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Abstract

This dissertation is composed of three sections each identifying integral biological events
associated with improved ligament healing while using allogeneic MSCs. The first section
compares two doses of MSCs to determine key cellular and cytokine expression levels that result
in stronger ligaments, the second part builds on these findings by enhancing allogeneic MSC
therapy through cell priming, and the third section defines local and systemic cytokine patterns

that characterize an improved ligament healing environment from an inflammatory perspective.

In the first section, two different cell doses (low dose 1x10° and high dose 4x10° MSCs) were
administered at the time of injury and compared with normal ligament healing at days 5 and 14
post-injury. The lower dose of MSCs resulted in improved ligament mechanics at day 14 and
showed an improved cellular profile with fewer pro-inflammatory cells and cytokines compared
to the high dose of MSCs. This study outlined cellular responses that correlated with improved
ligament functional properties as well as demonstrated the potential of allogeneic MSCs (higher
dose) to create a more inflammatory healing environment illustrating the importance of cell

dosage.

The second section examined the role of priming cells with a pro-inflammatory cytokine
(polyinosinic and polycytidylic acid) prior to administration into an injured ligament. Healing
was studied at days 4 and 14 post-injury in ligaments that received unprimed MSCs (1x10°
cells), primed MSCs (1x10° cells), and controls (no MSCs). Priming cells yielded stronger
ligaments compared to the unprimed MSC group at day 14 along with increased type 2

macrophage infiltration and procollagen 1a deposition at day 4 of healing. Both primed and



unprimed MSCs were detected in the healing region 14 days post-application, however,
significantly fewer remained in the primed group. There was a pattern of co-localization of
MSCs with both endothelial cells and pericytes in the healing region suggesting a strong

interaction and role in angiogenesis for both primed and unprimed MSCs.

The third section measured cytokine fluctuations with the goal of identifying critical patterns
contributing to the improved outcome from the use of primed MSCs. This analysis examined
local and systemic changes in cytokine expression upon primed and unprimed MSC application.
Systemic changes were monitored days 1-4 post-injury via serum collection. Local changes

were measured at day 4 post-injury within the ligament homogenate. The primed cells resulted
in a general dampening of several pro-inflammatory cytokines including GM-CSF, IL-6, TNFa,
and IL-12 during the first few days after injury. However, there was also a general dampening of
anti-inflammatory cytokine IL-10 in this group. Locally, the primed cells lead to increased anti-
inflammatory IL-1Ra within the healing matrix and decreased pro-inflammatory IL-1a.
Summarizing the results, priming MSCs appeared to alter both the systemic and local healing

environments by reducing inflammation leading to an overall improvement in ligament healing.
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Chapter 1: Background

Ligaments and Ligament Damage

Ligaments are a fibrous tissue that connect bone to bone and provide support to joints throughout
the body. They are mostly comprised of collagen which contributes to 75% of their dry weight.
Several collagen types are found in ligaments and include type I, III, V, VI, XI, and XIV. Type I
is the most abundant and accounts for 85% of the matrix'. Elastin and proteoglycans are also
found within ligaments, and all components combined contribute to the mechanical properties of
ligaments. Injuries to these structures can lead to joint instability, pain, and eventually more

chronic conditions such as osteoarthritis.

Musculoskeletal injuries account for 33 million of the injuries in the US annually with 50%
involving soft tissue such as ligament and tendon”. Ligament injuries affect all age groups and
often require an intervention for healing, depending on the location and healing environment.
The healing process fills the void, yet the ligament portrays more scar-like extracellular matrix
architecture compared to the native tissue. This tissue can become problematic in ligaments
because it consists of less organized, smaller collagen fibrils® that are associated with decreased
tissue strength and compromised joint function. Subsequently, the normal healing cascade
places the ligament at risk for re-injury. Thus, there is a growing interest in finding therapeutic

interventions to minimize scar-like tissue and increase the tissue’s regenerative potential.

Normal Ligament Healing

Ligament healing, like wound healing, can be divided into 3 overlapping phases consisting of

inflammation, proliferation, and remodeling. During these phases, various cell types infiltrate



the healing ligament at differing time points and locations. Chamberlain et al.® examined 8 time
points during rat medial collateral ligament (MCL) healing and characterized cellular spatial and
temporal patterns during normal healing. They found that neutrophils are key players during the
inflammatory phase and infiltrate the injured area 1 day post-injury. Endothelial cells emerge
during the transition from inflammation to proliferation and continue to have a presence through
the proliferative phase. Circulating monocytes/macrophages peak around day 5 during the
proliferative phase to assist in the clean up of cellular debris. The proliferative phase transitions
into the remodeling phase around days 14-21, which is when an increase in apoptotic cells can be
detected (Fig. 1.1)°. Remodeling of the ligament may continue for months to years without fully

.. . .. . . 7-10
regaining its original mechanical properties’ '°.
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Fig. 1.1 (Reprinted with permission) Temporal cellular response during the 3 phases of rat medial
collateral ligament healing.



Possible causes of diminished mechanical properties in healed ligament may be due to smaller
collagen fibers, less organized extracellular matrix (ECM), and altered ECM protein
composition. Provenzano et al.'' showed increased bifurcations of collagen fibrils in the healing
region along with larger collagen fibrils dividing into smaller diameter fibrils at the transition
zone from normal ligament to the injured area. Several other researchers have examined
mechanisms of fibrillogenesis in order to determine ways to achieve healed ligaments with
similar ECM characteristics to that of uninjured ligaments™'>'*. Chamberlain et al."> showed
that procollagen I and decorin are down-regulated in an injured MCL compared to normal
ligaments. They also reported an up-regulation in collagen III, myofibroblasts and fibromodulin
through day 28 of healing. This increase in collagen III combined with a decrease in procollagen
I (precursor to collagen I) substantially altered the matrix compared to normal ligaments which

consist mainly of collagen type I'.

After a ligament heals, the ECM is more scar-like and fibrotic in nature. There is consistent
evidence of involvement of macrophages, other immune cells and fibroblasts in regulating

. . 16-18
fibrotic conditions

. Lymphocytes and macrophages can activate myofibroblasts (which
participate in collagen synthesis and matrix remodeling) via paracrine signaling and promote
fibrotic healing'®. Other pro-fibrotic mediators involved in the development of scar-like ECM

18-20 .
and some of the earliest

are cytokines produced by immune and inflammatory cell types
genes that are up-regulated upon injury (day 3) in a healing rat MCL are related to immune
factors and inflammation'*. This provokes an interest in finding ways to modulate the immune

and inflammatory response during early ligament healing with the goal of minimizing scar tissue

formation and allowing for more regenerative healing.



Mesenchymal Stem Cells and Healing

Mesenchymal stem cell (MSC) research continues to expand due to its relatively untapped
potential as a therapeutic agent. MSCs are generally used for two reasons: 1) the ability for
MSC:s to differentiate into several different connective tissues such as cartilage, bone, muscle

21-23

and fat” *°, and 2) the capacity for MSCs to modulate immune and inflammatory responses that

- - - 2425
affect various healing environments™

. This paradigm shift from differentiation to immune
modulation is studied in different areas of the body*®. Several reports suggest MSCs decrease
inflammation by reducing pro-inflammatory cytokines and changing the macrophage phenotype
from type 1 (M1, classically-activated) to type 2 (M2, alternatively-activated)’” °. The M1
phenotype is classified as pro-inflammatory, while the M2 phenotype is more reparative and

anti-inflammatory® . A shift in macrophage phenotype is thought to be associated with

improved healing (more regeneration of native tissue with less fibrotic scarring).

Other ways in which MSCs regulate immune responses is related to their interaction with T
lymphocytes, B lymphocytes, and neutrophils. Numerous studies****~*>® have shown that
MSCs can decrease proliferation and modulate the function of T cells by altering production of
cytokines IL-2 and IFNy. It has also been shown that MSCs increase the number of T regulatory
cells (Tregs), which are essential for suppressing effector T cell proliferation and cytokine

2337 There is some evidence that MSCs can inhibit the activation of B cells in Vitr038,

production
and decrease proliferation and IFNy production by natural killer T cells”’. Finally, MSCs have

been shown to inhibit neutrophil apoptosis in vitro via IL-6 production®’. Inhibiting apoptosis

did not alter neutrophil phagocytic ability and therefore could potentially result in altered healing



by maximizing neutrophil phagocytosis and minimizing reactive oxygen species production (via
anti-apoptotic mechanism). The above studies outline ways in which MSCs interact with the
major cell types involved during immune and inflammatory responses, however, most of these

studies were performed in vitro.

A few researchers have demonstrated improved mechanics in tendons and ligaments using MSCs
in vivo*"*. Chong et al.*' found that administering MSCs using fibrin glue in a rabbit Achilles
injury model led to improved collagen organization and mechanical properties during early stage
healing. Kanaya et al.** used a partially torn anterior cruciate ligament model in rats and found
that injecting MSCs into the joint improved both histological scores and ultimate failure loads 4
weeks post-injury. These functional improvements show great promise for the way MSCs can
modulate the healing cascade. However, questions and problems remain with this approach.
MSC:s are not uniformly successful which was shown by Gulotta et al. using a rotator cuff
tendon to bone healing model®*. Due to the complex nature of an in vivo environment, less is
known about how MSCs mechanistically exert their effects and could vary depending on the
disease/injury model being studied. A better understanding of regenerative MSC mechanisms is

necessary and could elucidate more effective regeneration strategies.

Priming Mesenchymal Stem Cells

MSCs have multiple functions and require specific cues from their microenvironment to promote
a certain action. In order to stimulate immune modulating properties, some kind of ‘licensing’ is
required* (Fig. 1.2). One way to activate MSCs is via inflammatory cytokines such as IL1-a/p,

IFNy, and TNFa. Ren et al. found that un-stimulated MSCs lack immunosuppressive



capabilities, however, upon exposure to inflammatory cytokines, they became

#46 - Waterman et al.*’ found that short-term priming with

immunosuppressive
lipopolysaccharide (LPS) and polyinosinic and polycytidylic acid (poly(I:C)) polarized MSCs to
be pro-inflammatory (MSC1) and anti-inflammatory (MSC2), respectively46. LPS and poly(I:C)
act on different toll-like receptors (TLRs) that activate danger signals in cells, leading to

divergent responses. Due to this being a newer area of research, there are several discrepancies

in the literature related to priming and activation of specific TLRs in MSCs.

Unprimed Vs. Primed

® &>

o 4 4 46 °
¢ O 4 ¢

Fig. 1.2 Priming or activating MSCs with a stimulatory molecule increases their cytokine release and can
enhance paracrine activities.

More studies are emerging showing the effects of activating TLRs in both mouse and human
MSCs. Mastri et al. compared TLR3-activated MSCs (using poly I:C) to unprimed MSCs in
cardiomyopathic hamsters*®. They found that TLR3-activated MSCs stimulated regeneration of
the heart and decreased inflammatory cells and cytokines. Contrary to several studies, Liotta et
al.* showed that TLR3 and TLR4 activation inhibited MSCs ability to decrease T cell
proliferation and concluded that activation of these TLRs suppress immune modulatory
properties. Disagreement in the literature may be due to different cell types (mouse vs. human),

in vivo vs. in vitro models and length of time cells are primed. Continued research is necessary



to clarify the function of primed MSCs and to study potential mechanisms in order to fully

elucidate therapeutic potential.

Prostaglandin E2

Many different cell types and cytokines are involved in classifying immune responses as pro-
inflammatory or anti-inflammatory. Several researchers have looked for specific cytokines
responsible for both primed and unprimed MSCs immune modulating effects. One of the
cytokines mentioned frequently in the literature is prostaglandin E2 (PGE2). PGE2 has been
shown to promote acute local inflammation, while minimizing harmful, later stages of
inflammation®. Ways in which PGE2 affects the immune response include suppressing

51’52, inhibiting T cell production of IL—253, and

cytolytic effector functions of NK cells
minimizing the Th1-type response (characterized by inflammation/cytotoxicity) through

inhibition of IFNy>* and IL-12 production in monocytes®. Besides inhibiting pro-inflammatory
responses, PGE2 can promote anti-inflammatory actions such as aiding development of Tregs™,

and stimulating production of anti-inflammatory IL-10 in tissue macrophages® ~".

Researchers have found that inhibiting PGE2 synthesis minimizes MSCs anti-inflammatory

%0 Ylostalo et al.”® showed that reducing PGE2 production (by inhibiting COX2, an

effects
essential enzyme for PGE2 synthesis), MSCs were unable to reduce TNFa and unable to increase
IL-10 production by stimulated macrophages. Adding synthetic PGE2 to the system containing

stimulated macrophages reproduced the effects that were lost by blocking PGE2. Ryan et al.®’

cultured peripheral blood mononuclear cells (PBMCs) from mismatched donors, which led to

increased proliferation due to an allo-response to foreign antigen. However, when MSCs were



co-cultured with these cells, proliferation significantly decreased suggesting immunosuppression.
When PGE2 was reduced (by inhibiting COX activity), T cell proliferation increased again
demonstrating a key role for PGE2 in MSCs immune modulating capabilities. Based on these
studies and the overall function of PGE2, the evidence suggests that PGE2 is an integral marker

to examine during healing when using allogeneic MSCs.

Study Goals

The overall goal of this study is to investigate how ligament healing is enhanced using allogeneic
mesenchymal stem cells (MSCs). MSCs are able to modulate the immune and inflammatory
response and therefore we are specifically interested in characterizing these changes in early
ligament healing. We will compare healing outcomes using different doses of MSCs as well as
compare outcomes using unprimed and primed MSCs. We will establish our own priming
protocol for rat MSCs using polyinosinic acid and polycytidylic acid (poly(I:C) with the hope of
creating a more anti-inflammatory, regenerative scenario. We will measure how this affects
healing in regard to cytokine and cellular response, mechanical properties and extracellular
matrix organization. Studying how allogeneic MSCs modulate inflammation, promote healing
and minimize scar-like tissue will provide essential knowledge necessary for potential future use
as a clinical therapeutic treatment. Our interest in the use of allogeneic cells versus autologous
cells relates to clinical applications that benefit from therapeutics that are readily available, such

as with acute traumatic injuries.

AIM #1 Determine a dose response upon mesenchymal stem cell application to an injured

ligament.



MSCs have shown promise when applied to various orthopedic injuries. However, there are
inconsistent results in the literature suggesting that further optimization is required to move cell
therapy to the next level. Mesenchymal stem cells have many applications including 1)
differentiation into a mature cell type to recapitulate the tissue of interest or 2) used in a more
medicinal fashion for growth factor and cytokine release. We are interested in their medicinal
properties and believe optimizing their use as a pharmacological agent has potential to improve
healing. Just like drug testing, there is a need to maximize MSC efficacy by determining a dose
response. Since MSCs are responsive to their environment, there is a belief that more cells is
better due to the notion that cells will be cued and interact as needed. Therefore the overall goal
of Aim 1 is to determine whether a higher dose (4x10° cells) or a lower dose (1x10° cells) of
MSC:s results in improved functional properties and effective healing. We hypothesize that the
higher dose of MSCs will result in improved healing demonstrated by increased failure strength

and fewer inflammatory cells (macrophages) compared to the lower dose of cells.

AIM #2 Examine how altering the early inflammatory cascade using primed MSCs affects
functional ligament properties.

Successful therapeutics for ligament healing will ultimately lead to an increase in regenerative
healing instead of scar tissue formation. Two metrics for regenerative healing in ligaments are
improved mechanical properties and extracellular matrix organization. These properties
contribute to re-injury prevention and better clinical outcomes. Therefore the overall goal of
Aim 2 is to improve the later stage functional properties of healing ligaments after altering the
early inflammatory phase. Since we intend to affect multiple cytokines using primed and

unprimed MSCs, we will investigate how these changes affect ligament strength, stiffness, and
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ECM organization at later stages. We also will quantify the cellular response and MSC
localization at an early (day 4) and later time point (day14). We hypothesize that poly(I:C)-
primed MSCs will result in a less inflammatory environment leading to improved mechanical

properties and ECM organization at later stages of healing.

Aim #3 Probe for factors that improve healing by characterizing the inflammatory cascade via
cytokine expression in early phases of ligament healing.
Previous research has shown improved ligament/tendon healing using MSCs, but the mechanism

is unknown*"*?

. Therefore the first goal of Aim 3 is to better understand how MSCs modulate
inflammation during the early phases of ligament healing by measuring cytokine expression. We
will compare healing environments of poly(I:C)-primed MSCs, unprimed MSCs, and control (no
MSCs) ligaments by measuring cytokine levels during healing. We believe the balance of pro-
inflammatory and anti-inflammatory cytokines are predictive of regenerative healing. For the
first goal we hypothesize that ligaments receiving poly(I:C)-primed MSCs will have the lowest
amount of pro-inflammatory cytokines, such as IL1 and TNFo, followed by unprimed MSCs. We
also hypothesize that ligaments receiving poly(1:C)-primed MSCs will produce greater levels of
anti-inflammatory cytokines, such as IL-1Ra, IL-10, and IL-4. The second goal of Aim 3 is to
gain insight into whether MSCs applied locally to an injured ligament has systemic effects. We

hypothesize that primed and unprimed MSCs will have systemic effects demonstrated by changes

in cytokine levels in the blood serum.
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Chapter 2: Mesenchymal Stem Cell Dosage Effects on Ligament Healing

Introduction

Ligament injuries are common musculoskeletal injuries that affect all age groups and often
require an intervention for healing, depending on the location and healing environment. The
healing process fills the void, yet the ligament portrays more scar-like extracellular matrix
architecture and biology from the native tissue. This tissue can become problematic in ligaments
because it consists of less organized, smaller collagen fibrils® that are associated with decreased
tissue strength and compromised joint function. Subsequently, the normal healing cascade
places the ligament at risk for re-injury. Thus, there is a growing interest in finding therapeutic

interventions to minimize scar-like tissue and increase the tissue’s regenerative potential.

Mesenchymal stem cell (MSC) research continues to expand due to its relatively untapped
potential as a therapeutic agent. MSCs are generally used for two reasons: 1) the ability for

MSC:s to differentiate into several different connective tissues such as cartilage, bone, muscle

21-23

and fat” *°, and 2) the capacity for MSCs to modulate immune and inflammatory responses that

- - - 2425
affect various healing environments™

. This paradigm shift from differentiation to immune
modulation is studied in different areas of the body*®. Several reports suggest MSCs decrease
inflammation by reducing pro-inflammatory cytokines and changing the macrophage phenotype
from type 1 (M1, classically-activated) to type 2 (M2, alternatively-activated)’” >°. The M1
phenotype is classified as pro-inflammatory, while the M2 phenotype is more reparative and

31,32,42
DI A

anti-inflammatory shift in macrophage phenotype is thought to be associated with

improved healing (more regeneration of native tissue with less fibrotic scarring). Many of these
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studies have been performed in vitro but there is a lack of inquiry regarding the modulatory
effects occurring within injured ligament. MSCs can behave differently depending on the tissue
and healing environment they are exposed to, which leads to our specific interest in MSC’s

immune modulatory effects in healing ligaments.

Several researchers have demonstrated improved mechanics in tendons and ligaments using
MSCs*#*¢! " Kanaya et al.** found that MSC injections into a rat knee joint improved both
histological scores and ultimate failure loads 4 weeks post- anterior cruciate ligament partial tear.
Chong et al.*! reported that administration of MSCs via fibrin glue in a rabbit Achilles injury
model led to improved collagen organization and mechanical properties during early stage
healing. These functional improvements show great promise for the way MSCs can modulate
the healing cascade. However, not all studies utilizing MSCs have been successful®. A better
understanding of MSC regenerative mechanisms is necessary and could elucidate more effective

regeneration strategies.

In the current study, we examined the specific influence MSCs had on an injured ligament by
measuring spatial and temporal cellular responses. Second, we explored if there was a dose
response, ultimately determining an optimal healing effect depending on the amount of MSCs
administered. Finally we examined production of common pro-inflammatory and anti-
inflammatory cytokines in relation to treatment groups and normal healing ligaments. We
hypothesized that both doses of MSCs would result in a less inflammatory environment leading

to improved mechanical properties, with the higher dose of MSCs yielding more optimal results.
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Materials and Methods

Experimental Design

A medial collateral ligament (MCL) injury model was used since the normal healing cascade in
this model is well characterized® and provides an appropriate comparison when perturbing the
healing cascade. MCLs were transected and MSCs were injected at the time of injury in the
transected region without the use of a scaffold. Healing was analyzed at day 5 to examine a time
point when macrophages peak®, and day 14 to adequately assess mechanical properties. Two
doses of MSCs were used: a low dose consisting of 1x10° cells and a high dose of 4x10° cells.
Doses were selected based on animal model size and highest number of cells soluble in 50ul of
fluid without becoming too viscous. Forty-seven adult male Wistar rats (275-299g) underwent
bilateral MCL transections (right MCL=treatment, left MCL=control) with 15 rats (n=3 each
dose and time point, 3 extras) used for immunohistochemistry, immunofluorescence, and
hematoxylin and eosin (H&E) staining, 20 rats (n=5 each dose and time point) used for cytokine

analysis, and 12 rats (n=6 each dose, day 14 only) used for mechanical testing.

Surgical Procedure

All procedures were approved by the University of Wisconsin Institutional Animal Care and Use
Committee. Rats were anesthetized using isoflurane and prepared for surgery using sterile
technique (day 0). A 1 cm longitudinal skin incision was made at the femoral-tibial junction.
The subcutaneous tissue and gracilis muscle were dissected in order to expose the MCL. A
scalpel blade was used to create a complete, uniform transection of the MCL just distal to the
joint line. MCLs were transected instead of torn in order to improve reproducibility. Each rat

underwent bilateral MCL transections with the right MCL being administered MSCs and the left
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serving as a control by receiving Hanks Balanced Saline Solution (HBSS; Hyclone Laboratories
Inc, Logan UT). Transected ligaments were not repaired with suture. Once cells or HBSS were
injected, the 3 tissue layers were closed using a 5-0 vicryl suture. The animals were allowed
unrestricted cage mobility post-operatively and were euthanized at days 5 and 14 for ligament

analysis.

Mesenchymal Stem Cell Culture

Rat mesenchymal stem cells were purchased (Trevigen, Gaithersburg, MD) and expanded to
passages 7 through 10. Cells were seeded in T175 flasks and administered Cultrex Qualified
RMSC medium containing 10% fetal bovine serum (Trevigen, Gaithersburg, MD) and 1%
antibiotic-antimycotic (Cellgro, Manassas, VA). Cells were incubated at 37° C and 5% CO, and
passaged at 70% confluency. Media was changed every 3-4 days and cell morphology was

monitored throughout expansion to ensure MSCs maintained a spindle-like appearance.

MSCs were collected the morning of surgery using Trypsin EDTA (Cellgro, Manassas, VA).
Cells were fluorescently-labeled with Celltracker CM-Dil (Life Technologies, Grand Island, NY)
in order to visualize their spatial distribution in the healing ligaments. Once fluorescently

tagged, either 1x10° or 4x10° MSCs were suspended in 50ul of HBSS.

Immunohistochemistry/Immunofluorescence

At day 5 and day 14 post-injury, ligaments were collected, frozen in optimal cutting temperature
(OCT), and longitudinally sectioned (5um). Sections were mounted on Colorfrost Plus

microscope slides and stored at -80° C. Mouse and rabbit monoclonal antibodies were used to
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detect the cell type of interest. Standard procedure for staining consisted of acetone fixation
followed by 3% hydrogen peroxide to prevent endogenous peroxidase activity. The samples
were then treated with Background Buster (Innovex Biosciences, Richmond, CA) to protect
against non-specific antibody-protein interactions. Primary antibody was applied (2 hours)
followed by a biotin-linked secondary (10 minutes) and streptavidin conjugated to horseradish
peroxidase tertiary antibody (10 minutes) using a Stat Q staining kit (Innovex Biosciences,
Richmond, CA). Diaminobenzidine (DAB) was used to detect the antibody-antigen complex of

interest. Light microscopy allowed for spatial localization and cell counting of all IHC stains.

Mouse monoclonal antibodies were utilized to detect type 1 macrophages (CD68; 1:100;
AbDSertoc, Raleigh, NC), type 2 macrophages (CD163; 1:100; AbDSertoc, Raleigh, NC),
endothelial cells (CD31; 1:100; AbDSertoc, Raleigh, NC), proliferating cells (Ki-67; 1:25; Dako,
Carpinteria, CA), procollagen I (straight; SP1.D8; Developmental Hybridoma, lowa City, lowa)
and collagen III (1:8000; Sigma-Aldrich, St. Louis, MO). A rabbit monoclonal antibody was
used to detect T cells (CD3; 1:100, Abcam, Cambridge, MA). 4',6-diamidino-2-phenylindole
(DAPI) and Celltracker CM-Dil (Life Technologies, Grand Island, NY) were used for

fluorescent detection of total cells and MSCs, respectively.

Histology

Hematoxylin and Eosin (H&E) staining allowed healing region size measurements and
morphological observation of the ligament. The healing region area was measured using Image J
(National Institutes of Health, Bethesda, MD) and expressed as a percentage of total ligament

area within a sagittal section.
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Cell Quantification

Images were taken using a camera-assisted microscope (Nikon Eclipse microscope, model
E6000 with Olympus camera, model DP79). Five areas of the healing ligament were imaged at
400x in order to measure spatial distribution of the various cell types. The areas included the
healing region, distal healing region edge, proximal healing region edge, distal ligament and
proximal ligament. All 5 areas were combined for analysis of the entire MCL providing a 6"
measure for comparison (Fig. 2.1). Two or three sections from each ligament were counted and
averaged for comparison. Cells were manually counted for each stain. Density of collagen III

was measured using Image J (National Institutes of Health, Bethesda, MD).

Proximal Distal

Proximal Healing
Region

Fig. 2.1 Cells were quantified in five areas of the ligament including the healing region, proximal healing
region, distal healing region, proximal end, and distal end. All five areas were added together to obtain an
overall MCL sum.

Mechanical Testing

At day 14, rats were euthanized and frozen (-80°C) until dissections could take place. Right and

left MCLs were carefully dissected by removing all surrounding tissue. The MCL tibial and
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femoral insertions were kept intact for mechanical testing. Once dissected, phosphate buffered

saline (PBS) was applied to maintain ligament hydration.

Testing was performed in a custom-designed load frame that held the tibia and femur in the
anatomical position for uniform loading. MCLs started in a slack position (without tension) and
were not preconditioned to avoid damaging the healing region prior to failure testing. Pulling at
a rate of 4.0 mm/sec, each ligament was stretched until it failed. Load and displacement data
were collected to determine maximum load before failure, along with stiffness in the most linear

region of the load-displacement curve.

Cytokine Analysis

Ligaments were collected at day 5 and day 14 post-operatively to assess the influence of MSC
dosage on cytokine expression. Five MCLs were collected and pooled for each time point and
group. MCLs were washed in Cell Wash Buffer (Bio-Rad, Hercules, CA) placed in Navy Bead
Lysis Kit tubes (Next Advance, Averill Park, NY) containing Lysing Solution (Bio-Rad,
Hercules, CA). A Bullet Blender (Next Advance, Averill Park, NY) was used to homogenize the
MCLs and separate soluble from insoluble proteins. Supernatant was collected and frozen for
total protein measurement (Pierce BCA Protein Assay, Rockford, IL) and cytokine multiplex

analysis.

A rat cytokine 10-plex kit (Life Technologies, Grand Island, NY) was used to measure 10 pro-
inflammatory and anti-inflammatory proteins. The proteins measured included GM-CSF, IFNy,

IL-1a, IL-1B, IL-2, IL-4, IL-6, IL-10, IL-12 and TNFa. Samples were run in triplicate and
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incubated with primary antibodies overnight at 4° C on a plate shaker. The following day
samples were treated with a biotinylated secondary antibody and streptavidin-RPE tertiary
antibody for detection. Serial dilutions of standards, along with spleen (positive control) and
lysis solution (negative control), were used for accurate and repeatable measurements. Samples
were read using a Luminex Magpix (Life Technologies, Grand Island, NY) system. A standard
curve was established and verified to ensure 80-120% recovery and detection a minimum of 2
standard deviations above background. Protein concentrations were normalized to total protein

measurements and expressed as a percentage for analysis.

Statistics

A 2-tailed, paired student t-test was used to detect differences between MSC treated ligaments
compared to controls since the comparison is based on ligaments within the same animal. A 2-
tailed, unpaired student t-test was used to make comparisons between high and low dose MSC
groups since the doses were administered in different animals. A p-value less than .05 was

considered significant.

Results

Immunohistochemistry

Comparisons were made between each MSC dose and animal matched controls along with
comparisons between the 2 doses (Table 2.1). No significant changes in cellular distribution
between HBSS control ligaments and low dose MSC (1x10°) ligaments were noted at day 5 post-
injury. However, treatment with the high dose (4x10°) of cells demonstrated significant changes

throughout the ligament in type 2 macrophages (M2s). Fewer M2s (p=.049) were present in the
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distal and proximal healing region of the high dose MSC group (Fig. 2.2, A-C) compared to
control ligaments. Comparing different doses, procollagen I (precursor to collagen I) was
decreased (p=.042) throughout MCLs that received the low dose of MSCs compared to the high
dose group at day 5 (Fig. 2.2, D-F). Endothelial cell quantification showed that the low dose
MSC group had more endothelial cells (p=.021) and lumen (p=.008) starting to form in the

healing region compared to the high dose group (Fig. 2.2, G-I).
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Fig. 2.2 A-C: At day 5 healing, there were decreased type 2 macrophages in the proximal and distal healing
region of MCLs that received a high dose of MSCs compared to control ligaments (controls 344.7+48.2, high
dose 67.7+38.0, p=.049). A: Representative image of IHC in control ligament. B: Representative image of IHC
in high dose ligament. C: Graph comparing average cell number for each condition. D-F: At day 5 healing,
there was decreased procollagen I in the ligament ends of the low dose MSC group compared to the high dose
group (low dose 827.6+158.6, high dose 1333.3+66.8, p=.043). D: Representative image of IHC in low dose
ligament. E: Representative image of IHC in high dose ligament. F: Graph comparing average cell number for
each dose. G-I: At day 5 healing there were increased endothelial cells in the healing region of the low dose
group compared to the high dose group (low dose 620.7+111.1, high dose 172.4+42.7, p=.02). G: Representative
image of IHC in low dose ligament. H: Representative image of IHC in high dose ligament. I: Graph
comparing average cell number for each dose. Values are expressed as mean cell numbers + S.E.M.
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In contrast to day 5 healing, there were significant changes in both the low dose and high dose
groups at day 14 compared to controls, along with significant changes between doses. Fewer
type 1 macrophages (M1s) were found in the ends (p=.010) and throughout the MCL (p=.043) in
the low dose ligaments compared to controls. Comparing doses showed a similar pattern with
fewer M1s in low dose ligament ends (p=.002) and throughout the MCL (p=.005) compared to
the high dose group (Fig. 2.3, A-C). Similar to day 5, M2s were decreased in the proximal and
distal ends (p=.049) in high dose ligaments compared to controls (Fig. 2.3, D-F). Cellular
proliferation was altered in the low dose MSC group marked by fewer proliferating cells in the

healing region (p=.003) compared to the controls (Fig. 2.3, G-I).

When comparing endothelial cells and lumen formation, there were fewer endothelial cells
(p=.026) and blood vessel lumen (p=.044) in the ligament ends of the low dose MSC group
compared to control ligaments. Significantly fewer lumen were observed throughout the low
dose MCLs (p=.002) as a whole compared to controls. When comparing doses of MSCs at day
14, there were less endothelial cells in the distal and proximal healing region (p=.026) and
throughout the MCL (p=.039) in the low dose group compared to the high dose group (Fig. 2.3,

J-L).

T-lymphocytes were analyzed at both time points due to the extensive research showing that

MSCs modulate T lymphocyte proliferation and function****=*3¢

. Regardless of treatment or
time, there were few T cells found within the ligaments (data not shown), and therefore it was

difficult to make meaningful comparisons based on such small numbers. Collagen III was

analyzed at day 5 and yielded no difference between groups (data not shown).
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Fig. 2.3 A-C: At day 14 healing, there were fewer type 1 macrophages throughout the MCL in the low
dose group compared to the high dose group (low dose 816.1+83.0, high dose 1965.5+186.0, p=.005). A:
Representative image of IHC in low dose ligament. B: Representative image of IHC in high dose ligament.
C: Graph comparing average cell number for each dose. D-F: At day 14 healing, there were fewer type 2
macrophages in the ligament ends of high dose ligaments compared to controls (controls 241.4+60.2, high
dose 80.5+33.4, p=.049). D: Representative image of IHC in control ligament. E: Representative image of
IHC in high dose ligament. F: Graph comparing average cell number for each condition. G-1: At day 14
healing, there were fewer proliferating cells in the healing region of low dose MCLs compared to controls
(controls 107.2+17.3, low dose 25.5+16.9, p=.003). G: Representative image of IHC in control ligament. H:
Representative image of IHC in low dose ligament. I: Graph comparing average cell number for each
condition. J-L: At day 14 healing, there was decreased endothelialization throughout the MCL in the low
dose group compared to the high dose group (low dose 505.7+73.4, high dose 942.5+121.0, p=.039). J:
Representative image of IHC in low dose ligament. K: Representative image of IHC in high dose ligament.
L: Graph comparing average cell number for each dose. Values are expressed as mean cell numbers +

S.E.M.
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MSC Localization and Morphological Measurements

MSCs were detected in the healing region and healing region edges at days 5 and 14 in both dose

groups using fluorescence microscopy (Fig. 2.4, A).

At day 14, a noticeable decrease was noted in the length of the healing region in the low dose
MSC group compared to the controls. The average length of the healing region in the MSC
group was 1.4 + .61lmm compared to 2.5 = .18mm (p=.003) in the control group. There was also
narrowing in the healing region of control ligaments whereas the low dose MSC group’s

granulation tissue looked congruent with the distal and proximal ligament ends (Fig. 2.4, B).

H&E staining was performed to measure the area of the healing region for comparison. By
calculating percentage of the healing region size, the low dose MSC group demonstrated a
significantly smaller healing region (p=.049) when compared to the controls (Fig. 2.4, C). This
MSC group’s average healing region size was 8.4+1.2% of the total area of the ligament and the

control averaged 10.4+ .72%.

Mechanical Data

Ligament failure loads and stiffness were compared at day 14 of healing to assess functional
improvements. Larger differences were seen in the low dose group compared to the control
when analyzing these two properties. The low dose MSC group demonstrated increased strength
with an average failure load of 26.41+ 1.95N compared to 20.88+ 2.64N in the control group

(p=-029). Ligaments receiving the low dose of MSCs also showed increased stiffness with an
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average of 12.244 .95 N/mm compared to 10.01£ 1.02 N/mm (p=.011) in the control ligaments

(Fig. 2.5).

Day5 -

100 ym

Day 5 - 4 million MSCs

100 pm

1 million MSCs Day 14 - 1 million MSCs

Day 14 - 4 million MSCs

Control Ligaments  Low Dose MSC Ligaments

Control Ligament

Low Dose MSC Ligament

I mm

—raa

-.-)

\

Fig. 2.4 A: MSCs were detected at day 5 and day 14 in the healing region in both dose groups. MSCs
were stained red using Celltracker CM-Dil. Dapi was used as a nuclear stain for total cells (blue). B: At
day 14, there was increased narrowing in the healing region of control ligaments (indicated by arrows)

compared to low dose ligaments. C:

H+E stains at day 14 healing show a larger healing region in control

ligaments compared to the low dose group (controls 10.4+ .7%, low dose 8.4+1.2%, p=.049). Healing
region measurements were taken using Image J and values expressed as mean percentage of total ligament
area + S.E.M.
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Fig. 2.5 Day 14 comparison of
mechanical properties showed low
dose ligaments exhibiting increased
failure load (controls 20.88+ 2.64N,
low dose 26.41+ 1.95N, p=.029) and
stiffness measurements (controls
10.01+ 1.02 N/mm, low dose 12.24+ .95
N/mm, p=.011). Values are expressed
as mean = S.E.M.
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Cytokine Analysis

Significant changes in protein production were detected in 5 out of the 10 cytokines tested.
Cytokine levels are expressed as a percentage of total protein within the ligament (Table 2.2). At
day 5, IL-1pB (Fig. 2.6, A) was increased in the low dose group compared to the control (controls
4.25x10™°+ 2.90x10°7% vs. low dose 5.10x10%°+ 1.52x10" %, p=.034). The same pattern was
seen in the high dose group compared to controls (Fig. 2.6, B) but demonstrated a larger
magnitude of change (controls 3.13x10°+ 9.62x10™7% vs. high dose 7.07x10™°+ 8.35x1077%,
p=.001). IL-1a (Fig. 2.6, C) was decreased in both MSC dose groups at day 5 compared to
controls along with the low dose group expressing significantly less cytokine compared to the
high dose (controls 1.99x10™°+ 8.95x10°% vs. low dose 3.02x10"+ 3.03x10%%, p=.004;
controls 8.52x1077+ 3.27x10™% vs. high dose 5.53x10""+ 6.51x10"%%, p=.020, high dose vs.
low dose, p=.025). IL-2 (Fig. 2.6, D) was increased in the high dose group compared to controls
at day 5 (controls 7.13x10™%+ 7.50x10™°% vs. high dose 2.43x10""+ 3.18x10° %%, p=.042).
IFN-y (Fig. 2.6, E) was also increased in the high dose group compared to controls, and when
compared to the low dose group (controls below detection level = 0 vs. high dose 3.10x107%,
p<.0001; high dose vs. low dose 1.31x107%, p<.0001). At day 14, the high dose had increased
IL-12 (Fig. 2.6, F) production compared to controls and compared to the low dose group
(controls 1.00x10™°+ 2.88x10™%% vs. high dose 2.39x10"%°+ 2.00x10"%%, p=.0008; high dose vs.
low dose 1.53x10™%°+ 5.95x10°%%, p=.0002). GM-CSF, IL-4, IL-6, IL-10, and TNFo were

below detectable levels in all groups at both time points.
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Fig. 2.6 Cytokine analysis at day 5 and day 14 showed significant changes in 5 cytokines: IL-1f, IL-1a,
IL-2, IFNy, and IL-12. No significant changes were found in levels of TNFa, GM-CSF, IL-4, IL-6, and
IL-10. A: Atday 5, IL-1p was increased in the low dose group compared to controls (controls 4.25x10"+
2.90x10™7%, low dose 5.10x10™°+ 1.52x10" % , p=.034). B: At day 5, IL-1p was also increased in the high
dose group compared to controls (controls 3.13x10%+ 9.62x10"%, high dose 7.07x107"+ 8.35x10™7%,
p=.001). C: Atday 5, IL-1a was decreased in both dose groups compared to controls, with the low dose
having significantly less IL-1a compared to the high dose (low dose 3.02x10™"+ 3.03x10 %%, high dose
5.53x10""+ 6.51x10™%%%, p=.025). D: Atday 5, IL-2 was increased in the high dose group compared to
controls (controls 7.13x10™*+ 7.50x10"%, high dose 2.43x10™7+ 3.18x10™"%%, p=.042). E: At day 5, IFNy
was increased in both dose groups compared to controls, along with the high dose having significantly
increased expression compared to the low dose (low dose 1.31x10"%, high dose 3.10x107"7%, p<.0001). F:
At day 14, there was increased expression of IL-12 in the high dose group compared to the low dose group
(low dose 1.53x10™°+ 5.95x10"%%, high dose 2.39x10™"+ 2.00x10™"*%, p=.0002).

Discussion

The inflammatory response to injury is a complicated cascade of interactions that vary
temporally, spatially and in magnitude. It is a well-conserved process that ultimately results in
more scar-like versus native tissue in ligaments. A better understanding of this process is
necessary to identify therapeutic interventions that minimize scar formation and stimulate

regeneration of native tissue.

MSCs demonstrated a positive healing effect when applied at an appropriate dose. This was
shown by a smaller wound size and improved mechanical properties at day 14. Interestingly, the
lower dose of 1x10° cells proved more successful than the higher dose of 4x10° cells at day 14,
indicating the importance of dosage in cell therapy. This is in contrast to our hypothesis where
we expected the high dose to be more optimal. Cytokine production and cellular composition at
the times examined portray the higher dose of MSCs as promoting inflammation. This is
evidenced by increased production of pro-inflammatory cytokines (IL-1p, IL-2, IFNy) and
decreased anti-inflammatory M2 macrophages in the high dose group compared to controls. The
reason for this response is unknown, however, evidence is emerging showing that allogeneic

62—-66

MSCs can trigger an immune response in the host® . Zangi et al.*’ showed that allogeneic
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MSC survival upon transplantation was significantly shortened compared to syngeneic MSCs.
Schu® and colleagues found that rats receiving an intravenous injection of allogeneic MSCs
formed alloantibodies leading to complement-mediated lysis. These studies exploring the effects
of allogeneic MSCs along with a review paper by Gebler et al.®” detail circumstances where
MSCs have pro-inflammatory effects under specific conditions. In our study, the low dose of
MSCs expressing a certain amount of foreign antigen may have been insufficient to trigger an
immune response and the MSCs modulated healing in a beneficial manner. The high dose of
MSCs may have triggered an inflammatory reaction that negated the improved healing seen in
the low dose group. These findings suggest that when using allogeneic MSCs for cell therapy,
using an appropriate number of MSCs is essential to minimize host immune detection yet still be

able to positively modulate the healing environment.

Past research performed in our laboratory on ligament healing showed that the wound size
continues to expand with time due to remodeling®. Remodeling that creeps beyond the injury
site and progresses into the healthy section of the ligament is thought to be one of the factors that
contribute to inferior mechanical properties after injury. Therefore, our results in the low dose
MSC group demonstrating a smaller wound size and less creeping holds promise for stronger
ligaments. Inflammatory cytokines, such as IL-1p, are known to activate matrix
metalloproteinases (MMPs) in tendon and ligament leading to remodeling activity®*®’. The
increased pro-inflammatory cytokines at day 5, including IL-1f, seen in the high dose MSC
ligaments correlated with a larger healing region and active tissue seen later during healing. At
day 14, more pro-inflammatory M1 macrophages were present throughout the MCL in the high

dose group compared to control ligaments and the low dose group. This was consistent with



28

increased IL-12, a cytokine characteristic of M1s>'~* found in the high dose group. A prolonged
M1 macrophage response can be indicative of chronic inflammation, which represents increased
cellular activity and results in more scar tissue. Collectively, these cytokine and macrophage
profiles, along with increased proliferating cells in the healing region, suggest that the healing
response in the high dose group was still active, whereas the low dose ligaments were becoming

more quiescent.

Previous research has reported the ability of MSCs to alter macrophage phenotype to be more
anti-inflammatory®®’. Our day 5 cellular and cytokine data did not show this same trend. We
hypothesized there would be increased M2s and anti-inflammatory cytokines in the MSC
treatment groups, with the higher dose of MSCs having higher levels compared to the low dose.
Instead we found that the high dose of MSCs had significantly fewer M2s and increased pro-
inflammatory cytokines both at day 5 and day 14. The differing results between our findings and
previous reports may be due to in vivo versus in vitro experimental models and a potential

immune reaction to larger amounts of foreign antigen present in the higher dose of MSCs.

Collagen I and collagen III are the predominant extracellular matrix proteins that make up
ligaments and tendons. Healthy ligaments and tendons consist mainly of collagen I, whereas

injured structures have increased collagen 111!

. Increased procollagen I at day 5 in the high
dose group appeared to predict that these ligaments were on the path to regenerative healing.
Surprisingly, this increased production did not lead to better healing at day 14 based on

mechanical properties. Blood vessel formation is another marker used to analyze healing in

ligaments. Some level of vessel formation is necessary to promote healing, however, excessive
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formation can negatively impact mechanical properties’”. At day 14, there were fewer
endothelial cells and blood vessel lumen in the low dose MSC ligaments compared to the
controls. This decrease in lumen formation correlated with improved mechanical properties in

the low dose group and may have contributed to these outcomes.

Consistent with other reports, this study supports the potential therapeutic value of MSCs to
enhance ligament healing. However, the precise mechanisms remain unclear. Inflammatory
cytokines were not all down-regulated with either of our MSC therapy groups. Our study
emphasizes that more MSCs is not necessarily better when using allogeneic MSCs and therefore
dosage should be closely examined for each application. The high MSC dose had a measureable
impact on early healing (day 5) in cellular and cytokine changes, which altered the course of
healing and led to poorer outcomes. The low dose had fewer detectable changes during early
healing, but resulted in improved functional mechanical outcomes (day 14). Dosage needs to be
considered in each injury model since MSCs have the ability to alter the progression and final
outcomes both positively and negatively during healing. There will likely be unique
contributions from MSCs depending on the source of MSCs (including auto- versus allo-MSCs),
amount of MSCs, animal model and tissue of interest. In summary, dose can affect the cellular
response and cytokine expression during healing when used as a therapeutic intervention for
ligament tears. Optimizing the regenerative response to accelerate healing and minimize re-
injuries may prolong independence and mobility for people who experience ligament tears in a

cost-effective manner.



Table 2.1 Summary of IHC results at day 5 and day 14 post-injury.

Day 5 Day 14
Low dose High Dose Low dose vs. Low Dose High Dose Low dose vs.
MSCs vs MSCs vs. High Dose MSCs vs. MSCs vs. High Dose
Control Control MSCs Control Control MSCs
M1 macrophages | s | eeees ¢ (LD)Ends, |  eeeee 4 (LD) Ends,
MCL MCL
M2 macrophages | - J(HD)D/P [ e | e 4 (HD) Ends
HR
Endothelialcells |  -ec [ eeeee 1 (LD) HR $(LD)Ends | weee- { (LD)D/P
HR, MCL
Blood vessel | e | e T (LD) HR ¢ (LD)Ends, | eeeee
lumen MCL
Proliferatingcells | o | oo J(LDYHR | e
Brocollagenl [ e [ e $(LD)MCL | e | e
Tlymphocytes | «ec | e e e e
Collagenlll | woeee | eeeen NT NT NT

Abbreviations: ¢ - decreased, T - increased, HD - high dose MSC group, LD - low dose MSC group, HR
- healing region, D/P HR - distal and proximal healing region edges, Ends - distal and proximal
ligament ends, MCL - medial collateral ligament (Ends+D/P HR+HR), ----- no significance, NT - not

tested.

Table 2.2 Summary of cytokine results day 5 and day 14 post-injury.

30

Day 5 Day 14
Low dose High Dose Low dose vs. Low Dose High Dose Low dose vs.
MSCs vs. MSCs vs. High Dose MSCs vs. MSCsvs High Dose
Control Control MSCs Control Control MSCs
IL-1a 4 (LD) 4 (HD) T(HD) | e[ e
IL-18 T (LD) THD) | e e e
o2 3 |  esses T(HD) | e | e | e
IFNy | - 1 (HD) T(HD) | e |
1 v e e T (HD) T (HD)

Abbreviations: { - decreased, T - increased, HD - high dose MSC group, LD - low dose MSC group, ----- no

significance.
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Chapter 3: Enhanced Ligament Healing Using Primed Mesenchymal Stem

Cells

Introduction

Musculoskeletal injuries account for 33 million of the injuries in the US annually with 50%
involving soft tissue such as ligament and tendon”. The high prevalence of ligament injuries
combined with poor healing makes this an important area of study. Ligaments can be repaired
surgically or left to heal independently depending on the location of the injury. Both approaches
have successes and failures resulting in a weaker tissue. Ligament repair after surgery and/or
injury is a slow process that lingers over an extensive period of time. Research has shown that
ligaments continue to remodel beyond 1 year post-injury and may continue as long as 2.5 years
after the injury’*. The resultant tissue is often less organized and made up of smaller collagen
fibrils®~, and exhibits decreased mechanical strength®’. These factors put the ligament at risk
for re-injury or chronic symptoms associated with poor healing. Therefore there is a need for

therapeutic treatments with the potential to improve the rate and quality of ligament healing.

Mesenchymal stem cells (MSCs) have been studied in many pathological conditions including
but not limited to neurological diseases, diabetes and graft versus host disease (GVHD) as well
orthopedic injuries. The primary focus in many of these studies is exploiting MSCs paracrine
effects with less of a focus on differentiation potential. MSCs have been shown to have several
key paracrine effects that alter tissue healing and disease states in a beneficial manner. A review
by Meirelles et al.”” compiled data and divided the therapeutic benefits into 6 categories:

immunomodulation, anti-apoptosis, angiogenesis, support of stem/progenitor cells, anti-scarring,
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and chemoattraction (Fig. 3.1). There is overlap and complex interplay among these categories

which illustrates the difficulty in trying to isolate the fundamental mechanisms for improved

healing.
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Fig. 3.1 (Reprinted with permission) Bioactive molecules released by mesenchymal stem cells that
result in paracrine effects. MSCs paracrine mechanisms can be divided into 6 categories:
immunomodulation, anti-apoptosis, angiogenesis, support of the growth and differentiation of local stem
and progenitor cells, anti-scarring and chemoattraction.

One category of particular interest is immunomodulation due to many disease processes and
injuries involving immune and inflammatory cells. We previously examined MSCs immune
modulating capabilities during ligament healing and found significant changes that correlated

with improved healing’®. Interestingly the best results were found in ligaments that were
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administered a lower dose (1x10° cells) vs a higher dose (4x10° cells) of cells. Due to improved
healing, economical benefits, and ease of application associated with fewer cells, we chose to
optimize this result further. The goal of the current study is to prime MSCs with a stimulus prior
to putting them into an injured environment with the idea being once in the injured environment,

the primed cells will have a more robust paracrine response leading to optimal healing.

There is a body of literature demonstrating the requirement of some form of stimulation or
‘licensing™** for MSCs to exert their paracrine effects. For in vivo studies, an injured or
inflammatory environment can provide activating stimuli. For in vitro studies, a stimulus needs
to be added to the system. Several researchers have looked at activating MSCs via inflammatory
cytokines, such as IL1-a/fB, IFNy, and TNFa, and reported that this exposure was necessary to
stimulate MSCs immunosuppressive abilities*"*’. Others have looked at activating MSCs by
treating them with molecules that activate specific toll-like receptors (TLRs), which recognize
danger signals. While some studies have shown improved anti-inflammatory effects with primed
MSCs*7*® others report the opposite®. Disagreement in the literature may be due to different
cell types (mouse vs. human), in vivo vs. in vitro models and length of time cells are primed.

Priming cells holds promise but the concept requires further research in injury specific models.

We designed a study to examine rat medial collateral ligament healing using MSCs and primed
MSCs. Polyinosinic and polycytidylic acid (poly(I:C)) was used as a primer due to it’s
specificity to toll-like receptor 3 (TLR3) and previous research demonstrating an anti-
inflammatory phenotype*”*. Since our previous study showed improved healing using 1x10°

cells, we used this same number of cells and aimed to increase efficacy with the priming.
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Discovering methods to maximize MSCs anti-inflammatory phenotype by priming prior to
implantation could yield beneficial outcomes for translational applications. We hypothesized that
the primed MSCs would result in a less inflammatory environment leading to improved ligament
healing demonstrated by increased ligament strength and allowing for a faster rate and higher

quality of healing.

Materials and Methods

Experimental Design

The healing model used for this study examines extra-articular ligament healing. The rat medial
collateral ligament (MCL) serves as an appropriate tissue of study in this category and has been
well characterized by our lab®. Rats underwent bilateral MCL transection using a scalpel blade
to ensure consistency between imposed injuries. Treatment was administered at the time of
injury and consisted of 3 groups: 1) control group receiving carrier solution only (Hanks
Balanced Saline Solution, (HBSS; Hyclone Laboratories Inc, Logan UT) 2) unprimed MSC
group (1x10° cells) and 3) primed MSC group (1x10° cells). The cell number used in this study
was chosen due to dose optimization performed in a previous study’®. Forty-two adult male
Wistar rats (275-299¢g) underwent bilateral ligament surgery (14 per group) and healing was

analyzed at days 4 and 14 post-injury.

Surgical Procedure

All procedures were approved by the University of Wisconsin Institutional Animal Care and Use
Committee. Sterile technique was used while preparing and performing all rat surgeries.

Animals were anesthetized using isoflurane for the duration of surgery and monitored daily for 7
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days post-op to ensure animal welfare. A medial skin incision was made longitudinally and
superficial to the MCL. Another incision was made in the subcutaneous tissue and gracilis
muscle in order to expose the MCL. Each MCL was horizontally transected distal to the medial
knee joint line. A stitch was then placed in the muscle to create a pocket for cel/HBSS
administration. For the unprimed and primed MSC groups, 1x10° cells were suspended in 25ul
of HBSS and administered using a sterile pipette at the location of the ligament transection. The
control group received 25ul of HBSS without cells in the same location. The same treatment
was administered to bilateral knees in each animal in order to avoid confounding results due to
any systemic effects. MCLs were not sutured. The gracilis muscle and skin were closed using
5-0 vicryl suture and animals were allowed full cage mobility without knee motion restrictions
post-op. Animals were euthanized at days 4 and 14 and MCLs were used for

immunohistochemistry (IHC) and mechanical testing.

Mesenchymal Stem Cell Culture and Priming

Rat mesenchymal stem cells were purchased (Cyagen Biosciences Inc, Santa Clara, CA) at
passage 5 and expanded using Mesenchymal Stem Cell Growth Medium (Cyagen Biosciences
Inc, Santa Clara, CA) consisting of MSC basal medium, MSC-qualified fetal bovine serum,
penicillin-streptomycin, and glutamine. Cells were originally obtained from Fisher 344 rat bone
marrow and cultured in monolayer. The vendor transfected the cells using an EmGFP-
expressing lentiviral construct and selected with hygromycin. Cells were then analyzed for
specific cell marker expression using flow cytometry. The guidelines for selection: positive for
CD44 and CD90 (>70%), as well as negative for CD34, CD11b, CD45 (<5%). Along with

expression analysis of specific markers, tri-lineage differentiation (osteogenic, chondrogenic, and
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adipogenic) were performed by the vendor. Once we received the cells, they were seeded in
flasks and maintained in an incubator at 37° C and 5% CO,. The media was changed every 3-4
days and cells were passaged upon reaching 70% confluency. Cell morphology was monitored
to confirm a spindle-like appearance throughout passaging. All cells used for surgeries were at
passage 8 through 10. Several flasks of cells were allocated for the priming group and were
administered media that contained polyinosinic acid and polycytidylic acid (Poly (I:C), Sigma
Aldrich) at a concentration of 1pg/ml. Cells were maintained in the primed media for 48 hours
and collected for surgery at the end of this time point. All cells were removed from flasks using
Trypsin EDTA (Cellgro, Manassas, VA) and counted using Tali® Image-Based Cytometer (Life
Technologies, Grand Island, NY). In order to track cell number and localization in vivo, cells
were fluorescently labeled with Celltracker CM-Dil (Life Technologies, Grand Island, NY)

before being administered to the injured ligament.

Immunohistochemistry/Immunofluorescence

Ligaments designated for IHC were dissected and frozen in optimal cutting temperature (OCT)
at days 4 and 14 post-injury. Ligaments were longitudinally sectioned (5pm), mounted on
Colorfrost Plus microscope slides and stored at -80° C. Mouse and rabbit monoclonal antibodies
were selected to measure the protein of interest. The staining protocol began with acetone
fixation followed by 3% hydrogen peroxide to prevent endogenous peroxidase activity.
Background Buster (Innovex Biosciences, Richmond, CA) or Rodent block R (Biocare Medical,
Concord, CA) was applied to each slide to minimize non-specific antibody-protein interactions.
Selected primary antibodies were applied for 2 hours at room temperature in a humidified slide

chamber. A biotin-linked secondary antibody and streptavidin conjugated to horseradish
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peroxidase tertiary antibody were applied for 10 minutes each using a Stat Q staining kit
(Innovex Biosciences, Richmond, CA) or a rabbit-on-rodent HRP polymer (Biocare Medical,
Concord, CA). The antibody-antigen complex was processed and detected using
Diaminobenzidine (DAB). For staining that required a fluorescent secondary antibody, Alexa

Fluor® 488 (Life Technologies, Grand Island, NY) was used for detection.

Mouse monoclonal antibodies were applied to measure procollagen I (straight; SP1.DS;
Developmental Hybridoma, lowa City, lowa), endothelial cells (CD31; 1:100; AbDSertoc,
Raleigh, NC), type 2 macrophages (CD163; 1:100; AbDSertoc, Raleigh, NC), type 1
macrophages (CD68; 1:100; AbDSertoc, Raleigh, NC), vascular endothelial growth factor
(VEGF; 1:100; Abcam; Cambridge, MA), and proliferating cells (Ki-67; 1:25; Dako,
Carpinteria, CA). A rabbit monoclonal or polycolonal antibody was used to detect transforming
growth factor beta (TGFf; 1:100; Abcam; Cambridge, MA), prostaglandin E2 (PGE2; 1:100,
Abcam; Cambridge, MA), and apoptosis (Cleaved Caspase 3; 1:50; Cell Signaling Technology,
Danvers, MA). Celltracker CM-Dil (Life Technologies, Grand Island, NY) was used for
fluorescent detection of MSCs and 4',6-diamidino-2-phenylindole (DAPI) used for total cell

detection.

Collagen Organization

Ligaments were stained with Picroserius Red (Polysciences Inc, Warrington, PA) and imaged
using polarized light microscopy to visualize matrix organization. Images were taken of the
healing region and converted to gray scale. Two automated techniques were used to quantify

collagen fiber organization: Fractal dimension analysis (FA) and fast Fourier transformation
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(FFT). Both methods examined linearity of the matrix and assigned a number to each image

through an existing Matlab routine’”.

Immunohistochemistry Quantification

In order to measure the spatial distribution of cells and protein, 5 areas are the ligament were
imaged at 400x using a camera-assisted microscope (Nikon Eclipse microscope, model E6000
with Olympus camera, model DP79). The 5 areas represented were the healing region, distal
healing region edge, proximal healing region edge, distal ligament and proximal ligament. A
macro was created for each stain using Image J (National Institutes of Health, Bethesda, MD).
Two or three sections from each ligament were measured by calculating the percent area
positively stained and then averaged for comparison. The healing region, healing region edges,

ligament ends, and total MCL were examined for any changes upon treatment.

Mechanical Testing

Ligament failure strength and stiffness measurements were performed at day 14 post-injury.
Rats were euthanized and frozen (-80°C) until dissections could take place. The MCL
surrounding tissue was removed and the ligament tibial and femoral insertions were kept intact.
The femur and tibia were cut in order to achieve a tight press fit into the mechanical tester.
Phosphate buffered saline (PBS) was applied to maintain ligament hydration throughout the

testing process.

Uniformly distributed axial loading was applied by placing the femur and tibia in the anatomical

position in a custom-designed load frame. Ligaments were placed in a position of slack and
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were not preconditioned prior to mechanical testing in order to avoid damaging the healing
region. Each ligament was pulled at a rate of 4.0 mm/sec until it failed (tore). Load and
displacement values were recorded to calculate maximum load before failure. Stiffness was
measured in the most linear region of the load-displacement curve for comparison between

groups.

Statistics

Differences between the control group, unprimed MSC group and primed MSC groups were
analyzed using a one-way analysis of variance (ANOVA). If the overall p-value for the F-test in
ANOVA was <.10, post-hoc comparisons were performed using Fisher’s least significant
difference (LSD). Experimental data is presented as the least squares means + standard error of
the means (SEM) of replicates. All p-values reported are two sided. Kaleidagraph, version 4.03,

was used for all computations.

Results

Immunohistochemistry

Procollagen 1la, the precursor to type 1 collagen, was measured throughout the healing ligaments
due to type 1 collagen being the most abundant matrix protein. At day 4, the ligaments that
received cells primed with poly (I:C) and control ligaments had increased procollagen la in the
healing region compared to unprimed MSCs (PMSC vs. MSC p=.0045, HBSS vs. MSC p=.0077,
Fig. 3.2, A-D). Atday 14, the primed MSC group continued to have increased procollagen la
along the healing region edges compared to the MSC and control groups (PMSC vs. MSC

p=-0273, PMSC vs. HBSS p=.0551, Fig. 3.2, E-H).
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Figure 3.2 A-D: At day 4 healing, there was increased procollagen 1o in the healing region and healing region
edges in the primed MSC group (p=.004) and the HBSS controls (p=.008) compared to the MSC group (PMSC
7.219+.538%, MSC 4.294+.699%, HBSS 6.826+.423%). A: Graph comparing average percentage area stain
for each condition. B: Representative image of IHC in control ligament. C: Representative image of IHC in
MSC group. D: Representative image of IHC in PMSC group. E-H: At day 14 healing, procollagen 1a was
increased in the healing region edges in the primed MSC group compared to the MSC group (p=.027) and
HBSS controls (p=.055) (PMSC 15.627+3.349%, MSC 8.207+.813%, HBSS 9.317+1.390%). E: Graph
comparing average percentage area stain for each condition.F: Representative image of IHC in control
ligament. G: Representative image of IHC in MSC group. H: Representative image of IHC in PMSC group.
Values are expressed as mean area stain + S.E.M.
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Apoptosis, cellular proliferation, and overall cellularity were measured at days 4 and 14 to
determine whether either treatment had an effect on these general functions in a healing
environment. When examining apoptosis, no significant differences were detected at day 4 even
though apoptosis appeared higher in the primed MSC group (Fig. 3.3, A-D). At day 14, the
primed MSC group had less apoptosis in the healing region compared to both the MSC and
control groups (PMSC vs. MSC p=.0081, PMSC vs. HBSS p=.0034, Fig 3.3, E-H). A
significant increase in proliferation was detected throughout the MCL at day 4 in the primed
MSC group compared to the unprimed MSC (p=.0475) and control group (p=.0194) (Fig. 3.4, A-
D). However, at day 14 there was very little proliferation in any of the groups and no significant
differences between groups at this time point (Fig. 3.4, E-H). No significant differences were

detected in overall cellularity between groups at day 4 or day 14 (data not shown).

Endothelialization was examined to determine treatment effects on blood vessel formation in the
injured ligaments. At day 4, the primed MSC and MSC treated ligaments had increased
endothelial cells in the healing region and healing region edges compared to the control group
(PMSC vs. HBSS p=.0029, MSC vs. HBSS p=.0341, Fig. 3.5, A-D). The primed MSC group
had more endothelialization compared to the MSC group as well, but not to a level of statistical
significance (PMSC vs. MSC p=.1575). At day 14, the pattern reversed and the primed MSC
group had the least amount of endothelial cells in the healing region and healing region edges
compared to the MSC and control groups (PMSC vs. MSC p=.0157, PMSC vs. HBSS p=.0592,

Fig 3.5, E-H).
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Fig. 3.3 A-D: At day 4 healing, there were no significant differences between groups in apoptotic cells in
the healing region. (PMSC .0812+.0594%, MSC .0365+.0240%, HBSS .0167+.0056%). A: Graph
comparing average percentage area stain for each condition. B: Representative image of IHC in control
ligament. C: Representative image of IHC in MSC group. D: Representative image of IHC in PMSC
group. E-H: At dayl4 healing, the primed MSC group had fewer apoptotic cells compared to the MSC
group (.008) and the HBSS controls (.003) (PMSC .055+.017%, MSC .214+.051%, HBSS .212+.042%) E:
Graph comparing average percentage area stain for each condition. F: Representative image of IHC in
control ligament. G: Representative image of IHC in MSC group. H: Representative image of IHC in
PMSC oronn. Values are exnressed as mean area stain =+ S.E.M.
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Fig. 3.4 A-D: At day 4 of healing, the primed MSC group had increased cellular proliferation throughout
the MCL compared to both the MSC group (p=.0475) and control group (.0194) (PMSC .5296+.0446%,
MSC .3405+.0712%, HBSS .3071+.0436). A: Graph comparing average percentage area stain for each
condition.B: Representative image of IHC in control ligament. C: Representative image of IHC in MSC
group. D: Representative image of IHC in PMSC group. E-H: At day 14 of healing, there was very little
cellular proliferation in any of the groups and no significant differences between groups (PMSC
.0359+.0149, MSC .0468+.0023, HBSS .0486+.0069). E: Graph comparing average percentage area stain
for each condition. F: Representative image of IHC in control ligament. G: Representative image of IHC
in MSC group. H: Representative image of IHC in PMSC group. Values are expressed as mean area

stain + S.E.M.
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Fig. 3.5 A-D: At day 4 healing, the primed MSC group (p=.003) and MSC group (p=.034) had increased
endothelial cells in the healing region and healing region edges compared to the HBSS controls. (PMSC
7.193+.908%, MSC 4.986+1.324%, HBSS 1.416+.704). A: Graph comparing average percentage area stain for
each condition. B: Representative image of IHC in control ligament. C: Representative image of IHC in MSC
group. D: Representative image of IHC in PMSC group. E-H: At day 14 healing, the primed MSC group
had fewer endothelial cells in the healing region and healing region edges compared to the MSC group
(p=.016) and HBSS controls (p=.059). (PMSC .512+.111%, MSC 2.067+.337%, HBSS 1.620+.505%). E: Graph
comparing average percentage area stain for each condition. F: Representative image of IHC in control
ligament. G: Representative image of IHC in MSC group. H: Representative image of IHC in PMSC group.
Values are expressed as mean area stain + S.E.M.
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Next we analyzed factors involved in the inflammatory response including type 1 macrophages
(M1) and type 2 macrophages (M2). At D4, M2s were increased in the healing region and
healing region edges in the primed MSC group compared to the MSC and control groups (PMSC
vs. MSC p=.0562, PMSC vs. HBSS p=.0172, Fig. 3.6, A-D). These same findings remained
consistent when the MCL was examined as a whole (PMSC vs. MSC p=.0285, PMSC vs. HBSS
p=-0098, data not shown). However, at day 14, the MSC group had increased M2s throughout
the MCL compared to both the primed MSC and control groups (MSC vs. PMSC p=.0562, MSC
vs HBSS p=.0365, Fig. 3.6, E-H). We then analyzed the ratio of M2s to M1s to determine the
balance of macrophage phenotypes since this may be a better representation of inflammation in
the healing environment. At day 4, the primed MSC group had a higher ratio of type 2
macrophages to type 1 macrophages throughout the MCL compared to the MSC and control
groups (PMSC vs. MSC p=.0346, PMSC vs. HBSS p=.054, Fig.3.7, A). At day 14, even though
the MSC group had significantly more M2s throughout the MCL compared to both groups, the
ratio of M2s to M1s was not increased (Fig. 3.7, B). On the contrary, the MSC group had the

lowest ratio, however, no level of significance was reached (p=.6624).

Along with looking at various cellular responses using unprimed and primed MSCs, we
measured a few cytokines known to play an essential role in healing. First, we analyzed
transforming growth factor beta (TGFp) at day 4 of healing. There were no significant
differences detected between groups when looking at TGF in the healing region and healing
region edges (p=.62477) or when comparing TGFp throughout the MCL (p=.35256). Even

though a level of significance was not reached, a pattern was detected throughout the MCL with
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the unprimed MSC group having more TGFp in its matrix compared to the primed MSC and

HBSS control groups which displayed similar levels of TGFp (Fig. 3.8, A-D).

Next we examined vascular endothelial growth factor (VEGF) levels at day 4 due to its role in
angiogenesis. No significant differences were detected between groups at this healing time point
(p=-38781 HR sum, p=.55075 MCL) however, the primed MSC group had greater amounts of
VEGF throughout the healing region and healing region edges followed by the unprimed MSC
group and the HBSS controls having the lowest amount of VEGF (Fig. 3.8, E-H). This same

pattern was seen when measuring the MCL as a whole.

Prostaglandin E2 (PGE2) levels were measured at day 4 due to its potential influence on
macrophage phenotype. There were significant differences in PGE2 expression detected
throughout the healing region and healing region edges as well as in the ligament ends. In the
healing region area, the unprimed MSC group had significantly more PGE2 than the control
group, and more PGE2 than the primed MSC group but not to a level of significance (MSC vs.
HBSS p=.0197, MSC vs. PMSC p=.1679, PMSC vs HBSS p=.2563, data not shown). In the
ligament ends, the unprimed MSC group had increased levels of PGE2 compared to both the
primed MSC group and HBSS group (MSC vs HBSS p=.0161, MSC vs PMSC p=.0123, PMSC

vs HBSS p=.7533, Fig. 3.9).
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Fig. 3.6 A-D: At day 4 healing, the primed MSC group had more M2s in the healing region and healing region
edges compared to the MSC group (p=.046) and the HBSS group (p=.017) (PMSC 1.823+.772%, MSC
418+.183%, HBSS .157+.048). A: Graph comparing average percentage area stain for each condition. B:
Representative image of IHC in control ligament. C: Representative image of IHC in MSC group. D:
Representative image of IHC in PMSC group. E-H: At day 14 healing, the primed MSC group (p=.056) and
HBSS control group (p=.037) had fewer M2s throughout the MCL compared to the MSC group. (PMSC
.485+.033%, MSC .888+.165%, HBSS .478+.122%). E: Graph comparing average percentage area stain for each
condition. F: Representative image of IHC in control ligament. G: Representative image of IHC in MSC group.
H: Representative image of IHC in PMSC group. Values are expressed as mean area stain + S.E.M.
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Fig. 3.7 A: At day 4, the primed MSC group had an increased M2:M1 ratio throughout the MCL
compared to the MSC group (p=.035) and HBSS control group (p=.054) (PMSC .171+.050, MSC
.041+.008, HBSS .061+.036). B: At day 14, the were no significant differences between groups (Healing
region/healing region edges: PMSC .459+.068, MSC .250+.056, HBSS .510+.227) Values are expressed as
mean area stain + S.E.M.
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Fig. 3.8 A-D: At day 4 healing, there were no significant changes in TGFp levels between groups. However both the
primed MSC group (PMSC 17.191£+1.539%) and HBSS group (HBSS 17.155£1.025%) had less TGFp within the healing
region and healing region edges compared to the MSC group (MSC 18.613+.875%) A: Graph comparing average
percentage area stain for each condition. B: Representative image of IHC in control ligament. C: Representative image of
IHC in MSC group. D: Representative image of IHC in PMSC group. E-H: At day 4 healing, there were no significant
differences in VEGF levels between groups. However there was a pattern with the PMSC group having the most VEGF in
the healing region and healing region edges (PMSC 13.882+.908%), followed by the MSC group (MSC 12.120+2.029%), and
the control group having the least amount (HBSS 10.690+1.122). E: Graph comparing average percentage area stain for
each condition. F: Representative image of IHC in control ligament. G: Representative image of IHC in MSC group. H:
Representative image of IHC in PMSC group. Values are expressed as mean area stain + S.E.M.
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Fig. 3.9 A-D: At day 4 healing, the MSC group had more PGE2 throughout the ligament ends compared
to the primed MSC group (p=.0123) and control group (p=.0161). (PMSC 2.826+.325%, MSC
4.617+.621%, HBSS 3.006+.224). A: Graph comparing average percentage area stain for each condition.
B: Representative image of IHC in control ligament. C: Representative image of IHC in MSC group. D:
Representative image of IHC in PMSC group. Values are expressed as mean area stain + S.E.M.

Mechanical Properties and Matrix Organization

Functional mechanical properties were measured at day 14 of healing. The ligaments that

received primed MSCs demonstrated superior failure strength (13.699 N + .850) compared to

ligaments receiving unprimed MSCs (9.988 N + 1.221, p=.0219). The primed MSC group had

greater failure strength than the control group (11.585 + 1.107), but not to a level of significance

(p=.1758, Fig. 3.10, A). This same pattern was demonstrated with ligament stiffness measures.

The primed MSC group had significantly increased stiffness (7.2774 N/mm + .4236) compared

to the unprimed MSC group (5.7711 N/mm + .5835, p=.0325), and increased stiffness compared
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to the control group (6.7465 N/mm =+ .3755), but not to a level of significance (p=.4317, Fig.

3.10, B).

Matrix organization was analyzed at day 14 to determine whether this may be contributing to the
improved mechanical properties found in the primed MSC group. Neither quantitative technique

(FA and FFT) measured any differences between groups (Fig. 3.10, C-E, Table 3.1).
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Fig. 3.10 A: At day 14, the primed MSC group had increased failure strength compared to the MSC
group (p=.022) (PMSC 13.699+.850N, MSC 9.988+1.222N, HBSS 11.586+1.107N). B: At day 14, the
primed MSC group had increased stiffness compared to the MSC group (p=.033) (PMSC 7.277+.424
N/mm, MSC 5.771+.584 N/mm, HBSS 6.747+.376 N/mm) Values are expressed as mean + S.E.M. C-E:
Ligaments were stained with Picrosirius Red and imaged using polarized light microscopy. Fractal
dimension analysis (FA) and fast Fourier transformation (FFT) were used to quantify collagen linearity.
There were no significant differences detected between groups at day 14 healing. C: Representative image
of injured control ligament. D: Representative image of MSC group. E: Representative image of PMSC

group.

Table 3.1 Numerical Values for Collagen Organization

HBSS MSC PMSC
Fractal Dimension 1.766 + .273 1.773 £ .274 1.772 + .274
Analysis (FA)
Fast Fourier 1.398 £ .041 1.494 + .052 1.474 £ .042
Transformation (FFT)

FAp=.8762 FFT p=.3149

MSC Localization and Function

MSC:s in both the primed and unprimed groups localized to the healing region and healing region
edges. At day 4, there was no difference in the number of MSCs in the healing region when
comparing the primed and unprimed MSC groups (p=.8058, Fig. 3.11, A-D). At day 14, there
were more Dil + MSCs in the unprimed group compared to the primed group (p=.06488) within
the healing region (Fig. 3.11, E-H). Due to this change seen at day 14 in the number of MSCs,
we performed a co-stain incorporating a proliferation marker (Ki67, data not shown). Upon
observation of the healing region, there didn’t appear to be a difference in proliferation of
unprimed or primed MSCs, even though total cellular proliferation was increased throughout the

MCL in the primed MSC group at day 4 (reported earlier).

As we examined MSC localization more closely, we noticed that they congregated around blood
vessel lumen. In order to look more closely at cell fate, we co-stained for an endothelial cell

marker (CD31) and a pericyte marker (CD146). Upon close examination, neither the primed or
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unprimed MSCs were co-expressing these markers. Rather MSCs appeared to be interacting

with both endothelial cells and pericytes via paracrine action and cell-to-cell contact (Fig. 3.12).
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Fig. 3.11 A-C: At day 4 healing, there were no significant differences in the number of MSCs in the
healing region between the primed and unprimed groups (PMSC .0860+.0689%, MSC .1083+.0501%). A:
Graph comparing average percentage area stain for each condition. B: Representative image of IHC in
MSC group. C: Representative image of IHC in PMSC group. D-F: At day 14, more MSCs remained in
the healing region and healing region edges in the MSC group compared to the primed MSC group.
(PMSC .637+.230%, MSC 4.535+1.866%) D: Graph comparing average percentage area stain for each
condition. E: Representative image of IHC in MSC group. F: Representative image of IHC in the PMSC
group. Values are expressed as mean area stain + S.E.M.
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Fig. 3.12 A-D: At day 14 healing, we observed the localization of both primed and unprimed MSCs
around lumen in the healing region of ligaments. A: Unprimed MSCs (red) co-localizing with endothelial
cells (green) at day 14. B: Primed MSCs (red) co-localizing with endothelial cells (green) at day 14. C:
Unprimed MSCs (red), endothelial cells (green), total cells (blue) at day 14. D: Primed MSCs (red),
endothelial cells (green), total cells (blue) at day 14. E-H: At day 14, unprimed MSCs (E) and primed
MSC:s (G) did not express the common pericyte marker (CD146) and instead showed a similar co-
localization as with endothelial cells (MSC = red, Pericyte = green, Total cells = blue).
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Discussion

Altered Healing as it Relates to Priming

Closely examining differences between the primed and unprimed MSC groups allows us to
outline any beneficial healing effects produced by priming MSCs prior to implantation. In our
current study, the increased mechanical properties (failure strength and stiffness) in the primed
MSC group is indicative of improved healing. Increasing the strength of ligaments allows for
more aggressive rehabilitation protocols and has the potential to result in stronger ligaments once
the remodeling phase of healing is complete. However, further studies testing later time points
are needed to confirm this. It also appeared that the rate of healing was increased in the primed
MSC group due to the early M2 infiltration. The primed MSC group had more M2s present in
the healing region and an increased percentage of M2s to M1s during early healing (day 4). We
believe this to be positive based on the role of M2s. M2s are more reparative and anti-

- - 31-33
inflammatory whereas M1s are more pro-inflammatory

. M1s generally enter the healing
region early and kick off the inflammatory cascade by releasing pro-inflammatory cytokines and
phagocytosing cellular and matrix debris. M2s are associated more with the resolution of
healing due to a release of anti-inflammatory factors and matrix building proteins. It’s important
to note that both cell types are essential for healing and significantly decreasing macrophage
number has proven to be detrimental to ligament healing™. However, tipping the balance of
these cells by initiating an earlier M2 response was beneficial in our healing model due to their

matrix building properties and ability to minimize the effects of an excessive inflammatory

response. The exact mechanism employed by primed MSCs to influence the M2 response is
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unknown but may be related to a less inflammatory healing environment, which we will discuss

in greater detail in the next chapter.

Along with increased M2s in the healing region, there was increased procollagen 1a in the
healing region at day 4 and in the healing region edges at day 14 in ligaments that received
primed MSCs. As mentioned previously, procollagen la is the precursor to type 1 collagen
which is the most abundant matrix component in ligaments. Therefore these increases during

early and later healing may be contributing to the improved mechanical strength at day 14.

TGFp was not significantly changed at day 4 between our treatment groups, but is worth
discussing due to its important role during healing and the pattern of expression that occurred in
our study. We saw an increase in TGFf in the unprimed MSC group which is consistent with
other published studies”. This molecule has been shown to be involved with MSCs anti-
apoptotic effects”” and immunomodulating capacity””**. Specifically looking at healing, TGFp
is known to be produced by most cells in the healing environment®' and promote collagen
deposition®. TGFp, along with TNFa, induce prostaglandin production by fibroblasts***** which
is another key molecule during healing. It is released by macrophages upon ingestion of
apoptotic neutrophils®® and with phagocytosis of tissue debris. Taken together, it would seem
that increasing TGFf} would benefit healing ligament healing in several ways. Although not
significant, we saw a dampening of TGFp in the healing matrix that received primed cells. This
is consistent with in vitro results that showed stimulating hMSCs with TLR3 ligand repressed
TGFpB1,3 expression’” in a similar fashion. These counterintuitive findings are representative of

some of the challenges with elucidating a mechanism. The lack of an increase in TGFf3
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expression in the primed group still resulted in better healing. Future studies that either up

regulate or down regulate TGFf in MSCs may help further elucidate its role.

The slight dampening of TGFf seen throughout the primed group’s matrix correlates with the
improved M2:M1 ratio seen at day 4. An increased M2:M1 ratio suggests a decreased presence
of phagocytic macrophages and therefore less phagocytosis, which would minimize TGFf3
expression. Another study found that TLR3 activated MSCs prolong the life of neutrophils in
vitro®™. We did not look at neutrophil numbers, but if this is occurring in our model, a decrease
in ingestion of apoptotic neutrophils could explain decreased TGFP as well. The dampened
TGF levels also coincide with decreased PGE2 detected in the primed MSC group. TGFp is
partly responsible for the induction of PGE2 and therefore the lower levels of TGFp, though not

significant, may be resulting in the lower levels of PGE2, which were significant.

This decrease seen in PGE2 was somewhat unexpected. PGE2 is extensively mentioned

59,60,87
P52 and

throughout the literature as a main mechanism for MSC’s anti-inflammatory properties
therefore we thought that priming with poly (I:C) would increase this anti-inflammatory cytokine
as it did with an in vitro hMSC study*’. However, we found the opposite with priming rat MSCs
in vitro (data not shown) and now we found this same decrease in vivo. Our different findings
may be explained by the length of time the cells were exposed to poly (I:C) and the use of rat
MSCs vs human. PGE2, along with TGFf, TNFa, and IFNy, are difficult molecules to

categorize into specific roles during healing because they shift functions throughout healing and

can be anti-inflammatory as well as pro-inflammatory®’.
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Finally, to explain the lack of an increase in TGFp and increased procollagen 1a in the primed
MSC group at day 4 is complicated. One would expect an increase in TGFf production to match
the increased procollagen 1a due to its collagen promoting activities. However, PGE2

suppresses collagen synthesis™ "

and therefore the dampened levels of PGE2 may have
minimized this inhibitory action, allowing deposition. As Nathan and Ding’' so eloquently

stated: “Thus it’s not just the extinction or expression of mediators that is critical, but the

orchestration of their succession — their tuning and timing.”

Blood vessel formation is essential for healing, however, excessive formation later in healing is

7273 " Due to the nature

thought to be detrimental to healing ligaments due to mechanical deficits
of vessel formation essentially burrowing holes into tissue, it is thought that the holes disrupt
matrix integrity and can ultimately affect mechanical strength. In the current study, there was an
early increase in endothelial cells in both the primed and unprimed groups compared to control
ligaments, with the primed MSC group displaying the greatest amount. This early increase in
endothelial cells is beneficial due to the ability to allow nutrient infiltration into the injured areas
and minimizing the hypoxic effect on native ligament cells. After injured tissue receives the
blood flow necessary for healing, it’s important for the vessels to stop sprouting or even retract
so0 as not to affect mechanical properties. At day 14, there were fewer endothelial cells in the

primed MSC group compared to the unprimed group, which may have contributed to strength

gains measured.

VEGF was not significantly altered at day 4, but a pattern emerged where the primed MSC group

had the greatest levels of VEGF followed by the unprimed MSC group and the HBSS controls
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having the lowest amounts. This is worth discussing due to the fact that this correlates with
significant changes in endothelial cells at day 4. VEGF is a potent inducer of angiogenesis and is
most active during the proliferative and remodeling phases of healing’>. However, it also plays a
role in cell proliferation and migration®>. Increased VEGF correlates with ingrowth of
vasculature in tendons which provides extrinsic cells, nutrients, and growth factors to the healing
region”". Therefore kicking this cascade off early during injury has the potential to improve
healing, as was shown in our study. Increased VEGF production by MSCs is thought to be a key

activity contributing to their anti-apoptotic and angiogenic properties’>".

The increased M2s and procollagen 1a, early increase and later decrease in endothelial cells,
combined with decreased apoptosis later in healing suggests that priming MSCs prior to
implantation may be improving the rate of healing resulting in stronger ligaments compared to
unprimed MSCs at day 14. The MSC group had the lowest levels of procollagen 1a matrix
deposition of all 3 groups at day 4 healing and there wasn’t a rebound or significant increase
noted at day 14. Although not significant, it’s also important to note that the MSC group had the
lowest ratio of M2:M s at day 4 and day 14. These factors may be contributing to this group’s
tissue strength deficits at day 14. The current findings suggest that the level of matrix deposition

early is important in determining ligament functional properties later in healing.

Engraftment as it Relates to Priming

One of the questions with cell therapy is whether the cells engraft and what their functional role
is within the healing environment. Previous studies, including our MSC dose study, have shown

limited MSC engraftment indicating that engraftment may not be necessary for beneficial
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effects’****. An interesting observation to note in the current study is that there were fewer
Dil+ MSCs remaining in the healing environment for the primed group compared to the
unprimed group. Yet the primed group demonstrated improved healing based on several
measures. This strengthens the argument that cell engraftment is not essential. It also suggests
that the priming had an effect on cellular fate. Priming may have affected engraftment by
altering several cellular characteristics. One reasonable explanation may be that priming
changed the cells homing, chemotactic, and/or adhesion properties. There are several studies
that have examined this but no consensus has been reached. An in vitro study showed decreased
migration with TLR3 priming for 24 hours using our same concentration of poly(I:C) in human
MSCs, whereas priming for shorter periods of time led to enhanced migration in vitro*’. Another
study treated hMSCs for an even shorter amount of time (4 hours) with poly(I:C) in vitro and
reported increased cell migration®®. A group of researchers used porcine MSCs and applied a
higher concentration of poly(I:C) (4ug/ml). They reported no change in migration in vitro upon
exposure to poly(I:C) for 24 hours*. Finally, others examined the expression of 2 key molecules
involved in cell migration (CXCR4, CXCR?7) upon exposing hMSCs to poly(I:C) (10ug/ml) for 6
hours and found that these molecules were significantly down-regulated’’. These findings
represent the variability found in the literature and are most likely due to different species of
MSCs, length of time cells are primed, concentration and identity of the priming agent, in vivo
versus in vitro, animal model, along with the injury/disease model studied in the animal model.
A general observation regarding the aforementioned studies suggests that higher concentrations
or longer exposures to poly(I:C) can decrease migratory capabilities in vitro. Further studies are
required to determine any conclusive patterns related to time and concentration, and more

information is needed to describe this phenomenon in vivo. Although not proven, it’s possible
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that the longer time frame of 48 hours used in our current study may have altered these migratory

properties during rat ligament healing.

Another explanation revolves around the limitation of our fluorescent membrane stain on MSCs.
As MSCs divide and proliferate, the membrane stain will become lighter. Therefore if MSCs in
the primed MSC group proliferated at a faster rate, it’s possible that they would be harder to
detect due to decreased fluorescent intensity. Our proliferation data suggest that this probably is
not the reason for fewer MSCs in the primed group. Although proliferation was increased
throughout the matrix in the primed MSC group, the MSCs themselves did not appear to be
proliferating extensively at the time points measured. Again, there is a lack of consensus in the
literature due to different experimental methods regarding proliferation. A couple studies
showed either decreased or no change in proliferation in vitro with TLR3 activation of

MSCs*?

Lastly, another potential reason for the differences found in MSC number is that there was
increased apoptosis in the primed MSC group leading to fewer cells in the matrix at day 14. Our
apoptotic data at day 4 and 14 suggest that this is probably not the case. Although apoptosis was
greater in the primed group at day 4, it was not significantly greater than the MSC group. At day
14, there was significantly less apoptosis in the healing region (where MSCs localized) in the
primed group compared to both the unprimed and HBSS groups. Some published data suggests
that priming MSCs with TLR4 ligands can promote their survival and decrease the rate of
apoptosis, however, it is unclear as to whether TLR3 ligands have the same effect”'?’. If there

was increased cell death prior to engraftment in the primed MSC group, they may have been
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cleared from the environment via the circulatory system before we could accurately measure

through THC.

Fate of MSCs/Co-localization

Cells injected into the healing region of ligaments may serve multiple functions and contribute to
healing in several ways. One of the prominent roles the cells display in the current study is an
interaction with endothelial cells and pericytes. Both primed MSCs and unprimed MSCs
localize to regions of blood vessel formation at day 14 of healing. It was also shown that MSCs
localize near pericytes during healing when measured at day 14. This suggests that the MSCs
may be playing a supportive role for endothelialization via paracrine action and cell-to-cell
contact with both endothelial cells and pericytes. An extensive study by Crisan et al.'"'
demonstrated a perivascular origin of mesenchymal stem cells throughout various human organs
both in fetal and adult tissue. However, there is still a debate as to whether MSCs are identical to
a pericyte and it’s thought that pericytes may demonstrate a greater level of plasticity'®>. Feng et
al.'” reported a dual origin of MSCs during tissue repair with some MSCs of pericyte origin
whereas others were not of pericyte origin. Although our focus has been more on the paracrine
effects of MSCs, it’s also interesting to note potential cell fate. In this study, it appears that at
least one major role of these cells is supporting endothelial cells and pericyte function either
through cytokine release such as increased VEGF production or cell-to-cell interactions. Our
data suggests that the MSCs in this study are not pericytes based on the lack of expression of a

common pericyte marker (CD146). However, other pericyte markers exist and therefore further

examination is necessary to make conclusive statements.
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This study highlights the potential benefits of priming cells prior to application into injured
ligaments. MSC therapy for ligaments and tendons have varying results with some studies
demonstrating enhanced healing, while others showing no improvement. This is one of the
challenges when working with MSCs and relates to the fact that cells may differ in quality based
on collection and manufacturing methods. Priming is a method to activate cells prior to
implantation and may increase their efficacy. Priming may also be a way to test a cell’s quality
and trophic factor producing ability. A way to improve priming in the future will involve sorting
the cells prior to application so that the most active and responsive cells are administered and the
less reactive cells can be eliminated. Future studies should focus on optimizing the priming of
MSCS to exploit the early matrix building properties seen in this study. Improving the efficacy
and efficiency of MSC therapy through priming has the potential to increase the rate of healing
and result in stronger ligaments. Quicker strength gains post-injury will minimize the time

needed to rehabilitate these injuries and could decrease the risk for re-injury.



64

Chapter 4: Local and Systemic Cytokine Changes Resulting from Primed and

Unprimed Mesenchymal Stem Cell Administration

Introduction

In the previous chapter we discussed improved mechanical properties seen in the primed MSC
group compared to the unprimed MSC group. We observed changes in cellular response and
matrix deposition and hypothesized that these may be influencing mechanical properties. To get
a better understanding of how the various cell types involved in healing are functioning via
cytokine regulation and to be able to describe the microenvironment in more detail, we measured
13 cytokines known to have varying effects on inflammation during healing. Local changes

within the healing ligament along with systemic changes in blood serum levels were analyzed.

Modulating the immune/inflammatory response is believed to be a therapeutic approach to
improve healing and has been attempted in a few different ways. This idea holds promise due to
several of the 1*' cellular responders to injury being inflammatory cells that kick off the healing
cascade’. Therein lies an opportunity to tweak the initial response. It’s also been shown that
weaker ligaments post-injury can be the result of an excessive inflammatory response leading to
overzealous remodeling and becoming a ligament made up of scar-like tissue. A few of the
common methods used to knockdown the response include anti-inflammatory drugs, macrophage
depletion and cytokine modulation such as addition of anti-inflammatory cytokines IL-1Ra and
IL-4. Our lab has studied several of these methods to try to improve ligament healing with
moderate success. Using IL-1Ra injections, we were able to increase procollagen type 1a,

however, this did not lead to an increase in mechanical properties'®. Interestingly, a single
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injection of IL-1Ra was more beneficial based on healing modulation measures compared to
multiple injections suggesting that some level of inflammation is useful'®. Another study
looking at a single IL-1Ra injection showed a decrease in several pro-inflammatory cytokines,
along with an increase in IL-10 (anti-inflammatory), although again there were no significant
changes in mechanical properties'®”. A different study used IL-4 injections and found similar
changes to that of IL-1Ra injections which involved increased procollagen 1a. However,
continued treatment with IL-4 had the opposite effect and actually slowed healing '%°. The
limitation with injections of a single cytokine is that often times the effects are transient and the
action is streamlined rather than being multifactorial. It also appears that when trying to bypass
the transient effect with multiple injections, the result worsens. This suggests that
immune/inflammatory modulation of a single factor may not be the most effective approach to
ligament healing and choosing a method that is responsive to cues in the environment for more
complex modulation, such as cells, may lead to better outcomes. This makes cell therapy a

potential target therapy and in need of development.

MSC:s are no longer just used for their differentiation capacity, but rather used for paracrine
effects, release of trophic factors and immunomodulatory functions®. The cells are capable of
releasing a number of biological factors that affect the injured environment. Some of the aspects
of healing that MSCs modulate include the immune response, angiogenesis, apoptosis, scarring,
support and growth of other cells, and chemoattraction’. All these processes are intertwined and
coordinated for proper healing. Due to our belief that controlling the inflammatory response is a
key to improved ligament healing and decreased scar tissue formation, we measured 13 common

cytokines used to define environments as pro-inflammatory or anti-inflammatory. This is a
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simplistic view due cytokines having dual actions and complex interactions. However, we
believe this is a good start to surveying the environment. Due to the fact that we found improved
healing using primed MSCs from a mechanical and cellular perspective, by completing this study
we were able to define patterns of cytokine expression that are associated with the improved

mechanical and cellular outcomes.

The purpose of injecting the primed and unprimed cells into an injured ligament is to use these
cells as a drug and compare effects. Like other pharmacological agents, these cells not only
affect the area where they are applied, but also have systemic effects. A drawback of
pharmaceuticals is that they are generally designed as a single agent with a single purpose.
MSCs are attractive since they can release multiple factors and be environmentally responsive®’.
This allows for a more complex healing paradigm, which seems necessary for optimal outcomes.
Focusing on immunomodulation, some key cytokines outlined in a review by Murphy et al.*’
include PGE2, TGFB1, HGF, SDF-1, NO, IDO, IL-4, IL-6, IL-10, IL-1Ra and soluble TNFaR.
In the previous chapter, we analyzed PGE2 and TGF as they relate to matrix deposition. Here
we discuss their pro-inflammatory and anti-inflammatory roles as well as look at [L-1Ra
expression in response to cell therapy. We will also measure 10 common cytokines involved in

healing: GM-CSF, IFNy, IL-1a, IL-1pB, IL-2, IL-4, IL-6, IL-10, IL-12 and TNFa.

First, examined changes in cytokine levels locally within the injured ligament. Next, we
monitored changes in serum cytokine levels to determine whether there were any systemic
effects resulting from a local MSC injection. Measuring serum levels also gave us the

opportunity to measure multiple time points to better understand the temporal fluctuations
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occurring with injury and MSC therapy. For both local and systemic measures, we focused on
early time points of healing to capture any changes that potentially alter the progression of the
remaining healing cascade. The body is remarkable at compensating to maintain a prototypical
healing response and therefore the goal was to capture early fluctuations before the body could
self correct. For local analysis, we measured cytokine levels at day 4 of healing. For systemic
measures, we examined days 1, 2, 3, and 4 post injury and normalized the levels to pre-injury
baseline measures. We hypothesized that the primed MSC group would be more effective with
decreasing pro-inflammatory cytokines as well as increasing anti-inflammatory cytokines

compared to both the MSC group and the HBSS controls.

Materials and Methods

Experimental Design

The normal healing cascade of the rat medial collateral ligament has been well characterized®
and therefore we chose to use this injury model in order to have a comparison to analyze how
MSCs modulate healing. This model focuses on extra-articular ligament healing. Bilateral
MCLs were transected and MSCs were administered to the injured region at the time of surgical
transection. 3 groups were compared: unprimed MSCs (1x10° cells), primed MSCs (1x10°
cells), and a control group (no cells). The number of cells were determined from our previous
study showing 1x10° cells to be an adequate dose to improve ligament healing’®. Blood was
collected (200 ul) from the tail artery prior to surgery (DO0) and at days 1, 2, 3, 4 (D1-4) post
surgery in order to capture the early changes in serum cytokine levels upon primed and unprimed

MSC treatment. Fifteen adult male Wistar rats (275-299g) underwent bilateral MCL surgery (5
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per group). Animals were euthanized at day 4 and MCLs were processed for cytokine analysis

and immunohistochemistry.

Surgical Procedure

All procedures were approved by the University of Wisconsin Institutional Animal Care and Use
Committee. Rats were prepared for surgery using sterile technique and anesthetized using
isoflurane. A longitudinal skin incision was made medially at the femoral-tibial junction. The
MCL was exposed by creating an incision through the subcutaneous tissue and gracilis muscle.
A uniform, complete transection of the MCL was created just distal to the joint line. A scalpel
blade was used to transect MCLs in order to improve reproducibility. Bilateral MCL
transections were performed on each animal and both MCLs received the same treatment in
order to avoid confounding variables due to systemic effects. MCLs were not repaired with
suture. For the treatment groups, cells suspended in 25 ul of Hanks Balanced Saline Solution
(HBSS; Hyclone Laboratories Inc, Logan UT) were injected in the transected region while the
control group received 25 ul of HBSS (no cells). After cel/HBSS administration, the gracilis
muscle and skin were closed using 5-0 vicryl suture. The animals were not immobilized post-
surgery and were allowed unrestricted cage mobility. Animals were euthanized at day 4 post-
operatively and the right MCL was used for IHC while the left MCL was homogenized and used

for multiplex cytokine analysis.

Serum Collection

Blood was collected from the tail artery of each animal starting DO (day of surgery, prior to any

procedures) and collected daily through D4 (day 4 post-op, prior to euthanization). A 25 gauge
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needle was used to draw 200 ul of blood. Blood was transferred to a Capiject Micro Collection
Tube (Terumo Medical Corporation, Somerset, NJ), allowed to clot for 30 minutes, and then
centrifuged at 5,000 rpms for 5 minutes. The serum was collected from the tubes and transferred

to a microcentrifuge tube and frozen until analysis could take place.

Mesenchymal Stem Cell Culture and Priming

Rat mesenchymal stem cells were obtained from a commercial vendor (Cyagen Biosciences Inc,
Santa Clara, CA) at passage 5. Cells originated from the bone marrow of Fisher 344 rats and
cultured as a monolayer. Prior to receiving the cells, they were transfected by the vendor using
an EmGFP-expressing lentiviral construct and selected with hygromycin. Flow cytometry was
used to select specific cell markers. Cells were positive for CD44 and CD90 (>70%), as well as
negative for CD34, CD11b, CD45 (<5%). Tri-lineage differentiation potential was confirmed
with osteogenic, chondrogenic, and adipogenic assays. Once the cells were received from the
vendor, they were seeded in flasks and expanded using Mesenchymal Stem Cell Growth Medium
(Cyagen Biosciences Inc, Santa Clara, CA) consisting of MSC basal medium, MSC-qualified
fetal bovine serum, penicillin-streptomycin, and glutamine. Media was changed every 3-4 days
and flasks were maintained in an incubator at 37° C and 5% CO,. Cells were passaged upon
reaching 70% confluency and morphology was monitored throughout passaging to ensure a
spindle-like appearance. Cells selected for the priming group received media that contained
polyinosinic acid and polycytidylic acid (Poly (I:C), Sigma Aldrich) at a concentration of 1
pg/ml. The cells were exposed to this priming agent for 48 hours prior to final collection. All

cells were collected at passages 8 through 10 for injection into the injured ligaments.
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Just prior to surgery, Trypsin EDTA (Cellgro, Manassas, VA) was used to remove MSCs from
flasks. Cells were fluorescently labeled with Celltracker CM-Dil (Life Technologies, Grand
Island, NY) so spatial distribution of the original MSCs could be analyzed in vivo. After
fluorescent label application, cells were counted using the Tali® Image-Based Cytometer (Life
Technologies, Grand Island, NY) and suspended in HBSS at a concentration of 1x10° cells/25ul

HBSS.

Immunohistochemistry

At day 4 post-injury, ligaments designated for IHC were frozen in optimal cutting temperature
(OCT), longitudinally sectioned (5pum), mounted on Colorfrost Plus microscope slides and stored
at -80° C. Rabbit monoclonal or polyclonal primary antibodies were used to measure selected
cytokines. Upon antibody application, slides were thawed, fixed with acetone and then treated
with 3% hydrogen peroxide to prevent endogenous peroxidase activity. Non-specific antibody-
protein interactions were blocked by applying Background Buster (Innovex Biosciences,
Richmond, CA) or Rodent block R (Biocare Medical, Concord, CA) to each slide for 30 minutes.
Ligament sections on slides were exposed to primary antibodies at optimized concentrations for
2 hours. Following primary antibody application, a biotin-linked secondary antibody and
streptavidin conjugated to horseradish peroxidase tertiary antibody were applied for 10 minutes
each using a Stat Q staining kit (Innovex Biosciences, Richmond, CA) or a rabbit-on-rodent HRP
polymer (Biocare Medical, Concord, CA). Diaminobenzidine (DAB) was used as the

chromagen to detect the antibody-antigen complex.
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Rabbit monoclonal or polycolonal antibodies were used to detect transforming growth factor beta
(TGFB; 1:100; Abcam; Cambridge, MA), prostaglandin E2 (PGE2; 1:100, Abcam; Cambridge,

MA), and interleukin-1 receptor antagonist (IL-1RA, 1:200, Abcam; Cambridge, MA).

Cytokine Analysis

Serum cytokine levels were analyzed from DO (prior to injury) through D4. Serum was pooled
(n=5 per group) and analyzed using a rat cytokine 10-plex kit (Life Technologies, Grand Island,
NY). The proteins measured included GM-CSF, IFNy, IL-1a, IL-1p, IL-2, IL-4, IL-6, IL-10, IL-
12 and TNFa. Serum samples were run in triplicate and read using a Luminex Magpix (Life
Technologies, Grand Island, NY) system. A standard curve was created for each cytokine and
verified to ensure 80-120% recovery and a detection baseline of 2 standard deviations above
background. Day 1, 2, 3, and 4 cytokine levels were normalized to day 0 to account for any
variability between groups of rats. A 96 well plate was prepared with each sample and incubated
overnight with primary antibodies at 4° C on a plate shaker. A biotinylated secondary antibody
and streptavidin-RPE tertiary antibody were applied the following day to allow for antibody
detection. In order to obtain accurate and repeatable measurements, serial dilutions of standards,
along with a positive control (spleen) and negative control (lysis solution) were included in each

well plate.

The same 10-plex rat cytokine kit was use to measure cytokine levels in rat MCLs at day 4 of
healing. Ligaments were collected, homogenized and pooled (n=5 per group) at day 4 post-
injury. Like the serum samples, each group of ligaments was run in triplicate using the Luminex

Magpix system. MCLs were washed in Cell Wash Buffer (Bio-Rad, Hercules, CA) and exposed
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to Lysing Solution (Bio-Rad, Hercules, CA) upon being placed in Navy Bead Lysis Kit tubes
(Next Advance, Averill Park, NY). Ligaments were homogenized using a Bullet Blender (Next
Advance, Averill Park, NY) and centrifuged to separate soluble and insoluble proteins.
Supernatant (soluble protein content) was collected and frozen for cytokine analysis and total
protein measurement (Pierce BCA Protein Assay, Rockford, IL). Cytokine levels were

normalized to total protein measures to account for any variability in rat ligament size.

Statistics

A one-way analysis of variance (ANOVA) was used to examine differences between the control
group, unprimed MSC group and primed MSC group. If the overall p-value for the F-test in
ANOVA was significant, post-hoc comparisons were performed using Fisher’s least significant
difference (LSD). Experimental data is presented as the least squares means + standard error of
the means (SEM) of replicates. All p-values reported are two sided and a value of p <0.10 for
the F-test in ANOVA was used as the criterion for statistical significance. Kaleidagraph, version

4.03, was used for all computations.

Results

Ligament Cytokines

Of the 10 cytokines (rat multi-plex assay) measured locally within the ligament at day 4 post-
injury, 4 were at detectable levels (IL-1p, IL-1a, IL-10, and IL-12) based on the standard curve
created for each cytokine (Table 4.1). Of the 4 cytokines detected, IL-1a and IL-12 levels were

significantly different between groups, whereas IL-10 and IL-1f did not reach a level of
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significance. IHC was performed to look at IL-1Ra levels, and significant changes were detected

at day 4 in the ligament.

IL-1Ra is an anti-inflammatory cytokine that competes with binding sites for pro-inflammatory
IL-1B and IL-1a. At day 4, the primed MSC group had increased IL-1Ra within the healing
region and healing region edges compared to the control group (PMSC vs. HBSS p=.0057). It
was also increased compared to the MSC group, however, not to a level of significance (PMSC
vs. MSC p=.1115, Fig. 4.1 A-D). II-1a, a pro-inflammatory cytokine, was significantly higher in
the control group compared to the MSC group (p<.0001) and primed MSC group (p<.0001).
The primed MSC group had the lowest levels of IL-1a compared to both the MSC group
(p=.0633) and control group (Fig. 4.1, E). I1I-1B, a pro-inflammatory cytokine and key initiator
of the inflammatory cascade, was not significantly different between groups at day 4 healing
(p=.152, Fig. 4.1, F). However, the primed MSC group had the greatest levels, followed by the
MSC group and then the HBSS controls. IL-10, an anti-inflammatory cytokine, was detected
within the healing ligament but there were no significant changes between groups (p=.508, Fig.
4.2, A). 1L-12, which is a pro-inflammatory cytokine, had the highest expression in the primed
MSC group and lowest levels in the MSC group at day 4 healing (PMSC vs MSC p=.0008,

PMSC vs HBSS p=.0615, MSC vs HBSS p=.0076, Fig. 4.2, B).
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A-D: At day 4 healing, the primed MSC group had more IL-1Ra in the healing region and healing region
edges compared to the HBSS group (p=.006) and the MSC group, although not signficant (p=.112). The
MSC group had increased IL-1Ra compared to the HBSS group, but not to a level of significance (p=.127)
(PMSC 45.021£3.962%, MSC 37.575+2.276, HBSS 30.832+2.384%). A: Graph comparing average
percentage area stain for each condition. B: Representative image of IHC in control ligament. C:
Representative image of IHC in MSC group. D: Representative image of IHC in PMSC group. E: At day
4 healing, the primed MSC group had decreased levels of IL-1a compared to the unprimed MSC group
(p=-0633) and control ligaments (p<.0001). The MSC group also had significantly less IL-1a compared to
the HBSS group (p<.0001) was lowest in the primed MSC group. F: There were no significant differences
in IL-1p levels between groups at day 4 healing, although the primed MSC group expressed the highest
levels (PMSC vs. HBSS p=.0766, PMSC vs MSC p=.1252, HBSS vs. MSC p=.7351). Values are expressed
as mean area stain + S.E.M.
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Fig. 4.2 A: There were no significant differences in IL-10 levels at day 4 between treatment groups
(HBSS vs. MSC p=.3616, HBSS vs. PMSC p=.3002, PMSC vs. MSC p=.8886) B: At day 4 healing, the
primed MSC group had increased levels of IL-12 compared to the unprimed MSC group (p=.0008) and
the control group (p=.0615). The MSC group had less IL-12 compared to the control group (p=.0076).

Serum Cytokines

At days 1 through 4 post-injury, 9 of the 10 cytokines measured using the rat multi-plex assay
were detected in blood serum (Table 4.2). GM-CSF, generally considered a pro-inflammatory
cytokine, measured at significantly different levels between groups on days 1-3 post-surgery. At
day 1, the primed MSC had the lowest level (below baseline), whereas the HBSS and MSC
groups were above baseline, with the HBSS group having the highest level (PMSC vs HBSS
p=-0002, MSC vs HBSS p=.0744, PMSC vs MSC p=.0014). This exact pattern was seen at day 2
as well (PMSC vs HBSS p<.0001, MSC vs HBSS p=.0004, PMSC vs MSC p=.0446) . At day 3,
the primed MSC group still remained the lowest and was below baseline, whereas the HBSS and
MSC groups were both above baseline, but not significantly different from each other (PMSC vs

HBSS p=.0326, PMSC vs MSC p=.0158). Although not significant at day 4, the pattern of
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cytokine expression changed from the previous 3 days with the MSC group have the lowest

levels and the primed MSC group having the highest values (p=.2106, Fig. 4.3, A).

TNFa is another pro-inflammatory cytokine involved in healing. At day 1 of healing, both the
primed and unprimed MSC groups had significantly higher levels of this cytokine compared to
the HBSS group and both were above baseline (PMSC vs HBSS p=.0073, MSC vs HBSS
p=-0037). Atday 2, the MSC group remained high, while the PMSC substantially dropped
below baseline and was significantly lower than both the MSC and HBSS groups (PMSC vs
HBSS p=.0019, MSC vs HBSS p<.0001, PMSC vs MSC p<.0001). At day 3, the HBSS and
PMSC groups were similarly below baseline and significantly less than the MSC group, which
was above baseline (MSC vs HBSS p=.0100, PMSC vs MSC p=.0042). At day 4, the TNFa
levels increased again in the primed MSC group above baseline and were significantly higher

than the HBSS controls which remained below baseline (PMSC vs HBSS p=.0280, Fig. 4.3, B).

IL-6 is a dual action cytokine but is mostly considered pro-inflammatory in our healing model.
At day 1, the IL-6 levels in the MSC group are well above baseline and significantly higher than
the HBSS and primed MSC groups (MSC vs HBSS p=.0376, PMSC vs MSC p=.0210). At day
2, the HBSS and primed MSC groups drop below baseline, with the primed MSC group being
significantly lower than the MSC group (PMSC vs MSC p=.0134). At day 3, a similar pattern is
seen with the primed MSC group now significantly lower than both the HBSS and MSC groups.
The primed MSC group is the only group below baseline at this time point (PMSC vs HBSS

p=-0005, MSC vs HBSS p=.0091, PMSC vs MSC p<.0001). At day 4, all 3 groups are below
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baseline levels. The primed MSC group still has the lowest level, although there are no longer

significant differences between groups (Fig. 4.3, C).

IL-12, as mentioned earlier, is a pro-inflammatory cytokine and associated with type 1
macrophages. At day 1, all groups were below baseline with the MSC group being significantly
less than the HBSS and primed MSC group (MSC vs HBSS p=.0009, PMSC vs MSC p=.0009).
At day 2, both the MSC and primed MSC groups were below the HBSS group (PMSC vs HBSS
p=.0022, MSC vs HBSS p=.0036). At day 3, the MSC group had the highest level of IL-12
followed by the HBSS group, while the primed MSC group had the lowest amount (PMSC vs
HBSS p=.0003, MSC vs HBSS p=.0027, PMSC vs MSC p<.0001). By day 4, there were no
significant differences between groups. Although there were significant changes between the
groups throughout the first 3 days of healing, the levels all stayed below baseline and the

changes were relatively minor compared to other cytokines (Fig. 4.3, D).

IL-2 is generally considered pro-inflammatory and related to T cell actions. At day 1 post-
injury, the serum level dropped below baseline in the MSC group and was significantly lower
than the HBSS and primed MSC groups (MSC vs HBSS p=.0560, PMSC vs MSC p=.0218). At
day 2, the MSC and primed MSC groups were below baseline and significantly less than the
HBSS group (PMSC vs HBSS p=.0463, MSC vs HBSS p=.0087). At day 3, the primed MSC
group remained significantly lower than both the HBSS and MSC groups (PMSC vs HBSS
p=-0106, PMSC vs MSC p=.0062), but by day 4 the groups were no longer statistically different

(Fig. 4.4, A).
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IL-4 is considered an anti-inflammatory cytokine and involved with conversion of the M1 to M2
phenotype. At day 1, all 3 groups were around baseline and not significantly different (p=.1697).
At day 2, the MSC group dropped below baseline and had significantly less cytokine compared
to the HBSS and primed MSC groups (MSC vs HBSS p=.0079, PMSC vs MSC p=.0062).
However, at day 3 the MSC group rebounded and had significantly higher IL-4 levels compared
to the primed MSC group and was slightly above baseline (PMSC vs MSC p=.0395). At day 4,
the primed MSC group had significantly higher serum IL-4 levels compared to the MSC and
HBSS groups. At this same time point, the HBSS group had higher levels compared to the MSC
group and was just above baseline levels (PMSC vs HBSS p=.0073, MSC vs HBSS p=.0775,

PMSC vs MSC p=.0009, Fig. 4.4, B).

IL-10a, as mentioned previously, is a cytokine associated with necrotic cells and is considered
pro-inflammatory. At day 1, all 3 groups were below baseline levels and the primed MSC group
had the highest level and the HBSS group had the lowest level (PMSC vs HBSS p=.0006, MSC
vs HBSS p=.0247, PMSC vs MSC p=.0124). At day 2, there was a large spike in the IL1a levels
in the MSC group well above baseline whereas the primed MSC and HBSS group levels
remained below baseline. The HBSS group remained the lowest at day 2 (PMSC vs HBSS
p=-0004, MSC vs HBSS p<.0001, PMSC vs MSC p<.0001). At day 3, all groups were well
below baseline with the HBSS group being significantly lower than the MSC and primed MSC
groups (PMSC vs HBSS p=.0034, MSC vs HBSS p=.0022). At day 4, the HBSS and MSC
groups had similar levels of cytokine and the PMSC group was significantly higher. All 3
groups were well below baseline at this time point (PMSC vs HBSS p=.0001, PMSC vs MSC

p<.0001, Fig. 4.4, C).
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Fig. 4.3 A: GM-CSF was significantly decreased in the primed MSC group (p<.05) compared to the MSC
group and HBSS group days 1-3 post-injury in the serum. B: After an initial increase in TNFa levels day
1 post injury, levels were significantly decreased in the primed MSC group compared to the unprimed
MSC and control group (p<.05) 2 days post-injury and significantly decreased compared to the unprimed
MSC group (p<.05) 3 days post injury. C: The primed MSC group had significantly lower levels of IL-6
days 1-3 post injury compared to the unprimed MSC group (p<.05) along with lower levels compared to
the control group reaching a level of significance at day 3 post-injury (p<.05). D: There was a consistent
decrease in IL-12 levels days 1-3 post-injury in the primed MSC group which were significantly lower
than the unnrimed MSC and control srouns (n<.05) at dav 3 nost-iniurv.
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Fig. 4.4 A: The primed MSC group had significantly lower levels of IL-2 compared to the control group
(p<.05) 2 days post-injury and significantly lower levels compared to the unprimed MSC and control
groups (p<.05) 3 days post-injury. B: IL-4 levels were significantly increased in the primed MSC group
compared to the unprimed MSC and control groups at 4 days post-injury (p<.05). C: IL-1a levels in the
primed MSC group followed the same pattern of expression as the control group days 1-4 post-injury, but
remained significantly elevated (p<.05) at all time points.

IL-10, an anti-inflammatory cytokine previously mentioned, is associated with M2 macrophages
and ECM building activities. At day 1, all 3 groups were above baseline with the HBSS and
MSC groups significantly higher than the PMSC group (PMSC vs HBSS p=.0044, PMSC vs
MSC p=.0101). At day 2, the HBSS group had the highest level of IL-10 while the primed MSC
group had the lowest level, which was just above baseline (PMSC vs HBSS p<.0001, MSC vs

HBSS p=.0027, PMSC vs MSC p=.0007). At day 3, the primed MSC IL-10 levels remained low
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and measured around baseline compared to the HBSS and MSC groups. At this time point, the
MSC group had significantly higher cytokine levels compared to the HBSS group (PMSC vs
HBSS p=.0045, MSC vs HBSS p=.0292, PMSC vs MSC p=.0003). At day 4, all 3 groups were

above baseline and had similar levels of IL-10 (Fig. 4.5, A).

IFNY is considered pro-inflammatory but also has anti-inflammatory and anti-fibrotic effects
during healing. At day 1, the primed MSC group had increased IFNy above baseline and was
significantly higher than the MSC and HBSS groups (PMSC vs HBSS p=.0004, MSC vs HBSS
p=-0682, PMSC vs MSC p=.0025). At day 2, this same pattern was seen with the primed MSC
group having above baseline levels, the MSC group having baseline levels and the HBSS group
having below baseline levels (PMSC vs HBSS p=.0005, MSC vs HBSS p=.0134, PMSC vs MSC
p=-0136). Atday 3, the HBSS cytokine levels remained below baseline and significantly lower
than the MSC and primed MSC groups. The MSC group had the highest level of cytokine at day
3 (PMSC vs HBSS p=.0227, MSC vs HBSS p=.0002, PMSC vs MSC p=.0031). At day 4, the
primed MSC group had the highest level of IFNy and was above baseline. The HBSS group had
significantly lower levels compared to the MSC and primed MSC group and were below baseline

levels (PMSC vs HBSS p<.0001, MSC vs HBSS p=.0006, PMSC vs MSC p<.0001, Fig. 4.5 B).
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Fig. 4.5 A: IL-10 levels were significantly decreased in the primed MSC group days 1-3 post-injury
compared to the unprimed MSC group and control group (p<.05). B: IFNy levels were significantly
increased in the primed MSC group compared to the unprimed MSC and control groups at days 1, 2, and
4 post-injury (p<.05).

Discussion

Ligament Cytokines

I1-1 cytokines (IL1B, IL1a, IL1Ra) play a large role in healing and have been a target for
improving healing by our lab and other labs. II-1 is a key initiator of the inflammatory process

by signaling nearby cells and thus activating the clotting cascade followed by the release of

107

downstream cytokines and growth factors " '. Due to IL-1’s role in the beginning of the

inflammatory cascade, modulating this cytokine early suggests that this could impact and control
later events with healing. Therefore the changes seen in this study in IL1 cytokines may be a
contributing factor to the improved healing seen in the primed MSC group.

108,109

IL1B is produced by monocytes and macrophages , aids in the recruitment of neutrophils

and monocytes''” and can stimulate the release of other pro-inflammatory cytokines'''. IL1a is

112
1

associated with neutrophil "~ and other inflammatory cell recruitment when released by necrotic
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cells during sterile injury''*'"*. Although IL1a is released by necrotic cells, the main producer
of IL1B and IL1a during sterile inflammation are macrophages'®. IL1p and IL1a both activate
the same receptor (IL-1R1) which propagates the inflammatory response'*. II-1Ra also binds
this same receptor but does not induce IL-1 signaling'®. Rather it blocks the receptor so that
IL1a and IL1p are unable to bind and therefore minimizes the inflammatory response acting as
an antagonist. A study by Chen'", found that IL1a may have a more essential role with the
recruitment of inflammatory cells compared to that of IL1B. They found that antibodies to IL1a
inhibited the neutrophil number (inflammatory response) whereas antibodies to IL1f did not.
This study also reported that IL-1 is a potent neutrophil recruiter and appears less involved with
the recruitment of monocytes. Therefore blocking the IL-1 pathway has therapeutic potential
without altering monocyte infiltration which allows monocytes to function in host defense and

. . 113
tissue repair .

The interplay of IL1a, IL1p, and IL1Ra described above may explain the improved healing we
saw in the primed MSC group indicating an anti-inflammatory effect. The primed MSC group,
which resulted in the best functional ligament healing demonstrated by improved mechanical
strength, had increased IL1Ra and decreased IL1a compared to the control group. The primed
group also had significantly less IL1a compared to the unprimed MSC group. Since IL1a is pro-
inflammatory and IL1Ra is anti-inflammatory, the respective decrease and increase of these
molecules in the primed group appear to be altering the local ligament healing environment to be

less inflammatory.
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However, we cannot conclude that the healing environment is entirely anti-inflammatory based
off the fact that IL-12, a pro-inflammatory cytokine was increased in the primed MSC group.
IL-12 is associated with the pro-inflammatory type 1 macrophage phenotype®'%. IL-12 is
known to induce lymphocyte release of IFNy® which has pro and anti-inflammatory properties.
I1-12 promotes differentiation of the Th1 phenotype which mediates host defense to viruses and

intracellular pathogens, mainly by the production of IFNy' ">

. This cytokine may be playing a
role in our model due to our priming methods with poly (I:C). Poly (I:C) is a synthetic version
of viral double stranded RNA. Even though the cells were washed prior to injection into our
ligaments, it’s possible that some poly (I:C) entered the healing region triggering a host viral
response. Although IFNy was not at detectable levels within our homogenized ligaments, it was
significantly increased in the animal’s serum (discussed later). Even though IL-12 is mostly

considered pro-inflammatory, it also has anti-fibrotic effects that could be beneficial in our

healing model (anti-scar)'®.

Another molecule we were interested in was PGE2 due to previous research demonstrating an
immune modulating role within MSCs*>®°. PGE2 has can be classified as both pro-
inflammatory and anti-inflammatory depending on timing and the surrounding environment®’.
Initially, PGE2 furthers acute inflammation however, due to a feedback loop, PGE2 can suppress
later stages of inflammation®™*’. One of PGE2’s anti-inflammatory actions is dampening IL-12
production”’. In our study, priming MSCs lead to a suppression of PGE2 expression both in
vitro and in vivo. This dampening of PGE2 seen at day 4 may explain why the primed MSC
group had an increase in IL-12 whereas the unprimed MSC group which had higher levels of

PGE2, had lower levels of IL-12.
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IL-10 is an anti-inflammatory cytokine that plays a key role in suppressing excessive
inflammatory responses''® and is associated with the anti-inflammatory macrophage

3133 Increases in IL-10 can also be the result of increased PGE2 levels?’. Due to the

phenotype
increased number of M2s in the primed MSC group, there was the potential to see increased IL-
10 levels. Another scenario could have been increased IL10 in the unprimed MSC group due to
higher PGE2 expression. However, there were no significant differences between groups within
homogenized ligaments at day 4 healing. This illustrates the complexity involved in the

regulation of cytokines and the fact that predictions cannot be made off of single factors. Clearly

there are many factors at play orchestrating the healing path for each treatment group.

TGFB plays an active role throughout healing and is produced by most cells in the healing
environment®'*%. Like several other cytokines (PGE2, IFNy, IL-2) it has both pro-inflammatory
and anti-inflammatory properties which are time and context dependent™. TGF stimulates
collagen deposition®* which is important for ECM production and healing, however, too much

117

TGFp can lead to adhesion formation . TGFp aids in the transition of monocytes to

macrophages which leads to granulation tissue formation'"” and is a profibrotic factor that

enhances aSMA and collagen type I expression''*'"

. TGFp is released from macrophages after
they phagocytose neutrophils and helps initiate the tissue repair process™. This molecule is a
potent suppressor of classical macrophage activation'?’ and a critical mediator of tissue repair’".
We analyzed TGFf expression at day 4 of healing and did not find any significant differences

between groups. This was unexpected since we measured an increase in procollagen 1a in the

primed MSC group (chapter 3). Even though there was not significant differences in TGFf3
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levels there was a pattern seen throughout the ligament with the unprimed MSC group
expressing increased TGFf and primed MSCs expressing similar levels of TGFf as HBSS
controls. Therefore, it is possible that priming MSCs changed their TGF expression, which has

47
been shown by other researchers™'.

Serum cytokines

Some interesting findings emerged when analyzing serum cytokine levels demonstrating
systemic implications for local application of primed and unprimed MSCs. One of the patterns
that emerged upon analysis is that the primed group had a general dampening of pro-
inflammatory cytokines GM-CSF, TNFa, IL-6, and IL-12 during early healing. This was

followed by an increase detected in TNFa in the primed group at day 4.

GM-CSF immediately decreased in the primed MSC group at day 1 and remained low for the
first 3 days. It rebounded at day 4 which may have been a compensatory correction by the
immune system. Previous research has identified GM-CSF as a key cytokine during the
inflammatory phase due to its ability to increase the number and function of neutrophils'*'. GM-
CSF also has a role in up regulating IL-6'*%, which is a cytokine with both pro and anti-
inflammatory functions. In the current study, IL-6 gradually decreased at days 2 and 3 and then
started to increase at day 4 in the primed MSC group. Therefore the dampening of GM-CSF and
IL-6 correlated well systemically. IL6 (along with IL1 and TNFa) has proven to be an early

123,124
*“"and plays a

cytokine that is up regulated during the inflammatory phase of wound healing
large role in kicking off the inflammatory cascade. It is produced by monocytes and

neutrophils'®” and can influence the differentiation of monocytes to macrophages'>. On the
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other side of regulation, IL-6 also has a role in resolving acute inflammation by inducing

126

neutrophil apoptosis ©°. We believe the dampening of this cytokine during the early stages of

healing in the primed MSC group is beneficial due to its role as an early inflammatory initiator.

TNFa is another key cytokine involved in the early inflammatory phase thus kicking off the
healing cascade (along with IL1 and IL6 mentioned above). At low levels, TNFa promotes
healing indirectly by stimulating inflammation and growth factor release from macrophages'”’.
However, high levels of TNFa become problematic due to its ability to increase MMP synthesis

while inhibiting ECM protein synthesis and TIMP production'*’ ">

. IL1P leads to a similar
scenario during healing and these 2 cytokines can perpetuate each other’s activity'*'. Both IL1p
and TNFao are high is chronic wounds along with high MMP activity'”’. TNFa and IL-1 are
released by leukocytes (neutrophils and macrophages) after they remove cellular debris'®.
These 2 cytokines up regulate leukocyte adhesion molecules which recruits more immune cells
and results in increased production of growth factors and proteases by macrophages'**.
Unfortunately our detection methods for IL-1p in the serum were unsuccessful so we can’t
comment on serum levels of this cytokine. In the current study, very little fluctuation was seen
in TNFa levels in the control group. Levels remained at baseline at day 1 and then gradually
declined days 2-4. The MSC group spikes at day 1 and gradually decreases to around baseline
by day 4. The primed MSC group spiked at day 1, then dropped drastically for 2 days before
increasing at day 4. IL-12, which was discussed in detail in the ligament cytokine section, is a

pro-inflammatory cytokine that was also dampened during the first few days of healing in the

primed MSC group. Based on the role of GM-CSF, IL-6, TNFa, and IL-12 during healing, the
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decreased levels seen in the primed MSC group during the first days of healing indicates

systemic anti-inflammatory action of these cells.

Even though the dampening of pro-inflammatory cytokines offers some mechanistic details
about MSC therapy, all cytokines measured did not follow this pattern. Anti-inflammatory IL-10
and dual action IFNy responded differently. IL-10 was decreased in the primed group whereas
IFNy was consistently increased in the primed group during the first several days of healing. It’s
difficult to determine what lead to a decrease in IL-10 and may be related to systemic monocyte
and macrophage regulation. However, the increased IFNy may be an outcome based on our
priming methods using poly (I:C) (mentioned earlier). One of the main roles for interferons in

the body is to exert anti viral effects'*

. Poly (I:C) is a synthetic version of viral double stranded
RNA and therefore an IFNy response may be appropriate. This could explain the consistent

increase of IFNy seen in the primed MSC group during the first few days of healing.

IFNy is produced by T cells and NK cells'"®. This cytokine acts in a pro-inflammatory fashion
by increasing the expression of intracellular adhesion molecule 1 and the adherence of

lymphocytes to endothelial cells'**

. IFNy is also known to act early to induce macrophage
chemokine production, but later acts in more of an anti-inflammatory fashion by suppressing
it'>. IFNy, along with TNF, TGFp, and PGE2, can be classified as both pro and anti
inflammatory depending on the timing of expression and healing context. Another characteristic
of IFNY is its ability to suppress collagen synthesis'**"*’. Since TGFp and IFNy employ

opposite effects on collagen synthesis, the balance of these 2 cytokines in the healing

environment are likely important mediators of tissue repair and homeostasis''*. TNFa acts
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synergistically with IFNy to inhibit collagen synthesis'*® and therefore TNFa levels need to be
factored in to the healing scenario. IFNy levels in the control group remained consistently below
baseline days 1-4 post-injury. The MSC group’s IFNy levels fluctuated around baseline whereas
the primed MSC group’s levels were consistently above baseline (with the exception of day 3)

and reached its highest level at day 4.

Previous studies have shown other anti-inflammatory effects of IFNy demonstrated by a
decreased foreign body response to an implanted device upon local administration of IFNy'*,
and decreased acute inflammatory response (decreased PMNs) upon systemic administration of
IFNY®. This is a tricky molecule to analyze in our healing model due to its many effects. We
believe the anti-inflammatory effects are beneficial to healing ligaments, however, molecules
that favor collagen synthesis would also be beneficial compared to molecules that inhibit
synthesis. This is due to the fact that the main ECM protein of ligaments is collagen I and
therefore early deposition has the potential to increase the rate of healing. Since IFNy has anti-
inflammatory effects as well as inhibitory effects on collagen deposition, the desired response of
this molecule is not clearly obvious. However it’s important to note that although systemic

levels of this molecule were elevated in the primed MSC group, it did not have an inhibitory

effect on collagen synthesis locally (chapter 3).

By day 4 analysis of serum cytokines, 5 of the 9 cytokines detected in the serum (GM-CSF, IL-6,
IL-12, IL-2, and IL-10) had leveled out and were no longer different between groups. All of
these have been discussed previously with the exception of IL-2. Less of a clear pattern was

established in the serum for IL-2 with each group displaying unique modulation. In the primed
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MSC group, IL-2 decreased at days 2 and 3 and then started to increase at day 4. IL-2 is usually
thought of as pro-inflammatory due to its role as a T cell growth factor' ", its proliferative effects
on NK cells'*’, and its ability to promote antibody production and proliferation of B cells'*'.
However, IL-2 is context dependent and has roles during healing that can be considered anti-
inflammatory. IlI-2 is essential for regulatory T cell development and thus participates in

: 142,143
immune homeostasis

. IL-2 has the ability to increase the responsiveness of cells to IL-4
(anti-inflammatory) and therefore promotes the Th2 arm of cellular differentiation which is
considered more anti-inflammatory'**. IL-2 is mainly produced by CD4+ T cells, some CD8+ T
cells, NK T cells, activated DCs and mast cells'’®. Our healing studies in the MCL haven’t

6,76

elucidated a large role for T cells™" at this point and therefore we haven’t studied this cytokine

extensively.

The 4 cytokines that remained elevated in the primed group at day 4 were IL-4, IFNy, TNFa, and
IL1a. Ofthese 4 cytokines, IL-4, IFNy, and TNFa are known to have anti-inflammatory
properties depending the timing and comparative expression levels of other cytokines. IL-4 is an
anti-inflammatory cytokine and promotes the differentiation of Th2 cells which produce 1L4,
IL5, and IL13'"°. IL-4 skews the macrophage phenotype towards an M2 phenotype which is

.- . 31-33
more anti-inflammatory and reparative

. It invokes macrophages to release TGF, PDGF,
and arginase. One product of arginase (ornithine) is a substantial source of proline and
hydroxyproline which account for almost 25% of the residues in collagen’'. Therefore the
presence of IL4 in a healing environment is crucial for matrix building. A lot of fluctuation was

detected in IL-4 cytokine levels without a consistent pattern in any of the groups in the current

study. The IL-4 level at day 4 in the primed MSC group was the highest detected in any of the
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groups days 1 through 4 and correlated with the increased M2 levels found in the ligament

matrix outlined in the previous chapter.

IL1a (discussed earlier) is a pro-inflammatory cytokine that remained high in the primed group
at day 4. This is interesting because a very different pattern of IL-1a is measured locally in the
ligament at day 4 of healing with the primed MSC group having the lowest level locally.
Another notable observation in serum IL-1a is the large spike seen in the MSC group at day 2.
It’s difficult to determine the cause of these patterns systemically but it could be an indication of
necrotic MSCs being removed from the local environment, since it has been shown that few cells
remain in the healing region. Since the MSC and primed MSC groups had much lower IL-1a in
the ligament itself, the cells that do remain there may be guarding against necrosis. The HBSS
group, which did not receive any cells, remained the lowest or tied for the lowest serum levels

throughout all 4 days of cytokine analysis.

Along with IL-10, IL-12 and IL-10 levels in the serum did not match the patterns seen in the
ligaments. This raises the question as to how systemic levels of cytokines affect local sites of
injury and vice versa. More detailed studies examining more time points are necessary to start to
answer this question. One explanation is a potential lag between systemic and local levels of
cytokines due to the time it takes for cells to communicate with each other and react via cytokine
production. Another explanation could be that different regulation is occurring throughout the
body versus at the injury site. A limitation with drawing conclusions for this comparison is the
amount of ligament tissue required for accurate analysis. In order to get enough soluble proteins

for cytokine measurements, the entire ligament is homogenized which could dilute the effects
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occurring in the more active healing region. Future studies using a larger animal model or more
animal ligaments isolating the injured region may provide a more accurate comparison. This
would increase the likelihood of measuring more cytokines within detectable limits for tissue

homogenate allowing advanced conclusions.

Overall, this general dampening of pro-inflammatory cytokines combined with an increase in
anti-inflammatory cytokines appears to be a key contributor to the improved healing and stronger
ligaments in the primed MSC group at day 14. Regardless of outcomes, it is clear that local
application of MSCs has both local and systemic implications and priming MSCs has the ability
to change both these microenvironments. Previous studies have shown systemic changes upon
systemic delivery'*, however, less research exists as to what happens throughout the body up
local delivery. This is important to analyze in order to optimize dosage and minimize any

potential side effects.

The patterns of cytokine expression outlined above can serve as a comparison for future studies
looking at the potential of unprimed and primed MSC therapy and how it alters healing from an
inflammatory and matrix building perspective. Capturing the correct time point for cytokine
levels in ligaments is difficult and requires a lot of animals. Therefore monitoring serum levels
for several days offers some insight and can minimize the number of research animals. It is
difficult to predict synergies and antagonisms among cytokines due to the complexity in
regulation. However, by continuing to analyze the various fluctuations paired with functional

outcomes, knowledge regarding optimal temporal and spatial fluctuations will be obtained.



Table 4.1 Numerical Values for Cytokine Levels within MCLs (% total protein)
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Cytokine Group Day 4 (% of total Protein)
HBSS 1.8061-98 + 5.3475-10
IL-1a MSC 7.2412-09+ 3.2914-10
PMSC 6.0294-09 + 1.7734-10
HBSS 1.9675-97 + 3.2903-08
IL-18 MSC 2.1098-97 + 1.5706-98
PMSC 2.8250-07 + 3.3012-08
HBSS 9.5710-09 + 5.5659-10
IL-10 MSC 1.0039-98 + 1.6457-10
PMSC 1.0108-98 + 0
HBSS 8.9535-09 + 1.5437-10
IL-12 MSC 5.5955-09 + 4,.3542-10
PMSC 1.0906-98 + 9.3418-10

Table 4.2 Numerical Values for Cytokine Levels within Serum (fold change from baseline)

Cytokine Group Day 1 Day 2 Day 3 Day 4
HBSS 4486 +.007 .6052 +.011 .3679 +.004 3002 +.011
IL-1a MSC 5776 +.049 1.754 +.011 .5603 +.038 .2866 +.015
PMSC .7303 +.017 .8764 +.044 .5449 +.027 .6180 +.039
HBSS 1.368 +.053 1.421+0 1.158 +.053 1.211 +.053
GM-CSF MSC 1.211 +.053 1.000 +.053 1.211 +.053 1.053 +£.053
PMSC .8000 +.050 .8500 +.050 .9000 +.087 1.300 +.132
HBSS 1.154+ 0 .9231+0 1.077 +.077 .8460 +.077
IL-6 MSC 1.475 +.109 1.100 +.050 1.400 +.050 .8000 +.050
PMSC 1.100 +.100 .7000 +.132 .5000 +.050 .6500 +.100
HBSS 9767 +.070 1.105 +.012 1.070 +£.023 1.116 +.040
IL-4 MSC 1.094 +.038 9434 +.019 1.113 +.038 9717 +.041
PMSC 1.114 +.023 1.114 +.045 9773 +.046 1.386 +.060
HBSS .8944 +.007 .8979 +.019 .8330 +.009 .8359 +.050
IL-12 MSC .7049 +.035 .8053 +.007 9108 +.011 .7939 +.022
PMSC .8955 +.013 .7957 +.014 7147 +.013 .7804 +.008
HBSS 1.044 + 0 6957 + 0 .5797 +.058 4058 +.058
TNFa MSC 1.625 +.125 1.313+0 1.188 +.063 .9375 +.165
PMSC 1.545 +.091 .5000 +.045 4545 +.182 1.364 +.182
HBSS .9854 +.029 1.009 +.018 9532 +.016 .9035 +.018
IL-2 MSC .8901 +.032 .8717 +.012 9686 +.014 .8482 +.009
PMSC 1.014 +.024 .9190 +.038 .8310 +.035 .8873 +.021
HBSS .8675+0 .8675 +.021 .8313 +.021 7712 +.012
IFNy MSC .9605 +.035 1.000 +.026 1.118 £.013 9342 +.013
PMSC 1.170 +.038 1.132 +£.033 .9434 +.038 1.311 £.025
HBSS 1474+ 0 1.535 +.023 1.316 £ 0 1.281 +.046
IL-10 MSC 1.431 +.069 1.345 +.030 1.466 +.062 1.362 +.017
PMSC 1.217 +.017 1.100 +.029 1.083 +.017 1.267 +.017
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Chapter 5: Discussion and Conclusions

Contributions to the field

Dosage and Cell Therapy

Using MSCs to improve ligament and tendon healing is not a new concept. There are several
studies that have used MSCs in different injury models (ACL, rotator cuff) with varying

41-43
results

. However, there are very few studies examining the effect of cell dosage. One of the
key findings of our first study is that more MSCs do not lead to superior results. The lower dose
proved to be more beneficial. This is an important point to consider with clinical application of
MSCs. It seems there’s a belief that all that is required is the application MSCs to an injured
area and the cells and/or the body will take care of the rest. Although these cells have a variety
of therapeutic capabilities, it would appear that a set of correct cues is still necessary to exploit
their healing characteristics. Our study shows potential for improved ligament healing using

MSCs, however, optimizing dosage for different injury/disease applications will be an important

factor for successful outcomes.

Another interesting finding with dosage of MSCs is that the larger dose had some pro-
inflammatory characteristics. The literature consistently talks about MSCs and their anti-
inflammatory properties, however, less is mentioned in regard to potential pro-inflammatory
effects. The pro-inflammatory characteristics found using the higher dose was demonstrated by
increased macrophages at day 14 along with increased pro-inflammatory cytokines within the
healing ligaments at day 5 (IL-1a, IFNy, IL-12). Although we did not specifically measure

immune rejection of these cells, it is possible that the larger dose of cells were detected by the
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animal’s immune system. This is an interesting point to consider since allogeneic MSCs are
considered immune privileged and one of the benefits of MSC therapy is the ability to use
allogeneic cells without an immune response. Although MSCs are considered immune evasive
due to low expression of MHC I and a lack of expression of MHC II molecules'*®, they may not
be as privileged as the literature would suggest. Others have shown immune detection and
responses using allogeneic MSCs as well as MSCs increasing MHC I and II expression when

- - - 62-67
placed in a pro-inflammatory environment

. The other possibility is that the higher dosage
simply shifted the balance of cytokines in a pro-inflammatory direction due to paracrine

interactions with other cells or released several of these cytokines themselves. Taken together,

our dose study highlights a couple key factors that are often overlooked with MSC therapy.

Priming Altering the Function of Cells In Vivo

Based on our findings suggesting improved healing using a lower dose of MSCs combined with
the possibility that the high dose of MSCs may have been detected by the immune system, we
began researching ways to amplify the therapeutic capacity of a lower dose of cells. This lead us
to the idea of cell priming prior to in vivo implantation. Priming and/or pretreating MSCs is not
a novel concept. However, priming cells and applying them to a ligament model has not been
done to the best of our knowledge and the outcome has not been well characterized. We found
that priming the cells prior to administration altered the healing response and yielded different

results compared to unprimed cells.

Priming the cells for 48 hours using poly (I:C) altered the healing cascade in a few specific ways

that we believe to be beneficial. This includes early M2 infiltration, early endothelializtion
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followed by decreased endothelialization later in healing (day 14), and early matrix deposition.
The improved mechanical properties affiliated with these findings suggest that these are
characteristics of healing to exploit and try to amplify with potential ligament therapeutic
treatments. Normal ligament healing is well characterized®, but less is known about the order of
events desired to tip ligament healing more towards regeneration vs. scar-like tissue deposition.

Our findings outline some key events that can be further optimized to enhance ligament healing.

Local Injection, Systemic Cytokine Changes

It has previously been reported that systemic injection of MSCs can decrease circulating pro-
inflammatory cytokines'*’, however, not many studies have looked at changes in systemic levels
of cytokines upon a local injection of MSCs. Our study elucidated significant changes in several
pro-inflammatory and anti-inflammatory cytokines upon primed and unprimed MSC application
to an injured ligament. This is an important finding to consider during clinical application of
MSC:s for a few reasons. Dampening or exacerbating certain cytokines have the potential to
have unintended effects, especially in patients with complex medical scenarios i.e. chronic
disease or other pathologies. Many diseases, such as cancer and rheumatoid arthritis, have
dysfunction surrounding immune system responses and therefore this should be considered
before modulating the circulating levels of cytokines via local injections. More research is
necessary to determine whether local injections alter circulating levels enough to be clinically
relevant, however, these preliminary fluctuations seen with primed and unprimed MSCs can

serve as a starting point.
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A more specific outcome elucidated with testing serum cytokine levels is that using primed
MSCs appeared to have a global dampening effect on several of the pro-inflammatory cytokines.
The altered cytokine expression was most noticeable during the first 3 days after injury/cell
administration and leveled out by day 4. This provides a pattern of cytokine changes that is
associated with improved ligament healing by using primed MSCs. More studies are necessary
and hopefully with more data, optimal levels and/or combinations of cytokines will be recorded.
This has the potential to allow for easy monitoring of healing progress (via blood collection)

when testing other therapeutics and/or cell therapies.

PGE2 In Vivo

Our PGE2 findings go against many references that suggest that this is the mechanism for MSCs
immunomodulation and an M1 to M2 phenotype switch’™**". We found decreased PGE2 levels
in the cell culture supernatent with in vitro priming and we also found a decrease in vivo
throughout the matrix at day 4 in the primed MSC group. Interestingly, the primed MSC group
had increased M2s even though there was decreased PGE2 throughout the ligament. A
limitation to this finding is that we didn’t collect any earlier time points examining PGE2 levels
at days 1-3 post-injury. There is a lack of research examining PGE2 production by MSCs in
vivo, and our findings point to the need to increase in vivo data regarding this molecule to

enhance mechanistic understanding.

Co-localization with Endothelial Cells

The fate of MSCs is always questioned during cell therapy studies with very few conclusive

results. In our study, we found that many MSCs co-localize with endothelial cells suggesting
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pericyte-like activities after implantation. However, upon staining for a pericyte marker
(CD146), we found that MSCs were not expressing this marker. This adds some evidence to the
argument that not all MSCs are pericytes. Even though MSCs were not expressing a pericyte
marker, it is interesting that many remained in close proximity to endothelial cells and CD146+
cells indicating a strong interaction with the angiogenic process. More research is necessary to
fully elucidate this interaction and has the potential to guide future cell therapies that want to

exploit this property or minimize it depending on the application.

Future Work

Priming Optimization

Priming MSCs with poly(I:C) at a concentration of 1 pg/ml for 48 hours had a positive healing
effect in our injury model. We highlighted some key events that we believe lead to the
improvements such as an early M2 presence and early endothelialization. However, this could
be enhanced further. One way to optimize would be to prime MSCs using different
concentrations and exposure times to poly (I:C). A series of in vitro experiments could look at
what concentration/exposure time combination yields the greatest number of M2s when primed
MSC:s are co-cultured with macrophages. This combination of concentration/exposure time
could then be applied to an in vivo healing environment with the goal being a greater infiltration
of M2s early during healing. Other metrics could be used to determine an optimized cell type,
such as VEGF for its angiogenic and anti apoptotic effects. Choosing this specific molecule has
the potential to empower the resident cell (fibroblast) by minimizing hypoxic stress and cell

death allowing a maximized endogenous healing response. Picking a factor released by MSCs



99

for exogenous healing would be less efficacious since MSCs do not remain in the healing

environment in large numbers.

Optimization does not have to stop here. Once a metric is determined and improved healing is
shown, the cells can be further analyzed through RNA expression using qPCR. This technique
would allow further characterization of factors that are up regulated with priming and better
define a cellular phenotype. Since it’s risky to suggest improved healing based off one molecule
(i.e. VEGF), analyzing other factors being regulated can lead to a greater understanding of
potential synergisms. To increase the potency of these factors in the healing environment, cells
could be sorted prior to implantation to eliminate cells that didn’t respond as robustly to the
priming based on the desired expression of various molecules. The cells that do respond will be
applied to the healing environment, which would increase the concentration of the desired
factors. The overall goal of this level of optimization would be superb ligament healing and a
protocol that yields more consistent outcomes from cell therapy due to high quality control prior

to application.

Transfection of PGE2

Several studies have suggested the importance of PGE2 production by MSCs during healing and

this molecule has been linked to enhancing the type 2 macrophage phenotype® ***’

. However,
we measured a decrease in PGE2 levels both in vitro and in vivo when MSCs were primed with
poly(I:C). Since the primed group demonstrated improved outcomes, this raises more questions

about the function and importance of this molecule. Due to these findings, combined with a lack

of in vivo data reported in the literature, one could design a study comparing MSCs with this
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protein up regulated, down regulated, and unregulated (control). Mechanical properties and
cellular response to the varying levels of PGE2 would offer novel insight and help elucidate the
role of PGE2 during healing. This information has the potential to improve the efficacy of MSC

therapyxql.

Adjuvent to MSC Application

As discussed previously, MSCs require an inflammatory environment for activation and

. . .. . 44-46
stimulation of their immunomodulatory actions

. Pro-inflammatory cytokines found within
the injured region of a ligament or treating cells prior to application with a pro-inflammatory
molecule can serve as the activator and was outlined in our studies. However, once the cells are
administered, they are left to react to any changes that occur in their microenvironment, which
can affect their in vivo function. A couple of researchers have found that altering the level of
inflammation in vivo by co-administration of an immunosuppressant can inhibit MSCs
modulatory activities'**'*. Others have shown that MSCs are more effective during maximum
inflammation and less effective when inflammatory symptoms are in remission during organ

- - o 1 A45,150-152
transplantation and autoimmune encephalitis, respectively ™ .

This suggests that in our
healing model, once the MSCs start guiding the microenvironment to be less inflammatory, their
function may be decreasing. Therefore identifying a molecule that could be co-administered,
released through a device, or injected may boost MSCs therapeutic potential. The key is finding
a molecule that acts as an adjuvant to MSCs but does not have detrimental effects on the overall

healing microenvironment. It’s a delicate balance to strike, but once a molecule is identified, it

has the potential to provide continuous cues to enhance MSC action.
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Concluding Remarks
The motivation behind this research was to gain specific knowledge on the therapeutic actions of
MSCs during ligament healing. Upon elucidating these details, we wanted to try to optimize

them through priming.

The goal of aim 1 was to determine if there was a dosage effect using MSCs during ligament
healing and whether an increased number of cells would yield better results. This was achieved
by examining ligament healing using a low dose (1x10° cells) and high dose (4x10° cells) of cells
and measuring functional ligaments properties (failure strength, stiffness), cellular response, and
cytokine release. In summary, the lower dose of cells lead to greater functional gains
demonstrated by increased ligament strength and stiffness. The lower dose also appeared to
improve the rate of healing based on fewer proliferating cells and endothelial cells at day 14
combined with a smaller, more filled in healing region. The ligaments treated with the low dose
had fewer pro-inflammatory measures such as macrophages and pro-inflammatory cytokines in
the matrix. This result was somewhat surprising based on the thought that an increased number
of cells would be more potent healers. These findings also demonstrated that the increased
number of cells increased some inflammatory factors, which could be due to detection by the

host’s immune system in response to the application of allogeneic cells.

The goal of aim 2 was to measure the effects of priming MSCs with an inflammatory factor
(poly (I:©)) in order to improve the efficacy while using a low dose of cells. This was completed
by comparing primed MSCs and unprimed MSCs to control ligaments and measuring functional

properties (failure strength, stiffness, matrix organization) along with cellular response, cytokine
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production, and cellular fate. In summary, the unprimed low dose of MSCs did not yield
improved results compared to control ligaments as was shown in our dose study. We used a
different commercial vendor to obtain MSCs for this study, which highlights one of the struggles
of getting consistent results with cell therapy. However, priming the cells lead to improved
functional properties (strength and stiffness but not matrix organization), as well as an improved
early cellular response demonstrated by increased M2s, procollagen 1a, and endothelial cells in
the matrix at day 4. In this study, the priming rescued the therapeutic efficacy of these particular
cells. This study also showed that many MSCs tend to localize around endothelial cells and
pericytes, but do not express a common pericyte marker (CD146). A final observation is that
very few primed MSCs remained in the matrix at day 14 which strengthens the argument that

engraftment is not absolutely necessary for improved outcomes.

The goal of aim 3 was to examine the function of primed and unprimed cells in regard to
cytokine production and document a pattern of comparative cytokine levels associated with
improved healing seen in the primed MSC group. We accomplished this by measuring 13
different cytokines with pro- and/or anti- inflammatory properties locally in the matrix at day 4
and 10 cytokines systemically in the serum on days 1 — 4 post-injury. A complex scenario of
cytokine regulation arose both locally and systemically. There was a decrease in pro-
inflammatory IL-1a and an increase in anti-inflammatory IL-1Ra in ligaments that received
primed MSCs. However, there was also an increase in pro-inflammatory IL-12 and a decrease in
PGE?2 (considered both pro and anti-inflammatory). In the blood serum, the primed MSC group
diminished inflammation by dampening several pro-inflammatory cytokines. There were

exceptions, most notably an increase in IFNy which is considered both pro and anti-
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inflammatory. This study demonstrated systemic effects upon local administration of MSCs and

a less inflammatory pattern of cytokine expression using primed cells.

Important findings that were consistent between studies and were associated with stronger
ligaments at day 14 were a decrease in IL1a levels locally within the matrix and an increased
number of endothelial cells during the early stages of healing (day 4 and day 5). During later
healing (day 14), there were decreased endothelial cells. This suggests that early
endothelialization may be minimizing cell death (necrosis) leading to an increased rate of healing
and less active tissue at day 14. Since this was found using 2 different sources of MSCs, early
endothelialization may be a stable characteristic of MSCs that is less susceptible to different

manufacturing and cell culture methods.

The collective research outlined elucidates cellular and cytokine temporal regulation using MSCs
that resulted in improved ligament healing and functional properties (mechanical strength). One
of the key findings is the improvement that occurred by priming cells prior to administration
leading to increased M2 infiltration and procollagen l1a deposition. Taken together, this body of
work will serve as a guide for future MSC studies and assist in the development of effective

MSC therapeutics for clinical treatment of ligament and tendon injuries.
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