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ABSTRACT 

BY: JOHN DEAN CHRISTIANSEN 

THE ROLE OF HYALURONIC ACID METABOLISM IN HUMAN MESENCHYMAL STEM 

CELLS’ INITIATION OF ANTI-INFLAMMATORY PATHWAYS. 

Under the direction of: ROBERT MCKALLIP & RAGHAVAN CHINNADURAI 

For acute inflammatory diseases like ARDS or sepsis, there are currently massive 

limitations to the treatment options available. Even with rapid treatment, permanent damage 

and high risk of recurrence often result from these disease pathologies. Cell-based therapies 

– like those involving MSCs – have emerged as remarkable candidates for supplemental 

therapies for a whole host of diseases due to both regenerative properties and their paracrine 

signaling qualities. Currently, there is very little known about their ability to metabolize 

hyaluronic acid and whether this process is vital in initiating these therapeutic effects. Gene 

expression analysis of human MSCs stimulated with SEB-stimulated PBMC secretome 

indicates HAS-3 and PDL-1 may play a significant role in this pathway. This was confirmed by 

increased HA production detected via ELISA despite heat inactivation of the inflammatory 

queue. This means the PBMC secretome may contain some moiety or vesicle, not denatured 

by high heat, that caused a further increase in expression of HAS-3 compared to the non-

heat-inactivated inflammatory queue. In addition, HAS-3 inhibition with 4MU produced a 

downregulation in inflammatory markers PDL-1 and IDO-1.  Decoding this unknown signal 

within heat-inactivated PBMC-Secretome may prove vital in understanding how HA 

metabolism plays into MSCs regenerative and anti-inflammatory properties. 
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CHAPTER 1 

INTRODUCTION 

Acute Respiratory Distress Syndrome 

Acute respiratory distress syndrome (ARDS) is a life-threatening response to 

pathogens caused by hyperstimulation of the human immune system. Current treatments 

include antimicrobials, supplemental oxygen, fluids, anti-inflammatory drugs, and pain 

management. Without rapid recognition and treatment, ARDS has an extremely high 

mortality rate (90%). Even with treatment still ARDS has a high mortality rate (30-60%), can 

leave affected individuals with a higher propensity for future septic-like reactions, and can 

reduce the normal function of respiratory tissues/cells even after the healing process has 

concluded. This is caused by the high levels of inflammation, degradation/necrosis of the 

Figure 1. The difference between a healthy and injured alveolus. (Original image, presented in color) 
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alveolar epithelial lining, and scar-tissue formation in-lieu of surfactant and healthy interstitial 

tissue constituents (Figure 1). Currently, there is significant interest in fields associated with 

cellular therapies as a novel treatment for ARDS and other acute septic reactions due to their 

ability to reduce inflammation and regenerate tissue. 

Cell-based Therapies 

The basic principle of cell-based therapies (Figure 2) involves first harvesting the cells 

from human tissues and isolating & expanding them. The cells can then either be primed for 

inflammation reduction, stimulated for differentiation, or genetically modified. Either the 

cells or their isolated paracrine signals are then infused back into the human body where they 

will exert their intended effects on tissues, cells, and signaling cascades.  

Figure 2. The basic concept of cell-based therapies. (Original image, presented in color) 
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Mesenchymal Stem (Stromal) Cells (MSCs) 

Overview 

MSCs are long, thin, fibroblast-like cells with prominent nucleoli that can be extracted 

and isolated from bone marrow, adipose tissue, the umbilical cord, molars, placenta, and 

synovial fluid. Just like other stem cells, they can differentiate into a multitude of tissue types 

such as neural tissue, bone & connective tissue, endothelial cell types, adipose cells, and 

muscle cells (Mushahary, D et al., 2018). In addition to their ability to differentiate into a 

multitude of tissues, hMSCs are innately anti-inflammatory. Because of this anti-inflammatory 

and regenerative nature of hMSCs, they have emerged as efficacious candidates for 

regenerative medicine and cell-based therapies.  

MSCs as a Cell Therapy 

MSCs used in cell therapy have been shown to increase target tissue regeneration 

(Pajarinen, J. et al., 2019), reduce inflammatory cytokine generation (Zhang, Y. et al., 2020), 

and their exosomes and microvesicles have even been shown to limit rejection of donor 

tissues in diseases such as graft-versus-host disease in mice (Li, Ke-Liang et al., 2021). With 

specific respect to human MSCs potential use as a treatment for ARDS, a 2014 paper by 

Chinnadurai et al. investigated hMSC localization and distribution within mice. Male hMSCs 

were infused into female mice and the relative engraftment was measured by determining 

the relative quantity of the male Y-chromosome SRY gene via real-time PCR in different tissue 

types. The biodistribution and kinetics using multiple unique populations of hMSCs 

demonstrated that at 24h, hMSCs were detectible in the lungs (Figure 3a). No other tissues 
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tested revealed significant bioaccumulation. Likewise, at 72h hMSCs were no longer 

detected in the lungs either. The implication is that infused MSCs may mechanically be 

localized to the smaller lung vasculature due to their larger cell size, and that the cells are 

not remaining in the lung spaces for longer than 24-72 hours (Chinnadurai et al., 2014). Once 

localized, the MSCs may then begin responding to tissue damage and initiate an anti-

inflammatory, anti-microbial, and regenerative effects. 

Park et al. investigated this premise in an ex vivo lung model that was injured with E. 

coli. The lung was kept functional with oxygen and blood flow in the same manner as viable, 

transplantable lungs. They were then perfused intrabronchially with E. coli for 1 hour and 

then were treated with hMSC microvesicles (MV). These microvesicles were isolated from the 

Figure 3. PCR of mouse tissues after injection with male hMSCs. 
(Chinnadurai, R et al., 2014) 
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secretome of the MSCs upon stimulation with an inflammatory queue. The results from this 

set of experiments demonstrate the ability of the MSCs to not only reduce inflammatory 

activities in the lungs (Figure 4c) – as absolute neutrophil count is a reliable measure of 

general inflammation in a site of infection – but also increasing alveolar fluid clearance (Figure 

4b) and physically reducing the number of microbes detectable in the lung tissue (Figure 4a). 

Figure 4. a) Reduction of E. coli bacteria for all MSC treated groups. b) Lung tissue treated with MSCs showed 
an increase in alveolar fluid clearance and c) reduction in absolute neutrophil count. (Park, J. et al., 2019) 

A 

B C 
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This antimicrobial effect is theorized to have been initiated by the hMSCs’ induction of 

Indoleamine 2,3-dioxygenase-1 (IDO-1) (Park, J et al., 2019) which leads to tryptophan 

depletion in the local microenvironment and bioaccumulation of Trp metabolites – known as 

kynurenines – which are known to possess antimicrobial properties (Niño-Castro, A et al., 

2014).  

Hyaluronic acid (HA) metabolism 

Overview 

Hyaluronic acid is a non-sulfated glycosaminoglycan occurring as a linear, repeating 

polysaccharide composed of glucuronic acid and N-acetylglucosamine repeats. It is found in 

virtually all connective tissue. Exogenous HA has been shown to possess therapeutic effects 

specifically in lung tissue. A study by Liu, A et al. used an ex-vivo lung model – similar to the 

model used in the study by Park, A et al. – investigating whether or not high molecular weight 

HA could ameliorate the effects of E. coli extracellular-vesicle-induced inflammation. What 

they found was a similar decrease in inflammation via inflammatory leukocytes, a decrease in 

the number of bacterial colonies within lung tissue and increased alveolar fluid clearance and 

protein permeability. It appeared that the HMW HA also caused an increase in phagocytosis 

of bacteria by monocytes and a decrease in TNF-a. The main mechanism driving this 

observed effect is the accumulation of a thick HA coat around E. coli, sequestering them and 

isolating the surrounding tissue from acute lung injury induced inflammation. This reduces 

the number of inflammatory signals and extracellular vesicles taken up by human monocytes, 

macrophages, and leukocytes. 
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CD44 

 CD44 is a transmembrane glycoprotein and is the receptor for HA. There are several 

isoforms of CD44 produced via alternative splicing of the CD44 gene on chromosome 11. It 

is expressed on various cell types including MSCs and is thought to function as a cell 

adhesion molecule. In general, the predominant form in MSCs (90%) is the standard form 

(Zhu, W. et al., 2009). CD44 has been shown to allow MSCs to migrate to sites of injury. For 

example, study published by Herrera, M. et al. demonstrated that human MSCs primed with 

HA were able more effectively migrate to the kidney in a mouse model of acute renal failure 

in a dose-dependent manner. A monoclonal anti-CD44 blocking antibody inhibited this effect 

(Figure 5) (Herrera, M. et al., 2007). The implication is that MSCs may be primed with HA, 

and that upregulates the CD44 receptor, priming it for cell mobility, adhesion, and 

Figure 5. a) FACS analysis showing 100% of MSCs were CD44+. b) Dose-
dependent increase in MSC migration to kidney tissue when primed with HA. 

The migration was inhibited by blocking CD44 with antibody. c-e) Micrographs 
demonstrating MSC migration when challenged with c) Vehicle alone. d) 

100ug/mL HA. e) CD44 Ab + 100ug/mL HA. Herrera, M. et al., 2007) 
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diapedesis. A separate study by Ouhtit, A. et al. indicates how CD44 mediates MSC migration 

to damaged lung tissue via a similar mechanism (Ouhtit, A. et al., 2020). 

Hyaluronic acid synthase (HAS) 

HAS exists as three main isoforms: HAS1-3. The difference between isoforms is their 

localization within the cell. Hyaluronan synthases are not well characterized, but it is known, 

for example, that HAS-2 is vital for embryonic development as HAS-2(-/-) mice die mid-

gestation due to the lack of the transformation of cardiac endothelial cells into mesenchyme. 

This effect was reversible by genetic rescue (Camenisch, T. D. et al., 2000). However, in adult 

mice models HAS inhibitor 4-methtlumbelliferone (4MU) protected immune cells from SEB-

induced acute lung inflammation. Specifically, 4-MY reduced inflammatory cell proliferation, 

reduction in pro-inflammatory cytokine secretion and a reduction of HA produced by immune 

cells (McKallip, RJ et al., 2013) 

Hyaluronidase (HYAL) 

 Hyaluronidases are of particular interest when treating inflammatory disorders, 

specifically those that generate fibrotic scar tissue such as pulmonary fibrosis. MSCs are 

particularly well characterized for their HYAL expression and function. When engrafted into 

mice lungs, they have been shown to reduce fibrotic effects (Ortiz, L et al., 2003). MSCs also 

appear to be recruited to the lungs by exogenous hyaluronidases, and that the enzyme may 

even be useful in recruiting MSCs to sites of fibrotic injury (Bitencourt, C et al., 2011). 
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MSC inflammatory markers 

Indoleamine 2,3-dioxygenase-1 (IDO-1) 

 IDO-1 is an inflammatory marker that MSCs secrete upon stimulation with IFN-g.  IDO-

1 was discussed as a possible mechanism of inherent antimicrobial properties of MSCs 

against E. coli proliferation in an ex-vivo lung model in the section MSCs as a Cell Therapy. 

It has also been shown to inhibit viral replication of RSV in conjunction with IFN-g in a mouse 

model (Rajan, D et al., 2017). In general, IDO-1 upregulation can be detected via real-time 

PCR to determine if MSCs are receiving an inflammatory queue. 

PDL-1 

 PDL-1 is the primary ligand of PD1. Its principal mechanism of action is to promote 

immune tolerance among self-cells and to limit the destructive and inflammatory nature of 

excessive immune cell activity (Kythreotou, A et al., 2018).  
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CHAPTER 2 

METHODOLOGY 

Cell Rescue  

MSCs were warmed to room temperature from a liquid nitrogen tank and then were 

quickly added to 9mL of warm alpha-MEM media (Corning Ref. 1022CV Lot. 1520004) with 

1%FBS+streptomycin & penicillin in a 15mL micro-centrifuge tube and gently vortexed. The 

tube containing the cells was then centrifuged at 200G for 5 minutes. Supernatant was 

decanted and the pellet was disrupted with 10mL warm alpha-MEM. Cells were then counted 

and added to a 75mL culture flask (Corning). And placed in an incubator at 27°C and 5.0% 

Figure 6. An overview of the experimental methods used. (Original image, presented in color) 
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CO2. After 24h, cells had adhered to the bottom of the flask, the media was decanted, and 

10mL fresh media was added to the flask. Cells rested for 48-72h in the incubator.  

Preparation for experimentation 

MSCs in the flask were first decanted then washed with warm PBS. Then, 3mL 0.25% 

Trypsin + EDTA was added to the flask containing adherent MSCs. The flask was then placed 

in the incubator for 2-3min. 7mL of fresh media was then added to the flask to quench the 

trypsin. The supernatant was pipetted into a 15mL microcentrifuge tube and gently vortexed 

before it was centrifuged at 200G for 5 min. After centrifugation, the supernatant was 

decanted and 5mL fresh media was used to disrupt the pellet. Cells were then either added 

back to the flask to allow continued growth, split evenly between two flasks, or were added 

to various plates for experimentation. Cells were then counted, and the cell/media solution 

was diluted to 1.0 x 105 cells/mL. They were then either added back to the flask to allow 

continued growth, split evenly between two flasks, or were added to various plates for 

experimentation. Media/cell mixtures were added to plates according to Table 1. Plated cells 

then rested for 24h before experimentation or 48-72h before subsequent trypsinization. 

Plate size Number of Cells Total well volume 

6-Well 1.0 x 105 cells/well 3mL 

12-Well 1.0 x 105 cells/well 2mL 

24-Well 5.0 x 104 cells/well 1mL 

96-Well 1.0 x 104 cells/well 200uL 

Table 1. The number of cells per well and total well volume for each size plate used. 
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Inflammatory/anti-inflammatory queue culture 

Plated MSCs were co-cultured with several inflammatory/anti-inflammatory queues 

including activated-PBMC supernatant, IFN-g, TNF-a, IL-1b, LPS, SEB, as well as 

combinations of these inflammatory queues for 24-48h (Figure 6a). Cellular queues were 

added to the wells containing media and cells according to the concentrations in Table 2. 

After the cells were cultured for 24-48h, 1mL supernatant was collected in 1.6 mL Eppendorf 

tubes (Figure 6b). The cells were then either lysed with 2-mercaptoethanol and pipetted into 

separate 1.6mL Eppendorf tubes (Figure 6d), trypsinized to count cells/incubate with 

antibody (Figure 6c), or MTT reagent was added to determine proliferative effects.  

PCR 

RNA Isolation 

 350uL 100% EtOH was added to the whole-cell lysate and vortexed well. RNA was 

then extracted from whole-cell-lysate (Figure 6e) using GeneJetTM RNA Purification Kit 

(Thermo Scientific #K0731). After the RNA concentration was determined using a Nano-drop 

(MANUFACTURER) the extracted RNA was stored in -80°C. 

 

Table 2. The concentrations of signaling queue used for culture experiments and the 
%total volume for each treatment per well. 

Signaling queue Concentration Total well volume % 

IFN-g, TNF-a, IL-1b, etc. 20ng/mL 50% 

SEB, LPS 25ng/mL 50% 

PBMC Supernatant - 33% 

HA 50-150 ug/mL 50% 
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Reverse Transcription of mRNA 

Reagent Volume/Sample 

Buffer 2.0uL 

Primers 2.0uL 

RNAse inhibitor 0.5uL 

dNTPs 0.8uL 

RTase 1.0uL 

ddH2O 3.7uL 

Total Volume 10uL/Sample 

 Tubes containing RNA were placed on ice. The RNA was standardized to 1000ng 

RNA/reaction. First, 10uL containing 1000ng of RNA was pipetted into 650uL Eppendorf 

tubes for each sample. Then, 10uL of the reaction master mix (Table 3) was added to each 

reaction tube. The master mix was calculated with 10% excess reagent. The 650uL Eppendorf 

tubes were then loaded into a thermal cycler and ran for 135 minutes. The generated cDNA 

was then placed in a -20°C freezer. 

qPCR analysis of genes of interest 

 Tubes containing cDNA were placed on ice. 50ng cDNA was used for each reaction 

and each reaction was run in duplicate. First, 2uL of primers for genes of interest were added 

to each well of a 96-well PCR plate. Then, 18uL of the master mix was added to each well for 

a total well volume of 20uL. A master mix was made for each distinct cDNA sample. The 

Table 3. Master mix protocol for reverse-transcriptase PCR. 
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master mix formulation can be found in Table 4. Master mixes were calculated with 10% 

excess reagent. 

Reagent Volume/Sample 

SYBR Green 10.0uL 

cDNA 0.5uL 

ddH2O 7.5uL 

Total 18.0uL 

Flow Cytometry 

Cell surface protein detection 

 Cells that were trypsinized following treatment with inflammatory queues were 

counted and each different sample was standardized to 1.0x105/mL and 1mL was pipetted 

into a 15mL flow cytometer tube on ice (Figure 6d). They were spun at 200 G for 5 min, then 

decanted. To wash, 1mL PBS was used to disrupt the pellet and the tubes were centrifuged 

Table 4. Master mix protocol for qPCR. 

Figure 7. Diagram explaining the basic principles of flow cytometry. (Original image, presented in color) 
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again at 200 G for 5 min. The cells were then decanted and 100uL PBS was added to disrupt 

the pellet. 10uL florescent antibody was added to each tube and were then gently vortexed. 

The cells were then covered in aluminum foil and incubated for 30 min in the dark. After the 

30 min. incubation, the cells were washed again. Finally, the pellet was disrupted with 100uL 

PBS, and the samples were analyzed via flow cytometry (Figure 7). 

Cytometric Bead Analysis (CBA) 

 CBA was performed to determine the cytokine profile of the PBMC secretome (PBMC-

SEC) as well as the heat-inactivated PBMC secretome (HI-PBMC-SEC) (Figure 6f). Standard 

concentrations of cytokines were made in accordance with BD Biosciences CBA Human 

Inflammatory Cytokines Kit (Catalog No. 551811). 50uL of each sample was added to the 

sample tubes with 50uL of the detection reagent. The mixture was then incubated for 3h at 

room temperature in the dark. 1mL wash buffer was then added to each assay tube and 

centrifuged at 200 G for 5 min. The supernatant was aspirated from each assay tube and 

300uL of Wash Buffer was used to re-suspend the pellet. The samples were then analyzed 

with flow cytometry. 

ELISA 

 Capture plates were first prepared by adding 100uL Capture Reagent diluted to 

working concentration with PBS into each well in accordance with R&D Systems Hyaluronan 

DuoSet ELISA Development System (Catalog No. DY3614). The plate was sealed and 

incubated overnight at room temperature. Next, the wells were aspirated and 400uL Wash 

Buffer was added and then aspirated a total of two times. Then, 300uL Block Buffer was 
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added. The plate was then sealed and incubated at room temperature for an hour. Finally, 

wash process was repeated one more time. 

 100uL of standards – prepared in the concentrations denoted in the DuoSet system 

protocol – and 100uL of MSC secretome (Figure 6b), diluted to 1:249 with Reagent Diluent, 

was added to each corresponding well. The plate was sealed and incubated at room 

temperature for 2 hours. The plate was then washed again before 100uL Detection Reagent 

was added to each well and incubated for 2 hours. The plate was washed, and 100uL 

Streptavidin-HRP was added to each well and incubated for 20 minutes. The plate was 

washed one last time before 100uL substrate solution was added to each well and incubated 

(Figure 8). Finally, 50uL Stop Solution was added to each well and the plate was analyzed via 

spectrophotometry. 

Proliferation Assays 

MTT 

After 24-48h treatment with inflammatory queue (Figure 6a), cells were removed from 

the incubator and MTT reagent was added to each well at a ratio of 1:10 to the total volume 

of the well. The plate was then placed back in the incubator for 4 hours. At 4 hours, purple 

Figure 8. Schematic explaining the enzymatic process involved in ELISA spectroscopy. (Original 
image, presented in color) 
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crystals formed due to the metabolism of the MTT reagent. These crystals were visible with 

light microscopy. Detection reagent was then added at a ratio of 1:1 for the volume inside 

of the wells. The plate was then sealed and incubated in the dark overnight. The plate was 

then analyzed via spectrophotometry. 

Direct Cell Count 

In cases where MSCs were cultured in the presence of reagents that may interfere 

with the metabolism of MTT reagent, direct cell counting was utilized. After the cells were 

trypsinized (Figure 6c), they were centrifuged at 200 G for 5 minutes. The supernatant was 

aspirated and discarded and 5mL fresh alpha-MEM was used to reconstitute the pellet. 10uL 

cells and 10uL trypan blue were mixed in a well of a 96-well plate and 10uL of that mixture 

was pipetted into an automatic cell counting plate. The plate was then analyzed via an 

automatic cell counter. 
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CHAPTER 3 

RESULTS 

Activated-PBMC-Secretome-cultured MSCs produced a slight upregulation of CD44. 

hMSCs cultured with an SEB-activated PBMC-Secretome (PBMC-SEC) appear to 

upregulate both the cell-surface and mRNA expression of HA receptor CD44. The mean 

florescence intensity increase detected via flow cytometry indicates the MSCs are expressing 

almost double the amount of CD44 on the cell surface. qPCR confirms the mRNA 

upregulation at 24h. Increase in both the surface and mRNA expression indicates a change 

in the way the cell is binding to and interacting with hyaluronic acid. (Figure 9) 

 

 

Figure 9. a) Right shift in the mean florescence intensity (MFI) indicating an upregulation in the 
surface expression of CD44. b) Relative quantity (RQ) of CD44s mRNA determined via real-time 

PCR. (Original image, presented in color) 
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Activated-PBMC-supernatant-cultured MSCs led to an upregulation of HAS-3 and 
PDL-1 and led to a downregulation of HYAL-2.  

 IDO-1 and PDL-1 positive controls were both upregulated indicating the presence 

and response to inflammation (n = 5, t (6) = 5.14, p = .001). HAS-3 was upregulated 

significantly over fivefold (n = 5, t (6) = 3.67, p = .01) while HYAL-2 was downregulated 

significantly over fivefold (n = 5, t (6) = 7.47, p = .001). (Figure 10a) This implies that the 

inflammatory environment induced by the PBMC-SEC may be involved in some facet of HA 

metabolism in hMSCs.  

Individual cytokines were unable to increase mRNA expression of HAS-3. 
 

The same holds true for individual cytokine cultures. Even though IFN-g was able to 

upregulate both IDO-1 and PDL-1, it was not able to upregulate to upregulate any genes 

associated with hyaluronic acid metabolism. IL-1b was shown to upregulate CD44 but did 

not initiate the upregulation of inflammatory markers in the cells. (Figure 11) Likewise, LPS 

Figure 10. RQ of genes expressed when stimulated with PBMC-Sec. compared to the control media. (Original image, 
presented in color) 
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and SEB were unable to upregulate inflammatory marker expression or any of the HA 

metabolism genes. 

Heat-inactivated PBMC Supernatant (HI-PBMC-SEC.) demonstrates a downregulation 
in inflammatory markers PDL-1 and IDO-1 but increased expression of HAS-3. 
 

To determine whether any of the inflammatory proteins were causing the effect seen 

on HAS-3, the PBMC-SEC was inactivated with heat (95°C for 5 minutes). This almost entirely 

inactivated the cytokines contained in the PBMC-SEC. As a result, the inflammatory markers 

were downregulated to very low experimental concentrations. However, HAS-3 had a 

paradoxical reaction to the HI-PBMC-SEC. HAS-3 was significantly upregulated at the mRNA 

level and this effect was confirmed via ELISA analysis of the supernatant removed from the 

Figure 11. RQ of genes upregulated under a variety of stimulatory conditions. Only PBMC-Sec was observed 
to upregulate both the inflammatory markers and HA metabolism genes CD44s and HAS-3. (Original image, 

presented in color) 
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PBMC-SEC cultured MSCs. MTT analysis did not demonstrate a change in proliferation for 

cells cultured in HI-PBMC-SEC or PBMC-SEC compared to media cells. (Figure 12) 

HAS inhibitor 4-MU downregulates inflammatory markers in a dose dependent 
manner with no change in proliferation. 

4MU was used to inhibit the production of HAS genes. The effect observed was a 

decrease in inflammatory signaling through PDL-1. Direct cell count was used in place of 

Figure 13. a) 4MU does not appear to elicit a change in proliferation at any concentration. b) PDL-1 mRNA 
expression regressed in a dose-dependent manner with 4MU. (Original image, presented in color) 

A B 

Figure 12. a) Heat-inactivated PBMC-Sec. (HI-PBMC-SEC) caused an increase in mRNA expression of HAS-3 while 
lowering inflammatory markers. b) HAS-3 upregulation was confirmed by an increase in HA detected in the HI-

PBMC-SEC treated MSCs. (Original image, presented in color) 

A B 
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MTT because 4MU may inhibit MSC mitochondria from metabolizing the MTT reagent. Direct 

cell count did not show a notable change in cell proliferation across different 4MU 

concentration groups. (Figure 13) 

Exogenous HA does not change the proliferation potential, upregulate inflammatory 
markers or HAS-3 gene expression 

While HA was shown to increase the expression of its receptor CD44 in a 

concentration-dependent manner, it was not shown to change the expression of 

inflammatory markers at any concentration or to increase HAS-3 expression. MTT analysis 

indicates that HA may not influence proliferation of MSCs. (Figure 14) 

Figure 14. a) Gradient concentrations of HA increasing mRNA expression of its receptor CD44s. b) HA 
did not appear to have a proliferative effect on hMSCs. (Original image) 

A 

B 
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CHAPTER 4 

DISCUSSION 

The most notable effect observed within the scope of this thesis is MSCs apparent 

inflammatory signaling through HAS-3. It is notable that there is a significant upregulation in 

that specific gene for over a dozen different donor MSCs. Moreover, inhibiting HAS-3 shows 

a downregulation in inflammatory markers. HA’s receptor, CD44, is consistently upregulated 

in PBMC-SEC treated groups but HYAL genes are all downregulated. This begs the question: 

what exactly are the MSCs doing with the HA in the extracellular environment if they are 

recognizing it but not metabolizing it?  

It appears that the MSCs are pumping out high concentrations of HA as demonstrated 

by the upregulation of HAS-3 and ELISA data confirming higher HA production, but it is 

currently unknown why this response is seen. Most importantly, there is still no clear indicator 

of what is causing the upregulation of HAS-3 at all. While most of the proteins in the PBMC-

SEC were inactivated due to denaturization, and none of the cytokines tested produced HAS-

3 upregulation, there is still some signal lurking in the HI-PBMC-SEC group that may be less 

inhibited because of the denaturation. Exogenous HA could be a possibility – as 

carbohydrate moieties wouldn’t be as likely to degrade in that heat, but it was established 

that the tested concentrations and MW of HA did not have any effect on HAS-3. And there 

was no proliferative effect on the MSCs that could have confounded the gene expression 

profile.  
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There may still be, however, a particular form of HA left undiscovered by the scope 

of this thesis; one that may be modified covalently. The HA may also be a particular density 

or carries a particular molecular weight profile. MSCs ability to catabolize HA without 

metabolizing any of the local HA may therefore have a significant clinical impact; especially 

if it can be shown that MSC supernatant “floods out” the inflammatory HA while still leaving 

it around to use as a scaffold for tissue regeneration. 
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CHAPTER 5 

CONCLUSIONS 

 For acute inflammatory diseases like ARDS or sepsis, there are currently massive 

limitations to the treatment options available. Even with rapid treatment, permanent damage 

and high risk of recurrence often result from these disease pathologies. Cell-based therapies 

– like those involving MSCs – have emerged as remarkable candidates for supplemental 

therapies for a whole host of diseases including cancer. Moreover, there is very little known 

about their ability to metabolize hyaluronic acid. Based on the research conducted within the 

scope of this thesis, I propose a deeper look into HAS-3 as a candidate for deeper 

investigation into the way that PBMCs communicate with MSCs. I also propose further 

research into the microenvironment generated by MSCs upon stimulation by PBMCs. I 

believe there may be a signaling pathway closely associated with the metabolism of HA that 

may change the way MSCs respond to inflammation. Characterizing and understanding this 

theoretical pathway could prove vital to advancing cell-based therapy for acute inflammatory 

diseases. 
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CHAPTER 6 

FUTURE DIRECTIONS 

Expanding the knowledge base of MSCs secretome 

Although MSCs have been increasingly studied and characterized over the past 

several years as a viable candidate for anti-inflammatory and regenerative cell therapy, the 

research is still in its relative infancy. While MSCs primary function was assumed to be tissue 

regeneration and differentiation to replaced damaged cells, it is now widely accepted that 

their executive functions are more characteristically paracrine. This paracrine functionality 

includes the release of signaling molecules and vesicles that have effects on the cells and 

tissues in the local area.  

These “microvesicles” may be useful in treating diseases but isolating and identifying 

them in the first place is of the most challenging parts. However, there are numerous 

advantages to isolating these signaling molecules to use in cell therapy. First, MSCs are large, 

and it has been demonstrated that they accumulate in smaller capillary beds – usually the 

lungs. Second, transferring cells from person to person runs the risk of transferring DNA that 

had been mutated or damaged. Third, there is a small risk with any cell-based therapy that 

the recipient’s immune system could hyper-react to the foreign cells and even launch a DIC-

like reaction. Last, the MSCs are extremely efficient at clearing the body. This means that the 

“dose” of cells needed to achieve an effective level of therapy may either be too high, or 

too continuous. Being able to isolate the signaling molecules, exosomes, and other anti-

inflammatory/regenerative components of the secretome may prove easier to achieve this 

therapeutic “dose”. 
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Determination of HAs role in MSC paracrine signaling 

 The role of hyaluronic acid metabolism in MSCs paracrine function is generally not 

well established. MSCs are known to produce large amounts of HA in response to 

inflammatory signals from PBMCs, but it’s not currently known what causes this or why the 

MSCs elicit this particular response. When noted that HAS-3 is specifically upregulated across 

numerous donor cells in response to the same stimulus, it becomes even less clear because 

HAS-3 itself is poorly understood. HAS-3 downregulation appears to concurrently 

downregulate inflammatory signals normally produced by MSCs in response to paracrine 

signals from PBMCs. But it is not certain if this observation is a direct cause-effect 

relationship, or if there is another signaling pathway affected leading to the observed 

downstream effects. Moreover, whether HA is a paracrine signal in this case is entirely 

unknown. Assays must first be established to isolate the HA being produced by HAS-3 to 

have a better idea if this HA is special or unique in any way. This may also aid in the functional 

characterization of HAS-3 on the surface of MSCs. This isolated HA may then be cultured 

alongside PBMCs to determine if it alters their behavior, growth, or function. 
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