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Abstract

Detrimental immune and inflammatory responses contribute to the pathogenesis of
various conditions, including Crohn’s disease, Lupus, and sepsis.>* Unfortunately, novel
treatments for detrimental immune and inflammatory responses have been met with little
success. Mesenchymal stromal cells (MSCs) represent a promising cellular therapy to treat
immune and inflammatory disorders due to their ability to suppress the immune system.
However, despite their promise, clinical trials that have employed MSC cellular therapies have
produced varying and sometimes conflicting results. These discrepancies have been partially
attributed to the cellular heterogeneity within MSC populations. To address these discrepancies, |
performed transcriptomic and proteomic analysis of MSCs with varying immunomodulatory
capacity to identify robust immunomodulatory biomarkers and gain better mechanistic insights
into MSC immunomodulatory function. In this study, MSCs with differing immunomodulatory
function were identified and the effect of in vitro passaging and proinflammatory induction on
immunomodulatory ability was characterized. To characterize MSC immunomodulatory control
mechanisms, RNA sequencing and proteomic analyses were performed on MSCs with different
immunomodulatory capabilities. These analyses enabled the identification of potential
immunomodulatory biomarkers and regulatory mechanisms. Finally, to test the therapeutic
efficacy of immunomodulatory MSC subpopulations, | developed a humanize mouse model for
sepsis. Overall, this work contributes to our understanding of MSC immunomodulation and to

the development of a robust MSC cellular therapeutics.
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1.0 Introduction
1.1 Mesenchymal stromal cells

Human mesenchymal stromal cells (MSCs) were first discovered as a rare population of
clonal multipotent cells found in the bone marrow.%? MSCs are classically defined by their
ability to differentiate into osteogenic, adipogenic, and chondrogenic lineages, their adherence to
plastic, and expression of CD105%, CD73", and CD90", while lacking hematopoietic markers
such as, CD45", CD34", CD14", and CD11b".2* Other potential markers have been identified
since the discovery of MSCs, including CD79a or CD19" and HLA-DR".2° Currently, MSCs are
predominantly isolated from three sources: adipose tissue, bone marrow, and umbilical cord.
However, cells exhibiting MSC characteristics have been isolated from nearly all adult tissues
and are closely associated with perivascular cells.®> Given their multipotent potential and origin,
bone marrow MSCs (BM MSCs) were initially applied as a regenerative cellular therapy for

osteogenic disorders such as osteogenesis imperfecta.® 3
1.2 MSC immunomodulation

Recently, MSCs have been emerging as a promising, novel autologous cellular therapy
for immune and inflammatory disorders.!® Indeed, MSCs have been observed to have
immunomodulatory activity, repressing both the adaptive and innate immune responses (Figure
1).2471011 The innate immune response defines a set of non-specific barriers designed to prevent
and/or eradicate foreign threats. Physical barriers such as the skin regulate external contact with
the body, while cellular barriers such as macrophages, natural killer (NK) cells, dendritic cells,
and mastocytes aid in the recruitment of additional immune cells and the identification and

removal of foreign particles (Figure 2). The inflammatory response aids in localizing phagocytes
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and macrophages to engulf foreign particles and recruit other immune cells.*>** MSCs have been
found to directly interact with the innate immune response, for example by converting
inflammatory M1 macrophages into an anti-inflammatory M2 phase.*® MSCs have also been
observed to repress dendritic cell differentiation and mastocyte function.**® Since, the
inflammatory response is largely induced by the innate immune system through the release of
proinflammatory cytokines like tumor necrosis factor o (TNFa) and interleukin-1 (IL-1) from
macrophages, mastocytes, and other immune cells, MSCs are also able to directly regulate the
inflammatory response, for example through the release of IL-1 receptor antagonist and by
decreasing monocyte activation.'>417 In fact, MSCs express a number of chemokine receptors
and adhesion molecules, allowing them to selectively localise at the site of the native
inflammatory response.®* Thus, MSCs are able to specifically inhibit the innate immune and

inflammatory responses.

The adaptive immune response defines a set of specific defense mechanisms designed to
enhance the eradication of previously encountered foreign substances. T and B lymphocytes
recognize pathogen specific antigens on foreign cells, substrates, or native cells (within their
major histocompatibility complex [MHC]) and facilitate their removal.*>** Numerous other cell
types help facilitate and regulate the adaptive immune response, including regulatory T cells,
helper T cells, macrophages, and follicular B helper T cells (Figure 2).12* In particular, helper
T cells can be activated to differentiate into inflammatory type 1 helper T cells (Th1) and anti-
inflammatory type 2 helper T cells (Th2), which are directly involved in B cell antibody
secretion, macrophage activation, and cytolytic T cell activation.!®* MSCs have been shown to
repress both CD4* and CD8" T cell proliferation and activation, by inhibiting activation markers

such as CD35 and CD38.1! Moreover, MSCs have even been observed to inhibit memory T cells
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from binding to their cognate peptides and impair B cell proliferation and chemotactic
properties.'®2° MSCs have also been observed to promote the generation of regulatory T cells,
which inhibits the immune response.” Thus, MSCs are able to modulate both the adaptive and

innate immune responses through a variety of immune cell types.
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Figure 1. Immunomodulatory properties of MSCs.?* Lines represent MSC interactions with
immune cells as mediated by MSC secreted factors. PGE2: Prostaglandin E2, IDO: indoleamine
2,3-dioxygenase, iINOS: inducible nitric oxide synthase, HO1: heme oxygenase 1, HGF:
hepatocyte growth factor, TGFf: transforming growth factor beta, HLA-G5: human leukocyte
antigen-G.
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Figure 2. Overview of important cell types in the adaptive and innate immune responses.??

1.3 MSC immunomodulatory mechanisms

Several MSC immunomodulatory mechanisms have been elucidated, involving cell to
cell contact and soluble factors. Studies have demonstrated MSCs secrete numerous factors that
generate an immunosuppressive environment within the body.>232* These factors include
prostaglandin E2 (PGEZ2), indoleamine-pyrrole 2,3-dioxygenase (IDO), and anti-inflammatory
cytokines such as I1L-10. PGE2 has been shown to inhibit T cell proliferation by inhibiting
dendritic cell maturation, activated T cell proliferation and cytokine secretion.?* IDO catalyzes
the conversion of tryptophan to kynurenine, which suppresses the mTORC1 pathway, inhibits T-
effector cell growth, and promotes dendritic cell, macrophage, and CD4" T cell differentiation.

These cellular changes activates T regulatory cells, inhibits IL-2 signalling, and impairs CD4* T
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cell survival.?>2® Interestingly, MSC-mediated lymphocyte suppression can be recovered by the
addition of exogenous IL-2, also indicating the prominent role of cytokines in MSC
immunomodulation.®?° In addition, MSCs secrete numerous other cytokines, including IL-10,
IL-6, TGFB, CCL1, CCL5, VEGF and ICAM, which have varying effects on adaptive and innate
immune cell proliferation, activation, and differentiation.?2 MSCs have also been observed to
secrete microvesicles and exosomes. MSC-derived microvesicles inhibit T cell proliferation and
promote the secretion of anti-inflammatory cytokines including 1L-10 and TGF-B.%° In fact, MSC
exosomes have been applied to treat GVHD by promoting activated CD4" T cell differentiation
into T regs.3! Thus, the release of numerous exogenous factors and vesicles is essential for MSC
immunomodulatory capacity. While MSCs have been shown to regulate their local environment
via exogenous soluble facts as described above, cell to cell contact has also been shown to
enhance MSC immunosuppressive capabilities.?® For example, MSCs inhibit T cell proliferation
and increase the proportion of T regs in a cell contact dependent manner.” One possible
mechanisms is through the FAS ligand /FAS-mediated T cell apoptosis.? Thus, MSCs employ a

wide range of soluble and cell to cell dependent mechanisms to induce immunosuppression.

However, it has been reported that MSCs can have varied immunomodulatory influences
on the local environment, ranging from anti-inflammatory to proinflammatory responses. Indeed,
toll like receptors 1 and 3 have been implicated in controlling the MSC immunosuppressive
phenotype, highlighting the importance of environment on MSC phenotype. While both primed
and unprimed MSC treatments have been shown to be therapeutically efficacious,*3* inducing
MSCs with TNFa and INFy has been shown to increase the secretion of exogenous factors as
well as a number of cytokines.® Indeed, priming MSCs in a proinflammatory environment has

been shown to potentiate their immunosuppressive capabilities.®*3’ In particular, INFy and TNFa
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has been used to increase the secretion of immunosuppressive exogenous factors and to increase
MSC efficacy in treating GVHD.*® TNFa stimulation activates TNFR1 and 2, which are known
regulators of inflammatory cytokine production such as 1L-6.3° INFy primed MSCs have been
shown to downregulate T cell activation, enhance T cell negative signalling, interact with
antigen-presenting cells and increase proliferation or induce regulatory cells.*¢4%-42 Thus, while
MSCs represent a promising cellular therapy to treat immune and inflammatory disorders, the
precise mechanisms by which MSCs immunomodulate the innate and adaptive immune

responses are not fully understood.
1.4 MSC immunoevasion

MSCs lack HLA-DR or co-stimulatory CD40, CD40L, CD80 and CD86, which are key
immunogenic surface markers recognized by the human immune system.**#4 This grants MSCs
low immunogenicity, thereby making them an excellent candidate for allogeneic cellular
therapeutic. In fact, MSCs express only low levels of MHC | and lack the expression of MHC I,
largely protecting MSCs from natural killer cells.***® These features have led to the concept that
MSCs are immunoprivileged within the body. However, recent studies have observed immune
rejection of allogenic MSCs in some patients.*34¢ Moreover, despite the lack of MHC molecules
on MSCs, NK cells have been observed lysing MSCs.?° These data suggest that the allogeneic
effects of MSCs would be transient. Thus, MSCs are likely immunoevasive, making them an

ideal candidate for allogenic cellular therapy.
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1.5 Umbilical cord MSCs

Umbilical cord MSCs (UC-MSCs) have been shown to exhibit more robust
immunomodulatory activity compared with other adult MSC sources such as the bone marrow,
especially when primed with inflammatory cytokines such as INFy and TNFo.*"% UC-MSCs are
often extracted from two areas within the umbilical cord. Wharton’s Jelly MSCs (WJ-MSCs) are
derived from connective tissue surrounding the vessels of the umbilical cord, while human
umbilical cord perivascular cells (HUCPVCs) are extracted from the perivascular tissue directly
wrapping the vasculature (Figure 3).*” Umbilical cord MSCs (UC-MSCs) are also significantly
more abundant and readily accessible than bone marrow MSCs (BM-MSCs). While the density
of MSCs found in bone marrow varies greatly between humans and is affected by the health and
age of the donor, BM-MSCs on average only make up 0.001 to 0.01% of mononuclear cells
isolated from bone marrow aspirates, resulting in on average 1500-3000 per mL of aspirate.*®>°
On the other hand, obtaining umbilical cord tissue is non-invasive, while the cord contains on
average 1 to 5x10* MSCs per cm of cord.>! Moreover, while exhibiting MSC characteristics,
UC-MSCs from neonatal tissue types tend to be more proliferative and differ in their
differentiation potential than MSCs of differing origins.* As such, UC-MSCs are ideal for the
development of novel cellular therapies due to their immunomodulatory ability and ease of

procurement.
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Figure 3: Cross section of human umbilical cord. Adapted from Kim et al.>
1.6 Detrimental immune and inflammatory responses

Because of their immunomodulatory abilities, MSCs have the potential to treat any
number of diseases if its pathophysiology involves the immune or inflammatory response.
Detrimental immune and inflammatory responses (DIIRS) are characterized by the harmful
misregulation of one or both responses and contribute to the pathogenesis of various autoimmune
and hyperinflammatory disorders such as Crohn’s disease, type 1 diabetes, lupus, and
sepsis.®>>*>4 In Canada alone, more than 500,000 Canadians live with either type 1 diabetes or
Crohn’s disease, while septic shock remains one the leading causes of in-hospital mortality, with
an estimated mortality rate of 30%.°*°° Autoimmune diseases are characterized by the immune
system attacking self-molecules and tissues, ranging from organ specific to systemic. Resultant
tissue damage often triggers an inflammatory response that exacerbates the disease my recruiting
more immune cells. Similarly, severe inflammatory diseases are propagated by innate immune
cells such as macrophages and monocytes. Current treatment options for DIIRs predominantly

focus upon treating the inciting trauma or infection with antibiotics to control any infection and
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corticoid steroids to control the inflammatory response. Unfortunately, novel treatments for
DIIRs have been met with little success. Over the past 40 years, none of the over 100 clinical
trials targeting the systemic inflammatory response of sepsis demonstrated therapeutic efficacy.*
These failures have been largely attributed to the complexity and progression of the
inflammatory response and disease course heterogeneity between patients.>” Consequently,
treatment methods targeting a single element of the immune response may have little or

potentially detrimental therapeutic efficacy if administered. On the other hand, MSCs modulate

numerous immune cell types, making them ideal to treat DIIRSs.

Crohn’s disease exemplifies this interplay, being a type of inflammatory bowel disease
caused by autoimmune interactions.® Specifically, T cell autoimmune function has been largely
implicated in causing the detrimental inflammatory response.>® Moreover, current research
increasingly implicates the innate immune system’s regulatory role in disease pathophysiology.
For example, NFkB — an important regulator of the innate immune response — has been shown to
both exacerbate and suppress the Crohn’s inflammatory response.>®%! NF«kB activation has been
observed to upregulate protective molecules that inhibit the inflammatory response such as
CARD15, cyclo-oxygenase 2 (COX 2), B defensins, PPARy and IxBa, while stimulating the
expression of inflammatory cytokines such as IL-6, and TNFa.%%%! Consequently, considering
the complexity of Crohn’s pathophysiology, it is not surprising that anti-inflammatory drugs and
immune suppressers that target specific cell types or cytokines do not always exhibit therapeutic
efficacy. MSCs on the other hand have been shown to have greater immunosuppressive
capability in the presence of inflammatory cytokines such as TNFa, promoting greater
suppression of inflammatory cytokines including COX 2. In fact, pilot clinical trails employing

MSCs to treat Crohn’s disease showed promising results after 12 months post treatment.3362

9|Page



Thus, the ability of MSCs to target multiple aspects of both the immune and inflammatory

response makes them an excellent candidate for novel therapeutics.

Sepsis is another example of a life-threatening organ dysfunction caused by a
dysregulated host response to infection. It is elicited by a complex host response to infection
causing immune-mediated systemic inflammation, aberrant coagulation, and microvascular
instability.%®%* In particular, sepsis is characterized by a hyperactivation of the inflammatory
response, causing the over-production of pro and anti-inflammatory cytokines, also known as a
cytokine storm. The resultant inflammatory response places great stress on the patient’s body,
causing body temperature fluctuations between fever and hypothermia, significant changes in
white blood cell count, and increased heart and respiratory rates.®>% If the underlying
circulatory, cellular, and metabolic abnormalities are profound enough to substantially increase
mortality, the patient is deemed to be in a state of septic shock.®> Those patients that do not
succumb to septic shock are susceptible to potentially fatal secondary infections due to anti-
inflammatory mediated immunosuppression.”-"° Indeed, the initial inflammatory phase is often
followed by an anti-inflammatory or immunosuppressive phase characterized by a marked
decrease of proinflammatory cytokines and T cell exhaustion — the global downregulation in T-
cell proliferation.”*"* Furthermore, a decrease in inflammatory Th1 has been observed compared
to anti-inflammatory type Th2, further muting the inflammatory response.’>"® MSCs can address
the complex nature of the sepsis immune and inflammatory response by suppressing the initial
proinflammatory phase through interactions with macrophages and monocytes. Moreover, as
mentioned earlier, MSCs exhibit greater immunosuppression in the presence of proinflammatory
cytokines.®® Conversely, if a patient progresses to the immunosuppressive phase, MSC

immunosuppression would also decrease, reducing the chances of exacerbating the patient’s
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condition. In fact, a bone marrow MSC treatment for septic shock currently passed phase | safety
trials and are proceeding to phase Il clinical trials.”” Thus, the ability of MSCs to modulate
numerous immune cell types and be sensitive to their inflammatory environment make them an

excellent potential therapy for DIIRs.
1.7 Developing MSC cellular therapies

Despite indications that MSCs would be a potential cellular therapeutic to treat
inflammatory and immune disorders, clinical trials that have employed MSC cellular therapies
have produced varying and sometimes conflicting results. As mentioned above, MSCs have been
applied to prevent GVHD to varying success.’® In fact, a number of studies have shown MSC
efficacy to treat or delay GVHD, including a phase Il trail by Le Blanc and colleagues showing a
50% response rate using MSCs to treat GVHD with a mean of 1.4 million bone marrow MSCs."®
However, numerous MSC clinical trails have demonstrated mixed results. A meta-analysis
examining MSC treatment of steroid refractory acute graft versus host disease as caused by
allogeneic hematopoietic stem cell transplantation revealed only limited efficacy treating lower
grade GVHD.® MSC trials for ulcerative colitis and ischemic stroke (Athersys), three cardiac
repair studies (Miltenyi Biotec; FBC Pharmicell, Korea; and Stempeutics Research), Acute
respiratory distress syndrome (China), and Multiple Sclerosis (Spain) have failed or been
terminated.®® Due to these varying results, no MSC cellular therapy has received FDA approval
as of January 2018.8! Thus, while MSCs have numerous promising characteristics, more research

is required to determine what aspects are contributing to therapeutic efficacy.

A number of factors are likely impacting the efficacy of MSC therapeutics. For example,
MSC treatments often exhibit little to no long term engraftment, despite MSCs homing to sites of

inflammation.®? The lack of engraftment severely impacts therapeutic efficacy by limiting the
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time and level of interaction between MSCs and their therapeutic targets.® Indeed, as described
above, some immunomodulatory interactions are dependent on cell-cell contact. Perhaps the
greatest hurdle facing the development of MSC therapeutics lies in the phenotypic heterogeneity
between MSCs of differing donors, tissue types, and potentially clones.®> While each of these
extracted samples are MSCs by definition, they often differ in their proliferative capacity and
potency. For example, MSCs harvested from the same type of tissue exhibit a large range of
donor to donor variability, exhibiting differences in functional potential depending on donor age
and health.8+% MSCs derived from the bone marrow of 17 healthy human donors exhibited
varying growth rate, alkaline phosphatase levels, and osteogenic potential.®* Surprisingly, even
MSCs isolated from the same tissue and donor exhibit different differentiation and proliferation
potential, often favouring a particular lineage.8”% This heterogeneity has been observed in
therapeutic efficacy of MSC treatments for immunological diseases such as graft versus host
disease (GVHD).?>"® In another study, Jiang et al was able to induce greater MSC-mediated
cartilage repair using screened MSC clonal populations with greater chondrogenic capacity than
unscreened populations.®® It should be noted that for most clonal studies, MSCs are cultured for
at least some period in vitro, raising the possibility that the MSC clonal variation could be
exacerbated by culture conditions such as hard substrates and non-dynamic environments as they
select for particular clones. Consequently, since large numbers of MSCs are required for a robust
cellular therapy, the selected clones may differ between MSC cultures even from the same

source, introducing more heterogeneity into therapeutic efficacy.

To address MSC phenotypic heterogeneity, novel biomarkers to identify and characterize
MSC subpopulations are being studied. For example, Nestin® bone marrow perivascular MSCs

have been postulated to contribute to bone development.®. Han et al. found CD106" chorionic
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villi MSCs exhibited greater immunomodulatory qualities and was found to be expressed across
multiple MSC sources including umbilical cord, adipose tissue, and bone marrow.®* However,
the manner in which CD106 (VCAML) contributes to immunomodulatory regulation within
MSCs is largely unknown. These results indicate that a better characterization of MSC
heterogeneity, bioprocessing of MSC lots, and an improved understanding of MSC
immunomodulation would potentially allow the isolation and optimization of MSC-based

cellular therapies.®?
1.8 Disease models

Pre-clinical models that better recapitulate the human condition would also facilitate the
development of better MSC immune and inflammatory therapies. Numerous therapeutics —
including MSCs — that target the aberrant immune responses demonstrated promise in preclinical
animal models but fail to translate in clinical trials. In fact, as many as two thirds of highly cited
animal studies failed to translate to human randomized trials, mainly due to the inherent
differences between mice and humans, and the inability of certain animal models to faithfully
recapitulate the human condition.>”® To address this disconnect from bench to clinic,
researchers have generated mouse models that incorporate human cells to better recapitulate
human disease pathophysiology to facilitate the development of novel therapies. Patient derived
xenograft (PDX) model captures human tumor biology via the transplantation of primary human
tumor cells into immunocompromised mice and has significantly contributed to translational
cancer research by modelling numerous human cancers and enabling the identification of
therapeutic targets.***® In the context of sepsis, the development of humanized mice, which are
generated by transplanting the human hematopoietic system into immunodeficient mice, can also

be used in the clinical translation of sepsis therapies.
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Currently, the cecal ligation and puncture (CLP) mouse model is extensively used to study
human sepsis whereby the cecum is ligated and punctured to extrude cecal bacteria into the
abdominal cavity.®®°" However, this technique leads to inconsistent pathogenic responses due to
the variability in the amount of pathogenic species entering the peritoneum post-surgery. Itis also
due to the percentage of the cecum ligated, as well as the number and size of cecal punctures,
which all contribute to highly variable experimental outcomes.®” Taken together, mouse morbidity
varies greatly between studies and even within experimental cohorts.’” Moreover, recent data
revealed that the murine peripheral blood transcriptional response post-CLP poorly correlates with
that observed in human sepsis patients. Thus, there is a great need for robust inflammatory models

that better recapitulate the human immune response to develop effective therapies.

1.9 Rationale

Clinical trials that employed MSC cellular therapies for various inflammatory diseases
have produced inconsistent results. These discrepancies are mainly due to heterogeneity within
MSC populations as well as the loss of immunosuppressive properties during prolonged MSC
culture to generate clinically relevant cell numbers. The current lack of reliable biomarkers or
standardized metrics to measure MSC immunomodulation makes identifying and isolating
therapeutic MSC subpopulations extremely difficult. Thus, my project is aimed at identifying
biomarkers and gaining mechanistic insights into UC-MSC immunomodulation to develop more
efficacious cellular therapies. Immunomodulatory MSCs were screened to assess their
immunomodulatory function using mixed lymphocyte reaction and macrophage assays. Potential
biomarkers and mechanistic insights were determined via transcriptomic analysis of cytoplasmic
RNA and proteomic analysis of the secretome. Furthermore, | developed a humanized mouse

model for sepsis to validate the efficacy of immunomodulatory MSCs to treat inflammatory
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disease. To do so, NSG immunodeficient mice were transplanted with human umbilical cord-
derived hematopoietic stem and progenitor cells (HSPCs) to reconstitute the mice with human
immune cells. In addition, human progenitor T (pro T) cells were co-transplanted to decrease the
time required for robust mature T cell engraftment. I also developed a cecal slurry and puncture
(CSP) surgical procedure and demonstrated that humanized mice that underwent CSP consistently
exhibited symptoms indicative of sepsis and rapidly succumbed to the systemic infection. Analysis
of a human specific sepsis gene signature demonstrated that the humanized CSP mouse model

more closely recapitulates the human sepsis transcriptional response than the CLP mouse model.

Ultimately, | plan to integrate a metric for immunomodulation into a pipeline to identify,
isolate, validate in vitro, and manufacture MSCs with the greatest immunomodulatory activity to

treat immune and inflammatory diseases.
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2.0 Methods

2.1 Mesenchymal Stromal Cell culture

Wharton’s Jelly MSCs (WJ-MSCs) were obtained by Dr. Bernard Thébaud’s lab. MSCs
were cultured at 1333 cells/cm? in alpha MEM (Gibco) with 20% FCS (Lot #: 1739823)
polypropylene culture flasks. Cells were passaged when they reached 75-80% confluency. Each
WJ-MSC and HUCPVC line was harvested from separate donors. Human UC-MSCs were
isolated from the umbilical cord of healthy, term pregnancies after parental consent. After
delivery, the cord was dissected from the placenta, milked to remove remaining intravascular
blood and placed in a storage solution containing 30% [vol/vol] citrate phosphate dextrose
adenine anti-coagulant (CPDA-1) in phosphate buffered saline (PBS). After disinfection with
povidone-iodine (Purdue Pharma, Stamford, CT), multiple incisions were made into the
epithelium of the cord. Sterile cord tape (Ethicon, Somerville, NJ) was used to ligate the cord
vessels prior to placing the tissue in Phosphate-buffered saline (PBS) supplemented with Ca,",
Mg:", glucose and pyruvate (Thermo Fisher Scientific) as well as with 750 U/mL collagenase
and 500 U/mL hyaluronidase (both from Worthington). Following digestion at 38°C for 4 hours,
2000 BAEE-U/mlI trypsin and 3 mM ethylenediaminetetraacetic acid (EDTA) (both from Sigma-
Aldrich) were added and allowed to incubate for another 30 min at 38°C. The dissociation
process was stopped by placing the mixture on ice and adding FBS to a final concentration of
10% [vol/vol]. Remaining undigested tissue was removed by utilizing 40 um cell strainers (BD
Biosciences). Cells were rinsed in PBS and seeded in minimum essential medium Eagle, alpha
modification (¢(MEM) containing 20% fetal bovine serum (FBS) (both from Sigma-Aldrich) and
standard antibiotics (Thermo Fisher Scientific) in tissue culture treated plastic flasks (Greiner

Bio-One).
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Human umbilical cord perivascular cells (HUCPVCs) were obtained from Tissue
regeneration therapeutics (TRT). HUCPVCs were plated on human plasma fibronectin (EMD
Millipore) coated flasks (0.75ug/cm?) at 1333 cells/cm? in supplemented Lonza mesenchymal
stem cell growth medium (MSCBM). Lonza stopped producing the media in early 2017.
Consequently, HUCPVCs were cultured in alpha MEM (Gibco) with 20% FCS (Lot #:
1739823). Both were cultured in a 5% CO2, 5% O, humidified atmosphere with media changes
every 3rd day. WJ-MSCs and HUCPVCs were lifted using enough TrypLE (Gibco) to cover the
bottom of the flask. Lifted cells were diluted with an equal amount of growth media, centrifuged

at 400g for 10 minutes, and resuspended in growth media.
2.2 Human umbilical cord blood processing

Umbilical cord blood (UCB) samples were obtained from the Canadian Blood Services
after informed consent. To process, 1 mL of Pentaspan was added per 5 mL of umbilical cord
blood sample. Samples were centrifuged for 50g or 10 minutes at room temperature and the top
layer was isolated, then centrifuged at 400g or 10 minutes at room temperature and supernatant
aspirated. The cell pellet was resuspended in 10 mL of red blood lysis buffer (Potassium
bicarbonate 9.98 mM, ammonium chloride 160 mM, EDTA 0.25 M) for 5 minutes at room
temperature and pelleted at 400g. The subsequent pellet was resuspended in Phosphate-Buffered

Saline (PBS) without CaCl, and MgCl> (Gibco) for counting.
2.3 Mixed Lymphocyte Reaction (MLR)
CD3" T lymphocytes were isolated from umbilical cord blood samples (Canadian Blood

Services) using a positive selection kit (StemCell Technologies) and stained with 1 uM CFSE

(Molecular Probes) for 5 minutes. Cells were washed twice with PBS (without CaCl> and
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MgCly), resuspended in OpTmizer media (Invitrogen) and 4 x 10* CD3* cells per well were
seeded in triplicate in a 96-well plate (BD Falcon) and stimulated with CD3/28 Dynabeads
(Invitrogen). MSCs were grown as described above in proinflammatory conditions with or
without induction with 15 ng/mL TNFa and 10 ng/mL IFNy, 48 h prior to harvesting. MSCs
were resuspended in OpTimizer media and 4 x 10° cells were added to the stimulated CD3* T
cells. Co-cultures were placed at 37°C in a humidified incubator, at 5% CO; and 5% O for 5
days. To analyze T lymphocyte proliferation, cells were stained with anti-CD45 antibodies
(clone 2D1) conjugated to AlexaFluor700 (eBioscience) and 10ng L -1 propidium iodide
(Sigma) and analyzed using a BD Fortessa flow cytometer. Carboxyfluorescein succinimidyl
ester (CFSE) fluorescence of stimulated CD3* CD45* cells, in the absence or presence of MSCs,
were compared to determine T cell proliferation. Most MLR experiments were conducted by

Chandarong Choey.
2.4 M1/M2 Macrophage assay

On day 0, CD14" (Stem cell technologies) cells were isolated from processed human
umbilical chord blood cells. CD14" cells were seeded on a flat bottom 96-well plate at 50,000
cells/well in 100 pL of RPMI 1640 (Gibco) with 10% FBS (Gibco). 25 ng/mL of MCSF
(Peprotech) was added to M2 control cultures and 25ng/ml of GMCSF (Peprotech) was added to
M1 cultures. On Day 3, 100 pL of RPMI was added to each well. Additionally, 25 ng/mL of
GMCSF and 500 ng/mL of LPS (Peprotech), and 20 ng/mL of IFNy (Peprotech) were added to
M1 cultures and 25 ng/mL of MCSF and 30 ng/mL of IL-4 (Peprotech) were added to the control
M2 cultures. IFNy 10 ng/mL and TNFa 15 ng/mL were added to induce MSCs for 48 hours. On
day 5, 100 pL of media was removed and MSCs were added at a 1:5 or 1:10 ratio (10,000 or

5,000 cells) in 100uL of RPMI 1640 with 10% FBS and 25 ng/mL GMCSF to co-cultures,
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25ng/mL GMCSF was added to M1 cultures and 25 ng/mL MCSF to M2 cultures. On day 7,
cells were washed in PBS (without CaClz and MgCl.), lifted with TrypLE, stained for CD80,

CD45, CD163, and CD206 and analysed via flow cytometry.

2.51L-10 ELISA

The BioLegend human IL-10 ELISA MAX deluxe was used to determine 1L-10
concentration in the conditioned media from MSC-M1/M2 macrophage cocultures. 100 pL of
capture antibody was added to each well and incubated overnight at 4°C. The plate was washed
with PBS and standards and 1/4 diluted samples were added and incubated for 2 hours with
shaking. The plate was washed and detection 100 pL of antibody was added and incubated for 1
hour. The plate was again washed and 100 pL of Avidin-HRP solution was added to each well
and incubated for 30 minutes. The plate was washed and 100 pL of freshly mixed TMB solution
and incubated in the dark for 30 minutes. 100 pL of stop solution was then added to each well
and absorbance was read at 450 nm and 570 nm on a Beckman Coulter DU 800

spectrophotometer. Angela Raymond assisted me with the completion of ELISAs.

2.6 Western blotting

Following protein determination by Bradford assay (Protein Assay Dye Reagent
Concentrate, BioR), 5-10 ug of protein extracts were prepared in LDS sample buffer (Novex, life
technologies) supplemented with dithiothreitol and the lysates were then electrophoresed on a 4-
12% precast gradient gel (NuUPAGE) using the XCell SureLock® Mini-cell (Invitrogen) and
transferred onto a polyvinylidene fluoride (PVDF) or nitrocellulose membrane (Invitrogen). The
membranes were blocked with 5% BSA or 5% non-fat dry milk (BD) in 0.1% TBS-Tween-20

for at least 1h at RT and probed with rabbit or mouse antibodies overnight at 4°C. The
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membranes were then washed and probed with alexa-fluor 680 or 700 conjugated goat anti-
rabbit (Thermo scientific) or goat anti-mouse (Thermo scientific) secondary antibodies for 1h at

RT. Blots were washed and bands were visualized using the LI-COR Odyssey Infrared Imager.

Manufacturer Antibody  Catalogue # Dilution
Cell Signalling Calnexin 2433 1:1000
Cell Signalling AKT 2920 1:1000
Cell Signalling P-AKT 4060 1:1000

Abcam GAPDH 8245 1:2000

2.7 Endoplasmic Reticulum and Golgi apparatus isolation

Endoplasmic reticulum and Golgi apparatus extraction were adapted from Rao et al.
2012.1% MSCs were washed twice with ice cold PBS, lifted with TripLE and counted in TBS.
Cells were centrifuged and resuspended in a sucrose buffer (250 mM sucrose, 25 mM KCI, 5mM
MgCl, 10mM triethanolamine, 10mM acetic acid, with protease and phosphatase inhibiters ) PH
7.6 and lysed using a 25 gauge needle. The samples were centrifuged at 3000g of 10 min at 4°C
and the supernatant was collected. Mitochondria elements were removed using Miltenyi
mitochondrial isolation kit. Supernatant was centrifuged at 15,0009 for 30 min at 4°C and the
pellet containing the organelles was solubilized in 10 puL of 8M urea and 50mM ammonium

bicarbonate.
2.8 Surface protein biotinylation

| adapted our protocol was adapted from Thermo Scientific’s Pierce Cell Surface Protein
Isolation Kit protocol. MSCs in culture flasks were washed with ice cold PBS (without CaCl>

and MgCl_2) twice. 0.5 mg/mL of Sulfo-DHS-SS-Biotin in PBS with CaCl. and MgCl. was added
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to each flask to cover the bottom and incubated at 4°C for 30 minutes. 250uL-1mL of 50mM
glycine solution in PBS + was added to quench biotinylation. Cells were scraped and washed.
Cells were lysed using a 1% triton based lysis buffer, sonicated, and centrifuged to remove cell
debris. The supernatant was incubated with streptavidin magnetic beads overnight at 4°C with

gentle shaking. Beads were eluted with 25uL of 50 mM DTT.

2.9 Silver staining

Proteins were run on 4-12% precast gradient gel (Invitrogen, Burlington, Ontario) using
the XCell SureLock® Mini-cell (Invitrogen, Burlington, Ontario). Gels were then fixed in 50%
ethanol and 5% acetic acid for 30 minutes with gentle agitation. Gel was washed twice in wash
solution (50% ethanol) and sensitized with fresh 0.8 mM Sodium thiosulfate for 2 minutes. Three
more washes were conducted before 6 mM silver nitrate was added for 30 minutes to stain. Gels
were developed in 0.04% formaldehyde and 0.19 M sodium carbonate until bands were clearly

visible. To stop development, 5% acetic acid was added. Gels were stored in 1% acetic acid.

2.10 Mass Spectrometry Digestion

All tools, surfaces, and tubes were cleaned with 70% ethanol and all work was conducted
in a positive pressure clean hood. Proteins were isolated, electrophoresed, and silver stained
using the above described methods. Bands with similar protein levels as determined by stain
darkness were separated, chopped into 1 mm cubes and were washed in water for 60 minutes in a
shaker. 250 L of acetonitrile was added to each tube and incubated at room temperature for at
least 10 minutes to dehydrate the gel. Supernatant was removed and 9.7 uM DTT in 50mM
ammonium bicarbonate and 50% acetonitrile was added to gel pieces and incubated at 56°C for

30 minutes. 500 pL of acetonitrile was added and incubated for addition 10 minutes. Gel pieces
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were incubated in iodoacetamide for 20 minutes to prevent the formation of disulfide bonds. Gel
pieces were then trypsinized in 13.3 pg/mL trypsin in 10% acetonitril and 10 mM ammonium
bicarbonate on ice for 2 hours. Proteins were extracted with 5% formic acid in acetonitrile and

vacuum dried to isolate proteins. Proteins were resuspended in 1% formic acid.

2.11 Mass Spectrometry

Mass spectrometry was conducted by the OHRI Mass spectrometry core facility. The
Dionex Ultimate 3000 RSLC nano (Thermo Scientific) HPLC in tandem with the Orbitrap
Fusion Lumos (Thermo Scientific) spectrometer were used. Dr. Lawrence Puente conducted
analysis using Xcalibur (Thermo Scientific), Mascot and Scaffold, which controlled the mass
spectrometer and conducted analysis. High Performance Liquid Chromatography was used to
separate proteins at a flow rate of 300 nanolitres per minute. Gradient was 5%-36% of increasing
acetonitrile. Scanning speed was 100ms on the first pass. Peak picking was based largely on
isotopic patterns. Counts were excluded if 2 counts were measured in 10 seconds, resulting in

exclusion for 60 seconds.

2.12 RNA extraction

Pelleted cells were harvest using 500 uL of TRIzol® reagent and frozen for later
processing (Thermo Scientific). To thawed samples, 5 pL of 1M MgCl and 100 pL of
chloroform was added. Samples were shaken for 5 seconds and incubated on ice for 5 minutes.
Samples were centrifuged at 4°C for 15 minutes at 10000g After centrifugation, the top aqueous
portion was extracted and the precise volume removed recorded. 250 pL of isopropanol was
added to each sample, inverted, and incubated for 10 minutes on ice. Samples were centrifuged

for 10 minutes at 4°C at 10,000g. Supernatant was decanted and tubes were dapped with
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Kimwipes. Pellet was ethanol washed with 500 pL of 75% ethanol and centrifuged for 5 minutes
at 4°C at 10 000g. Ethanol wash was conducted 4 more times. Pellet was left to dry at 40°C for 5
minutes, followed by 5 minutes at room temperature before being resuspended in RNAase and

DNAase free water. RNA was also extracted using Direct-zol RNA miniprep kit (Zymo).
2.13 RNA quality control

RNA fragment analysis and quantification was conducted by the OHRI StemCore facility
using the Advanced Analytical High sensitivity RNA analysis kit (Agilent) and the Qubit RNA

HS assay kit (Invitrogen).
2.14 RNA sequencing

WJ-MSC RNA sequencing was conducted at the SickKids Centre for Applied Genomics
(Toronto). Libraries were generated using TruSeq Stranded TL RNA LT Ribo-Zero Gold
(IMumina, P/N RS-122-2301). Single end sequencing as conducted on the Hiseq 4000 (lllumina).
HUCPVC RNA sequencing was conducted at Donnelly Sequencing centre at the University of
Toronto. Libraries were generated using TruSeq Stranded mRNA kit (Illumina). Single end
sequencing was conducted on NextSeq500, High Output v2 for 75 cycles (Illumina). Both library

preparation and sequencing was conducted by the sequencing facilities.
2.15 Mice

NOD-scid IL2Ry™!" (NSG) (Jackson Laboratories) were housed in sterile ventilated cages
of up to 5 mice per cage; fighting males were separated and housed separately. Mice were kept on
a 12:12 light:dark cycle and given irradiated chow and autoclaved acidified water ad libitum.

Animal protocols were approved by the University of Ottawa Animal Care Committee, in
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accordance with the Canadian Council on Animal Care Standards and the Province of Ontario’s

Animals for Research Act.
2.16 Transplantation of human hematopoietic stem and progenitor cells into NSG mice

Umbilical cord blood (UCB) samples were collected following informed consent by the
Canadian Blood Services (Ottawa, Canada) and the Mount Sinai Hospital Research Centre for
Women’s and Infants’ Health BioBank, (Toronto, Canada). Use of donated UCB samples for
research was approved by the respective Research Ethics Boards and the Ottawa Hospital Research
Institute Research Ethics Board.

Lineage negative (Lin") cells were isolated from UCB samples using the Easy Sep Human
Progenitor Cell Enrichment kit with Platelet Depletion (Stem Cell Technologies). Purified Lin-
cells were stained with anti-human CD34 APC (CLONE:4H11) and CD38 PE-Cy7
(CLONE:HIT2) and purified by FACS to obtain CD34*38" hematopoietic stem and progenitor
cells.

CD34" cells were isolated from fresh UCB samples using the Easy Sep CD34 Isolation kit
(Stem Cell Technologies) and purified CD34" cells were differentiated on OP9-DL1 stromal cells
to generate progenitor T cells (pro T) cells.?®* Human pro T cells and CD34*CD38" cells were
transplanted into 1-5 day old NSG pups as previously described.* Briefly, neonatal pups were
irradiated with 125 Rads. 2h-6h post radiation, each pup received 2 x 10° human pro T cells, 2
x10* CD34*CD38 HSPCs plus 0.5 ug rh-1L-7 (Peprotech) and 2.5 pg anti-IL-7 antibody (clone
M25) via 30 pL intrahepatic injection. Pups were administered 30 pL of rhIL-7 (0.5 pg) and M25
(2.5 pg) via intraperitoneal injection every 3-4 days for two weeks post-transplant. Transplantation

was conducted by Dr. Caryn Ito and Priya Chandran.
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2.17 Cecal Slurry Puncture (CSP) model

Cecal slurry (CS) was prepared by harvesting cecal contents from C57BL/6 mice as
described by Starr et al.!%? Bacterial quantification for each cecal slurry preparation was
determined by performing serial dilution of the CS stock — 1:5000 and 1:10000 for aerobic bacteria
and 1:20000 and 1:30000 for anaerobic bacteria using Luria broth (LB) —. CS dilutions were plated
onto either CDC-Blood agar plates (REMEL) or Tryptone Soya Agar with 5% sheep blood (Oxoid)
to culture anaerobic or aerobic bacterial growth, respectively. The agar plates were incubated at
37°C for 24h and 48h in aerobic or anaerobic conditions (Anaeropack, Oxoid) and colonies were

counted to determine the colony forming unit (CFU) per pL.

At 12-35 weeks post-transplantation, humanized NSG mice were randomized to either
undergo the cecal slurry and puncture (CSP) surgical procedure to induce sepsis or a sham surgical
procedure. Both groups of mice were anesthetized with 3% isofluorane/O2, a 1cm midline
abdominal incision was made and the cecum exposed. For the treatment group, cecal slurry was
injected through the cecum, using an 18-gauge needle, into the peritoneum to induce sepsis, but
the cecum was not ligated. The amount of cecal slurry was titrated between 5.0 x 10* — 2.2 x 10°
bacterial CFU/g. The incision was sutured with 5-0 silk and the skin closed with metallic clips.
For the sham procedure, the cecum was exposed, but not punctured and an equal volume of saline

was injected into the peritoneum, then the incision was closed as above.

All mice received 1ml of Lactated Ringer’s 0 and 12 hours post-surgery and 0.03 mg/kg of
buprenorphine via sub-cutaneous injection 0, 6, 12 and 24 hours post-surgery. Mice were
monitored every hour for wellness traits including attitude, grip strength, piloerection. Humane
moribund endpoint was determined by monitoring internal body temperature and traits such as

alertness, hunched posture, piloerection and weak grip strength. Rectal temperatures were recorded
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to detect changes in internal body temperature. Moribund mice were sacrificed and sham control

mice were sacrificed 24-96 hours post-surgery. Surgeries were performed by Dr. Caryn Ito.

A total of n=12 independent CSP experiments were performed for this study. The total
number of mice used in this study was n=44; n=24 females (n=13 CSP; n=9 sham,; 2

unmanipulated) and n=20 males (n=12 CSP; n=7 sham; 1 unmanipulated).

2.18 Collection of blood samples for analysis

Cardiac puncture was performed to collect peripheral blood (PB) using EDTA coated
syringes. Mononuclear cells were isolated by centrifugation and the collected blood was diluted in
buffer containing PBS (without CaCl, and MgCl,) /2% FBS (Gibco) and mixed thoroughly.
Samples were centrifuged at 400g for 5 minutes and incubated at room temperature with red blood
cell (RBC) lysis buffer (155mM of Ammonium Chloride, 10mM of Potassium Bicarbonate,
0.1mM EDTA) for 5 minutes to lyse the RBCs. Mononuclear cells in the PB were then washed,
resuspended in PBS (without CaClz and MgCl.) /2%FBS/ImM EDTA and filtered using 40 pm
nylon cell strainer (Thermo Fisher Scientific). Cells were analyzed by flow cytometry to assess

engraftment levels and apoptosis.

Bone marrow cells were obtained from femurs and tibiae by flushing them with 1 mL PBS
(without CaCl, and MgCl.). Spleen cells were harvested by straining the spleen through a 40 um
nylon cell strainer in 1 mL of PBS using the plunger of a 3 ml syringe (Becton Dickinson). Bone
marrow and spleen cells were then pelleted at 3,500g in a microcentrifuge for 3 minutes to collect
the cells. The cell pellet was then resuspended in RBC lysis buffer for 5 minutes at room
temperature followed by a wash with PBS/2%FBS. Mononuclear cells obtained from bone marrow

and spleen were resuspended in PBS/2%FBS/1mM EDTA and filtered using 40 um nylon cell
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strainer. Cells were analyzed by flow cytometry to assess engraftment levels and apoptosis of

immune cells by Priya Chandran.

PB collected in EDTA coated syringes was transferred to capillary tubes (Fisher, Thermo
Fisher Scientific) sealed and centrifuged for 5 minutes to separate the plasma. Blood plasma was

collected and stored at -80°C until further analysis.
2.19 MALDI-TOF Mass Spectrometry Bacterial Speciation

To determine the species of bacteria present in the blood, PB was collected by cardiac
puncture and coded for blinded analysis. PB samples were serially diluted 1:10 from 102 to 10
in thiol broth, plated on CDC-Blood agar plates (REMEL) or Tryptone Soya Agar with 5% sheep
blood (Oxoid), and grown for 48 hours in at 37°C in aerobic or anaerobic conditions (Anaeropack,
Oxoid), respectively. Morphologically distinct colonies grown under aerobic or anaerobic
conditions were spotted on a reusable MSP 96 polished steel BC target plate (Bruker) and were
overlaid with 70% formic acid, and a-Cyano-4-hydroxycinnamic acid (Bruker Daitonik).
reconstituted in 50% acetonitrile (Thermo Fisher Scientific), 47.5% HPLC/MS Grade H.0
(Thermo Fisher Scientific) and 2.5% trifluoroacetic acid (Sigma-Aldrich). Target plate was

analyzed using a MALDI-TOF tandem mass spectrometer.
2.20 Flow Cytometry Analysis

Peripheral blood, bone marrow and spleen cells collected from CSP and sham treated mice
were analyzed by flow cytometry by Priya Chandran. To determine the engraftment levels of
human immune cells, the cells were stained with following human specific antibodies: CD45 AF-
700 (Clone:2D1) to assess overall human immune cell engraftment; CD33 eFLUOR 450

(Clone:P67.6), CD14 PE-Cy7 (Clone:61D3), CD15 FITC (Clone:H198) to detect human myeloid
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engraftment; and CD19 APC (Clone:HIB19), CD8 FITC (Clone:HIT8a), CD3 eFLUOR 450
(Clone:OKT3) and CD4 APC (Clone:OKT4) to determine human lymphoid engraftment. Human
immune cell apoptosis was determined using Annexin-V eFluor 450 and 7AAD. Isotypes
corresponding to the fluorochrome conjugated antibodies were used as controls. Flow cytometry
was performed using BD LSR Fortessa (BD Bioscience) and the data were analyzed using BD

FACSDiva (BD Bioscience).

2.21 Organ Function and Histology

Blood plasma was harvested and coded for blinded analysis. Blood chemistry was analyzed
by the Beckman Coulter AU480 to measure levels of AST and ALT. Lung and liver tissues were
fixed in 10% formaldehyde (Thermo Fisher Scientific), embedded with paraffin, and probed using
CD68 monoclonal (Clone:KP1) (1:50) (Thermo Fischer scientific) or myeloperoxidase (1:100)
(Thermo Fischer scientific) polyclonal antibody overnight at 4°C and counter-stained with
hematoxylin. Goat HRP polyclonal secondary antibody was incubated for 1 hour and visualized

in 2% 3,3'-Diaminobenzidine (DAB) and 0.1% hydrogen peroxide.

2.22 Cytokine Analysis

Blood plasma was harvested and coded for blinded analysis. 25 pL of plasma was analyzed
in duplicate using a customized Millipore human cytokine/chemokine magnetic bead panel
(interleukin [IL]-1R o, IL-10, tumor necrosis factor [TNF]- a, IL-12 p40, I1L-12 p70, gamma
interferon [IFNy], IL-8, IL-6, GM-CSF, and IL-1a). Mean fluorescent intensity was measured
using the Luminex xXMAP MAGPIX® system and analyzed using Milliplex Analyst software

(Luminex). Plasma from C57BL/6 mice was used as a negative control.
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2.23 Human Sepsis Gene Signature Generation

Significant fold changes (false discovery rate [g<0.01], log. fold change > 2) were
determined between human (GSE13904)1% and mouse (GSE5663)!%* sepsis PB microarray
datasets. Genes with significant fold changes in opposing directions between mouse and human
were selected. Genes were further filtered to include only genes that are biologically relevant to
sepsis (Table 7). Gene signature fold changes were extracted from other publicly available human
sepsis patient and mouse CLP PB microarray datasets. Human sepsis gene signature expression
from humanized mice was determined by RT-qPCR on PB RNA from CSP and sham mice. Gene
signature fold changes were then correlated with a human sepsis patient fold changes to determine

similarity.
2.24 Quantitative PCR

Human specific primers were designed to determine the gene expression of our human
sepsis gene signature in humanized mice by reverse transcriptase quantitative PCR (RT-gPCR).
PB was harvested from humanized NSG mice that underwent CSP or sham surgery. PB was also
harvested from unmanipulated humanized NSG mice and C57BL/6 mice as controls. mRNA was
extracted using the ARCTURUS® PicoPure® RNA Isolation Kit (Thermo Fisher Scientific). The
RNA was converted to cDNA using SuperScript® Il Reverse Transcriptase (Thermo Fisher
Scientific). RT-qPCR was conducted using SYBR® Green PCR Master Mix’s protocol (Thermo
Fisher Scientific) and a Roche LightCycler 480 Real-Time PCR system. 5 ng of cDNA from the
PB of humanized NSG mice was used for the RT-gPCR analysis. Primer sequences can be found

in Supplementary Primer Sequences.
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2.25 Bioinformatic Analysis

RNA sequencing analysis was conducted from raw FASTQ files obtained from either
Donnelly or the SickKids Centre for Applied Genomics sequencing facilities and quality control
was conducted using FASTQC. Read alignment was conducted using HISAT2% to the Genome
Reference Consortium Human Build 38 (GRCH38) using GENCODE 23 annotations. Reads were
counted using featureCounts.'% Differential gene expression was calculated using DESeq2.1%" A
p-value cutoff of 0.05 and fold change of two was applied to Bonferroni corrected values.
Functional analysis was conducted using the Gene Ontology Consortiums web tool, KEGG
pathway analysis, and STRING protein interaction analysis.'%119 REVIGO was used to visualize

significant gene ontology results.

Proteomic analysis was conducted using Scaffold to calculate spectral counts by Dr.
Lawrence Puente. Differentially expressed proteins were determined by comparing cell number
normalized spectral counts between samples. Rankings were determined by magnitude of spectral

count difference and difference in ranking within each dataset.

Data have been expressed as mean or mean * standard error mean (mean * s.e.m).
Statistical calculations were done using Graphpad Prism 7.0 software or embedded R functions.
Survival curves analyzed with Kaplan Meier log rank test. For other results, comparison of means
performed using unpaired two-tailed Student’s t test with Welch’s correction using a level of

significance of p<0.05.
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3.0 Results
3.1 Early passage UC-MSCs have greater immunomodulatory ability than late passage UC-

MSCs in vitro

Contributions

e Mixed lymphocyte reactions were conducted in large by Dr. Caryn Ito and Chandarong
Choey. I completed late passage replicates for HUCPVCG.
e |L-10 ELISAs were completed by both Angela Raymond and me.

e | completed all macrophage assays and proliferation assays.

Previously published data has demonstrated that UC-MSCs exhibit immunosuppressive
qualities. However, the numerous conflicting clinical trails testing MSC therapeutics evidence
the lack of understanding pertaining to MSC immunomodulatory ability and its regulation.3362
Moreover, MSC heterogeneity has often confounded results, making identifying
immunomodulatory mechanisms difficult. Therefore, to properly interrogate MSC
immunomodulatory ability, | needed to identify UC-MSCs with greater and lesser
immunomodulatory ability for comparison. We performed mixed lymphocyte reactions and
macrophage assays using different lots of UC-MSC primary cells that were co-cultured with
stimulated CD3* T cells derived from umbilical cord blood to determine the ability of UC-MSCs
to suppress activated T cell proliferation. Using this method, it was found that
immunomodulatory capacity varies greatly across different UC-MSC lines (Figure 4). As a
result, HUCPVC6 and WJ-MSC1 were chosen due to their greater immunomodulatory capacities
in comparison to other MSC lots we tested. Interestingly, phenotypic differences have been
observed between MSCs of differing passage numbers. Le Blanc et al. demonstrate a significant

difference in MSC treatment of GVHD using passage 1-2 cells versus 3 to 4.”° Furthermore,
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Klinker et al. demonstrated BM-MSC immunosuppression of T cells decreased over longer
passage in vitro. Since our objective was to interrogate the immunomodulatory phenotype,
comparing MSC with varying immunomodulatory ability from the same MSC extraction would
greatly reduce confounding variables. However, due to the number of cells required for
downstream transcriptomics and proteomic analyses, passage 1 cells could not be feasibly used.
Therefore, to confirm if immunomodulatory ability decays significantly over in vitro passaging,
we co-cultured early passage 3 and late passage 6 UC-MSCs with immune cells to determine
their immunosuppressive phenotype. A severe drop in proliferative capacity was observed in late
passage MSCs versus early passage MSCs (Figure 5A). Moreover, as expected, when co-
cultured with stimulated CD3* T cells, early passage UC-MSC suppressed T cell proliferation in
a more significant manner compared to late passage UC-MSCs (Figure 5B). To ensure that the
immunosuppressive abilities of UC-MSCs is not limited to T cell suppression, MSCs and control
293T cells were co-cultured with M1 inflammatory CD14" macrophages to determine whether
the macrophages adopt an immunosuppressive M2 phenotype in the presence of MSCs (Figure
6). As with the MLRs, while all MSCs exhibited greater immunosuppression than 293T cell
controls, | found that early passage UC-MSCs significantly decreased the proportion of CD80*
inflammatory macrophages (M1) compared to 293T cell controls than late passage MSCs
(Figure 6). Early passage UC-MSCs had a far more significant reduction of M1 macrophages
than late passage cells. Moreover, as mentioned earlier, 1L-10 secretion is a robust
immunosuppressive cytokine and likely extracellular mediator of MSC immunomodulation.
Consequently, I conducted ELISAS on the conditioned media harvested from macrophage-MSC
cocultures, which revealed elevated levels of IL-10 in early versus late passage MSCs, further

indicating that the MSCs were exerting their immunomodulatory activity on proinflammatory
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macrophages (Figure 7). Thus, | validated a significant loss of immunomodulatory capacity
between early and late passage UC-MSCs for downstream interrogation of MSC

immunomodulatory mechanism.
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Figure 4. Mixed Lymphocyte reactions of native and primed UC-MSCs with T cells. WJ-MSCs
and HUCPVCs were cocultured with stimulated CD3" T cells at a 1:5 ratio under normoxic
conditions. T cell proliferation was measured via carboxyfluorescein succinimidyl ester staining.
MSCs were primed with interferon gamma (IFNy) and tumor necrosis factor alpha (TNFa) 48
hours before detection. n=3. Experiments were conducted by Dr. Caryn Ito and Chandarong
Choey.
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Figure 5. Phenotypic differences between early and late passage UC-MSCs. (A) Early passage 3
HUCPVC6 exhibit greater proliferation than late passage 6. (B) Early passage and not late
passage UC-MSCs suppress T cell proliferation. Early passage 3 and late passage 6 HUCPVC6
was cocultured with CD3* T cells at a 1:5 ratio under normoxic conditions. T cell proliferation
was measured via carboxyfluorescein succinimidyl ester staining. MSCs were primed with
interferon gamma (IFNy) and tumor necrosis factor alpha (TNFa) 48 hours before detection.
Statistics were calculated between uninduced early and late passage cells and induced early and
late passage cells respectively. n=3. * P<0.05, ** P<0.005, *** P<0.0005. Experiments were
conducted by Dylan Siriwardena, Dr. Caryn Ito and Chandarong Choey.

35|Page



100- *%

% CD80"

Figure 6. Early Passage HUCPVCs suppress the M1 inflammatory macrophage phenotype.
Early passage 3 and late passage 6 HUCPVC6 cells were co-cultured with M1 CD14*
macrophages at a 1:5 ratio under hypoxic conditions. Macrophage phenotype was measured via
CDa80 staining. MSCs were primed with interferon gamma (IFNy) and tumor necrosis factor
alpha (TNFa) 48 hours before detection. * P<0.05, ** P<0.005, *** P<0.0005.
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Figure 7. Macrophage coculture with Early Passage HUCPVCs secretes more extracellular IL-
10 than with late passage HUCPVCs. IL10 concentration was detected in conditioned media
from HUCPVCG6 and M1 CD14" cocultures by ELISA. Early passage 3 and late passage 6
HUCPVCs were cocultured with CD14* macrophages at a 1:5 ratio under hypoxic conditions.
Concentrations were determined via ELISA. Experiments were completed with the aid of Angela
Raymond. n=4. * P<0.05, ** P<0.005, *** P<0.0005.
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3.2 Inducing UC-MSCs with IFNy and TNFa has heterogenous effects on

immunomodulatory ability in vitro

Contributions

e |L-10 ELISAs were completed by both Angela Raymond and me.

e | completed all macrophage assays.

As discussed above, while uninduced MSCs have shown therapeutic promise, inducing
MSCs with IFNy and TNFa has been shown to increase their immunomodulatory abilities.33
To characterize the effect of inflammatory priming on immunomodulatory UC-MSCs, MLRs,
M1/2, and IL-10 assays were conducted on early passage UC-MSC. Interestingly, inflammatory
induction had a donor dependent effect on UC-MSC suppression of T cell proliferation (Figure
4). However, UC-MSC inflammatory induction promoted significantly greater inhibition of T
cell proliferation (Figure 5B). Interestingly, UC-MSC inflammatory induction decreased M1
macrophage inhibition in early passage cells (Figure 6). In fact, uninduced early passage
HUCPVCs produced significantly more IL-10 than induced early passage MSCs (Figure 8).
This discrepancy did not persist in late passage HUCPVCs (Figure 8). Since induction

influences UC-MSC immunomodulation in an immune cell dependent manner, | chose to

examine both induced and uninduced UC-MSC:s.
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Figure 8. Macrophage coculture with uninduced HUCPVCs secretes significantly more I1L-10
than coculture with induced HUCPVCs. IL-10 concentration was detected in conditioned media
from HUCPVC and M1 CD14" cocultures. Early passage 3 and late passage 6 HUCPVCE6 cells
were cocultured with M1 CD14" macrophages at a 1:5 ratio under hypoxic conditions. IL-10
concentrations were determined via ELISA. Experiments were completed with the aid of Angela

Raymond. n=4. * P<(.05.
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3.3 Development of UC-MSC Secretome Isolation Protocols
Contributions

e Endoplasmic reticulum and Golgi apparatus extractions were developed with the aid of
Dr. Julien Yockell-Lelievre. I conducted all extractions and blots.

e | completed all in-gel digestions for mass spectrometry. Protein identification and
quantification via mass spectrometry was conducted by Dr. Lawrence Puente.

e | completed all statistical and functional analysis.

Particular UC-MSC lines such as WJ-MSC1 and HUCPVC6 exhibit greater
immunomodulatory potential than other UC-MSCs (Figure 4). Moreover, | demonstrated that in
vitro culture of UC-MSC results in a loss of immunomodulatory ability (Figure 5B, 6-7).
Finally, I found that induction of UC-MSCs with IFNy and TNFa has varying
immunomodulatory consequences, depending on UC-MSC line and passage (Figures 6 and 8).
Consequently, due to the significant contrasts in immunomodulatory ability by varying passage
number and induction, | chose to compare early and late passage UC-MSCs with and without
induction to gain the most insight into immunomodulatory mechanisms. As discussed earlier,
MSC immunomodulation occurs through a plethora of extracellular interactions involving
surface and cytokine interactions that can be exploited to identify potential biomarkers and
extracellular mechanisms for immunomodulation. Thus, to determine potential control
mechanisms and biomarkers, | examined differences in the UC-MSC secretome between early
and late passage MSCs. To do so, | isolated the secretory organelles: endoplasmic reticulum
(ER), Golgi apparatus, and other secretory vesicles via centrifugation as adapted from Rao et al’s
published protocol.1® | was able to greatly enrich for both the ER and Golgi apparatus (ER/G) as
validated using Western Blotting for calnexin, a known ER marker (Figure 9). Surface proteins

were isolated via biotinylation with sulfo-NHS-SS biotin followed by isolation with magnetic
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microbeads from both early and late passage MSCs. Silver staining was then conducted on each
protein fraction, and proteins of similar molecular weight were collected, digested, and sent for
liquid chromatography-tandem mass spectrometry (LC-MS) analysis (Figure 10). LC-MS was
used to determine the compliment of secreted proteins and their differential abundance in our
samples. Differential abundance was determined by comparing spectral counts between high and
low passage proteins. For immunomodulatory WJ-MSCs, 1209 proteins were found in the ER/G
fraction along with 570 proteins in the surface fraction across 2 technical replicates. For the
HUCPVCs, 1043 proteins were found in the ER/G with 523 proteins in the surface fraction.
Since the surface protein fraction should be largely recapitulated by the ER/G fraction (as part of
the secretory system), | examined the overlap between the two fractions to reduce noise and
generate a robust list of surface proteins. 447 were found to overlap between the two HUCPVC
lists (Figure 11). Moreover, cellular localization ontology showed significant enrichment of
secretory and ER/G related terms (Figure 12). 64% of detected WJ-MSC proteins and 74% of
detected HUCPVC proteins were from secreted cellular fractions while HUCPVC proteins
enriched for 74%. Indeed, significant mitochondrial contamination was detected. While
mitochondrial proteins are not secretory, they were still incorporated into our analysis as they
give insights into role of metabolism in immunomodulation. In fact, amino acid metabolism has
been reported to be linked with immunomodulatory activity in MSCs. For example, as
mentioned earlier, indoleamine-pyrrole 2,3-dioxygenase (IDO) and the tryptophan catabolism
pathway, which are linked to T-effector cell and CD4 T cell proliferation inhibition,?* were
upregulated in our early passage proteomic data set, further validating our comparison of early
and late passage. To narrow down a list of meaningful secreted proteins, all secreted proteins

were ranked based differences in spectral count between early and late passage across the ER/G
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and surface fractions. Due to the large overlap between the ER/G and surface fractions, both lists
were merged for differential analysis. If a protein appeared in both, the ER/G spectral count was
used as its extraction was not dependent on bead affinity and elution. To further narrow our list,
a fold change cut-off of 2 was applied and only proteins found across both HUCPVCs and WJ-
MSCs were initially used, narrowing the list down to 552 proteins. Functional analysis on the
552 proteins revealed significant enrichment of immune related terms such as neutrophil
degranulation and leukocyte mediated immunity (Figure 13). Moreover, other MSC functions
such as wound healing and coagulation related terms were also enriched (Figure 13). |
performed KEGG Pathway analysis to determine upregulated signalling pathways and cellular
functions and found a significant enrichment of metabolic and cytoskeletal processes as well as
the PI3K-AKT and IL-12 signalling pathway. While it is likely the metabolic and cytoskeletal
pathways are in large upregulated by the faster proliferation observed in early passage umbilical
cord cells (Figure 5A), both may still play a role in immunomodulation. This is consistent with a
study done by Klinker at al., which demonstrated that IFN-y stimulated bone marrow MSC
morphology can predict immunomodulatory ability.!** Thus, the UC-MSC secretome is enriched
for proteins involved in immunomodulation and may provide insight into extracellular regulatory

mechanisms of MSCs.
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Figure 9. Validation of Endoplasmic Reticulum and Golgi apparatus protein extraction from
WJ-MSCs. Western blot probing (A) calnexin, and (B) GAPDH, in the Endoplasmic reticulum
and Golgi apparatus (ER/G) fraction, surface protein fraction (SURF), and total cell lysate (CL).

43 |Page



ER/G SURF

Figure 10. Total isolated proteins from ER/Golgi apparatus fraction (ER/G) and biotinylation of
surface proteins (SURF) in WJ-MSCs. Silver staining was conducted on bolt-well gradient gels.
Lanes were fractioned into 3 sections for mass spectrometry analysis.
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Figure 11. Overlapping proteins between surface and ER/Golgi fractions in HUCPVC
secretome. Proteins were obtained via LC-MS.
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Figure 12. Enrichment of ER/Golgi cellular component terms from WJ-MSC secretome. Term
specifications and analysis were completed using Gene Ontology. P-values represent the GO
term FDR.
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Figure 13. Functional enrichment of immune terms in secreted proteins from WJ-MSCs. (A)
Significantly enriched immune-modulatory or healing response GO terms. P-values represent the
false discovery rate (FDR) that a given GO term was randomly enriched. (B) Clustering of
significant gene ontology (GO) terms generated from immunomodulatory UC-MSCs. Each node
represents a single GO term. Node colour indicates the FDR of each node. Distance between
nodes represents semantic similarity between respective GO terms.
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3.4 Intracellular WJ-MSC transcriptomics enriches for immunomodulatory terms

Contributions

e | conducted all culture, RNA extraction, RNA sequencing analysis, and functional

analysis.

While providing information on extracellular interactions of MSCs, the ER/G and surface
fractions only represent a portion of the proteins in the cell and provides limited insight into
intracellular regulation of immunomodulatory phenotype. Moreover, due to the largely
qualitative nature of mass spectrometry, increasing stringency of a fold change cut-off would be
inappropriate to eliminate noise. Preliminary analysis of publicly available microarray data
between early and late passage WJ-MSCs demonstrates significant differences between the
transcriptomes of WJ-MSC lines (Figure 14).112 Therefore, | conducted intracellular RNA
sequencing on WJ-MSCs. Due to issues with sequencing and media, | was only able to send a
limited number of samples for sequencing. However, for the remaining samples, | obtained
sequencing depths of over 45 million reads along with low ribosomal RNA rates in depleted
samples, suggesting the sequencing and ribosomal depletion step were performed successfully

(Table 1),
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Figure 14. Gene expression profiling and hierarchical clustering of WJ-MSC of differing
passage. Genes with very significant fold changes are shown (p = 0.0005). Red represents lower
expression while green higher expression.*®
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Table 1: Summary of WJ-MSC RNA sequencing results. Technical replicates were collected

from the same primary cell line on different days.

Sample Reads Unmapped Riblg:?emal
WJIMSC1 P2 1 49,241,813 730,694 0.55%
WJIMSC1_P2 2 42,591,255 1,001,626 0.62%
WJIMSC1_P9 1 48,602,614 731,581 1.06%
WJIMSC1_P9 2 47,160,804 737,095 0.82%
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A total of 1040 differentially expressed genes were identified in WJ-MSCs using a 0.05
p-value cut-off after Benjamini multiple testing correction. Initial functional analysis using gene
ontology yielded immune-related terms such as immune system process. However, there is a
considerable amount of noise still present, which could be a consequence of the varied
proliferation rates between WJ-MSC lines (Figure 5A). KEGG analysis revealed the enrichment
of numerous signalling pathways including the PISBK/AKT, mTOR, canonical WNT, NFxB, and
MAPK signalling pathways. Similarly, some pathways, in particular mTOR signalling, may be
upregulated in early passage MSCs due to increased cell division. Nonetheless, genes that are
upregulated may still play vital role in MSC immunomodulation. Moreover, the PI3K/AKT
pathway in MSCs has been shown to be activated by IFNy induction.?® Since both early and late
passage cells were induced with IFNy, the differential protein and gene expression observed

could be due to a greater response of early passage cells to cytokine induction.
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3.5 Integration of WJ-MSC differential transcriptomic and proteomic analysis reveals
enrichment for genes involved in MSC immunomodulation

Contributions

e | completed all dataset analysis and functional analysis.

To further refine our list of candidate biomarkers for MSC immunomodulation and
reduce noise, | integrated our transcriptomics data with our proteomic data. Our initial functional
analysis of differentially expressed genes (DEGs) from WJ-MSC total RNA sequencing analysis
yielded immunomodulatory term enrichment (Figures 15A). Moreover, WJ-MSC total RNA
sequencing showed an upregulation of IDO between early and late passages, providing further
validation of our comparison. However, the increased proliferation observed in early passage
WJ-MSCs appears to dominate the variance between early and late WJ-MSC gene expression,
since mitochondrial and proliferation-related pathways were predominantly enriched. Decreasing
our p-value cut-off and focusing on only positive fold changes resulted in a greater enrichment of
immune related terms, but this cut-off still produced a total of 531 genes (Figure 15B).
Downregulated genes were compared separately, as functional analyses such as gene ontology
do not differentiate between up and down regulated DEGs. To further trim the list of candidates
and focus on extracellular biomarkers and mechanisms, WJ-MSC upregulated transcriptomic and
proteomic data was merged by selecting genes/proteins that were significantly different in our
transcriptomic data and highly ranked in our proteomic data (rankings were determined by
normalized spectral counts and a cut off of the top 200 proteins was applied). This intersection
resulted in a list down of 89 potential targets. Functional analysis of the trimmed targets still
produced multiple immune terms, while greatly reducing the number of cellular processes, cell

division, and metabolic related (Figure 15C). KEGG analysis again yielded a number of
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metabolic, cytoskeletal, and cell adhesion terms, along with PI3K/AKT, WNT, and G-protein

related signalling, further validating our trimming strategy.
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Figure 15. Comparative analysis of WJ-MSC total RNA results in immunomodulatory functional
enrichment. Functional enrichment analysis was conducted on (A) all DEGs, (B) significantly
upregulated genes, (C) genes found in both the secretome and total RNA. (Left) Selection of
significantly enriched GO terms. P-values represent the GO term FDR that a given GO term was
randomly enriched. (Right) Clustering of significant gene ontology (GO) terms generated from
immunomodulatory WJ-MSCs. Each node represents a single GO term. Node colour indicates
the FDR of each node. Distance between nodes represents semantic similarity between
respective GO terms.
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3.6 Intracellular HUCPVC transcriptomics enrich for immunomodulatory phenotypes

Contributions

e | conducted all culture, RNA extraction, RNA sequencing analysis, and functional

analysis.

To gain a better understanding of immunomodulatory regulation and to eliminate cell line
specific noise, | conducted RNA sequencing analysis of another UC-MSC line: early and late
passage HUCPVCG6. Unfortunately, there were several differences between the HUCPVC and
WJ-MSC RNA sequencing experiments that may contribute to differences between the two
datasets. First, while total RNA sequencing with ribosomal depletion was conducted on WJ-
MSCs, HUCPVCs employed a stranded library preparation, due to issues in ribosomal depletion
in the second set. Consequently, HUCPVC libraries do not contain any information on other non-
MRNA RNA species such as long non-coding RNAs (IncRNAs) but were able to be robustly
sequenced (Table 2). HUCPVC culture was unfortunately conducted in a different serum free
media due to company supply issues. Moreover, HUCPVC samples were not induced, as
subsequent immunomodulatory tests of the cells in the new media revealed a diminished
immunomodulatory capacity in induced early cells (Figures 6-7). Interestingly, the new culture
conditions appeared to reduce the disparity in proliferation between early and late passages. By
mitigating the proliferation disparity between passages and removing proinflammatory induction,
| was able to reduce the extraneous phenotypic differences between early and late passage
MSCs, resulting in only 160 differentially expressed genes from our RNA sequencing analysis.
Despite the low number of genes, DEGs between uninduced early and late passage HUCPVC
similarly revealed enrichment for MSC therapeutic and immunomodulatory terms, including

leukocyte migration, extracellular matrix organization, and wound healing (Figure 16). KEGG
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analysis on the DEGs between early and late HUCPVCs also demonstrate an enrichment for
PI3K-AKT, MAPK, and P53 signalling pathways. Filtering HUCPVC DEGS on those that are
significantly differentially expressed in the WJ-MSC data set revealed only 19 overlapping genes
(Table 3). Gene ontology analysis of those 19 genes resulted in similar immune related results to
the HUCPVC dataset alone, indicating an enrichment of immune related genes. Only 12 targets
were found in both proteomic and transcriptomic data, likely a result of differences in culture and
induction between the two sets of MSCs (Table 3). However, those 12 targets still enriched for
immune terms as immune system process, positive regulation of chemotaxis, and wound healing.
Moreover, KEGG analysis again enriched for PI3K-AKT and MAPK signalling pathways.
Several of the 12 targets were also surface proteins, such as SERPING1* and PDGFRB', which
potentially could be used as biomarkers for therapeutic UC-MSCs. Future experiments will
validate these two promising lists of targets by correlating surface expression with

immunomodulatory ability.
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Table 2: Summary of HUCPVC RNA sequencing results. Technical replicates were collected
from the same primary cell line on different days.

Sample Reads Unmapped
HUCPVC#6_P3 1 44,730,066 988,540
HUCPVC#6_P3 2 33,818,535 5,1831,39
HUCPVC#6_P6_1 45,703,457 1,047,985
HUCPVC#6_P6 2 36,977,926 7,384,072
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Figure 16. Comparative analysis of HUCPVC mRNA from early and later passages results in
immunomodulatory functional enrichment. (A) Significantly enriched immune-modulatory or
healing response GO terms. P-values represent the FDR that a given GO term was randomly
enriched. (B) Clustering of significant GO terms generated from immunomodulatory UC-MSCs.
Each node represents a single GO term. Node colour indicates the false discover rate (FDR) of
each node. Distance between nodes represents semantic similarity between respective GO terms.
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Table 3: UC-MSC immunomodulatory gene candidates. HUCPVC vs WJ-MSC genes were

determined from overlaps in RNA sequencing DEGs while HUCPVC proteomics vs

transcriptomics was determined via overlaps between RNA sequencing and mass spectrometry.

HUCPVC vs WJ-
MSCs

SERPINB7
ANGPTL4
GREM1
FGF5
GPNMB
ANKRD1
DUSP6
LPXN
THBS1
IL6
CCND1
WNTS5B
IL13RAZ2
GALNT6
ADAMTS1
HMGA2
CCBE1
SRGN
FMN2

HUCPVC Proteomics
vs Transcriptomics

CPA4
PDGFRB
THBS1
CTGF
SERPINE1
DCN
DSP
SERPING1
CFH
GFPT2
HMGA?2
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3.7 Proinflammatory induction enhances immunomodulatory ability through unique
control mechanisms

Contributions

e | completed all gPCRs.

As demonstrated above, induction with inflammatory cytokines has varied effects on UC-
MSC immunomodulatory ability. To interrogate the effects of induction on immunomodulation
regulation, | conducted functional analysis of DEGs that were exclusively found in our induced
WJ-MSC RNA sequencing analysis and not in our uninduced HUCPVC analysis. Functional
terms such as macrophage cytokine production, extracellular matrix organization, and antigen
processing were upregulated, indicating that induction had a profound effect on the extracellular
activity of WJ-MSCs.

To investigate the role of IFNy and TNFa induction in immunomodulation, | examined
general immunomodulatory markers such as VCAM1, and WARS (associated with tryptophan
catabolic pathway and protein synthesis) as well as interferon pathway-related genes (IFIH1 and
IFIT3). VCAML1 and WARS were found to be upregulated in both induced WJ-MSCs and
HUCPVCs via qPCR validation, though HUCPVCs appeared to exhibit greater induction
(Figure 17). Moreover, VCAM1 was elevated in uninduced HUCPVCs versus induced
HUCPVCs, indicating induction with proinflammatory cytokines may have varying effects on
immunomodulatory function (Figure 18). On the other hand, IFIH1 and IFIT3 were upregulated
in the UC-MSC data set in induced UC-MSCs rather than uninduced (Figure 18). Interestingly,
IDO levels were found to be significantly lower in uninduced cells, which could suggest that
IDO is only transiently expressed when induced. Thus, inflammatory cytokines adjust the

intracellular regulation of immunomodulatory mechanisms, potentially modifying how MSCs
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immunosuppress. We will continue to examine the differences between induced and uninduced

samples by including RNA sequencing data on induced HUCPVC samples into our analysis.
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Figure 17. gPCR validation of UC-MSC immunomodulatory candidate genes. Genes were
selected from candidate genes if they exhibited large fold changes in RNA sequencing data while
being related interferon signalling and tryptophan catabolism. cDNA was generated from the
total RNA stock that was originally RNA sequenced.
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Figure 18. Induction of UC-MSC activates differing immunomodulatory transcriptional
mechanisms. Genes were selected from candidate genes if they exhibited large fold changes in
RNA sequencing data while being related interferon signalling and tryptophan catabolism.
cDNA was generated from the total RNA stock that was originally RNA sequenced.
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3.8 PI3K-AKT Pathway plays a role in immunomodulatory regulation

Contributions

e | completed all Western Blots.

One of the most upregulated pathways between early and late passage WJ-MSCs and
HUCPVCs was the PI3BK-AKT pathway: proteins involved in this pathway were identified in the
ER/G and surface proteomics and genes in the RNA sequencing experiments. While no
significant transcriptional differences were detected in AKT between early and late passage, a
pronounced increase in AKT phosphorylation was detected via Western blotting in early passage
MSCs (Figure 19). Uninduced HUCPVCs exhibited far less difference between early and late
passage p-AKT. Since this phosphorylation does not occur in the late passage despite interferon
stimulation at both time points, differences in AKT phosphorylation appears to be a cell intrinsic
process rather than dependent on IFN-signaling. Therefore, UC-MSC immunomodulatory

capability could be directly regulated by the PI3K/AKT signalling pathway.
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Figure 19. Greater phosphorylation of AKT in early versus late passage UC-MSCs. Whole cell

lysate was isolated from IFNy and TNFa induced early and late UC-MSCs. (Left) Induced UC-
MSCs, (Right) Uninduced UC-MSCs. E, early and L, late passage MSCs.
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3.9 Cecal Slurry Puncture model consistently elicits sepsis in humanized mice.

Contributions

e All direct mouse work was completed by Dr. Caryn Ito and Priya Chandran.
e | completed all bacterial speciation and quantification.
e Flow cytometry for immune cell engraftment was predominantly completed by Priya

Chandran with my technical assistance.

Concurrently, | developed a humanized mouse model to validate immunomodulatory
UC-MSC subpopulations based on our transcriptomic and proteomic analysis. As mentioned
previously, numerous MSC therapeutics that have shown pre-clinical promise in vitro and in vivo
exhibited little to no therapeutic efficacy. This disparity is likely exacerbated by discrepancies in
the immune and inflammatory responses between the in vivo models used and human patients.
By developing accurate and feasible in vivo models, proper validation of novel therapeutics such
as MSC cellular therapies can be promptly conducted, saving time and resources that could be
wasted on clinical trials. | developed a reproducible preclinical animal model that dependably
recapitulates the human sepsis response. Additionally, a cecal slurry and puncture (CSP)
procedure was developed to consistently induce sepsis whereby a defined bacterial dose was
injected into the abdominal cavity through the surgically exposed cecum. Specifically, the CSP
procedure was performed on humanized mice, which were generated by co-transplanting human
progenitor T cells with human CD34%38" hematopoietic stem and progenitor cells into NOD-scid
IL2Ry™" (NSG) pups to ensure robust multilineage human cell engraftment and to decrease the

time required for mature T cell engraftment.

The CLP mouse model, which is currently considered the gold standard animal model for
sepsis, does not dependably induce a reproducible sepsis response.!4115 Different techniques in
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ligating and puncturing the cecum significantly contribute to the variability in the severity of the
sepsis response and experimental outcome.''%” Moreover, abscess formation at the site of
ligation and puncture has been observed in CLP mice, often limiting and possibly eliminating
systemic bacterial infection by localizing the infection.®®°” Thus, the development of an in vivo
model that consistently simulates the sepsis response observed in human patients is critical to
understand the complex molecular and cellular dysfunction associated with this condition and
ultimately to develop effective therapies. Since inconsistencies in the murine sepsis response
following the cecal ligation and puncture (CLP) procedure stem from variability in the systemic
bacterial load,*811° | developed the cecal slurry and puncture (CSP) procedure whereby the cecum
is surgically exposed and a defined bacteria dose is injected into the abdominal cavity through the
cecum. Furthermore, since there are also inconsistencies between the murine and human patient
sepsis responses,® | hypothesized that performing the CSP procedure on humanized mice would

better mimic the human sepsis response.

At >12 weeks post-transplantation with human HSPCs and pro T cells, NSG mice were
randomized into groups to either undergo CSP or sham surgeries. Two lots of cecal slurry (CS-1
and CS-2) were prepared from the cecum of C57BL/6 mice!®? and the concentration of aerobic
and anaerobic bacteria present in each cecal slurry (CS) was quantified and speciated (Tables 4-
5). The effective dose of CS to consistently elicit a reproducible sepsis response was determined
by titrating the CS administered. CS doses lower than 1.0 x 10° bacterial CFU/g body weight
resulted in variable morbidity. Surviving mice that received less than 1.0 x 10° CFU/g exhibited
sepsis symptoms such as cytokine dysregulation and elevated AST and ALT levels, but no bacteria
was detected in the peripheral blood (PB) and they fully recovered from the procedure when

monitored for 96 hours post-surgery (data not shown). Thus, an effective CS dose of >1x10° CFU/g
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was utilized in subsequent experiments that consistently elicited a lethal sepsis response in 87%
of CSP treated humanized mice (n=23) within 24 hours in contrast to 100% survival of sham
control mice (n=16) (Figure 20A). To determine whether a systemic bacterial infection was
associated with morbidity post-CSP, PB was collected at time of sacrifice and cultured under
anaerobic and aerobic conditions, then speciated using matrix assisted laser desorption ionization-
time of flight mass spectrometry (MALDI-TOF MS) (Figure 20B). Aerobic bacteria, facultative
anaerobic bacteria, and anaerobic bacteria, predominantly of gut origin, were found in the PB of
all CSP treated mice, while no bacteria were detected in the PB of sham controls. Despite the 4-
fold difference in anaerobic bacteria content between CS-1 and CS-2 lots, the total bacteria CFU/g

determined the CS effective dose rather than the bacteria species.

68| Page



Table 4. Bacterial concentration in cecal slurry preparations. Cecal slurry (CS) was prepared by
harvesting cecal contents from C57BL/6 mice (n=5-6/lot).}?’ Bacterial colony forming unit (CFU)
quantification for each cecal slurry preparation was determined by performing serial dilutions of
the CS stock that were plated onto either CDC-Blood agar plates or Tryptone Soya Agar with 5%
sheep blood to assess anaerobic and aerobic bacterial growth, respectively.

Type of Cecal Slurry Lot#1 Bacterial Cecal Slurry Lot#2 Bacterial
Bacteria Concentration (CFU/uL) Concentration (CFU/uL)
Aerobic 9.0x103 6.2x103
Anaerobic 23.8x103 6.0x103
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Table 5. Major bacterial species in cecal slurry preparations. Bacterial speciation for each cecal
slurry lot was determined by plating serial dilutions of the CS stock onto either CDC-Blood agar
plates or Tryptone Soya Agar with 5% sheep blood to support anaerobic or aerobic bacterial
growth, respectively. Morphologically unique colonies were speciated by MALDI-TOF tandem
mass spectrometer.

Cecal Slurry #1

Cecal Slurry #2

Lactobacillus johnsonii
Lactobacillus murinus
Enterococcus casseliflavus
Entercoccus faecalis
Streptococcus mitis

Propinionbacterium acness

Lactobacillus johnsonii
Lactobacillus murinus
Staphylococcus sciuri
Staphylococcus xylosus
Enterococcus casseliflavus

Entercoccus faecalis
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Fig 20. Cecal Slurry Puncture model consistently induces a sepsis response in multilineage human
immune cell engrafted mice. (A) Kaplan-Meier survival curve of CSP treated humanized mice
(n=23) compared with sham mice (n=16). (B) Bacteria present in peripheral blood of CSP treated
mice as determined by MALDI-TOF tandem mass spectrometry. (C) Engraftment levels of human
CD45" cells in the PB, spleen and bone marrow of repopulated NSG mice. Each data point
represents one mouse from 10 independent experiments. *P<0.05.

71| Page



3.10 Humanized Mice Exhibit Multilineage Human Immune Cell Engraftment

Contributions

e Flow cytometry for immune cell engraftment was predominantly completed by Priya

Chandran with my technical assistance.

Phenotypic analysis showed comparable engraftment levels of CD45" human cells in PB
(51.43 £ 27.47% versus 41.98 + 30.11%), spleen (54.88 £ 20.47% versus 57.07 + 24.17%) and
bone marrow (66.79 + 27.68% versus 63.50 * 29.45%) of sham and CSP treated mice, respectively
(Figure 20C). Analysis of specific immune cell lineages revealed similar levels of innate immune
cells CD14" monocytes and CD15" granulocytes, as well as adaptive immune cells CD19* B
lymphocytes and CD4*, CD8" and CD3" T lymphocytes in PB, spleen and bone marrow of both
sham and CSP mice (Figures 21A-B). Furthermore, the composition of human immune cells
present in the NSG mice was similar to that present in human umbilical cord blood, from which
the human HSPCs were derived (Figure 22). Thus, | generated a robust human immune system

within our NSG mice.
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Figure 21. Multilineage human immune cell engraftment in mice post-transplant. Engraftment
levels of (A) innate immune cells and (B) adaptive immune cells in repopulated NSG mice >12.5
weeks post-transplantation. (C) Human T cell engraftment in the peripheral blood, spleen, and
bone marrow in NSG mice at 12.5-15 weeks and >16 weeks post-transplantation. Each data point

represents a mouse from n=10 independent experiments. *P<0.05. Flow cytometry completed by
Priya Chandran and Dr. Caryn Ito.
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Figure 22. Composition of multilineage human cell engraftment in NSG mice is comparable to
human umbilical cord blood. (A) Representative flow cytometry plots of CD3" and CD4" T cells
versus CD45" cells identifying human immune cells subpopulations in NSG mice. Percentages of
each population are indicated on the graph. (B) Composition of innate and adaptive immune cells
present in human umbilical cord blood (UCB) (n=5) and NSG mice peripheral blood (PB), spleen
and bone marrow (BM) (n=14). Error bars represent mean + s.e.m.
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The presence of T lymphocytes is critical in the initial sepsis response as they are recruited
and amplified by the initial immune response.*? Moreover, T cell apoptosis and exhaustion has
often led to prolonged immunosuppression causing reduced immunity in sepsis patients while the
remaining T cells are functionally impaired inducing dysregulated cytokine production. In a
previously reported CLP humanized mouse model of sepsis, the time to robust mature T cell
engraftment was found to be 20 weeks.*?° Therefore, to decrease the time required for mature T
cell engraftment, immature progenitor T (pro T) cells were co-transplanted with CD34"CD38"
HSPCs into NSG pups.l®* Flow cytometry analysis determined that mice engrafted at 12.5-15
weeks or greater than 16 weeks post-transplantation had comparable engraftment of CD3*, CD4*
and CD8" T cells in the PB, spleen and bone marrow. Higher levels of T cell engraftment were
observed in the PB and spleen, while the level of bone marrow T cell subpopulations was lower,
as expected (Figure 21C). Peripheral blood engraftment of CD3" T cells was significantly higher
in mice at >16 weeks (n=13) versus 12.5-15 weeks (n=10) post-transplantation, however,
engraftment levels of CD4" and CD8* T cell subpopulations were comparable in both cohorts.
Since robust T cell engraftment was observed in mice as early as 12.5 weeks post-transplant, the
time required for relevant levels of T cell engraftment in this mouse model has been greatly

reduced.
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3.11 Cecal Slurry Puncture model consistently elicits a human sepsis response in humanized
mice

Contributions

e | completed all cytokine ELISAs, AST and ALT determination, and
immunohistochemistry.
e Flow cytometry for T-cell apoptosis was predominantly completed by Priya Chandran

with my technical assistance.

To further characterize the efficacy of CSP to induce sepsis, mice were monitored post-
CSP surgery for sepsis related symptoms. Mice that underwent the CSP procedure were markedly
less active and weaker than their sham counterparts. Since hypothermia is a known symptom as
well as an important objective prognostic indicator of sepsis,'?? temperatures of the mice were
measured pre- and post-surgery. A significant decrease in body temperature was observed in CSP

mice, but not in sham mice post-surgery (Figure 23A).

I next determined if CSP humanized mice recapitulated human sepsis pathophysiology.
Septic patients consistently have elevated plasma levels of pro-inflammatory and anti-
inflammatory cytokines.'?312* Likewise, both pro- and anti-inflammatory human cytokines were
significantly increased in the blood plasma of CSP treated mice compared to sham controls and
no human cytokines were detected in the plasma from unmanipulated controls, indicating the
presence of functional human immune cells in the humanized CSP treated mice that recapitulated

human cytokine dysregulation observed in human sepsis patients (Figure 23B).

Because organ failure is a contributing cause of death due to septic shock, I also evaluated
liver function by monitoring biochemical markers in the peripheral blood. Since aspartate

transaminase (AST) and alanine transaminase (ALT) are concentrated in the liver and enter the
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capillaries post liver damage, | analyzed AST and ALT levels in the blood plasma of mice that
underwent either sham or CSP procedures. | found CSP mice exhibited significantly increased
levels of AST and ALT compared with sham controls (Figure 23C-D). Interestingly, CSP treated
mice segregated into groups based on high or low AST or ALT concentrations, which did not
significantly correlate with gender, body weight, age, immune cell engraftment, CS dose or
experimental cohort. Moreover, ALT/AST concentration did not directly correlate with the
severity of liver damage,*?® indicating our high and low responders may had similar levels of liver
damage. Previous studies have correlated tissue damage and organ failure with macrophage and
neutrophil infiltration during sepsis.*?®1?¢ Moreover, excessive extracellular myeloperoxidase
(MPO) activity during inflammation has been shown to cause oxidative damage in the surrounding
tissue.12%1%0 Consistent with elevated AST and ALT indicators of liver damage, increased
macrophage (CD68%) and neutrophil (MPQO™) infiltration was also observed in the liver and lungs

of CSP mice compared to sham mice (Figure 23E-F).
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Figure 23. The humanized CSP model recapitulates the human sepsis response. (A) Comparison
of body temperature pre- and post-surgery between CSP (n=20) and sham (n=16) mice. (B) Human
cytokine response in peripheral blood post-CSP. All sham mice had cytokine concentrations lower
than 100pg/mL. (C,D) Blood chemistry analysis of (C) aspartate transaminase (AST) and (D)
alanine transaminase (ALT) levels in plasma of sham (n=5) or CSP mice (n=10). Sham mice were
compared to either high or low CSP responders. (E,F) Representative immunohistochemistry
staining of (E) CD68" macrophage and (F) MPO" neutrophil infiltration in paraffin embedded liver
and lung tissue from sham (n=4) and CSP (n=4) treated mice. Bar = 100uM. Significance was
determined using an unpaired two tailed student’s t-test. Error bars represent mean + s.e.m. * P <
0.05 ** P <0.005 *** P <0.0005
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Another hallmark of human sepsis pathophysiology is lymphocyte apoptosis, which has
been shown to exacerbate the condition in sepsis patients and render them more susceptible to
secondary infections.®”3! Hence, we analyzed the level of lymphocyte apoptosis in humanized
mice following CSP surgery by flow cytometry using apoptosis specific markers Annexin-V and
7AAD to determine the percentage of apoptotic cells in the spleen and peripheral blood (PB). We
found that mice that underwent CSP procedure exhibited significantly increased splenic CD8" and
CD4" T cell apoptosis compared with sham controls (Figure 24A-B). Similar trends were observed
for splenic CD19" B cells, however it was not significant (Figure 24B). In PB, we also observed
an increase in early apoptotic CD8" T cells in CSP mice vs sham mice, but not in CD19" B cells

(Figure 24C).
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Figure 24. Humanized CSP model demonstrates increased immune cell apoptosis. (A)
Representative flow cytometry analysis of human CD45"CD8" T lymphocytes obtained from the
spleens of CSP and sham treated mice. (B,C) Analysis of early (AnnexinV'7AAD") and late
(AnnexinV*"7AAD") apoptotic human lymphocytes obtained from (B) spleen and (C) peripheral
blood of sham (n=7) or CSP (n=9) treated mice from at least 3 independent experiments. *P<0.05.
Flow cytometry conducted by Priya Chandran.
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3.12 Improved Humanized CSP mouse model recapitulates human sepsis genomic response

Contributions

e | completed a majority of the qPCRs and all the analysis.
e Dr. Harinad Maganti and | developed the human sepsis gene signature.
e Winston Cheung and Chandarong Choey assisted with initial primer validation and

testing.

Seok et al. found that the CLP sepsis model does not correlate with the human leukocyte
transcriptomic response.®® Thus, to determine whether our model recapitulated the human sepsis
gene response, | generated a human sepsis gene signature based upon PB mononuclear cell gene
expression using publicly available microarray datasets. Since studies using differing sepsis gene
signatures reported contradicting results regarding the correlation between the transcriptional
response of human sepsis patients and mice sepsis models following CLP,%*'3 | generated an
unbiased gene signature based on significant gene expression levels, relevance to leukocyte
biology, and differential directionality of gene expression (Table 6). PB gene fold change
directionality and correlation analysis was conducted between human sepsis patients (GSE13904),
other human and murine datasets and our humanized mouse model. | found that gene expression
from the CSP treated humanized mice correlated significantly with human sepsis patient responses
rather than with the murine sepsis response induced by CLP (Figure 25). Thus, our CSP
humanized mouse model mimics the human sepsis response significantly better than the standard

murine CLP sepsis model.
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Table 6. Human sepsis gene signature. Human sepsis gene signature was generated by comparing
publicly available human sepsis patient (GSE13904) and mouse (GSE5663) peripheral blood
microarray data. Significant gene expression (false discovery rate [q<0.01]) was determined
between healthy and septic humans and mice respectively. Genes with significant fold changes
(log> fold change > 2) in both human and mouse PB but with fold changes in opposing directions
were selected. The list was further filtered to include only genes that are biologically relevant to
sepsis.

Gene Function

Vasodilation, regulation of hormone secretion, promotion of

ADM angiogenesis, and antimicrobial activity

T cell proliferation and survival, cytokine production, and T-helper

CD28 type-2 development

CD55 Regulation of the complement cascade

CD9%6 Activated T and NK cell interactions and antigen presentation.
CD160 Cytolytic effector activity in CD8 T cells and NK cells
GATA3 T cell development

IL7R V(D)J recombination during lymphocyte development
IL18R1 Interleukin 1 receptor family

ITK T cell kinase

LAT T cell receptor activation response

LTF Secondary granules of neutrophils

NCF4 Myeloid lineage cytosolic regulatory component

PRF1 Cytolytic protein in T cells and NK cells

TNEAIPG Extracellular matrix stability and cell migration associated with

inflammation
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Figure 25. Humanized mouse model recapitulates human genomic sepsis response. (Gene
expression of the human specific sepsis gene signature (Table 6) was analyzed in blood samples
collected from sham (n=6) and CSP (n=5) humanized NSG mice from n=5 independent
experiments as well as from C57BL/6 mice (n=3). Pearson correlation and directionality was
calculated in reference to the human sepsis patient data set, GSE13904, using the 14 gene
signature, which is differentially expressed between mice and humans during sepsis. hPCR = CSP
treated humanized mice, mPCR = unmanipulated C57BL/6 mice, and GSE codes represent
publicly available peripheral blood microarray data sets obtained from human sepsis patients and
CLP mice (GSE5663). Red and black text in the plot represent human and mouse data sets,
respectively.
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4.0 Discussion

In this study, | aimed to elucidate novel immunomodulatory biomarkers and gain
mechanistic insights into UC-MSC immunomodulatory to isolate therapeutic subpopulations and
develop efficacious MSC cellular therapeutics. To do so, | identified UC-MSCs with greater
immunomodulatory ability (Figure 4). | found that immunomodulatory ability was partially lost
if cultured in vitro, which | used as the base comparison of our study. To determine potential
extracellular and surface proteins essential to the immunomodulatory phenotype, | conducted
proteomic analysis of the UC-MSC secretome to determine upregulated biomarkers and
extracellular regulators in early passage UC-MSCs versus late passage. On top of validating known
immunomodulatory biomarkers such as VCAML1 and known immunomodulatory regulators such
as IDO, | identified several potential immunomodulatory biomarkers such as SERPING1®,
SERPINB7*, and PDGFRB" (Table 3). To gain a better understanding of the intracellular
mechanisms of immunomodulation, | conducted RNA sequencing on early and late passage UC-
MSCs. | identified numerous signaling pathways including the PI3K-AKT signaling pathway,
which potentially regulates immunomodulatory ability. Finally, | developed a humanized mouse
model for sepsis that can be used to test the therapeutic efficacy of identified immunomodulatory

UC-MSC:s for the development of cellular therapies.
4.1 UC-MSC Immunomodulatory ability negatively correlates with differentiation

Despite the profound impact in vitro culture has on MSC function, very little is known of
how culture influences the molecular mechanisms that govern MSC immunomodulation.!!
Previous studies have shown that in vitro culture influences MSC potency, metabolism, growth
rate and immunomodulatory ability.>*11133 | also found in vitro culture of UC-MSCs results in

the significant reduction of immunomodulatory ability and growth rate (Figures 5-6). Therefore,
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I hypothesized that the regulation of UC-MSC differentiation, metabolism, proliferation, and
immunomodulation are intrinsically linked in some manner. To explore the role of MSC potency
and differentiation on immunomodulation, | examined our proteomic transcriptomic datasets for
evidence of differentiation in late passage MSCs. While key adipogenic, chondrogenic, and
osteogenic lineage markers were not upregulated in later passage UC-MSCs, functional
enrichment analysis of early versus late passage HUCPVCG6 revealed the mesenchymal cell
differentiation ontological term was up regulated in late passage HUCPVCs. Moreover, early
passage UC-MSCs exhibited a downregulation of regulators of MSC differentiation. For example,
PDGFRB, which was downregulated in both our transcriptomic and proteomic HUCPVC datasets
(Table 3), has been shown to promote differentiation in MSCs.*3* SOX11, a transcriptional factor
that has been shown to suppress MSC self-renewal and promote MSC differentiation, was also
upregulated in late passage UC-MSCs.3>1% Thus, immunomodulatory ability and differentiation

activation appear to be negatively correlated.

Jones et al. and Nasef et al. demonstrated a positive correlation between the tryptophan
catabolic pathway and MSC immunomodulatory ability in 2007.13"13 Qur data is consistent with
these findings as the tryptophan catabolic pathway was upregulated within the HUCPVC
secretome. Moreover, the relationship between MSC metabolism and immunomodulation has long
been explored through the optimization of MSC cell culture conditions.****4% Qur proteomic and
transcriptomic analysis yielded a number of enriched metabolic processes, the most upregulated
in earlier passage UC-MSCs enrichment glycolysis. Increased glycolysis has been observed in
MSCs grown in hypoxic conditions, which have significant effects on MSC viability, proliferation,
and differentiation.'*243 | found that UC-MSCs cultured in hypoxic conditions marginally

suppressed T cell proliferation. Since both early and late passage cells were cultured in hypoxic
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culture conditions, and others have reported that MSCs exhibit similar immunomodulatory
abilities under normoxic and hypoxic conditions,**4 other factors beyond hypoxia must be
upregulating glycolysis in early passage UC-MSCs. Interestingly, decreases in glycolysis and
increases in oxidative phosphorylation are indicative of MSC differentiation.'%45 Moreover, Dr.
Mario Joliceur, our collaborator, examined intracellular and extracellular metabolites between
early and late passage UC-MSCs to correlate metabolomic differences with immunomodulatory
ability.!*® They also found a significant upregulation of glycolysis in immunomodulatory early
passage WJ-MSCs.'#¢ These findings are consistent with a downregulation of differentiation and
explains the difference between early and late passage UC-MSCs. Therefore, | hypothesize that in
vitro culture of UC-MSCs causes them to enter a “poised” state, wherein they have not
differentiated but are more likely to differentiate and are consequently less able to
immunomodulate. This state is likely the result of culture conditions pushing MSCs towards
differentiation. To ascertain if the two phenotypes (poised and immunomodulatory) are negatively
correlated, future experiments will be conducted to determine decreases in immunomodulatory
ability in differentiating MSCs via induction in differentiation media. Early and late passage MSCs
will be collected, induced to differentiate, and co-cultured with immune cells at various time points
to determine when the loss of immunomodulatory ability occurs. Conversely, regulators that
govern self-renewal such as SOX11 and PDGFR can be selectively overexpressed then
immunomodulatory ability tested, and RNA sequencing and ChIP experiments conducted to
identify potential small molecule targets. Ultimately, these findings would help optimize

therapeutic MSC culture and expansion for clinical trials.
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4.2 Role of cytokine competency in UC-MSC immunomodulatory ability

Cytokines are important mediators of the human innate and adaptive immune response.
Consequently, one of the greatest potential assets of a MSC based cellular therapy is their
sensitivity to cytokines, since their ability to modulate their immunosuppressive function is highly
dependent on the presence of proinflammatory cytokines (Figure 6).® However, when I
investigated the effect of proinflammatory cytokines on the immunomodulation of UC-MSCs, |
observed that IFNy and TNFa induction of UC-MSCs from different MSC donors produced
variable effects on their immunomodulatory abilities (Figure 4). These results suggest that MSC
immunomodulatory ability has varying levels of potency or multiple independent control
mechanisms that are influenced by extrinsic cellular factors. This variability between UC-MSC
donors is likely caused by differences in UC-MSC immunomodulatory capacity if both the primed
and unprimed UC-MSCs are consistent. However, it is possible that the variability observed is due
to differences in UC-MSC sensitivity to cytokine activation. Interestingly, when | examined the
effect of cytokine induction on immunomodulation in MSCs between early and late passages from
the same donor, | found that the effect of cytokine induction appears more muted in later passage
cells from the same donor (Figures 6-7). In fact, the term cellular response to cytokine stimulus
was functionally enriched in early versus late passage UC-MSCs. Thus, a potential explanation for
the observed reduction in immunomodulatory capacity after in vitro passage could be a reduction
in cytokine competency. While the classical IFNy and TNFa receptors (IFNAR and CD120) were
not downregulated in late passage UC-MSCs, other associated TNF receptors such as
TNFRSF10A and CD40 were downregulated in late passage UC-MSCs. Furthermore, a loss in
competency could have a multiplicative effect on immunomodulatory inactivation, as MSCs also

secrete cytokines that influence neighboring MSCs. For example, IL-6, a cytokine commonly
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secreted by MSCs, has been shown to regulate MSC stemness in the bone marrow.!*” Therefore,
later passage MSCs may have a diminished capacity to become induced into a more
immunomodulatory state. Future experiments can interrogate immunomodulatory regulation by
selectively inhibiting pathways that are activated by inflammatory cytokines in early versus late
passage UC-MSCs and examining its impact on immunomodulation between the two passages.
Moreover, it is possible that while cytokine binding is occurring, downstream signal translation is
being blocked or entirely absent. | observed a reduction in AKT phosphorylation between induced
early and late passage UC-MSCs (Figure 20). It is possible that the lack of PI3K-AKT
phosphorylation in late passage MSCs could be evident of a block in the cytokine signal cascade,
since IFNy directly activates the pathway. | also found that MAPK and NF«B signaling pathways
were upregulated in early passage UC-MSCs through our RNA-sequencing analysis, where both
pathways are essential for Toll-like receptor mediated cytokine secretion.'*1° Future
experiments could artificially activate downstream pathways such as the PI3K-AKT, MAPK, and
NFkB signaling pathway in late passage UC-MSCs to examine whether immunomodulatory

phenotype can be rescued.
4.3 Serpin protease inhibitors as markers for therapeutic MSC subpopulations

One particular group of genes that consistently appeared as highly upregulated in both early
passage WJ-MSC and HUCPVC transcriptomic DEGs were Serpin protease inhibitors (SERPINS).
As the name suggests, SERPINSs inhibit extracellular serine proteases.’®*>>-SERPINs have also
been observed to have catalytic activity of other proteases such as cysteine proteases.’! Serine
proteases are essential in the regulation of blood clotting and in the immune and inflammatory
response. Massber et al. demonstrated blood neutrophils regulated coagulation through SERPIN

activity (neutrophil elastase and cathepsin).’> Interestingly, Massberg et al. asserted that the
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SERPIN mediated coagulation would compartmentalize infection and participate in the innate
immune response. Moreover, C1-inhibitors inhibit the complement system via cleavage of C1 and
prevention of C1 binding to antigen-antibody complexes. SERPINGL1, a C1-inhibtor, was in fact
upregulated in early passage HUCPVCs. Thus, MSC expression of SERPINs may play similar
roles in regulating the immune response and coagulation. SERPINB2 was also upregulated in both
WJ-MSCs and HUCPVCs and has been shown to inhibit human bone marrow stromal cell
differentiation, supporting our previous hypothesis of a downregulation of differentiation.'>
Additionally, SERPINs have been found to aid in MSC immune privileged state in mice, through
SERPIN9 cleavage of granzyme B (grB).1** In fact, SERPINS is expressed in a number of immune
privileged tissues such as the placenta and brain.>® Therefore, the identification of SERPINSs could
represent an important set of biomarkers that identify undifferentiated, immunomodulatory,
immunoevasive, and anti-coagulant MSCs: all characteristics that are ideal for application as a

cellular therapy.

4.4 Inflammatory phase of CSP model

The development of an in vivo model that consistently simulates DIIRs observed in human
patients is critical to understand the complex molecular and cellular dysfunction associated with
various DIIRs and ultimately to develop effective therapies. In our humanized CSP mouse model
of sepsis, a human sepsis response were reliably recapitulated, in contrast to the commonly used
CLP model.'*11° This reproducibility and consistency is vital to the development of MSC cellular
therapies, as any variability in the model system will exacerbate any heterogeneity associated with
the therapy. Along the same lines, understanding precisely what aspects of a human disease the
model system represents is important to understanding and applying the results of in vivo

experiments to improve potential therapeutics. Therefore, due to the dynamic nature of the sepsis
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response, | examined the extent our humanized CSP mouse model recapitulated sepsis
pathophysiology. During sepsis, the initial pro-inflammatory response to the infection is often
paralleled by a strong anti-inflammatory response.1?91%6.157 As sepsis progresses, immune cells
exhibit a decreased responsiveness to inflammatory stimuli or immunoparalysis,*”1%8 ultimately
inducing an immunosuppressive state, which can be potentially lethal since patients are vulnerable
to secondary infections.®”1571%8 Significantly elevated levels of both pro- and anti-inflammatory
cytokines, which are currently being studied as potential clinical biomarkers for sepsis,*>° were
indeed observed in CSP treated humanized mice, indicative of the initial pro-inflammatory phase.
Moreover, immune cell organ infiltration, organ dysfunction and the speed at which the CSP
treated mice succumbed to the infection indicates that this CSP humanized mouse model
recapitulates the initial pro-inflammatory phase of sepsis. Interestingly, the increased lymphocyte
apoptosis observed in the spleen and PB of CSP treated mice may represent the transitioning to

the early stages of the immunosuppressive phase of sepsis.

4.5 Role of Humanized mouse model on sepsis response

Humanized mice have been used to model various medical conditions including infectious
diseases, cancer and immune disorders to enable significant advances in preclinical studies in the
development of therapies to treat these conditions.®*915%-162 The efficacy of humanized mice to
recapitulate the human immune system depends on the ability of the immunodeficient mouse
background to support human immune cell development. While the NSG model greatly improved
the engraftment of human tissues, the NSG background does not fully facilitate human immune
development. Other immunodeficient mouse strains have since been developed that provide
potential backgrounds for the application of our CSP sepsis model. The NOD-Rag1™! TL.2ry"™!

(NRG) background introduced a Ragl mutation that blocks T and B cell differentiation earlier and
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more robustly than the SCID defect.!°%162 NSG mice also are unable to effectively reconstitute
myeloid cells, largely due to the lack of niche factors essential for early hematopoietic
differentiation.'®3!%4 MISTRG knock-in genes for human cytokines M-CSF, human IL-3, GM-
CSF and TPO, on top of bearing a BAC-transgene encoding human SIRPa to facilitate myeloid
development, enabled unprecedented levels and diversity of human myelomonocytic cell
engraftment.'®® Thus, the application of our CSP model in other immunodeficient backgrounds
may allow better recapitulation of the human response and a deeper understanding of how the

different immune cell populations contribute to the sepsis response.
4.6 Impact of pathogen induction on sepsis

While any bacterium can induce sepsis, the type and severity of the septic state is dependent
on the type of infecting bacterium. Common sepsis-inducing pathogens include Staphylococcus
aureus, Escherichia coli, Streptococcus pyogenes, and Pseudomonas aeruginosa.'®® While both
gram-negative and gram-positive bacteria appear to induce sepsis, the initial inflammatory
response triggered is sensitive to different stimuli mechanisms.%®%” For example, gram-negative
bacteria have been observed to induce sepsis through the release of excess amounts of endotoxins
such as Lipopolysaccharides (LPS).® Endotoxins are recognized by Toll like receptors and
activate the release of proinflammatory cytokines, which can induce an immune reaction.'®® On
the other hand, gram-positive bacterium such as Staphylococcus aureus can secrete super antigens
that are capable of activating T helper cells through directly binding to MHC-II sites and T cell
receptors.2% Sepsis can even be induced by fungi and other foreign organisms.®® Moreover, while
sepsis is most commonly caused by a single infection, multiple pathogens have been observed in
some patients.'®® The mechanisms by which sepsis is induced may be dependent on the inducing

pathogens. Our CSP procedure induced sepsis using a large variety of bacterium found within the
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cecal contents of black 6 mice, including numerous anaerobes and aerobes (Table 4-5). As a result,
our CSP model may not recapitulate the exact sepsis response induced by other common
pathogens. However, the same method of bacterial tittering and dosing employed by our CSP
model can be applied to any bacterial source to determine the proper lethal dose. Furthermore, the
same downstream experiments may be employed to characterize and compare the sepsis response
of various inducing pathogens. In fact, we are currently testing the ability of Staphylococcus
aureus to induced sepsis within our humanized mice. Ultimately, we hope to develop a cellular

therapy using immunomodulatory MSCs to treat sepsis as induced by any pathogen.
4.7 Conclusion

MSC cellular therapy is a promising therapeutic for the treatment of DIIRs, however there
remain numerous hurdles that must be overcome to improve therapeutic efficacy. In particular,
MSC immunomodulatory heterogeneity has hampered clinical trials by introducing variability into
treatment. In this study, | discovered potential biomarkers for the isolation of robust
immunomodulatory MSCs. Moreover, | have gained insights into the mechanisms that regulate
MSC immunomodulation, which may be applied to developing culture conditions and small
molecules to optimize MSC therapeutic efficacy. Finally, I developed a humanized mouse model
for sepsis to robustly test MSC therapeutic efficacy, facilitating clinical translation. Altogether, the
findings of this study can be applied to the development of robust MSC cellular therapies for the

treatment of DIIRs.
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Supplementary Primer Sequences

Model Gene Forward Primer (5' -> 3") Reverse Primer (5' -> 3')
Human IFIT3 AGCACAGACCTAACAGCACC GTGACCTCACTCATGATGGC
Human IFIH1 TGACCCCAGAATTCAAGGAACT TGCACCATCATTGTTCCCCA
Human WARS CCCTTAGCTGAATGCAGGGT GCAGACGAGTCAAGACCAGG
Human VCAM1 GGACCACATCTACGCTGACA TTGACTGTGATCGGCTTCCC
Human IDO GATGTCCGTAAGGTCTTGCC GCGCCTTTAGCAAAGTGTCC
Human ADM TGGACTTCGGAGTTTTGCCA CGCAGACCCTGCTAAGAGAG
Human  CD28 CCCCTATTTCCCGGACCTTC TCCTCTTACTCCTCACCCAGAA
Human  CD55 TGAAGAGTTCTGCAATCGTAGC CTTCTGTAACCTGGACGGCA
Human  CD96 AGGTGCAGGCTCAACACTTC GGCTTATTGACCACAATACCAGT
Human CD160 CCAGTCTGGTGGATGCATTA ACACTACAAACCCCTCAGCC
Human GATA3 GTCCAGCACAGAAGGCAGG AGCCTTCGCTTGGGCTTAAT
Human IL7R AGAGAAAGCTCCAACCGGC GATCCATCTCCCCTGAGCTA
Human IL18R1 GAGATCGCTGCTTCTCACCT TGCTTCAAATGGCTTCTCTTCA
Human ITK TAAGCCCAAGCGAAGGCTG TGTGGTGGTCTGACAGTTCG
Human LAT GAAGCGTCTCTGGATGGCAG CTCAGTCTTAGCCGCTCCAG
Human LTF GCCGTAGGAGGAGTGTTCAG GCCCTGTTTTCCGCAATGG
Human NCF4 ACCATCAGCACCATCAAGGAC CAGCGTCCCGGTAATTCAGA
Human PRF1 AGTGATGTGAGTGGTGGCTG CATGGAGCTGGAATCCCGTA
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Human TNFAIP6 AGAATTTGTGAGCAGCCCCT GGCTGCTCGTTCAAGCCATA
Mouse Adm AAGCCAGCAATCAGAGCGAA CATCCATTGCTGCGGGAAC
Mouse  CD55 TCAGCAACCCAGCATGTACC GGTCACCACCTGTGTTAGGC
Mouse  CD96 GCAACTCCTCAAACCAGCAA GCAGTGAGTGCCATTCTGGA
Mouse CD160 TGGTGGCCCTTCAAGCTCTA ATCCGTTTTATGGACCCGGC
Mouse  Gata3 GCTCCTTGCTACTCAGGTGAT GTGTGACCACACTGCACACT
Mouse 7R ACCCAAGAATCAAGGAGGATGG GGGGAGACTAGGCCATACGA
Mouse IL18R1 AGGCAGTGCTTCACATGAGT TTGCGACGATCATTTCCGAC
Mouse Itk TGTGGTCGTTTGGTGTACTG GACCTCGGAATTGCTTCGGT
Mouse Lat GAGCTGGCCTCTGTGAACTC TAGTCGGGAGCTTCCTCTCC
Mouse Ltf GCTGCTTGACCAACAGGTTC CGGTCGCTATGACGTACTCC
Mouse Ncf4 TGAACTCGGCCTGGATCTGG CTGCTCAAAGTCGCTCTCTGAT
Mouse Prfl TCGCATGTACAGTTTTCGCC CAGCCGTGATAAAGTGCGTG
Mouse Tnfaip6 GTCCACGGCTTTGTAGGAAGATAC  GCAGGATCCACTGTGACGTA
Human GAPDH TTCTTTTGCGTCGCCAGCCG TGACCAGGCGCCCAATACGA
Human EF1a GCTGGCTTCACTGCTCAGGTGATT TGCAATGTGAGCCGTGTGGCA
Mouse  Gapdh CATGGCCTTCCGTGTTCCTA ACTTGGCAGGTTTCTCCAGG
Mouse Ef1a TGGCTTCACTGCTCAGGTGATT CAGAACAGGAGCGTAGCCAG
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