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Abstract 

 Mesenchymal stem cells (MSCs) provide great potential for off the shelf 

therapeutics because of their immunomodulatory paracrine effects. Clinical trials 

have utilized MSCs to treat autoimmune diseases but low efficacy, possibly due 

to cryopreservation methods, has limited trial progression. MSCs cryopreserved 

in DMSO survive well but have been shown to exhibit functional differences 

compared to fresh cells. This has created a need for DMSO-free cryoprotectants 

and for defined assays to test their functionality. To test functional aspects of 

MSCs post thaw we utilized recovery, viability, attachment and proliferation 

assays as well as pSTAT1 activity in an attempt to highlight the effects of DMSO 

cryopreservation on freshly thawed cells. Additionally, we provide evidence 

through the addition of a DMSO-free cryopreservation solutions that there may 

be alternatives to freezing cells than the industry standard DMSO. One solution 

specifically, SGI showed similar behavior to DMSO frozen samples in all metrics. 

The discovery and definition of DMSO-free cryoprotectants may help increase 

efficacy in clinical trials and help move current MSCs treatments closer to off the 

shelf therapies. 
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Chapter 1: Introduction 
 

1.1 Mesenchymal Stem Cells 

Ever since mesenchymal stem cells (MSCs) were first discovered in bone 

marrow and defined by Dr. Alexander Friedenstein more than 30 years ago, 

research into the medical potential of MSCs has steadily gained popularity. 

(Afanasyev, Elstner, & Zander, 2009). MSCs have been isolated from not only 

bone marrow but many other parts of the body including adipose tissue, cord 

blood and the placenta (Sharma et al.). Today, the minimal criteria for defining a 

population of mesenchymal stem cells is as follows (Dominici et al., 2006): 

1. Attach to plastic under standard culture conditions 

2. Positively express surface markers CD105, CD90 and CD73 in ≥95% of 

the population while expressing ≤2% CD45, CD34, CD11b or CD14, CD19 

or CD79α and HLA-DR. 

3. Differentiate into adipocytes, osteoblasts and chondroblasts in vitro  

Like many other stem cells, MSCs have been studied for their regenerative 

potential utilizing their ability to differentiate into osteocytes or chondrocytes for 

bone and joint disorders. MSCs have also been suggested to differentiate into 

cardiomyocytes leading to potential advances treating heart disease (Maumus, 

Guérit, Toupet, Jorgensen, & Noël, 2011). While MSCs display multi-potency, 

their uniqueness in the stem cell field comes with their ability to home to injury 

sites and release paracrine cytokines that either stimulate tissue growth or can 

suppress the inflammatory response by limiting immune cell proliferation 

(Ghannam, Bouffi, Djouad, Jorgensen, & Noël, 2010; Kidd et al., 2009; Sygnecka 

et al., 2015). Through release of these soluble mediators, MSCs have been 

shown to suppress growth of various immune cells like T-cells, B-cells and NK-

cells all leading to a reduction in the immune response (Figure 1,(Corcione et al., 

2006; Nicola et al., 2002; Spaggiari, Capobianco, Becchetti, Mingari, & Moretta, 

2006)).  Furthermore, MSCs have been shown to evade patients’ immune 
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responses due to their lack of MHC2 and low levels of MHC1 allowing them to be 

transfused allogeneically without the need for systemic immunosuppression 

(Chagastelles, Nardi, & Camassola, 2010; Le Blanc, Tammik, Rosendahl, 

Zetterberg, & Ringdén, 2003). 

 

 
 

 

 

 

 

 

 

 

Figure 1. Paracrine factors released by mesenchymal stem 
cells. (Figure received from Sharma et al.) 
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1.2 IDO and pSTAT1 

One immunosupressive factor that has been shown to play a large role in 

MSCs immunomodulatory ablility is Indoleamine 2,3-dioxygenase (IDO). IDO is a 

protein made by  MSCs that blocks the proliferation of T-Cells. IDO cleaves 

tryptophan into kynurenine, depleting the necessary factor for T-Cell proliferation 

thus suppressing the local immune system as shown in Figure 2 (François, 

Romieu-Mourez, Li, & Galipeau, 2012). IDO has been a popular target for MSC 

functional tests looking at both RNA and protein levels.  Upstream targets of the 

IDO pathway have also been analyzed post thaw such as the Jak/STAT pathway 

(Figure 3). More specifically, STAT1, which is phosphorylated at the tyrosine 701 

locus during the process of Interferon-γ activation, dimerizes and travels to the 

nucleus and acts as a transcription factor for the IDO1 gene that codes for IDO 

(Mounayar et al., 2015). Increasing mRNA transcrips of phosphorylated STAT1 

have been linked to increased amounts of IDO and thus a better 

immunomodulatory effect (Gonzalez, Lynch, Thompson, Stultz, & Hursh, 2016). 

Additionally, overexpression of pSTAT1 directly decreased T-cell proliferation 

suggesting pSTAT1 as a marker for IDO production  and ultimately a functional 

marker for MSCs (Mounayar et al., 2015). As antibody staining for markers such 

as pSTAT1 is easier to perform than protein assays for IDO during clinical trials, 

measuring pSTAT1 as a proxy for IDO and thus immunosuppression may be 

Figure 2. Mechanistic action of IDO to reduce T-Cell 
proliferation after IFN-γ activation. (François, Romieu-

Mourez, et al., 2012). 
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more feasible than testing further downstream indicators. However, research into 

pSTAT1 activity in MSCs is limited and a fully defined feasible assay for clinical 

trials like flow cytometry would be beneficial.   

 

 

 

 

1.3 Clinical Trials 

As MSCs have a variety of functions, they have been frequently tested in 

cinical trials to treat various diseases from stroke and myocardial infarction to 

Graft vs. Host disease and other autoimmune diseases (Sharma, Pollock, Hubel, 

& McKenna, 2014). Dr. Katerina Le Blank was the first to successfully treat a 9 

year-old with treatment resistant Graft vs Host Disease prolonging life over a 

year (Le Blanc et al., 2004). Following Dr. Le Blanc’s  success, another trial 

conducted by Dr. Olle Ringdén et al. showed great improvement in six of eight 

patients, completely eliminating the disease in the liver, gut and skin (Ringd??n 

et al., 2006). These trials gave clinical validity to the immunosuppressive effects 

of MSCs and many clinical trials have been conducted since. Along with showing 

disease regression, a goal of these clinical trials is to identify an off the shelf 

method for therapeutic uses of MSCs. Because of their ability to be allogeneically 

Figure 3. IDO transcription stimulation pathway by IFN-γ activation of 

Jak/STAT signaling. (Figure received from (Chen, 2011). 
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transplanted, cell banks of cryopreserved MSCs to be thawed when needed may 

be the most logical goal.  

While currently there are more than 400 clinical trials dealing with 

“Mesenchymal stem cells” on clinicaltrials.gov, the majority of them are in phase 

1 or 2 suggesting that MSCs are well-tolerated but may lack the anticipated 

efficacy. A strong example of this dynamic was the failure of Osiris 

Thearapeutic’s Prochymal mesenchymal stem cell phase 3 clinical trial in 2009. 

The clinical trial aimed at treating steroid-refractory Graft vs. Host Disease with 

allogeneic transfusions of donor bone marrow MSCs.  Although Osiris did not 

release detailed reasons for the failure, suspicion into possible contributing 

factors arose due to conflicting succcessful phase 2 trials in Europe during the 

same time (Le Blanc et al., 2008). Dr. Jaques Galipeau at the Emory University 

School of Medicine, published a review article highlighting possible reasons for 

Prochymal’s failure that include the following (Galipeau, 2013): 

1. Donor variance of the MSCs obtained donors. Some donors may have 

intrinsically higher functioning MSCs than others. However, only cell 

identfication markers are typically used during clinical trials. 

2. Culture Expansion leading to epigenetic reprogramming and 

senescence 

3. Immunogenicity of donor cells activating the compliment system and 

being cleared by the recipients body. 

4. Cryopreseration as cells were used direclty post thaw while previous 

succesful animal studies utilized fresh cells. 

 

These suggestions demostrate a need to study MSCs not only in vitro or in vivo 

using animal subjects but also in the context of clinical trial procedures including 

variables such as cryopreservation that may not be taken into account when 

simply studying the function on MSCs. Further studies into these four possible 
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reasons for cliinical trial failure may give insight into why previous studies like 

Prochymal failed and how future trials can be changed to show higher efficacy. 

1.4 Cryopreservation of Stem Cells and DMSO  

Mesenchymal stem cells are commonly cryopreserved in dimethyl 

sulfoxide or DMSO (10%) in culture media. DMSO disrupts the plasma 

membrane of the cell and allows for free osmolyte and water movement during 

freezing (Gurtovenko & Anwar, 2007). This action is ideal in a cryoprotectant to 

limit ice formation inside of cells while cryopreserved. However, DMSO can be 

fatal to cells at high concentrations and has been shown to be harmful to humans 

(Gurtovenko & Anwar, 2007). Infusion-related nausea, vomiting and headaches 

have been recorded along with less common but more serious cases of cardiac 

arrest and epileptic seizures (Cox, Kastrup, & Hrubiško, 2011).   

In additon to the human health risks, DMSO cryopreservation of MSCs 

has been linked to reduced cell function. Freshly thawed MSCs from DMSO 

cryosolutions have been shown to activate the patient’s complement system 

more vigoroulsy, clearing donor MSCs from the body. In addition, freshly thawed 

MSCs have been show to have a disruped actin structure limiting attachment and 

homing, and have reduced paracrine signalling limiting their ability to effecively 

suppress the immune system (Chinnadurai et al., 2014; François, Copland, et al., 

2012; Moll et al., 2014). Research has also shown freshly thawed MSCs produce 

less IDO and demonstrate limited T-Cell proliferation after the first 24 hours of 

IFN-γ activation compared to fresh MSCs. (François, Copland, et al., 2012; Moll 

et al., 2014). 

While MSCs have been shown to recover from these post thaw defects 

after 24 hours (Chinnadurai et al., 2014), continued culturing of MSCs increases 

the possibity of contamination and requires skilled staff to process the cells. 

Additionally, continued culturing of MSCs has been shown to induce senescence 

and reduce proliferation (Kundrotas et al., 2016). These new discoveries 
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describe a necessity for new cryoprotectants to substitute DMSO that can 

effectively preserve both cell viability and function.  

 

1.5 Alternate Cryosolutions 

While DMSO is the most common cryoprotectant used when freezing 

MSCs, other solutions have been proposed. Cryoprotectants found in nature can 

give insight to possible alternatives to DMSO. Grey tree frogs as well as Siberian 

slamanders can survive during subzero temperatures due to their accumulation 

of glycerol in their bodies while the beetle Upis ceramboides accumulates sorbitol 

to accomplish the same goal (Brockbank, Campbell, Greene, Brockbank, & 

Duman, 2011). Utilization of sugars, sugar alcohols and small molecules have 

been tested as an alternate to DMSO for MSCs (Pollock et al. 2016). Identifying 

a non-DMSO cryopreservative that provides normal post thaw function may 

alleviate not only the side effects of DMSO transfusions but improve the success 

of MSC clinial trials as well.   

 

1.6 Funtional Tests Needed 

 The MSC community is very divided on how MSCs should be cultured and 

tested. Although the MSC characterization is becoming standardized with the 

release of the International Society of Cellular Therapy’s (ISCT) minimal criteria 

for defining MSCs in 2006 (Dominici et al., 2006), functional validation, or testing 

the ability of MSCs to properly interact with other cells trophically, has become a 

important need for the stem cell community. As federal regulations evolve and 

the need to progress clinical studies increase, more detailed assays are required 

to futher classify MSCs. Because the MSC community lacks standard functional 

assays, the ISCT  has voiced its request for easily reproducible batch release 

type assays to become universal among researchers and clinical trials in an 

attempt to more acurately define a functional MSC (Galipeau et al., 2016). 
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Among these suggested assays, flow cytometry of cellular markers that deal with 

cell function was an important necessity. This suggests markers like pSTAT1 

described above may be an effective and feasible target for determining cell 

funcitonality. 

1.7 Aims 

First, it is the goal of this research to elaborate on the detrimental effects of 

DMSO on the behavior of MSCs post thaw and attempt to poinpoint if the 

freezing process or simply an interation with DMSO can elicit these responses 

similar to those found in other publications.  

Second, to offer evidence that other optimized cryosolutions can have similar 

cryoprotectant effects to DMSO with respect to recovery and viability but doesn’t 

mirror any functional defects caused by DMSO. 

Third, to define a flow cytometry functional assay for the levels of pSTAT1 post 

thaw that shows not only unique effects from DMSO frozen samples but also 

describes a reproducible model for functional testing of MSCs. 

In order to achieve these goals, viability, recovery, attachment, proliferation, and 

pSTAT1 activity of bone marrow derived mesenchymal stem cells were 

examined using multiple different freezing and fresh cell conditions.  
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Chapter 2: Methods 

2.1 Bone Marrow MSC Isolation and Culture 

In order to obtain the MSCs necessary to perform all of the necessary 

assays, three 10ml fresh unprocessed bone marrow aspirates were purchased 

(Lonza, 1M-105) and MSCs were isolated through ficoll separation. This process 

was demonstrated in person by MCT (Molecular and Cellular Therapeutics) 

faculty at the University of Minnesota for the purpose of recapitulating a method 

of MSC isolation possibly used by clinical trials. First, bone marrow aspirates 

were transferred using a serological pipette into a 50ml conical tube and diluted 

to double the volume with PBS to reduce the viscosity of the primary aspirate. In 

order to maximize cell yield, the amount of PBS added to dilute the bone marrow 

aspirate was first added to the original tube the aspirate arrived in and then 

transferred to the bone marrow. This allowed for quantitative transfer of the entire 

bone marrow. Next, 15ml of fresh Ficoll-Paque Premium (1.078 g/ml, GE 

Healthcare Life Sciences 17-5442-02) 

was added to a fresh 50ml conical tube. 

The bone marrow aspirate was slowly 

added at a 60% angle on top of the 

ficoll, 10ml at a time in order to not 

disrupt the boundary layer between the 

bone marrow and the ficoll as they 

remain separate before centrifugation. 

The ficoll and bone marrow tube was 

then centrifuged at room temperature 

for 25 minutes at 700g with the break 

off to ensure the desired cell layers did 

not mix after separation and reduce cell 

yield. Four layers after centrifugation were clearly visible as shown in figure 4, 

including the plasma, MNC (mono-nucleated cell), ficoll, and RBC (red blood cell) 

RBC 

Ficoll 

Plasma  

MNC  

Figure 4. Ficoll density gradient 

separation of bone marrow.  
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layer. Using a serological pipette, the MNC layer was removed from the tube 

without disrupting the other layers, transferred to a new 50ml tube and diluted to 

double the volume in PBS. This tube was then centrifuged at room temperature 

at 300xg for seven minutes. The aspirate was removed and cells were 

resuspended in 10ml of PBS and centrifuged again at the same speed and time. 

Cells were then resuspended in media containing alpha-MEM (Life 

Technologies), 16.5% FBS (qualified), 1% L-glutamine 200mM (Life 

Technologies) with 1% non-essential amino acids (Life Technologies) and 

counted using a hemocytometer on a fluorescent microscope using 1:10 and 

1:20 dilutions of AO/PI (acridine orange/propidium iodide). Cells were seeded at 

1.5x105 cells/cm2 on the appropriate number of T175 or T75 flasks with media 

depth of 1.6mm (28ml in each T175 flask and 15ml in each T75 flask). These 

flasks were then placed in a 37˚C, 5% CO2 incubator. To remove any non-

adherent cells, media was changed once a day for two days after initial seeding 

and every three to four days thereafter. When cells reached about 70% 

confluence, typically around day nine, cells were passaged by incubating cells in 

0.05% trypsin for 30 seconds before being quenched with media, counted and 

reseeded into four 1272cm2 2-STACK CellSTACK (Fisher Cat. No.  05-539-095) 

culture flasks with two flasks double the concentration of cells of the other two to 

be harvested one day before. Media was changed every three to four days and 

cells were harvested for experiments at 70-80% confluence again using 0.05% 

trypsin quenching with media after 30 seconds. Because of time constraints, cell 

freezing constraints and high volume of assays, two harvests needed to be 

completed on separate days to ensure all experiments could be completed. As 

the experimental conditions included two different freezing rates and incubation 

times at one hour intervals it was most convenient to harvest two flasks a day, 

one hour from each other.  

 



 

 11 

2.2 Cell Conditions and Freezing/Thawing Methods 

In order to examine the process of freezing cells in DMSO and other 

cryoprotectants, eight different experimental conditions were tested in each 

assay described in Table 1. Fresh cells tested immediately after harvest were 

used to serve as a normal functioning MSC. Cells incubated at room temperature 

for one hour in either normal media or 10% DMSO supplemented media were 

used to examine the addition of DMSO to fresh cells and to compare differences 

between the process of freezing and thawing in DMSO to simply being exposed 

to DMSO. The frozen cell conditions thawed out for each assay included cells 

incubated in 10% DMSO media at room temperature for one hour before 

freezing, cells frozen in 10% DMSO media without prior incubation and cells 

frozen in three previously optimized cryopreservation solutions (Table 2: SGI, 

SGC and SMC) incubated for either one (SGI and SGC) or two (SMC) hours at 

room temperature before freezing. Cells frozen in either DMSO condition were 

frozen down at 1˚C/min while the previously optimized solutions were frozen 

down at 3˚C/min.  

 

 

    Fresh Samples Incubation Time     Frozen Samples Incubation 

Time 

 Fresh MSCs 0Hr  DMSO 0hr Frozen 0Hr 

 Media 1hr Fresh 1Hr  DMSO 1hr Frozen 1Hr 

 DMSO 1hr Fresh 1Hr  SGC 1Hr 

    SGI 1Hr 

    SMC 2Hr 

 

 

 

Table 1. Names and room temperature incubation times for each tested 

cell condition. 
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For freezing each experimental condition, cells were suspended in either 

media (DMSO cryo conditions) or Normosol (optimized solutions) at double the 

desired final freezing cell/ml amount. From each suspension, 500ul of cells 

(1x106-2x106 cells) was transferred to Nalgene freezing vials and desired 

cryoprotectant at double the final freezing concentration was added stepwise 

(150ul, 150ul, then 200ul) to not shock the cells into a new environment, resulting 

in a final volume of 1ml. Cells were then placed into a Planar Series III Kryo 10 

control rate freezer and the following pre-programed freezing protocol was 

followed: starting at 20˚C, cells were cooled at-10°C/minute to 0°C, held at 0°C 

for 15 min, cooled at -1°C/min to -8°C, then -50°C/min to -45°C, warmed at 

+15°C/min to -12°C, and finally cooled -1°C or -3°C/min to -100°C. Cells were 

immediately placed in liquid nitrogen storage for between 24 hours to two months 

until they were needed for experiments.  

 Before each assay, frozen samples were thawed, typically five at a time to 

insure each frozen condition was assayed at the same time and in the same way. 

Vials were held with caps just above the water level in a 37˚C water bath 

agitating the vials slightly until just a small ice crystal was seen. Each condition 

was then transferred to separate 15ml conical tubes containing 9ml of pre-

warmed media, centrifuged and resuspended in media. This removal of the 

 Sucrose Glycerol Creatine Isoleucine Mannitol 

SGC 0mM 1.25% 25mM X X 

SGI 30mM 5% X 7.5mM X 

SMC 150mM X 6.25mM X 62.5mM 

Table 2. Composition of optimized solutions for freezing MSCs 
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cryoprotectant was to insure that each assay was testing only cell behavior and 

not the solution that they were in.  

2.3 Bone Marrow Surface CD Antibody Staining 

To determine that isolated cells from the bone marrow aspirates were truly 

mesenchymal stem cells, the presence of three and the absence of one surface 

CD antigens were analyzed using flow cytometry. Surface antigen CD 105 

identifies Endoglin, a type 1 membrane glycoprotein that is part of the TGF beta 

receptor complex (Fernández-Ruiz et al), CD90 identifies Thy-1 which has a 

role in cell communication and adhesion (Rege & Hagood, 2006), CD73 identifies 

ecto-5′-nucleotidase which plays a role in creating immunosuppressed and 

angiogenic niches (Antonioli, Yegutkin, Pacher, Blandizzi, & Haskó, 2016), and 

CD45 identifies the leukocyte common antigen and is present in all leukocytes 

thus making it possible to easily differentiate between hematopoietic stem cells 

and mesenchymal stem cells both found in bone marrow (Altin & Sloan, 1997). 

The other negative surface markers described by the ISCT were not used 

because they appeared to redundantly test for CD45 positive cells. Each of these 

surface markers were tested simultaneously in a single flow cytometry panel 

using the following antibodies: mouse IgG1 anti-human CD73 (APC-conjugated, 

BD Pharmingen, clone AD2), mouse IgG1 anti-human CD90 (FITC-conjugated, 

Molecular Probes by Life Technologies, clone 5E10), mouse IgG1 anti-human 

CD105 (PE-conjugated, R&D Systems, clone 166707) and mouse IgG1 anti-

human CD45 (BV421-conjugated, BD Horizon, clone HI30). For each condition, 

about 500,000 cells were suspended in 300ul of media and stained with 

antibodies according to manufacturer specifications. Cells were incubated in the 

dark with antibodies for 30 min at 4˚C in media to prevent cell loss. Cells were 

then washed with PBS, resuspended in 400µl of PBS, and transferred to 5ml 

polystyrene round bottom tubes to analyze each sample. Flow cytometry was 

performed on an LSRII at low flow rate with the fine adjust knob five turns from 

max to reduce the number of doublets read by the flow cytometer. At least 
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15,000 events were recorded on FACSDiva software for each sample gating for 

forward and side scatter cell populations as well as utilizing a negative unstained 

control (fresh MSCs without antibodies added), positive CD105, 90 and 73 single 

stained MSC controls and a jurkat cell CD45 positive control to gate fluorescent 

graphs. Automatic compensation was completed on FACSDiva using the single 

stain controls for each marker.  

 

2.4 Viability and Recovery 

As a very important factor in cryopreservation, the ability to freeze and 

recover live cells was tested for each condition. Just after thawing each solution 

and before diluting out the cryoprotectant, 1:2 dilutions were made of cells in 

acridine orange/propidium iodide (AO/PI) at a working concentration of 20mM/L 

and 20mg/ml in PBS respectively. As acridine orange is cell permeable and binds 

to dsDNA, positive signals signify live cells while propidium iodide, which also 

binds to DNA, is unable to pass through the cell membrane and positive 

florescence signifies membrane instability and thus a non-viable or dead cell. 

Acridine orange has the ability to stain dead cells along with PI, however, the red 

PI signal absorbs the green AO signal so all dead cells will only fluoresce red. At 

least 200 live cells were recorded on a fluorescent microscope using a Neubauer 

hemocytometer where green fluorescence (AO) signified live cells and red 

fluorescence (PI) signified dead cells. These live cell counts were then compared 

to the original number of cells seeded into each vial pre-freeze to determine total 

recovery for each condition.  

 Post-thaw viability was also recorded using 7-Aminoactinomycin D (7-

AAD, Fisher Scientific) to test dead cell numbers through flow cytometry. Much 

like propidium iodide, 7-AAD is a cell impermeable stain that binds to DNA. Cells 

were thawed and transferred to 5ml polystyrene round bottom tubes in their 

respective cryoprotectant. Then, 20µl of a working solution of 50µg/ml 7-AAD 

(concentration suggested by Biolegend®) in PBS was added to each vial and 
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analyzed on an LSRII flow cytometer at low flow rate with the fine adjust knob 

five turns from max. Because of the time it took to arrive at the flow cytometer 

(about 10min) no prior incubation with 7-AAD was deemed necessary. Heat killed 

cells (incubated in a 55˚C water bath for 15 min) were used as a positive control 

to gate for the dead cell population and fresh live cells acted as a negative 

control as 7-AAD only stains dead cells.   

 

2.5 Attachment and Proliferation 

In order to assess the ability of MSCs to attach to a surface post-thaw, a 

fluorescent plate reader was used to quantify the number of live cells attached in 

a gel-coated 6-well plate after both three and twenty-four hour incubations in a 

37˚C, 5% CO2 incubator. Because dead cells fail to attach to plate surfaces, 

enough time was given for live cells to attach and the viability stain calcein-

acetoxymethyl ester (Calcein-AM, Fisher Scientific) was use to quantify the 

number of attached cells. Calcein-AM is cleaved by esterase activity in cells 

making it fluoresce signifying viable cells (Kummrow et al., 2013). In attempt to 

pinpoint the shortest amount of time the bone marrow MSCs needed to fully 

attach, multiple variations of fresh MSC adherence after 2 and 3 hours as well as 

with gelatin-coated or non-coated plates were tested. Because of frequent 

detachment during the Calcein-AM incubation after shorter incubation times, 

incubating cells for 3 hours on 0.01% gelatin coated 6-well plates was chosen. 

Additionally, because variations in the methods for attachment and proliferation 

were finalized after the third bone marrow was harvested, “fresh” cells were 

obtained by thawing DMSO 0Hr cells and culturing them for 24-48 hours in an 

attempt to allow them to recover from DMSO induced post thaw effects. Thawed 

or fresh cells were counted using a hemocytometer and known amounts of live 

cells were seeded into 6-well plates. After 3 or 24 hours, cells were washed with 

PBS to remove cell debris and non-adherent cells, 1ml of 1µM Calcein-AM in 

PBS was added in each well and plates were placed in a 37˚C, 5% CO2 
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incubator for 30 minutes covered in foil to protect the light sensitive stain. Plates 

were read on a plate reader using excitation and emission wavelengths of 485 

and 528 respectively and fluorescent values were compared to a control curve of 

fresh cells seeded at known densities as well as negative control wells in each 

plate where no cells were seeded. Both the 3 hour and 24 hour fluorescent 

values were divided by the original pre-seeded amounts while proliferation was 

calculated by dividing the number of cells after 24 hours by the amount of 

attached cells after 3 hours. 

 

2.6 H9 MSC culture Method  
In an attempt to conserve bone marrow cells for important assays that 

were previously optimized, mesenchymal stem cells obtained from Dr. Brenda 

Ogle at the University of Minnesota and Dr. Peimann Hematti’s lab at the 

University of Wisconsin-Madison were used for the optimization of the pSTAT1 

intercellular staining. These MSCs were differentiated from H9 embryonic stem 

cells (H9-MSCs) and were previously shown to express typical MSC surface 

characteristics and have similar differentiation potential  to bone marrow derived 

MSCs (Trivedi & Hematti, 2008). H9-MSCs were cultured in media containing α-

MEM (Life technologies), 1% non-essential amino acids (Life technologies) and 

10% FBS (qualified). Culture flasks were coated with 0.01% porcine gelatin and 

incubated at 37˚C, 5% CO2 for at least 2 hours and no more than 24 hours 

before cells were seeded. H9-MSCs were passaged using 0.05% trypsin when 

cell density reached 70% confluence and cells were only used between 

passages 8 and 12. 

 

2.7 H9 MSC pSTAT1 Intercellular Staining Optimization 

To assess the ability of MSCs to phosphorylate STAT1 (Y701) in the 

pathway to produce IDO, flow cytometry was used to quantitatively measure the 

amount of phosphorylation of pSTAT1 in either normal or Interferon-γ (INF-γ) 
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activated cells. Cells were suspended to 1x106 cells/ml and incubated at 37˚C, 

5% CO2 in either fresh media or media containing IFN-γ (100units/ml-

1200units/ml). After incubation, cells were immediately centrifuged and 

resuspended in 4% paraformaldehyde in PBS for 10 minutes at room 

temperature to effectively crosslink proteins in the cells. Cells were diluted in 

PBS, centrifuged at 250xg for 5 minutes and resuspended in either Triton X-100 

(0.01%-0.25% in PBS) or 90% Methanol at -20˚C as recommended by technical 

support at BD Biosciences for a range of incubation times (5-20min) at room 

temperature to permeabilize the cells and allow the pSTAT1 antibody to enter 

and bind to phosphorylated STAT1. Cells were then diluted in PBS, centrifuged 

at 150xg for 5 minutes and resuspended in PBS to a concentration of 1x106-

1.5x106 cells/ml for antibody staining or in 1% FBS in PBS to block for 30 min 

before suspending in PBS for antibody staining. pSTAT1 (Y701) antibody (mouse 

IgG2a anti-human, STAT1 pY701, BV421-conjugated, BD Biosciences clone 4a) 

was added according to the manufacturers specifications and incubated in the 

dark for 30 minutes at 4˚C. Cells were diluted with PBS, centrifuged at 150xg for 

5 minutes, resuspended in 400µl of PBS and transferred to 5ml polystyrene 

round bottom tubes to analyze on the flow cytometer. Flow cytometry was 

performed on an LSRII at low flow rate with the fine adjust knob five turns from 

max to reduce the number of doublets read by the flow cytometer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 18 

Chapter 3: Results 
 

3.1 Bone Marrow Surface CD Markers 

To verify MSC identity, bone marrow cells were analyzed immediately 

after harvest and post-thaw for all of the conditions mentioned previously for the 

surface markers CD105, CD90, CD73 and CD45. Each sample was incubated 

with all four antibodies before analysis. All of the samples tested reached the 

desired fraction of positive surface CD markers as determined by the minimal 

criteria for defining MSCs (Dominici et al., 2006): ≥95% positive for CD105, CD90 

and CD73. However, some freshly thawed and a few fresh samples showed 

slightly higher CD45 percentages than is stated for the minimal criteria (≤2%) 

ranging from ≤0.05%-4.88% (Table 3). It was a common trend for cells frozen in 

SMC to have the highest percentage of CD45 positive cells while fresh samples 

and DMSO frozen samples consistently demonstrated lower amounts of CD45 

positive cells.  

 

 

 

  
Donor 1 

 
Donor 2 

 
Donor 3 

 
Average 

 
Standard Deviation 

Fresh 0.05 0.05 1.43 0.51 0.80 

Media 1hr Fresh 1.91 0.01 2.85 1.59 1.45 

DMSO 1hr Fresh 0.84 0.10 2.29 1.08 1.11 

DMSO 0hr Frozen 2.68 0.45 0.18 1.10 1.37 

DMSO 1hr Frozen 0.99 1.42 0.33 0.91 0.55 

SGC 0.32 1.08 0.80 0.73 0.38 

SGI 0.55 2.00 1.39 1.31 0.73 

SMC 4.88 2.67 1.65 3.07 1.65 

 Table 3. CD45 positive percentages for each experimental condition and each 

bone marrow donor 
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Representative flow cytometry graphs are also depicted in Figure 5 showing 

double positive CD105/CD90 and single positive CD45 populations in each 

condition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2 Bone Marrow Recovery and Viability 

Viability and recovery of fresh samples as well as freshly thawed samples 

were tested either by manual counts on a hemocytometer staining cells with 

AO/PI or by performing flow cytometry on 7-AAD stained cells. On manual 

counts, fresh samples had an average recovery of 99.6%±20%, DMSO samples 

had an average recovery of 90.6%±11.8%, SGI had an average recovery of 

76.3%±18.5% and SMC and SGC had a combined average recovery of 

45.3%±17.1% (Figure 6). Unexpectedly, cells incubated in DMSO for 1hr and not 

frozen showed a recovery of 114.8%±11.7%. Notably, SGI recovery showed no 

CD105 

C
D

9
0

 

CD73 

C
D

4
5

 

Fresh 
DMSO 0hr 

Frozen SGI SGC SMC 

Figure 5. Representative flow cytometry graphs for CD Markers of Donor 3. 
Fresh and four cryo samples (DMSO 0hr, SGI, SGC and SMC) are shown. 
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statistical difference (p>0.05) between the industry standard DMSO 0hr frozen 

samples.  

Manual viability counts using a hemocytometer showed high viability for 

the fresh samples and DMSO cryopreserved samples as expected with a 

combined average viability of 93.9%±4.2% while SGI had a viability of 

84.68%±4.4% and SGC and SMC had an average combined viability of 

52.0%±15.1%.  

 

Viability data gained from 7-AAD flow cytometry experiments displayed 

similar results to the manual counts as show in both Figure 6 and in Figure 7 

(representative graphs of donor 3 cells) demonstrating high viability for all fresh 

conditions, DMSO frozen and SGI samples with a combined average of 

80%±9.2% while SGC and SMC showed lower viabilities of similar percentages 
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Figure 6. Mean percent recovery and viability for both manual counting 
and 7AAD flow cytometry staining after each experimental condition. 
Data pooled from all three donors. Error bars represent standard 
deviation of the data set and the black horizontal bar is highlighting no 
statistical difference between recovery of DMSO 0hr Frozen and SGI.  
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to manual counts with an average of 52.6%±2.4% together (Figure 6 and Table 

4). DMSO 0hr had the highest viability of 90.6%±2.6%. However, some variability 

in staining fresh samples for 7AAD was seen as shown as the highlighted values 

in Table 4 and in the fresh sample from Figure 7 where samples typically 

expected to have a high viability produced high 7AAD staining in some donors.  

 

 

 

 

 

 

 

 

 

 

 

 

 

     

  
Donor 1 

 
Donor 2 

 
Donor 3 

 
Average 

 
SD 

Fresh 50.89 90.18 90.48 77.18 22.77 

Media 1hr Fresh 44.03 60.64 92.69 65.79 22.66 

DMSO 1hr Fresh 88.47 95.39 64.33 82.73 21.96 

DMSO 0hr Frozen 89.87 88.41 93.42 90.57 3.54 

DMSO 1hr Frozen 88.47 79.58 81.04 83.03 4.77 

SGC 45.09 57.63 60.28 54.33 8.11 

SGI 85.03 83.76 82.1 83.63 1.47 

SMC 49.63 59.28 43.69 50.87 7.87 

Table 4. Viability percentages of donor MSCs performed by flow cytometry 
with 7AAD viability stain. Highlighted values represent unexpected results. 
SD=Standard deviation 
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3.3 Attachment and Proliferation 

Attachment of freshly thawed MSCs or fresh conditioned cells displayed 

three levels of initial attachment at three hours (Figure 8). All three fresh 

conditions as well as DMSO 0hr and SGI frozen conditions displayed a similar 

three-hour attachment of an average of 76%±6.2% while frozen samples DMSO 

1hr Frozen and SCG had a slightly lower attachment of 46.8%±2% and SMC had 

the lowest attachment at 19.2%±15.1%. At 24 hours, all samples show higher 

attachment compared to 3 hours and proliferation observed in all samples were 

similar (Figure 9). There was no statistical difference between the proliferation of 

each condition and the average proliferation of all the samples was 2.3±0.2 times 

the number of attached cells at 3hr after 24 hours.   

 

Fresh 

SMC SGI SGC 

DMSO 0hr Frozen DMSO 1hr Frozen 

 

15.0% 50.4% 54.9% 

11.5
% 

10.1% 

Figure 7. Representative 7AAD viability flow cytometry graphs 
from donor 2. Blue horizontal gate signifies the “DEAD” population 
or positive 7AAD signal.  

49.1% 
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Figure. 9 Proliferation of bone marrow MSCs after 24 hours. Calculated by 
dividing the number of cells attached after 24 hours after the number of 
cells after 3 hours 
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3.4 pSTAT1 Flow Cytometry 

While the majority of the conditions tried during optimization of the 

pSTAT1 flow cytometry assay showed no difference compared to the unstained 

control and had too few cells to accurately acquire data, a few conditions 

supplied enough cells once 4% paraformaldyhyde and 0.1% Triton X-100 were 

used giving some positive staining. Initially, after an incubation of IFN-γ for 15 

min, 4% paraformaldehyde incubation for 10 minutes and Triton X-100 incubation 

for 20 min, H9 MSCs showed a positive fluorescent signal with a median of 

1561.5 BV421 fluorescence compared to median of 51.0 from the unstained 

control (Figure 10). However, H9-MSCs prepared in the same manner but 

without IFN activation showed similar results. To reduce this non-specific binding 

of the antibody, 1% FBS in PBS blocking solution was added after the Triton X-

100 permeabilization step. However, the addition of the blocking solution also 

eliminated the positive fluorescent signals from the cells incubated with IFN-γ 

resulting in a fluorescent value of 225 compared to 105.4 for the unstained 

control.  
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Figure 10. pSTAT histograms of H9 MSCs depicting Blue Violet 421 
florescence. Values shown are medians of fluorescent values from the 

curves they are under. 
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Chapter 5: Discussion 
 The CD marker characterization of the Fresh MSCs show that cell 

populations isolated from the bone marrow and cultured were MSCs, validating 

the ficoll isolation method. The increase in CD45 expression on some of the 

conditions may have arisen from two circumstances. First, there may have been 

contamination of the culture, possibly adding CD45+ cells to the MSC population 

during the staining process post-thaw. However, this is unlikely as the 

consistencies, especially with the cells frozen in SMC, would not have been 

found. The second and more likely of the possibilities would be non-specific 

binding of the antibody. During cryopreservation and during the incubation times 

before freezing, the cryoprotectants align around the cell membrane. The newly 

optimized solutions (SGC, SGI and SMC) may have remained on the outer 

membrane of the MSCs they were frozen with throughout the processing steps of 

the CD marker staining. It may be possible that the sugars allowed the antibody 

to bind to them leading to a false positive signal on the flow cytometer. 

Additionally, SMC, which had a longer incubation time (2 hours) had consistently 

higher CD45+ percentages. Given that same incubation time in fresh media post 

thaw, SMC may have shown similar CD45+ results as the fresh samples. 

Regardless, clinical grade MSCs have also been defined by a negative CD45 

population of below 5% (Law & Chaudhuri, 2013). This definition suggests that 

none of the samples tested deviate from a clinically grade MSC population.  

Variation in recovery calculations from the hemocytometer counts could 

have arisen from either faulty pre-seeded or post-thaw cell counts. To quantify 

the amount of cells from each harvest, at least 200 cells were counted on the 

hemocytometer for each count. These counts were typically performed before 

centrifuging and resuspending the cells to be either cryopreserved or used for 

fresh samples. It may have been possible that the resuspended cell 

concentration was not an accurate reflection of the true cell number as the 

resuspended volumes may have been based off of incorrect counts. However, it 
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is suspicious that recovery of over 100% was only seen in the DMSO 1hr Fresh 

samples when the exact same stock of cells was used for Media 1 Fresh 

samples after each harvest. Perhaps It is possible that Media 1hr Fresh samples 

died in a greater amount than DMSO 1hr Fresh during the incubation time. If both 

counts were incorrect leading to both conditions starting with over 100% of the 

assumed cells at the beginning of the incubation, a large cell loss during the 

incubation time in the Media 1hr Fresh compared to the DMSO 1hr Fresh could 

explain Media 1hr Fresh recovery of 84% while still starting with the same high 

number of cells as DMSO 1hr Fresh. 

Variation in fresh condition viability 7AAD staining between donors may be 

explained by the length of time needed to process fresh cells during each bone 

marrow harvest. The first harvest, where most of the variation in viability is seen, 

was less efficient than the others as it took time learning how to coordinate six 

different experiments (not all shown in this paper) being done on the same cells 

at the same time leading to longer cell processing steps and longer intervals 

between starting each assay. 

Differences between DMSO 1hr Fresh and DMSO 1hr Frozen were seen 

in attachment after 3 hours suggesting that the process of freezing and thawing 

cells after longer exposure with DMSO leads to behavior differences. This calls 

for more research to be directed at how DMSO interacts with cells during the 

freezing and thawing process and not simply to interactions between DMSO and 

fresh cells. Unfortunately, slightly lower attachment at 3hrs was seen for ‘Fresh” 

MSCs than compared to the control curve. Because fresh cells were used to 

make the control curve, they should have shown 100% (not 75%) attachment at 

3hr. This may have happened due to use of recovered cells instead of fresh cells 

from the original cultures. It may be possible that the recovery period was not 

long enough for some of the samples and a longer recovery period may increase 

the attachment of fresh samples. 
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Analysis of pSTAT1 through flow cytometry still needs optimizing. Both 

fluorescent signaling and cell loss need to be addressed in further processing 

variations. Because cell loss was only seen after permeabilization, 4% 

paraformaldehyde may be suitable for this assay but it may serve beneficial to 

test other gentler permabilizing agents such as Tween 20 or saponin as well as 

testing lower concentrations of Triton X-100. Additionally, using BSA instead of 

FBS as a blocking solution may change fluorescent signaling because the 

antibodies used for staining were stored in a buffer solution containing BSA. 

Maintaining consistency with blocking buffers and storage buffers may reduce 

non-specific binding. Finally, using a different, more hardy cell type like jurkat 

cells could alleviate cell loss to optimize fluorescent signaling. Then, after 

fluorescent staining optimization, the cell loss in MSCs could be addressed. 

Viability, recovery and attachment data suggests that SGI may be a 

suitable candidate for further research into non-DMSO cryopreservatives. SGI 

behaved similar to DMSO 0hr samples in all metrics and its composition suggest 

that it may not have the toxic effects to humans like DMSO. These findings 

further validate similar studies conducted with H9-MSCs for attachment, 

proliferation and recovery that SGI behaves similar to DMSO 0hr MSCs. Further 

research into physical or functional changes (if any) in vitro and in vivo need to 

be conducted to further suggest SGI as an alternative for DMSO in 

cryopreserving MSCs. If found to be a good replacement, SGI cryopreservation 

could further clinical trials that fail to see positive results in later phases as well 

as take a step closer to producing an off the shelf cell therapy for a variety of 

autoimmune diseases. 
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