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Abstract

FDA-approved mesenchymal stromal cell (MSC) clinical therapies have been elusive despite
strong evidence of their applications in regenerative medicine due to their potential for multi-
lineage differentiation, immunomodulation, and paracrine factor secretion. MSCs can provide
regenerative potential to areas of the body such as tendons, ligaments, cartilage, and bone. A
major hurdle in translation is determining cell quality during expansion and biomanufacturing, so
methods that can robustly and non-destructively evaluate their performance will significantly
advance this field. With the development of advanced imaging-based techniques to access high-
dimensional morphological analysis, we investigated short-term morphological profiles of MSCs
correlated with long-term osteogenic differentiation. Using label-free phase imaging, we
captured features like GLCM contrast and correlation that tracked differentiation over time.

UMAP confirmed visual trends, and random forest models successfully predicted day 28



mineralization from early features. These findings lay the groundwork for future in-line
monitoring and selection of high-performance MSC cultures during manufacturing.
Keywords: Mesenchymal Stromal Cells, label-free, Quantitative phase imaging, Differentiation

potential, high-dimensional morphological analysis, Differential Phase contrast imaging
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CHAPTER 1:

LITERATURE REVIEW

1.1 Mesenchymal Stromal Cells Background

Found in almost all tissues, Mesenchymal Stromal Cells (MSCs) are a subset of
heterogeneous non-hematopoietic fibroblast-like cells. As depicted in figure 1, MSCs can
differentiate into important lineage under defined conditions in vitro and in limited situations

after implantation in vivo'.
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Figure 1.1.1: Mesenchymal stromal cell (MSC) differentiation into osteoblasts, adipocytes,

and chondrocytes' ®



Specifically, MSCs can differentiate into bone cells, cartilage cells, and fat cells; and have
the potential to help repair and regenerate tissues, and modulate the immune response? 3 ¢°.
Because of MSC ability to differentiate and modulate immune response, they have been
investigated as therapeutics in areas such as tissue regeneration, immune diseases, and similar

application areas (Figure 2) 247,

MSCs Applications

Immune Response

l

Tissue Reaeneration Other Applications
e Anti-inflammatory
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e Heart tissue diseases e Osteoarthritis
e Lung tissue e Liverdisease

Figure 1.1.2: MSCs as important therapeutic tool for treatment of variety of diseases such as

tissue generation, immune response, and other applications.

For tissue regeneration applications, MSCs can differentiate into bone, cartilage, and fat cells,
which are important for skeletal structure?; can help repair lung tissue in chronic obstructive
pulmonary disease® #; and can help repair damaged nerve tissue in the spinal cord*>*. For

immune applications, MSCs release immune modulatory factors ¢ and interact directly with



immune cells *°. For contact-mediated mechanisms, MSCs interact directly with immune cells
including T cells, B cells, dendritic cells or DCs, and macrophages to influence their behavior
through anti-inflammatory cytokines some being Interleukin-10 (IL-10), Interleukin-4 (IL-4),
Indoleamine 2,3-Dioxygenase (IDO) and Transforming Growth factor Beta (TGF-Beta). MSCs
also have adhesive molecules like VCAM-1, ICAM-1, and integrins (e.g., CD44, CD105, CD90,
CD1) to facilitate cell-to-cell and cell-matrix interaction®* 3% 79-74 For paracrine activity, MSCs
secrete a range of molecules including cytokines (e.g., Interleukins like IL-1, IL-6, and IL-10;
Tumor necrosis factor or TNF; and interferons like IFN-gamma), which play critical roles in
regulating immune responses, inflammation, and cell growth; growth factors (e.g., vascular
endothelial growth factor, fibroblast growth factor, and hepatocyte growth factor), which
promote tissue repair and regeneration; and chemokines, which play a direct role in the
movement of white blood cells to sites of inflammation, infection, or tissue damage®* 3. MSCs
acting as an immunomodulatory agent could assist with treating autoimmune diseases such as
lupus and multiple sclerosis’. For other applications, MSC can help treat chronic wounds and
stimulate healing, reduce inflammation and promote cartilage repair — osteoarthritis, and treat

liver diseases like cirrhosis’®78,

1.2. Historical background of cell-culture

In order to appreciate advances made in Mesenchymal Stromal Cell (MSC) research, it is
important to acknowledge those who performed foundational research. Early researchers like
Santiago R. Y. Cajal, Wilhelm Roux, Ross G. Harrison, Montrose Burrows, and Alexis Carrel
played a critical role in what would become stem cell research. Cajal’s work on cell structure

showed that different cells have specialized roles, which was a big step toward understanding



what is now known as stem cells®. Cajal was the first to apply silver nitrate to the anatomy of the
nervous system. This led to the understanding of the nervous system and establishing that the
nerve cell (neuron) is the basic unit of the nervous structure. Cajal used staining technique, now
known as the Golgi staining, for the general study the fine structure of the nervous tissues of the
brain, sensory centers, and the spinal cords of embryos and young animals’. Additionally, he
used these nerve specific stains to differentiate neurons from other cells and to trace the structure
and connections of the nervous cells in gray matter and spinal cord. During this time period,
living cell analyses were limited to embryos developed outside of the adult like frogs, sea

urchins, mollusks, and ascidians.

In 1885, Wilhelm Roux suggested that, with the proper conditions, animal cells could
survive and be maintained outside the body. He demonstrated this by successfully removing a
part of the medullary plate from a chick embryo, which survived for 13 days (about 2 weeks)
under a warm saline solution. Roux’s experiment established the groundwork for further research

in cell culture®.

Motivated by Roux’s work, Ross G. Harrison successfully cultivated frog nerve tissue
outside the body. His work demonstrated that it is possible to grow living tissue in vitro for the
first time®. This work provided a method to study tissue behavior outside the body opening the
door for further research fields like embryology, genetics, virology, and oncology'® !'!. Learning
form Harrison’s culture technology, Montrose Burrows and Alexis Carrel succeeded in
cultivating explants from dogs, cats, rats, and guinea pigs'?. Carrel and Burrows extended the
field by developing a method for growing tissues outside of a living organism or in vitro. Their
technique involved placing small tissue fragments in a nutrient-rich medium (derived from

embryonic chicken tissue), which allowed for cell propagation and growth in vitro'2. This in



vitro technique marked a significant milestone in tissue culture research. Additionally, Carrel et.
al., using chick heart tissues showed that cultures survived for much longer than the normal
lifespan of the chick. Carrel’s team produced and maintained a series of chick heart tissue
cultures at the Rockefeller Institute in New York City from 1912 to 19463, During this duration,
the series of chick heart tissue cultures, not only remained alive, but also kept dividing. Carrel et.
al.’s findings influenced the cell immortality idea and cellular aging from the 1920’s to the
1960°s'*. His work hinted that cells might even be able to repair tissues, opening the door to
regeneration possibilities. Furthermore, the accumulation of new findings and knowledge made it
possible to test the function, potential, and application of cells from many animals, and many

tissues, under a variety of conditions.

Albert Claude, using the newfound knowledge, developed a new technique called cell
fractionation!>. Claude’s new method allowed for the separation of the various components of
cells through differential centrifugation'® 7. His work opened the door for scientists to explore
the structure, inner workings, and functions of cells and organelles leading to an even deeper
understanding of how cells operate. These important foundations, shown in table 1, have played

significant roles in establishing what we know today in stem cell research.

Alexander Friedenstein'® 2! further pushed this discovery through his own experiments; by
transplanting various bone marrow cells from different tissues into rats'® !°. Through his
experiments he was able to observe that fibroblast-like cells in bone marrow had the capabilities
of forming colonies in vitro!'®. He also observed a populations of rodent bone marrow cells that
were rapidly adherent to plastic, common characteristics still associated with MSCs today.
Friedenstein et. al.'s contributions were advanced in the 1990s by Arnold Caplan. Caplan

theorized that MSCs had the ability to differentiate into various types of tissues and with



regenerative capabilities. Additionally, Caplan through his work, found that MSCs can (i)

modulate the immune systems, (ii) inhibit both programmed cell death and scar formation, (iii)

stimulate blood-vessel formation, and (iv) promote the growth of tissue-specific stem cells

(somatic or adult stem cells) that are more specialize than embryonic stem cells and can only

differentiate into a specific range of cell types within the tissue or organ they reside in!% %37,

Caplan, like Friedenstein, also isolated human MSCs from adult bone marrow, establishing the

conceptual and technical foundation for subsequent studies. Caplan coined the term

“Mesenchymal Stem Cell” because of the ability of cells to differentiate into multiple types that

form connective tissues exhibiting significant regenerative potential?2.

Table 1: Historical timeline of development of Mesenchymal Stromal Cells (MSCs) research.

Authors

Contribution

Importance

Reference

Santiago R. Y. Cajal
(1852 —1934)

Established the
foundation for stem
cell research

Understanding of cell
structure

doi:
10.1007/s00415017025
5. PMID: 11284138.

Wilhelm Roux
(1850 —1924)

Observation and
documentation of
tissue culture

Chick embryos
survived in warm
saline solution

https://www.nobelpr
ize.org/prizes/medi
cine/1906/article/

Ross G. Harrison
(1870 — 1959)

Finding tissue culture
techniques in
experimental research

Origin of nerve fibers
resolved

doi:10.3181/00379727-
4-98.

Montrose Burrows
(1884 — 1947)

Coined the phrase
“tissue culture.”

Study of tissues from
warm-blooded
animals.

doi:
10.1084/jem.13.3.387.
PMID: 19867420;
PMCID: PMC2125263.

Alexis Carrel
(1873 - 1944)

Immortality of cells

New method of
separating cell
components

doi:
10.1084/jem.15.5.516
. PMID: 19867545;
PMCID:
PMC(C2124948.




Albert Claude

Cell fractionation or

Start of regenerative

doi:

(1942 — 2024)

regenerative
capabilities and can
differentiate into
various types of
tissues.

(1898 — 1983) ability of cells to possibilities 10.1098/rspb.1954.00
repair tissues 19. PMID: 13167066.

Alexander Transplanting bone Concept to https://doi.org/10.111

Friedenstein marrow cells from application 1/j.1365-

(1924-1997) different tissues 2184.1970.tb00347.x

Arnold Caplan Coined MSC MSCs have doi:10.1002/sctm.17-

0051

MSC:s are easily able to be isolated and combined with their ease of expansion make

them very useful for in vitro experiments further enhancing their applications like orthopedic

injuries, autoimmune diseases, and neurological disorders?. Expanding clinical trials continue to

reveal new applications, advancing MSCs as a transformative option for previously untreatable

conditions like bone defects or disorders

23,58

. MSC:s application in bone regeneration or repair

occurs through their ability to differentiate into osteoblasts, which are responsible for bone

formation®®. The next sections will examine the MSCs differentiation process, techniques for

studying or visualizing cellular structures, standard imaging processing, and clinical trials.




1.3. Differentiation Process:

Taking a closer look at the various differentiation processes is important in understanding
how MSCs function and what is currently being done in terms of their application. MSC
differentiation is a detailed multiple step process that gives them their ability to transform into
specialized tissue. This process is guided and aided by a mix of factors, including chemical
signals, the cellular environment, and physical cues all of which work together to guide them
toward specific cell identities. Below is an in-depth look at the primary pathways and key
regulatory factors that drive MSC differentiation. MSCs can differentiate into bone cells,
chondrocytes and adipocytes through several signaling pathways and transcription factors. MSCs
that differentiate into bone cells start initially with the formation of osteoblasts®. MSCs are
driven by several signaling pathways including WnT, TGF-$/BMP, and IGF, which regulate
their osteogenesis, differentiation, and tissue regeneration. The Wnt plays the role of bone
development, promotes MSC proliferation, self-renewal, and differentiation into osteoblasts, GF-
B/BMP signaling plays the role of bone formation, differentiation into osteoblasts and regulating
bone matrix, and IGF promotes MSC osteogenesis and bone regeneration.

Initiation of this signaling pathway leads to the activation of transcription factors such as
Runt-related transcription factor 2 (RUNX2), which is essential for osteoblast differentiation
(bone-forming cells)”* SP7 (also known as Osterix) is downstream of RUNX2, essential for
lineage commitment to the osteoplastic. Next is the pre-osteoblast to the osteoblast, which is the
ECM development and ALP activity. Finally (Osteoblast to Osteocyte) is the mineralization and
maturation process”® 3%, A few methods used to measure osteogenic differentiation are using ALP

activity assays as well as Alizarin red staining.



There are many other signaling molecules that influence osteogenic differentiation; the
process by which bone marrow MSCs and osteoprogenitors transform into bone forming cells.
One of such are Wnt proteins. Through the Wnt/B-catenin signaling pathway, promotion of
osteogenic differentiation is done by enhancing the stability of B-catenin, which works in tandem
with RUNX2 to stimulate osteoblastic gene expression®’. Additionally, environmental cues such
as mechanical stress, common in bone formation, activate signaling pathways that encourage

MSCs to favor osteogenesis over other pathways*’.

MSCs can also differentiate into chondrocytes a process called chondrogenesis.
Chondrocytes are cells that produce cartilage, through a process driven largely by transforming
growth factor-beta (TGF-§) and members of the BMP family. Chondrogenesis is primarily
regulated by TGF-B1 and TGF-B3, which activate the SOX9 transcription factor, a master
regulator for chondrogenic differentiation. SOX9 upregulates cartilage-specific extracellular
matrix proteins like collagen type II and aggrecan, which are crucial for cartilage formation®® 4!,
MSCs require a low-oxygen (hypoxic) environment akin to the environment of cartilage*!. Under
low oxygen conditions Hypoxia-inducible factor 1-alpha (HIF-1a) is activated enhancing SOX9

activity and pushing cartilage matrix synthesis®% 4!,

Adipogenic differentiation, where MSCs become fat-storing adipocytes, is regulated by
several transcription factors, with peroxisome proliferator-activated receptor gamma (PPARY)

being the most critical’®

. Upon stimulation by fatty acids or other lipogenic signals, PPARYy
activation leads to the expression of genes involved in lipid uptake and storage, such as

adiponectin and lipoprotein lipase*®. CCAAT/enhancer-binding proteins (C/EBPs), especially

C/EBPa and C/EBP, work alongside PPARY to drive adipogenesis by promoting fat-specific



gene expression. Glucocorticoids and insulin, also promote adipogenic differentiation3®,
Mechanical cues have a low impact on this pathway however it is influenced by the presence of
certain adipogenic cytokines like leptin and adiponectin. The microenvironment in which MSCs
reside can significantly affect their ability to undergo adipogenesis, as seen in areas of the body

with high-fat accumulation.

The “niche” or microenvironment (ECM, nearby cells and physical forces) of MSCs can
also play an instrumental role in their differentiation fate>’. The extracellular matrix (ECM),
nearby cells and physical forces can all have an impact on how MSCs will differentiate. If the
ECM is too stiff MSCs can differentiate into osteogenic cells while ECM having a less stiff
characteristic can lead towards adipogenesis®®. Differentiation outcomes can also be influenced
by cytokines, growth factors, and even the immune cells present in the microenvironment>°,
Mechanical stresses that can induce osteogenic differentiation in MSCs including tensile
(stretching) forces, while stresses compressive forces are likely to lead to chondrogenesis®.

These mechanical forces activate integrin receptors on the surfaces of MSCs that then influence

signaling pathways, genes expression profiles and ultimately cell fate>°.

In general, the MSC differentiation process involves commitment and maturation
process. The commitment process is when cells are directed toward a specific lineage (Fig. 1),
whereas the maturation is where the progenitor cells are transformed into fully differentiable
cells. There are many factors that can affect the differentiation process including growth factors,
cytokines, transcription factors, and extracellular matrix molecules. It is important to note that
not all MSC differentiation are successful as they can be impacted by age or disease. The next

section describes how to monitor morphological changes during MSCs differentiation process.

10



1.4. Phase Microscopy:

In this thesis, we hypothesize that morphological changes that occur in the MSCs during
their differentiation process can be monitored and assessed through a technique called phase
microscopy. This technique is sensitive to changes in optical thickness, and so could be useful in
situations with high production of differing types of extracellular matrix for classification of
MSC transformation into cell types like osteoblasts, chondrocytes or adipocytes without the use

of staining®.

Phase contrast microscopy (PCM), developed by Dutch physicist Frits Zernike in the
1930s, is an optical technique that enhances contrast in transparent, unstained specimens like
living cells, microorganisms and thin tissue slices?’. This technique works by converting small
phase shifts in light passing through the sample into visible amplitude changes or brightness,
thereby making it possible to visualize cellular structures that would otherwise be nearly
invisible. Generally, unstained living cells do not absorb light well making them almost not
visible in bright field microscopy because of minimum differences in the intensity distribution.
Dr. Zernike’s breakthrough, which earned him the Nobel Prize in 1953, allows phase objects
(those that do not absorb much light but slightly alter their phase) to appear with high contrast
against a bright background®”-%7. Hence the technique became essential for observing live
unstained cells, enabling scientists to study cellular dynamics without the use of chemical
staining, which could kill or disturb the cells.

In a phase contrast microscope, two main components work together to create the
necessary phase shifts; these are annular diaphragm (or phase ring) in the condenser and the

phase plate in the objective lens*. Figure 3 below shows the main parts of the microscope®.

11



........................ Image p!ane
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Figure 1.3.1: Arrangement of the parts of the phase contrast microscopy starting from the light

source to the image plane*®- ¢,

The microscope consists of a light source, angular ring, condenser lens, specimen stage
and objective. The objective contains multiple lenses and a phase plate. Light passing through
the annular diaphragm forms a hollow cone that illuminates the sample?”-2% 43, When light hits
different parts of the sample, some light waves pass through unaffected (direct or diffracted
light), while others are scattered by cellular structures (diffracted light)?®-37-4°, The direct light
remains in phase, while the diffracted light is phase-shifted slightly, typically by about 1.57
radian, due to variations in the samples’ refractive index>’.

Further changes are made to the phase plate in the objective in order to make the phase
shifts more visible?*-37. The change that is typically made in the phase plate of the objective lens

is equivalent to a quarter wavelength (% - 1) allowing the direct light (un-scattered) to interfere

12



with the diffracted light, which carries information about the specimen, to cause a (Y2 - ) phase
difference. Such a phase difference can either be constructive or destructive resulting in changes
in the amplitude (brightness) of light, which translates into differences in contrast. High contrast
images that reveal much of the sample’s details are created through the brightening of some
areas (constructive interference) and the dimming of others (destructive interference)?®®>37-40-43.43,
Through this techniques it enables either positive or negative phase contrast, depending on the
design of the phase plate showing the sample as either lighter or darker against the background®.

PCM can be used to assess the differentiation of MSCs in clinical settings due to its
ability to allow the visualization of living cells and organelles, that are transparent and colorless,
without the need to stain and to study dynamic biological processes like observing living cells in
their natural state. Although one drawback in PCM is a halo effect that can occur when a glow
appears around a sample’s edges losing finer details, there are some correction methods that can
be done to limit this unwanted effect?”37-49,

While PCM is used to visualize cells and cell components, another type of phase contrast
microscopy employed to image MSCs is differential phase contrast (DPC). Differential Phase
Contrast (DPC) microscopy, is a specialized form of light microscope used to enhance the
contrast of weakly absorbing or transparent specimens like mesenchymal stem cells (MSCs),
making them more easily visible under a microscope®!. This enhancement ability is achieved by
illuminating the sample at different illumination angles using a programmable LED (low light
levels) array minimizing any impact on cell health or biological function. The DPC has an
advantage over the standard brightfield microscope because it can detect and visualize minute

changes in the phase of light waves that pass through the specimen, which are otherwise
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undetectable by a standard brightfield microscope. Additionally, DPC imaging is label free,

allowed for the analysis of morphological cell features, and longitudinal live-cell imaging.

The use of the traditional brightfield microscopes to observe transparent and colorless
specimens are difficult. Therefore, the use of DPC provides advantages like effective
visualization of transparent and colorless specimens, provide enhanced contrast near the edges
that surround extended specimen to produce high-contrast images. Additionally, DPC
microscopy produces a greater depth of field and can image living cells, tissues, and weakly

scattering specimens among other things.

1.5. Clinical trials

To understand how and where MSCs are in clinical trials, it is important to discuss the
clinical trials in four phases. Phase 1 deals with the safety and assessment of dosage for a new
treatment or drug®. Often this stage is associated with giving patients different dosages of a
treatment. Phase 2 evaluates the effectiveness and safety of the treatment in a larger group of
patients*. Phase 3 compares the new treatment to standard treatments to confirm its
efficacy®. Phase 4 the final stage involves studies that look at the long-term effects of a
treatment after it has been approved and available for market®.

MSCs have garnered a lot of attention due to their versatile regenerative and
immunomodulatory potential. Specifically, their ability to treat conditions like osteoarthritis,
cardiovascular disease and autoimmune disorders. Although there are potential, clinical
outcomes have been slowed due MSC heterogeneity, donor variability and tissue origin, which

all affect the consistency in clinical trials*#4. In the United States most clinical trials for MSCs

are in phase 1 but the trend has significantly shifted or moved into phase 3. In phase 3, many
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clinical trials have been conducted to test the reliability and efficacy of cell therapy. To do so,

thousands of patients have received MSC transplants to treat different diseases including Graft

versus host disease (GvHD), heart disease, immune system diseases, malignant neoplasms, and

neurological disorders. In a phase 3 prospective study of the use of intravenous MSC injection to

treat 54 pediatric patients suffering from corticosteroid-resistant acute GvHD, it was reported

that the treatment boosted the overall response rate by 28 days compared to the control®. Even

though GvHD clinical trials span decades, those have led to the development of standardized

criteria and Food and Drug Administration (FDA) approved therapies for both acute GvHD and

chronic GVHD®*. Over 79% of the MSC clinical trials are in Phase I and II.

Table 2: MSC clinical trial phases

Early Phase 1 Phase ] Phase II | Phase II] | Phase III | Phase IV | Not

Phase Phase 11 Phase 11 Applicabl
e

28 250 341 183 25 31 4 152

2.8% 24.6% 33.2% 18% 2.5% 3.1% 0.39% 15.0%

The table was generated based on data from MSC clinical trial phases”™ .
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There have been studies done to look at the preclinical aspects of MSCs as it pertains to
in vivo and in vitro. In one study, human bone marrow MSCs were implanted into three
biomaterials and cultured for 28 days (about 4 weeks). After this culture period, there were great
signs of osteogeneses such as gene expression and mineral deposition®'. BMSCs are MSCs have
been extracted and cultured, and their effects tested in preclinical experiments and thoroughly

80-84 What follows are a few of the preclinical applications and

reviewed in many studies
findings. In a systematic infusion of BMSCs study, three patients of ages ranging from 13 to 32
months, received 5.7 to 7.5 x 108 cell/kg unmanipulated nucleated cells from siblings. The

treatment increased the total body bone mineral content and growth velocity of the patients®2. In
a case-control study, the treatment group had a significantly higher body length increase than the

control group and had similar rates of bone mineral content gain with weight-matched healthy

children®?. In another study, two patients had different conditions (aGvHD and transient
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pulmonary insufficiency and a bifrontal hygroma), which resolved uneventfully®*. Another case-
control study involving six patients of ages ranging from 2 to 4 years received ex vivo expanded
autologous BMSCs. Five out of the six patients had significant improvement in growth velocity,
one having substantially increased bone mineral content, and one had a urticarial rash that

resolved after treatment®3: 84

There are several biomaterial MSC in vivo successful studies, prompting for these
biomaterial constructs to be moved to in vivo models. When this was done the results diverged
greatly from the osteogenic results that were done in vitro®!. This drawback highlights the
struggle of translating results that are seen in vitro to in vivo experiments. More complex
methods such as imaging or machine learning may help bridge this gap and align better with

clinical outcomes>!.

In another study, a young patient received osteoblasts from the father resulting in
significant bone mineralization allowing osteoblasts to be more active than before®. Another
case where a child with hypophosphatasia received a bone marrow transplant from a sibling
significantly increased her bone deterioration®?. Some osteoinduction (OI) have included non-
union fractures as well as periodontal regeneration. These differing results points to the idea that
if there was a way to predict the success of an MSCs therapy prior to administration of the cells,
patient outcomes could be improved™. Also, because MSCs have the potential and has been used

to mitigate inflammation, modulate immune responses and promote tissues generation™?.

In order to extract statistical features to describe texture characteristics of MSC images, a

1960’s technique called Gray Level Co-occurrence matrix (GLCM) may be helpful.
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1.6. Gray Level Co-occurrence matrix (GLCM)

For this work, it is important to extract MSC texture information from this image using
the spatial relationship between pixel intensities. We used the Gray Level Co-occurrence Matrix
(GLCM), a statistical method for this image processing®. We adopted the GLCM technique
because it has a superior ability for tasks like texture classification for confluent cells. Others
have used the GLCM for brain tumor classification®?. Additionally, GLCM has been used for
remote sensing, specifically for analyzing satellite imagery for land cover classification®’.

It has also been used for image classification to distinguish between different types of images
based on their texture®. For image classification, the technique works by extracting the spatial
relationship of pixel in the GLCM, then the statistical correlation, energy, and homogeneity are
calculated for classification. Furthermore, meteorologists use GLCM method to gather
information about convective clouds to help predict severe weather events like wind speed,
hailstorms, or flooding®.

For my proposed work, GLCM is used to extract statistical features like contrast,
correlation, energy, homogeneity, and dissimilarity that will describe the texture characteristics
to describe my biological images. Also, these features can be used as inputs in machine learning
algorithms to extract image classification. What follows explains how GLMC technique works.

The GLCM technique was developed by Robert Haralick in 1973 and calculates how
frequently pairs of pixels appear at a certain distance and orientation in a given images*. The
technique examines how often p(i, j) different combinations of pixel intensities occur in a
specified spatial relation or the probability value of the GLCM. The reference and neighbor
intensity pair of (i, j) entries represent a pixel with intensity i adjacent to a pixel with intensity j.

These assignments of (i, j) pixel intensities generate an intensity matrix corresponding to grey
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levels within an image. In this case, i and j runs from 0,1, 2, ..., N — 1 within the N x N matrix.
The spatial distribution creates a map of textures to characterize the texture, capturing critical
characteristics of the image that help in tasks like classification, segmentation, and other
statistical measures. Some of the major features, with their corresponding equations, of the
GLCM are contrast, dissimilarity, homogeneity, energy, entropy, and correlation are described
belows=. In all the associated equations of the features, the summation runs from 0 - N — 1,
since the first cell in the upper left of the GLMC is (i,j) = (0, 0), i.e., the i value (0) of this cell is

the same as the value of the reference pixel, j =0.

Contrast: The contrast measures the intensity difference between a pixel and its neighbor over

the entire image using equation 1.
N-1
z pij(i = )2 e (1)
ij=0

In this contrast equation, the term i — j is referred to as the weight. Fori = j, (i —j) =0,
meaning the cell is on the diagonal. These diagonal values represent pixels similar to their
neighbors with a weight of 0. For i — j = 1, means small contrast with a weight of 1. i —j = 2,
means increasing contrast with a weight of 4, and increases exponentially as i — j gets

larger. Higher values indicate more variation in intensity, often meaning a rougher or more

textured surfaces.

Dissimilarity — The dissimilarity feature is similar to contrast but gives a slightly different

emphasis on the degree of variation between neighboring pixels using equation 2.
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N-1
i,j=0

In this equation, the term i-j is the dissimilarity weight. Fori = j, i-j = 0; i —j = 1,i —
Jj = 2, etc, gives the respective weights of the cell locations and increases linearly away from

the diagonal cells. Higher dissimilarity values also suggest a more heterogeneous texture:.

Homogeneity — The homogeneity feature evaluates the closeness of the distribution of elements

in the GLCM to the diagonal using equation 3.

N-1
Dij

ij=0

In this homogeneity equation, the term is the weight. Higher homogeneity means that

_t
A+@i-N?)
similar intensity levels are closer together, indicating a smoother or more uniform texture:. The

homogeneity weights decrease exponentially away from the diagonal.

Energy — The energy feature represents the sum of squared elements in the GLCM, often seen as

a measure of image uniformity using equation 4.

N-1
z Dij)? o (4)
ij=0
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Higher energy value indicates more uniform textures with less variability:.

Entropy — The entropy feature measures the randomness or complexity in the image texture

using equation 5.

z pii(—Lnpy) om . (5)
ij=0

In equation 35, since Ln (0) is undefined, we assume 0 * Ln 0 = 0. p; ;is a probability so 0 <
pi,j < 1, hence Ln p; j, is either 0 or negative. Higher entropy values mean more disorder or

complexity, often found in highly textured or chaotic regions:.

Correlation (r) — The correlation feature looks at the linear dependency between pixel

intensities at specific positions relative to each other using equation 6.

z(l ul)(l ﬂ]) o (6)

In equation 6, y; is the mean reference, y; is the mean neighbor, o; is the standard deviation
reference, oj is the standard deviation neighbor, and r is the correlation. These quantities are

calculated using equations 7 — 10.

= z J*pij e (8)
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N-1
o2 = z pij(i= )2 . (9)
ij=0

N-1
o? = z ;G — )% ... (10)
ij=0

Higher correlation values suggest pixel intensities are more predictable and aligned, indicating a
structured or patterned textures. Since the correlation calculation is quite different from the other
texture measures, it gives different information and can thus be used in combination with another

texture measure.

Although MSCs have great potential, there is still work that needs to be done to advance
clinical trials. Using a combination of DPC imaging, GLCM methods, and the current gold
standard of measuring osteogenic differentiation, it may be possible to determine or tell the
quality of MSC differentiation potential earlier and also help bridge the gap between information
among analysis methods. Alkaline Phosphate (ALP) activity assays are typically used to look at
early-stage differentiation occurrence, Alizarin red staining usually is limited to late-stage
differentiation as well as being a quantitative approximation. In the ideal scenario imaging can
help support data from both these assays as well as being used with machine to determine day of
differentiation of the cell early stages.

Due to the lack of a reliable non-destructive and inexpensive standard, this limits the
ability to assess osteogenic differentiation potential earlier on. This work uses phase microscopy

techniques to assess potency assays correlated with osteogenic differentiation outcomes in five
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cell lines. Success implementation of this method can significantly reduce the time, money, and

resources needed to identify viable donor cell lines.

1.7. ALP activity and Alizarin Red assay

Two commonly used osteogenic markers that used in MSC work are the alkaline
phosphatase (ALP) activity and calcium deposition. In this work, in order to evaluate the
osteogenic differentiation, ALP activity and Alizarin Red staining were used. ALP captures
early-stage commitment during the osteogenic differentiation process, while Alizarin reflects
later mineral deposition. Both assays are widely used to measure differentiation progress and
were therefore included to cover the full differentiation timeline. One assay or both may be

helpful when choosing an endpoint assay to compare with phase features.
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2.1. Cell culture

CHAPTER 2:

EXPERIMENTAL DESIGN AND METHODS

The human cells used in this project were obtained from Rooster-Bio Inc. with product

names RoosterVial™-hBM-10M (part number MSC-001) and RoosterVialTM-hBM-1M-XF

(part number MSC-031). All the cells were stored in liquid nitrogen (LN>). The specifications of

these products, from four different hBM donors, are listed in Table 3.

Table 3: Specifications of cells used in this experiment.

RoosterVial™ | RoosterVial™ | RoosterVial™ | RoosterVial™ | RoosterVial™
-hBM-10M -hBM-10M -hBM-10M -hBM-1M-XF | -hBM-
(RB175) (RB177) (RB183) (RB277) (RB071)
Tissue Origin | Human bone Human bone Human bone Human bone Human bone
marrow marrow marrow marrow marrow
Donor Age 25 22 26 29 20
Donor Sex Male Male Female Male Female
Population 8.8 8.2 8.9 Not available | 8.9
Doubling
Level
Date of 01.26.2017 02.01.2017 02.06.2017 01.30.2020 08.18.2017
Manufacture
Date of 01.26.2019 02.01.2019 02.06.2019 01.30.2024 Not available
Expiration

Cells were collected from the liquid nitrogen tank and cultured in a T-175 flask for 3-4

days. Cells were cultured under standard conditions of 37°C and 5% CO,. After the 3-4 days

period, the cells were then seeded at a density of 10,000 cells/cm? with MEM-a medium in four
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separate 24 well plates (microplates). Each of the four 24-well plate was assigned a day name,
based on the day the cells are intended to be harvested. The assigned day names were Day 7
plate, Day 14 plate, Day 21 plate and day 28 plate respectively as shown in table 4. In these
labeling, microplates set 1 are designated for cells to be analyzed on Day 7, microplates set 2 are
designed for the cells to be analyzed on day 14, and so on. The four 24-well plates translated to

96 individual wells.

Table 4: Labeling of the four 24 well plates (Microplates)

Microplates set 1 Microplates set 2 Microplates set 3 Microplates set 4

Day 7 analysis plate | Day 14 analysis plate | Day 21 analysis plate | Day 28 analysis plate

After cells grew to confluence 1-2 days, the MEM a medium was changed to homemade OIM.

The preparation of the OIM was done using this formula below

10mMoles * 216.04g * 1mole
1L 1mole 1000 milimoles

a. desired amount of OIM (mL) 250 *
1L
1000mL

= amount (g) = .540 grams

The desired amount of B-glycerophosphate was calculated based on the final volume of OIM
needed (e.g., 250 mL requires 0.540 grams). After the addition of the media to a 250mL
container, 40mL of this media was used to dissolve the B-glycerophosphate in a separate
conical tube and then put into a water bath. Dexamethasone from a .01M stock solution was

added to the remaining OIM at a rate of 1 pL per 30 mL of OIM (e.g., 2.5 pL for 250 mL).
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,Sequestered 40 mL media was used to dissolve the B-glycerophosphate in a water bath.
Dexamethasone was then added from a 0.01 M stock solution at a rate of 1 pL per 30 mL of
OIM (e.g., 2.5 pL for 250 mL). L-ascorbic acid was then added at 1 uL per mL of total media (e.g.,
250 pL for 250 mL OIM). The conical tube with the now dissolved B-glycerophosphate from the

water bath was gently added to the media with the previously mentioned ratios.

The OIM was changed every 1-2 days for the 24 well plates throughout the experiment

period. The cells were counted using the BIO RAD, TC20 Automated Cell Counter.

2.2. Image Collection

A Differential Phase Contrast (DPC) microscope was used to collect cell images. First,
the cell samples were carefully prepared on a slide. To achieve high-quality image results, the
DPC optics were set up for maximum focus. The exposure time was 400-ms and the objective
lens at 10x. The illumination source was then aligned and with the DPC set to automated mode,
multiple individual images were captured at four different illumination angles for each well. The
imaging process, at the four different illumination angles, was used to complete half of the 24-
well plates. These multiple individual images were then stitched together using Fiji software (an
open-source image analysis tool) to create a montage to offer better lateral resolution. The
stitching of the individual images was done for every well with the exception of the first and last
columns (Columns 1 and 6) of wells due to microscope limitations.

The DPC microscope was used to obtain a more detailed view of the cell features and

components, that was difficult to observe using the brightfield microscope. Additionally, the
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DPC was effective at visualizing the transparent and colorless specimens, able to enhance the
contrast of the boundary between cellular membranes to produce high-contrast images and

produced a greater depth of field.

OIM OIM

2.3. Alizarin Red staining and quantification

After the differentiation period for the various timepoints, MSCs were washed twice with
phosphate-buffered saline (PBS) to remove residual media. MSCs were then fixed with 4%
paraformaldehyde for 15 minutes at room temperature and washed again with PBS. Alizarin red
stain was made and used in each of the wells that were used for imaging. MSCs were incubated
with a 2% alizarin red S solution (pH 4.2) for 25-30 minutes at room temperature, with gentle
rocking. Wells were then imaged using a brightfield microscope camera at 7-9 different
locations. The brightfield microscope camera (Hongxiangs, Zeiss Axio Vert. A1l MET
Brightfield) was used to capture images of the cells. These images were collected and quantified
using a custom code to calculate the number of red pixels in an image. The Alizarin red is an

anthraquinone derivative, binds to calcium ions, forming a bright red complex.

2.4. ALP Activity Assay
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Alkaline Phosphate (ALP) activity was assessed after the various time points Day 7, Day
14, Day 21 and Day 28 for the MSCs used. The MSCs were rinsed using PBS, pealed up into a
conical tube and lysed using a Dounce homogenizer. The lysates were then centrifuged at 13,000
x g for 15 minutes at 4°C, and supernatants were collected for the ALP assay. An ALP activity
kit (calorimetric assay) was used and in accordance to measure the total protein content. The
colorimetric assays detected the enzyme's activity by measuring the hydrolysis of a phosphate
substrate, p-nitrophenyl phosphate (pNPP), which releases a yellow product. Incubating MSC
lysates with p-nitrophenyl phosphate (pNPP) substrate. The reaction was stopped using stopping
solution provided, and the absorbance was measured at 405 nm using the microplate
(SpectraMaxiD5) reader in the lab building. Two of the wells used for imaging from the 24 well
plate were put in the 96-well plate as a triplicate. A standard was used from the ALP activity kit

to calculate the ALP using the absorbance.

2.5. GLCM evaluation

The feature extraction from the images was done using a GLCM quantification code to
break down the features into Contrast, Dissimilarity, Energy, Correlation and Homogeneity in
accordance with equations 1 through 10 from sections 1.5. Spliced images were used to create
the montage for the original images from the Differential Phase contrast microscope. The next
section shows the results of (i) Differentiation of MSCs using gold standard of Alizarin Red
Staining and ALP Activity Assays, (ii) ALP vs. percent differentiated images, (iii) Differential
phase contrast images, and (iv) GLCM figures. The GLCM was used to analyze the texture of

our cell images by examining the spatial relationships between pixels. The GLCM allowed us to
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identify featured like cell morphology, nuclear texture, and presence of certain cellular

components.

2.6. Statistical Method

In this work, we hypothesize that morphological changes that occur in the MSCs during
their differentiation process can be monitored and assessed through phase microscopy
techniques. To validate our hypothesis, we plan to use p-statistics. Specifically, p-values of
regression lines generated from experimental data would be used to measure the probability of
obtaining the observed results. The p-values are a measure of the probability of seeing the
observed difference. The visual short-hand to indicate the level of significance associated with p-
value were adopted for interpreting the likelihood that the observed difference is genuine if the

null hypothesis is true.

Table 5: p-value interpretations.

p-value interpretation
p=<0.05* Significant

p<0.01 ** Very significant

p <0.001 **x* Highly significant

p <0.0001 #¥** Extremely significant
p>0.05NS Not significant
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CHAPTER 3:

RESULTS

3.1 Differentiation of MSCs using of Alizarin Red Staining and ALP Activity Assays

3.1. Alizarin Red Staining

Figure 3.1.1 shows the brightfield representative images for the MSC donors RB183,
RB71, RB175, RB177, and RB277 (as referred in table 3) from left to right at Day, 7, Day 14,
Day 21, and Day 28. About 7-9 images were taken per well and the representative images of the

time points for their respective donors can be observed below.

Figure 3.1.1: Comparison of the Alizarin red staining over 28 days for the five cell lines (RB183,

RB71, RB175, RB177, and RB277).
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The intensity of red increases as the cells differentiates over time corresponding to level
of mineralization. Figures 3.1.2 shows the Alizarin red trend lines for RB175, RB177, RB183,
RB277, and RB71. For Figure 3.1.2, the red staining accumulation over time was captured using
the red pixel count across days 7, 14, 21, and 28 for each cell line. The red staining correlates to

the amount of calcium deposits left by the cells.

1e6 Alizarin Red Trends with Error Bars (Days 7-28)
Cell Line
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Figure 3.1.2: Alizarin Red Trends for all five cell lines from day 7 through day 28.

To dynamically measure and analyze the differentiation of each cell line across the days,
the AUC) of Figure 3.1.2 was calculated to generate figure 3.1.3. Figure 3.1.3 shows a bar graph

of the corresponding area under the curve (AUC) for each of the cell lines.
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Figure 3.1.3: Area under the curve (AUC) for RB71, RB175, RB177, RB277, and RB183 from

day 7 through day 28.

Another assay that was used was the ALP activity assay to help decide which method
would be best to use as an endpoint assay. The ALP activity method is a common early detection
test of osteogenic differentiation. Below we show our ALP activity results across the four time

points.
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3.2 ALP Activity for all cell lines across days 7, 14. 21, and 28

ALP Activity ﬁgross Days gﬁ\*{yith Significance)

Cell Lines
183
. 71
mm 175
. 177
. 277

ALP Activity Value

Day 7 Day 14 Day 21 Day 28
Days

Figure 3.2.1: ALP Activity for cell lines for RB183, RB71, RB175, RB177, and RB277 across

Days

The ALP was measured using the hydrolysis of a phosphate substrate, p-nitrophenyl
phosphate (pNPP), which releases a yellow product. The yellow product was compared to a
standard from a standard from the ALP activity kit. From our results, we noticed more ALP activity

detection in days 14 and day 21 across all cell lines than activity levels in days 7 and day 28.

Next phase microscopy was used to take half-well images of the cells at different time
points to examine the features of the cell lines. In particular, the differential phase contrast (DPC)

was adopted.
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3.3. Differential Phase Contrast Imaging over the differentiation process

Below are the half well images from the DPC microscope that were montaged together
using Fiji to offer better lateral resolution. The grayscale images of the donors (RB183, RB177,

RB277, RB71, and RB175) at the various time points are shown in figures 3.2.1, below

Figure 3.3.1: Normalized gray scale DPC images over 28 days for the MSC donors (RB183,

RB177, RB277, RB71, and RB175).

DPC images were taken for RB183, RB177, RB277, RB71, and RB175 cell lines over

28-day period. For ease of viewing, a larger representative image at day 7 as well as day 28 are

displayed in Figure 3.3.2 and Figure 3.3.3 for RB183. The aim here is to show the difference
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from early day differentiation compared to late day and how much material the cells secret over

time.

RB183 DAY 0

RB183 DAY 21

Figure 3.3.2: Grayscale images of RB183 on Day 7 vs Day 28. with a small zoomed in section of

the 24 well plate
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This image shows the progression of mineral deposits and extra cellular matrix from Day
7 to Day 28. This grayscale image is a representative image showing deposition as MSCs

differentiate.

RB183 DAY 0

Figure 3.3.3: RB183 Day 7 vs Day 28 shows the progression of mineral deposits and extra
cellular matrix from Day 7 to Day 28.
The images are the same as above however a look up table was applied to further show

the mineralization. This mineralization can be seen in red on the Day 28 image. To extract
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information from the phase images, we used the mean intensity over time across all cell lines.

The information extracted are displayed in the section 3.4.

3.4. Mean intensity across days for all cell lines

Figures 3.4.1 shows the mean intensity line over time with the biological replicates. Each

well for the biological replicates had 55 sub-images with their respective mean intensity values.

These intensity values were averaged to obtain the mean intensity per well per cell line per day.

Mean Intensity Changes Over Time (Non-Decreasing Replicates, Day 7-28, with Imputed Point for 277)

1.0f

0.8

0.6

Mean Intensity

0.4r1

0.21

Day 7 Day 14 Day 21 Day 28
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Figure 3.4.1: Biological replicates line graphs over time for the various cell lines across day 7,

14, 21, and 28.
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Mean Intensities of Cell Lines Across Days 7, 14, 21, 28 (Filtered Samples, With Significance)
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Figure 3.4.2: Mean Intensity bar graphs for RB175, RB177, RB183, RB277, and RB71 across
days 7, 14, 21, and 28.

This bar graphs are the average mean intensity for each cell line with their respective
biological replicates for various cell lines across Day 7, 14, 21, and 28. A p-test was done to
determine the statistical significance between days for each cell line.

To quantify the image features during osteogenic differentiation, we used the gray level
co-occurrence matrix (GLCM) to accomplish this task. Figure 3.5. below show the GLCM

results.

3.5 Gray-level co-occurrence matrix (GLCM)

Each of the 55 sub images (per half-well), described in the earlier section, had their own
GLCM values. Features involving the Contrast, Differentiation, Homogeneity, Dissimilarity and
Energy were collected. These characteristics were compared over a 28-day period for the various
donors (cell lines). A visualization of the sample spliced images of the montaged timepoints are

shown below with a clear increase in mineralization over a 28-day period.
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Day 28

RB183

Figure 3.5.1: A visualization of the sample spliced images of the montaged timepoints are shown
below with a clear increase in mineralization over a 28-day period.

In addition to the visualization of the sample spliced images, plots were taken for GLCM
features (homogeneity, correlation, contrast, energy, and dissimilarity) versus offset range 0 —32.
The figures 3.52 - 3.5.6 show GLCM features for RB183 cell line only over the 28-day period

(Day7, Day14, Day 21, and Day 28) for MSC.

Averaged Homogeneity for RB183 Across Days (Excluding Outliers)
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Figure 3.5.2: The averaged homogeneity for RB183 over 28 days shows a gradual decrease over

time.
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Averaged Correlation for RB183 Across Days (Excluding Outliers)
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Figure 3.5.3: The correlation of the image shows a quick decrease to steady state over 28 days

with no clear difference between the days.

. Averaged Contrast for RB183 Across Days (Excluding Outliers)
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Figure 3.5.4: The averaged contrast for RB183 over 28 days; the various time points differ with

Day 28 having the highest contrast and day 7 having the lowest initial contrast.
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Averaged Energy for RB177 Across Days (Excluding Outliers)
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Figure 3.5.5: The averaged energy for RB183 over 28 days; donor at day 7 is highest with a

steady decline to day 28 days of differentiation.

Averaged Dissimilarity for RB177 Across Days (Excluding Outliers)
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Figure 3.5.6: The averaged dissimilarity for RB183 over 28 days; differentiation is highest

around day 28 and lowest around day 7 for the donor.
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Similar GLCM analysis was done separately for the remaining 4 cell lines (RB175,
RB177, RB277, and RB71). To better visualize the GLCM data generated, a Uniform Manifold

Approximation and Projection (UMAP) space was used.

3.6. Visualization of GLCM features using UMAP space

A Uniform Manifold Approximation and Projection (UMAP) space was generated to
create a multivariate comparison across the days based on all the GLCM features above. It is a
non-linear dimensionality reduction technique. The UMAP was used to identify clusters and
trends between the features for the cell lines at each day. This was done for all cell lines donors
of MSCs. First the combined UMAP dimension reduction space was generated for all the cell
lines as shown in the left standalone image. Next, the map was filtered out for each individual

cell line to distinctly display the GLCM features described in the previous section.
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Figure 3.6.1: Combined UMAP dimensionality reduction filtered for all cell lines (RB175,

RB177, RB183, RB277, and RB71).

42



Energy Value
ADALS

D7

D14
D21
D28

UMAP Component 2
o

UMAP Component 2

UMAP Component 2

-20 0 20 -20 0 20
UMAP Component 1 UMAP Component 1 -20 0 20
UMAP Component 1

UMAP Component 2

20 Contra Dissimilarif

3 ‘Mean intensity
0| 89

N
S

0 20
UMAP Component 1

S

UMAP Component 2
UMAP Component 2
°

UMAP Component 2

|
-
°

|
H

Low High

Figure 3.6.2: Showing a UMAP visual representation of trendlines seen in the GLCM graphs in

the previous section for each of the GLCM features.

After using the UMAP to verify to GLCM features, we want to establish correlation

between phase imaging features and Alizarin red staining.

3.7. Phase as a measure of differentiation progress

The following figure shows the correlation of the average phase features and the alizarin
red. This was done with a random forest regression. The feature importance of what drives this
regression model is shown on the right of the graph. The forest regression line shows the
corresponding predicted mineral quantity versus actual day 28 Alizarin red for the different days.
he best fit line across all days and the R? value of 0.974. The data captured in these figures shows

the phase measure of the differentiation progress.
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Figure 3.7.1 Shows the correlation between the phase features as well as Alizarin red value for

each day for all cell lines.

3.8. Phase imaging to predict early detection differentiation potential

The next section shows the area under the curve (AUC) of the Alizarin red data curves

for the phase imaging to predict early detection differentiation potential for the various days. The

AUC was correlated to phase features of each individual cell line to see how strong the

predictive model was and how strong it would be during earlier days.

6.

(Day14)

5

5

4

- 4

207 R? = 0.90
o Coll Line or it Line
7S x
« WY *
x 918 x
5 w2 .

MmN
—y w087 + 621660116

0

5

0

35 4.0 a5 5.0
Actual cumulative mineralization (Day 14)

55

6.0
le7

Mean Intensity

Contrast Value

Energy Value

Homogeneity Value

Dissimilarity Value

Correlation Value

0.0 01 0.2 0.3 0.4 0.5
Feature Importance

Figure 3.8.1: Random Forest Regression and feature Importance driving the regression line for

Day 28 AUC (Day 7).
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Figure 3.8.2: Random Forest Regression and feature Importance driving the regression line for

Day 28 AUC (Day 14).
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Figure 3.8.3: Random Forest Regression and feature Importance driving the regression line for

Day 28 AUC (Day 21).
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Figure 3.8.5: 5-fold cross validation R? scores with significance between days

To evaluate the overall performance of our machine learning, a 5-fold validation test was

adopted. Figure 3.8.5 shows the performance results over the 28-day period.
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CHAPTER 4:
DISCUSSION
This work aims to address the lack of a non-destructive, scalable standard for assessing

the osteogenic potential of MSCs by using phase imaging and machine learning to predict
differentiation outcomes. Specifically, the goal is to quantify features from phase contrast images
and evaluate their relationship to endpoint assays like ALP activity and Alizarin Red staining.
This supports a broader need highlighted by the FDA to "demonstrate the relationship of potency
measurements to the product’s biologic activity," particularly in the context of developing

meaningful, predictive potency assays for MSC-based therapies®.

4.1. Alizarin red and ALP

Our Alizarin red results show that there are calcium deposits being a direct result of
osteogenic differentiation. The ALP activity assay spiked early by day 14 and decreased by day
21 and 28 suggesting the role is more aligned with early osteogenic differentiation. The decline
is consistent with literature results of ALP activity over a similar period. The ALP activity and
Alizarin red staining results in this work shows that using Alizarin red as an endpoint measure
was better for showing how far differentiation progressed by day 28. As such we used the
Alizarin red as the end point measure for this work. Our results are consistent with literature with
a steady increase in activity until around day 14 or 5 and a decrease at day 21 onwards. Similar

trends were observed in a study that looked at the effect of Bio-Conditioning of Titanium
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Implants for Enhancing Osteogenic Activity®® and another that reported the visualization of Src

and FAK Activity during the Differentiation Process from HMSCs to Osteoblast”!.
4.2. Mean intensity and cellular secretion

To quantify and track visual changes over time, specifically over the course of MSC
osteogenic differentiation we the mean intensities. As the MSCs differentiate, as during the
secretion of ECM and mineral build up, such changes show in differences in brightness. This
was one feature used with more complex feature extractions like the GLCM. A Python script that
used a code looped through each sub-image (55 per replicate), read them in grayscale, and
calculated the mean pixel intensity through the OpenCV libraries. This was done to consistently
extract intensity across all timepoints, cell lines, and replicates reflecting the average brightness
level across each tile. This process helps capture how much content or intracellular material
might be present and establish cellular secretions such as ECM extra cellular matrix over the

differentiation process.

4.3. GLCM Characterization

The GLCM results shows that the cell features changed over time the 28 day period
consistent with the mean intensity results. The GLCM characteristics in our results reflects the
various differentiation changes as the days progressed over time. The contrast and homogeneity

of the spliced images that made up the half well montage told an interesting story.

ECM secretion and pixel values are directly related. As cells secrete ECM there will be
much more differences in pixel values as well as an increase in the refractive index. This

translates into higher texture variations that we see in our results; higher contrast values for our
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images as the days progressed with highest contrast on day 28. As the day of differentiation

increased the contrast increased.

The homogeneity is a characteristic of the smoothness of the image. The lower the
homogeneity value, the rougher the image. If the image is rougher, this correlation to
mineralization from the MSCs. Our results show that mineralization progressively increases from

day 7 to day 28 (highest level of mineralization) making the image “rougher” as a result.

Energy measures the textural uniformity of the images and so as the differentiation
process proceeded and mineral deposited, the uniformity of the images decreased. Our results
showed that the energy values decreased as the days progressed from day 7 through day 28, a
confirmation of mineral deposition with time with lowest energy value on day 28 compared day

7.

The dissimilarity results showed highest values at day 28 and lowest at day 7. The
dissimilarity is a measure of the difference's pixel intensity variation. The more the difference in
intensity and pixels, the higher the mineralization. Our dissimilarity results are consistent to what

is seen visually with the differentiation process and mineralization of the MSCs over time.

The correlation results are the same for all days (day 7 through day 28). Correlation is a
measure of the spatial distribution of materials on a surface; a higher correlation indicates a
regular or predictive spatial arrangement. There is no correlation between days shows that the
MSC differentiation process does not follow a uniform spatial distribution. This is expected as
the mineralization process does not follow a uniform spatial arrangement or patter across cell

lines and biological replicates.
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4.4, UMAP visualization correlated with GLCM

Because similar GLCM trends were observed for all the cell lines across days, a non-
linear dimensionality reduction technique (UMAP) was implemented to visualize the images.
This allows us to separate out the days to study the features. Our UMAP results showed that the
texture feature changed meaningfully over time, consistent with the trends features observed in
our GLCM data or graphs. The UMAP plots of GLCM texture features showed smooth
gradients across differentiation days, suggesting a temporal progression in image-based features.
This pattern reflects changes in cellular morphology and organization that are expected during
osteogenesis. Others have used UMAPs as a powerful tool for the visualization and interpretation

of single-cell and associated topographic biomarker development®.

4.5. Random Forest regression and Machine Learning

Using a random forest regression, we establish a non-destructive standard for osteogenic
differentiation to correlate phase imaging and raw alizarin red mineral quantity. Our regression
model results for all the days showed a strong correlation between the phase features at the
various day for all cell lines and the overall mineral quantity. Other studies have also used the
random regression model to help establish or quantify changes in cell during early MSC
differentiation®’. Also, our results are consistent with studies where a machine learning approach
was used in morphological profiling Marklein et. al.®® and identify cellular and media

metabolites, which are predictive of MSC potency®.
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Our results then raise the question of how early differentiation can be predicted using
phase imaging and our end point assay. To do this, we used a machine learning regression model
trained on phase features to predict cumulative mineralization response across donors, by
training it using the phase features for each day as the input and AUC (cumulative
mineralization) for each donor as the target. The results for day 7, day 14, day 21 and day 28
showed that the regression model well predicted the actual cumulated mineralization for each
donor with an R? value ranging from 0.90 to 0.94. These results compare well with other studies
that have used artificial intelligence (Al) and other predictive models to measure early onset of

osteogenic differentiation in hBMSCs#-87,

4.6. Model validation

The 5-fold validation test we used was to evaluate the overall performance of our
machine learning model. The validation test was trained to test 80% of our data (five times) and
using the outcome to test on the reaming 20% data. Our 5-fold validation test results showed that
the day 14 regression had the best overall performance with an R? value of 0.631. The Day 7 and
Day 21 regressions had moderately strong predictive performance with R? values of 0.568 and
0.550 respectively. The day 28 regression showed the lowest R? value of 0.489. This means that
the regression model did well to predict the final differential for all cell lines. Based on these
results, early prediction can be achieved by day 7 or possibly earlier. Our results are consistent
with a study conducted by Shi et al., where they trained a convolutional neural networks (CCNs)
to successfully distinguished differentiated cells at a very early stage and quantitatively measure

the osteogenic differentiation of MSCs. In another study, Matsuoka et al.® used a non-invasive
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predictive model that only used cellular morphology features to predict early osteogenic

differentiation by day 7.
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CHAPTER 5:

CONCLUSTION

The lack of a reliable non-destructive and inexpensive standard limits the ability to assess
early osteogenic differentiation potential. This work used phase microscopy techniques to assess
potency assays correlated with osteogenic differentiation outcomes in five cell lines. The
successful implementation of this method can significantly reduce the time, money, and

resources needed to early identify viable donor cell lines.

Phase microscopy (DPC) was used to successfully demonstrate osteogenic progressive
differentiation in five cell lines. The DPC results were confirmed using GLCM homogeneity,
contrast, energy, dissimilarity, and correlation features. Furthermore, UMAP visually validated
the trends that were observed in the GLCM graphs confirming the mineralization process during

the differentiation phases across cell lines.

Finally, we successfully used the random forest models for day 7, 14, 21, and 28 to
correlate early phase features to predict the final differentiation potential of each donor. A 5-fold
validation test, trained to assess the performance of our model confirmed a strong predictive
ability of the model and predicting that early phase features at day 7 can be used to predict the

final differentiation potential.
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In summary the work has laid a framework and has great potential in the future of MSC
differentiation prediction. This work through phase imaging and texture analysis can hopefully
speed up the process in determining MSC quality and differentiation potential in a clinical

setting.
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