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Abstract

Embryonic stem cells (ESCs) possess certain immunomodulatory properties; the defined
components in ESCs, however, are largely unknown. Based on proteomic database, |
report here that milk fat globule epidermal growth factor 8 (MFG-E8) is a key
component in ESCs to suppress T cell activation and regulate T cell polarization. MFG-E8
is enriched in undifferentiated ESCs while diminishing in differentiated ESCs.
Neutralizing ESC-derived MFG-E8 substantially ameliorates the suppressive effects of
ESCs on T cell activation and proliferation. Additionally, MFG-E8 in ESCs is capable of up-
regulating T regulatory cells. | further prove that MFG-E8 suppresses T cell activation
and regulates T cell polarization through inhibiting PKCO phosphorylation. In vivo
teratoma formation assay reveals an increase in ESC engraftments across allogeneic
barriers with less immunologic rejection by up-regulation of MFG-E8 expression in ESCs,
further validating the immunosuppressive properties of MFG-E8. Identifying an
important immunoregulatory component in ESCs will greatly facilitate stem cell-based

therapies.
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Chapter 1. INTRODUCTION
(1) Immune System Overview

(i) Innate and Adaptive Immunity

To protect the body against a wide variety of foreign pathogens, the immune system has
the capacity to activate two levels of immunity —innate and adaptive immunity.
Although each level functions with distinctive mechanisms, the interconnecting
molecules and cells are of vital importance to maintain an optimal health condition.
Innate immunity comprises of physical barriers and a battery of fast responding cells
mostly without the needs for priming and/or memory. Adaptive immunity, in contrast,
facilitates specific antigen recognitions for more specialized immune responses, as well

establishes a prolonged immune memory.

(ii) Balance of T cell Immunity

In adaptive immunity, T cells function to initiate, regulate and maintain diverse adaptive
immune responses in an antigen specific manner. T cells are a type of lymphocyte
uniquely characterized by the presence of surface T cell receptor (TCR), through which
acquisition of antigen specificity is achieved by its interaction with major
histocompatibility complex (MHC) on specialized antigen presenting cells (APCs) (1, 2).
Unlike innate immunity with limited antigen specificity, clonal selection theory for T
lymphocytes postulates major functions of adaptive immunity to generate highly
targeted responses that maximize pathogen clearance and minimize healthy tissue
damage (3, 4).

Expression of mutually exclusive co-receptors, either CD4 or CD8, subdivides T
cells into CD4+ T helper cells or CD8+ cytotoxic T lymphocytes (CTLs). While CTLs can
induce direct cell death to infected or dysfunctional cells through release of granzyme
and perforin (5), CD4+ T helper cells mainly act indirectly to orchestrate the full panoply

of immune responses by means of aiding in antibody production (6) and isotype switch



of B cells (7, 8), enhancing antimicrobial activity of macrophages (9) and recruiting
activated leukocytes and lymphocytes to sites of infection (10). In 1986, the
groundbreaking works of Mossman and Coffman introduced two distinct T helper cells
subpopulations: those with predominant IFNy production and those with IL-4 as their
signature cytokine (11), and hence the assumption that T helper cells function as a unity
set of cells has since been disputed. Over the past 2 decades, our understanding of
distinctive functional involvements of each T helper subsets and of mechanistic
approaches to achieve each differentiated state has vastly expanded. According to
current knowledge, after engagement with APCs through TCR-MHC and co-stimulatory
molecules - B7.1/CD80 and B7.2/CD86 - interaction, naive T cells could activate and
differentiate into primarily 4 distinct functional active subsets (and possibly more). Such
fate determination is established through an array of cytokine signals that T cells receive
during an initial interaction with antigens (12). These well-recognized 4 subpopulations
include Thl, Th2, Th17 and T regulatory (Treg) cells. Th1, Th2 and Th17 are considered
as T effector cells, all of which encompass critical immunologic abilities to eradicate
pathogens. Th1 cells fight intracellular microorganisms (13), Th2 cells target extracellular
parasite (14) and Th17 cells clear extracellular bacteria and fungi infection (15, 16). On
the contrary, Treg cells via production of anti-inflammatory cytokines — IL10 and TGF —
and expression of surface negative regulators exert suppressive functions to maintain

self-tolerance and control proper levels of immune responses (17) (Figure 1).

(iii) Autoimmunity and Self-Tolerance

The immune system has uniquely evolved to possess the properties of distinguishing
“self” and “non-self” and fighting disease-causing pathogens and abnormal cells. As T
cell being a pivotal controller of immune responses, disruption of its balance could
render breakdown of the common immunologic self-tolerance mechanisms, leading to
the development of organ-specific or systemic autoimmunity. During T cell development
in the thymus, multiple selection processes are employed to ensure that matured T cells

entering the periphery have maintained a minimal reactivity towards self-antigens (18).



Figure 1. Summary of CD4+ T cell polarization: their signature cytokines produced,
their characteristic transcriptional factors, and condition crucial for fate
determination. Once activated, CD4+ T cells are instructed to differentiate into Th1l,
Th2, Th17 or Treg lineages in response to the unique environmental cues. Each T
effector subset secretes its signature cytokines, involving in distinct immune responses.
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However, a trade-off between TCR binding affinity and auto-reactivity results in a
proportion of T cells that have low affinity to self-antigen survived the selection process,
and thus it is heavily relied on Treg cells, a key component of peripheral tolerance,
poised to prevent autoimmune reactions (19).

Errors in the developmental abnormalities or molecular mimicry from exogenous
agents could trigger activation of autoreactive T cells and thereby initiate tissue
destruction by targeting self-antigens. Numerous autoimmune diseases, including
multiple sclerosis, rheumatoid arthritis, and systematic lupus erythematosus (SLE) etc.,
are attributable to the actions of T cells (20). Autoreactive T effector cells, once
activated, provoke a series of harmful inflammatory cascade indirectly via cytokine
secretion or directly via cell-cell interaction with macrophages and B cells (21-23). To
reestablish the disrupted T cell balance in autoimmune diseases, evoking Treg activation
has been shown beneficial in restoring tolerance and suppressing the progression of
autoimmune diseases (24).

Similarly, the ultimate goal of organ transplantation is the induction of immune
tolerance to ensure the long-term survival of engrafted organ or tissue. It is evident that
allograft rejection is mediated by a primary response from T cells, followed by
infiltration of the graft with a mixture of pro-inflammatory immune cells (25-27). In a
cohort of liver transplant studies, occurrence of acute cellular rejection has been
recorded in 80% of patients and associated with an increases in morbidity and
hospitalization rates (28). Even with advancements in immunosuppressive regiments,
chronic rejections to therapy lead to the loss of up to 20% of grafts (29), and remain as
one of the biggest challenges in clinical transplantation. Hence, the search continues for
a novel, effective and specific immunomodulator that could restore the balance by
retarding or promoting T cell responses. One of the interesting candidates is embryonic

stem cells (ESCs).

(2) Embryonic Stem Cells
ESCs are well recognized by their capacity to unlimited self-renew and ability to

differentiate into virtually all cell types. The discovery of these cells has been one of the



most defining moments in the development of modern regenerative medicine and cell-
replacement therapy, but understanding and potential clinical application of these cells

have been complicated.

(iv) Discovery

In 1981, two groups of scientists independently isolated cells from the inner cell mass of
3.5 day blastocyst, and these cells were successful subcultured in vitro showing
undisrupted pluripotent potentials, thereby termed “embryonic stem cells”. Over a
decade later, James Thomson developed techniques to isolate and culture human ESCs
(30). Nevertheless, hurdles over the ethics concerns of destruction of viable embryos
and directed differentiation impede the usage of human ESCs in clinical settings and
render the progress of cell-based therapy limited to laboratory environment (31). It is
not until several other techniques developed, which could be the possible answers to
issues pertaining ESCs, that stem cell researches are truly jumpstarted.

To seek an alternative approach to obtain stem cells, Shinya Yamanaka developed
the technology of converting adult cells to induced pluripotent stem cells (known as
iPSCs) by the introduction of four transcription factors (Oct3/4, Sox2, c-Myc, KIf4) (32).
The aim of carrying out this procedure was to bypass the need for embryos and to
generate pluripotent cells that are genetically perfect-matched to the donor, thereby

avoiding immune rejection during engraftments. (Figure 2.)

(v) Feto-maternal Tolerance

Acceptance of the fetus, which carries half of paternally inherited alloantigens,
exemplifies a natural circumstance where the immune system restructures an
alloimmune response to a state of tolerance. The fetus is considered as a foreign entity
to the maternal immune system, but this allograft is not rejected (33). Even though
mechanisms remain elusive, many contributing factors have been demonstrated to offer
protection to the fetus from the maternal immune system, including expression of
nonclassical MHC molecules — HLA-G (34, 35), tryptophan catabolism by IDO (36),

induction of T cell apoptosis (37), involvement of Tregs (38—41), and surface inhibitory



Figure 2. Different approaches for derivation of pluripotent stem cells. A) ESCs can be
derived by isolating the inner cell mass of a blastocyst 5-6 days post-fertilization and
pre-implantation. B) The SCNT method facilitates the transfer of the nucleus from
patient somatic cells into enucleated donor oocytes, the inner cell mass containing
nucleus transfer cells is removed from the blastocyst after 5 to 6 days, and subsequently
cultured to generate PSCs. C) Four transcriptional factors, Sox2, Oct3/4, c-Myc and KIf4,
are transduced into somatic cells via viral vectors. Induced pluripotent stem cells (iPSCs,
syngeneic patient specific PSCs) can be generated by repetitive passaging and
subculture. Once the PSC cell line has been established from different sources, the cells
have the capacity of self-renewal and unlimited division. PSCs can be differentiated into
three germ layers —endoderm, mesoderm and ectoderm with clinical application
potential. Reproduced with permission from (Tan et al., Curr Stem cell Res Ther, 2014)
License Number: 3580790696225 (24).



A) Derivation of embryonic ste

Endoderm m Hepatocyte
Pancreas/Lung/Liver

O>—=>

Somatic cell

. ‘ _: \..
N % Differentiation g\ PPN @ Blood cells
Egg Nud oved  Th of th
(] S is :l:;evrll‘t::he :m:l::g (!sla;?;yyss i‘n culture) - Blood/Muscle/Bone \ )
of the somatic cell Cardiomyocytes
o : g
C) Transcriptional factors based reprogramming Ectoderm -~
& Neuron/Epidermis/Eye Ry Neural cells
| 8 \
& & Induction of
iopsy pluripotency i
& MH
@Mmgnm < EXPRESSION
factors PSCs are cultured

Patient/Donor Somatic cell

Syngeneic



costimulatory molecule programmed death ligand (PDL) 1 (42). Of particular noteworthy,
it is evident that fetal proteins can be detected in the maternal circulation, and yet these
embryonic tissues could evade immune recognition. Given the origin and shared
characteristics with an embryo, ESCs offer new strategies for examining and developing

novel approaches for induction of tolerance.
(vi) Immune privileged

To achieve the aims of regenerative therapy for restoring dysfunctional or damaged
tissues and organ, approaches involve transplantation of cells or combinations of cells
and materials. For cells of syngeneic or autologous origin, immunological rejections are
low. Transplantation of allogeneic cells, tissues or organs, however, would confront
immunological barriers by allorecognition, which consequently induces rejection of
engraftment. Studies of ESC-derived tissue replacement, however, seem to lack the
concerns for potential immunologic rejection (43). More recently, ESCs have been
described to exert certain levels of immune privileges in specific circumstances. To begin
with, ESCs would not be subjected to allorecognition during MHC mismatch-induced
immune rejections, as documented in studies that human (44), rat (45) and mouse (46)
ESCs express extremely low levels of MHC class | molecules, and no MHC class Il or
costimulatory molecules. Moreover, observations that ESCs fail to induce allogeneic T
cell proliferation in a mixed leukocytes reaction (MLR) support the concept of direct
ESC-mediated immunomodulation (47). One of the proposed mechanisms for how ESCs
modulate immune responses is through depletion of L-arginine at local sites to arrest T
cell responses by the expression of surface Arginase I. Furthermore; our previous paper
revealed the involvement of immunosuppressive soluble factors in ESCs. Soluble
extracts from ESCs have found to retain the immunomodulatory properties of intact
cells, showing by their capacities of suppressing T cell activation and alternating T cell
polarization via inhibitive effects on the PKCB pathway. While this provides a new
approach to circumvent hurdles of teratoma formation when using live ESCs in

therapeutics (Figure 3), the defined immunomodulatory molecules remains unknown.



Figure 3. Histological characterization of teratoma formed from embryonic stem cells

(ESCs). Section of tumor tissues with remnant of three germ layers after 4-week
inoculation into SCID mice. Reproduced with permission from (Cao et al., Circulation.

2005), License Number: 3576040269245 (48).
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(3) MFG-E8

To pinpoint a specific contributor in ESC-mediated immunosuppression, we extensively

searched through proteomic databases, and milk fat globule-epidermal growth factor
(MFG-E8), known as lactedherin in human, was considered as a potential candidate.
MFG-ES, a secreted glycoprotein, is first identified in mammary gland epithelial

cells, but later becomes more well-known for its anti-inflammatory functions in

8

macrophages where it assists phagocytosis signaling through aVB3/aVp5 integrins (49—

51). MFG-E8 is localized closely to the plasma membrane, encased within small-
exosomes and secreted upon environmental stimuli (52).

MFG-E8 exhibits bi-motif functions: the N-terminal site of MFG-E8 peptide
contains a peptide sequence that directs its secretion, and two epidermal growth fact
(EGF) repeats. Within the second EGF repeat, there is a highly conserved arginine-
glycine-aspartate (RGD) motif that facilitates binding to aVB3/aVp5 integrin on the
surface of phagocytes. The C-terminal factor V/VIII like domains recognize
phosphatidylserine (PS) on apoptotic cells, and thereby allow MFG-E8 to scavenge for
dying cells (53-55) (Figure 4.). With such unique molecular structure, MFG-E8 has
proven to be a vital factor to ensure the proper clearance of dying cells and to control
the autoimmune responses.

MFG-E8 expression is activated to attenuate pro-inflammatory cytokine
production and to promote synthesis of anti-inflammatory cytokine IL10, which
facilitates the establishment of a tolerant state during LPS-stimulated condition (56).
Miksa et al. (57) have proposed that MFG-ES8 interferes with LPS-TLR4 signaling by
reducing activation and phosphorylation of MAP kinases and NFkB, thereby impeding
pro-inflammatory cytokines production. Treatment with recombinant MFG-E8 (rMFG-
E8) has also imposed considerable improvements to those diseases where the
phagocytosis of apoptotic cells is not impaired. In a model of colitic mice, researchers
have found that MFG-E8 ameliorates inflammation via competitive binding with the

potent pro-inflammatory inducer to the ayps-integrin receptor (58, 59).

or

12



Figure 4. Function and structure of MFG-ES8.
a) MFG-E8 transcript

b) Two alternative spliced forms of MFG-E8. Long form of MFG-E8 begins with N-
terminal signal peptide (SP), followed by two epidermal growth factor domains
(EGF-1 and EGF-2). The highly conserved arginine-glycine-aspartate (RGD) motif
is contained with the second EGF domain. C-terminal factor VIl domains C1 and
C2 are followed by proline/threonine (P/T) repeats. The shorter spliced form of
MFG-E8 lacks the P/T repeats.

c) Bi-motif structural feature of MFG-E8 enabling it to bridge between phagocytes
and apoptotic cells.

d) RGD motif binds to integrin aVB3/aVB5 on cell surface.

13
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MFG-E8 is naturally expressed abundantly in intracellular exosomal compartment
of immature dendritic cells (DCs) and undifferentiated macrophages (49, 50). To
maintain homeostatic balance, MFG-E8 expression is under tight regulation. Differential
MFG-E8 expression from its basal level is associated with pathological conditions. For
instance, augmented tumorigenicity and metastatic capacity in tumors is correlated with
elevated MFG-E8 expression (60, 61); development of autoimmunity is linked to down-

regulated MFG-ES8 level (62, 63).

(4) Rationale
Given the facts that MFG-E8 exhibits beneficial effects in inflammatory diseases (64-66)
and that Treg infiltration increases in tumors with up-regulated MFG-E8 levels (67),
MFG-ES, therefore, may be a key contributor in ESC-mediated T cell
immunomodulation. Though none has yet linked MFG-E8 to T cell responses, MFG-E8
knockout mice exhibit SLE-like autoimmunity and AIDS symptoms, both of which have
well been considered to be T-cell driven. Additionally, several studies have recorded
lowered serum level of MFG-E8 in SLE patients (62) and elevated expression in different
type of tumors (51, 68) that contributes to evasion of immune surveillance. All in all, it

thereby suggests a potential role of MFG-E8 in T cell immunity.

(5) Hypothesis
Based on the aforementioned findings, | hypothesized that MFG-E8 is the key
contributor in ESCs that suppresses T cell activation and regulates T cell polarization via

inhibition of PKC®.

(6) Objectives
To explore the role of MFG-E8 in ESC-mediated immunomodulation, | sought to: 1)
confirm the expression level of MFG-8 in differentiated and undifferentiated ESCs; 2)
examine whether MFG-E8 in ESCs is capable of suppressing T cell activation; 3)
determine whether MFG-E8 induces T cell suppression through PKCO pathway; 4) study
whether ESC-derived MFG-ES8 are able to modulate T effector/regulatory cell function

and polarization; 5) further validate MFG-E8 mediated T cell immunosuppression via in

15



vivo teratoma formation assay. Above questions outline my MSc. research project, all of

which will be addressed in this thesis.
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Chapter 2. MATERIALS AND METHODS

(1) Cell lines and animals
Mouse ESC C57BL/6 (B6) cell line (69) was obtained from American Type Culture
Collection (ATCC SCRC-1002). Mouse ESC D3 cells (70), derived from 129/Sv) mouse
strain, were kind gifts from Dr. Qiao Li. Mouse ESCs were maintained on mitomycin-
treated MEF feeder cells in Dulbecco’s modified eagle Medium (DMEM) supplemented
with 15% FBS (HyClone, Logan, UT, USA), 4.0mM L-glutamine, 1.0% non-essential amino
acids, 0.1 pM 2-ME, 1.0x10” units of Penicillin and Streptomycin and 1.0x10> units/mL of
LIF (Millipore, USA). Cells were subsequently passed on 0.10% gelatin coated plates to
eliminate MEF cells. Jurkat T cells were maintained in RPMI supplemented with 10% FBS
(HyClone, Logan, UT, USA). RAW 264.7 cell line was obtained from Dr. Makrigiannis,
which were grown in Dulbecco’s modified eagle Medium (DMEM) supplemented with
10% FBS (HyClone, Logan, UT, USA). C57BL/6 (H-2°) and Balb/c (H-2°) mice (6-8 weeks of
age) were obtained from Charles River Laboratories, and maintained at the University of
Ottawa in accordance with the Canadian Council on Animal Care guidelines under
protocols approved by the Animal Use Subcommittee at The University of Ottawa

(Permit No. BMI-137/2025).

(2) Mouse ESC differentiation
For differentiation of ESCs to embryoid bodies (EBs), mouse D3 and B6 ESCs were
trypsinized and re-suspended in ESC medium without LIF supplementation to generate
single-cell suspension, which was pipetted onto the lid of a cell culture dish for 2 days.
Cells aggregated at the bottom of the droplets by gravitational force, thereby forming
EBs. Afterwards, EBs were passed to ultra-low culture plate for another 2 days of
culture. Spontaneous differentiation was finalized after transferring EBs to normal

culture plate with differentiated medium (DMEM with 10% FBS, 4.0mM L-glutamine,
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1.0% non-essential amino acids, 0.1 uM 2-ME, 1.0x10?% units of Penicillin and

Streptomycin each) for 15-17 days.

(3) Soluble factor extraction
After plating of mouse D3 and B6 ESCs on 0.1% gelatin for at least two passages, cells
were harvested by trypsin treatment and dissociated into single cells suspension. ESCs
were then washed twice with ice cold PBS, and subsequently resuspended in lysis buffer
(50 mM HEPES, 50 mNacCl, 1.0 mM EDTA, 1.0 mM DTT, 50 mM L-arginine, pH 8.2) with
protease inhibitor at 1:1000 (4-(2-aminoethyl) benzenesulfonyl fluoride (AEBSF),
pepstatinA, E-64, bestatin, leupeptin, and aprotinin dissolved in DMSO, Sigma Aldrich).
After 30 minutes incubation at 4°C, cells were sonicated until complete lysis of cell was
achieved. The sonicated cell lysates were then centrifuged at 15000g for 15min in cold,
and ESC soluble extracts were separated from the insoluble debris. Protein
concentration was determined using NanoDrop 1000 (Thermo Fisher Inc., USA). Soluble
factor extraction for other cell types and differentiated ESCs was done following same

procedures.

(4) Mouse splenocyte and CD3+ T cell isolation
Mice were sacrificed by cervical dislocation. Mouse spleens were removed aseptically
and gently homogenized with the frosted ends of two sterile microscope slides. After
being filtered through a 45um mesh filter, cells were washed twice with PBS, and red
blood cells were lysed using ACK red blood cell lysis buffer (Cederlane Laboratories Ltd.).
After another two washes with PBS, splenocytes were re-suspended in media (RPMI
medium with 10% heat-inactivated FBS, 2 mM L-glutamine, 1.0x10?% units of Penicillin
and Streptomycin, 1.0 mM Non-essential amino acids, 50 mM 2-ME). Purified CD3+ T
cells were obtained by negative selection using a magnetic labeling kit (StemCell
Technologies Inc.) according to manufacturer instructions (Purity was 92% for CD3

marker).
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(5) CFSE proliferation Assay
Isolated T cells were suspended in serum free RPMI media at 1.0x106/mL and stained
with 0.01 uM of carboxyfluoresceindiacetatesuccinimidyl ester (CFSE) (Sigma Aldrich
Inc) for 40 minutes at 37 °C. After two washes with PBS, cells were plated into 96 well
plate with growth media and stimulated with plate-bound anti-CD3/CD28 in the
presence or absence of mESC-derived factors or rmMFG-E8 (R&D system). Cell
proliferation proceeded for 2-3 days, and dilution of intracellular CFSE was analyzed by

Beckman Coulter Cyan flow cytometer.

(6) Flow cytometry — staining of surface markers
T cell activation was measured using fluorochrome-conjugated antibodies to CD3, CD4,
CD8, CD25, CD44 and CD69 (eBioscience Inc.). Negatively selected CD3+ T cells were first
treated under certain reagent combination treatments as stated in the result, then
followed by 48hr stimulation with plate coated anti-CD3 and anti-CD28 (1.5ug/mL for
each) antibodies (eBioscience Inc.). Cells were harvested and washed with FACS washing
buffer. Polyclonal IgG was used to block unspecific binding by incubating in 4°C for 15
minutes. Cells were stained with CD4, CD8 and surface activation markers according to
manufacturer’s recommendations. At the end of 30-minute incubation period, analysis
was carried out in Beckman Coulter Cyan cytometer, and data was analyzed using Kaluza

and/or Flowjo.

(7) Qualitative PCR (qPCR)
Total RNA was isolated using RNeasy Mini Kit (Qiagen) according to manufacturer’s
instructions and reversed transcribed into cDNA using iScript cDNA Synthesis Kit
(Qiagen). Following cDNA synthesis, 0.5uL of cDNA from each sample, 10uL of iQ SYBR
Green supermix (Bio-Rad Ltd.) and 9.5uL primer-mix was used to performed qPCR on iQ-
iCycler (Bio-Rad) with hot start for 90 seconds at 94°C followed by 40 cycles set for 10
seconds at 94°C, 30 seconds at 60°C, and 30 seconds at 72°C. Primers used are listed in
Table 1. Fold changes in transcript levels were calculated using threshold cycle (Cq)

normalized to B-actin.
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Table 1. List of qPCR primer sequences
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Primers

Sequences

Product Size

Mouse Forward: 5’-ATATGGGTTTCATGGGCTTG-3’
218
MFG-E8 | Reverse: 5-GAGGCTGTAAGCCACCTTGA-3’
Forward: 5'-GAAATCCTGCAGAGCCAGA-3’
IFNy 214
Reverse: 5'-TGAGCTCATTGAATGCTTGG-3’
Forward: 5'-GCCAGGGAACCGCTTATATG-3’
T-bet 136
Reverse: 5'-GACGATCATCTGGGTCACATTGT-3’
Forward: 5'-GGAGCTCTGCCAGAATGAGC-3’
RORyT 148
Reverse: 5’-CAAGGCTCGAAACAGCTCCAC-3’
Forward: 5'-GCAACAATTCCTGGCGATACCTC-3’
TGFB 354
Reverse: 5’-AGTTCTTCTCCGTGGAGCTGAAG-3’
Forward: 5-GGCGAGATGGTACCGGGCACTA-3’
GATA3 180
Reverse: 5'-CCCCATTAGCGTTCCTCCTCCAGA-3’
Forward: 5-CGAAAGTGGCAGAGAGGTATTGA-3’
Foxp3 193

Reverse: 5’-ACTGTCTTCCAAGTCTCGTCTGAA-3’
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(8) Western Blot
Cells were harvested and lysed in RIPA buffer (25 mM Tris-HCI, 0.15 M NaCl, 5.0 mM
MgCl2, 1.0% NP-40, 1.0 mM DTT, 5.0% glycerol, [pH 7.5]) supplemented with protease
inhibitors (4-(2-aminoethyl) benzenesulfonyl fluoride (AEBSF), pepstatinA, E-64,
bestatin, leupeptin, and aprotinin) at 1:100 dilution (Sigma), 1mM phenylmethane-
sulfonylfluoride (PMSF) (serine protease inhibitor) and 1mM Sodium Orthovanadate
(protein phosphatase inhibitor). After 30 minute incubation in cold, cell lysates were
centrifuged at 13500rpm for 15 minutes at 4°C. An equivalent volume of Laemmli
Sample buffer (Bio-Rad Laboratories Ltd.) with 10% B-ME (Bio-Rad Ltd.) was then added
to the sample supernatants. Samples were boiled for 10 minutes and ran on an 8% SDS-
PAGE gel, which subsequently transferred to Polyvinylidene fluoride (PVDF) membranes.
The membranes were blocked with 5% powder nonfat milk (Santa Cruz Biotechnology
Inc.) or 5% Albumin Bovine Serum (Fisher BioReagents, Thermo Fisher Scientific Inc.) in
TBS-T for 1 hour at room temperature. Membranes were probed with rabbit anti-mouse
phospho-PKCO (Thre538), total PKCO antibodies at 1:1500 (Santa Cruz Biotechnology
Inc.) overnight at 4°C. At the next day, after washed 3 times with TBS-T for 10 minutes of
each, membranes were probed with appropriate secondary horseradish peroxidase
(HRP)-conjugated antibody at 1:10,000 dilution at room temperature for 1 hour,
followed by another 3 times TBS-T washes. The bands were visualized with enhanced
chemiluminescence solution (Pierce, Thermo Scientific, USA). A similar procedure was
carried out for anti-mouse MFG-E8 antibodies (Dr. Jinushi, Japan), and a-Tubulin as the

loading control (T9026, Sigma-Aldrich, St. Louis, MO, USA).

(9) Intracellular staining
Isolated T cells were stimulated with plate-bound anti-CD3/CD28 for 2 days, and then
treated with either ESC extracts or rmMFG-E8 (R&D system). Those pre-treated cells
were then secondarily stimulated with PMA for 6 hours. During the last 2hr of
stimulation, T cells were treated with Brefeldin in 1:1000 (eBioscience Inc.). Following by
two washes with FACS buffer, cells were first stained for surface markers CD4 and

CD25/CD69 (eBioscience Inc.) for 30 minutes in cold. At this point, cells were fixed and
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permeabilized with Foxp3 Fixation/Permeabilization Concentrate kit (eBioscience Inc.).
Foxp3, IFNy and IL-17 antibodies (eBioscience Inc.) were added according to
manufacturer’s instructions, and then analyzed by CyAn flow cytometer (Beckman

Coulter).

(10) Lentiviral production and MFG-E8 transduction
293 T cells were plated at 80% confluence in 100-mm dishes and transfected with the
MFG-E8 lentivirus vector (plasmid map shown in appendix), encoding full length MFG-E8
and a GFP marker (Addgene plasmid #46847; Addgene, Cambridge, MA, USA), and two
packing plasmids psPAX2 and pMD2.G (Addgene plasmid 12259 and 12260) using
Lipofectamine 2000 (Invitrogen) for 15 minutes. The virus containing supernatant was
harvested after 48 hours of transfection. Harvested lentiviruses were then concentrated
with Lenti-X concentrator (Clonetech) as manufacturer’s instruction and resuspended in
growth medium later used for lentivirus infection. B6-WT ESCs were seeded onto feeder
cells in 6-well plate. After overnight incubation, lentivirus medium with 10ug/mL
polybrene (Sigma, St. Louis, MO, USA) was replaced the culture medium. Fresh ESC
growth medium was changed after 24 hours of lentiviral transduction supplemented
with 2ug/mL puromycin. Drug selection process was carried out for 2 weeks with daily
medium changes. After establishing stable cell line with up-regulated MFG-E8 (B6-M

ESCs), cells were cultured in ESC growth medium with 1 ug/mL puromycin.

(11) Characterization of B6-M ESC with fluorescence microscopy
B6-M ESCs were cultured on cover glasses (Fisher, USA) after two passages on 0.1%
gelatin coated plate to eliminate MEF feeders. After being culture in ESC growth
medium with 15% FBS for 24 hours, cells were washed three times with PBS for 5
minutes each, and then fixed with 10% formalin at 4°C overnight. After another 3
washes with PBS, samples were incubated for 15 minutes with 4’, 6-diamidine-2-
pheylindole-dihydrochoride (DAPI) (Sigma, USA) (300ng/mL in PBS), following another 3
washes with PBS. Cover slide was mounted with 50% glycerol/50%PBS and examined

under a fluorescence microscope (Zeiss AxioObserver. Z1).
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(12) Teratoma Formation and histological analysis
ESCs were harvested. One or three million cells were counted and later injected
subcutaneously into the flank region of C57BL/6 or Balb/c mice. Tumors were measured
and surgically removed from euthanized mice after four to six weeks. Teratomas were
freshly frozen in optimal cutting temperature (OCT) compound, and sections were cut at
10 micron. After fixation with cold acetone for 10 minutes, samples were stained with

haematoxylin and eosin and observed under the microscope (Zeiss).

(13) Statistical analysis
Statistical significance was determined using a Student’s t-test, ANOVA or chi-square
test wherever applicable. Results were analyzed using R studio, and considered

significant with a p-value < 0.05.
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Chapter 3. Result

(1) High MFG-E8 expression in mouse embryonic stem cells
Proteomic databases indicate high expression level of MFG-E8 in ESCs, and preliminary
gualitative PCR (gPCR) analysis also revealed high MFG-E8 mRNA expression in two
mouse ESC lines, B6 and D3. To further validate MFG-E8 expression profile, | cultured
mMESCs of B6 and D3 lines, RAW macrophages, C2C12 myoblasts, and harvested bone
marrow from mice. Additionally, | induced spontaneous differentiation of D3 ESCs
through formation of embryoid body (EB) using the hanging drop method. At day 14
after EBs re-plated, complete dissociation of typical EB structure was observed (Figure
5.) together with a drastic reduction in pluripotency gene (Sox2, Oct4 and Nanog)
expressions (Figure 6.). Western blot results confirmed an abundance of MFG-E8 protein
in both mouse ESC lines when compared to cells (RAW, bone marrow, C2C12) with high,
moderate and no MFG-E8 expression respectively (Figure7.). Most interestingly, a
marked decrease in MFG-E8 protein expression in differentiated mESCs was observed
(Figure 7.). Herein, data from these experiments presented a differential MFG-E8
expression pattern between undifferentiated and differentiated ESCs, indicating a

specialized function of MFG-ES8 in undifferentiated ESCs.

(2) Suppressive effects of MFG-E8 on T cell activation and proliferation
Although we previously reported the direct immunosuppressive functions of ESC-
derived factors on T cell activation and proliferation (71), the pivotal molecule
contributing for such actions was undefined. Preliminary data showed that while ESC-
derived factors alone significantly suppressed the up-regulation of T cell activation
markers (CD25, CD69 and CD44) significantly on both CD4+ and CD8+ effector T cells,
neutralization of MFG-E8 in ESC-derived soluble factors was able to notably mitigate this

suppressive effects on T cells.
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Figure 5. Induction of Spontaneous differentiation of mESCs.

D3 mESCs were first dissociated to single cell suspension. Hanging drop method was
performed to induce mESCs to form embryoid body (EB), and EBs were then transferred
to plate and cultured under mESC differentiation medium for spontaneous
differentation. Fourteen days later, ESCs were almost fully differentiated in the absence
of any typical ESC colonies or EB structures.
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Figure 6. Assessment of pluripotent gene expression in differentiated ESCs.

A marked reduction in the expression of embryonic genes (Oct4, Sox3 and Nanog) is
observed (qPCR analysis), indicating the differentiated of D3 mESCs. mRNA level in
RAW264.7 cells was set at 1.0 (baseline) and mRNA levels in all other groups were
normalized as fold changes relative to RAW. Data represent mean = s.d of at least three
independent experiments; basal expression of B-actin was used for normalization.
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Figure 7. Expression of MFG-E8 in undifferentiated ESCs and other cell types.

Western blot analysis of MFG-E8 protein expression in D3 mESCs, B6 mESCs, RAW264.7,
C2C12, differentiated D3 mESCs, bone marrow cells. Membrane was probed with
antibodies specific for MFG-E8 and a-tubulin (as a loading control). The results are
representative of three independent experiments. Abbreviation: Diff D3, differentiated
D3 mESC-derived factors; BM, bone marrow.
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To further confirm the aforementioned immunomodulatory function of MFG-ES,
purified T cells isolated from spleens of C57BL/6 mice were either subjected to
treatments with recombinant mouse MFG-E8 (rmMFG-E8) alone or together with MFG-
E8 blocking antibodies for 16 hours, followed by anti-CD3/CD28 stimulation for 24
hours. The level of T cell activation was determined by surface expression of activation
markers; CD25, CD44 and CD69. Non-stimulated T cells were used as the negative
control and stimulated T cells without treatments constituted the positive control. As
expected, non-stimulated CD4+ and CD8+ T cells expressed low basal levels of three
activation markers, all of which were drastically up-regulated on untreated stimulated T
cells. Suppression of both CD4+ (Figure 8.) and CD8+ (Figure 9.) effector T cell activation
was achieved when cells were treated with rmMFG-E8 alone. A 2-fold reduction in
surface expressions of CD25, CD44 and CD69 was observed. Introduction of MFG-E8
blocking Ab but not an isotype control Ab significantly abrogated this inhibition with the
marked increases of CD25+CD69+ T cell population and of CD44 expression on both
CD4+ (Figure 8) and CD8+ T cells (Figure 9).

Extending an earlier notion of reduction in MFG-E8 expression level along the
course of ESC differentiation, | next investigated the possibility that withdrawal of
immune privilege in differentiated ESCs might be due to a decrease in MFG-ES8 level.
Both CD4+ (Figure 8) and CD8+ (Figure 9) T cell activations were unaffected by the act of
differentiated ESC-derived soluble factors, with the majority of T cells showing up-
regulated activation markers post anti-CD3/CD28 stimulation. However, reconstitution
of rmMG-E8 together with differentiated ESC-derived factors restored suppression of T
cells, as indicated by a markedly reduction in all three activation markers (CD25, CD44
and CD69 - surface expression, Figure 8. and Figure 9. for CD4 and CD8 respectively). |
further measured the immunosuppressive action of MFG-E8 on T cell proliferation based
on the level of CFSE dilution in labeled CD3+ T cells. Of increasing rmMFG-E8
concentration to 0.05 pg/mL, | observed a reduced number of cell divisions (Figure 10)
in activated T cells as detected by decreased CFSE fluorescent dilution. Collectively,

these experiments
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Figure 8. ESC-produced MFG-E8 inhibits upregulation of activation markers CD25,
CD44 and CD69 on CD4+ T cells.

Negatively selected C57BL/6 CD3+ T cell were first incubated under each of treatment
conditions and followed by stimulation with plate-bound anti-CD3/anti-CD28 antibodies.
Flow cytometric analysis of surface expression of CD25, CD44 and CD69 was performed
on CD4+ T cells treated with rmMFG-E8 (0.05ug/mL for 12hr), rmMFG-E8 with isotype
antibody (0.05pg/mL rmMFG-E8 and 0.5ug/mL antibody for 12hr), rmMFG-E8 with anti-
MFG-E8 antibody (0.05ug/mL rmMFG-E8 and 0.5ug/mL antibody for 12hr),
differentiated D3 mESC derived factors (0.23mg/mL for 12hr), or differentiated D3 mESC
derived factors with rmMFG-E8 (0.23mg/mL of differentiated D3derived factors and
0.05pug/mL of rmMFG-ES8 for 12hr). After 24hr of anti-CD3/anti-CD28 stimulation, cells
were stained with CD25, CD44 and CD69. Dot plots are representative of cells stained
with CD25 and CD69 markers, and histograms represent the geometric mean
fluorescent intensity (GMFI) of CD4+ T cells with CD44 expression for each treatment
group. Similar results were obtained from three independent experiments. Error bars
indicate mean # s.d. (*p<0.05.) Abbreviation: M, rmMFG-E8; M+iso, rmMFG-E8 with
isotype antibodies; M+Mab, rmMFG-E8+anti-MFG-E8 antibodies; Diff D3, differentiated
D3 mESC-derived factors; Diff+M, differentiated D3 mESC extract with rmMFG-ES.
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Figure 9. ESC-produced MFG-E8 inhibits upregulation of activation markers CD25,
CD44 and CD69 on CD8+ T cells.

Negatively selected C57BL/6 CD3+ T cell were first incubated under different treatment
conditions, followed by stimulation with plate bound anti-CD3/anti-CD28 antibodies.
Flow cytometric analysis of surface expression of CD25, CD44 and CD69 was performed
on CD8+ T cells treated with rmMFG-E8 (0.05ug/mL for 12hr), rmMFG-E8 with isotype
antibody (0.05pg/mL rmMFG-E8 and 0.5ug/mL antibody for 12hr), rmMFG-E8 with anti-
MFG-E8 antibody(0.05ug/mL rmMFG-E8 and 0.5ug/mL antibody for 12hr),
differentiated D3 mESC derived factors (0.23mg/mL for 12hr), or differentiated D3 mESC
derived factors with rmMFG-E8 (0.23mg/mL of differentiated D3derived factors and
0.05pug/mL of rmMFG-ES8 for 12hr). After 24hr of anti-CD3/anti-CD28 stimulation, cells
were stained with CD25, CD44 and CD69. Dot plots are representative of cells stained
with CD25 and CD69 markers, and histograms represent the geometric mean
fluorescent intensity (GMFI) of CD8+ T cells with CD44 expression for each treatment
group. Similar results were obtained from three independent experiments. Error bars
indicate mean % s.d. (*p<0.05. **p<0.01) Abbreviation: M, rmMFG-E8; M+iso, rmMFG-
E8 with isotype antibodies; M+Mab, rmMFG-E8+anti-MFG-E8 antibodies; Diff D3,
differentiated D3 mESC-derived factors; Diff+M, differentiated D3 mESC extract with
rmMFG-ES8.
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Figure 10. MFG-E8 inhibits T cell proliferation.

Proliferation assay was performed on CFSE-labeled CD3+ selected lymphocytes
fractioned from C57BL/6 mouse spleen. After treatment with different concentrations of
rmMFG-E8 (0.025ug/mL, 0.05ug/mL), CFSE-labeled cells were stimulated with plate-
bound anti-CD3/CD28 antibodies for 48hr. The dilution of CFSE fluorescent intensity
(indicating proliferation) was measured by flow cytometry. Similar results were obtained
from three independent experiments.
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highlight the ability of MFG-E8 in ESCs to potentiate suppression on T cell activation and

proliferation.

(3) ESC-produced MFG-E8 suppresses T cell activation via inhibition of PKCO
phosphorylation

Much progress has been made revealing the indispensable roles of PKCO in T cell
responses, and analysis of PKCO deficient mice confirmed that PKCB is required for
activation and proliferation of mature T cell when encountered infections (72). In our
early efforts, we delineated that ESC-derived soluble factors inhibited PKCO
phosphorylation, resulting in the suppression of T cell activation and functions (71). In
this context, | speculated that MFG-E8 might facilitate immunomodulation of T cells
through PKCB. Treatment and stimulation procedures were identical to those described
in the previous section. Consistent with inhibitory functions of ESC-derived soluble
factors on PKCO activation (Figure 11), treatment with rmMFG-E8 significantly
suppressed PKCO phosphorylation in activated T cells (Figure 12). The capacity of MFG-
E8 in inhibiting PKCB signaling was further proven by the introduction of a specific anti-
MFG-E8 blockade. As shown in Figure 11. and Figure 12., ESC-derived soluble factors or
rmMFG-E8 in combination with anti-MFG-E8 antibody rendered markedly less
efficacious in suppressing PKCO phosphorylation. Additionally, correlating with down-
regulated MFG-E8 expression, activated T cells displayed unaffected PKCO
phosphorylation when treated with differentiated ESC-derived soluble factors or
terminally differentiated C2C12 cell extracts. However, inhibition was restored when
differentiated ESC-derived factors was supplemented with rmMFG-E8 (Figure 13). To
complete the MFG-E8 signaling pathway, a specific antibody capable of blocking MFG-E8
integrin receptors, ayBs/ayB, was introduced. Western blot analysis revealed that, by
blocking the binding of MFG-ES to its receptor with anti-CD51 (ay component) antibody,
ESC-derived soluble factors or rmMFG-E8 showed a significant reduction in their
capacity of inhibiting PKCO phosphorylation (Figure 14). The analysis of the PKCO
pathway supports and extends the aforementioned demonstration that MFG-E8 is an

important determinant of ESC-induced T cell suppression in a PKCO dependent fashion.
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Figure 11. ESC-produced MFG-E8 suppresses PKCO activation.

T cells were treated with mESC-derived factors (0.23mg/mL for 12 hr). Cells were then
stimulated with anti-CD3/anti-CD28 antibodies for an additional 24hr. After stimulation,
cells were lysed and subsequently probed with phosphorylated-PKCO (Ther538), total
PKCO and a-tubulin (as a loading control) for western blot analysis. Results are
representative of at least three independent experiments.
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Figure 12. MFG-E8 suppresses PKCO activation.

T cells were treated with rmMFG-E8 (0.1 pg/mL, 1.0 ug/mL for 12 hr). Cells were then
stimulated with anti-CD3/anti-CD28 antibodies for an additional 24hr. After stimulation,
cells were lysed and subsequently probed with phosphorylated-PKCO (Ther538), total
PKCO and a-tubulin (as loading control) for western blot analysis. Results are
representative of at least three independent experiments.
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Figure 13. Differentiated ESCs are incapable of suppressing PKCO activity by the down-
regulation of MFG-E8 expression.

Undifferentiated D3 mESC-derived soluble factors (0.23mg/mL) and Differentiated D3
mESC-derived soluble factors (0.23mg/mL) alone or in combination with rmMFG-E8
(0.1pg/mL) were used to treat T cells when compared to undifferentiated D3 mESC
group (0.23mg/mL) following same procedures described as above. Western blot results
represented cell lysates probing with phosphorylated-PKC8 (Ther538), total PKCB and a-
tubulin (as loading control). Results are representative of at least three independent
experiments.
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Figure 14. Blockade of aV integrin arrests ESC-derived MFG-E8-mediated inhibition on
PKCO phosphorylation.

Following the same treatments as described in Figure 11-13, aV integrin blocking
antibodies (anti-CD51) was introduced to restrain the binding of MFG-E8 to its receptor.
Cell lysates were then analyzed for levels of PKCO phosphorylation, while a-tubulin was
used as a loading control. Results are representative of at least three independent
experiments.
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(4) ESC-produced MFG-ES8 is capable of skewing T cells polarization
Because PKCB is of vital importance in T cell polarization with particular impacts on Th1,
Th2 differentiation(73), Th17 and T regulatory cell (Treg) homeostasis(74, 75), ESC-
derived MFG-E8 was tested on its ability to engender modulations on T cell polarization.
In order to acquire more robust responses from each CD4+ T effector subset, negatively
selected T cells were first primed with plate-bound anti-CD3/CD28 antibodies for 2 days,
and subsequently treated with either rmMFG-E8 or D3 ESC-derived factor in the
presence or absence of MFG-E8 blocking antibody. After treated cells were secondarily
stimulated by PMA, gene analyses were performed to examine the expression level of
transcriptional factors (TFs) and cytokines specific to each T cell subset using gPCR. It
has been well recognized that TF of T-bet and IFNy production designates for Th1l
differentiation (76, 77), and GATA3 and IL4 production are characteristics of Th2
development (78, 79). Similarly, RORyT is the master regulator gene for Th17 cells that
have a signature cytokine profile of IL17 and IL21 (14). Based on the qPCR results, there
were significant reductions in GATA3 and RORyT expression in T cells after treatments
with rmMFG-E8 or mESC-derived soluble factors. Conversely, MFG-E8 neutralization
restored GATA3 and RORyT expression as to those of untreated stimulated control cells
(Figure. 15). Interestingly, T-bet gene expression was unaffected (Figure. 15) in all
treatment conditions, yet assessment of the cytokine gene expression profile revealed a
strong suppression of gene expression of Th1 specific cytokine, IFNy (Figure 16). In an
attempt to further exploit the changes of cytokine production specialized to each subset
of T effector cells, | intracellularly stained T cells with IFNy, IL4 and IL17 antibodies.
Consistent with changes in IFNy gene expression, T cells treated with rmMFG-E8
encompassed a notably decreased proportion of IFNy producing effector cells (Figure
17A). Likewise, in accordance with down-regulated GATA3 and RORyT gene expression,
IL4 (Figure 17B) and IL17 (Figure 17C) producing T cell population significantly
decreased. Neutralization of MFG-E8 in cells treated with rmMFG-E8 or mESCd-derived

factors effectively ameliorated this suppression on T cells, showing by the
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Figure 15. Gene expression of the signature transcriptional factors for Thl, Th2 and
Th17 after treatment with MFG-ES8.

Purified CD3+ T cells were first primed with anti-CD3/CD28 for 3 days, and then treated
with either D3 ESC-derived soluble factors (D3-ext) or rmMFG-E8, synergistically
with/without MFG-E8 blocking antibody, followed by PMA stimulation. T cell
transcriptional factors (T-bet, RORyT, GATA3 and Foxp3) were measured by qPCR;
endogenous expression of B-actin was used for normalization. mRNA level in
unstimulated control was set at 1.0 (baseline) and all other normalized mRNA levels
were converted to fold differences in Ct values relative to that value of control. Data
represent mean = s.d. of at least three independent studies. (* p<0.05)
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Figure 16. Gene expressions of Thl and Treg specific cytokine.

Purified CD3+ T cells were first primed with anti-CD3/CD28 for 3 days, and then treated
with either D3 ESC-derived soluble factors or rmMFG-E8 and in the presence or absence
of MFG-E8 blocking antibody, followed by PMA stimulation. Gene expression of IFNy
(Th1) and TGFB (Treg) were determined by gPCR. Data represent mean * s.d. of at least
three independent studies; basal expression of B-actin was used for normalization.
mMRNA level in unstimulated control was set at 1.0 (baseline) and all other normalized
MRNA levels were converted to fold differences in Ct values relative to that value of
control. Abbreviation: MFG-E8+Mab, rmMFG-E8 + anti-MFG-E8 antibody; D3 ESC+Mab,
D3 mESC-derived soluble factors + anti-MFG-E8 antibody. (*p<0.05)
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Figure 17. MFG-E8 in ESCs is capable of suppressing Thl, Th2 and Th17 differentiation.
To determine whether rmMFG-E8 could suppress IFNy, IL4 and IL-17 production, primed
CD3+ C57BL/6 T cells were treated with rmMFG-E8 (0.05ug/mL for 24hr) alone or in the
presence of isotype antibody (0.5ug/mL) or anti-MFGE-E8 antibodies (0.5ug/mL), or D3
mESC-derived soluble factors with anti-MFG-E8 antibody (0.5pg/mL). Following a 48hr
stimulation with plate-bound anti-CD3/anti-CD28 antibodies, cell was stained with CD4,
CD25 or CD69 for surface marker and A) IFNy or B) IL4 or C) IL-17 for intracellular
cytokine, and then analyzed by flow cytometry. Histograms are shown for the mean +
s.d. of the absolute number of A) IFNy or B) IL4 or C) IL-17 producing T cells of three
independent experiments (*p<0.05, **p<0.01, ***p<0.005). Abbreviation: Stimulated
Ctl, stimulated control; MFG-E8 + iso Ab, rmMFG-E8 + isotype antibody; MFG-E8 + anti-
M Ab, rmMFG-E8 + anti-MFG-E8 antibody; D3 ESC + anti-M Ab, D3 mESC-derived soluble
factors + anti-MFG-E8 antibody.
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Figure 18. MFG-E8 in ESCs is capable of enhancing Treg differentiation.

Under the similar treatment and stimulation conditions as above, T cells were stained
with CD4, CD25 surface markers and Foxp3 intracellularly to assess the changes of Treg
population Dot plots represent one of three independent studies, and the red numbers
represent absolute number of cells that gated within. Abbreviation: M+iso, rmMFG-E8 +
isotype antibody; M+Mab, rmMFG-E8 + anti-MFG-E8 antibody; D3+Mab, D3 mESC-
derived factors + MFG-E8 blocking antibody.
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augmented numbers of IFNy (Figure 17A), IL4 (Figure 17B) and IL17 (Figure 17C)
secreting cells.

Furthermore, a significant up-regulation of Foxp3 and TGF[ gene expression were
detected (Figure 15 and Figure 16, respectively). Through direct examination of changes
in Treg cell population, | observed that CD4+CD25+Foxp3+ Treg differentiation was
markedly promoted by treating purified T cells with rmMFG-E8 (Figure 18). Of note,
insofar as MFG-E8 was neutralized by blocking Ab in ESCs, the elevated Treg population
induced by mESC-derived factors was withdrawn (Figure 18). These results collectively
show that ESC-produced MFG-E8 favorably enhances Treg cell differentiation,

suppresses Thl function, and prevents the development of Th2 and Th17.

(5) Immunomodaulation of ESC-produced MFG-ES8 in vivo
Teratoma formation assay is an important tool for monitoring pluripotency and
evaluating the immunogenicity of ESCs and/or iPSCs in vivo (32, 80). Of particular
noteworthy, study by Zhao et al. documented that allogeneic ESCs failed to generate
teratomas by rapid T cell-mediated immune rejection (81). By utilizing this technique, in
vivo experiments were designed to examine whether up-regulation of MFG-E8 in
undifferentiated ESCs would offer protection against immune rejection, allowing for the
survival of ESCs across allogeneic barriers. | transfected wild-type B6 ESCs with a
lentiviral vector carrying MFG-E8 and a GFP marker. The level of protein up-regulation
was controlled to achieve a 2 to 4 fold increase in MFG-E8 expression (herein denoted
as B6-M ESCs), confirmed with both qPCR and western blotting (Figure 19A and Figure
19B). Fluorescent microscopy further validated the success of the transfection process
with efficiency of approximately 92%, marked by the presence of strong GFP signals in
B6-M ESCs (Figure 20). In vivo transplantations were carried out into four groups: B6
Wild type ESCs (B6-WT) into either syngeneic or allogeneic mice and B6-M ESCs into
either syngeneic or allogeneic mice (Figure 21). Both B6-WT and B6-M ESCs successfully

formed teratomas in syngeneic C57BL/6 mice (Figure 22A), and histological
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Figure 19. Assessment of the level of up-regulated MFG-E8 in B6-M ESCs after
transduction.

Wild type B6 mESCs (B6-WT) were transfected with a lentiviral vector carrying a vector
with MFG-E8 and GFP. Drug selection was done over 2 week to establish a stable B6
mESC line (B6-M) with up-regulated MFG-E8 expression. gPCR (A) and western blot (B)
were performed to assess level of MFG-E8 up-regulation. Basal expression of B-actin
was used as normalization control for gPCR, and a-tubulin for western blot. In gPCR
results, mRNA level in RAW cells was set at 1.0 (baseline) and all other normalized
MRNA levels were converted to fold of differences in Ct values relative to that value.
Data represent mean = s.d. of at least three independent studies. Western blotting was
one representative of three biological repeats.
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Figure 20. Validation of MFG-E8 transduction by fluorescence microscopy.

Wild type B6 mESC (B6-WT) was transfected with a lentiviral vector carrying a vector
with MFG-E8 and GFP. Drug selection was done over 2 week to establish a stable B6
mESC line (B6-M) with up-regulated MFG-E8 expression. Established B6-M ESCs were
cultured on cover slides, and later fixed with 10% formalin for fluorescence microscope
analysis. Cell nuclei were stained with DAPI. Transfection efficiency was calculated by
counting the number of cells positive for both GFP and DAPI signals. Figures are
representative of three biological repeats.
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Figure 21. Schematic of in vivo experimental design

In vivo studies were carried out into four groups: B6-WT ESCs into either syngeneic or
allogeneic mice, as well B6-M ESCs into syngeneic and allogeneic mice. B6 ESCs were
isolated from embryos of C57BL/6 mice. Inoculation of both B6-WT and B6-M ESCs into
C57BL/6 mice was a syngeneic engraftment. In contrast, B6-WT and B6-M were
allogeneic to Balb/c mice.
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Figure 22. Teratoma formation of syngeneic B6-WT and B6-M ESCs in C57BL/6 mice.
A) Both B6-WT and B6-M ESC lines formed teratomas in syngeneic C57BL/6 mice after 4
weeks of implant into flank regions. B) Tumors were embedded in OCT gel, snap-frozen
in liquid nitrogen, and stored at -80°C. Cryostat sections (10um) were fixed in cold
acetone and examined histologically after hematoxylin and eosin staining. B6-WT and
B6-M formed teratomas were composed of tissues from all three germ layers, including
ectoderm ([B, C] neural rosettes and glial tissue, [D, E] cystic epithelium), mesoderm ([F]
striated muscle, [G] cartilage and osteoid island) and endoderm ([H, I] glandular
epithelium). (n=5)
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Figure 23. Implantation of allogeneic B6-WT and B6-M in Balb/c mice.

A) In vivo, whereas no detected teratoma was formed after transplantation of B6-WT
ESCs into Balb/c mice, 5 teratomas were generated with B6-M ESCs in 9 Balb/c mice. B)
Summary of teratoma formation by B6-M ESCs in Balb/c mice 4-6 weeks after
implantation. No teratoma by B6-WT was detected, but 5 teratomas were formed by
B6-M ESCs. (n=9)
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analysis revealed components of all three germ layers (Figure 22B-I). All of the
allogeneic recipients, however, vigorously rejected B6-WT ESCs engraftment before the
formation of detectable teratomas (Figure 23). In contrast, with up-regulation of MFG-
E8 in B6 ESCs, allogeneic implants of B6-M ESCs were able to be tolerated and
successfully engrafted in 5 of 9 recipients (Figure 23). These findings further strengthen
my proposition that MFG-E8 is, indeed, a key contributor in ESCs that induces

immunosuppression.
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Chapter4.  DISCUSSION

Many complex mechanisms associated with ESC-mediated immunosuppression are not
well understood, and no report has yet identified a critical immune suppressive
mediator molecule produced by ESCs. In this study, | have demonstrated a novel
functional role of MFG-E8 in ESCs for T cell immunomodulation. | showed that
undifferentiated but not differentiated ESCs expresses a high level of MFG-E8.
Combinational uses of rmMFG-E8 and specific MFG-E8 or its receptor blockade confirm
that ESC-produced MFG-ES8 is of crucial importance in suppressing T effector cell
activation and proliferation, as well as PKCB being the central signaling kinase in MFG-E8
mediated immunomodulation of T cells. MFG-E8-induced inhibition on PKCO selectively
restrains Th1 function and suppresses Th2 and Th17 differentiation, but promotes Treg
cell fate. Finally, teratoma formation assay confirms that up-regulation of MFG-E8

enables successful engraftment of allogeneic ESCs.

(1) MFG-E8 anti-inflammatory properties and signaling

As an evidence of direct functional effects on T cells other than its conventional role in
phagocytosis, | provided the first proof of principle that MFG-E8 produced by ESCs is
involved in regulating T cell immune responses. It has been established that, through
enhancing the phagocytic potentials of apoptotic cells, MFG-E8 could facilitate an
immune-tolerant state (49, 64). Direct functions of MFG-E8 on T cells, however, have yet
been investigated. Researches have shown that T cells selectively up-regulate integrin,
ayBs/ayvBs, on their surface when they encounter activation agents: a viral challenge or
PMA treatment (82, 83). Therefore, | reasoned that engagement of MFG-ES8 to its
integrin receptor on activated T cell could be a key mechanism to control the level of T
cell responses in ESC-mediated immunomodulation. By comparing these findings with
current observations, | proposed a link between MFG-E8 and cellular immunity. High

MFG-E8 expression in undifferentiated ESCs suppresses T cell activation while the loss of
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MFG-E8 expression along the course of differentiation suffices to restore normal T cell
responses and facilitates rejection of differentiated cells. Taken together, sustaining the
immune privileged status of undifferentiated ESCs entails high levels of MFG-E8
expression.

In the absence of apoptotic cells, MFG-E8 generates anti-inflammatory effects in
innate immune cells by utilizing STAT3 pathway, which then down-regulates NFkB
activation (84). Examination of NFkB activity in T cells did not show differences in the
presence or absence of rmMFG-E8 (data not shown). Instead, | observed that PKCO
phosphorylation was greatly affected. Several studies have indicated a role of MFG-E8 in
down-regulating TNFa production via the STAT pathway (85). With TNFa production,
PKCB is released from restraint and recruited directly to immunology synapses, favoring
T effector cell fates but suppressing Treg development (86). Additionally, a study of
MFG-E8-mediated tissue regeneration reported that MFG-E8 transduces its down-
stream signaling for mucosal healing by means of activating intracellular PKCeg in
epithelial cells (87). Provided the premise of extensively similar structures shared among
novel PKC family proteins (88), it is indicative of diversified signaling complexes of MFG-
E8 in each cell type. By using rMFG-E8 and specific MFG-E8 blockade in ESC-derived
soluble factors, my elucidation of MFG-E8 mechanistic function on inhibiting PKC8 is
substantiated. Hence, to regulate T cell responses, signal from ESC-produced MFG-E8

would culminate in the inhibition of PKCO activity.

(2) MFG-E8 mediated PKCO inhibition on T cell polarization

The dominant function of PKCB, a serine/threonine kinase, under physiological condition
is to effectuate T cell activation, proliferation, and differentiation. Peripheral T cells
isolated from PKCO knockout (KO) mouse lines show impaired proliferation and
increased susceptibility towards parasitic infections (73, 89). Here, T cells under MFG-
E8-induced PKCB inhibition mimicked such phenotype of PKCO KO T cells thus far
described. | observed that, by impeding PKCO activation, ESC-derived MFG-E8 greatly
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dampened Th1 function and severely impaired Th2 and Th17 development. Smeets et al.
suggested that PMA alone stimulated a Th2 phenotype dependent solely on PKCB, but
PKCO and Lck had a synergistic effect in inducing Th1 responses (90). Additional studies
by Lee et al. further illustrated that synergistic inhibition of both PKCO and Akt was
crucial in completely blocking Th1 differentiation, whereas defects in PKCO only
suppressed Th2 but not Th1 differentiation (91). Unaffected T-bet gene expression but
suppressed Th1l function detected by IFNy production seems conflicting, but these
issues pertain uniquely to PKCO. One possible explanation may be due to the multiple
collaborative pathways in controlling Th1 differentiation, and this is supported by the
notion whereby PKCB is differentially required for each T cell subset differentiation (92—
94).

Duality of PKCO in Th17 and Treg differentiation is better understood. Kwon et al.
demonstrated that PKCO integrates signals received from TCR and Th17 priming
cytokines to promote Th17 differentiation (74). In contrast, PKCO inhibition drives Treg
functions (93). Of noteworthy, in MFG-E8 associated cancer researches, the loss of MFG-
E8 function using specific blocking antibody has been reported to increase tumor
destruction and decrease Treg activity (67, 95). In my present thesis, | found that
promotion of Treg but inhibition of Th17 differentiation by ESC-derived MFG-E8 was
facilitated via a PKCB dependent manner. All in all, arresting T effectors cell function and
proliferation while promoting Treg differentiation is imperative to the potent
immunosuppressive effects of ESCs. Through pinpointing a specific mediator, my study
provides a new mechanistic approach of ESC-derived MFG-E8 through inhibiting PKCO

activity to attenuate T cell responses.

(3) MFG-E8 up-regulation in view of allogeneic transplants

Using teratoma formation assay, in vivo experiments were designed to model the
process of allogeneic transplants of ESCs. Without applying any immunosuppressive

agents, allogeneic transplants would be rapidly rejected predominately facilitated by
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activation of recipient T cells responding to allogeneic MHC-peptide complex either
directly on allografts or indirectly through recipient APCs (96—-98). Although ESCs carry
low levels of MHCs on their surfaces, allogeneic ESCs still trigger significant and
progressive cellular immune responses causing cell loss following transplant. Studies
have shown that /n vivo differentiation of ESCs induces progression of host responses
coinciding with increasing expression of MHC and specific differentiation markers, and
therefore renders differentiated cells become increasingly immunogenic (99). Reduction
of graft size in allogeneic ESC transplants would start 2 week after injection with
progressive T cells infiltration (100, 101). As reflected in my in vivo studies,
implantations of B6 ESCs into syngeneic recipients were perfectly tolerated and led to
the generation of teratomas, whereas allogeneic Balb/c recipient mice rapidly rejected
B6-WT ESCs without forming any detectable teratomas. Importantly, the up-regulation
of MFG-E8 expression enabled B6-M ESCs to contained immune rejection to a tolerable
state and ensured formation of teratomas in 5 of 9 mice, which further amplify the

potent T cell immunosuppressive functions of MFG-E8 as proved in vitro.

(4) Future Directions

Data in current studies of ESC-mediated immunomodulation strongly suggests a shift
towards an anti-inflammatory/tolerant profile in response to ESC treatment. Though the
involvement of multiple surface molecules in such actions is conceivable and better
studied, the main proposed effects of soluble factor, MFG-E8, in ESCs here were the
inhibition of pro-inflammatory T cell activation and the induction of anti-inflammatory
Treg phenotype. In addition to its known functions in innate immune cells, MFG-E8
produced by ESC might signal to not only newly recruited T cells (paracrine) but also
localized innate immune cells in an autocrine loop to mediate and propagate the
immunomodulation. While these findings open new insights, they also raise several
guestions as needed to be addressed in future studies.

First of all, MFG-E8 and its integrin receptor signaling pathway have not been

well studied in T cells. | have explored that the mode of operation for MFG-E8 in T cells
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is to inhibit PKCB activity, and thereby limiting T cell responses. It would be critical to
map out the direct downstream molecules and investigate the mechanisms of how
integrin aVB3/aVR5 mediates inhibition on PKCB. Secondly, though MFG-E8 alone
mediates immunosuppressive functions, it may require combinational uses of minimal
immunomodulatory agents to facilitate the acceptance of allogeneic grafts completely.
As | observed partial restraints on Th1 function but not complete suppression of their
differentiation, introduction of CTLA-4 agonist or nondepleting antibodies for CD4 and
CD8 might generate additive beneficial effects on readily establishment of tolerance.
Moreover, concern over whether ESCs are more prone towards NK cells recognition due
to inherent low MHC expression is another challenge faced by regenerative medicine.
“Missing-self” theory states that, with down-regulated MHC molecules, cells would
evade T cell surveillance, but render them targets for NK cell recognition and killing.
However, Giuliani et al. reported disruption of NK cell immunological synapses and their
lysis machinery by human embryonic-derived MSCs and iPS-derived MSCs (102).
Therefore, investigating these unidentified inhibitory mechanisms that ESCs might
employ to escape NK cell recognition would be another direction to pursue. Finally, the
direct use of undifferentiated ESCs in tissue repair may not be clinical feasible. Hence,
investigation on whether sustaining elevated MFG-E8 in differentiated cells could

protect the grafts for immune rejection should be carried out.

(5) Concluding remarks

In short, a novel immunosuppressive mechanism on T cells by ESC-produced MFG-E8
has been elucidated in this thesis, through which ESCs negatively regulate T effector
cells and restore the balance of Treg. Further exploration of the beneficial effects of
sustained MFG-E8 expression in differentiated cells to overcome immune barrier and
establish transplant tolerance should be pursued. Therefore, via MFG-ES8, ESCs are
potential mean for modulation of immune responses and induction of tolerance and

thus offer solutions to autoimmune diseases and induction of tolerance.

73



Chapter 5. Reference:

1. Matis, L. A,, S. B. Sorger, D. L. McElligott, P. J. Fink, and S. M. Hedrick. 1987. The
Molecular Basis of Alloreactivity in Antigen-Specific, Mjor Histocompatibility Complex-
Restricted T cell Clones. Cell 51: 59-69.

2. Racioppi, L., F. Ronchese, R. H. Schwartz, and R. N. Germain. 1991. The molecular
basis of class Il MHC allelic control of T cell responses. J. Immunol. 147: 3718-3727.

3. Douek, D. C,, K. T. Corley, T. Zal, A. Mellor, P. J. Dyson, and D. M. Altmann. 1996.
Negative selection by endogenous antigen and superantigen occurs at multiple thymic
sites. Int. Immunol. 8: 1413-1420.

4. Liu, C.-P., F. Crawford, P. Marrack, and J. Kappler. 1998. T cell positive selection by a
high density, low affinity ligand. Proc. Natl. Acad. Sci. 95: 4522—-4526.

5.Pham, C. T.,and T. J. Ley. 1997. The role of granzyme B cluster proteases in cell-
mediated cytotoxicity. In Seminars in immunology vol. 9. Elsevier. 127-133.

6. Smith, K. M., L. Pottage, E. R. Thomas, A. J. Leishman, T. N. Doig, D. Xu, F. Y. Liew, and
P. Garside. 2000. Th1 and Th2 CD4+ T Cells Provide Help for B Cell Clonal Expansion and
Antibody Synthesis in a Similar Manner In Vivo. J. Immunol. 165: 3136-3144.

7.Tohma, S., S. Hirohata, and P. E. Lipsky. 1991. The role of CD11a/CD18-CD54
interactions in human T cell-dependent B cell activation. J. Immunol. 146: 492—499.

8. Tohma, S., and P. E. Lipsky. 1991. Analysis of the mechanisms of T cell-dependent
polyclonal activation of human B cells. Induction of human B cell responses by fixed
activated T cells. J. Immunol. 146: 2544-2552.

9. Bacher, M., C. N. Metz, T. Calandra, K. Mayer, J. Chesney, M. Lohoff, D. Gemsa, T.
Donnelly, and R. Bucala. 1996. An essential regulatory role for macrophage migration
inhibitory factor in T-cell activation. Proc. Natl. Acad. Sci. 93: 7849—-7854.

10. Springer, T. A. 1997. Traffic signals on endothelium for lymphocyte recirculation and
leukocyte emigration,. Marcel Dekker, Inc., NY.

11. Mosmann, T. R., H. Cherwinski, M. W. Bond, M. A. Giedlin, and R. L. Coffman. 1986.
Two types of murine helper T cell clone. I. Definition according to profiles of lymphokine
activities and secreted proteins. J. Immunol. 136: 2348-2357.

12. Paul, W. E., and R. A. Seder. 1994. Lymphocyte responses and cytokines. Cell 76:
241-251.

13. Paul, W. E., and R. A. Seder. 1994. Lymphocyte responses and cytokines. Cell 76:
241-251.

14. Zhu, J., and W. E. Paul. 2008. CD4 T cells: fates, functions, and faults. Blood 112:
1557-1569.

15. Zambrano-Zaragoza, J. F., E. J. Romo-Martinez, M. de J. Duran-Avelar, N. Garcia-
Magallanes, and N. Vibanco-Pérez. 2014. Th17 Cells in Autoimmune and Infectious
Diseases. Int. J. Inflamm. 2014: 1-12.

16. Harrington, L. E., R. D. Hatton, P. R. Mangan, H. Turner, T. L. Murphy, K. M. Murphy,
and C. T. Weaver. 2005. Interleukin 17—producing CD4+ effector T cells develop via a
lineage distinct from the T helper type 1 and 2 lineages. Nat. Immunol. 6: 1123-1132.

74



17. Sakaguchi, S., N. Sakaguchi, M. Asano, M. Itoh, and M. Toda. 1995. Immunologic self-
tolerance maintained by activated T cells expressing IL-2 receptor alpha-chains (CD25).
Breakdown of a single mechanism of self-tolerance causes various autoimmune
diseases. J. Immunol. 155: 1151-1164.

18. Marrack, P., E. Kushnir, W. Born, M. McDuffie, and J. Kappler. 1988. The
development of helper T cell precursors in mouse thymus. J. Immunol. 140: 2508-2514.
19. Itoh, M., T. Takahashi, N. Sakaguchi, Y. Kuniyasu, J. Shimizu, F. Otsuka, and S.
Sakaguchi. 1999. Thymus and autoimmunity: production of CD25+ CD4+ naturally
anergic and suppressive T cells as a key function of the thymus in maintaining
immunologic self-tolerance. J. Immunol. 162: 5317-5326.

20. Martin, R., B. Gran, Y. Zhao, S. Markovic-Plese, B. Bielekova, A. Marques, M.-H. Sung,
B. Hemmer, R. Simon, H. F. McFarland, and C. Pinilla. 2001. Molecular Mimicry and
Antigen-Specific T Cell Responses in Multiple Sclerosis and Chronic CNS Lyme Disease. J.
Autoimmun. 16: 187-192.

21. Hori, S. 2003. Control of Regulatory T Cell Development by the Transcription Factor
Foxp3. Science 299: 1057-1061.

22. Firestein, G. S. 2005. Immunologic Mechanisms in the Pathogenesis of Rheumatoid
Arthritis: JCR J. Clin. Rheumatol. 11: S39-544.

23.Yu, Z., M. R. Theoret, C. E. Touloukian, D. R. Surman, S. C. Garman, L. Feigenbaum, T.
K. Baxter, B. M. Baker, and N. P. Restifo. 2004. Poor immunogenicity of a self/tumor
antigen derives from peptide—MHC-I instability and is independent of tolerance. J. Clin.
Invest. 114: 551-559.

24. Abdulahad, W. H., A. M. H. Boots, and C. G. M. Kallenberg. 2011. FoxP3+ CD4+ T cells
in systemic autoimmune diseases: the delicate balance between true regulatory T cells
and effector Th-17 cells. Rheumatology 50: 646—656.

25. Dollinger, M. M., E. M. Sarah, J. N. Plevris, A. M. Graham, P. C. Hayes, and D. J.
Harrison. 1998. Intrahepatic proliferation of “naive”and “memory”T cells during liver
allograft rejection: primary immune response within the allograft. FASEB J. 12: 939-947.
26. Ibrahim, S., D. V. Dawson, P. Van Trigt, and F. Sanfilippo. 1993. Differential
infiltration by CD45R0 and CD45RA subsets of T cells associated with human heart
allograft rejection. Am. J. Pathol. 142: 1794.

27. Ibrahim, S., D. V. Dawson, and F. Sanfilippo. 1995. Predominant infiltration of
rejecting human renal allografts with T cells expressing CD8 and CD45RO.
Transplantation 59: 724-8.

28. Fisher, L. R, K. S. Henley, and M. R. Lucey. 1995. Acute cellular rejection after liver
transplantation: variability, morbidity, and mortality. Liver Transpl. Surg. 1: 10-15.

29. Neumann, U. P., J. M. Langrehr, and P. Neuhaus. 2002. Chronic Rejection after
Human Liver Transplantation. Graft 5: 102-107.

30. Thomson, J. A. 1998. Embryonic Stem Cell Lines Derived from Human Blastocysts.
Science 282: 1145-1147.

31. Baldwin, T. 2009. Morality and human embryo research. EMBO Rep. 10: 299-300.
32. Takahashi, K., and S. Yamanaka. 2006. Induction of Pluripotent Stem Cells from
Mouse Embryonic and Adult Fibroblast Cultures by Defined Factors. Cell 126: 663—676.

75



33. Guleria, I., and M. H. Sayegh. 2007. Maternal Acceptance of the Fetus: True Human
Tolerance. J. Immunol. 178: 3345-3351.

34. King, A., T. D. Burrows, S. E. Hiby, J. M. Bowen, S. Joseph, S. Verma, P. B. Lim, L.
Gardner, P. Le Bouteiller, A. Ziegler, B. Uchanska-Ziegler, and Y. W. Loke. 2000. Surface
Expression of HLA-C Antigen by Human Extravillous Trophoblast. Placenta 21: 376-387.
35. Ishitani, A., N. Sageshima, N. Lee, N. Dorofeeva, K. Hatake, H. Marquardt, and D. E.
Geraghty. 2003. Protein Expression and Peptide Binding Suggest Unique and Interacting
Functional Roles for HLA-E, F, and G in Maternal-Placental Immune Recognition. J.
Immunol. 171: 1376-1384.

36. Munn, D. H. 1998. Prevention of Allogeneic Fetal Rejection by Tryptophan
Catabolism. Science 281: 1191-1193.

37. Hunt, J. S., D. Vassmer, T. A. Ferguson, and L. Miller. 1997. Fas ligand is positioned in
mouse uterus and placenta to prevent trafficking of activated leukocytes between the
mother and the conceptus. J. Immunol. 158: 4122-4128.

38. Aluvihare, V. R., M. Kallikourdis, and A. G. Betz. 2004. Regulatory T cells mediate
maternal tolerance to the fetus. Nat. Immunol. 5: 266-271.

39. Zenclussen, A. C., K. Gerlof, M. L. Zenclussen, A. Sollwedel, A. Z. Bertoja, T. Ritter, K.
Kotsch, J. Leber, and H.-D. Volk. 2005. Abnormal T-cell reactivity against paternal
antigens in spontaneous abortion: adoptive transfer of pregnancy-induced CD4+ CD25+
T regulatory cells prevents fetal rejection in a murine abortion model. Am. J. Pathol. 166:
811-822.

40. Somerset, D. A., Y. Zheng, M. D. Kilby, D. M. Sansom, and M. T. Drayson. 2004.
Normal human pregnancy is associated with an elevation in the immune suppressive
CD25+ CD4+ regulatory T-cell subset. Immunology 112: 38-43.

41. Sasaki, Y. 2004. Decidual and peripheral blood CD4+CD25+ regulatory T cells in early
pregnancy subjects and spontaneous abortion cases. Mol. Hum. Reprod. 10: 347-353.
42. Guleria, I. 2005. A critical role for the programmed death ligand 1 in fetomaternal
tolerance. J. Exp. Med. 202: 231-237.

43. Bradley, J. A., E. M. Bolton, and R. A. Pedersen. 2002. Stem cell medicine encounters
the immune system. Nat. Rev. Immunol. 2: 859-871.

44, Drukker, M., G. Katz, A. Urbach, M. Schuldiner, G. Markel, J. Itskovitz-Eldor, B.
Reubinoff, O. Mandelboim, and N. Benvenisty. 2002. Characterization of the expression
of MHC proteins in human embryonic stem cells. Proc. Natl. Acad. Sci. 99: 9864—9869.
45. Fandrich, F., X. Lin, G. X. Chai, M. Schulze, D. Ganten, M. Bader, J. Holle, D.-S. Huang,
R. Parwaresch, N. Zavazava, and others. 2002. Preimplantation-stage stem cells induce
long-term allogeneic graft acceptance without supplementary host conditioning. Nat.
Med. 8: 171-178.

46. Robertson, N. J., F. A. Brook, R. L. Gardner, S. P. Cobbold, H. Waldmann, and P. J.
Fairchild. 2007. Embryonic stem cell-derived tissues are immunogenic but their inherent
immune privilege promotes the induction of tolerance. Proc. Natl. Acad. Sci. 104:
20920-20925.

47. Koch, C. A., P. Geraldes, and J. L. Platt. 2008. Immunosuppression by Embryonic
Stem Cells. Stem Cells 26: 89-98.

76



48. Cao, F. 2006. In Vivo Visualization of Embryonic Stem Cell Survival, Proliferation, and
Migration After Cardiac Delivery. Circulation 113: 1005-1014.

49. Brissette, M.-J., S. Lepage, A.-S. Lamonde, I. Sirois, J. Groleau, L.-P. Laurin, and J.-F.
Cailhier. 2012. MFG-E8 Released by Apoptotic Endothelial Cells Triggers Anti-
Inflammatory Macrophage Reprogramming. PLoS ONE 7: e36368.

50. Jinushi, M., Y. Nakazaki, M. Dougan, D. R. Carrasco, M. Mihm, and G. Dranoff. 2007.
MFG-E8—mediated uptake of apoptotic cells by APCs links the pro- and antiinflammatory
activities of GM-CSF. J. Clin. Invest. 117: 1902-1913.

51. Yang, C., T. Hayashida, N. Forster, C. Li, D. Shen, S. Maheswaran, L. Chen, K. S.
Anderson, L. W. Ellisen, D. Sgroi, and E. V. Schmidt. 2010. The Integrin v 3-5 Ligand MFG-
E8 Is a p63/p73 Target Gene in Triple-Negative Breast Cancers but Exhibits Suppressive
Functions in ER+ and erbB2+ Breast Cancers. Cancer Res. 71: 937-945.

52. Denzer, K., M. J. Kleijmeer, H. F. Heijnen, W. Stoorvogel, and H. J. Geuze. 2000.
Exosome: from internal vesicle of the multivesicular body to intercellular signaling
device. J. Cell Sci. 113: 3365—-3374.

53. Cheyuo, C., A. Jacob, R. Wu, M. Zhou, L. Qi, W. Dong, Y. Ji, W. W. Chaung, H. Wang, J.
Nicastro, G. F. Coppa, and P. Wang. 2012. Recombinant human MFG-E8 attenuates
cerebral ischemic injury: Its role in anti-inflammation and anti-apoptosis.
Neuropharmacology 62: 890-900.

54. Hanayama, R., M. Tanaka, K. Miwa, A. Shinohara, A. Iwamatsu, and S. Nagata. 2002.
Identification of a factor that links apoptotic cells to phagocytes. Nature 417: 182—-187.
55. Ye, H., B. Li, V. Subramanian, B.-H. Choi, Y. Liang, A. Harikishore, G. Chakraborty, K.
Baek, and H. S. Yoon. 2013. NMR solution structure of C2 domain of MFG-E8 and
insights into its molecular recognition with phosphatidylserine. Biochim. Biophys. Acta
BBA - Biomembr. 1828: 1083—-1093.

56. Mukundan, L., J. |. Odegaard, C. R. Morel, J. E. Heredia, J. W. Mwangi, R. R. Ricardo-
Gonzalez, Y. P. S. Goh, A. R. Eagle, S. E. Dunn, J. U. H. Awakuni, K. D. Nguyen, L.
Steinman, S. A. Michie, and A. Chawla. 2009. PPAR-6 senses and orchestrates clearance
of apoptotic cells to promote tolerance. Nat. Med. 15: 1266-1272.

57. Wang. 1998. Maturation-induced down-regulation of MFG-E8 impairs apoptotic cell
clearance and enhances endotoxin response. Int. J. Mol. Med. .

58. Aziz, M. M., S. Ishihara, Y. Mishima, N. Oshima, |. Moriyama, T. Yuki, Y. Kadowaki, M.
A. K. Rumi, Y. Amano, and Y. Kinoshita. 2009. MFG-E8 Attenuates Intestinal
Inflammation in Murine Experimental Colitis by Modulating Osteopontin-Dependent v 3
Integrin Signaling. J. Immunol. 182: 7222-7232.

59. Friggeri, A., Y. Yang, S. Banerjee, Y.-J. Park, G. Liu, and E. Abraham. 2010. HMGB1
inhibits macrophage activity in efferocytosis through binding to the v 3-integrin. AJP Cell
Physiol. 299: C1267-C1276.

60. Neutzner, M., T. Lopez, X. Feng, E. S. Bergmann-Leitner, W. W. Leitner, and M. C.
Udey. 2007. MFG-E8/lactadherin promotes tumor growth in an angiogenesis-dependent
transgenic mouse model of multistage carcinogenesis. Cancer Res. 67: 6777—6785.

61. Tibaldi, L., S. Leyman, A. Nicolas, S. Notebaert, M. Dewulf, T. H. Ngo, C. Zuany-
Amorim, N. Amzallag, |. Bernard-Pierrot, and X. Sastre-Garau. 2013. New blocking
antibodies impede adhesion, migration and survival of ovarian cancer cells, highlighting

77



MFGES8 as a potential therapeutic target of human ovarian carcinoma. PloS One 8:
e72708.

62. Yamaguchi, H., J. Takagi, T. Miyamae, S. Yokota, T. Fujimoto, S. Nakamura, S.
Ohshima, T. Naka, and S. Nagata. 2008. Milk fat globule EGF factor 8 in the serum of
human patients of systemic lupus erythematosus. J. Leukoc. Biol. 83: 1300-1307.

63. Peng, Y., and K. B. Elkon. 2011. Autoimmunity in MFG-E8—deficient mice is
associated with altered trafficking and enhanced cross-presentation of apoptotic cell
antigens. J. Clin. Invest. 121: 2221-2241.

64. Baghdadi, M., S. Chiba, T. Yamashina, H. Yoshiyama, and M. Jinushi. 2012. MFG-E8
Regulates the Immunogenic Potential of Dendritic Cells Primed with Necrotic Cell-
Mediated Inflammatory Signals. PLoS ONE 7: e39607.

65. Dai, W.,, Y. Li, Y. Lv, C. Wei, and H. Zheng. 2014. The roles of a novel anti-
inflammatory factor, milk fat globule-epidermal growth factor 8, in patients with
coronary atherosclerotic heart disease. Atherosclerosis 233: 661-665.

66. Luzina, I. G., N. W. Todd, N. Nacu, V. Lockatell, J. Choi, L. K. Hummers, and S. P.
Atamas. 2009. Regulation of pulmonary inflammation and fibrosis through expression of
integrins aVB3 and aVB5 on pulmonary T lymphocytes. Arthritis Rheum. 60: 1530-1539.
67. Jinushi, M., M. Sato, A. Kanamoto, A. Itoh, S. Nagai, S. Koyasu, G. Dranoff, and H.
Tahara. 2009. Milk fat globule epidermal growth factor-8 blockade triggers tumor
destruction through coordinated cell-autonomous and immune-mediated mechanisms.
J. Exp. Med. 206: 1317-1326.

68. Zhao, J., X. Ma, Z. Li, R. Deng, S. Wang, G. Shen, J. Zhang, F. Wang, B. Zhang, and Y.
Wei. 2014. Down-regulation of MFG-E8 by RNA interference combined with doxorubicin
triggers melanoma destruction. Clin. Exp. Med. .

69. Brook, F. A., and R. L. Gardner. 1997. The origin and efficient derivation of embryonic
stem cells in the mouse. Proc. Natl. Acad. Sci. 94: 5709-5712.

70. Doetschman, T. C., H. Eistetter, M. Katz, W. Schmidt, and R. Kemler. 1985. The in
vitro development of blastocyst-derived embryonic stem cell lines: formation of visceral
yolk sac, blood islands and myocardium. J. Embryol. Exp. Morphol. 87: 27-45.

71. Mohib, K., B. AlKhamees, H. S. Zein, D. Allan, and L. Wang. 2012. Embryonic Stem
Cell-Derived Factors Inhibit T Effector Activation and Induce T Regulatory Cells by
Suppressing PKC-6 Activation. PLoS ONE 7: e32420.

72. Healy, A. M., E. Izmailova, M. Fitzgerald, R. Walker, M. Hattersley, M. Silva, E.
Siebert, J. Terkelsen, D. Picarella, M. D. Pickard, B. LeClair, S. Chandra, and B. Jaffee.
2006. PKC- -Deficient Mice Are Protected from Th1-Dependent Antigen-Induced
Arthritis. J. Immunol. 177: 1886—1893.

73. Anderson, K., M. Fitzgerald, M. DuPont, T. Wang, N. Paz, M. Dorsch, A. Healy, Y. Xu,
T. Ocain, L. Schopf, B. Jaffee, and D. Picarella. 2006. Mice deficient in PKC theta
demonstrate impaired in vivo T cell activation and protection from T cell-mediated
inflammatory diseases. Autoimmunity 39: 469—-478.

74. Kwon, M.-J., J. Ma, Y. Ding, R. Wang, and Z. Sun. 2012. Protein Kinase C- Promotes
Th17 Differentiation via Upregulation of Stat3. J. Immunol. 188: 5887-5897.

75. Roybal, K. T., and C. Wulfing. 2010. Inhibiting the inhibitor of the inhibitor: blocking
PKC-S{SthetaS}S to enhance regulatory T cell function. Sci. Signal. 3: pe24.

78



76. Lighvani, A., D. Frucht, D. Jankovic, H. Yamane, J. Aliberti, B. Hissong, B. Nguyen, M.
Gadina, A. Sher, W. Paul, and J. O’Shea. 2001. T-bet is rapidly induced by interferon-
gamma in lymphoid and myeloid cells. Proc. Natl. Acad. Sci. 98: 15137-42.

77.Szabo, S., S. Kim, G. Costa, X. Zhang, C. Fathman, and L. Glimcher. 100AD. A Novel
Transcription Factor, T-bet, Directs Th1 Lineage Commitment. Cell 100: 655-69.

78. Zheng, W., and R. A. Flavell. 1997. The transcription factor GATA-3 is necessary and
sufficient for Th2 cytokine gene expression in CD4 T cells. Cell 89: 587-596.

79. Finkelman, F. D., T. Shea-Donohue, S. C. Morris, L. Gildea, R. Strait, K. B. Madden, L.
Schopf, and J. F. Urban. 2004. Interleukin-4-and interleukin-13-mediated host protection
against intestinal nematode parasites. Immunol. Rev. 201: 139-155.

80. Abad, M., L. Mosteiro, C. Pantoja, M. Cafiamero, T. Rayon, I. Ors, O. Graiia, D.
Megias, O. Dominguez, D. Martinez, M. Manzanares, S. Ortega, and M. Serrano. 2013.
Reprogramming in vivo produces teratomas and iPS cells with totipotency features.
Nature 502: 340-345.

81. Zhao, T., Z.-N. Zhang, Z. Rong, and Y. Xu. 2011. Immunogenicity of induced
pluripotent stem cells. Nature 474: 212-215.

82. Huang, S., R. I. Endo, and G. R. Nemerow. 1995. Upregulation of integrins alpha v
beta 3 and alpha v beta 5 on human monocytes and T lymphocytes facilitates
adenovirus-mediated gene delivery. J. Virol. 69: 2257-2263.

83. Luzina, I. G., N. W. Todd, N. Nacu, V. Lockatell, J. Choi, L. K. Hummers, and S. P.
Atamas. 2009. Regulation of pulmonary inflammation and fibrosis through expression of
integrins aVB3 and aVB5 on pulmonary T lymphocytes. Arthritis Rheum. 60: 1530-1539.
84. Aziz, M., A. Jacob, A. Matsuda, R. Wu, M. Zhou, W. Dong, W.-L. Yang, and P. Wang.
2011. Pre-Treatment of Recombinant Mouse MFG-E8 Downregulates LPS-Induced TNF-a
Production in Macrophages via STAT3-Mediated SOCS3 Activation. PLoS ONE 6: e27685.
85. Valencia, X. 2006. TNF downmodulates the function of human CD4+CD25hi T-
regulatory cells. Blood 108: 253-261.

86. Zanin-Zhorov, A., Y. Ding, S. Kumari, M. Attur, K. L. Hippen, M. Brown, B. R. Blazar, S.
B. Abramson, J. J. Lafaille, and M. L. Dustin. 2010. Protein Kinase C- Mediates Negative
Feedback on Regulatory T Cell Function. Science 328: 372—-376.

87.Bu, H.-F., X.-L. Zuo, X. Wang, M. A. Ensslin, V. Koti, W. Hsueh, A. S. Raymond, B. D.
Shur, and X.-D. Tan. 2007. Milk fat globule—EGF factor 8/lactadherin plays a crucial role
in maintenance and repair of murine intestinal epithelium. J. Clin. Invest. .

88. Mellor, H., and P. Parker. 1998. The extended protein kinase C superfamily. Biochem
J332:281-292.

89. Marsland, B. J. 2004. Protein Kinase C Is Critical for the Development of In Vivo T
Helper (Th)2 Cell But Not Th1l Cell Responses. J. Exp. Med. 200: 181-189.

90. Smeets, R. L., W. W. Fleuren, X. He, P. M. Vink, F. Wijnands, M. Gorecka, H. Klop, S.
Bauerschmidt, A. Garritsen, and H. J. Koenen. 2012. Molecular pathway profiling of T
lymphocyte signal transduction pathways; Th1l and Th2 genomic fingerprints are defined
by TCR and CD28-mediated signaling. BMC Immunol. 13: 12.

91. Lee, K., P. Gudapati, S. Dragovic, C. Spencer, S. Joyce, N. Killeen, M. A. Magnuson,
and M. Boothby. 2010. Mammalian Target of Rapamycin Protein Complex 2 Regulates

79



Differentiation of Thl and Th2 Cell Subsets via Distinct Signaling Pathways. Immunity 32:
743-753.

92. Marsland, B. J., and M. Kopf. 2008. T-cell fate and function: PKC-8 and beyond.
Trends Immunol. 29: 179-185.

93. Ma, J., Y. Ding, X. Fang, R. Wang, and Z. Sun. 2012. Protein Kinase C- Inhibits
Inducible Regulatory T Cell Differentiation via an AKT-Foxo1/3a-Dependent Pathway. J.
Immunol. 188: 5337-5347.

94. Marsland, B. J., C. Nembrini, N. Schmitz, B. Abel, S. Krautwald, M. F. Bachmann, and
M. Kopf. 2005. Innate signals compensate for the absence of PKC-Speta$ during in vivo
CD8+ T cell effector and memory responses. Proc. Natl. Acad. Sci. U. S. A. 102: 14374—
14379.

95. Jinushi, M., S. Chiba, H. Yoshiyama, K. Masutomi, I. Kinoshita, H. Dosaka-Akita, H.
Yagita, A. Takaoka, and H. Tahara. 2011. Tumor-associated macrophages regulate
tumorigenicity and anticancer drug responses of cancer stem/initiating cells. Proc. Natl.
Acad. Sci. 108: 12425-12430.

96. Singer, A., T. Munitz, H. Golding, A. Rosenberg, and T. Mizuochi. 1987. Recognition
requirements for the activation, differentiation and function of T-helper cells specific for
class | MHC alloantigens. Immunol. Rev. 143-70.

97. Lindahl, K., and D. Wilson. 1977. Histocompatibility antigen-activated cytotoxic T
lymphocytes. I. Estimates of the absolute frequency of killer cells generated in vitro. J.
Exp. Med. 145: 500-7.

98. Bolton, E., H. Armstrong, J. Briggs, and J. Bradley. 1987. Cellular requirements for
first-set renal allograft rejection. Transplant. Proc. 19: 321-3.

99. Fairchild, P., N. Robertson, S. Minger, and H. Waldmann. 2007. Embryonic stem cells:
protecting pluripotency from alloreactivity. Curr. Opin. Immunol. 19: 596—602.

100. Swijnenburg, R.-J., M. Tanaka, H. Vogel, J. Baker, T. Kofidis, F. Gunawan, D. R. Lebl,
A. D. Caffarelli, J. L. de Bruin, E. V. Fedoseyeva, and others. 2005. Embryonic stem cell
immunogenicity increases upon differentiation after transplantation into ischemic
myocardium. Circulation 112: |-166.

101. Kofidis, T., J. L. deBruin, M. Tanaka, M. Zwierzchoniewska, |I. Weissman, E.
Fedoseyeva, A. Haverich, and R. C. Robbins. 2005. They are not stealthy in the heart:
embryonic stem cells trigger cell infiltration, humoral and T-lymphocyte-based host
immune response vr. Eur. J. Cardiothorac. Surg. 28: 461-466.

102. Giuliani, M., N. Oudrhiri, Z. M. Noman, A. Vernochet, S. Chouaib, B. Azzarone, A.
Durrbach, and A. Bennaceur-Griscelli. 2011. Human mesenchymal stem cells derived
from induced pluripotent stem cells down-regulate NK-cell cytolytic machinery. Blood
118: 3254-3262.

80



Chapter 6. Contributions of Collaborator

Preliminary data described in the result section were completed by a previous lab
member, Bodour AlKkhamees, all of which have been included in her thesis in 2012.

81



Chapter 7. Appendix

MFG-E8 plasmid map
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