 µL/well of Capture Reagent diluted to working concentration in PBS, 

per manufacturer’s instructions, sealed and incubated overnight at room temperature. The 
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following morning, wells were aspirated to remove remaining Capture Reagent, and washed three 

times with 400 µL of Wash Buffer (0.05% Tween-20 in PBS). Remaining Wash Buffer in wells 

was removed by inverting plate and blotting with paper towels. The blocking step was performed 

next, and 300 µL of Reagent Diluent (5% Tween-20 in PBS) was added to each well, and plate 

was incubated for 1 hour at room temperature. While plate was incubated, hyaluronan standards 

were prepared according to manufacturer’s instructions to concentrations of 270, 90, 30, 10, 3.33, 

1.11, and 0.370 ng/mL. MSC secretomes were also diluted in Reagent Diluent to a concentration 

of 1:250. Following incubation, wash step was performed as directed above, and 100 µL of 

standards or diluted samples were added to each individual well, performed in duplicate for all 

experimental samples and standards. Plate was covered with adhesive film and incubated at room 

temperature for 2 hours. Following sample incubation, wash step was performed again prior to 

addition of 100 µL of Detection Reagent. Plate sealed with adhesive film and was incubated with 

Detection Reagent for 2 hours at room temperature. Wash step was performed following 

incubation with Detection Reagent prior to addition of 100 µL of Streptavidin-HRP B to each well, 

and incubation for 20 minutes in the dark at room temperature. Wash step was performed again, 

then 100 µL of Substrate Solution was added to each well and plate was incubated in the dark for 

20 minutes at room temperature. Following incubation with Substrate Solution, 50 µL of Stop 

Solution was added to each well. Optical density was determined using the microplate reader at 

450 nm. HA concentration was determined using standard curve generated from standard dilutions.   

Hyaluronic Acid (HA) Purification 
 
 First, secretomes were incubated with 10X Proteinase K for a final concentration of 1X 

Proteinase K for 4 hours at 60°C. Following Proteinase K digestion, 4 volumes of EtOH (-20°C, 
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100%) were added to each sample and incubated overnight at -20°C. Samples were then 

centrifuged to form pellet, remaining liquid was aspirated, and samples were rinsed with 4 volumes 

of cold, 75% ethanol. Pelleted samples were air dried at room temperature for 20 minutes. Next, 

Sufficient volumes (200-300 µL) of 100 mM ammonium acetate was added to each sample to 

dissolve pellet, transferred to microcentrifuge tube and incubated for 20 minutes at room 

temperature. Samples were then heated in water bath (100°C) for 5 minutes, then placed on ice for 

5 minutes. 1 µL of 25 units/µL nuclease was added to each sample and incubated overnight at 

37°C. The following day, 300 µL of 2% cetylpyridinium hydrochloride (CPC) was added to each 

sample and allowed to incubate for 1 hour at room temperature. Samples were then centrifuged 

and washed with 300 µL diH2O prior to being dissolved in 50 µl of 4 mM guanidium-HCl and 900 

µL EtOH (-20°C, 75%) and stored overnight at -20°C. The next day, samples were centrifuged, 

then the pellet was washed with 1 mL EtOH (-20°C, 75%), and air dried for 30 minutes at room 

temperature. Samples were dissolved in 50 µL of enzyme diluent ( 20 mM sodium phosphate, 77 

mM sodium chloride, and 0.01% w/v BSA) and incubated for 1 hour at 37°C. Finally, samples 

were split for HYAL digestion, and 3 µL of 1000 units/mL bovine testicular hyaluronidase was 

added to each sample, and incubated overnight at 37°C.   

HA Visualization 
 
 Purified HA samples isolated from MSC secretomes were visualized by gel 

electrophoresis. A 1% agarose gel was prepared in TBE buffer, added to mold, and allowed to 

polymerize. Gel was pre-run overnight at 60V. Equal amounts of high- and low-molecular weight 

HA ladders were added to Lane 2 of the gel for determination of HA MW (Select-HA HiLadder  
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and LoLadder, Echelon Biosciences). Alternately, HA standards of known MW were used in the 

absence of HA ladders. Loading control was added to Lane 1 of gel. HA samples and HYAL 

digestion controls were mixed with glycerol and loaded onto gel. Gel was run at 20V for 30 

minutes, then at 60V for 3.5 hours prior to staining. Gel was stained using 0.005% Stains-All in 

50% EtOH in the dark overnight. Destaining procedure was then performed using 10% EtOH until 

gel background was clear. Gel was imaged using Li-Cor Odyssey DLx system or conventional 

photography.  

 

Statistical Analyses 

 Statistical analyses were performed using GraphPad Prism Software. Equal variance 

between populations was not assumed. Refer to figure captions for information on specific 

statistical test used.  
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CHAPTER 3  
 

RESULTS 
 

Confirmation of MSC Activation 

PBMC Supernatant-Cultured MSCs Resulted in an Upregulation of IDO-1 and PDL-1 
Genes 
 

Secretomes, or supernatants, from SEB-activated PBMCs were utilized to simulate the 

inflammatory microenvironment in vitro, and to confirm these supernatants were able to induce 

MSCs to adopt an anti-inflammatory, immunosuppressive phenotype, qPCR analysis of two genes 

involved in MSC-mediated immunosuppression were screened in untreated and treated cells. Mean 

fold change of mRNA levels was assessed for indoleamine-2,3-dioxygenase (IDO-1) as well as 

programmed cell death ligand 1 (PDL-1). The former catalyzes the first step in tryptophan 

catabolism through the kynurenine pathway, leading to depletion of tryptophan in neighboring 

immune cells and pathogens; while the latter results in apoptosis of activated T cells via 

interactions between PDL-1 on the surface of MSCs with PD-1 on activated T-cells. Secretion of 

IDO-1 in MSCs is stimulated by exposure to inflammatory cytokines such as IFN-g, or a 

combination of TNF-a	 and	 IL-1b,	 which	 has	 been	 well	 documented	 in	 the	 literature.	 As	

expected,	results	demonstrated	a	substantial	upregulation	of	both	IDO-1	(m	=	30718.16,	SD	

=	3.75,	n	=	4)	and	PDL-1	(m	=	101.12,	SD	=	3.62,	n	=	4)	gene	expression	in	PBMC	supernatant-

activated	MSCs	compared	to	that	of	untreated	control	cells	(Figure	4a,	b),	substantiating	SEB-

activated	PBMC	supernatant’s	induction	of	an	anti-inflammatory	phenotype	in	MSCs.		
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Figure 4. qPCR analysis of IDO-1 (a) and PDL-1 (b) fold change in gene expression of MSCs activated with 
PBMC supernatant. Data first normalized to 18s rRNA endogenous gene expression in both treatment and 
untreated control groups, then to target gene expression in untreated controls. Logarithmic axis shown. Bars 
demonstrate mean + SD of biological replicates from 4 distinct donors. Statistical significance was determined 
by Welch’s t-test, **** p < 0.0001. 

Treatment of MSCs with an Inflammatory Stimuli Results in Upregulation of Beta-2 
Microglobulin (B2M) 
 

Early in this project, 18s rRNA (18s) and beta-2microglobulin (B2M) were utilized as the 

endogenous controls, or reference genes, for analysis of qPCR data. Selection of endogenous 

controls was based on those used by previous students in our lab, as well as recommendations from 

the literature. Investigations into appropriate reference genes for MSC analysis by qPCR have 

previously demonstrated B2M among the most stable, and therefore most appropriate for use in 

qPCR analyses (Li el al. 2015). However, we noticed a significant difference in B2M expression 

in experimental groups treated with an inflammatory stimulus. This result is summarized in Figure 

5, depicting an average fold change of approximately 7 in PBMC supernatant groups (m = 7.27, 

SD = 1.65, n= 4) and approximately 5 (m = 4.82, SD = 2.06, n= 2) in IFN-g groups, with an average 

of approximately 7 (m = 6.88, SD = 2.06, n = 6) for all groups treated with an inflammatory 

stimulus. Results shown include those of calcitriol and vehicle (DMSO) treated groups that were 
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also co-cultured with an inflammatory stimulus. Previous studies have demonstrated that MSCs 

upregulate class I major histocompatibility complex proteins (MHC-I) upon activation with an 

inflammatory stimulus, of which B2M is a component. However, no recommendations have been 

made as to the use of B2M as a reference gene in qPCR analyses of MSCs cultured in an 

inflammatory environment. These results suggest that B2M is not an appropriate reference gene 

for use in qPCR analysis of MSCs in an inflammatory environment, and researchers should remain 

cautious of its suitability, depending on experimental design. All qPCR data was then re-analyzed 

using 18s as the sole endogenous control. Primary Ct values for 18s remained relatively stable 

across all treatment groups and biological replicates (m = 6.40, SD = 1.01), demonstrating 

suitability for use as a reference gene.  

 

Figure 5. qPCR analysis of B2M gene expression in MSCs activated with an inflammatory stimulus. Results 
shown demonstrate mean fold change in expression compared to untreated control cells. Data first 
normalized to 18s rRNA endogenous gene expression in both treatment and untreated control groups, then to 
target gene expression in untreated controls. Logarithmic axis shown. Analysis of all experimental groups 
treated with inflammatory stimuli, including those co-treated with either calcitriol or vehicle. Bars  
demonstrate mean + SD of 4 (PBMC sup.), 2 (IFN), and 6 (inflammatory signal, all) biological replicates. 
Statistical significance determined by one-way ANOVA w/ Dunnett’s multiple comparisons. **** p < 0.0001. 
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Effects of MSC Activation on Hyaluronic Acid Metabolism 

PBMC Supernatant-Cultured MSCs Resulted in Upregulation of HA-Associated Genes 
HAS3 and CD44s, and Increase in Total HA Production 
 

To determine the effect of MSC activation on hyaluronic acid (HA) metabolism or 

production, qPCR analysis of gene expression of HA-associated genes were screened. Previous 

data from our lab demonstrated a significant upregulation of HAS3 gene expression in MSCs 

cultured in the presence of SEB-activated PBMC supernatant (secretome). This effect was 

confirmed in further replicates, demonstrating an average fold change in gene expression of HAS3 

of approximately 7 (m = 7.38, SD = 1.12, n = 4) at 24-hours post treatment in PBMC supernatant-

activated MSCs as compared to resting (untreated control) MSCs, as demonstrated in Figure 6a. 

This upregulation in gene expression was not demonstrated in either of the other two HAS 

isoforms, HAS1 or HAS2. This effect was not witnessed in MSCs cultured in the presence of either 

2 ng/µL or 10 ng/µL IFN-g (not pictured).  These results are consistent with results of previous 

data from our lab, which also demonstrated no substantial increase in HAS3 gene expression in 

MSCs treated with either IFN-g, IL-1b, or a combination (Christiansen 2021). Data shown for 

PBMC supernatant-treated MSCs was performed in 4 distinct donors, while data generated for 

IFN-g-treated cells was performed in two distinct donors.  
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Figure 6. qPCR analysis of (a) HAS3 (right) and CD44s (left) fold change in gene expression of MSCs activated 
with PBMC supernatant. Data first normalized to 18s rRNA endogenous gene expression in both treatment 
and untreated control groups, then to target gene expression in untreated controls. Logarithmic axis shown. 
Bars demonstrate mean + SD of biological replicates from 4 distinct donors. Statistical significance was 
determined by Welch’s t-test, **** p < 0.0001, *** p 0.0007. (b) Comparison of mean HA concentration (in 
ng/ml) in MSC secretomes from resting (untreated control) vs. PBMC supernatant-activated cells. Values for 
each compared to MEM-a media control (mean 12.09, not pictured) as reference. Bars represent mean + SD 
for each group, n = 3. **** p <0.0001 (Welch’s one-way ANOVA w/ Dunnett’s multiple comparisons).  

 Next, we investigated whether PBMC supernatant-activated MSCs were capable of 

upregulating CD44s, an extracellular membrane-bound HA receptor that has been implicated in 

the trafficking of MSCs to the sites of inflammation and tissue damage. qPCR analysis of gene 

expression of CD44s was performed, and the mean fold change in gene expression between PBMC 

supernatant-activated MSCs and untreated control MSCs was determined. Figure 6a demonstrates 

a greater than 5-fold change in CD44s expression (m = 6.46, SD = 1.82, n = 4) between treated 

and untreated cells. This was consistent with previous data from our lab (Christiansen 2021).  

To confirm that an increase in gene expression of genes associated with HA production, an 

ELISA was performed to assess total HA concentration of MSC secretomes in resting versus 

PBMC supernatant-activated MSCs, as shown in Figure 6b. Values shown were compared to 

media control to confirm HA concentrations assessed were a result of MSCs. The results show a 
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substantial increase in total HA concentration in MSC secretomes of both resting and activated 

cells, though a significant difference in HA production between resting and PBMC supernatant-

activated MSCs was also observed. These results confirm that the alterations seen in HA-

associated gene expression by MSCs in response to activation with PBMC supernatant correspond 

to an increase in total HA production by MSCs. Further, as only gene expression of HAS3 was 

increased and neither of the other two HAS isoforms, this validates that the upregulation of HAS3 

gene expression is responsible for the increase in total HA concentration in PBMC supernatant-

activated MSCs.  

Apparent Shift in HA Size Distribution Occurs in MSCs Activated with PBMC 
Supernatant 
 

As HAS3 is known to produce HA of lower molecular weight than HAS1 or HAS2, we 

next wanted to investigate the size distribution of HA in the secretomes of resting and PBMC 

supernatant-activated MSCs to assess for potential differences that would further confirm HAS3 

activity. HA was first extracted and purified from collected secretomes of treatment groups, and 

after half of purified HA underwent hyaluronidase (HYAL) digestion, samples and HYAL 

digestion controls were run on an agarose gel via gel electrophoresis. HYAL digestion served to 

confirm band visualized was indeed HA. Gel was visualized with imaging software as well as 

conventional photography. Imaging of gel proved difficult as stain used in protocol is 

photosensitive, limiting data collection process. Preliminary results from one donor are 

represented in Figure 7, which indicates a shift in the molecular weight of HA produced by 

MSCs in response to an inflammatory signal (PBMC supernatant). This loss of band intensity in 

the region of high molecular weight-HA (black arrow) was somewhat restored in PBMC 

supernatant-activated MSCs that had been treated with a 50 nM dose of calcitriol (red arrow).  
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Figure 7. Gel electrophoresis of purified HA samples from MSC supernatants. LC= loading control, HA 
standards of known MW used, HA ladder unavailable. HMW HA= high molecular weight HA, LMW= low 
molecular weight HA, ULMW= ultra-low molecular weight HA. M = untreated control cells, P represents PBMC 
supernatant-activated MSCs, 50 CT represents MSCs co-treated with PBMC sup. and 50 nM calcitriol. HYAL 
digestion controls are shown to right for HA isolates from each treatment group, confirming bands seen to left 
are HA. Arrow indicates loss of HMW HA in PBMC sup. Activated cells seen in untreated control (bracketed). 

Results will need verification with further replicates, as well as vehicle control for calcitriol 

(DMSO). However, optimization of staining, destaining, and imaging protocol is necessary for 

best data collection. Alternative methods for determining HA molecular weight, such as 

viscometry or size-exclusion chromatography, may provide a method that is more easily 

replicable. Gel electrophoretic mechanisms of HA size determination rely on comparisons to 

known standard sizes of HA, which greatly limits any quantitative analysis. Typically, an HA 

ladder using a range of known molecular weights of HA is utilized, however COVID-19’s effect 

 LC    HMW  LMW  ULMW    M         P      50 CT 
HA Isolates             HYAL Digestion Controls 
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on supply chains and lab supplies led to this being unavailable for use during most of this 

project. 

Effects of Calcitriol Treatment on MSC Activation and Hyaluronic Acid Metabolism 

 
Calcitriol nor Vehicle (DMSO) Significantly Affect Cell Viability as Assessed by MTT 
Assay 
 

Prior to assessing calcitriol’s ability to influence MSC’s immunomodulatory or HA 

metabolic properties, it was first necessary to determine if treatment of MSCs with calcitriol or 

vehicle (DMSO) affected cell proliferation or viability. MSCs were cultured in the presence of 

either calcitriol or vehicle for periods of 24 and 48 hours, an MTT assay was performed, and 

percent absorbance at 595 nm was determined using untreated control MSCs as the baseline. 

Results are shown in Figure 8a, b, demonstrating no significant difference in cell viability between 

either calcitriol- or vehicle-treated MSCs and untreated control cells at either 24 or 48 hours. Data 

confirms that neither calcitriol nor vehicle affect MSC viability at any of the concentrations or 

times tested. 
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Figure 8. MTT assay to assess cell viability at 24-hours (a) and 48-hours (b), absorbance at 595 nm in 
experimental groups compared to absorbance at 595 for untreated control MSCs to determine % Abs. ( 
%	𝐴𝑏𝑠 = 	 ["#$(&'(&)*+&,-./	1)23()5"#$(62,-)2/)]

"#$(62,-)2/)
× 100%). Bars represent mean + SEM, performed in triplicate. 

Data shown is from one donor. Statistical analysis was performed using two-way ANOVA w/ multiple 
comparisons. No statistical significance was seen between either treatment group or dose at both time points 
tested. 

Calcitriol Treatment Results in Decreased Gene Expression of IDO-1 and PDL-1 in PBMC 
Supernatant-Activated MSCs  
 

Calcitriol has been demonstrated to decrease soluble factor production by MSCs depending 

on the type of inflammatory stimuli in multiple studies. To determine if this effect held true for 

PBMC supernatant-activated MSCs, we next evaluated calcitriol’s effect on gene expression two 

of these factors, IDO-1, and PDL-1, analogous to the experiments performed in Figures 5 and 6. 

MSCs were cultured in the presence of PBMC supernatant with and without either calcitriol or 

vehicle at concentrations of 1, 10, and 50 nM for 24 hours. Concentrations were chosen to both 

reflect normal (30-50 ng/mL) and low (<20 ng/mL) serum Vitamin D levels, as well as 

concentrations used in similar experiments from the literature.  

62.5 125.0 250.0
0

50

100

150

24 Hours Post-Treatment

Concentration (in nM)

%
 A

bs
. a

t 5
95

 n
m

 

Calcitriol
Vehicle

62.5 125.0 250.0
0

50

100

150

48 Hours Post-Treatment

Concentration (in nM)

%
 A

bs
. a

t 5
95

 n
m

 

Calcitriol
Vehicle

a b



33 
 

 
Figure 9. qPCR analysis of IDO-1 (a) and PDL-1 (b) fold change in gene expression of calcitriol- or vehicle-

treated MSCs co-cultured with PBMC supernatant. Pos. control refers to PBMC sup. treated MSCs. Data first 
normalized to 18s rRNA endogenous gene expression in both treatment and untreated control groups, then to 

target gene expression in untreated controls. Bars demonstrate mean + SD of biological replicates from 3 
distinct donors. Statistical significance was determined by two-way ANOVA w/ multiple comparisons, **** p < 

0.0001, *** p = 0.0006. 1Note that for (a), linear axis is shown to highlight differences between groups, 
logarithmic axis shown for (b).  

qPCR analysis of IDO-1 and PDL-1 gene expression was assessed to determine if calcitriol 

influences MSC activation. A statistically significant difference in both IDO-1 and PDL-1 gene 

expression was noted in MSCs treated with calcitriol, Figure 9a, b, with the trend that the vehicle 

tended to increase expression in a dose-dependent manner, while the opposite trend was noted in 

calcitriol groups. However, expression of both IDO-1 and PDL-1 in calcitriol-treated MSCs 

remained substantially upregulated above baseline regardless of dose, with a mean fold change of 

approximately 30,000 for IDO-1 and approximately 90 for PDL-1, compared to approximately 

30,000 and 101 for PBMC supernatant-treated MSCs, respectively. This suggesting that calcitriol 

treatment neither significantly diminishes MSC activation following an inflammatory stimulus, 

nor hinder expression of genes involved in MSC-mediated immunosuppression.  
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Calcitriol Treatment Results in Downregulation of HAS3 Expression and No Change in 
CD44s Expression in PBMC Supernatant-Activated MSCs  
 

Treatment of PBMC supernatant-activated MSCs with either calcitriol or the vehicle 

resulted in a downregulation of HAS3 expression compared to HAS3 expression in PBMC 

supernatant-treated MSCs, summarized in Figure 10a. A mean fold change of approximately 7  

(m = 7.38, SD = 1.12, n = 4) was noted for HAS3 expression in PBMC supernatant-treated MSCs 

at 24 hours-post treatment. The fold change between calcitriol groups and PBMC supernatant-

treated groups was most significant for calcitriol at doses of 50 nM (m = 3.57, SD = 1.60, n = 4), 

however was not statistically significant from that of the vehicle at corresponding concentrations 

(m = 5.34, SD = 2.23, n = 4). 1 nM calcitriol doses also demonstrated a statistically significant 

different from that of PBMC supernatant, with an average fold change of approximately 5 (m = 

4.55, SD = 1.82, n = 4). The difference between HAS3 expression in calcitriol and vehicle at 1 nM 

was also statistically significant, with a p-value of < 0.0001. These results suggest that calcitriol 

may modulate HAS3 upregulation in MSCs in response to an inflammatory stimulus.  

While a more than 5-fold change in CD44s expression (m = 6.5, n = 3, SD = 1.8) of PBMC 

supernatant-treated MSCs was noted, no significant change was noted in PBMC supernatant-

activated MSCs co-treated with either calcitriol or vehicle groups 24 hours-post treatment, 

evidenced by the overlap over error bars. This effect was seen for all concentrations tested, 

summarized in Figure 10b. Results indicate that calcitriol does not significantly affect CD44s 

expression in MSCs activated with an inflammatory stimulus, suggesting that MSC’s ability to 

migrate into sites of inflammation is not impaired significantly.  
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Figure 10. qPCR analysis of IDO-1 (a) and PDL-1 (b) fold change in gene expression of calcitriol- or vehicle-
treated MSCs co-cultured with PBMC supernatant. Pos. control refers to PBMC supernatant-activated MSCs. 
Data first normalized to 18s rRNA endogenous gene expression in both treatment and untreated control 
groups, then to target gene expression in untreated controls. Logarithmic axis shown. Bars demonstrate mean 
+ SD of biological replicates from 3 distinct donors. Statistical significance was determined by two-way 
ANOVA w/ multiple comparisons, **** p < 0.0001, * p = 0.0347, ** p = 0.0027. 

Calcitriol Reduces HA Production in PBMC Supernatant-Activated MSCs Distinctly from 
Vehicle 
 
 We have shown that MSC activation due to PBMC supernatant induces an upregulation 

of HAS3 gene expression, resulting in an increase in total HA production as well as a shift in HA 

size distribution, as demonstrated in Figures 6 and 7. As calcitriol was shown to induce both a 

downregulation in HAS3 gene expression and partially reversed the shift in molecular weight of 

HA produced by PBMC supernatant-activated MSCs, we also wondered if calcitriol was able to 

decrease the total HA production by MSCs. An ELISA of  total HA concentration in secretomes 

from both resting and PBMC supernatant-activated MSCs treated with either calcitriol or vehicle 

at varying concentrations was performed.  
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Figure 11. ELISA of total HA concentration in MSC secretome. Neg. control refers to resting, untreated MSCs; 
Pos. control refers to PBMC sup.-activated MSCs. Results shown for both calcitriol and vehicle at 10 nM and 
50 nM concentrations from PBMC supernatant-activated MSCs. Bars represent mean + SD of technical 
replicates from one individual donor. Statistical significance determined by two-way ANOVA w/ multiple 
comparisons, **** p<0.0001, ** p 0.0086 for 10 nM and 0.0037 for 50 nM, respectively. 

Results are depicted in Figure 11, which confirms the previously noted increase in HA 

concentration following MSC activation with PBMC supernatant, in addition to confirming that 

the decrease in HAS3 gene expression in PBMC supernatant-activated MSCs treated with 

calcitriol corresponds to a decrease in total HA production. Mean HA production in activated 

MCSs was approximately 5000 ng/mL (m = 4955.9, SD = 84.99, n = 2), while in activated 

MSCs treated with calcitriol was approximately 3100 ng/mL (m = 3139.8, SD = 288.0, n = 2) 

and 2100 ng/mL (m = 2133.0, SD = 66.4, n = 2) at doses of 10 and 50 nM, respectively. This 

decrease in total HA production by MSCs appears to occur in a dose-dependent manner and is 

distinct from that of the vehicle which showed an approximate HA concentration of 3700 (m = 

3683.9, SD = 2.2, n = 2) and 2800 (m = 2757.3, SD = 44.4, n = 2) for 10 and 50 nM doses, 

respectively. It is important to note that the results shown in Figure 11 are from one individual 

donor MSC line, though this trend remains consistent across multiple donor lines. Differences in 

Neg
. C

ontro
l

Pos. 
Contro

l

10
 nM

50
 nM

0

1000

2000

3000

4000

5000

6000

[H
A

] i
n 

ng
/m

L

HA ELISA

Vehicle
Calcitriol

Neg. Control

Pos. Control

✱✱

✱✱

✱✱✱✱

✱✱✱✱

✱✱✱✱



37 
 

HA production by MSCs varies greatly between individual donors, making it difficult to 

combine the results of multiple experiments into one data set.   

Effect of Vehicle on Gene Expression in PBMC Supernatant-Activated MSCs Highlights 

Necessity for Optimization of Calcitriol Dose and Exposure Time 

 Calcitriol has previously been documented to attenuate soluble factor production by MSCs 

in multiple studies, however while we did see a statistically significant difference in gene 

expression of IDO-1, PDL-1, and HAS3, expression of these was still upregulated above the 

baseline at the concentrations and time points tested. As these results were incongruent with those 

published in previous studies, we wanted to investigate if alterations in the dose and exposure time 

of calcitriol affected gene expression of these targets. Additionally, as while there was a 

statistically significant reduction in HAS3 expression at 50 nM calcitriol, it was not statistically 

significant from the vehicle. In order to reduce MSC exposure to DMSO, and effect of the vehicle 

itself on gene expression, we prepared a calcitriol stock at the highest possible concentration (2.4 

mM) for use in later dilutions. This allowed us to achieve a final DMSO concentration of 

approximately 0.002% at the highest calcitriol concentrations. Next, we attempted to increase 

exposure time of MSCs to calcitriol, though we did not see any significant difference in gene 

expression in PBMC supernatant-activated MSCs with either prolonged exposure (72 and 144 

hours) or with calcitriol pretreatment prior to activation with PBMC supernatant (results not 

pictured). At this time, we decided to emulate calcitriol concentrations utilized by Saldaña et al. 

2017, and exposure times used by Llamas Valle et al. 2016. Calcitriol, and vehicle DMSO, were 

added to MSC cultures at concentrations of 10 nM and 100 nM, and cultures were incubated for 

time periods of 6- and 12-hours post-treatment.  
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MSCs can Metabolize Calcitriol, as Evidenced by Upregulation of CYP24A1 
 

We then needed to ensure that the MSCs were able to respond to calcitriol treatment, and 

that the calcitriol being used in experimental procedure was metabolically active. qPCR analysis 

of two genes involved in Vitamin D metabolism, the Vitamin D receptor (VDR) and the 24-

hydroxylase (CYP24A1) involved in the degradation of calcitriol for renal excretion, was assessed 

at 6- and 12-hour time points. No significant change in gene expression of the VDR was noted at 

either 6- or 12-hours post-treatment (results not pictured). However, we did see a significant 

upregulation of CYP24A1 expression at both 6 and 12-hour time points (Figure 12). Expression of 

CYP24A1 was most significant for calcitriol concentrations of 100 nM at both time points tested, 

and expression seemed to increase in a dose dependent manner for both resting and PBMC 

supernatant-activated cells. The difference between resting and PBMC supernatant-activated 

MSCs was minor at both time points and concentrations assessed. Results confirm both the activity 

of calcitriol and the presence of functioning Vitamin D machinery in MSCs.   

 
Figure 12. qPCR analysis of fold change in gene expression of CYP24A1 in resting (no inflammatory stimuli) 
and activated (PBMC supernatant-treated) MSCs at 6 (a) and 12 (b) hour time points. Data first normalized to 
18s rRNA endogenous gene expression in both treatment and untreated control groups, then to target gene 
expression in untreated controls. Logarithmic axis shown. Bars indicate mean + SD of technical replicates from 
one individual donor.  
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Calcitriol Does not Significantly Affect IDO-1 Gene Expression, Though Upregulates 
Expression of PDL-1 in PBMC Supernatant-Treated MSCs at 12 Hours Post-Treatment 
 

Once we confirmed that the calcitriol stock being used in experiments was able to be 

metabolized by MSCs, we next assessed whether a shorter exposure time and higher calcitriol 

concentrations affected gene expression of targets in a distinct manner than that of previous 

experiments. MSCs were cultured in the presence and absence of PBMC supernatant, and in the 

presence or absence of calcitriol or vehicle for periods of 6 and 12 hours. Fold change in gene 

expression of IDO-1, PDL-1, CD44s, HAS3, and TSG-6 were assessed by quantitative real-time 

PCR, and expression was compared to that of untreated control MSCs. Preliminary results show a 

significant upregulation of IDO-1 gene expression was seen in PBMC supernatant-activated MSCs 

at 12-hours post-treatment, with a fold change of approximately 60,000 (m = 60214.48, SD = 

0.12). Though, calcitriol at either concentration did not seem to significantly affect this, with a fold 

change of approximately 50,000 (m = 50095.47, SD = 0.06) at 10 nM and approximately 56,000 

(m = 55514.27, SD = 0.18) at 100 nM doses, as pictured in Figure 13a. Data from 6-hour 

experiments not pictured. It is important to note that the results are from one individual donor MSC 

line, and further replicates are needed as differences in expression between donor lines varies 

greatly. The differences in expression between those of the vehicle and calcitriol groups is 

statistically significant (p< 0.0001) at both concentrations. Calcitriol seems to induce an 

upregulation of IDO-1 expression in a dose-dependent manner, an effect that could be partially 

antagonized by the vehicle which appears to prompt an opposite effect to that of calcitriol. Further 

replicates will provide more insight into this. Additional analyses of IDO-1 concentrations in the 

MSC secretome are necessary to confirm that IDO-1 gene expression correlates to increased 

protein production. 
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Figure 13. qPCR analysis of fold change in gene expression of IDO-1 (a) PDL-1 (b) in PBMC supernatant-
activated MSCs at 12 hours post-treatment. Pos. control refers to PBMC sup-activated MSCs. Data first 
normalized to 18s rRNA endogenous gene expression in both treatment and untreated control groups, then to 
target gene expression in untreated controls. Logarithmic axis shown. *Note that for Fig. 13a, y-axis begins at 
2^14 to highlight distinction between groups. Bars indicate mean + SD of technical replicates from one 
individual donor. Statistical significance determined by two-way ANOVA w/ multiple comparisons, **** p 
<0.0001. 

Calcitriol upregulates PDL-1 expression in PBMC supernatant-activated MSCs above 

baseline at 12 hours post-treatment, seemingly in a dose-dependent manner; while vehicle appears 

to induce the opposite effect, demonstrated in Figure 13b. PDL-1 expression in PBMC 

supernatant-activated MSCs at 12 hours revealed an fold change of 21 (m = 21.09, SD = 0.14) 

compared to that of untreated control MSCs, while calcitriol induced an upregulation above 

baseline of approximately 25 (m = 24.53, SD = 0.10) at 10 nM dose, and approximately 37 (m = 

36.5, SD = 0.20). As PDL-1 is an integral mechanism by which MSCs mediate their 

immunomodulatory effects, it appears that calcitriol in this case acts to enhance this effect, at least 

in early stages of MSC activation. Further replicates are needed to confirm this effect. However, 

Pos. 
Contro

l

10
 n

M

10
0 n

M
1

2

4

8

16

32

64

Fo
ld

 C
ha

ng
e 

(r
el

at
iv

e 
to

un
tr

ea
te

d 
co

nt
ro

l)

PDL-1

Vehicle

✱✱✱✱

✱✱✱✱

Calcitriol

Pos. Control

✱✱✱✱

✱✱✱✱

Pos. 
Contro

l

10
 n

M

10
0 n

M
214

215

216

Fo
ld

 C
ha

ng
e 

(r
el

at
iv

e 
to

 
un

tr
ea

te
d 

co
nt

ro
l)

IDO-1

Pos. Control

Vehicle

✱✱✱✱

✱✱✱✱

Calcitriol

a b



41 
 

gene expression does not necessarily correspond to increased protein expression, therefore further 

inquiries into the amount of PDL-1 expressed on the surface of MSCs would confirm this.  

Calcitriol Induces an Upregulation of PDL-1 and TSG-6, and a Downregulation of HAS3 in 
PBMC Supernatant-Activated MSCs at 12 Hours Post-Treatment 
 

In a similar vein, TSG-6 expression was significantly upregulated in PBMC supernatant-

activated MSCs, with a fold change of approximately 28 (m = 28.18, SD = 0.11) compared to that 

of untreated control MSCs. Effects of calcitriol in PBMC supernatant-activated MSCs on TSG-6 

expression was significantly greater than that of PBMC supernatant treatment alone, with a fold 

change of approximately 37 (m = 36.72, SD = 0.08) at 10 nM and 45 (m = 44.95, SD = 0.18) at 

100 nM, as demonstrated in Figure 14a. Results confirm that this upregulation was a result of 

calcitriol and not vehicle, as TSG-6 expression was downregulated by more than half at both 

concentrations tested. The difference in expression between calcitriol and vehicle was statistically 

significant (p<0.0001) for both concentrations tested.  
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Figure 14. qPCR analysis of fold change in gene expression of TSG-6 (a) , and HAS3 (b) in PBMC supernatant-
activated MSCs at 12 hours post-treatment. Pos. control refers to MSCs treated only with PBMC sup. Data first 
normalized to 18s rRNA endogenous gene expression in both treatment and untreated control groups, then to 
target gene expression in untreated controls. Logarithmic axis shown. Bars indicate mean + SD of technical 
replicates from one individual donor. Statistical significance determined by two-way ANOVA w/ multiple 
comparisons, **** p <0.0001. 

HAS3 expression was also considerably upregulated in PBMC supernatant-activated MSCs 

at 12 hours post-treatment, with a fold change of approximately 170 (m = 172.40, SD = 0.62) times 

that of untreated control MSCs. The difference in HAS3 expression in PBMC supernatant-activated 

MSCs at the 12-hour time point was substantially different from 24-hour time points, with 

expression at 12 hours approximately 24 times greater than that at 24 hours (m = 7.38, SD = 1.91, 

n = 4). Calcitriol appeared to modulate this effect, as shown in Figure 13b, and this effect 

seemingly occurs in a dose-dependent manner, in opposition to that of the vehicle. Modulation of 

HAS3 upregulation in PBMC supernatant-activated MSCs by calcitriol was most significant at 100 

nM concentration, with a fold change of approximately 18 (m = 17.95, SD = 0.925), decreasing 

expression by more than 10 times that of PBMC supernatant-activated MSCs.  
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CHAPTER 4  
 

DISCUSSION 
 

Aim 1: Analyze the Effect of MSC Activation on Hyaluronic Acid Metabolic Properties 

The alterations seen hyaluronic acid metabolism in MSCs following exposure to an 

inflammatory stimulus was consistent with data previously reported by our lab (Christiansen, J. 

2021); though, the process by which this occurs, and the purpose of these alterations remain to be 

learned. The data from my project, as well as that from previous work in our lab, confirms that 

SEB-activated PBMC supernatant induces MSC activation and adoption of an anti-inflammatory 

phenotype, as evidenced by the upregulation of IDO-1, PDL-1, and TSG-6 gene expression.  

In a paper published by Kata et al. 2013, the mechanism of direct-cell contact between 

MSCs and mononuclear leukocytes differed depending on whether MSCs were activated through 

TLR3- or TLR4-mediated signaling. Signaling though TLR3 resulted in increased affinity of 

leukocytes for MCSs, mediated by the formation of cable-like hyaluronic acid structures on MSC’s 

surface. While signaling through TLR4 resulted in MSCs binding leukocytes via adhesion 

molecules, VCAM-1 and ICAM-1. They also showed that MSCs activated through TLR3 

signaling caused them to adopt an anti-inflammatory phenotype, while activation through TLR4 

signaling resulted in the adoption of a pro-inflammatory phenotype. This information, in concert 

with a paper that demonstrated that MSCs secrete a pericellular coat consisting of HA, pentraxin-

3, heavy chains, and TSG-6 thought to sequester immune cells in close-proximity to MSCs 

(Coulson-Thomas et al. 2014), led us to postulate that alterations in HA metabolic processes by 

activated MSCs critical to their abilities to modulate inflammation.  

  Analysis of expression of genes involved in HA metabolism, including HAS isoforms, 

HYAL isoforms, and HA-binding cell-surface receptor CD44s, demonstrated a significant 
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upregulation in HAS3 and CD44s gene expression following activation with PBMC supernatant 

that was consistent across multiple donor MSC lines. While the results for 6- and 12-hour 

experiments are in the preliminary stages, we saw an even more substantial upregulation in HAS3 

expression in 6- and 12-hour experiments compared to 24-hour experiments, insinuating that 

alterations in HA metabolism are integral to early-stage responses of MSCs to an inflammatory 

stimulus. HAS3 is known to produce HA of lower molecular weights compared to HAS1 or HAS2, 

and results from HA ELISA that show an increase in total HA production by MSCs, accompanied 

by the results of the gel electrophoresis of purified HA derived from the secretomes of MSCs 

activated with PBMC supernatant, confirm this with an apparent shift in the molecular weight of 

HA. 

Lower molecular weight HA is also thought to be more pro-inflammatory in nature than 

higher molecular weight counterparts, therefore it follows that increased HAS3 activity leading to 

production of HA of low molecular weight should promote inflammation rather than resolve it. 

This begs the question of why do MSCs upregulate HAS3 in response to activation with PBMC 

supernatant? While this question cannot be answered solely with gene expression analysis or 

analysis of HA quantity and size distribution, co-culturing experiments with MSCs and leukocytes 

and treatment of leukocytes with MSC-derived supernatants assessing the results of this on 

leukocyte phenotype and function could provide more insight into why this process is taking place.  

Considering previous studies proving that MSCs secrete a pericellular coat, of which HA 

and TSG-6 are components, and those that have demonstrated that MSCs activated through TLR3 

facilitate leukocyte binding by means of HA cables, it could be reasoned that the alterations seen 

in TSG-6 and HAS3 gene expression results in the formation of a pericellular HA coat or HA cables 

that facilitate leukocyte binding. Evidence of this phenomenon was established in HK2 cells, an 
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immortalized cell line originating from renal proximal tubule epithelial cells, shown to secrete a 

pericellular HA coat that is similar in composition to those secreted by MSCs. Additionally, 

generation of HAS3 overexpressing HK2 mutants resulted in increased concentration of HA in 

cell supernatants, induction of HA cable formation, as well as increased incorporation of HA 

cables into pericellular coats (Selbi et al. 2006). This study demonstrated the integral role of HAS3 

in HA cable formation and pericellular coat assembly in HK2 cells. Given our data demonstrates 

both an upregulation of both HAS3 gene expression and total HA production by MSCs, similar to 

the results of the study in HK2 cells, it is plausible that the alterations in HA metabolic processes 

by MSCs following activation with PBMC supernatant function to increase pericellular coat 

formation as a means to induce immunosuppression via direct cell contact with effector immune 

cells. Nonetheless, further studies using Western Blot analyses to elucidate signal transduction 

pathways that take place following MSC activation, investigations into HAS3 protein expression 

and activity following MSC activation, and immunocytochemical studies of HA deposition on 

MSC surface following PBMC supernatant activation would be necessary to confirm this. 

Additionally, comparison of results from aforementioned experiments between HAS3 knockouts 

MSCs and WT-MSCs could provide definitive evidence of this phenomenon.  

Aim 2: Analyze the Effect of Calcitriol Treatment on MSC-Mediated Immunosuppressive 

Factors and Hyaluronic Acid Metabolic Properties 

 
 Calcitriol was determined to regulate the paracrine interactions between MSCs and 

macrophages, potentiate their immunomodulatory effect, and may accelerate bone-healing process 

by influencing interactions between MSCs and macrophages (Saldaña et al. 2017). Other studies 

have investigated the effects of Vitamin D on MSC function, and it was ascertained that MSC 
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treatment with calcitriol influences their immunomodulatory properties by means of decreasing 

soluble factor production. Another study demonstrated that macrophages cultured in the presence 

of secretomes derived from calcitriol-treated MSCs increased their phagocytic ability and 

potentiated the polarization of macrophages toward the anti-inflammatory, M2 phenotype 

(Motlagh et al. 2015). These previous studies, in conjunction with previous work in our lab 

showing MSC activation results in alterations in hyaluronic acid metabolism, it was necessary to 

determine if calcitriol also had an influenced hyaluronic acid metabolic properties in MSCs.   

Our result indicate that calcitriol does not meaningfully effect MSC activation at 24-hours, 

and while there was a statistically significant difference in gene expression of IDO-1 and PDL-1 

in PBMC supernatant-activated MSCs, these markers of MSC activation remained substantially 

upregulated compared to resting MSCs. Shorter incubation times with calcitriol yielded similar 

results for IDO-1 with a mild decrease in expression in a seemingly dose-dependent manner, 

however PDL-1 expression was upregulated in calcitriol-treated groups in a statistically significant 

manner. This could indicate that calcitriol enhances the immunomodulatory properties of MSCs 

in early-stages of MSC’s response, however further replicates are needed before any definitive 

conclusions can be drawn.  

Regarding  calcitriol’s ability to modulate HA metabolic processes, our data shows a mild 

effect on HAS3 gene expression at 24-hours post-treatment which was most significant for 50 nM 

calcitriol doses, however expression did not differ from that of the vehicle. With this being said, 

we did see a possible restoration of high molecular weight HA produced by PBMC supernatant-

activated MSCs treated with 50 nM calcitriol doses, evidenced by increased band intensity in the 

region of high molecular weight HA that was absent in MSCs treated only with PBMC supernatant. 

However, results of this experiment are meaningless without an appropriate vehicle control. 
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Further attempts to repeat this experiment were not able to be interpreted, as the destaining process 

did not uniformly affect the gel, leaving areas of the gel completely clear while others over-stained. 

Further, the necessity to limit exposure of the gel to light as Stains-All used to stain the gel is light 

sensitive, which negatively impacted our data collection and analysis processes. Given these 

issues, other mechanisms of assessing HA molecular weight could be more beneficial. Though 

instead, investigations into HAS3 activity and determination of if HA production by HAS3 results 

in alterations in HA cable formation or HA deposition on MSC cell surface would provide an 

alternate method for analysis as well as give insight into how alterations in HA metabolism affect 

MSC’s immunomodulatory properties. Analysis of total HA production in PBMC supernatant-

activated MSCs also treated with calcitriol confirm that the decrease in HAS3 gene expression seen 

corresponds to a decrease in total HA production in these groups. And while the results 

demonstrated for this depict only one donor, the trend of decreasing HA concentration with 

increasing calcitriol dose in PBMC supernatant-activated MSCs remains true for multiple donors. 

This suggests that calcitriol is able to modulate the HA metabolic pathways of MCSs following 

activation with PBMC supernatant. However, it the mechanism by which this occurs and the 

effects of this on MSC’s ability to reduce inflammation and suppress the immune system remains 

to be seen.  

The data for HAS3 expression at 12 hours post-treatment looks promising with respect to 

calcitriol, demonstrating a substantial downregulation of HAS3 expression induced by PBMC 

supernatant that was statistically significant from that of the vehicle. Further replicates will 

confirm whether this effect is seen in a variety of MSC donor lines or if this is specific to the donor 

used. If this effect holds true for multiple donor lines, and if it is confirmed that increased HAS3 
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activity results in increased HA cable formation, it may indicate that calcitriol affects the 

mechanism by which MSCs communicate directly with leukocytes.  

Calcitriol also seemed to affect TSG-6 expression at both 6- and 12-hour time points, with 

gene expression upregulated in calcitriol-treated groups in what appears to be a dose-dependent 

manner, though this experiment has only been performed in one donor MSC line so far. TSG-6, or 

TNF-a inducible gene protein 6, is a glycoprotein involved in both pericellular HA coat formation 

as well as MSC-mediated immunosuppression, and ex. TSG-6 is a secreted protein, which serves 

to modify the extracellular matrix by catalyzing the transfer of heavy chains from the inter-a-

inhibitor to hyaluronic acid. It also functions to inhibit extravasation of leukocytes into sites of 

inflammation. We decided to look into expression of TSG-6 due to its involvement in pericellular 

HA coat formation by MSCs, the process in which HAS3 has been implicated in other cell types. 

It is very interesting that while HAS3 gene expression was drastically reduced by calcitriol-treated 

MSCs at 12-hours, TSG-6 expression was upregulated. Previously, IDO-1 was demonstrated to 

control TSG-6 expression specifically via activation of the aryl hydrocarbon receptor in human 

umbilical cord-derived MSCs. This study also showed that TSG-6 is crucial for amelioration of 

LPS-induced acute lung injury (ALI), and IDO-knockdown or TSG-6-knockdown mutants were 

unable to resolve this inflammation (Wang et al. 2017). Considering this, our results were 

incongruent with expected results as while we saw a mild decrease in IDO-1 expression in 

calcitriol-treated MSCs, an upregulation of TSG-6 was demonstrated. Together with the decrease 

in HAS3 expression, this upregulation of TSG-6 expression could indicate that, in calcitriol-treated 

MSCs, it serves to inhibit leukocyte transmigration into sites of inflammation rather than function 

to enhance pericellular HA coat formation  
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Calcitriol’s solubility in aqueous solutions remains an issue, as a fat-soluble molecule, the 

use of a harsh solvent such as ethanol or DMSO is unavoidable in laboratory settings. This adds 

another layer of complexity when attempting to compare our results to in vivo processes. While 

we endeavored to reduce the vehicle concentration to minimize any potential effects from the 

vehicle alone, the fact remains that still, even at very low concentrations, DMSO affected gene 

expression and HA production limits the ability to apply our observations to in vivo processes. 

Attempts should be made to solubilize calcitriol without use of a vehicle, perhaps through 

sonication, in further experiments to determine calcitriol’s true effect on the hyaluronic acid 

metabolic properties of MSCs as well as their immunomodulatory functions. Further, repeating 

these experiments in animal models may provide clearer insight into this process and its effects on 

the immunomodulatory properties of MSCs.  
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CHAPTER 5  
 

CONCLUSIONS 
 

  

Our data indicates that MSC activation with PBMC supernatant results in alterations of 

hyaluronic acid metabolism and production, evidenced by an upregulation of HAS3 gene 

expression, an increase in total HA production, as well as a decrease in the molecular weight of 

HA. Considering that HAS3 has been shown to facilitate pericellular HA coat formation in renal 

proximal tubule cells, this could mean that the alterations seen in the HA metabolic properties of 

MSCs exposed to an inflammatory stimulus could serve to increase HA deposition on MSC cell 

surface, influencing how they interact with, and suppress, the activity of leukocytes. Analysis into 

the process of pericellular HA coat formation in MSCs will confirm this. 

In regard to calcitriol’s effect on MSC activation and HA metabolism, the data 

demonstrates that calcitriol does not meaningfully decrease MSC activation but may influence HA 

metabolic properties. The expression of genes associated with hyaluronic acid metabolism 

demonstrated that only HAS3 gene expression was affected by calcitriol treatment, however it was 

not distinct from that of the vehicle in 24-hour experiments. Despite this, there were appreciable 

differences in HA production by activated MSCs between the calcitriol-treated and vehicle-treated 

groups. While a greater modulation of HAS3 gene expression was shown in 12-hour experiments, 

results are from only one subject and require confirmation in multiple donors.  
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CHAPTER 6  
 

FUTURE DIRECTIONS 
 

Research into MSC’s ability to modulate inflammation and suppress the activities of 

leukocytes has traditionally focused on paracrine factors secreted by MSCs, though newer 

research is now looking into MSC’s ability to modulate the inflammatory microenvironment and 

directly communicate with immune cells. Despite this, little is known regarding the alterations in 

hyaluronic acid metabolism by MSCs in an inflammatory environment, nor the effect of this on 

their ability to directly modulate and suppress inflammation. Future studies should focus on the 

interactions between MSCs and leukocytes in an inflammatory environment, specifically as it 

relates to the hyaluronic acid metabolic properties of MSCs. Investigations into the signaling 

pathways by which this occurs, and the effect of these alterations on pericellular HA coat 

formation in MSCs will demonstrate whether the alterations seen in HA-associated gene 

expression and HA production correspond to an increase in pericellular HA deposition. If it 

proves true that the increase in HAS3 gene expression resulting in alterations in HA size and 

quantity is a result of pericellular HA coat formation, further investigations into the effect of this 

on leukocyte phenotype and function will be necessary. As calcitriol was shown in our work to 

modulate hyaluronic acid metabolic properties in activated MSCs, future studies should also 

investigate whether interactions between MSCs and effector immune cells in an inflammatory 

environment differ in the presence of calcitriol.    
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APPENDIX 
 
 

Table of qPCR Primers Used in Experimentation 
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Primer 
Forward Sequence 

(5’à3’) 

Reverse Sequence 

(5’à3’) 

18s CGGCTACCACATCCAAGGAA 
 

GCTGGAATTACCGCGGCT 
 

b2M GAGGCTATCCAGCGTACTCCA CGGCAGGCATACTCATCTTTT 

IDO-1 GCCCTTCAAGTGTTTCACCAA CCAGCCAGACAAATATAGCCA 

PDL-1 TGCCGACTACAAGCGAATTACTG CTGCTTGTCCAGATGACTTCGG 

CD44s GACACATATTGCTTCAATGCTTCAGC GTGGAATGTGTCTTGGTCTC 

HAS1 GAGCCTCTTCGCGTACCTG CCTCTGGTAGGCGGAGAT 

HAS2 CTCTTTTGGACTGTATGGTGCC AGGGTAGGTTAGCCTTTTCACA 

HAS3 CAGCCTATGTGACGGGCTAC CCTCCTGGTATGCGGCAAT 

HYAL1 CGATATGGCCCAAGGCTTTAG ACCACATCGAAGACACTGACAT 

HYAL2 GGCCCCACCGTTACATTGG ATTCTGGTTCACAAAACCCTCAT 

HYAL3 AAGAACCAACTCGGCCTCTAT TGTGGTGGATCTGGTAGGCA 

TSG-6 TCTGGCAAATACAAGCTCACC CTGCCCTTAGCCATCCATCC 

CYP24A1 GGTGGCGAGACTCAGAACG GTCGTGCTGTTTCTTGAGACC 

VDR GCCCACCATAAGACCTACGA AGATTGGAGAAGCTGGACG 

 


