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Abstract: 
Embryonic	
  stem	
  cells	
  (ESC)	
  possess	
  immune	
  privileged	
  properties	
  and	
  have	
  the	
  
capacity	
  to	
  modulate	
  immune	
  activation.	
  ESCs	
  can	
  persist	
  across	
  allogeneic	
  
immunological	
  barriers,	
  prevent	
  lymphocyte	
  proliferation	
  in	
  mixed	
  lymphocyte	
  
reaction	
  (MLR)	
  assays	
  and	
  can	
  promote	
  graft	
  acceptance.	
  However,	
  clinical	
  application	
  
of	
  live	
  ESC	
  to	
  treat	
  immunological	
  disorders	
  is	
  not	
  feasible	
  as	
  live	
  ESC	
  can	
  form	
  
teratoma	
  in-­‐vivo.	
  In	
  order	
  to	
  harness	
  these	
  properties	
  of	
  ESCs	
  without	
  adverse	
  risk	
  to	
  
patients,	
  we	
  hypothesized	
  that	
  ESC	
  derived	
  extracts	
  may	
  retain	
  immune	
  modulatory	
  
properties	
  of	
  whole	
  cells	
  and	
  therefore	
  could	
  be	
  used	
  to	
  abrogate	
  allo-­‐immune	
  
responses.	
  We	
  found	
  addition	
  of	
  ESC-­‐extracts	
  from	
  human	
  lines	
  H1	
  and	
  H9,	
  
significantly	
  prevented	
  T	
  cell	
  proliferation	
  in	
  allogeneic	
  MLRs.	
  These	
  results	
  were	
  
confirmed	
  using	
  murine	
  J1	
  ESC	
  line.	
  In-­‐vitro	
  studies	
  showed	
  human	
  ESC	
  EXT	
  were	
  able	
  
to	
  modulate	
  maturation	
  of	
  human	
  monocyte	
  derived	
  dendritic	
  cells	
  (DC)	
  by	
  
suppressing	
  up-­‐regulation	
  of	
  important	
  co-­‐stimulatory	
  and	
  maturation	
  markers	
  CD80,	
  
HLA-­‐DR	
  and	
  CD83.	
  In	
  addition,	
  DCs	
  educated	
  in	
  the	
  presence	
  of	
  human	
  ESC	
  extracts	
  
significantly	
  lost	
  their	
  ability	
  to	
  stimulate	
  purified	
  allogeneic	
  T	
  cells	
  compared	
  to	
  
control	
  extract	
  treated	
  DCs.	
  We	
  also	
  determined	
  that	
  ESC	
  extracts	
  have	
  an	
  independent	
  
effect	
  on	
  T	
  cells.	
  ESC	
  extracts	
  prevented	
  T	
  cell	
  proliferation	
  in	
  response	
  to	
  anti	
  
CD3/CD28	
  stimulation.	
  In	
  MLRs,	
  ESC	
  derived	
  factors	
  significantly	
  down-­‐regulated	
  IL-­‐2	
  
and	
  IFN-­‐γ	
  expression,	
  while	
  up-­‐regulating	
  TGF-­‐β	
  and	
  Foxp3	
  expression.	
  Furthermore,	
  
lymphocytes	
  and	
  purified	
  T	
  cells	
  activated	
  with	
  anti-­‐CD3/CD28,	
  ConA	
  and	
  PMA	
  
proliferated	
  poorly	
  in	
  the	
  presence	
  of	
  ESC	
  derived	
  factors,	
  while	
  proliferation	
  in	
  
response	
  to	
  ionomycin	
  was	
  not	
  affected.	
  	
  Western	
  blot	
  analysis	
  indicated	
  that	
  ESC	
  
derived	
  factors	
  prevented	
  PKC-­‐θ	
  phosphorylation	
  without	
  influencing	
  total	
  PKC-­‐θ	
  
levels.	
  Moreover,	
  IκB-­‐α	
  degradation	
  was	
  abrogated,	
  confirming	
  absence	
  of	
  PKC-­‐θ	
  
activity.	
  Therefore,	
  ESC	
  extracts	
  have	
  potent	
  immune	
  suppressive	
  properties	
  and	
  may	
  
have	
  clinical	
  applications	
  in	
  ameliorating	
  transplant	
  rejection	
  and	
  autoimmune	
  
conditions.	
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Chapter 1. Introduction: 
Overview: 

The isolation of the first embryonic stem cell lines may be one of the most 

important advancements in modern biology 1-4. Embryonic stem cells (ESC) are 

defined by their unique properties of unlimited proliferation (self-renewal) in vitro, 

ability to differentiate into almost any adult cell type derived from three germ layers 

(pluripotency) and capacity to contribute to chimera when injected into a developing 

embryo 1-5. These properties make ESCs an invaluable tool in developmental and 

cellular biology and regenerative medicine. As a result, important and otherwise 

hard to study aspects of development can be elucidated using ESCs 5-12. Moreover, 

rare and difficult to isolate populations of adult stem cells can now be generated in 

large numbers for further molecular and genetic studies 5, 8, 13-16. Finally, ESCs may 

provide cures for a variety of degenerative disease through cell replacement 

therapy 13, 14, 17-20.  

The unique properties of human ESCs have led many stem cell researchers 

to focus their studies on pathways that induce differentiation of ESCs into specific 

cell types, such as neuronal, hematopoietic, hepatic, and insulin producing 

pancreatic β-cells 7, 8, 13, 14, 16, 21, 22. With ongoing research and improvement of 

differentiation protocols, the clinical use of stem cell based cell replacement 

therapies is impending. Along with this prospect an important obstacle facing 

cellular and tissue transplantation will be immune rejection. Undoubtedly, ESC-

derived tissues and cells will be recognized as allogeneic cells by the immune 

system, leading to an inflammatory response. In order to address this inevitable 
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problem various strategies have been devised which may be able to circumvent 

immune rejection including the use of clinically established immune suppressive 

drugs, development of a large stem cell bank that would cover most human 

leukocyte antigen (HLA) diversity in order to escape immune recognition, somatic 

nuclear transfer, and finally customized patient specific ESC through induced 

pluripotent stem cells (IPS) 19, 23-28. However, the aforementioned strategies may 

have major limitations that will limit their use in a clinical setting. For example, the 

use of immune suppressive drugs can result in organ toxicity and suppression of the 

immune system thereby increasing susceptibility to infection and incidence of 

cancer 29-32. On the other hand, creating a stem cell bank may not be feasible since 

the human HLA genes are one of the most polymorphic genes. At the same time it 

is currently a formidable task to take into account minor histocompatibility antigens, 

which contribute to chronic rejection 33-36. Moreover, ethical issues hinder use of 

somatic nuclear transfer, as it involves the same process that can be used for 

human cloning, while the use IPS are plagued by uncertainty about their true stem 

cell like qualities raising questions about their pluripotency and long term genomic 

stability 37-39. Therefore, further strategies aimed at preventing immune rejection of 

stem cell derived tissues are needed.  

In an attempt to decipher the outcome of ESC transplantation, various 

groups have studied the interaction between ESCs and allo-immune cells. 

Surprisingly, it was elucidated that unlike their differentiated counterparts, 

undifferentiated ESC possess immune privileged properties similar to fetal tissues 

during pregnancy 40-52. ESCs were capable of surviving across allogeneic barrier 
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and persisted in immune competent hosts over a prolonged period without inducing 

immune activation 40, 41, 43, 44. Hence, undifferentiated ESCs were found to be 

immunologically inert. Beyond their inability to evoke an immune response and 

survive in an allogeneic environment, undifferentiated ESCs were also able to 

actively inhibit or modulate the immune system to a state of reduced 

responsiveness 40, 41, 43, 44, 52. ESCs have been shown to inhibit T cell proliferation 

even in the presence of third party antigen presenting cells, indicating that they may 

have the capacity to induce a tolerant state 40, 41, 43, 44, 52. Significantly, rat-ESCs 

appear to protect a co-transplanted solid organ from immune rejection for a 

prolonged period of time 43. Therefore, ESCs possess powerful immune modulatory 

properties that alter normal immune responses thereby providing protection to the 

cells themselves as well other allogeneic cells and organs.  

Harnessing the immune properties of ESC may have important applications 

in auto-immunity, transplantation and chronic inflammatory conditions. However, 

several major obstacles impede clinical application of live ESCs. The greatest risk 

associated with undifferentiated ESC infusion into humans is the formation of 

teratoma or ectopic tissue masses 1-4, 24, 25, 27, 53-55. Most alarming, there exists a 

direct correlation between the number of ESCs transplanted and the incidence of 

teratoma occurrence in recipients 44. Teratomas present a danger to the patient due 

to a number of causes. This includes aberrant growth that results in local tissue 

dysfunction, risk of malignant transformation and growth to the point where it 

becomes unresectable 17, 56, 57. As such, the ability of ESC to give rise to teratoma 

continues to be a major issue identified by the International Society for Stem Cell 
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Research (ISSCR) in the usage of ESC in the clinic 58, 59. Additional formidable 

deterrents to ESC-based therapies are associated with logistics that include the 

high cost of creating specialized facilities, regulatory issues and employing trained 

personnel for cell preparation. Therefore, ESC therapies may not be feasible at the 

moment due to serious risk to the patient, logistical difficulties and high cost. 

Hypothesis: 
	
  

In order to overcome the hurdles facing the use of ESC based therapies we 

hypothesized that ESC derived extracts will retain immune modulatory properties of 

whole cells and therefore could be used to abrogate allo-immune responses. 

 The purpose of the remainder of this introduction will be to provide more 

detailed information on the basic properties of ESC, expand on their ability to 

modulate immune responses and outline the rationale for the use of ESC extracts 

as an innovative approach in treating immune-based conditions while overcoming 

the dangerous risk of using whole cells.  

Embryonic stem cells are defined by their unique properties: 

 Embryonic stem cells possess unique properties that differentiate them from 

other types of stem cells that have been previously defined. This section will 

describe and highlight the importance of these properties. There are three defining 

properties of ESCs: 1) ESCs are derived from cells from a pre-implantation embryo, 

2) they have unlimited capacity to proliferate in-vitro and self-renew and 3) they can 

give rise to all three germ layers.  
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Derivation of embryonic stem cells: 

 Embryonic stem cells are isolated from the inner cell mass (ICM) of a pre-

implantation blastocyst 1-4, 43. The primary method used to isolate ESC from 

primates and humans consists of obtaining six-day old blastocysts 3, 4. 

Subsequently the ICM of the blastocyst is isolated by what has been termed 

“immuno-surgery” 3, 4. The outer cells are removed by the addition of antibodies 

specific to the trophoectoderm that makes up this layer. After antibody binding, 

complement is added causing apoptosis of the trophoectoderm cells thereby 

releasing the ICM 3, 4. An alternate method used to isolated ESC consists of 

dissociating the blastocyst without removing the trophoectoderm. With this method 

the cells need to be separated through sub-culturing techniques in order to obtain 

ICM cells 1. A similar method is used for the isolation of mouse ESC-like cells 

(termed epiblast stem cells) except pre-implantation blastocysts are obtained at day 

3.5 instead of day 6 1, 2. Regardless of the methods to obtain ICM cells, ESCs are 

then maintained on mouse embryonic fibroblast (MEF) feeder cells until sufficient 

numbers are generated 1-4.  

In order to determine whether ESCs were isolated from the ICM, several cell 

surface and intracellular markers can be used. Human and primate ESC are 

characterized by surface expression of stage specific embryonic antigen-3 (SSEA-

3), SSEA-4, TRA-1-60, and TRA-1-81 3. Intracellularly, ESCs are characterized by 

transcription factors Oct-4 and Nanog, alkaline phosphatase and the expression of 

telomerase 3, 4, 60-62. Murine ESCs isolation can be validated by expression of Oct-4, 

Nanog and alkaline phosphatase and SSEA-1 instead of SSEA-3 or SSEA-4 60-64. 
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Characterizing the expression of above markers can be used as indicators of the 

quality of ESC cell lines. Low levels of Oct-4, Nanog or alkaline phosphatase 

expression in a cell line could have an effect on genetic as well as epigenetic 

stability and have an enormous impact on long term maintenance and 

differentiation, therefore affecting its potential application in a clinical setting 60-62, 65-

67. 

Unlimited capacity to proliferate and self-renew in-vitro: 

 The capacity of ESCs to proliferate indefinitely and self-renew in-vitro may be 

one of the most useful and important characteristic of the cells. ESCs remain stable 

in culture without senescence 1-4. In contrast, most other isolated adult stem cells 

and primary cells are hard to maintain for long-term and are often limited to a few 

passages 68. For example, mesenchymal stem cells, isolated from bone marrow, 

can be maintained in culture for about 12 to 15 passages 69 (personal observation). 

In contrast, ESCs can be maintained in culture for over several years and hundreds 

of passages 1-4, 70, 71. ESCs have a rapid cell cycle with the mouse cell cycle lasting 

10-16 hours and the human cell cycle lasting 24-36 hours 70, 71. Following each cell 

cycle two identical undifferentiated cells arise through symmetric division 72. 

Despite, rapid proliferation and prolonged maintenance in culture, ESCs remain 

genetically stable and tend to retain their karyotype 1-3. As a result, large numbers of 

cells can be obtained from a single cell line. This provides an unlimited source of 

cells for experiments and facilitates reproducibility without the fear of aberrant 

results due to genetically induced changes. 
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Self-renewal of ESCs is not inherent in in-vitro culture rather it is contingent 

on the presence of external factors. Initial studies elucidated that ESCs themselves 

were unable to support their undifferentiated state and self-renewal1-3. As a result 

the cells were maintained with media conditioned by embryonic carcinoma cells and 

supporting MEF cells 1. Various factors and culture conditions have been identified 

that play important roles in ESCs self-renewal. The most essential factor required 

for mouse ESCs is the presence of leukemia inhibitory factor (LIF) while human 

ESCs require basic fibroblast growth factor (bFGF) for their long-term culture 73-79. 

The presence of LIF can sustain self-renewal of mouse ESC cells in MEF 

conditioned media containing serum without MEF cells. Self-renewal of mouse 

ESCs can be enhanced by the addition of bone morphogenic protein-4 (BMP-4) 75. 

The combination of LIF and BMP-4 are able to maintain mouse ESCs even in the 

absence of serum 75. Similarly, the addition of Noggin along with bFGF can improve 

self-renewal of human ESCs 77, 80. However, co-culture with MEF cells along with 

either LIF or bFGF remains the optimal condition for self-renewal for both mouse 

and human ESCs, respectively. The MEF cells are thought to provide a supporting 

environment as well as secrete various growth factors and cytokines that stabilize 

ESC self-renewal 1-3, 81. The presence of these factors and cells supports ESCs self-

renewal by maintaining the expression of important transcription factors such as 

Oct-4, Nanog and Sox2 that retain their undifferentiated state 60, 65, 67, 76, 77, 82.  

Evidently self-renewal of ESCs is a characteristic that is very valuable to 

researchers. The immortal nature of ESCs makes them unique amongst all other 

stem cell types as well as primary cell types. The capacity of the cells to provide an 
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indefinite source of cells without changes in karyotype assures reliability and 

reproducibility of experiments. 

ESCs differentiate to cells derived from all 3 germ layers: 

 Different types of stem cells exhibit varying differentiation capabilities. For 

example, hematopoitic stem cells are known as multipotent stem cells since they 

can give rise to only a few cell types 83-85. Pluripotent stem cells, able to give rise to 

cells from all three germ-layers but not an organism, were initially isolated from 

mouse embryos in extra-uterine sites giving rise to embryonic teratocarcinomas 55, 

86, 87. The masses that formed from these embryos were found to have cells with the 

ability to differentiate into various types of cells 55, 86, 87. These cells were termed 

embryonal carcinoma cells and at the time were the only cell types able to 

differentiate into all three germ layers 55. However, embryonal carcinoma cells were 

limited in their differentiation potential 1, 2, 55, 86, 87. Moreover, they were unstable in 

culture often containing aneuploidy 88. Isolation of ESCs ensued as a direct result of 

these initial studies 1, 2. Similar to the embryonic carcinoma, ESCs cell were found 

to differentiate into all three germ layers, however, ESCs were found to have a 

greater differentiation capacity and remained stable in culture without incidence of 

aneuploidy 1-3. 

The pluripotency of newly isolated ESC line can be tested using several 

methods. There are two in-vivo methods used to the determine pluripotency. The 

first method involves injection of ESCs into immune compromised mice. 

Subsequently, the mice are examined for teratoma formation, which are tumor like 

masses of differentiated ESCs 1-4. These masses contain highly organized tissue 
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segments resembling gut like structures, muscle cells, and neural tubes 1-4. These 

teratomas result due to spontaneous differentiation ESCs in the absence of signals 

that retain their undifferentiated state. The second in-vivo based method used to 

determine pluripotency involves the introduction of ESCs into pre-implantation 

embryos 89, 90. These chimeric embryos are implanted in mice and examined for the 

contribution of the ESCs to the developing embryo 12, 91, 92. ESCs have been shown 

to contribute to most tissues of the embryo with the exception of extra-embryonic 

endoderm and trophoblast layers 12, 91, 92. Significantly, ESCs have been found to 

contribute to germline cells that are then passed on to progeny 93. It should be 

noted that this method of pluripotency determination is not used for human ESCs for 

obvious ethical reasons. The combination of these two in-vivo tests provides a 

robust examination of true ESC pluripotency thereby giving a good measure of its 

possible future application for research.  

The greatest promise and value of ESC pluripotency lies in the ability of 

researchers to differentiate cells in-vitro. Therefore, a majority of research has been 

concentrated on elucidating development pathways and methods to differentiate 

ESCs into various cell types. The primary in-vitro method used to differentiate ESCs 

involves passage as small clumps in suspension known as embryoid bodies 94. 

Embryoid bodies resulting from cell aggregates form 3 dimensional cell structures 

that create a favorable environment for differentiation through multi-cellular 

interaction and communication. During this process, ESCs are grown in the 

absence of external growth factors such LIF as well as MEF cells which maintain 

them in an undifferentiated state 73-79. Without support from growth factors and 
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MEF, ESCs undergo a default differentiation pathway 76, 79. However, addition of 

specific factors to the culture medium facilitates the differentiation of hESCs into the 

desired cell type. Directed differentiation of ESCs into specific lineages has been a 

great focus of researchers. By studying various signaling pathways in response to 

specific stimuli, such as growth factors, cytokines, supporting cells, extracellular 

matrices, growing conditions, various protocols have been developed to differentiate 

ESCs into specific cell types such as hepatocytes, neuronal cells, insulin producing 

β-cells, muscle and hematopoietic cells 3, 5, 7, 13, 14, 16.  

The pluripotent nature of ESCs has given researchers an extraordinary tool 

to answer fundamental questions in developmental biology, genetic, drug discovery 

and regenerative medicine. Using ESCs, developmental biologists are able to study 

aspects of embryology and cell development otherwise impossible to study in 

embryos. As such populations of cells found only at the embryonic stage, like the 

hemangioblast a precursor to endothelial and hematopoietic cells, can be generated 

and examined closely 15. Meanwhile, manipulation of ESCs at the genetic level 

followed by incorporation into chimeric embryos has had a tremendous impact on 

biological research as a whole 11. The creation of transgenic and knock out mice 

has facilitated the study of countless genes and has significantly advanced our 

knowledge of their function under steady state as well as diseased conditions. The 

development of this technique was awarded the 2007 Nobel Prize in Medicine and 

remains an important tool for many researchers 11. ESCs also have important 

applications in pharmacology. Through ESC differentiation pure populations of 

primary cells can be generated for testing of drug efficacy and toxicity 95. As a 
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result, the effects of newly developed drugs can be tested on specific target cells. 

Finally, the possible future use of ESCs in regenerative medicine represents a great 

hope. The capacity of ESCs to provide an unlimited source of purified differentiated 

cells for cell replacement therapy to treat tissue injuries, various forms of genetic 

and degenerative conditions may provide cures for a large number of patients 13, 14, 

17-20. More significantly, the advent of induced pluripotent stem cells, which creates 

individually tailored-stem cells, is an enormous step in reducing major complications 

that may be associated with stem cell transplantation 24, 25, 27. 

Embryonic stem cells possess immune privileged properties: 

 For quite some time it has been known that embryonic and fetal tissues 

possess immune privilege or tolerance-inducing properties. Owen, Medawar and 

colleagues were among the first to elaborate on fetal-maternal tolerance 96, 97. It is 

apparent that despite expression of both maternal and paternal antigens throughout 

pregnancy, the maternal immune system does not reject the fetus 97, 98. Evidently, 

pregnancy represents an altered state of the immune system. This is validated by 

remission of autoimmune diseases such as rheumatoid arthritis in a majority of 

patients 99. During the term of pregnancy, the severity of these conditions are either 

decreased or completely eliminated 99. Numerous studies have established the 

existence of various factors capable of promoting fetal-maternal tolerance by 

modulating the maternal immune system. This includes the expression of high 

levels of FasL, HLA-G, TGF-β, IL-10, indoleamine-2,3-dioxygenase (IDO) as well as 

increases in specific population of lymphocytes such as T regulatory cells 100-106. 

However, pregnancy does not permanently eliminate autoimmune disease as 
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shortly following delivery of the fetus symptoms often return 107. Changes induced 

during pregnancy appear temporary and dependent on the presence of the placenta 

and fetus to promote the expression of soluble factors and maintenance of 

pregnancy-specific lymphocytes.  

As the prospect of ESC transplantation nears clinical application the possible 

risk of immune recognition must be addressed. Undoubtedly, differentiated stem cell 

derived cells will trigger allogeneic responses by the host immune system, leading 

to possible immune rejection 40, 48, 49, 108. In order to solve this inevitable problem 

various strategies have been devised. The strategies that are currently being 

explored include immune suppression, creating a stem cell bank able to 

accommodate most HLA diversity, somatic nuclear transfer and reprogramming of 

somatic cells with defined factors 23-27. However, as discussed above these 

strategies have major limitations. Surprisingly, several studies have established that 

undifferentiated ESCs, unlike their differentiated derivatives, possess immune 

privilege and modulatory properties similar to fetal tissues 40, 41, 43, 44, 52. These 

properties of ESCs may have important implications in the outcome of ESC 

transplantation and due to resultant immune modulation. The purpose of the 

following sections will be to provide a brief overview of transplant immunology, 

describe the immunological phenotype of ESCs and provide evidence for their 

immune privilege and modulatory properties.   
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Transplantation immunology:  

There are three important immunological elements in transplantation that 

influence successful engraftment. These include immune activating antigens, 

antigen presentation and proper co-stimulation of effector T cells.  

Immune rejection of allogeneic tissue is initiated by recognition of 

polymorphisms found in the major histocompatibility complex, minor 

histocompatibility antigens and ABO blood group antigens 33-36,109, 110. The strongest 

stimulus for allogeneic rejection arises from disparity between donor and recipient 

MHC proteins. Major differences in the MHC-class I and II proteins can result in an 

intense immune response by the recipient resulting in acute rejection of the donated 

tissue. Such strong immune attack results due to 10% of T lymphocytes having the 

capacity to recognize allo-MHC expressed on the transplanted cells 109-111. As a 

result, matching of HLA-A, HLA-B, HLA-C, HLA-DRB1 and HLA-DQB1 are essential 

and determine long term survival in kidney transplant recipients 112. Minor 

histocompatibility antigens also influence the outcome of organ transplantation. 

These antigens are thought to consist of small differences in common genes, 

typically arising as single nucleotide polymorphisms that may have an impact on the 

recognition of the gene product by T cells upon antigen presentation in the context 

of MHC-I or MHC-II 113, 114.  In contrast to allogeneic MHC, mHA do not appear to 

have a major influence on acute rejection of tissues. Instead, mHA variances 

between donor and recipient are thought to play a part in chronic rejection even in 

monozygotic twins 35, 36. ABO blood groups represent a further antigen group that 

may contribute to transplant rejection 115. ABO group antigens are commonly known 
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to significantly impact blood transfusions due to presence of antibodies in the 

recipient. These antibodies can also have a serious impact on the success of solid 

organ transplantation 115. However, ABO type matching has made it easy to avoid 

this problem and as a result it does not represent a major barrier in solid organ 

transplantation 115-117. It is evident that the expression of the above three different 

antigen groups has the most significant impact on the outcome of transplantation. 

Assuring that proper precautions are taken in order to match HLA antigens is 

optimal in order to assure long term graft survival. Similarly, research is now being 

conducted in typing important mHA that may contribute to chronic organ rejection in 

order to improve the outcome of transplantation.   

Antigen presenting cells (APC) have a central role in transplant rejection. 

They initiate the activation of the adaptive immune response in one of three ways: 

direct, indirect and semi-direct antigen presentation 118-122. Upon organ 

transplantation, direct presentation occurs when donor derived tissue resident APC 

migrate to a local lymph node and encounter the recipient’s immune cells 123, 124. 

This type of antigen presentation leads to a vigorous immune response as the 

recipient T cells recognize an allogeneic antigen in the context of allogeneic MHC 

109, 110, 125, 126. As a result direct antigen presentation contributes to rapid immune 

activation and represents a significant hindrance to long-term graft survival 118, 127. 

In contrast to direct antigen presentation, indirect antigen presentation is mediated 

by the recipient’s own APC that encounter donor antigen. In this case, antigen from 

donor organs is taken up by the APC that then migrate to secondary lymphoid 

organs and present to effector cells 119, 120, 126. This form of antigen presentation 
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does not elicit as intense of an immune response and may contribute to chronic 

rejection of the transplant 120. Finally, semi-direct antigen presentation represents a 

hybrid of the first two modes of antigen presentation. Semi-direct antigen 

presentation occurs when recipient APC interact with donor lymphocytes or tissue 

and take up whole MHC molecules from the surface of these cells and then present 

to T cells 121, 122. In this case, the same APC are capable of both direct and indirect 

antigen presentation leading to robust stimulation of immune effector cells 121, 122, 

124. Hence, strategies aimed at depleting donor APC and preventing effective 

antigen presentation are methods used to promote transplant survival.  

 In addition to antigen presentation, effector T cells require a second signal 

from the APC also known as co-stimulation in order to become activated. Well-

studied co-stimulatory molecules include CD80, CD86, CD40 and OX-40L 128-130. 

Classically CD80/86 on APC interact with CD28 expressed on T cells, and 

represent the most commonly studied secondary activating signal 128, 131-134. CD40 

and OX-40L, also expressed on APC, interact with CD40L and OX-40 on the 

effector cells respectively 128-130, 135-137. The expression of these co-stimulatory 

molecules on APC is contingent on the maturation state of the cells 138, 139. 

Immature APC that have not encountered antigen and inflammatory signals lack the 

expression of co-stimulatory molecules on their surface 140, 141. In the absence of 

proper co-stimulation, effector T cells are induced to undergo anergy and are 

prevented from further activation 140, 141. Upon antigen encounter and inflammatory 

signals the expression of co-stimulatory markers are strongly induced on the 

surface of APCs which subsequently potently activate effector cells 138, 139, 141, 142. In 
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addition to co-stimulatory molecules that positively impact effector cell activation 

there exist also co-stimulatory molecules that can provide negative signals to the 

effector cell which can induce anergy and cell death. Specifically, molecules such 

as cytotoxic T-lymphocyte antigen-4 (CTLA-4) and programmed death-1 (PD-1) 

expressed on effectors deliver an inhibitory signal when interacting with B7.1/B7.2 

and programmed death ligand-1 (PDL-1) respectively on APC 143-145. A large focus 

of the transplant field has been deciphering the role of different co-stimulatory 

molecules in rejection. As such various strategies have been developed that either 

hinder APC maturation, prevent positive co-stimulatory signals or enhance negative 

co-stimluatory signals. For example, negative co-stimulatory molecules have been 

successfully employed, like soluble CLTA-4 Ig, at improving the outcome of 

allogeneic transplantation 146-149. Therefore, co-stimulatory signals play a major role 

in organ transplantation and may represent a key in promoting long-term graft 

survival.  

Embryonic stem cells possess a unique immunologic phenotype that facilitate 

evasion of the immune system:  

The immunological phenotype of ESC has been proposed to allow the cells 

to escape immune recognition and rejection. The main mechanism that may 

facilitate the evasion of ESCs from the immune system is the lack HLA and co-

stimulatory expression 42-45. Undifferentiated ESCs in culture, do not express either 

MHC I or II on their surface 42-45. However, MHC I but not MHC II expression can be 

induced on ESC upon treatment with IFN-γ. Notably, in comparison to HeLa cells, 

levels of MHC I on ESC remain minute in the presence of IFN-γ 42, 45. Similarly, ESC 
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differentiation results in the relative increase in expression of MHC I, however MHC 

II expression still remains absent 42, 45. The absence of co-stimulatory molecules on 

ESCs represents a further factor that may allow immune escape of the cells. 

Examination of undifferentiated ESC in culture has revealed that the cells are 

completely deficient in the expression of co-stimulatory molecules including the 

expression of CD80, CD86 and CD40 42-45. Moreover, treatment of the cells with 

IFN-γ does not induce the expression of any co-stimulatory molecules 41-43, 45. Even 

differentiation of the cells does not promote co-stimulatory molecule expression 

unless the cells are specifically directed towards a hematopoietic cell type 10. 

Additionally, microarray analysis indicates ESCs do not express various other 

genes that could facilitate immune activation such as adhesion molecules, cytokines 

and chemokines 41, 48. As a result, T cells are unable to recognize undifferentiated 

ESC as foreign and are not provided with co-stimulatory signals to cause rejection. 

Interestingly, several studies have elucidated that these properties are very similar 

for mouse, rat and human ESCs 42-44. 

The absence of MHC and co-stimulatory expression give ESCs an 

immunological inert phenotype. Consistent with this notion, several studies have 

carried out in-vitro and in-vivo studies examining the capacity of ESCs to survive in 

allogeneic and even xenogeneic conditions. The pioneering study carried out by 

Fandrich et al. demonstrated that several rat ESC lines were able to survive across 

allogeneic barrier for up to 25 weeks, whereas the recipient rapidly rejected control 

bone marrow cells from the same strains as the ESCs 43. Follow up studies using 

mouse and human ESCs confirmed the ability of cells to survive across allogeneic 
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barrier 41, 42, 44, 45, 47. Both mouse and human ESCs were shown to escape immune 

attack using in-vitro and in-vivo assays 40-42, 44, 45, 48, 52. In-vitro assays elucidated 

that ESCs have the capacity to escape cytotoxic T lymphocyte (CTL) and natural 

killer (NK) cell mediated lysis 40, 42. Significantly, ESCs were resistant to lysis from 

CTL and NK cells even when the cells were pre-activated and IFN-γ added to the 

killing assay40, 42. In vivo studies carried out with both mouse and human ESC 

further validated these results. Mouse ESCs injected into the portal vein of 

allogeneic recipients had the capacity to form teratoma in these mice 44. Moreover, 

the authors found a direct correlation between increasing ESC number and the 

frequency of teratoma formation 44. Amazingly, another study demonstrated that 

mouse ESCs survived when injected into sheep and gave rise to cardiomyocytes in 

infracted hearts 47. Interestingly, improved results of cardiac function, were obtained 

in groups where ESCs were injected into the heart without immune suppression 47. 

Similarly, experiments involving injection of human ESC found that they avoid 

rejection when injected under the kidney capsule of a mouse trimera model 

reconstituted with allogeneic human peripheral blood mononuclear cells (PBMC) 41. 

Once again, control cells were rejected by the PBMC while ESCs were able to form 

teratomas 41. Human ESCs also have the capacity to survive in normal mouse hosts 

indicating that these cells are able to evade xenogeneic immune rejection to some 

degree 45. It is apparent from these studies that ESCs possess immune privileged 

properties that facilitate their survival across allogeneic and xenogeic barriers. 

However, several studies have found ESC immune privilege to be limited, as 

differentiation results in immune activation and subsequent rejection 46, 48, 49, 150, 151. 
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It is possible that these differences are due to specific models used to determine 

immunogenicity. Nevertheless, most papers agree that ESCs are more likely to 

encounter immunological tolerance compared to adult tissues and organs 40, 41, 43-50, 

150.  

Embryonic stem cells have the capacity to modulate immune system: 

The fact that stem cells do not induce a detectable immune response 

following transplantation may be attributed to an immunological inert phenotype, 

however this does not exclude the possibility that the cells also actively influence 

immune activation. This section will provide evidence supporting the capacity of 

ESC to modulate the immune system and the possible factors that may be involved.  

The immune modulatory properties of ESC were discovered through both in-

vitro and in-vivo assays. Initial studies examining ESC immunogencity also led to 

observations that the cells may actively play a role in altering immune responses. 

ESCs used as  third party cells in mixed lymphocyte reaction (MLR) assays 

elucidated that the cells were able to inhibit responder cell proliferation in the 

presence of stimulator allogeneic lymphocytes 40-42, 44, 45. Moreover, ESCs were able 

to inhibit T cell proliferation in response to the strong activation signal of direct 

antigen presentation by allogeneic DCs 44, 45. Further assays were able to establish 

that ESCs were able to affect both T cells and DCs 44, 45.  In vivo studies established 

that the presence of ESCs were associated with an increased number of regulatory 

cells and lower number of effector cells producing inflammatory cytokines 40, 52. In a 

separate study, mouse ESC conditioned media was shown to inhibit proper 

maturation of DC in response to LPS 44. Most significantly, rat ESC injected into the 
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portal vein of allogeneic hosts were able to facilitate the acceptance of syngeneic 

heart transplants in an allogeneic host without the use of immune suppressive drugs 

43. These studies present compelling evidence that ESC indeed possess immune 

modulatory properties. Determining the factors and mechanisms used by ESC that 

promote immune evasion may have important clinical applications.  

The factors and mechanisms attributed to ESC mediated immune modulation 

have not been extensively studied. However, some already well known factors have 

been described to contribute to ESC immune modulatory properties. Fandrich et al. 

were able to determine that rat ESC expressed high levels of Fas ligand (Fas-L) 

and that this may play a role in overcoming T cells 43. In contrast, studies with 

mouse ESCs elucidated that TGF-β contributed to the survival of the cells 44. 

However, examination of human ESCs for FasL and TGF-β were found to be 

negative 5, 42, 45. In contrast, human ESCs were found to lack expression of ligands 

for NK activating receptors that contributed to their ability to evade NK cell lysis 42. 

More recently, two papers have described the expression of arginase-I and HLA-G 

and their contribution to modulating the immune system 50, 52. In an attempt to 

further identify possible factors, several investigators have carried out screening of 

a wide array of immune related genes known to have immune inhibitory effects or 

tolerance inducing properties. Drukker et al. looked at the expression of over 300 

genes, including cytokines and their receptors by microarray and found most genes 

in human ESCs were absent 41. Among these 300 genes, expression of IL-10 and 

TGF-β genes was undetectable 41. Using mouse ESCs, another independent study 

examined 87 immunologically relevant genes using Taqman assay and obtained 
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similar results. The study found that IL-10, TGF-β1, indoleamine 2,3-dioxygenase, 

arginase-1 and 2 do not contribute to immune privilege of mouse ESCs 48. 

However, the study was able to establish a positive correlation between ESC 

survival and TGF-β2 expression 48. Moreover, we recently reviewed a list of highly 

abundant proteins found in hESCs available in our lab using quantitative mass 

spectrometry and have not found any known candidate factors such as CTLA-4, 

PDL-1, PDL-2, PGE-2, and HLA-G. The above-mentioned studies have provided 

some clues on how ESCs modulate the immune system based on known 

mechanisms. The fact that ESCs have the capacity to affect multiple lymphoid cell 

types makes it evident that the cells modulate the immune system through a 

number of different mechanisms. Hence, there is an exciting opportunity for the 

discovery of novel factors and mechanisms that contribute to ESC mediated 

immune modulation.  

Rationale: 

The use of ESC derived extracts for immune modulation:  

Current evidence indicates that ESCs possess powerful immune modulatory 

properties. However, clinical use of ESCs to promote immune tolerance and reduce 

the severity of aberrant or unwanted immune activation is currently limited by 

potential serious adverse risk of teratoma formation 3, 54, 55. Experimental evidence 

indicates the incidence of teratoma formation is directly linked with increasing 

number of ESCs transplanted 44. In mice, to overcome the immune system a 

minimum of 5 x 106 ESC are required (teratoma formation in 30% of recipients), 

with 20 x 106 being the optimal number (teratoma formation in 90% of recipients), 
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whereas 1.0 x 106 were found to be completely ineffective in overcoming the 

immune system (teratoma formation in 0% of recipients) 44. This very real risk has 

recently been brought to the forefront of clinical application as a Russian group 

conducting clinical trials with embryonic neural stem cells found donor derived 

tumors in the recipients brain and spinal cord 17. In response to these findings the 

International Society for Stem Cell Research has re-iterated their apprehension for 

clinical trials and have emphasized their guidelines that include stringent quality 

control measures and safety and efficacy requirements prior to proceeding to 

human trials 58, 59. As a result, the use of undifferentiated ESCs and their 

differentiated counterparts may not be feasible presently or for the foreseeable 

future. 

As an alternative to the use of live ESC to promote immune modulation, we 

have proposed that ESC derived extracts may retain the immune modulatory 

properties of whole cells and could be used to overcome aberrant immune 

responses. There are several arguments that may provide grounds for the use of 

ESC extracts instead of live cells. To begin with, evidence suggests that ESCs do 

not require cell contact to modulate the activity of immune cells since their ability to 

inhibit T cell cytokine production can be observed across a transwell 52. Moreover, 

ESC conditioned media have been shown to inhibit DC maturation 44. Hence, it may 

be argued that some of the effects of ESC immune modulation may be mediated 

through soluble factors. Moreover, extracts derived from the placenta and amniotic 

membrane have been shown to decrease contact hypersensitivity and inhibit 

macrophage activity 152, 153. This supports the notion that embryonic tissues and 
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cells may retain their immune modulatory efficacy in the extract form. Notably, 

ESCs would provide a consistent and reliable source of extracts compared to 

placental extracts that would have to be donated following pregnancy. Finally, even 

if safety can be assured for live ESCs, the cells have a tendency to localize in a 

specific area in-vivo 40, 46, 151. As such, ESCs would exert their immune modulatory 

effects in a localized area. In contrast, the use of soluble extracts would allow a 

wider effect which may be required for most immune based conditions. Therefore, 

use of ESC extracts may represent an innovative approach in providing an unlimited 

source of immune modulatory factors for the treatment of aberrant or unwanted 

immune based conditions.  

 In order to determine whether ESC derived extracts retain the immune 

modulatory effects of whole cells, I have examined the impact of the extracts on 

DCs and T cells. As such, I designed my experiments to elucidate the phenotype, 

activation and function of the cells. Here I present my work and the resulting data 

that further contributes to the understanding of the immune modulatory properties of 

ESCs.	
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Chapter 2. Materials and Methods:  

Cells and mice. 

Human ESC lines H1 and H9 were obtained from Wicell. The CA1 cell line 

was a kind gift from Dr. Nagy (University of Toronto, Toronto Ontario, Canada). 

Mouse ESC D3 and J1 (129/J background) cells were kind gifts from Dr. Qiao Li 

and Dr. Michael Rudnicki, respectively (University of Ottawa, Ottawa, Ontario, 

Canada). Mouse ESC C57BL/6 (B6) cell line was obtained from ATCC. Mouse 

strains C57BL/6, B6C3F1, Balb/c and CD1 (10 to 12 weeks old) were obtained from 

Charles River Laboratories (Montreal, Canada). All hESC lines were used with the 

approval of the local Ethics Board and the Stem Cell Oversight Committee of the 

Canadian Institutes for Health Research. Animals were maintained at the University 

of Ottawa (Ottawa Ontario, Canada) in accordance with the Canadian Council on 

Animal Care guidelines under protocols approved by the Animal Use Subcommittee 

at our Institution.  

Preparation of embryonic stem cell extracts. 

Human ESC: 

Human ESC lines H1, H9, and CA1 were cultured on plates coated with 

Matrigel (BD Biosciences Canada Inc., Mississauga ON) in mouse embryonic 

fibroblast conditioned medium supplemented with 8.0ng/mL of human bFGF, 

(Invitrogen Canada Inc., Burlington ON), throughout the culture period hESC were 

grown under MEF free conditions, and were incubated at 37°C with 5.0% CO2. 
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Upon reaching confluence, the cells were harvested by treatment with collagenase 

IV (Invitrogen) followed by cell dissociation buffer (Invitrogen) to obtain a single cell 

suspension. Subsequently, hESCs were washed twice with ice cold PBS and 

centrifuged at 400g for 6 minutes at 4°C.  After washing, the cells were re-

suspended in lysis buffer, 50mM HEPES, 50mNaCl, 1.0mM EDTA, 1.0mM DTT, 

50mM L-arginine, pH 8.2. The lysis buffer was supplemented with pan protease 

inhibitors at 1:100, (4-(2-aminoethyl) benzenesulfonyl fluoride (AEBSF), pepstatinA, 

E-64, bestatin, leupeptin, and aprotinin) dissolved in DMSO, Sigma Aldrich Canada 

Ltd, Oakvile ON). At this point the cells were incubated for 30 minutes on ice and 

sonicated until complete lysis of the cells was achieved. The sonicated cells were 

centrifuged at 15000g for 15 minutes at 4°C to remove cell membrane, 

mitochondrial and nuclear fractions. The soluble cell free fraction was separated 

from the insoluble fraction and both stored at -80°C. Protein concentration was 

determined using Bio-Rad Protein assay kit (Bio-Rad Laboratories Ltd. Mississauga 

ON).  

Mouse ESC: 

Mouse ESC lines B6, D3, and J1 were grown on mitomycin C treated MEF 

cells in Dulbecco’s modified eagle medium (DMEM) containing 4.0mM L-glutamine, 

1.0% non-essential amino acids, 0.10µM 2-ME, 1.0x102 units of Penicillin, 1.0x102 

units of Streptomycin and 15% FBS (Invitrogen Inc.) supplemented with 1.0x103 

units/mL of LIF (Millipore Canada Ltd., Etobicoke ON) and incubated at 37°C with 

5.0% CO2. Subsequently, the cells were cultured on 0.10% gelatin coated plates for 
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two passages in order to eliminate MEF cells. Cell extraction was carried out as 

described for hESCs.  

 

Mixed lymphocyte reaction (MLR) assays. 

Human MLR: 

Healthy volunteers’ donor blood was collected in heparin-coated tubes (BD 

Biosciences Inc.) and mixed 1:1 with Ca+ and Mg+ free PBS. Subsequently, the 

blood was gently layered on top of Ficoll Paque (BD Biosciences Inc.) and tubes 

were spun at 400g for 30 minutes at room temperature with the brakes off. PBMCs 

were isolated from the buffy coat and washed 3 times with PBS. One-way MLR 

were carried out with 1.0 x 105 PBMC responder and stimulator cells in 96 well U 

bottom plates using RPMI media (10% FBS, 1.0x102 units of Penicillin, 1.0x102 

units of Streptomycin, 2.0mM L-glutamine). The stimulator cells were pre-treated 

with 50µg/mL of mitomycin C for 40 minutes at 37°C prior to MLR. The cells were 

allowed to proliferate for 5 days and 1.0µCi tritiated thymidine (3H) (GE-Amersham 

Canada Inc., Baie D’Urfe Quebec) was added to the culture for an additional 16 to 

18 hours. The cells were harvested onto 96 well filters-mats (Wallac Inc., Turku 

Finland) using a TomTec harvester. Tritium uptake was determined by liquid 

scintillation using a Wallac 1450 Microbeta Plus liquid scintillation counter (Wallac 

Inc.). Results are displayed as counts per minute (CPM) of triplicate wells ± SD.  
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Mouse MLR: 

Mouse spleens were removed aseptically and gently homogenized with the 

frosted ends of two sterile microscope slides and passed through a 45µm mesh 

filter. The cells were washed twice with PBS and red blood cells were removed by 

Ficoll centrifugation or ACK red blood cell lysis buffer (Cederlane Laboratories Ltd. 

Burlington ON). One-way MLR were carried out with 1.0 x 105 splenocytes from 

both responder and stimulator cells in 96 well U bottom plates. Stimulator cells were 

pre-treated with 50µg/mL of mitomycin C for 40 minutes at 37°C prior to MLR. The 

cells were allowed to proliferate for 3 days and tritium uptake was determined as 

described for human MLR. Results are displayed as counts per minute (CPM) of 

triplicate wells ± SD.  

Monocyte to dendritic cell maturation. 

Monocytes were isolated from human peripheral blood by CD14 negative 

selection using magnetic labeling based kits (StemCell Technologies Inc., 

Vancouver, BC) according to manufacturer protocols. PBMC were suspended at 5.0 

x107 cells in PBS containing 2.0% FBS and 1.0mM EDTA in a 5ml polystyrene tube. 

At this point 50µl/ml of enrichment antibody was added to the tube, mouse IgG1 

antibodies against CD2, CD3, CD16, CD19, CD20, CD56, CD66b, CD123, 

glycophorin A, mixed and incubated at 4°C for 10 minutes. Subsequently, the tube 

received 50µl/ml of magnetic particles, followed by mixing and incubation at 4°C for 

5 minutes. The cells were then topped up to 2.5ml with PBS and inserted into the 

magnet for 2.5 minutes. The cells were transferred to a new tube in one swift motion 
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to obtain the purified monocytes. The cells were washed twice with PBS before 

being used for further experiments  (Purity was >90% for CD14 marker).   

Five hundred thousand purified monocytes were cultured in 24 well plates 

with 0.50ml of complete RPMI medium containing 5.0x102 units/mL of granulocyte 

macrophage colony-stimulating factor (GM-CSF) and interleukin-4 (IL-4) for 6 days 

to differentiate monocytes to immature DCs. On day 0, the cells also received either 

0.15mg/mL (final concentration) of H1 hESC extract, L-132 fibroblast control extract, 

or equivalent volume of vehicle. Media was changed on days 2, 4, and 6 by 

removing 0.20ml of spent media and adding 0.30ml new medium with fresh GM-

CSF and IL-4. Along with the media change, the cells received 0.075mg/mL of 

hESC extract, L-132 extract or vehicle. On day 6, in addition to GM-CSF and IL-4, 

the cells also received 20ng/ml of tumour necrosis factor-α (TNF-α) to induce 

maturation. 

Phagocytosis assay of human monocyte and dendritic cells. 

Monocyte to dendritic cell maturation was carried out as described in the 

previous section. Cells were harvested on day 6 or day 8 by vigorous pipetting 

followed by scraping with the pipette tip. The cells were washed twice with PBS and 

re-suspended in Eppendorf tubes with PBS containing 1.0% FBS. At this point the 

cells received 1.0mg/mL of dextran-FITC beads (40,000 MW) (Sigma Aldrich, 

Canada Ltd.) and placed at 37°C or on ice as a control for 90 minutes. At the end of 

incubation period the cells were washed twice with PBS containing 1.0% FBS and 

0.10% sodium azide to inhibit further phagocytosis. Subsequently, the cells were 
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analyzed with Beckman Coulter FC500 flow cytometer (Beckman Coulter Canada 

Inc. Mississauga ON). 

Allogeneic T Cell proliferation induced by hESC extract-treated 

DCs. 

Purified human T cells were obtained by positive selection using a magnetic 

labeling kit against CD3 (StemCell Technologies Inc.) according to manufacturer 

instructions. PBMC were suspended at 1.0 x 108 cells/ml in PBS containing 2.0% 

FBS and 1.0mM EDTA and 1.0 x102µl/ml of positive selection coctail was added to 

the cells. The cells were mixed and incubated at room temperature for 15 minutes. 

Next, the cells received 50µg/ml of magnetic particles, mixed and incubated at room 

temperature for 10 minutes (mouse IgG1 against CD3). The cells were transferred 

to a new tube in one swift motion to remove all CD3 negative cells. At this point, the 

tube was removed from the magnet and resuspended in PBS. The tube containing 

the cells were once again inserted into the magnet and the above procedure was 

repeated to further eliminate any contaminating cells. The cells were washed twice 

with PBS before being used for further experiments (Purity was >95% for CD3 

marker). Subsequently, 1.0 x 105 purified CD3+ cells were incubated with hESC 

extract-treated or fibroblast extract-treated DCs for 3 days. DCs were treated with 

50µg/mL of mitomycin C for 40min prior to incubation with T cells. On day 3, 1.0µCi 

of tritium was added to the culture for an additional 16 to 18 hours and the cells 

were harvested and tritium uptake was determined as described for human MLR.  
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Quantitative PCR assays.  

RNA was isolated using Qiagen RNeasy Mini Kit (Qiagen Canada Inc. 

Mississauga ON) according to manufacturer instructions. Subsequently, 500ng of 

RNA was used to synthesize cDNA using Qiagen QuantiTech Reverse 

Transcription kit (Qiagen Canda Inc.). RNA was mixed with 2.0µl of gDNA wipeout 

and topped up to 14µl with RNase free water. The samples were incubated at 42°C 

for 2 minutes and transferred to ice. At this point, the tubes received 1.0µl of 

Reverse transcriptase, 4.0µl of Reverse transcriptase buffer and 1.0µl of RT primer 

mix. The samples were incubated at 42°C for 15 minutes. For QPCR, 2.0µl of cDNA 

from each tube was used carry out with iQ SYBR Green Supermix (Bio-Rad 

Laboratories Ltd.) and My iQ-iCycler (Bio-Rad Laboratories Inc.) with an initial 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. The primers used were as follows; 

human TGF-β forward primer 5’GCAACAATTCCTGGCGATACC, reverse 5’ 

AGTTCTTCTCCGTGGCTGA and IL-10 forward primer 

5’CACCGGACTCCTTTAACAACAA and reverse primer 

5’GAGATGCCTCAGCAGAGTG. Detection of MLR cytokines were performed with 

mouse IL-2 forward CAGGATGGAGAATTACAGGAACCT, IL-2 reverse 5’ 

TTTCAATTCTGTGGCCTGCTT, IFN-γ forward 5’ GAAAATCCTGCAGAGCCAGA, 

IFN-γ reverse 5’ TGAGCTCATTGAATGCTTGG, TGF-β forward 5’ 

GTGCTCGCTTTGTACAACAGC, TGF-β reverse 5’ TTACCAAGGTAACGCCAGG, 

Foxp3 forward 5’ CGAAAGTGGCAGAGAGGTATTGA, Foxp3 reverse 5’ 

ACTGTCTTCCAAGTCTCGTCTGAA, Tbet forward and Tbet reverse. Gene 
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expression levels were normalized to β-actin and fold change was compared to 

relative gene expression by responder cells alone. 

TGF-ββ  neutralization of hESC extract. 

Pan anti TGF-β antibody (R&D Systems Inc.) was added to hESC extract at 

a concentration of 20µg/mL. The extracts were incubated with the antibody for two 

hours at 4°C. The extracts were subsequently used in one-way MLR and compared 

to extract treated with isotype antibody.  

Flow cytometry analysis of human dendritic cells. 

Fluorophore–conjugated antibodies against CD80, CD83, CD86, and HLA-

DR (BD Bioscience Inc.) were used. Cells were washed with PBS and incubated in 

10% human serum for 15 minutes for the blocking step. Subsequently the cells 

were stained with the indicated antibodies for 30 minutes on ice and washed twice 

prior to analysis with Beckman Coulter FC500 flow cytometer (Beckman Coulter 

Canada Inc.).  

Quantitative cytokine detection of human monocytes and dendritic 

cells. 

IL-12p40 ELISA assay: 

Supernatants during monocyte to dendritic cell differentiation and maturation 

were collected on day 6 and day 8 and stored at -20°C. Interleukin-12p40 (IL-

12p40) was detected using two separate monoclonal antibodies (mAb) specific for 

different epitopes. Plates were coated overnight at 4°C  with the first antibody (R&D 
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Systems Inc., Minneapolis MN), 4.0µg/mL, in coating buffer (0.040 M Na2CO3, 0.060 

M NaHCO3, pH 9.6). The plates were washed 6 times with washing buffer (0.050% 

Tween 20 in PBS). Blocking was carried out with 10% FCS in PBS for 2 hours at 

room temperature followed by 6 washes. Samples were diluted 1:5 in RPMI and 

100µl was added to each well. Incubation was allowed to proceed for two hours at 

room temperature and the plates were washed 6 times. The second biotinylated 

mAb anti-IL-12p40 antibody (Biosource-Invitrogen Canada Inc., Burlington ON) was 

added at 0.35µg/mL for two hours at room temperature. Once again the plates were 

washed 6 times and streptavidin peroxidase conjugate (1.0µg/mL in PBS containing 

10% FCS, Jackson ImmunoResearch Laboratories Inc., West Grove PA) was 

added for 30 minutes. The plates were washed 6 times and o-phenylenediamine 

(Sigma-Aldrich) was added for 30 minutes at room temperature in the dark. The 

reaction was stopped using 1.0N HCl and absorbance was measured at 450nm. 

Sensitivity of assay was 16 pg/mL. Standard curve was prepared with rIL-12p40 

(R&D Systems Inc.). 

Quantative FlowCytomix analysis of IL-10 and TGF-β produced by human 

monocytes and dendritic cells: 

Supernatants from monocyte to dendritic cell differentiation and maturation 

were collected on day 6 and day 8 and stored at -20°C. Subsequently 25µl of 

supernatant from each indicated treatments was used to detect interleukin-10 (IL-

10) or transforming growth factor-beta (TGF-β) using detection kits (Bender 

Medsystems Inc., San Diego CA) according to manufacturers’ instructions. Briefly, 

samples were mixed with beads coated with anti IL-10 and anti TGF-β as well as 
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biotin-conjugated to a second antibody against the respective cytokines for 2 hours 

at room temperature. Subsequently, the samples were extensively washed with a 

provided buffer. At this point streptavidin-PE was added to the samples for 1 hour at 

room temperature. Once again the samples were washed extensively. Detection 

was carried out using Beckman Coulter FC500 flow cytometer. Flowcytomix Pro 2.3 

software was used to analyse results. Assay sensitivity was1.9pg/mL for IL-10 and 

10pg/mL for TGF-β.  

Mouse splenocyte/CD3+ T cells CFSE staining and activation.  

Spenocytes were harvested as described above. Purified CD3+ T cells were 

obtained by negative selection using a magnetic labeling kit (StemCell Technologies 

Inc.) according to manufacturer instructions. Splenocytes were suspended at 1.0 x 

108 cells/ml in PBS containing 2.0% FBS and 1mM EDTA and 50µl/ml of 

enrichment cocktail was added (mouse IgG1 against CD11b, CD19, CD49b, 

TER119). The cells were mixed and incubated at 4°C for 15 minutes. Next, the cells 

received 1.0 x 102 µl/ml of biotin selection cocktail and incubated at at 4°C for 15 

minutes. The cells then received 50µl/ml of magnetic particles, mixed and at 4°C for 

15 minutes. The cells were topped up to 2.5ml and inserted into the magnet. 

Incubation was allowed to proceed for 5 minutes. The cells were transferred to a 

new tube in one swift motion to obtain the purified CD3+ cells. The cells were 

washed twice with PBS before being used for further experiments (Purity was 92% 

for CD3 marker).  
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Isolated splenocytes/CD3+ T cells were suspended in serum free RPMI 

media at 1.0x106 cells/mL and stained with 5.0µM of carboxyfluorescein diacetate 

succinimidyl ester (CFSE) (Simga Aldrich Inc.) or CellTrace Violet Cell Proliferation 

kit (Invitrogen Inc.) for 40 minutes at 37°C. Subsequently, the cells were washed 

twice with PBS. Splenocytes were plated at 1.0 x 105/well in 96 well plates in a total 

volume of 0.20ml of RPMI media (10% FBS, 2mM L-glutamine, 1.0 x 102U 

penicillin, 1.0 x 102U streptomycin, 1.0mM Non-essential amino acids, 50µM 2-

mercapto-ethanol). Cells were stimulated either with soluble 1.2µg/ml of anti-CD3 

and 0.50µg/ml of anti-CD28 (eBioscience Inc., San Diego CA) (unless otherwise 

stated), or concanavalin A (ConA), or phorbol 12-myristate 13-acetate (PMA) and 

ionomycin (IONO) in the presence or absence of ESC-derived factors. Proliferation 

was allowed to proceed for 2-3 days and CFSE dilution was analyzed by Beckman 

Coulter Cyan flow cytometer.  

  

Examination of T cell activation markers. 

T cell activation was examined using CD3, CD4, CD8, CD25, CD44 and 

CD69 (eBioscience Inc.). CD3+ T cells were stimulated with plate bound anti-CD3 

and anti-CD28 (eBioscience Inc.) in the presence or absence of ESC-derived 

factors and allowed to proliferate for the indicated times. Cells were harvested and 

washed with PBS. Next, blocking was carried out with 10% rat serum for 15 minutes 

on ice. At the end of the incubation period, antibodies were added to the cells 

according to manufacturer recommendation and the cells were incubated for 30 

minutes. Cells were analyzed by Beckman Coulter Cyan flow cytometer. Data were 
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analyzed by gating on CD3 positive cells followed by examination of activation 

markers CD25, CD44 and CD69 on CD4 and CD8 separately.  

Cell death assay of mouse Cells. 

Mouse splenocytes were stimulated with 1.2µg/ml of anti-CD3 and 0.50µg/ml 

of anti-CD28 (eBioscience Inc.) in the presence or absence of ESC-derived factors 

and allowed to proliferate for 3 days in 96 well plates as described above. Cells 

were harvested and washed twice with PBS. At this point, cells were re-suspended 

in Annexin-V buffer and stained with 5.0µl of Annexin V-PE for 30 minutes (BD 

Biosciences Inc. Mississauga, ON). Cells also received 5µl of 7-amino-actinomycin 

D (7AAD) for the last 10 minutes of incubation. Cell death was determined by using 

Beckman Coulter Cyan flow cytometer.  

Western blot assays. 

Two million splenocytes were-pretreated with ESC-derived factors or vehicle 

control overnight in 0.50ml of RPMI medium in 48 well plates. The next day, cells 

were stimulated with either 50ng/ml of PMA or 1.2µg/ml of anti-CD3 and 0.50µg/ml 

of anti-CD28 for the indicated periods. Cells were harvested and lysed immediately 

in lysis buffer (25mM Tris-HCl, 0.15M NaCl, 5.0mM MgCl2, 1.0% NP-40, 1.0mM 

DTT, 5.0% glycerol, [pH 7.5]) and an equivalent volume of Laemmli Sample buffer 

(Bio-Rad Laboratories Ltd.) was added to the samples. Samples were boiled for 5 

minutes and ran on a 10% SDS-PAGE gel and transferred to nitrocellulose 

membranes. The membranes were blocked with 5% powder milk (w/v) or 5% BSA 

(w/v) in TBS-T for 1 hour. Membranes were probed with rabbit anti-mouse phospho-
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PKC-θ (Thre538) and total PKC-θ antibodies at 1:500 (Santa Cruz Biotechnology 

Inc. Santa Cruz, CA) overnight. Subsequently, membranes were washed 3 times 

with TBS-T for 15 minutes and were probed with goat anti-rabbit secondary HRP 

conjugated antibody. Again, membranes were washed 3 times with TBS-T. At this 

point, the bands were visualized with Amersham ECL Plus western blot detection 

systems (GE Healthcare Biosciences Corp. Piscataway, NJ). A similar procedure 

was carried out for pAKT (1:3000), IκB-α (1:500) and pPLC-γ (1:1000) (Cell 

Signaling Technology Inc. Danvers, MA). Blots were visualized using CHEMI 

GENIUS2 Bio Imaging Systems.    

Intracellular cytokine and transcription factor staining. 

Two million splenocytes were pre-treated with ESC-derived factors or vehicle 

control overnight in 0.50ml of RPMI media in 48 well plates. The next day, the cells 

were stimulated either with anti-CD3/CD28 or PMA and ionomycin for 6 hours. After 

the first 1-2 hours of stimulation cells were also treated with Protein Transport 

inhibitor cocktail (eBioscience Inc.). At the end of the incubation period cells were 

harvested and washed twice. Subsequently the cells were incubated with 10% rat 

serum for 15 minutes and stained for surface markers CD4, CD8 and CD25. 

Staining was carried out for 30 minutes followed by two washes with PBS. The cells 

were fixed and permeabilized using the Foxp3 Fixation/Permeabilization 

Concentrate kit according to manufacturer’s instructions (eBioscience Inc.). 

Following permeabilization, the cells once again received blocking solution for 15 

minutes at room temperature. At this point, cells were stained for intracellular IFN-γ 

and Foxp3 (eBioscience Inc.) for 1 hour at room temperature. The cells were 
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washed three times with PBS and analyzed by Beckman Coulter Cyan flow 

cytometer.  

Statistical Analysis 

Statistical significance was determined using a Student’s t-test, ANOVA or 
chi-square wherever appropriate. Results were considered significant when P < 
0.05. 
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Chapter 3. The effect of ESC extracts on dendritic cell 
maturation.  

ESC extracts retain the immune modulatory properties of intact 

ESCs.   

The primary objective was to establish whether ESC extracts retain the 

immune modulatory properties of live cells. In order to test the efficacy of ESC 

extracts during allo-immune responses, MLR was utilized. MLR assays were 

chosen as they represent a generalized immune activation assay in response to 

allo-antigen that encompasses APCs as well as effector cells. In addition, live ESCs 

derived from humans and mice have been shown to inhibit PBMC or splenocyte 

proliferation in one-way allogeneic MLR 44, 45. For MLR assays, human PBMCs were 

isolated from two healthy donors using Ficoll-Paque gradient centrifugation. 

Subsequently, one set of cells were treated with mitomycin C to prevent them from 

proliferating, thereby serving as stimulatory cells. PBMC from the second donor 

served as responder cells and therefore any proliferation measured in this assay 

could be attributed exclusively to these cells (Figure 1). MLRs were performed by 

incubating responders and stimulators in the presence of increasing concentrations 

of human ESC extract (hESC EXT), volume matched vehicle control, or control 

human fibroblast cells extract (Control EXT). The addition of soluble hESC extract 

to the MLR significantly suppressed PBMC proliferation compared to vehicle control 

(p = 0.0005, Figure 2a). Notably, inhibition of proliferation was enhanced with 

increasing concentrations of hESC extract. In contrast, control fibroblast extract did  
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Figure 1. One-way mixed lymphocyte reaction assays. 
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Figure 2. ESC-extracts inhibit allogeneic PBMC proliferation in mixed 
lymphocyte reactions.  

A. One way mixed lymphocyte reactions (MLR) were carried out with 1 x 105 PMBC 
obtained from healthy volunteers. One set of donor cells was treated with 50µg/mL 
of mitomycin C to serve as stimulators while the second set of donor cells were 
used as responders. MLRs were carried out in the presence of increasing amounts 
of hESC extracts (EXT) or control fibroblast EXT (Control EXT) or equivalent 
volume (EV) of vehicle, and compared to untreated cultures (R + S). Tritiated 
thymidine was added on day 5 and the cells were cultured for an additional 16 to18 
hours. Results are displayed as counts per minute (CPM) of triplicate wells ± SD. 
Results are representative of at least 5 separate experiments. 

B. Cellular extracts prepared from B6 murine ESCs were used in one-way MLR. 
One hundred thousand C57BL/6 splenocytes were cultured together with 1 x 105 
mitomycin-treated B6C3F1 splenocytes. Tritiated thymidine was added on day 3 of 
incubation and the cells were allowed to proliferate for an additional 16 to 18 hours. 
Cell proliferation is displayed as mean counts per minute (CPM) of triplicate wells ± 
SD. Results are representative of at least 5 separate experiments.  

C. The inhibitory effect of hESC-EXT on PBMC proliferation in MLR is not due to 
cell death. Human PBMCs cultured as in (A) were harvested on day 6, washed with 
PBS, stained with 7AAD for 30 minutes and analyzed by flow cytometry. Results are 
representative of 3 separate experiments. 

Figure re-printed with permission from Humana Press. 
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not have an inhibitory effect on MLR and even induced proliferation of PBMC 

(Figure 2a). In addition to fibroblast extracts, Jurkat T cell extracts and primary 

PBMC extracts were tested for inhibitory properties on MLR proliferation. Both 

Jurkat and PBMC extracts were unable to inhibit MLR proliferation (Figure 3a). 

These results were reproduced using murine ESC extracts. One-way allogeneic 

MLR were carried out with B6 splenocytes (responders) and B6C3F1 splenocytes 

(stimulators). Similar to hESC extracts, mouse ESC extracts (mESC EXT) were 

able to prevent proliferation of splenocytes in a dose dependent manner compared 

to vehicle controls (p = 0.01, Figure 2b). Once again control extracts did not have 

an inhibitory effect on MLR proliferation of responders cells but rather caused 

enhanced proliferation (Figure 3b). Hence, these findings indicate that cellular 

extracts from both human and mouse ESCs retain the immune modulatory 

properties of live cells. Importantly, the above results were reproducible using 

different hESC lines (H1, H9, and CA1) and different mESC lines (J1, D3 and B6) 

as well as a combinations of different PBMCs prepared from various healthy donors 

and mouse strains. These results suggest that the immune modulatory properties of 

ESC extracts are consistent across different species. 

The strong inhibitory effect of ESC extracts observed on MLR proliferation 

raised the immediate question on whether this effect was due to cell death. I 

performed cell death assays and found that the inhibitory effect was not due to cell 

death since PBMCs treated with hESC extracts on day 6 of one-way MLR showed a 

similar amount of dead cells compared to those treated with vehicle control (Figure 

2c).  
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Figure 3. Control extracts do not have an inhibitory effect on allogeneic PBMC 
proliferation in MLR. 

MLR were performed to determine whether extracts derived from non-embryonic 
cell types have the capacity to inhibit allo-immune activation. 

A. Extracts derived from Jurkat cells, a human T cell line, and primary PBMCs 
obtained from a healthy individual were tested for inhibitory effects on MLR 
proliferation and compared to human ESC-extracts. All extracts were used at a 
concentration of 75µg/ml. MLR were carried out as described in Figure 2. Tritiated 
thymidine was added on day 5 and the cells were cultured for an additional 16 to18 
hours. Cell proliferation is displayed as counts per minute (CPM) of triplicate wells ± 
SD. Results are representative of at least 3 different experiments.  

B. Extracts were derived from C2C12, a mouse muscle stem cell pre-cursor, and 
examined for its ability to inhibit mouse MLR proliferation. MLR was carried out as 
described in Figure 2. Tritiated thymidine was added on day 3 of incubation and the 
cells were allowed to proliferate for an additional 16 to 18 hours. Cell proliferation is 
displayed as mean counts per minute (CPM) of triplicate wells ± SD. Results are 
representative of at least 4 separate experiments
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Figure 4. Treatment of MLR with hESC extracts induced changes in 
morphology. 

A. Vehicle treated MLR. Arrows indicated elongated fibroblast cells types that 
represent dendritic cells. These cells were observed at a high frequency in the 
vehicle treated cultures.  

B. hESC treated MLR. Results shows a notably decreased number of cells with an 
elongated phenotype when compared to vehicle control. 

MLR were performed as described in Figure 1 and 2 above with 2.0 x 106 in 24 well 
plates. Images were taken on day 6 of MLR proliferation (Zeiss Invertoskop 40C 
magnification 200x).
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Interestingly, while carrying out these initial studies I observed slight differences in 

cell morphology in the wells treated with ESC extract compared to vehicle or 

untreated wells throughout the assay period. Specifically, cells with morphology 

resembling DC after the first few days were observed in untreated and vehicle 

treated wells while these cells were absent from the ESC extract treated wells 

(Figure 4a,b). It was reasoned that these cells were dendritic/monocyte cells that 

had undergone maturation in the untreated and vehicle treated wells whereas they 

were negatively affected in the ESC treated wells. As a result, I examined the 

impact of ESC extracts directly on DC maturation.  

Determining the effect of hESC extracts on monocyte-derived 

dendritic cells maturation and function.  

Dendritic cells are professional antigen presenting cells that play an 

important role in activating the adaptive immune system. The maturation state of a 

DC at the time of antigen presentation can have an enormous impact on whether 

naive T cells become either activated or undergo anergy 140, 141, 154. In an immature 

state, DCs are in an antigen-processing mode and express low levels of MHC II and 

co-stimulatory molecules CD80/CD86 138, 155. As a result, immature DCs are 

relatively poor antigen presenters and do not provide proper costimulation to T cells 

156-159. This interaction of immature DCs and naïve T cells has been shown to result 

in anergy and apoptosis 140, 141, 154. Upon receiving activating signals, DCs undergo 

a maturation process and become potent APCs 138. At this mature stage, both 

antigen-presenting molecules and co-stimulatory molecules are up-regulated and as 

a result the cells effectively activate naïve T cells 140, 141, 154. Hence, DCs can play a 
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pivotal role in inducing a strong immune response or tolerance towards a pathogen 

depending on their maturation state. As discussed in the introduction, antigen 

presentation by donor and recipient DCs represents a critical factor in transplant 

rejection 140, 141, 148. Strategies aimed at preventing DCs maturation following 

transplantation have been shown to prolong graft survival. In order to examine the 

impact of ESC extracts on DCs, experiments were designed to assess the cells 

activation state, function and ability to activate allogeneic T cells.   

Immature DC represent only a small fraction of cells in peripheral blood and 

are sparsely distributed in various organs of the body serving as sentinels for 

infection 160.  As a result, harvesting sufficient numbers of immature primary cells 

directly from individual donors is not easily attainable. An established method to 

study DC maturation involves isolation of monocytes from PBMC and subsequent 

differentiation of the cells to immature DC using GM-CSFand IL-4 161, 162. Monocytes 

were isolated from the peripheral blood of healthy volunteer donors by CD14 

negative selection in an effort to avoid activation of the cells. Subsequently, the cells 

were cultured with GM-CSF and IL-4 for 8 days to induce differentiation of the cells 

to mature DCs. Media was changed on days 2 and 4 by removing spent media and 

adding fresh cytokines. On day 6, in addition to receiving IL-4 and GM-CSF, the 

cells also received TNF-α in order to induce maturation (Figure 5). Simultaneously, 

monocytes were treated with either vehicle control, hESC extracts or fibroblast 

extracts on days 0, 2, 4, and 6 (Figure 5). On day 8, the cells were examined for 

maturation markers CD80, CD86, CD83 and HLA-DR. Microcospic examination of 

the cells throughout the culture period revealed that vehicle treated monocytes  
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Figure 5. Schematic diagram of monocyte to dendritic cell differentiation.  

Half a million monocytes were cultured in the presence of 500U/mL of GM-CSF and 
IL-4 (G4) in order to induce them to differentiate into dendritic cells. The cells also 
received either 0.15mg/mL (final concentration) of hESC extracts (hESC EXT), L-
132 fibroblast extracts (Control EXT), or equivalent volume of vehicle on day 0. 
Fresh media were added every 2 days containing fresh cytokines and 0.075mg/mL 
of hESC EXT, L-132 EXT or vehicle on day 2, 4, and 6. On day 6, the cells also 
received 20ng/mL of TNF-α in order to induce dendritic cell maturation.
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Figure 6. hESC treatment of monocytes inhibits morphological transition to a 
dendritic cell phenotype. 

A. Monocytes were treated with vehicle control throughout culture conditions. Cells 
transitioned from a rounded phenotype to more elongated cells with some having 
discernable dendrites.  

B. Monocytes were treated with hESC extracts throughout culture conditions. Cells 
were found to remain in a more rounded phenotype with very few taken on an 
elongated shape.  

Images were taken on day 7 of culture following TNF-α additions to the cultures. 
Main images were taken at 200x magnification and inset with 50x magnification. 
Results are representative of at least 4 different experiments (Zeiss Invertoskop 
40C).
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developed into elongated fibroblast like cells while hESC extracts treated cells 

retained a more rounded shape as observed in MLR assays (Figure 6a,b).  

Examination of the cells by flow cytometry showed that treatment with vehicle and 

fibroblast-extracts resulted in the up-regulation of DC maturation markers CD80, 

HLA-DR, CD83, and CD86 (Figure 7a-d). In contrast, DC treated with hESC 

extracts did not up-regulate these maturation markers to the same extent as 

controls (Figure 7a-c). However, we found hESC extracts did not inhibit the surface 

expression of CD86, and in some cases even slightly increased CD86 expression 

(Figure 7d). Interestingly, these findings were found to be similar to the results 

obtained with mesenchymal stromal cells (MSC). MSC have been shown to inhibit 

DC maturation by preventing upregulation of CD80, CD83 and HLA-DR. However, 

MSCs were also unable to prevent up-regulation of CD86 on DCs 163. Collectively, 

these results indicate that hESC-extract treated DCs remain in an immature state. 

hESC extract-treated DCs Retain Phagocytic Function after TNF-αα  

Treatment. 

The ability to take up and process antigen presents an important function of 

immature dendritic cells. Tissue resident immature dendritic cells are highly 

phagocytic and process a large amount of antigen 139. Upon maturation, their 

phagocytic function is down regulated and the cells become potent antigen 

presenters 123, 142. In an attempt to decipher the effect of hESC extracts on DC 

function, we examined phagocytosis on both day 6 and 8, representing immature 

and mature states of DC respectively. DCs treated with vehicle, hESC extracts and 

control extracts and incubated with FITC labelled dextran beads on day 6 all  
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Figure 7. hESC-extracts inhibit monocyte-derived dendritic cell maturation.  

Moncytes were cultured as described in Figure 5 and examined by flow cytometry 
for the surface expression of DC maturation markers. 

A. CD80  

B. HLA-DR 

C. CD83  

D. CD86  

Grey lines represent controls and filled histograms represent treated mDCs. Values 
within plots indicate mean fluorescent intensity. Results are representative of at 
least 3 separate experiments. 

 

Figure re-printed with permission from Humana Press.
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Figure 8. hESC extract-treated mDCs retain greater phagocytic function 
following maturation.  

Immature and TNF-α matured mDCs were cultured and collected on  

A. Day 6 

B. Day 8 

The cells were washed twice with PBS containing 1% FBS and incubated with 
1mg/mL of dextran-FITC beads at 37°C or on ice for 90 minutes. Subsequently, the 
cells were washed twice with PBS containing 1% FBS and 0.1% sodium azide and 
analyzed by flow cytometry. Values within plots indicate mean fluorescent intensity.  
Results are representative of at least 3 separate experiments. 

Figure re-printed with permission from Humana Press.
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exhibited high phagocytic function, indicative of immature DCs (Figure 8). However, 

analysis of phagocytosis on day 8, TNF-α treatment for 2 days, revealed a much 

greater phagocytic function for DCs treated with hESC extracts compared to 

controls (Figure 8). These data further corroborate the finding in Figures 6 and 7 

and suggest that hESC extracts cause DC to remain in an immature state even 

after induction of maturation with TNF-α. 

hESC extract-treated DCs Secrete Lower Levels of IL-12p40. 

In order to further substantiate the above findings cytokine production by 

DCs was investigated. Cytokine production by DCs has an important impact on the 

type of immune response elicited. For instance DC production of IL-12 induces a 

Th1 response whereas the production of IL-10 leads to a Th2 response and 

suppresses a Th1 response 164, 165. Similarly, production of TGF-β in combination 

with IL-6 results in a Th17 response while TGF-β alone can lead to T regulatory cell 

development 166, 167. To begin with, secretion of IL-12p40, a monomer known to 

make functional IL-12 and IL-23, was examined 168. As such, supernatants were 

collected on day 6 and day 8 of monocyte culture and the level of IL-12p40 was 

determined by quantitative ELISA assays. On day 6 of culture, very little or no IL-

12p40 was detected in any of the supernatants (Figure 9a). However, upon 

maturation with TNF-α (day 8 supernatants), monocyte treated with either vehicle or 

control extracts throughout the culture period were found to secrete high levels of 

IL-12p40. In contrast,  supernatants from monocyte cultures treated with hESC  
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Figure 9. hESC extract-treated mDCs secrete lower levels of IL-12p40 
following maturation.  

Supernatants from mDCs treated with vehicle, hESC EXT, and fibroblast EXT (as 
described in Figure 5) were collected on day 6 and day 8.  

A. IL-12p40 levels were measured by ELISA assays.  

B. TGF-β levels were determined by Flow Cytomix assays. 

C. IL-10 levels were determined by Flow Cytomix assays.  

Results are representative of 3 separate experiments 

Figure re-printed with permission from Humana Press.
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extracts contained 8 to 10-fold less IL-12p40 (Figure 9a). On the other hand, no 

major differences were found when TGF-β and IL-10 were examined by quantative 

flow cytomix assays (Figure 9b,c). The results indicated that hESC extracts causes 

a decrease in IL-12p40 secretion by DCs. 

IL-10 and TGF-ββ  Do Not Contribute to hESC extract-mediated 

Immune Modulation. 

To ensure that hESC extracts do not contain immune modulating cytokines 

several publicly available microarray databases were analyzed. These analyses 

revealed an absence of expression of most cytokines. Moreover, we determined the 

expression of IL-10 and TGF-β by sensitive QPCR assays because these two 

cytokines are well known for their inhibitory effects on immune activation 169, 170. 

Examination of hESC lines CA1 and H9 by QPCR revealed a complete absence of 

IL-10 gene expression and only minor expression of TGF-β mRNA (Figure 10a). To 

completely rule out the role of TGF-β in hESC extract-mediated immune 

modulation, hESC extracts were treated with 20µg/mL of pan TGF-β neutralizing 

antibodies. Subsequently, MLR was carried out using TGF-β neutralized and non-

neutralized hESC extracts. The results indicated that neutralizing TGF-β antibodies 

did not have an impact on the hESC extract-mediated MLR inhibition (Figure 10b). 

Therefore, hESC extract-mediated immune modulation of MLR and DC maturation 

cannot be attributed to IL-10 and TGF-β and possibly involve other known and novel 

factors. Our results corroborate previous findings observed by Drukker et al. who  
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Figure 10. IL-10 and TGF-ββ do not contribute to hESC extract-mediated 
immune modulation.  

A. Relative mRNA expression of IL-10 and TGF-β by hESCs as measured by 
QPCR.  

B. One-way allogeneic MLRs were carried out in the presence of hESC-EXT that 
have been treated with isotype control antibody or with a neutralizing antibody 
against TGF-β. Proliferation was allowed to proceed for 5 days and tritiated 
thymidine was added for an additional 16 to 18 hours. Cell proliferation is displayed 
as mean counts per minute (CPM) of triplicate wells ± SD.  

Results are representative of 3 separate experiments. 

 

Figure re-printed with permission from Humana Press.
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studied over 300 immune related genes using microarrays and found negligible 

expression of IL-10 and TGF-β genes in hESCs. 

hESC extract-treated DCs Are Poor Stimulators of Allogeneic T 

Cells. 

The maturation state of DCs at the time of antigen presentation has an enormous 

impact on T cell activation. In an immature state, DCs remain in an antigen-

processing mode and express low levels of HLA-DR and co-stimulatory molecules. 

As a result, they are relatively poor T cell activators 140, 141, 154,156-159. The above data 

indicates that hESC derived extracts may have an impact on DC maturation. As a 

result we tested their ability to activate allogeneic T cells. To determine whether 

hESC extracts-treated DCs influence effective T cell activation, TNF-α matured DCs 

were incubated with purified allogeneic T cells. Microscopic inspection of wells of 

the different treatment groups revealed development of clusters in wells containing 

vehicle and control extract treated DCs after one day of stimulation, indicative of T 

cell proliferation (Figure 11a). However, no cluster formation was observed in wells 

which received hESC extract treated DCs that were found to be similar to 

unstimulated T cells (Figure 11a). Expectedly, quantitation of T cell proliferation 

incubated with DCs treated with either vehicle or fibroblast-extracts showed a strong 

response to the allogeneic DCs (Figure 11b). In contrast, T cells incubated with 

hESC extract-treated DCs proliferated significanlty less when compared to controls 

(p = 0.007, Figure 10b). Moreover, addition of exogenous IL-12p40 to hESC treated 

DC did not restore the ability of hESC extract treated DCs to stimulate T cells to the
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Figure 11. hESC extract-treated mDCs are poor stimulators of allogeneic T 
cells. Monocytes incubated with either vehicle, hESC EXT, or fibroblast EXT and 
matured with TNF-α were treated with mitomycin C and cultured with 1 x 105 
purified CD3+ allogeneic T cells at a ratio of 1:50.  

A. Images depict indicated treatments 24 hours after incubation (50x, Zeiss 
Invertoskop 40C).  

B. Proliferation of CD3+ T cells in response to allogeneic mDC stimulation. 
Proliferation was allowed to proceed for 3 days and tritiated thymidine was added 
for an additional 16 to 18 hours. Cell proliferation is displayed as mean counts per 
minute (CPM) of triplicate wells ± SD. 

Results are representative of 3 separate experiments. 

 

Figure re-printed with permission from Humana Press.
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Figure 12. hESC extract-treated mDCs are poor stimulators of allogeneic T 
cells.  

mDCs incubated with either vehicle, hESC EXT, hESC EXT + IL-12p40 and were 
induced to undergo maturation to compare their ability to stimulate allogeneic T 
cells. Alternatively, vehicle and hESC EXT were also examined at the immature 
stage for their ability to induce allogeneic T cell proliferation. mDCs were treated 
with mitomycin C and cultured with 1 x 105 purified CD3+ allogeneic T cells at a 
ratio of 1:50. Proliferation was allowed to proceed for 3 days and tritiated thymidine 
was added for an additional 16 to 18 hours. Cell proliferation is displayed as mean 
counts per minute (CPM) of triplicate wells ± SD. 

 

Figure re-printed with permission from Humana Press.
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same extent as vehicle treated DC (Figure 12). Interestingly, immature DCs, 

obtained on day 6 of the maturation process, treated with vehicle or hESC extracts 

induced T cell proliferation to the same extent as controls (Figure 12). Hence, hESC 

extracts impair DC maturation and render them as poor stimulators of allogeneic T 

cells. It may also be concluded that hESC extracts may impact DCs at the point 

when maturation signals are provided. This is reflected by the fact that difference in 

allogeneic T cell stimulation between hESC extract treated and control DCs was 

only observed when mature DCs were used (Figure 11 and 12). In our attempts to 

determine the ability of DCs to stimulate allogeneic T cells we also observed that 

additional extracts added to the cultures may have a direct impact on T cell 

proliferation. When matured hESC extracts treated DCs were further supplemented 

with additional hESC extract during T cell allo-stimulation, we observed an 

enhancement in the inhibition of allogeneic T cell proliferation (Figure 13). In 

contrast, additional control fibroblast extract added to fibroblast extract treated DCs 

did not have any effect on T cell proliferation (Figure 13). Moreover, vehicle added 

to hESC extract treated or control fibroblast treated DCs did not have an impact on 

T cell proliferation (Figure 13). As a result, we reasoned that hESC extracts might 

also independently inhibit T cell proliferation. Therefore I examined the impact of 

ESC extracts on T cell activation and function in Chapter 4.  
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Figure 13. Further addition of hESC extract to hESC EXT treated mDCs during 
allogeneic stimulation enhances inhibition of T cell proliferation. Monocytes 
incubated with either vehicle, hESC EXT, or fibroblast EXT throughout monocyte to 
dendritic cells and matured with TNF-α. The cells were washed with PBS and were 
treated with mitomycin C and cultured with 1 x 105 purified CD3+ allogeneic T cells 
at a ratio of 1:50. At this time additional vehicle, hESC EXT or control were added to 
each respective mDC cultures. 

Results are representative of 3 separate experiments.
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Chapter 4. The impact of ESC extracts on T cell activation 
and effector function.  

 

T cells represent an important component of the effector arm of the adaptive 

immune system as they play a crucial role in clearing infection and eliminating 

cancerous cells. T cells also play a major role in organ rejection and development of 

graft versus host disease (GVHD). Several subsets of T helper cells (Th) cells have 

been identified based on the cytokine profile of CD4 T cells. Th1 cells are identified 

as CD4 T cells that elicit a cytotoxic response through induction of IFN-γ and are 

involved in clearance of viral infections 171. Th2 cells are CD4 T cells that enhance a 

humoral response over a Th1 cytotoxic response by producing IL-4, IL-10, IL-5 and 

IL-13 171. Th17 cells are also CD4 cells shown to secrete IL-17 that has been shown 

to contribute to clearance of extracellular pathogens and has been implicated in 

auto-immunity 172, 173. On the other hand, T regulatory (Treg) cells, which arise 

naturally and can be peripherally induced by TGF-β, are identified by intracellular 

expression of transcription factor Foxp3 and high CD25 expression 167, 174. Treg 

cells have the capacity to suppress the other effector subtypes and can contribute 

to a state of immunological tolerance 174. This section examines the effect of ESC 

extracts on T cell activation and function.  

It should be noted that at this point most of the work examining T cells was 

done with murine ESC and splenocytes. In consultation with my supervisor we 

reasoned that this was the best course since murine ESC can be expanded to 
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larger cultures more rapidly and easily than hESC. Murine ESC are also being more 

cost effective than hESC which require expensive serum, media as well as 

conditioning of the media by MEF cells. Moreover, using mouse splenocytes from 

genetically defined strains would give more consistent results than PBMC collected 

from various individuals.  

ESC extracts inhibit T cell proliferation in response to anti-

CD3/anti-CD28 and Concanavalin A.  

In order to specifically determine the impact of ESC extracts on T cells, 

mouse B6 splenocytes were stimulated with anti-CD3 and anti-CD28 in the 

presence of increasing concentrations of mESC extracts. Similar to the results 

observed in the MLR assays, mESC extracts prevented T cell proliferation in a dose 

dependent manner. Conversely, vehicle control did not affect T cell proliferation, 

while mouse muscle stem cell precursor-derived factors (C2C12 cell line) enhanced 

T cell proliferation even further (Figure 14a). These results were replicated using 

two different mESC cell lines derived from C57BL/6 mice (B6 ESC) and 129/J mice 

(D3 ESC). Notably, human ESC extracts cell were also found to inhibit T cell 

proliferation in a similar manner. hESC extracts strongly prevented purified T cells 

stimulated with concanavalin A (Figure 14b). Hence it can be concluded that ESC 

extracts indeed have an independent inhibitory effect on T cell proliferation.  

ESC extracts do not enhance activation induced cell death.  

To elucidate whether T cell inhibition is due to activation induced cell death 

(AICD) by mESC extracts, we examined T cell apoptosis and necrosis using  
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Figure 14. ESC extracts directly inhibit T cell proliferation in response to anti-
CD3/anti-CD28 stimulation.  

A. C57BL/6 splenocytes were labeled with CFSE and activated with anti-CD3/anti-
CD28 in RPMI media. Increasing concentration of mESC extracts (mESC EXT) was 
added to B6 splenocytes stimulated with anti-CD3/anti-CD28 in RPMI media. 
Splenocytes were also treated with vehicle control or control C2C12 extracts 
(Control EXT). After 48 hours the cells were analyzed by flow cytometry for 
proliferation. Results are representative of 4 separate experiments. 

B. Purified human CD3+ T cells were stimulated with 30µg/ml of ConA in the 
presence of hESC or vehicle control. Tritiated thymidine was added on day 3 and 
the cells were cultured for an additional 16 to18 hours. Results are displayed as 
counts per minute (CPM) of triplicate wells ± SD. Results are representative of at 
least 3 separate experiments.
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Figure 15. mESC extracts do not enhance T cell death. C57BL/6 splenocytes 
were stimulated with anti-CD3/anti-CD28 antibodies in the presence of ESC 
extracts for 3 days. The cells were harvested and washed with PBS and stained 
with anti-CD3 antibody, Annexin V-PE and 7AAD to examine T cell apoptosis and 
necrosis, respectively. Analysis was carried out by gating on CD3+ cells followed by 
determination of Annexin V-PE and 7AAD. Results are representative of 4 separate 
experiments.
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Annexin V and 7AAD respectively. Splenocytes stimulated with anti-CD3 and anti-

CD28 and treated with mESC extracts were found to have the same number of 

CD3+ dead cells as control treatments (Figure 15). These data suggests that ESC-

derived factors inhibit T cell proliferation without inducing T cell death following 

activation. 

ESC extracts modulate T cell activation markers on CD4 and CD8 T 

cells.  

Next we assessed the impact of mESC extracts on T cell activation. CD3+ T 

cells were negatively selected from splenocytes and stimulated with anti-CD3 and 

anti-CD28. Subsequently, T cells were examined for surface expression of CD25, 

CD44 and CD69 at the specified time points. These markers are important for T cell 

activation and subsequent proliferation and function 175-178. We found that mESC 

extracts have the capacity to markedly decrease the surface expression of CD25 on 

both CD4 and CD8 T cells (Figure 16a and 17a). Similarly, ESC-derived factors 

were also able to noticeably reduce the surface expression of CD44 and CD69 on 

both T cell subsets (Figure 16b,c and 17b,c). As a result, it can be concluded that 

mESC extracts inhibit T cell proliferation by decreasing surface expression of 

important markers that are necessary for proper activation and subsequent 

proliferation.
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Figure 16. mESC extracts inhibit upregulation of activation markers CD25, 
CD44 and CD69 on CD4 T cells. Negatively isolated C57BL/6 CD3+ T cells were 
stimulated with plate bound anti-CD3/anti-CD28 antibodies in the presence of ESC-
derived factors or vehicle control. CD4 positive T cells were examined for the 
following activation markers by flow cytometry; 

A. CD25 after 24 hours of stimulation.  

B. CD69 expression after 6 hours of stimulation. 

C. CD44 expression after 24hours of stimulation. 

Results are representative of at least 3 separate experiments.
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Figure 17. mESC extracts inhibit upregulation of activation markers CD25, 
CD44 and CD69 on CD8 T cells. Negatively isolated C57BL/6 CD3+ T cells were 
stimulated with plate bound anti-CD3/anti-CD28 antibodies in the presence of ESC-
derived factors or vehicle control. CD8 positive T cells were examined for the 
following activation markers by flow cytometry; 

A. CD25 after 24 hours of stimulation.  

B. CD69 expression after 6 hours of stimulation. 

C. CD44 expression after 24hours of stimulation. 

Results are representative of at least 3 separate experiments.
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mESC extracts skew T cell cytokine production towards a T 

regulatory profile. 

 The ability of ESC-derived factors to affect proper T cell activation led us to 

examine T cell effector function in response to alloantigen. We performed one-way 

MLR assays and examined the expression of various cytokines and transcription 

factors by quantitative PCR at several time points. We found that MLR treated with 

ESC extracts had significantly lower expression levels of IL-2 and IFN-γ after 8 

hours of stimulation compared to controls (Figure 18a,b). In contrast, we observed 

significantly higher expression of TGF-β and Foxp3 expression in the same samples 

by 24 hours (Figure 18c,e). However, Tbet expression remained unchanged (Figure 

18d). These results indicate that ESC-derived factors may favour development of 

Treg cells over Th1 cells in response to alloantigen.  

To further confirm that the shift in cytokine and transcription factors was 

specifically induced in T helper subsets, IFN-γ and Foxp3 expression was examined 

by intracellular staining. Splenocytes were stimulated with anti-CD3 and anti-CD28 

or PMA/Ionomycin in the presence of mESC extracts or controls and subsequently 

analyzed by flow cytometry at the indicated time points. We gated on CD4 and CD8 

T cell subsets and found that mESC extracts reduced IFN-γ production in CD8 T 

cells compared to controls (Figure 19a) but not in CD4 cells at this time point 

(Figure 19b). Next, the frequency of T regulatory cells was determined based on the 

combined expression of CD4, CD25 and Foxp3. Treatment of splenocytes with 

mESC extracts resulted in greater number of CD4+, CD25+ and Foxp3+ cells 

compared to controls (Figure 20). Therefore, these data support the mRNA results  
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Figure 18. ESC extracts modulate T helper responses during an allogeneic 
immune response.  

A one way mixed lymphocyte reaction was performed, C57BL/6 splenocytes were 
used as responders and CD1 splenocytes as stimulators in the presence of mESC 
extracts or vehicle control. Cells were harvested at the indicated time points and 
total RNA was isolated. Subsequently, cDNA was synthesized and used to carry out 
QPCR to examine the expression of cytokines and master regulator transcription 
factors of T helper cells.  

A. IL-2 expression  

B. IFN-γ expression 

C. TGF-β expression 

D. T-bet expression 

E. Foxp3 expression.  

Relative gene expression is compared to responders alone that were used as 
baseline. Results are representative of 3 separate experiments. Data points 
represent mean ± SD. * indicates p value ≤ 0.05. White bars represent results 
obtained from vehicle treated MLRs and black bars indicate results obtained from 
ESC-extract treated MLRs. Data collected by Bodour Al-Khamees. Results are 
representative of at least 3 separate experiments.
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Figure 19. ESC extracts decrease IFN-γγ  positive CD8 T cells.  

C57BL/6 splenocytes were pre-treated over night with ESC extracts and stimulated 
with PMA and Ionomycin or anti-CD3/anti-CD28 for 6 hours. Protein transport 
inhibitor cocktail was added to the cells 1 hour following stimulation. Cells were 
harvested and stained for surface CD8. After washing, the cells were fixed, 
permeabilized and stained for intracellular IFN-γ. 

A. CD8 T cells 

B. CD4 T cells	
  

Results are representative of at least 3 separate experiments.
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Figure 20. ESC extracts favour T regulatory cell development.   

C57BL/6 splenocytes were treated with ESC extracts and stimulated with anti-CD3 
and anti-CD28 for 3 days. The cells were harvested and stained for CD3, CD4 and 
CD25. Subsequently, cells were fixed, permeabilized and stained for Foxp3. Gates 
were set on CD3+ followed by CD4+ cells.  Results are representative of at least 3 
separate experiments.
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described in Figure 18 and it can be concluded that mESC extracts favour the 

development of Treg cells over Th1 cells. 

mESC extracts may skew T cells responses by preventing PKC-θθ  

phosphorylation. 

The mechanisms underlying ESC-mediated T cell inhibition remain poorly 

understood. Several studies have described already known mechanisms of immune 

modulation, including TGF-β, to be involved in mouse ESCs and FasL in rat ESCs. 

More recently, two papers have described that intact human ESCs are able to 

directly inhibit T cell proliferation through the expression of the enzyme arginase-1 

and HLA-G 50, 52. However, in our assays we supplement the cytoplasmic lysates 

with excess amounts of L-arginine to prevent protein-protein aggregation and 

examination of our own cell lines by quantitative mass spectrometry has not 

revealed HLA-G expression. It is very likely that ESCs may have multiple properties 

that affect T cell activation and proliferation.  

In an attempt to delineate alternate mechanisms, purified T cells and PBMC 

were stimulated with several mitogens that mimic activation of major signaling 

pathways in T cells. Signaling through the T cell receptor (TCR) results in the 

hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2) into inositol triphosphate 

(IP3) and diacylglycerol (DAG). Subsequently, IP3 and DAG propagate the TCR 

signal by increasing intracellular calcium and phosphorylation of PKC-theta (PKC-θ) 

that in turn activate transcription factors NFAT and NFκB/AP1, respectively 179. The 
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combined effect of the two pathways in addition to co-stimulation results in T cell 

activation 179. We determined that stimulation of T cells with phorbol-1-3-merystate 

(PMA), an analog of DAG which directly activates PKC-θ, could be strongly inhibited 

by ESC extracts (Figure 21a) 180, 181. Interestingly, ESC extracts could not prevent 

proliferation of the cells in response to ionomycin, which causes calcium influx and 

activates NFAT (Figure 21b) 182. These results indicated that ESC-extracts might 

inhibit proper T cell activation and proliferation by inhibiting PKC-θ activation.   

To directly establish the impact of ESC extracts on PKC-θ activation, 

splenocytes were stimulated with PMA in the presence and absence of mESC 

extracts. Phosphorylation of PKC-θ at Threonine-538 (Thre-538), reflective of its 

activity was examined by western blot 183. Splenocytes treated with mESC extracts 

had  little or no phosphorylation of PKC-θ whereas control splenocytes showed 

strong phosporylation in response to PMA (Figure 22a). Notably, mESC extracts did 

not have an effect on total PKC-θ levels, as they remained constant at all time 

points similar to controls (Figure 22). To determine whether the absence of 

phosphorylation at Thr-538 was indeed reflective of PKC-θ activity we examined 

down stream targets of the kinase. PKC-θ is known to form a complex with CARMA-

1, Bcl-10 and MALT-1 to induce NFκB translocation to the nucleus by causing 

degradation of IκB 82. As a result we examined IκB-α degradation in purified T cells 

that had been activated with PMA. Consistent with above results, we found that IκB-

α levels were stable or only slightly degraded in cells that were treated with mESC 

extracts whereas IκB-α was visibly degraded in controls (Figure 22b). Hence,  
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Figure 21. ESC extract inhibit T cell proliferation in response to PMA but not 
ionomycin. 

A. T cells were purified from PBMC and stimulated with 50ng/ml of PMA in the 
presence of vehicle control or hESC-extracts. 

B. Whole PBMC were stimulated with 200µM of ionomycin in the presence of 
vehicle control or hESC extracts.  

Tritiated thymidine was added on day 3 and the cells were cultured for an additional 
16 to18 hours. Results are displayed as counts per minute (CPM) of triplicate wells 
± SD. Results are representative of at least 3 separate experiments.
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Figure 22. mESC extracts inhibit PMA mediated PKC-θθ  phosphorylation in T 
cells. 

A. C57BL/6 splenocytes were pre-treated over night with ESC extracts and 
stimulated with 50ng/ml of PMA for the indicated periods of time. Subsequently, the 
cells were harvested and lysed. Lysates were examined by western blotting for 
PKC-θ phosphorylation (Thre 538), and total PKC-θ. 

B. C57BL/6 CD3+ T cells were pre-treated over night with ESC extracts and 
stimulated with 50ng/ml of PMA for the indicated periods of time. Subsequently, the 
cells were harvested and lysed. Lysates were examined by western blotting for IκB-
α degradation.  

Results are representative of 4 separate experiments.
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mESC extracts directly affect T cell activation and proliferation by inhibiting PKC-θ 

phosphorylation and subsequent activity.  

mESC extracts specifically inhibit PKC-θθ  activation without 

affecting upstream T cell signaling. 

 Although ESC-derived factors have the capacity to inhibit PMA mediated 

PKC-θ activation, it is unclear whether they also affect other signaling components 

emanating from the TCR and CD28. Several studies have established that PKC-θ 

activation is mediated by signaling molecules PLC-γ and PI3K originating from the 

TCR and CD28, respectively 179, 184, 185. As such, we determined whether these 

signaling molecules were affected by ESC-derived factors following anti-CD3 and 

anti-CD28 stimulation. Splenocytes were pre-treated overnight with ESC extracts 

and stimulated with anti-CD3 and anti-CD28 for the indicated time periods. 

Subsequently, phosphorylation of PKC-θ, PLC-γ and AKT (used as a surrogate 

marker for PI3K) were examined. Consistent with the data obtained with PMA 

stimulation (Figure 22), we found that splenocytes treated with ESC-extracts and 

activated with anti-CD3 and anti-CD28 had little or no phosphorylation of PKC-θ at 

all time points, whereas phosphorylation was detected in controls (Figure 23). In 

contrast, phosphorylation of PLC-γ and AKT could be detected in both ESC-derived 

factor and control treated splenocytes at all time points (Figure 23). Therefore, it can 

be concluded that ESC extracts specifically inhibit PKC-θ without influencing its 

known up-stream activators. 
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Figure 23. ESC extracts specifically inhibit PKC-θ activation without affecting 
upstream signaling molecules.  

C57BL/6 splenocytes were pre-treated with ESC extracts overnight and stimulated 
with anti-CD3/anti-CD28 for the indicated periods of time. Subsequently, the cells 
were harvested and lysed. Lysates were examined by western blotting for PLC-γ, 
AKT and PKC-θ phosphorylation. Results are representative of 3 separate 
experiments.
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mESC extracts can be used in combination with calcium channel 

blockers to enhance inhibition of allogeneic immune activation. 

	
   After determining that ESC extracts specifically inhibit PKC-θ, we wanted to 

examine whether T cell proliferation could be further prevented in combination with 

inhibitors of the calcium-signaling pathway. MLR were carried out by treating the 

cells with SKF-96365 and KN-93 that inhibit extracellular receptor mediated calcium 

entry and release of intracellular stores of calcium, respectively 186, 187. Both SKF-

96365 and KN-93 were able to decrease cell proliferation (Figure 24a). Similarly, 

mESC extracts were able to inhibit proliferation of MLR as previously shown. 

Treatment of MLRs with SKF-96365 and KN-93 in combination of with mESC 

extracts enhanced inhibition of MLRs and had an additive effect (Figure 24a). The 

effect of mESC extracts was also tested in combination with cyclosporine A, a drug 

that specifically in inhibits calcineurin activation and is widely used in the clinic to 

prevent allogeneic organ rejection 188, 189. Treatment of MLR with cyclosporine A 

resulted in decreased cell proliferation (Figure 24b). Once again, cyclosporine A 

used in combination with mESC extracts decreased MLR proliferation than either 

cyclosporine A or mESC extracts used alone (Figure 24b). Therefore, these data 

indicate that mESC in combination with inhibitors of the calcium-signaling pathway 

has an additive effect in preventing allo-immune activation. Moreover, it can be 

concluded that ESC extracts may hold the potential to supplement already clinically 

established drugs to promote allogeneic graft survival.
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Figure 24. ESC-derived factors in combination with cyclosporin A enhance 
inhibition of allogeneic immune activation.  

A one way mixed lymphocyte reaction was performed, C57BL/6 splenocytes were 
used as responders and CD1 splenocytes as stimulators in the presence of vehicle 
control, ESC-derived factors and CsA. Moreover, ESC-derived factors were used in 
combination with CsA to determine whether they can complement one another in 
preventing allo-immune activation. Tritiated thymidine was added on day 3 and the 
cells were cultured for an additional 16 to18 hours. Results are displayed as counts 
per minute (CPM) of triplicate wells ± SD. Results are representative of at least 3 
separate experiments.



   102 
 



   103 
 

Chapter 5. Discussion: 
 

Embryonic stem cell research has the potential to unlock fundamental 

scientific questions in the field of developmental and cellular biology. The discovery 

that ESCs possess immune privileged and immune modulatory properties further 

enhances their significance since deciphering these properties may lead to more 

broad applications in autoimmune diseases, allergy and transplantation. Several 

groups have determined that the ESCs have powerful immune modulatory 

properties that not only facilitate their own survival but also reduce immune 

responses towards third party antigen and promote the survival of solid organ 

transplants 41-52, 150, 190. However, the use of live ESCs to overcome allogeneic 

immune responses is associated with the adverse risk of teratoma formation 1-4, 24, 

25, 27, 53-55. These studies indicate a direct correlation between the number of ESCs 

injected into mice and the incidence of teratoma formation, with the most effective 

number of ESCs to overcome the immune system causing teratomas in 90% of the 

recipients 44. Therefore, the immediate application of live ESCs for immune 

modulation is not feasible at the current state of stem cell research and alternate 

strategies are needed to harness these properties. 

 In order to circumvent teratoma formation we hypothesized that ESC derived 

cellular extracts may retain the immune modulatory properties of live cells and 

abrogate allo-immune responses. Indeed, our studies demonstrate that human and 

mouse ESC extracts were capable of inhibiting PBMC and splenocyte proliferation 

in response to allo-antigen in MLR assays, respectively. ESC-extracts had a dose 
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dependent effect on cell proliferation in these assays as increasing concentrations 

resulted in greater inhibition. Further experiments elucidated that ESC-extracts 

independently affected dendritic and T cell activation.  

Initial studies involving MLR revealed that ESC-extracts may have a specific 

effect on DCs. We determined hESC extracts were able to inhibit maturation of 

human monocyte-derived DCs. DC maturation was evaluated not only on the basis 

of the expression of specific surface markers but also according to typical DC 

functions, such as phagocytic capacity, production of polarizing cytokines and the 

ability to trigger T-cell responses in MLR. In effect, hESC extract-treated DCs 

expressed decreased levels of activation markers CD80, HLA-DR, and CD83, and 

retained a greater ability to phagocytose dextran beads compared to controls even 

after treatment with TNF-α (Figure 9). In addition, ELISA assays revealed hESC 

extract-treated DCs produced up to 10-fold less IL-12p40 than controls. 

Accordingly, hESC extracts-treated DCs were found to be poor activators of purified 

allogeneic T cells in MLR. However, we did find an up-regulation of CD86, indicating 

that the phenotypes of these DCs were skewed and perhaps maturation was not 

completely prevented. Interestingly, MSCs modulate DC maturation by inhibiting up-

regulation of CD80 and HLA-DR while CD86 is not affected 163. Taken together, the 

accumulated data from the experiments described in this thesis suggests that hESC 

extract treatment during monocyte to DC differentiation impairs the cells from 

becoming fully mature. This conclusion is supported by the observation that 

immature hESC extract treated DCs do not have enhanced suppressive capacity 

compared to immature vehicle treated DCs (Figure 12). As a result, we conclude 
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that hESC extracts impact the transition between immature to mature DC. These 

studies firmly establish a direct effect of ESC extracts on DC maturation and to the 

best of our knowledge, provide the first evidence that human ESCs have an 

immune modulatory effect on DCs.  

 While addressing the impact of ESC extracts on DCs we observed the 

potential for an impact of ESC extracts on T cells. ESC extracts were found to 

prevent T cell proliferation in response to anti-CD3/anti-CD28 stimulation. The effect 

of ESC extracts also caused down regulation of T cell activation markers (CD25, 

CD44 and CD69), reduced production of IFN-γ both at the mRNA and protein level 

while causing an increase in TGF-β and Foxp3 expression. Hence, ESCs extracts 

have the capacity to decrease expression of important T cell markers required for 

proper activation and proliferation. These data also suggest that ESC extracts may 

favour development of Treg cells over Th1 cells. Significantly, ESC extracts were 

found to modulate T cell activation due to a specific effect on PKC-θ 

phosphorylation. PKC-θ phosphorylation at Thre-538 was inhibited (reflective of 

PKC-θ activity) in ESC treated T cells without an effect on upstream T cell signaling 

components PLC-γ and PI3K derived from both CD3 and CD28 receptors, 

respectively 183. Accordingly, ESC extract mediated PKC-θ inhibition may provide 

an explanation for the described modulation of T cell responses described (see 

further discussion below). It is noteworthy to mention that this is the first study that 

demonstrates ESC mediated PKC-θ inhibition as mechanism of immune 

modulation.   
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The ability of ESC extract treatment to prevent DC maturation, reduce T cell 

proliferation and favour Treg development, suggest that ESC extracts may have 

potent immune modulatory properties that do not simply suppress the immune 

system but rather induce an altered immune response. Several pieces of evidence 

support this notion. To begin with, ESC extracts do not enhance cell death 

compared to controls either when PBMC were examined, encompassing several 

cell types, or T cells specifically. Further support is observed when examining the 

changes in cytokine secretion by both DCs and T cells. ESC extract treatment of 

DCs results in a decrease of IL-12p40, a cytokine that favours Th1 development, 

compared to controls. However, unlike IL-12p40, TGF-β levels were not down 

regulated in ESC extract treated DCs. The combination of unchanged TGF-β 

secretion along with a decrease IL-12p40 suggests that ESC extract treated DCs 

would most likely induce an altered T cell response. Similarly, MLRs treated with 

ESC extracts induced lower levels of IL-2 and IFN-γ while at the same time an 

increase in TGF-β expression. In line with these findings CD8 T cells were found to 

produce lower levels of IFN-γ. Finally, a greater number of CD4 T cells were found 

to express Foxp3 compared to controls. The ability of ESC extracts to affect an allo-

immune response both at the level of APC and effectors cells makes it a powerful 

immune modulatory agent that could potentially protect allogeneic cells and solid 

organs from immune rejection. As such, appropriate animal transplantation models 

need to be examined to determine the efficacy of ESC derived extracts. If our in-

vitro findings hold true in vivo and if similar findings are observed with other stem 

cell sources such as IPS, the use of IPS or IPS extracts may represent a more 



   107 
 

favorable approach to treat immune based conditions. Recipient animals could 

receive their own strain specific IPS cell components rather than allogeneic ESCs 

thereby avoiding unforeseen complications such as antibody development towards 

allogeneic proteins.  

 The specific components contributing to ESC-mediated immune modulation 

have previously been attributed to various factors. Studies carried out with rat and 

mouse ESCs indicate the possible involvement of FasL and TGF-β expression in 

evading the immune system respectively. However, studies carried out with hESCs 

exclude FasL as a causative factor. Moreover, microarray studies that examined 

300 immune related genes, including adhesion markers, chemokines and cytokines, 

did not find significant expression of these genes in hESCs. Among these genes, 

the study found negligible expression of IL-10 and TGF-β which was confirmed in 

our studies 41. Using mouse ESCs, another independent study examined 87 

immunologically relevant genes using Taqman assay and obtained similar results 

48. The study found that IL-10, TGF-β1, indoleamine 2,3-dioxygenase, arginase-1 

and 2 do not contribute to immune privilege of mouse ESCs 48. Recently, two 

studies carried with human ESCs have shown that arginase-1, an enzyme that 

depletes L-arginine in the microenvironment, and HLA-G may play a role in ESC-

mediated immune modulation 50, 52. We recently reviewed a list of highly abundant 

proteins found in hESCs using quantitative mass spectrometry and have not found 

any known candidate factors such as CTLA-4, PDL-1, PDL-2, arginase-1 and HLA-

G. Moreover, in our experiments the vehicle/lysis buffer is supplemented with 50mM 

L-arginine as this has been found to enhance protein stability and prevent dimer 
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formation 191. Since the presence of excess L-arginine does not influence the 

inhibitory effect of hESC-extracts on DC and T cell maturation and functions in our 

study, it appears that ESC-mediated immune modulation is not due to a single 

factor but rather a number of different factors. There also exists the possibility that 

different ESC lines evade the immune system using distinct mechanisms from one 

another and explaining the diverse results obtained.  

Here, we have made the novel discovery that ESC extracts inhibit T cell 

proliferation by inhibiting PKC-θ activation while the calcium signaling pathway 

remains unhindered. We believe that ESC mediated PKC-θ inhibition may be an 

important mechanism used by the cells to evade the immune system and several 

pieces of evidence reported by other groups and elucidated in our studies support 

this notion. The role of PKC-θ and its contribution to T cell function and phenotype 

has been supported by several important findings. Zanin-Zhorov’s et al. have 

recently elucidated that PKC-θ is recruited much less in T regulatory cells compared 

to effector T cells 192. They established that PKC-θ has a negative impact on T 

regulatory cells rendering them less effective in suppressing effector T cell function 

192. Moreover, inhibition of PKC-θ was shown to enhance T regulatory potency in 

suppressing effector T cell proliferation and IFN-γ secretion 192. This fits in very well 

with our results that show an increase in T regulatory cells and a decrease in IFN-γ 

production when T cells are activated in the presence of ESC extracts. Meanwhile, 

Valenzuela et al. have found that PKC-θ is required for allo-antigen responses in a 

graft versus host disease (GVHD) model 193. Whereas wild type T cells induced 

severe GVHD resulting in a lethal outcome for all mice, PKC-θ-KO T cells induced 
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very mild or no GVHD leading to the survival of most transplanted mice 193. 

Additionally, several studies have established that in the absence of PKC-θ 

activation, an anergic genetic program is initiated 194-197. This anergic state is 

induced by prolonged calcium flux leading to persistent activation and translocation 

of NFAT to the nucleus in the absence of NFκB and AP-1, two transcription factors 

that coordinately bind with NFAT to induce the normal T cell program 195-197. The 

binding of NFAT alone induces expression of E3 ubiquitin ligases that negatively 

regulate T cell signaling 194-198. Interestingly, the expression of CD86 in DCs has 

been shown to be dependent on calcium signaling and may explain why ESC 

extracts could not prevent upregulation of this marker in DCs 199. The inability of 

ESC extracts to inhibit ionomycin mediated T cell proliferation and the fact that ESC 

extracts can be combined with CsA, a calcium signaling pathway inhibitor, are in 

line with the above described findings. Our current results provide the first 

connection between ESC immune modulation and PKC-θ inhibition and may 

provide a key to identifying other factors that are expressed by ESCs.  

Future directions. 

There are two key aspects of ESC extract mediated immune modulation that 

need to be addressed in order to improve and validate its efficacy. The most 

immediate focus should be identifying the specific factor or factors that contribute to 

ESC extract mediated PKC-θ inhibition. The current protocol used to obtain ESC 

extracts requires further refinement to identify the contributing molecules. The 

combined use of proteomic analyses and biochemical approaches may provide the 

means of elucidating the specific factors responsible for immune modulation. The 
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most obvious approach to identify ESC factors may be to perform immuno-

precipitation assays with purified PKC-θ. Other options include sucrose gradient 

centrifugation or separation through filters with specific protein size restrictions to 

identify a specific fraction with immune modulatory properties. Alternatively, ESC 

extracts could be biotinylated and incubated with T cells or DCs. Any biotinylated 

proteins that attached to the surface of or enter the cells could be subsequently 

purified with streptavidin columns and examined by mass spectrometry. The in-vivo 

efficacy of the ESC extracts also needs to be determined. The use of 

transplantation or contact hypersensitivity models may provide the means to test the 

ability of ESC extracts to modulate the immune system. Identifying the most 

appropriate model to show the efficacy of ESC extracts may depend on the severity 

of immune responses induced in each model. The optimal dosage of ESC-extracts 

may also have to be determined for in-vivo models and may not be as simple as 

extrapolating from in-vitro assays. It may also be beneficial to first identify the 

specific factors that contribute to in-vitro immune modulatory properties of ESC's 

prior to attempting in-vivo experiments. These future studies provide an exciting 

opportunity for the discovery of novel immune modulatory proteins and may take 

ESC-extracts one-step closer to potential clinical application ahead of the use of live 

cells. 

Final Conclusions. 

Cellular extracts from both human and mouse ESCs retain the immune 

modulatory properties of live ESCs. ESC extracts modulate immune responses by 

independently affecting DCs and T cells thereby reducing allo-immune responses in 
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MLR. ESC extracts block DCs from becoming fully mature. Similarly, ESC extracts 

reduce the number of activated T cells and seem to favour T reg over Th1 

development. ESC extracts may achieve modulation in T cell responses by 

specifically inhibiting PKC-θ phosphorylation and its subsequent activity. Therefore, 

ESC extracts represent a potentially safe and practical means to harness the 

immune modulatory properties of live ESCs to treat aberrant immune responses 

that comprise a large burden of current medical illness 

Our accumulated data complements previous findings using live ESCs. 

Those studies showed that live ESC had the ability to inhibit DC and T cell activity 

without providing further details. Here we have been able to show the impact of 

ESCs on DCs and T cell in more detail by closely examining specific functions, 

phenotype and characteristic of the cells. Moreover, we have described a new 

mechanism of T cell inhibition, prevention of PKC-θ phosphorylation, which can be 

attributed to ESCs.  

The immune modulatory properties of ESCs and their potential application in 

overcoming aberrant immune conditions have become convincing. It is apparent, 

based on our studies and those from other groups, that ESCs may use several 

mechanisms to evade the immune system by influencing both APC and effector 

cells independently. A current model of ESC mediate immune evasion and 

modulation may be described as follows: 1) ESCs are not readily recognized by the 

immune system as they express very low levels of MHCI, express no MHCII and 

costimulatory receptors. 2) Despite absence of MHC expression they evade NK cell 

mediated lysis due to a lack of ligands for NK activating receptors. 3) ESCs actively 
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inhibit the maturation of DCs that may be able to take up antigen and present it to 

effector cells that may mediate their rejection. 4) ESCs actively inhibit T cell 

activation. 5) ESCs promote an increase in T regulatory cells that may negatively 

regulate effector T cells (Figure 25). This may explain the ability of ESCs to survive 

across allogeneic barrier for prolonged periods of time without immune suppression. 

Therefore the use of ESC-extracts could harness most of these properties and 

improve the outcome of autoimmune disease, transplantation and chronic 

inflammation. 
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Figure 25. A model of ESC and ESC-extracts mediated immune modulation.
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