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ABSTRACT
ARIEL JOY LIPAT
PREDICTIVE ANALYSIS OF THE IMMUNOSUPPRESSIVE FUNCTIONALITY OF
HUMAN BONE MARROW DERIVED MESENCHYMAL STEM CELLS AS CELLULAR
THERAPEUTICS
Under the direction of: RAGHAVAN CHINNADURAI, PhD
Human Mesenchymal Stem/Stromal Cells (MSCs) of bone marrow carry immunomodulatory
and regenerative properties and are being tested as a cellular therapy for inflammatory and
degenerative disorders. They are involved with the paracrine secretion of anti-inflammatory
cytokines and chemokines and the promotion of anti-inflammation in tissue microenvironments
by dampening inflammatory T-cells. However, the mechanism of action of MSCs on T-cells has
yet to be understood. Here we aim to identify the pattern of chemokine secretion in human bone
marrow MSCs and their regulation and functions on T-cell responses and immune suppression.
MSCs were derived from healthy human bone marrow aspirates. MSC secretome was collected
systematically under defined cell densities and subjected to multiplex secretome analysis with or
without exogenous stimulation to identify inherently secreted MSC chemokines. MSC derived
chemokines’ immunosuppressive role on T-cells was further determined with a PBMC and MSC
coculture and siRNA chemokine transfection strategies. MSC secretome was further tested on
human peripheral blood mononuclear cells (PBMCs) derived from blood and early
phosphorylation of signaling molecules in T-cells were specifically analyzed utilizing
PhosflowTM technology in flow cytometry. Of thirty tested chemokines nine (CXCL16, CCL2,
CXCL6, CCL7, CXCL1, CCL13, CCL5 CXCL2 and CCL1) are secreted inherently by MSCs
suggesting that MSC potency and immunosuppressive potential can be determined by the
ix

presence of these chemokines. In addition, MSC mediated blocking of T cell proliferation
predominantly inversely correlates with chemokines. Knockdown of chemokines have
demonstrated that MSC sourced inherent chemokines do not actively play a role in T cell
suppression and thus are the bystander predictors of T cell suppression. The present analysis of
MSC’s matrix chemokine responses can be deployed in the advanced potency determination of
MSCs. As well, little difference was seen between chemokine levels from intestinal organoid
secretome samples from IBD and non-IBD cultures. Seven signaling molecules [PLCγ1, PLCγ2,
PKCα, JNK, P38 MAPK, Erk ½, pAkt (pS473)] were analyzed for phosphorylation events in Tcells when stimulated with MSC secretome. Our results provided evidence that MSC derived
chemokines and secretome predicts T-cell suppression. These mechanistic understandings will
help us to improve MSC based cellular therapy.

x

CHAPTER 1
INTRODUCTION

Cellular therapy is a therapy that involves the use of a cellular based biological product,
usually stem cells, in the treatment of diseases. Its main goal is to infuse healthy cells from an
autologous or allogenic source into a patient to promote restorative and regenerative properties
and restore immune and homeostatic balance that is affected in disease. The clear benefit of
cellular therapy is the restorative aspect of its function and the ability for it to enhance the body’s
immune response. Some reviews have noted that progression in immunobiology and genetic
engineering/gene editing has created a platform and better applicability for the advancement of
immune cell therapies to evolve in terms of cancers, infectious disease, and autoimmunity (Moll
2020). Practical application of cell therapy does not come without its disadvantages. There are
still efforts that need to be addressed in the efficacy and variability in different cellular
therapeutics. Therefore, cellular therapy has been the subject of research for many conditions,
and its potential as a cell treatment makes it a popular source material for preclinical and clinical
studies. Common therapies include but are not limited to hematopoietic stem cell transplants,
immune cell therapies like CAR T-cell therapy, and Mesenchymal Stem Cell (MSC) therapy.
Mesenchymal Stem Cells and Their Relevance to Cellular Therapy
Human mesenchymal stem/stromal cells (MSCs) are multipotent stem cells which can
trans-differentiate into various connective tissues and can be derived from the bone marrow,
umbilical cord, and adipose tissue (Figure. 1). They are characterized by the expression of
surface markers CD105, CD90, and C75 and are involved in the renewal of bone, cartilage, and
fat tissue and carry regenerative and immunomodulatory properties. Specifically, regarding
1

immune modulation, they are known to decrease T-cell proliferation and increase T-cell
apoptosis. Endogenously, MSCs maintain the bone marrows’ homeostatic environment and carry
multiple immunomodulatory features which can suppress and promote immune responses. These
features involve the paracrine secretion of anti-inflammatory cytokines, the production of
immune receptors that promote angiogenesis, the prevention of apoptosis, the suppression of
inflammation, and the modulation of extracellular matrix dynamics. They serve to improve the
host tissues’ microenvironments. This makes MSCs a popular subject as cellular therapeutics in
inflammatory autoimmune and degenerative disorders. They are continually being used in
different research apparatuses and much is still to be known about their interactions with
different body systems, specifically, their potential as a therapy for inflammatory diseases.
Figure 1. Mesenchymal Stem Cells under Light Microscopy

1. Classical representation of Mesenchymal Stem Cells (MSCs) as seen under light microscopy at 40x
magnification. Original Image. Printed in color
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MSCs as the Cell Therapy Candidate for Inflammatory Bowel Disease
Inflammatory bowel disease (IBD) includes autoimmune conditions such as Crohn’s disease and
ulcerative colitis. These conditions refer to the chronic inflammation of the intestine caused by
the host’s own immune system. In the US alone, it was reported that approximately three million
people are diagnosed with some form of IBD and suffer from chronic pain. This condition affects
multiple demographics from all walks of life. Long-term effects can include but are not limited
to ulcer and fistula formation, bowel obstructions, malnutrition, chronic abdominal pain, and
potentially cancer. Typical treatments include prescription anti-inflammatory drugs and immune
suppressants. A new cellular therapy in recent years has been used for IBD treatment. The drug
Alofisel is an allogeneic stem cell therapy that has been approved in the EU and is currently
under review by the FDA for the treatment of complex perianal fistulas in patients with Crohn’s
Disease. Its development involves the use of expanded adipose driven stem cells (eASCs) to
decrease the production of inflammatory cytokines and reduce the proliferation and activation of
lymphocytes (Herreros 2019). Bone marrow MSCs are equivalent to eASCs in function and
share many of the same properties, but little is known about the interactions between MSCs and
their anti-inflammatory capabilities in IBD. These insights bring significance in our own
experiments for the usage of MSCs as cellular therapy.
Significance of Informing Potency Analysis of MSCs as Cellular Therapeutics
The investigation of MSCs as a regenerative medicine because of its known
immunosuppressive, immunomodulatory, as well as regenerative potential has garnered results in
the realm of pharmaceuticals (Moll 2020, Cuende et al. 2018). Presently, they have been
approved as therapies for different conditions. MSCs are an approved treatment of steroid
resistant Graft vs Host disease in Japan and for Crohn’s associated perianal fistula in both
Europe and Japan (Kabat et al. 2020, Robb et al. 2019). There is recorded clinical benefit for
3

MSC based therapeutics and evidence of safe MSC infusion (Lalu et al. 2012), but there is
concern in achieving consistent results/efficacy in advanced clinical trials (Martin et al. 2019,
Galipeau 2018). These variabilities are due to the differences between donor, dosing, disease
severity, route of infusion and differences in cell manufacturing procedures (Galipeau et al.
2021). Cell manufacturing procedures do evaluate sterility, viability, and identity of MSCs to
determine release criteria as living cellular pharmaceuticals (Robb et al. 2012, Radrizzani et al.
2016). Of these, sterility and viability are assured with standard monitoring and assessment
technologies. Minimal criteria to define bone marrow derived MSC identity includes the
following, (1) Plastic adherence and expansion, (2) trilineage (adipocyte, osteocyte and
chondrocyte) differentiation potential, (3) combination of positive (CD105, CD73, CD90) and
negative (CD45, CD34, CD14, CD11b, CD79a, CD19, HL-DR) cell surface marker expression
(Dominici et al. 2006). Additionally, advanced phase clinical trials require potency analysis of
MSCs as a component of release criteria beyond sterility, viability and identity assessments
(Mendicino et al. 2014, Hematti 2016). However, development of potency assays has been
challenging due to many factors including the fact that MSC’s mechanism of action in vivo in
patients yet to be understood (Krampera 2021). Potency analysis as a universal release criterion
is complicated since cell manufacturing technologies differ from center to center due to the
variations in tissue source, expansion and handling protocols which alter MSCs’ critical quality
attributes (de Wolf 2017) Although several studies have evaluated MSCs’ characteristics as a
surrogate measure of potency that reflect their putative mechanism of action in vivo, further
advanced potency testing strategies are required (Klinker et al. 2017, Maughon et al. 2022,
Boregowda et al. 2016, Sherman et al. 2017, Killer et al 2017, Murgia et al. 2016, Marklein et al.
2016, Bowles et al. 2020).
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Although we are using MSCs as therapy and understand their beneficial properties, still
we need to identify the surrogate measures of potency/functionality of MSCs that predict clinical
benefit. Mechanisms of MSC mediated immunomodulation and tissue regeneration have yet to
be well defined, and to add, potency assays focusing on single molecule/pathway of MSCs may
not adequately represent their functionality since MSCs possess a myriad of regenerative and
immunomodulatory properties which may have synergistic and overlapping functions in vivo.
MSC Derived Chemokines and their Signatures in Immunomodulation
It is currently believed that chemokines secreted from MSCs play a major role in
immunomodulation and tissue regeneration (Galipeau et al. 2021). Chemokines are classically
known as chemotactic cytokine molecules secreted by immune cells that act as ligands to
immune receptors. Chemokines also serve as chemoattractants that recruit effector cells from
circulation to sites of infection and affected tissues. There are approximately fifty chemokine
proteins, and they are segregated into four distinct groups based on the placement of their
cysteine residues at the N-terminus of their amino acid sequence: XC, CC, CXC, and CX3C.
Many bind the same specific chemokine receptors and are involved in various signaling cascades
that aid in the development and migration of immune cells and multiple chemokines influence
the signaling of multiple overlapping pathways. Cells in the peripheral blood such as:
monocytes, neutrophils, innate lymphoid cells, mast cells, eosinophils and basophils make up the
cells that are involved in these signaling cascades. Chemokines have recently been noted to serve
as a homing mechanism for stem cells and have been implemented in accelerated wound healing
by increasing MSC migration to affected tissues. MSCs secrete chemokines involved in innate
immune cell signaling, but not much research has been done in MSC effects in adaptive immune
cell activation and their potential immunomodulatory functions. Chemokines are important in
5

multiple signaling pathways. These pathways influence the activation and migration of various
immune cells. By identifying the chemokines secreted by MSCs by use of MSC isolation, xMAP
Luminex multiplex assay, quantitative real time polymerase chain reaction, and flow cytometry,
we can understand better the chemokinome that MSCs secrete and have better knowledge of
potency/functionality of MSCs as predictors of treatment responses.

The limitation of single molecule pathway potency assays not adequately representing the
breadth of MSC secretome is addressed with an “assay matrix” strategy where the collection of
MSC’s quality attributes are cumulatively evaluated to define its potency (Galipeau et al. 2016).
These assay matrix analytical systems can include flow cytometric evaluation of functional
molecules, quantification of an array of molecular transcripts relevant to functional proteins, and
secretome evaluation of bioactive molecules (Galipeau et al. 2016). An example is the
evaluation of CXCL5, IL-8, VEGF secretion by MSCs in conjunction with an angiogenic assay
which defines the matrix potency of MSCs (Lehman et al 2012). Our own recent work has also
demonstrated the potency of MSCs through an assay matrix analysis by evaluating the secretome
of MSCs’ interaction with Peripheral blood mononuclear cells (PBMCs) in combination with the
evaluation of an array of MSCs’ molecular transcript responses to exogenous cues (Chinnadurai
et al. 2018). In another assay matrix approach, we have evaluated an array of phosphorylation
status of MSCs upon interaction with the secretome of activated PBMCs which defined the
potency of MSCs (Chinnadurai et al. 2019). These studies collectively provide insights that assay
matrix analysis of MSCs can be deployed to define the potency of MSCs, however, further
characterization of MSCs’ attributes utilizing this strategy is needed to inform advanced potency
analysis

6

MSC Induced Early Signal Transduction on T-cells
Early cell signaling plays a fundamental role in the progression of signal transduction
cascades that maintain regular cell function. These functions include but are not limited to cell
adhesion, chemotaxis, cell division and apoptosis. At the base level, cell signaling serves as a
way for cells to communicate, and from an immunomodulatory standpoint it serves to activate
different immune responses from immune cell populations. Cellular signaling classically is
mediated by protein phosphorylation through kinases and phosphatases which serves to regulate
cell functions such as protein synthesis, cell division, cell growth and development, and signal
transduction by phosphorylating and dephosphorylating proteins (Ardito et al. 2017).
Understanding MSC secretomes’ role in the phosphorylation events of early cell signaling
proteins will give insight to MSCs’ specific working therapeutic mechanism. MSCs therapeutic
immunomodulatory function is noted to be accredited to primary signaling through their
secretome, consisting of a multitude of cytokines, chemokines, growth factors, and subcellular
vesicles called exosomes (Figure 2) (Moll et al. 2020). For this study, we will focus on the
secretome of MSCs and its effects on immune cell populations, specifically T-cells and the
phosphorylation status of seven early signaling molecules: PLCγ1, PLCγ2, PKCα, JNK, P38
MAPK, Erk ½, and Akt. Interest in T-cells is due to their involvement in the inflammatory
mechanism of IBD and the seven signaling proteins listed were chosen because for their known
classical functions in protein synthesis, cell division, and apoptosis.
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Figure 2. MSC Derived Exosomes as seen with Electron Microscopy

2. MSC derived exosomes are highlighted by the red arrows above. These are small lipid-based vesicles that are
secreted by MSCs. The vesicles carry chemokines and cytokines. MSC derived exosomes, currently in the literature,
being investigated for immunomodulatory functions and possible therapeutic effects. Exosome samples were
processed and donated to us by collaborators at the University of Wisconsin. Samples were stained with a heavy
metal on a copper grid and photographed using Transmission Electron Microscopy. Original Image. Printed in
color.

Goals and Aims
Our focus concentrated on whether we can develop a surrogate measure of the
potency/functionality of MSCs. More specifically, how do effector molecules of MSCs predict
immune suppression? There is limited knowledge on MSCs as predictors of treatment responses.
To investigate this, we developed 30 plex chemokine panel utilizing multiplex secretome
technology (Figure 3). With this technology we took MSC secretome, with and without
exogenous stimulations and identified chemokines that could predict the innate fitness and
breadth of bone marrow MSCs. This procedure was additionally done with both adipose derived
and umbilical cord derived MSCs to investigate a consensus of chemokine secretion between
bone marrow and visceral MSCs. In addition, supernatants from non-IBD and IBD intestinal
organoids were subjected to the same analysis so as to map out chemokinome of intestinal
samples before investigating MSC and intestinal organoid interactions.
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Figure 3. 30 plex Chemokine Panel Developed for Mutiplex Secretome Analysis

3. The selection of chemokines for multiplex secretome analysis to understand innate breadth and strength of
chemokines secreted by MSCs. Thirty of the known fifty chemokines were chosen as subjects to this analysis.
Original Image

We also aim to identify which pathways are turned on in responding CD3+ immune
populations upon interaction with MSCs utilizing phosflow technology and flow cytometry. We
investigate the early signals that MSCs illicit on immune responders and observe the
phosphorylation events instigated on early signaling molecules on CD3+ immune populations
(Figure 4). PhosflowTM analysis gives us an advantage because data subsets can be shown and
analyzed in real time, and specific populations can be gated for specifically amidst a
heterogenous immune cell population (Figure 5).

Another aim includes the standardization of a protocol for organoid growth and culture.
Organoids or Patient-derived organoids (PDOs) grown from ileal mucosal biopsies are threedimensional structures grown in cell culture that are derived from multipotent epithelial stem
cells residing at the base of intestinal crypts. They retain many of the same features and functions
of the intestinal crypts/epithelium, such as supporting self-renewal, self-organization, barrier
function, and differentiation into epithelial cell subtypes. Essentially, it is culturing a human
organ in the petri dish. Hence, they provide major advantages compared with epithelial tumor
cell lines, primary biopsies, or even animal models.
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Figure 4. General, simplified schematic of PhosflowTM procedures.

4. MSC secretome was collected from culture to garner MSC Conditioned Media. PBMCs were subjected to MSC
conditioned media stimulation and went through a set of sequential steps that include fixing of the cells,
permeabilization, multiple washes, and a staining procedure to look at the phosphorylation status of signaling
molecules. Original Image. Printed in color.
Figure 5. T-cell Specific Gating Strategy

5. An example of the gating strategy used with flow cytometry to select specifically for T-cell populations from
peripheral blood mononuclear cells. Forward scatter and side scatter separates for size and granularity. Possible
doublets were excluded by selecting for single cells. Specific antibody staining allowed us to select for CD3, an
associated protein near the TCR complex, and gate for T-cell populations. Original Image. Printed in color.
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CHAPTER 2
METHODOLOGY

Human Bone Marrow MSC Isolation and Culture
Human bone marrow aspirates were obtained in accordance with the to the Institutional
Review Board of Memorial Health Medical Center, Savannah and University of WisconsinMadison. Bone marrow aspirates were subjected to Ficoll density gradient to enrich mononuclear
cells (MNCs). MNCs were plated at a density of 200,000-300,000 cells/cm2 in 1X alphaMinimal Essential Medium containing 10% human platelet lysate and 100 IU/ml
penicillin/streptomycin/Amphotericin B. Three days post culture, non-adherent cells were
removed and replenished with fresh medium. Subsequently cultures were maintained with media
change at every 48-72 hours until colonies are observed. Once colonies are established, cells
were trypsinized and reseeded at the density of 3000-5000 cells/cm2 in 1X alpha-Minimal
Essential Medium containing 5% human platelet lysate and 100 IU/ml
penicillin/streptomycin/Amphotericin B. MSCs were passaged regularly with the maximum
confluency of 70-80% and cells from the passages between 2 and 4 will be used for all the
assays. MSC identity was confirmed based on the marker expression as defined in our earlier
studies (CD45-CD105+CD44+CD90+CD73+) [35].
Collection of MSC Condition Media
MSCs were seeded in a 96-well format with appropriate densities and were left at 37
degrees C for 48 hours. Supernatants were then spun down and used directly for PBMC
stimulation or frozen at -80⁰C (Figure 4).
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PhosflowTM Analysis using Flow Cytometry
Flow cytometry is a tool that allows for the analysis of single cells in a solution. It makes
use of lasers for fluorescence and scatter signals to see specific cell populations. Culture
expanded PBMCs underwent PhosflowTM analysis using a stimulant of MSC condition
media/supernatant with chemokine proteins. Any phosphorylation events were ‘fixed’ with BD
cytofix buffer. Subsequent permeabilization by BD PhosflowTM Perm Buffer III will allowed for
specific fluorescently tagged antibodies to bind to the targeted phosphorylated proteins within
the cells. MSC condition media effects on T-cell activation were investigated with the use of
anti-antibody CD3 tagging. Flow cytometry data was analyzed with Flow Jo software.
PhosflowTM Analysis of phosphorylation events gave us key information about the initiation of
immune cell signaling, and more specifically activation of T-cells with human MSC condition
media stimulation (Figure 5).
Heat Inactivation of MSC Condition Media
Heat inactivation of MSC supernatant was used to understand the involvement of protein
related MSC secretome product in the instigation of phosphorylation events on early cell
signaling molecules in CD3+ populations. Heat inactivated media was compared to MSC
conditioned media from the same donor and same lot not subjected to heat inactivation.
MSCs were seeded in a 96 well format at high densities in 1X alpha-Minimal Essential
Medium containing 10% human platelet lysate or fetal calf serum and 100 IU/ml
penicillin/streptomycin/Amphotericin B. Supernatant was collected after 48 hours and subjected
to heat inactivation at 90⁰C in a heating block for 30 minutes. Heat inactivated media was used to
stimulate PBMC populations and then subjected to PhosflowTM analysis using flow cytometry.
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Determination of Cell Viability and Proliferation using MTT Assays
MTT assays serve as a colormetric assay that makes use of oxidoreductases to see cell
viability and metabolic activity. MTT, a yellow tetrazolium salt also known as 3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, is reduced to purple formazan crystals
by cellular oxidoreductases that are in metabolically active cells. With the addition of DMSO, a
solubilization solution, the purple crystals are solubilized to give a colored solution. The more
concentrated the color the more metabolically active and viable cells are. MTT assays were
performed in our experiments to measure metabolic activity of MSCs at different cell densities.
MSCs were seeded on to 96-well plates at desired densities. Cells were cultured with either
medium containing human platelet lysate or fetal calf serum. In some situations, cells were
stimulated with IFNγ and/or TNFα in appropriate concentrations (ng/ml). MTT assays were
performed on day 3 or day 4 post cultures. Supernatants were collected and cells were incubated
with Thiazolyl Blue Tetrazolium Bromide for 5 hours. After 5 hours, formazan crystals were
dissolved in DMSO and optical densities were measured at the wavelength of 560nm and
subtracted with the values from reference wavelength of 670nm.
MSC and PBMC coculture
MSCs were seeded on to 96-well plates with appropriate densities. Peripheral Blood
Mononuclear Cells (PBMCs) from random donor were added into each well with the final
concentration of 0.1X106 cells per well. 500 ng/ml staphylococcal enterotoxin B (SEB) (Toxin
Technology, Sarasota, FL) was used to stimulate the T cells in the PBMCs. Ki67 proliferation
assay was performed to measure T cell proliferation after 4 days. For Ki67 proliferation assay,
intracellular flow cytometry staining was performed with BD CytofixTM and CytopermTM
procedure with the antibodies CD3APCCy7 and Ki67 PE according to manufacturer instructions
13

(BD Biosciences, San Jose, CA). Samples were acquired in BD FACS Aria flow cytometer and
the results were analyzed in Flowjo Software.
siRNA Knockdown on Human Mesenchymal Stromal Cells
MSCs were seeded in 96 well plates at a concentration of 20,000 cells per well on one
day prior to transfection with non-targeting control siRNA or IDO, CCL7, CXCL16, CCL2,
CXCL6, CXCL1, CXCL2 SMART Pool siRNA (Horizon Discovery, CO, United States). On the
day of transfection MSCs were conditioned with serum free 10 mM HEPES (Corning, NY,
United States) containing a-MEM for 30 min. Subsequently siRNA will be added on to MSCs
utilizing Dhrmafect reagent 1 system. Transfected MSCs were then incubated for 5 h and the
transfection medium was replaced with regular MSC culture medium. Next day, transfected
MSCs will be ready for coculture with PBMCs.
Multiplex Analysis of Secretory Chemokines
This procedure allows for proteins like cytokines or chemokines to be detected from
solution. Its ability to identify multiple analytes from a single well in microliter volumes gives us
the advantage of analyzing at multiple samples. This bead-based assay makes use of color-coded
microspheres that are internally colored with different fluorophores that correspond to a specific
spot on the fluorescent spectrum. A capture antibody for the selected chemokines will be used to
coat the beads and any specific protein will bind to a corresponding region on the bead. Lasers
will then determine the bead region where the protein is bound and the strength of the fluorescent
signal. The amount of the protein bound determines the strength of the signal.
Organoid supernatants from non-IBD and IBD conditions and MSC culture supernatants derived
from +/- stimulated conditions or cocultured with PBMCs were collected and stored in -80⁰C.
Upon thawing, supernatants were centrifuged at 500xg for 5 min to remove debris. Subsequently
14

supernatants were subjected to magnetic bead based multiplex assay focused on indicated
chemokines (R&D Biosystems) according to the manufacturer's instructions using
LuminexTM xMAP (multi-analyte profiling) technology. Results were plotted as
picogram/milliliter.
Quantitative Real Time Polymerase Chain Reaction (RTPCR)
MSCs were seeded in a 6 well format at a density of 25k/well and cocultured with 500
ng/ml staphylococcal enterotoxin B (SEB) (Toxin Technology, Sarasota, FL) stimulated PBMCs
with the addition of a 0.4µm pore size transwell, (Corning, MA, United States) to separate
stimulated PBMCs and MSCs. These rested in culture for an approximation of 96 hours and
MSCs were harvested for RNA using standardized RNA extraction and purification protocol
adapted from RNeasy® Plus Mini Kit (Quiagen). QuantiTect® Reverse Transcription Kit and
Quick Start Protocol (Quiagen) were used to generate cDNA from RNA extracted from MSCs.
Primers for selected chemokines were generated using BLAST technology and manufactured.
RTPCR was performed using PowerUpTM SYBRTM Green Master Mix (ThermoFisher Scientific)
and Eppendorf realplex2 Mastercycler epgradient.
Human Intestinal Organoid Culture
Intestinal organoid cultures provided exvivo models of human intestinal epithelial crypts
that share the physiological properties of the intestine in vivo. Organoid samples were derived
from ileum or rectal biopsies of consenting patients at the Children’s Healthcare of Atlanta in
association with Emory University. Isolated intestinal crypts were grown in three dimensions in a
48 well format in a 20uL dome of Growth Factor Reduced Matrigel (StemCell Technologies)
and 250uL of Intesticult Organoid Growth Medium (StemCell Technologies) with a high
organoid density. Samples consisted of healthy cultures.
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Statistics
Data were analyzed with the GraphPad Prism 9.0 software. Correlation matrix and linear
regression was performed with GraphPad prism software to obtain correlation coefficient (r) and
P values. Statistical significance was confirmed with the p value of <0.05
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CHAPTER 3
RESULTS
This chapter currently under review as: Ariel Joy Lipat1, Bonnie Pirlot1, Chasen Cottle1, James
Mitchell2, Brian Pando2, Brian Helmly2, Joanna Kosko3, Devi Rajan1, Peiman Hematti4 and
Raghavan Chinnadurai1* Chemokine Assay Matrix defines the potency of human bone marrow
Mesenchymal Stromal Cells.

Nine MSC Donors Identified Using Classical Markers of MSC Identity
Healthy bone marrow aspirates from the iliac crest given from collaborating hospitals
were processed using a Ficoll density isolation procedure and selectively expanded for MSCs
using a standard protocol. Required criteria for bone marrow selection can be seen in Table 1.
MSC purity was identified by checking for specific, phenotypic surface markers CD 45, CD73,
CD105, and CD90 versus an isotype control. Purity of our selective expansion was observed
utilizing flow cytometry to look at those phenotypic MSC markers. MSCs classically exhibit
CD45 negative phenotype and a positive phenotype for markers CD73, CD105, and CD90.
Results from histogram plots generated from flow cytometric analysis using Flow Jo software
indicate that for the nine donors selected all nine are identifiable as MSCs (Figure 6).

Table 1. Inclusion and Exclusion Criteria for Bone Marrow Donor Selection
Inclusion Criteria

-

All adult patients evaluated for hemotologic malignancy with blood
and/or bone marrow available
Demographical characteristics: NO gender restrictions. Will include
patients aged above 18
Bone Marrow Harvest- Fit for BMT
Hematological Malignancies
Preexisting hematological disorders (hemophilia, coagulation
disorders) other than malignancies
Age<18
Anemia: Hgb<7
Sickle Cell Disease
Thalassemia
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Exclusion Criteria

-

Hemoglobic C trait
Patients on corticosteroids, monoclonal antibody therapy,
methotrexate, cyclosporin, or other immunosuppressant
Inability or unwillingness of individual or legal
guardian/representative to give written informed consent

Figure 6. Histogram Analysis for MSC Surface Markers for MSC Identification

6. Isolated and Cultured MSCs were subjected to staining procedures and flow cytometry to identify purity of cell
expansion and selection. Anti-antibodies for the markers CD45, CD73, CD105, and CD90 were used and compared
to an isotype control. The lack of shift in the curve for the marker CD45 (outlined in grey) as compared to the
isotype control (outlined in white) is indicative of a negative CD45 phenotype. Dramatic curve shifts to the right for
markers CD73, CD105, and CD90 as compared to isotype control are indicative of a positive phenotype. Results
show that MSC isolation and selective expansion procedures were successful for all nine donors.
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Human MSCs Innately Secrete Specific Set of Chemokines at Distinct Ranks
To identify the innate fitness and breadth of bone marrow MSCs in secreting chemokines,
we performed a chemokine focused multiplex secretome analysis. MSCs derived from the bone
marrow of nine healthy donors were analyzed for secretory chemokines. Supernatants of MSC
cultures from independent donors seeded at differential density were used for the multiplex
secretory chemokine analysis. Our results show that 9 out of 32 chemokines are innately secreted
by MSCs as we defined the criteria of their selection at least 5-fold above the background levels
in the highest density cultures (Figure 7A). Relative quantities of individual chemokines secreted
by MSCs are different among each other as identified with the hierarchical differences in their fold
change over the background. The ranking of chemokines is identified as follows, CXCL16, CCL2,
CXCL6, CCL7, CXCL1, CCL13, CCL5 CXCL2 and CCL1. Of these, CCL13, CCL5, CXCL2 and
CCL1 are considered as low secretors due to their relative lower primary concentrations and fold
change values over the background (Figure 7A). None of the other 23 chemokines were detected
with the threshold sensitivity of above 5-fold over the background (Figure 7A). An important
insight yet to be gained is the relationship among independent secretory molecules of MSCs for
their correlative secretion which can validate the potency of MSCs with matrix functionalities. To
identify the correlative secretory pattern among those 9 chemokines that are innately produced by
MSCs, we utilized a correlation matrix strategy. In this approach, secretion levels of each
chemokine are subjected to linear regression analysis and the correlation coefficient values (r = 1
through r = 0 implies the best to no correlation respectively) represent the degree of their
coexpression. Correlation matrix was created among 9 chemokines with 81 pairwise combinations
(Figure 7B).
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We identified at least 4 best correlations with the r value of above 0.9 which includes
CXCL16 and CCL13 (r=0.91); CXCL6 and CXCL1 (r=0.9); CXCL6 and CCL13 (r=0.92);
CXCL6 and CXCL2 (r=0.92) All of these are statistically significant with value of P<0.0001
(Figure 7B, C). Altogether these results demonstrated that human MSCs innately secrete specific
set of chemokines at distinct ranks with unique correlative pattern.
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Figure 7. Innate matrix chemokine signatures of MSCs

7. MSCs derived from nine independent donors were seeded at the indicated cell numbers in microwell plates. 96
hours later, supernatants were centrifuged and stored. Chemokines were quantified in the supernatants using
Luminex xMAP (multi-analyte profiling) technology. (A) Fold change in chemokine levels at each cell density over
the background is calculated. Individual chemokines are hierarchically organized based on the cumulative fold
change values over the background derived from nine independent donors. Mean and standard deviation are shown
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with the cumulative data derived from nine independent MSC donors. Results are plotted as pg/ml. Cumulative fold
change in chemokine secretion over the background at each cell density is shown. (B) Chemokines that are secreted
at least 5-fold over the background at the highest density cultures were further evaluated for correlation matrix
analysis. Chemokine concentrations were subjected to linear regression analysis among each other. Correlation
coefficient (r) values are color-coded and bold black boxes indicate the best correlations with the r value of above
0.9. (C) Correlative plot with r and R2 values of above 0.9 are shown for the correlations (B) CXCL16 & CCL13,
CXCL6 & CXCL1, CXCL6 & CCL13, CXCL6 & CXCL2. Correlation matrix and linear regression analysis was
performed in GraphPad Prism to get r, R2 and P-values. R2=Goodness of Fit; P, Significance of the slope deviation
from Zero.

Metabolic Activity of Human MSCs Define the Secretion of Chemokines
MSC’s secretome is largely quantified based on their seed densities normalized with
viability assessments. However, viability while important does not functionality. To overcome this
limitation, we evaluated the metabolic fitness of MSCs as a base for chemokine secretion. We
analyzed the fitness of chemokine secreting MSCs in reducing the tetrazolium dye 3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) to its insoluble formazan. This
reduction is dependent on cellular energetics and NAD(P)H-dependent oxidoreductase enzymes
and thus represents the metabolic activity. MSCs derived from nine independent donors that were
seeded at differential cell densities display dose dependent MTT reduction (Metabolic activity)
(Figure 8A). Next, we performed a linear regression analysis between metabolic activity and
chemokine secretion levels. Our analysis identified a unique ranking based on the degree of their
correlation as follows, CXCL16 (R2=0.90), CCL2 (R2=0.74), CCL13 (R2=0.73), CXCL6
(R2=0.57), CCL7 (R2=0.56), CXCL1 (R2=0.51), CXCL2 (R2=0.49), CCL1 (R2=0.44), CCL5
(R2=0.42) (Figure 8B, 8C). All of these are statistically significant with values of
P<0.0001(Figure 8C). Many other chemokines also showed statistically significant correlation
albeit with reduced correlation coefficient values (Figure 8B, 8C). However, based on the analysis
of fold change over the background they were disqualified for considerations.
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Figure 8. MSCs’ metabolic fitness defines matrix chemokine secretions.

8. MSCs derived from nine independent donors were seeded at the indicated cell numbers in microwell plates. 96
hours later, MTT assay was performed, and optical density was measured. (A) Dose dependent increase in optical
density values are shown with mean and standard deviation. (B) Optical density values of MTT assays were
subjected to linear regression analysis with the corresponding chemokine levels from the appropriate wells to obtain
R2 values. Linear regression plots are organized based on the ranking of the degree of correlation. Data was
transformed to logarithmic scale to fit the regression line. (C) Correlation coefficient values with appropriate range
of 95 % confidence intervals for each chemokine is shown. Linear regression analysis was performed in GraphPad
Prism to get r, R2 and P-values.
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Visceral MSC populations share Consensus Chemokine Signatures as Bone Marrow
derived MSCs
MSCs can be derived from visceral tissue, as in adipose tissue and the umbilical cord, as
well as from bone marrow. To wholly encompass the innate secretion of the MSC chemokinome
we thought it necessary to quantify the chemokine secretion of Visceral MSCs for any
observable consensus between MSCs derived from different origins. Visceral MSCs (both
adipose derived and umbilical cord derived) were cultured and seeded at increasing densities and
under similar conditions as bone marrow derived MSCs and supernatant was collected for a
multiplex secretome analysis that targeted the positive chemokines signatures seen from bone
marrow derived MSCs, CXCL6, CCL2, CCL7, CXCL16, CXCL1, and CXCL2. Quantitative
secretion value and fold change analysis results indicate that a consensus of the same innately
secreted chemokines at their distinct ranks is shared between visceral and bone marrow MSCs
(Figure 9).
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Figure 9. Fold Change analysis of Chemokine secretion compared to Visceral MSC density

9. MSCs derived visceral tissue from six independent donors (three umbilical cord (UC) and three adipose) were
seeded at the indicated cell numbers in microwell plates. 96 hours later, supernatants were centrifuged and stored.
Chemokines were quantified in the supernatants using Luminex xMAP (multi-analyte profiling) technology
targeting for CXCL6, CCL2, CCL7, CXCL16, CXCL1, and CXCL2. Fold change in chemokine levels at each cell
density over the background is calculated. Results are plotted as pg/ml. Cumulative fold change in chemokine
secretion over the background at each cell density is shown. Original Image

Combination of IFN and TNF is Superior to Individual Stimulations in Eliciting Robust
and Broad Matrix Chemokine Responses of MSCs
Figure 10. Schematic of MSC Cytokine Exogenous Stimulation with

10. Exogenous stimulation on MSCs strategy to determine the fitness of MSCs in secreting chemokines upon
exogenous stimulation. To compare resting MSCs, and cytokine stimulated MSCs and identify their matrix
chemokine responses. Original Image. Printed in Color.
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MSCs’ fitness to respond to exogenous stimulations could be defined as their surrogate
measure of potency (Krampera et al. 2013). In this strategy, effector molecules of MSCs, evoked
by stimulants such as IFN and/or TNF, are enumerated and quantified as an assay matrix
analytical system (Figure 10). We deployed this strategy to determine the fitness of MSCs in
secreting chemokines upon exogenous stimulation. We stimulated MSCs (n=9 donors) with dose
dependent concentrations (0, 0.4, 4, 40 ng/ml) of IFN and/or TNF. Supernatants of MSCs
stimulated with these conditions were subjected to secretory chemokine multiplex analysis. Our
results identified that individual and combined stimulations with IFN and/or TNF bestowed
unique pattern of matrix chemokine responses and pronounced effects were observed with IFN
and TNF combined stimulations (Figure 11A). At least 15 chemokines (CXCL9, CXCL11,
CCL20, CXCL1, CCL8, CCL7, CCL13, CXCL16, CCL1, CXCL14, CXCL10, CCL21, CCL11,
CX3CL1 and CXCL2) showed statistically significant dose dependent upregulation with IFN and
TNF stimulations as determined by the r values (Figure 11A, D). In addition, 10 chemokines
(CXCL10, CCL8, CCL7, CXCL11, CXCL9, CCL21, CCL13, CXCL16, CCL20, CCL28) and 8
chemokines (CXCL1, CXCL10, CXCL6, CCL20, CXCL14, CCL7, CCL1, CCL8) showed
statistically significant (P<0.05) dose dependent upregulation with either IFN or TNF
respectively (Figure 11A, B, C). Our results also show that IFN and TNF combined stimulation
increases the magnitude of MSCs’ ability to secrete chemokines than individual stimulations.
These results suggest that combined stimulation with IFN and TNF is superior than individual
stimulations in executing matrix chemokine responses of MSCs.
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Figure 11. MSCs’ distinct matrix chemokine responses to IFN and/or TNF
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Figure 11 continued.

B

D

C

11. MSCs derived from nine independent donors were seeded at the identical cell density and stimulated with the
indicated concentrations of IFN and/or TNF. 48 hours later, supernatants were centrifuged and stored.
Chemokines were quantified in the supernatants using luminex xMAP (multi-analyte profiling) technology. (A)
Individual chemokine levels of independent MSC populations (n=9 donors) that are stimulated with the indicated
concentrations of IFN and/or TNF are shown. Chemokines are hierarchically organized based on their dose
dependent response to the combined stimulation with IFN and TNF while their relative responses to individual
stimulations with IFN or are also shown in the same plots. Dose dependency values were obtained by linear
regression analysis between chemokine levels and stimulating concentrations of IFN and/or TNF. Hierarchical
organization of chemokines based on their degree of dose dependent responses to exogenous stimulations (B) IFN,
(C) TNF and (D) IFN+ TNF. Dose dependency values with statistical significance are shown with dotted line
box. Original Image. Printed in Color

MSC mediated blocking of T cell proliferation predominantly correlates with chemokine in
an inverse manner
To define the chemokine secretion signature that predicts MSC mediated functional
immune suppression, we analyzed the T cell proliferation and secretory chemokine levels in the
cocultures of MSCs and PBMCs. MSCs derived from 6 independent donors were cocultured
with activated PBMCs from independent donors in different ratios. T cell proliferation
(%CD3+Ki67+ T cells) was quantified using flow cytometry. Our results indicate that MSC dose
dependently inhibit T cell proliferation as determined by the reduction in %CD3+Ki67+ T cells
(Figure 12A, B). Next, we analyzed the supernatants of the MSC and PBMC culture conditions
thereof for secretory chemokines using multiplex analysis. Chemokine levels of MSC and
PBMC cocultures were subjected to linear regression analysis with appropriate %CD3+Ki67+
values (Figure 12C). Our results showed at least 16 chemokines that are inversely correlated
with T cell proliferation with a hierarchical degree as defined with the ascending negative
correlation coefficient r values. The ranking and degree of this correlation are identified as
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CXCL16, CXCL11, CCL27, CX3CL1, CXCL9, CXCL6, CCL23, CCL20, CCL7, CXCL2,
CCL26, CCL13, CCL11, CCL21, CXCL10, CCL5 (Figure 12C, 12D). Our results have also
identified that at least three chemokines are directly correlated with T cell proliferation as
defined with the positive correlation coefficient r values which includes CCL4, CCL17 and
CCL22 (Figure 12C, 12D). Altogether these results suggest that MSC mediated inhibition of T
Cell proliferation is profoundly and inversely correlated with a broad array of chemokine
secretion.
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Figure 12. Matrix chemokine signatures of MSC and PBMC interactions
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C
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12.MSCs derived from six independent donors were cultured with SEB activated PBMCs at the indicated ratios.
PBMC numbers were kept constant with dose dependent increase in MSC numbers. Four days post culture, T cell
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proliferation was measured by determining the percentage of CD3+Ki67+ cells using flow cytometry. (A)
Representative flow cytometry plot is shown for CD3 and Ki67 staining. NS indicates no stimulation of PBMCs. –
and + MSCs indicate SEB activated PBMCs cultured without and with MSCs. (B) Dose-dependent effect of MSCs
from independent donors in inhibiting T cell proliferation is cumulatively shown. Supernatants were collected from
these cultures and quantitative levels (Pg/ml) of chemokines were assayed through luminex xMAP (multi-analyte
profiling) technology. Individual chemokine levels of MSC and PBMC co-culture were subjected to linear
regression analysis with the corresponding T cell proliferation values (% CD3+Ki67+) to obtain correlation
coefficient r values. r value of 1 and -1 indicates the best direct and inverse correlations respectively, while 0
indicates no correlation. (C) Linear regression plots were organized hierarchically based on the correlation
coefficient (r) ranking scale of -1 to +1. Axis indicates % CD3+Ki67+ cells (T cell proliferation) and Y axis
indicates chemokine levels. Y axis data is transformed to logarithmic scale to best fit linear regression lines. (D)
Hierarchical organization of correlation coefficient values with appropriate range of 95 % confidence intervals for
each chemokine is shown in the scale of -1 to + 1. Statistical significance (P<0.05) or non-significance (NS) of the r
values are shown. Original Image. Printed in Color

MSC Sourced Inherent Chemokines are the Bystander Predictors of T Cell Suppression
To define the immunosuppressive functional role of chemokines that are innately
secreted by MSCs, we utilized a siRNA knockdown strategy. CCL7, CXCL16, CCL2, CXCL6,
CXCL1 and CXCL2 that are innately secreted by MSCs are silenced by siRNA (Figure 13A).
Previous studies have identified that Indoleamine 2,3 Dioxygenase (IDO) play a major role in
immune suppression [37]. Hence, IDO silenced MSCs were also tested in parallel. We
cocultured CCL7, CXCL16, CCL2, CXCL6, CXCL1, CXCL2, IDO and control siRNA
transfected MSCs with activated PBMCs. Our results demonstrated that IDO siRNA transfected
MSCs fail to inhibit T-cell proliferation while CCL7, CXCL16, CCL2, CXCL6, CXCL1,
CXCL2, and control siRNA transfected MSCs still inhibit T cell proliferation (Figure 13B, C).
These results suggest that MSC secreted inherent chemokines are the bystander predictors of T
cell suppression and play no direct role in this process.
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Figure 13. Functionality of chemokines in modulating MSC’s inhibitory potential on T cell proliferation.
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B
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13. Control, CCL7, CXCL16, CCL2, CXCL6, CXCL1 and CXCL2 siRNA-transfected MSCs were cultured and
supernatants were collected 72 hours post transfection and assayed for appropriate chemokines. (A) Quantitative
levels of CCL7, CXCL16, CCL2, CXCL6, CXCL1 and CXCL2 in the supernatants of control and appropriate
siRNA transfected MSCs are shown. (B) Control, IDO CCL7, CXCL16, CCL2, CXCL6, CXCL1 and CXCL2
siRNA-transfected MSCs were cultured with SEB activated PBMCs. Four days post culture, T-cell proliferation was
measured in flowcytometry by Ki67 intracellular staining. Proliferation of T cells (%CD3+ Ki67+) in the presence
and absence of siRNA transfected MSCs is shown with (B) representative flowcytometry plots. (C) Cumulative data
derived from three independent MSC donors are also shown with mean and standard deviation. Original Image.
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MSCs are Responsive to Activated PBMCs in Secreting an Array of Chemokines
A transwell strategy was used to investigate the effects of activated PBMCs on
chemokine genetic expression in MSCs. MSCs and SEB activated PBMCs were cocultured but
separated by a transwell with a 0.4µm pore size (Corning). The transwell serves as a barrier
where cytokines and growth factors can pass through freely from the activated PBMCs (Figure
14). We then were able to look at the molecular genetic chemokine expression of MSCs in real
time using RTPCR with a large gene expression analysis. Results from genetic analysis indicate
that activated PMBCs, specifically what they secrete, upregulate the chemokine genetic
expression of chemokines: CXCL9, CXCL10, CXCL11, CXCL6, CXCL2, CCL5, CCL7,
CCL20, CX3CL1, CCL13, CXCL16, and CCL26 (Figure 15). GAPDH was used to compare
chemokine genetic expression values as it is classically highly expressed in cellular conditions.
Figure 14. Experimental Format of Transwell MSC-PBMC coculture

14. Schematic shows how MSCs were seeded as a 25k density in a six well format and cocultured with SEB
stimulated PMBC populations with the addition of a transwell to allow secreted products from stimulated PBMCs to
freely pass to MSC populations. Cells were seeded in RPMI media with 10% concentration of fetal calf serum and
PSA. PBMCs were stimulated with staphylococcus enterotoxin B and added to MSCs at a concentration of 2x106/
well and allowed to sit in culture for 96 hours. MSCs were then processed to investigate genetic chemokine
expression through RTPCR. Original image. Printed in color.
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Figure 15. Genetic Molecular Expression of Chemokine in the presence and absence of Stimulated PBMCs

15. Cocultured MSCs in the presence of SEB stimulated PBMCs (+PBMCs) were observed to have high level of
molecular expression of the following thirteen chemokines CXCL9, CXCL10, CXCL11, CXCL6, CXCL2, CCL5,
CCL7, CCL20, CX3CL1, CCL13, CXCL16, and CCL2. -PBMCs condition showed no/lower amounts of molecular
genetic expression of chemokines. Experiments had an n=4 independent experiments and donors. Original Image.
Printed in color.

Evaluation of Mesenchymal Stem Cell functionality using PhosflowTM Analysis and Flow
Cytometry
The phosphorylation status of seven different early cell signaling molecules, was
analyzed with the use of PhosflowTM analysis and flow cytometry. Mean fluorescent intensity
(MFI) for each signaling molecule was calculated and subjected to a fold change analysis
between MSC conditioned media and control media (MSC culture media) and p values were
recorded (Figure 16A, B). Results show that of the molecules tested only cell signaling molecule
pAkt (pS473) showed the most statistical significance in its increase of phosphorylation events.
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Figure 16. Fold change analysis of individual early cell signaling molecules in T-cells with MSC conditioned
media stimulation

A

B

B

16. Five independent PBMCs donors were stimulated with MSC conditioned media and control media derived from
five independent MSC donors and underwent PhosflowTM analysis procedures and flow cytometry to look at
phosphorylation status for signaling molecules: [PLCγ1, PLCγ2, PKCα, JNK, P38 MAPK, Erk ½, Akt] (A)
Individual MFI fold change analysis for signaling molecules put in order from most statistically significant to least
statistically significant. p value ≤0.05 indicates statistical significance. (B) Cumulative fold change analysis of
phosphorylation events for screened signaling molecules put in hierarchical order from greatest number of fold
change in phosphorylation events to least.

MSCs Initiate Phosphorylation on pAkt (pS473) in a Dose Dependent Mannter
We wanted to quantify the ability of MSC secretome’s ability to influence
phosphorylation events in T-cells on early signaling molecules, specifically pAkt (pS473), based
on seed densities. From prior MFI fold change analysis, pAkt (pS473) showed the most
significant shift in number of phosphorylation events and efforts were made to understand
whether this signaling was MSC dose dependent. MSCs were seeded in a 96 well format at
densities 0k-25k/ well with appropriate culture medium and left in culture for 48-72 hours before
collection. MSCs conditioned media was further used to stimulate PBMC populations,
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underwent PhosflowTM procedures, and then analyzed with flow cytometry. Histogram
representations from flow cytometric analysis show an observable shift/increase in pAkt (pS473)
phosphorylation as MSC density increases (Figure 17A). Results from the MFI fold change
analysis on pAkt (pS473) exhibited a trendline that affirmed that MSCs initiate phosphorylation
events on pAkt (pS473) in a dose dependent manner (Figure 17B).
Figure 17. MSC Conditioned Media exhibits dose dependent effect on Akt (pS473) phosphorylation
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17. MSC conditioned media was collected from five independent MSC donors seeded at high, medium, and low
densities. MSCs were left in culture with appropriate medium for 48-72 hours and collected. MSC conditioned
media was collected and used to stimulate five independent PBMC donor populations and analyzed for
phosphorylation events on pAkt (pS473) using flow cytometry. (A) Histogram representations of pAkt (pS473)
phosphorylation events generated by flowcytometric analysis. Significant curve shifts in from the 0k to 25k
condition indicate MSC dose dependency is associated with pAkt (pS473) phosphorylation. (B) MFI Fold change
analysis for n=5 independent experiments for pAkt (pS473) phosphorylation events initiated by MSC conditioned
media/secretome derived from different MSC numbers. Results show observable, exponential increase in MFI fold
change dependent on MSC dose. Original Image. Printed in color
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MSCs Induce Weak pAkt S473 Phosphorylation on T cells upon Direct Contact
MSC induced pAkt (pS473) phosphorylation in T-cells was observed under a secretome
dependent mechanism. Is this same effect seen under a contact dependent mechanism? Contact
dependent signaling was investigated utilizing a PBMC-MSC coculture strategy. MSCs were
harvested from culture and centrifuged at 1500RPM for 3-5 minutes with PBMCs to ensure
direct contact. Cells were then subjected to PhosflowTM procedures and analyzed using flow
cytometry, with T-cell specific gating. Histogram representations from flow cytometric analysis
show no observable shift/increase in pAkt (pS473) phosphorylation upon direct contact with
MSCs at different cell densities and at different time points (Figure 18A). Results from the MFI
fold change analysis on pAkt (pS473) exhibited a trendline that showed little statistical
significance with pAkt (pS473) phosphorylation with contact dependent mechanisms (Figure
18B).

Figure 18. MSC Induced pAkt (pS473) in T-cells shows weak signaling with contact dependent mechanisms

A

B

18. Contact dependent mechanisms for MSC induced pAkt (pS473) phosphorylation in T-cells were investigated
using a PBMC-MSC coculture. (A) Histogram representations of pAkt (pS473) phosphorylation events generated by
flowcytometric analysis. No significant curve shifts from the 0k to 100k condition indicate MSC number has no
effect in contact dependent mechanism association with pAkt (pS473) phosphorylation status (B) MFI Fold change
analysis for n=3 independent experiments for pAkt (pS473) phosphorylation events initiated by PBMC-MSC
coculture. Results show no observable, exponential increase in MFI fold change dependent on MSC direct contact
with PBMCs. Original Image. Printed in color.
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Heat Inactivation of MSC Conditioned Media Exhibits Lower Levels of pAkt (pS473)
Phosphorylation in T-cells
MSCs main immunomodulatory mechanism is known to be through the molecules they
secrete. From previous experiments we saw that pAkt (pS473) phosphorylation was induced on
T-cells through a secretome dependent mechanism/pathway versus a contact dependent pathway.
MSCs secrete many signaling molecules like chemokines and cytokines in the form of small
soluble proteins. MSC conditioned media and MSC Control media were heat inactivated and
then used to simulate PBMC populations along with MSC condition media and MSC control
media without any heat inactivation. PhosflowTM analysis and flow cytometry was then used to
analyze phosphorylation events in T-cell on pAkt (pS473). Results from histogram
representations from flow cytometric analysis show no observable shift in Akt (pS473)
phosphorylation in heat inactivated conditions compared to non-heat inactivated MSC
conditioned media (Figure 19A). Results from the MFI fold change analysis on pAkt (pS473)
exhibited statistical significance in the increase of pAkt (pS473) phosphorylation events between
MSC conditioned media and heat inactivated MSC conditioned media with a p < 0.05 (Figure
19B).
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Figure 19. Heat Inactivation of MSC conditioned media exhibits lower levels of pAkt (pS473) phosphorylation in
T-Cells

A

B

19. To understand the mechanism behind pAkt (pS473) phosphorylation induction by MSC secretome/conditioned
media, MSCs were seeded at high densities and then placed in culture for 48-72 hours and supernatant was
collected, and heat inactivated at 90⁰C for 30 minutes and cooled on ice to effectively denature any proteins.
Appropriate media for the specific condition was used stimulate PBMC populations and flow cytometry was used to
analyze phosphorylation events in T-cells on pAkt (pS473). (A) Histogram representation of pAkt (pS473)
phosphorylation events seen on T-cells. (B) MFI fold change analysis of pAkt (pS473) in T-cells for different media
conditions. Results show statistical significance in the increase of phosphorylation on pAkt (pS473) in t-cells. N=3
independent experiments. Original Image. Printed in color

Exosomes Do Not Illicit Signals on T-cells or Monocytes
Exosomes in recent literature have been investigated for their immunomodulatory properties on
monocytes and T-cells. These are lipid-based vesicles that are secreted from MSCs that carry
immunomodulatory proteins, molecules, cytokines and chemokines. We investigated MSC
derived exosomes effects on the phosphorylation status of early cell signaling molecules: PLCγ1,
PLCγ2, PKCα, JNK, P38 MAPK, Erk ½, and pAkt (pS473) in T-cells and Monocytes with a
similar stimulation strategy and PhosflowTM procedure as MSC conditioned media experiments.
the specific cell markers CD14 for monocytes and CD3 for T-cells allowed for specific gating
for cell type (Figure 20A). PBS was used as a negative control as comparison to exosome
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stimulation. Results from histogram representations from flow cytometric analysis show no
observable shift in phosphorylation events on signaling molecules screened for: PLCγ1, PLCγ2,
PKCα, JNK, P38 MAPK, Erk ½, and pAkt (pS473) in MSC derived exosome conditions
compared to PBS control (Figure 20B).

Figure 20. MSC Derived Exosomes do not induce phosphorylation events on specific Early signaling molecules
in T-cells or Monocytes

A

B

20. MSC derived exosomes were processed and donated from collaborating hospitals and used to stimulate PBMC
populations to observe the status of phosphorylation events on early cell signaling molecules PLCγ1, PLCγ2, PKCα,
JNK, P38 MAPK, Erk ½, and Akt using PhosflowTM technology and flow cytometry. (A) Gating strategy used to
isolate specifically for (CD14+ CD3-) monocytes and (CD3+ Cd14-) T-cells for flow cytometric analysis using
FloJo Software. (B) Histogram representations generated through flow cytometric analysis for early signaling
molecules PLCγ1, PLCγ2, PKCα, JNK, P38 MAPK, Erk ½, and Akt. Results indicate no significance in signaling
events with MSC derived exosome stimulation. Original Image. Printed in color.
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Organoid Supernatant Multiplex Analysis for Secretory Chemokines Shows Little
Difference Between non-IBD and IBD Conditions
This section published as: C. Cottle, M. Anbazhagan, A. Lipat, M. Patel, A.P. Porter, K. Hogan,
D. Rajan, J.D. Matthews, S. Kugathasan, R. Chinnadurai*, Complexity of Secretory Chemokines
in Human Intestinal Organoid Cultures Ex Vivo, Gastro Hep Advances, Volume 1, Issue 3,
2022, Pages 457-460, ISSN 2772-5723, *Corresponding author
Before understanding interactions between MSCs and intestinal organoids derived from
biopsies, A multiplex analysis of both non-IBD and IBD organoid supernatants was conducted
using the same format as conducted with MSC supernatants to analyze 30 different chemokines
(Figure 3) (20 CC chemokines and 10 CXC chemokines) from the CC and CXC chemokine
subfamilies (20 CC chemokines and 10 CXC chemokines). As compared to negative control
media, chemokine expression patterns were organized into high secretors, low secretors, and
low/no secretors (High (above 25-fold), 2. Medium (3-10-fold), 3. Low/None (below 3-fold)).
High level secretors included chemokines: CCL24, CXCL16, CCL20, CXCL1, CCL2, CXCL4,
and CCL25. (Figure 1B). CXCL4 and CCL2 we determined not to be statistically significant due
to variations and heterogeneity between patients and samples. Medium level secretors were
chemokines: CCL7, CCL28, CXCL14, CXCL11, CXCL6, CX3CL1, CCL21, and CXCL2
(Figure 1B). The other We also observed that 14 of the 30 chemokines assayed were either
secreted at very low levels or undetectable (Figure 1B). Importantly, there was no observed
significant difference in chemokine secretion levels in IO conditioned media on average between
the groups CD and non-IBD (Figure 1B).
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Figure 21. Chemokine Analysis of Chemokine Organoid Supernatants

21. Three-day conditioned media from organoids of non-IBD controls and CD patients was collected, cleared by
centrifugation, and the supernatant used to perform multiplex analysis focusing on 30 different chemokines
(IO=Ileal Organoid). Chemokine concentrations (picogram/milliliter) in each organoid culture were plotted with
mean and standard deviation. Chemokine levels in fresh Intesticult TM media that had no previous exposure to
organoids was used as a negative control (OM=Organoid Medium). Fold change (X) in chemokine expressions
between OM and IO were organized in hierarchical order of high to low difference. Two-tailed Mann Whitney test
was performed to obtain p values to denote the significance of mean difference. Original Image. Printed in color.
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Intestinal Organoid Growth and Culture
Intestinal organoids were processed and donated by collaborators at the Children’s
Healthcare of Atlanta. Samples were thawed and cultured in organoid media, appropriate
antibiotics, and reagents that would allow for three-dimensional growth. Media was replaced
every 48 hours and cultures were split according to organoid density. Cultures required extensive
care to split and maintain the ileal/rectum integrity and microbial contamination proved to be a
challenge. There is also to consider the variations from culture to culture even if derived from
similar donor conditions. Viable intestinal organoid growth was only possible with few samples
(Figure 22) and patient optimizations and culture protocol standardization are still being
investigated.
Figure 22. Intestinal Organoid Growth Over One Week Period

22. Intestinal organoids were derived from patients ileal or rectal biopsies and processed by collaborators and
donated. Growth period of intestinal organoids and organoid density increases over a week period. Original Image.
Printed in color.
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CHAPTER 4
DISCUSSION

This chapter is currently under review for publication as: Ariel Joy Lipat1, Bonnie Pirlot1,
Chasen Cottle1, James Mitchell2, Brian Pando2, Brian Helmly2, Joanna Kosko3, Devi Rajan1,
Peiman Hematti4 and Raghavan Chinnadurai1* Chemokine Assay Matrix defines the potency of
human bone marrow Mesenchymal Stromal Cells.
Regenerative and immunomodulatory capabilities have made MSCs a popular subject in
research and clinical research. We were able to identify nine independent donors with the
identification MSCs’ specific phenotypic markers and further able to use these donors for
potency determination to understand the intensity and breadth of chemokines MSCs secrete.
Potency determination of MSCs has in recent literature has seen potential in assay matrix
analytical systems that evaluate immunomodulatory and tissue regenerative pathways
(Chinnadurai et al. 2018). In this strategy, potency is determined by evaluating more than a
single effector molecule that are predicted to play roles in MSCs’ therapeutic function. Assay
matrix-based determination of MSCs’ potency can be deployed either through discovery based
broad omics approach or rigorous investigation of focused and selective pathways of significance
(Gelipeau et al. 2016). In this study, a selective secretome based approach was deployed to
focus on chemokine matrix-based responses. Our analysis has identified the chemokine
secretome signature of MSCs in their resting state, upon stimulation with inflammatory cues and
coculture with immune responding PBMCs. In each of the categories, matrix sets of chemokines
are identified with hierarchical ranking and degree of magnitude which collectively informed the
potency of MSCs.
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Without exogenous stimulation, MSCs innately secrete the eight chemokines CCL7,
CXCL16, CCL2, CXCL4, CXCL6, CXCL1, CCL13, and CCL5). The versatile fold changes of
individual chemokines at varying MSC densities, when compared to background values, give
information about the strength and breadth of the chemokines they secrete. In addition, this
analysis also indicates the potency of MSCs in secreting an array of chemokines with linearity
and threshold sensitivity. This strategy does carry limitations in the variation of seeding cell
densities that are defined on MSC number and viability. MSC dose and viability determination
largely depends on classic trypan blue exclusion microscopic analysis and/or advanced
methodologies to exclude pre-apoptotic and apoptotic cells (Robb et al. 2019). Although these
methods identify cell dose and viability, it has been reported that MSC viability is not equal to
their functionality. For example, senescent MSCs display high viability despite poor
functionality, and similarly frozen-thawed MSCs display defective functionality despite high
viability (Chabot et al. 2017, Losiel et al. 2017). These limitations are addressed in the present
study where metabolic activity of MSCs is set as common denominators in defining MSCs’
chemokine secretory fitness. This strategy identified the linear relationship between MSCs’
metabolic activity and chemokine secretion levels. Although this analysis identified the
hierarchical organizations of the correlation values between MSC metabolic activity and
chemokine secretions, fold change analysis needs to be considered contemporaneously for
signal-to-noise validations. Thus, chemokine matrix analysis to define MSCs’ innate potency
without exogenous stimulations can incorporate both metabolic fitness and fold change analysis.
Previous studies have shown that MSCs respond to the inflammatory cues produced by
activated PBMCs (Krampera et al. 2006). Utilization of this strategy mimic the in vivo situation
post MSC infusion. However, there is a limitation since activated PBMCs produce variable
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inflammatory cytokines and assaying them as a stimulator is a confounder in potency analysis.
Alternatively, recombinant cytokines such as IFN elicits immunosuppressive properties on
MSCs and assaying MSC’s responsiveness to IFN can be considered as a surrogate measure of
potency (Krampera et al. 2013). Previously, IFN mediated upregulation of immunomodulatory
effector molecules (IDO, PD-L1, ICAM-1 and HLADR etc.) has been incorporated in the assay
matrix potency analysis (Krampera et al. 2013, Guan et al. 2018). In the functionally relevant
morphological profiling (FRMP) potency assays, stimulation with IFN results in the emergence
of subpopulations of MSCs with unique morphological features that predicts immune
suppression (Klinker et al. 2017). Similarly, TNF induced proteins such as TSG-6 play major a
role in MSCs’ function and thus MSCs’ responsiveness to TNF also can be evaluated in the
potency testing (Prockop 2016, Lee 2014). In the present study, rigorous comparison of MSCs
stimulated with IFN and/or TNF showed that combined stimulations elicit a broad and
profound increase in chemokine matrix responses. Although stimulation with IFN and TNF
induces broad matrix chemokine responses, it also induces cytostatic responses on MSCs which
results in attenuated metabolic activity. Hence metabolic functionality of MSCs post stimulation
with IFN and TNF do not correlate with chemokine secretion.
Inhibition of T cell proliferation is the fundamental in vitro immunosuppressive property
of MSCs. Previous studies have shown that MSCs’ in vitro immune suppression is directly
correlated with the inhibition of proinflammatory cytokines secreted by activated PBMCs
(Maughon et al. 2022, Chinnadurai et al. 2018, Bloom 2015). Although these in vitro
assessments identified that MSCs downregulate inflammatory cytokines, consistent reports are
lacking to demonstrate the downregulation of serum inflammatory cytokines post MSC infusion
in patients that predict treatment outcome (Galipeau et al. 2021, Cheung et al. 2020).
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Considering the complexity of in vivo mechanism of action of MSCs and the difficulty of
recapitulating those in laboratory potency assays, in vitro inhibition of T cell proliferation is still
considered as a gold standard in predicting MSC functionality (Galipeau et al. 2016). Here in the
present study, we have identified that MSC’s inhibition of T cell proliferation is predominantly
correlated with chemokine secretion in an inverse manner. Although some chemokines such as
CCL4, CCL17 and CCL22 are downregulated and directly correlated with MSC induced
suppression of T cell proliferation, they are shadowed by a broad array of chemokines (16
chemokines) that are inversely correlated. Our results support the hypothesis that MSC mediated
increase in chemokine milieu evokes the regulatory properties of immune populations such as
myeloid cells and provides the therapeutic outcome (Galipeau et al. 2021). Although robust
biomarker studies that predict clinical outcomes are yet to be available to support this hypothesis,
serological increase in CXCL9 and CXCL0 has been reported in patients responding to MSC
therapy (Boberg et al. 2020). Our data further supports the hypothesis that inclination of
chemokine milieu accumulated by MSCs largely bestow therapeutic function rather than
propelling inflammation and injury.
Our mechanistic knockdown experiments have demonstrated that MSC secreted
chemokines CCL7, CXCL16, CCL2, CXCL6, CXCL1 and CXCL2 do not modulate the
suppressive properties of MSCs on T cells, unlike Indoleamine 2,3 Dioxygenase. This suggests
that innate secretion of chemokines are the bystander predictors of MSC mediated T cell
inhibition. MSCs’ in vivo mechanism of action is multifactorial. Three major mechanisms have
been proposed to the therapeutical benefit of MSCs based on the route of delivery which
includes differentiation into mesoderm tissues, efferocytosis based polarization of macrophages,
and direct contact or soluble factor mediated instruction of immune cells (Krampera 2021).
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Although in all these instances MSC derived chemokines might play a role, our results provided
insights on the last mechanism of action involving soluble factors predominantly chemokines.
Despite the observation that MSC secreted chemokines do not mechanistically modulate T cell
suppression, their bystander existence and prediction of immune suppression warrant that matrix
chemokine responses of MSCs are the surrogate measures of potency.
Correlation matrix analysis has identified interdependent synergistic correlations of
chemokine secretions in three independent categories, namely in MSC’s resting stage stimulation
upon IFN and/or TNF and upon coculture with activated PBMCs. The evaluation of matrix
correlative chemokine secretions is amenable to potency analysis for utilization as comparative
reference standards (Chinnadurai et al. 2018, Chinnadurai et al. 2019). In this strategy,
correlation of unique chemokine pairs displaying the highest correlation coefficient values can be
compared with their correlation coefficient values with other chemokines. In an alternative
strategy, correlation matrix of resting MSCs can be compared with their counterparts upon
stimulation with IFN and/or TNF and thus serve as the reference ruler. Although prior studies
have suggested the usage of universal cellular standards or rulers for potency determination, it
has been a challenge to identify apt cellular standards that entirely mimic versatile properties of
MSCs (Deans 2015, Viswanathan et al. 2014, Salem et al. 2015, Tanavde et al. 2015). The
present strategy is independent of external cellular standards/ rulers and can be adopted to the
potency determination of autologous and random donor MSCs. Identification of the correlative
matrix chemokine responses of MSCs suggests the synergistic involvement of chemokines in
immunomodulation and tissue regeneration. However, mechanistic experiments had shown that
individual knockdown of MSC’s innate chemokines do not modulate T cell suppression. Thus,
abruption of the chemokine synergy with individual knockdown do not dominate the inherent T
48

cell suppressive properties of MSCs. Although previous studies had shown that IDO is the
central dominate of MSCs’ in vitro T cell suppressive mechanism (Chinnadurai et al. 2018,
Meisel et al. 2004, Boyt et al. 2020), future mechanistic animal model studies are needed to
define the therapeutical significance of these correlative expressions.
MSCs have been tested in clinical trials over the past two decades despite conflicting
results while consistent efficacy is yet to be accomplished (Krampera 2021). Nevertheless,
marketing approval of MSC therapy has occurred for some clinical indications which encouraged
further understanding of the attributes of MSCs to inform advanced potency testing strategies.
Specifically, in the realm of determining what we can consider a ‘good’ MSC for clinical use. In
the absence of clinical studies that identify in vivo predictive biomarkers of MSC treatment
responders vs non-responders (Nolta 2018), the potency analysis of MSCs largely depends on the
comprehensive analysis of MSCs’ intrinsic and responding fitness in exhibiting an array of
biologically functional molecules. Although discovery-based omics strategies identify new
effector molecules of MSCs, focused putative pathways/molecules of MSC function, can be
rigorously investigated as a “selective omics” strategy. The present analysis focusing on the
matrix chemokine responses of MSCs is one step forward in the advanced potency testing of
MSCs (Figure 23).
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Figure 23. Chemokine “Assay Matrix Technology” for Potency/Functionality Predictions

23. Assay matrix technology was developed to understand the full intensity and breadth of chemokines secreted by
MSCs. Moving clockwise, the innate potency/functionality of MSCs (chemokines secreted) at resting stages was
determined by identifying chemokines with a direct correlation to increasing MSC density and metabolic activity.
The matrix responses to exogenous stimulations of MSCs were conducted to see the full strength of chemokines
secreted. T cell proliferation exhibited an inverse relationship with an increase of chemokine secretion when PBMCs
and MSCs underwent coculture experiments, but siRNA knockout strategies affirmed that chemokines were not
directly involved MSCs inhibitory mechanism but just the bystander predictors of MSC function. A correlation
matrix was used to correlate MSC chemokine secretions to each other to determine the strength at which they are
secreted together by MSCs.

PhosflowTM technology has been used prior to understand the phosphorylation status of
different proteins under different conditions and was able to determine early cell signaling
molecules that are phosphorylated with MSC interactions (Ryan 2021). Phosphorylation plays a
key role in the initiation of signal transduction cascades that influence a multitude of cell
functions, our focus condensed on molecules in immune cells that influence: chemotaxis, protein
synthesis, and cell division. Our studies suggest that a protein product or products secreted by
MSCs can influence early signaling molecule activation namely, pAkt (pS473) in T-cell
populations. Akt is a protein that is involved with the downstream activation of molecules that
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play a role in proliferation, apoptosis, cell survival, migration, and metabolism (Revathidevi
2019). Most of its mechanism of activation is well defined and its activation is induced by
various growth factors and biomechanistic signals, and work still needs to be accomplished in
understanding the mechanistic value that this type of phosphorylation represents with MSC and
T-cell interactions. Other screened molecules (PLCγ1, PLCγ2, PKCα, JNK, P38 MAPK, and Erk
½) showed little statistical significance in phosphorylation events in T-cells with MSC condition
media stimulation, but still further studies are needed to determine the interaction of these
molecules with MSC secreted proteins. Specifically, experiments focusing on multiple cell
immune cell types. This would bring us one step closer to understanding the mechanism of
action of MSCs and their therapeutic effects of their secretome.
Our studies, with matrix chemokine responses for intestinal organoids also provide
insights into the survey of chemokines secreted by intestinal epithelium from donors with
intestinal inflammatory conditions and patients from a healthy profile. Previous clinical trials
that tested for significance in chemokine/cytokine inhibition as possible therapy for CD focused
on signal chemokine/cytokine pathways. The data from our study suggests that chemokine
signaling pathways in the intestinal mucosa can be traced back directly from the epithelium. The
lack of variability on average between chemokines secreted from CD organoids and non-IBD
suggests that chemokines from the epithelium also play a role in the continued pathogenesis of
inflammatory conditions like Crohn’s Disease (CD). Chemokines that are homeostatically
produced by the epithelium may provide avenues for the continued pathogenesis of CD with the
inhibition of a singular chemokine pathway. These insights give new targets to consider for a
multitargeted therapeutic approach, where the targeting of a single molecule has often proved
unsuccessful (Trivedi 2018). The chemokinome defined within this study from IO presents to us
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how complex and intertwined chemoattractant signaling pathways are in the intestine and from
where they can originate which provides to us a closer idea to the secretomic scope of
chemokines in the intestinal epithelium and a platform for future studies for mechanistic
analysis.
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CHAPTER 5
CONCLUSIONS

Our study focused on characterizing bone marrow MSCs where the full strength and
breadth, their innate functionality and potency, could be recorded. We accomplished this by
using xMAP Luminex technology, flow cytometry, and quantitative real time PCR, and also the
functionality of MSCs was determined by measuring MSCs’ metabolic activity. From these
experiments we were able to determine immunosuppressive potency on PMBC signatures at
MSCs’ resting stages, upon exogenous stimulation, and upon interaction with PBMCs. This
strategy was further used to define the chemokinome of IBD an non-IBD intestinal organoids,
where chemokines were segregated into high secretors, medium secretors, and low secretors.
Finally, screening of phosphorylation events in early cell signaling molecules in T-cells using
PhosflowTM technology, identified one specific molecule pAkt (pS473) that showed the most
significant effect with interaction with MSC conditioned media. These investigations allow us to
see not only the development for future studies, but provides insights to the therapeutic effects of
MSCs and their potential as cellular therapeutics.
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CHAPTER 6
FUTURE DIRECTIONS

We have done extensive characterization of the potency/functionality assessment of
MSCs that indicates the scope of chemokines secreted by MSC populations and intestinal
organoids, and we have made efforts to look at early signaling molecules that are initiated with
the addition of MSC conditioned media. However, there is still work to be done in assessing how
T-cells from derived from the intestine are influenced by MSCs and their signaling molecules.
The future of this project has many avenues and possibilities, but the main directive we want to
focus on is to firstly, develop PhosflowTM analysis of T-cells derived from intestinal tissue
biopsies. Specifically, we would like to focus on intestinal organoids derived from Crohn’s
patients’ biopsies to understand what early signaling proteins are being activated. We then hope
to generate further mechanistic analyses of MSCs on different immune cell populations such as:
monocytes, B-cells, eosinophils, and basophils using PhosflowTM technology to further
understand how MSCs’ immunomodulatory characteristics influence the function of these
populations. Furthermore, we hope to investigate MSCs effect on intestinal organoids to further
understand potential therapeutic effects MSCs have in inflammatory conditions.
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