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ABSTRACT  

     Semaphorin-3E (Sema-3E) is a member of the Semaphorin family that plays important 

regulatory roles in nervous and immune system.  Natural Killer (NK) and dendritic cells 

(DC) are immune cell types that mediate/shape innate and adaptive immunity.  The role 

of Sema-3E in regulating NK cell biology has not been reported.    

     I first demonstrated that IL-2 activated NK cells expressed Sema-3E receptors on cell 

surface.  I compared NK migratory responses towards conditioned media of DC 

(immature, LPS- or Poly I:C stimulated) derived from Sema-3E+/+ or Sema-3E-/- 

mice.  Of interest, I observed that activated NK cells exhibited a two-fold increase in the 

migrations toward immature Sema-3E -/- DC conditioned medium when compared to 

that of the immature Sema-3E+/+ DC.  My work revealed a novel role of Sema-3E in 

limiting NK-cell migrations toward immature DC in NK-DC crosstalk.   Future 

delineations of the impact and signaling of the Sema-3E pathway in NK-DC crosstalk 

may support novel development of immunotherapy for cancer and infectious diseases.    
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1.0 CHAPTER 1 

INTRODUCTION 

1. Natural killer cells 

1.1 Discovery of Natural Killer cell: 

Natural killer (NK) cells are granular lymphocytes that initialize innate immune 

responses to confront abnormal cells such as tumor and pathogen infected cells. Unlike 

other adaptive immune cells, NK cells mediate cytotoxicity without a need of prior target 

activation in the recognition and elimination of abnormal cells [1-2]. In addition, NK 

cells produce numerous cytokines/chemokines (e.g., IFN-γ, TNF, and GM-CSF) that play 

important roles in immune-cells interactions and adaptive immunity response [3-4].  

NK cells were discovered more than 35 years ago as murine lymphoid cells 

exhibiting cytotoxicity and cytokines production [5-6]. In early 1970s, Herberman and 

colleagues identified murine lymphoid cells exhibiting cytotoxicity against several 

syngeneic and allogeneic mouse tumors without any prior stimulation[7-8]. Further 

characterization by Kiessling and colleagues documented the selective target recognition 

feature of these lymphoid cells, as the identified cells were demonstrating impaired 

cytotoxicity against mastocytoma line P815 and few other leukemic cells of non-

Moloney origin. Since these cells were found unique in terms of their cytotoxic responses 

as well as lacking key T and B-lymphocytes receptors at that time, thus formally referred 

as “Natural” killer cells[9].  
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1.2 Natural Killer cell maturation subset, distribution and development: 

     NK cells are heterogeneous population of innate immune system. These cells display 

differences in their homing, cytotoxic potential, competence for cytokine production as 

well as activation threshold that classify NK cells into characteristic subpopulations [10- 

11]. In human, the density of CD56 expression classified NK cells into two subgroups 

CD56bright and CD56dim. Recent studies indicate both subsets have unique functional 

attributes and, therefore, distinct roles in the human immune response [12]. CD56bright 

subset has lower natural cytotoxicity and Fcγ receptor III (CD16) expression comparing to 

CD56dim subset. CD56bright CD16dim/- is a minor population mostly resides in the 

secondary lymphoid tissue with mainly expression of L-selection (CD62L), CCR7, and 

CXCR3. This subset needs continued activation to be able to produce ample IFN-γ, TNF 

and other immunoregulatory cytokines [13-14]. In contrast, the majority of human NK 

cells appear as a CD56dim CD16high phenotype. This population has more cytotoxic ability 

and less amount of NK cytokines production [15].  

     Mouse mature NK cells of different effector function are defined by the expression of 

CD11b, CD27, and CD43 surface receptors and acquire effector functions [16]. Mature 

NK cells have been divided into two different subpopulations based on CD27 surface 

expression, which differently mediate distinct effector functions [16]. For instance, 

CD11bhi CD27hi secrete profound amount of IFN-γ and show strong cytotoxicity against 

abnormal cells compared to CD11bhi CD27low in response to IL-12/IL-18 stimulation. In 

contrary, CD11bhi CD27low cells mostly reside in the blood, spleen, lung, and liver; 

acquire an increased expression of inhibitory receptors, which might explain their 

hyporesponsive effector functions [16-17-18]. 
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     In 2006, another subset of NK cell expressing B220+CD11c+CD49+, a hybrid 

phenotype of NK cell and dendritic cell, was called interferon producing killer dendritic 

cells (IKDC). This subset is considered as non-conventional NK cells reside in the lymph 

nodes, spleen, BM and secret several cytokines [19]. In contrast to bone marrow derived 

NK cells, another subset of NK cells were reported with CD127 surface expression that 

originated from thymus and demonstrates higher dependency on GATA3 transcriptional 

factor. These cells also reside in secondary lymphoid tissues (SLT), able to produce more 

IFN-γ [20]. The identification of all reported developmental intermediates of human and 

mouse NK lineage in this tissue rationalize BM as the primary site of NK cell 

development [21]. However, NK-cell intermediates have also been reported in several 

other anatomical locations (such as lymph node (LN), liver, spleen, thymus intestine, 

uterus, and liver) suggest multiple potential sites of NK development in vivo [22-23-24]. 

Clonal populations of mature classical NK cells can also be defined by their acquisition 

of specific NK cells activation and inhibitory receptors on a single NK cell surface (see 

section10).  

     The development of NK cells occurs predominantly in the bone marrow (BM) [25-26]. 

These cells are generated from hematopoietic stem cells (HSCs) and require BM 

environment [27]. Cytokine signaling and transcription factors actions derived from the 

BM stromal cells regulate NK developmental process that turns HSC into common 

lymphoid progenitor (CLP). These cells have the potential to develop into bipotent T/NK 

progenitor (T/NKP) to the committed NK progenitor (NKP) [28-29]. In the mouse fetal 

liver and thymus, (T/NKP) and (NKP) have been identified [30-31]. Fms-related tyrosine 

kinase-3 ligand (FIt3L), stem cells factor (SCF) and IL-7 cytokines are involved in the 
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early development stages, maintain, enhance the extension of HSCs, and induce CD122 

(IL-2Rβ) expression on NKP [32-33].  

     NKP known as IL-15 responsive intermediate represent a heterogeneous population. 

IL-15 stimulation supports survival, proliferation and differentiation signals as well as 

mediating the transition of committed progenitors to an immature stage. Impaired IL-15 

signaling associated with JAK3 and STAT 5a/b impairs the generation of effector NK 

cells [34-35].  

     In comparison to the mouse, human NK developmental process is still unclear. The 

most interesting human data generated from mouse models and in vitro differentiation 

system. Some studies indicated potential cellular intermediates of human NK cells but 

were unable to clarify the developmental NK process.  

     Human NK cells are defined by CD56+ and CD3-. Undetectable levels of CD122 in 

CD34+ HSC (a human developmental intermediate) prior to the expression of CD94, 

poses a challenge for identifying NK cells lineage [36]. It is a general consensus that BM- 

derived hematopoietic progenitor cells (HPCs) through a common lymphoid progenitor 

(CLP) has the potential to develop as mature human NK cells [37-38]. CLP represent a 

heterogeneous population found in BM and shows responsiveness to IL-15 signaling in 

vitro. Similarly, more than two NK cell developmental intermediates have been identified 

in the human secondary lymphoid organs. These intermediates are able to generate 

mature NK cells in response to IL-15 stimulation in vitro [39].  These cells show the 

phenotypes of mature human NK cells that express surface receptors such as CD56, 

NKG2D, and CD161. The expression of killer immunoglobulin-like receptors (KIRs) and 

CD16 is limited to the late maturation stages [34]. 
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     Expressions of high-level of inhibitors of DNA binding proteins (Id1, Id2, Id3, Id4), 

which bind E proteins to drive NK lineage, differentially regulate NK development. 

Over-expression of Id3 in CD34+ progenitors blocks T-cell development and promotes 

NK development. However, the frequency of mature NK cells in the secondary lymphoid 

organs has been linked with Id2 deficiency in mice. Interestingly, this mouse model 

exhibits relatively normal frequency of NK-precursors and immature NK cells [40-41].  

Ikaros and E4BP4 (Nfil3) play important role during early and late phases of NK 

development. Mutation in Ikaros gene affects the transition of CLP to earliest defined NK 

progenitors and the maturation of NK cells in periphery [42-43]. Moreover, E4BP4 

expression helps the development and maturation of NK cell. E4BP4 deficient mice 

exhibit aberrant progression of NKP to immature and mature phases [44].  

Ets1 (E26 transformation-specific) family proteins are key regulators of T-bet and Id2 

expression transcriptional factors needed in the early phases of NK cell development 

[45]. PU.1, one of the Ets family members mediates lymphopoiesis and its deficiency has 

been shown to correlate with impaired progression of HSC to NKP [29]. Beyond the 

above-mentioned TF the role of many other TF in NK cell development is still unclear. 

   

1.3 Target recognition of NK cells: 

     NK activating and inhibitory surface receptors recognize specific ligands on potential 

targets to discriminate between self and non-self [71-72]. However, the balance between 

activating and inhibitory signals decides the functional outcome of an activated NK cell 

[72-73]. Since NK cells are cytotoxic immune cells, de-regulation in their effector 

functions could result in deleterious consequences. Therefore, it is believed that NK 
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activation must be tightly regulated to ensure their protective responses. Several models 

have been proposed which explicate the mechanisms involved in NK target recognition 

and self-tolerance. In this regard, Ljunggren and Karre (1986) proposed the first model 

major histocompatibility complex MHC-I dependent model of education, formally termed 

as “missing self-hypothesis” [74- 75]. 

A- Missing self-hypothesis: 

TYPE OF MHC CLASS I 

 
  

Target cells MHC CLASS I MOLECULE  NK CELLS 

LYSIS 

 

SELF  

NON SELF  

 

Presence 

Absence  

 

Inhibitory 

signal  

 

SELF  

NON SELF  

 

Absence 

Absence 

 

Activating 

signal 

 

SELF  

NON SELF  

 

Absence 

Presence 

 

Activating 

signal 

 

Table1.3 A: NK-cell self-tolerance and the 'missing-self' hypothesis. SELF: On interacting with a 

normal target cell, the target cell expresses the self-MHC class I, NK cell does not lyse the target cell. 

MISSING SELF: If the target cell loses expression of MHC class I molecules, due to viral infection or 

transformation, NK cell does not receive inhibitory signals and therefore lyses the target cell. NON-SELF: 

NK cells interact with donor target cells that express foreign MHC class I alleles. This event leads to lysis 

of the allogeneic cells by host NK cells.  

 



	 25	

     According to this hypothesis, target cells lacking or having altered expression of 

MHC-I, as happened frequently in viral infection or tumorigenesis, become sensitive to 

NK cell killing. MHC-I molecule, a hallmark of “self” ubiquitously expressed on normal 

cells, generate dominant protective signals to inhibit NK activation. Identification of 

Ly49A and Killer cell immunoglobulin-like receptors (KIR) inhibitory receptors in mice 

and human NK cells respectively and their specificity in subsequent investigations 

reinforced the credibility of this model [77-78]. NK cells inhibitory receptors demonstrate 

a positive functional correlation with the expression of MHC-I on target cells. It has been 

shown previously that NK education and self-tolerance was confined to the bone marrow. 

However, subsequent studies demonstrated NK effector functions could be modulated and 

reprogrammed by tuning the MHC-I environment. NK cells become anergic when 

transferred to MHC-I deficient host whereas NK cells derived from β2m deficient or 

Transporter associated with Antigen Processing 1 (Tap1) mutated mouse background 

acquired functional competence when adoptively transferred to MHC-I sufficient 

environment, suggest how MHC-I expression regulates NK education and target 

recognition [79-80]. 

     Interestingly, MHC-I dependent recognition (responsiveness) is not an independent 

event and NK cell requires the involvement of activating receptors to mediate effector 

functions. It is thought that activating receptors are involved in the education and self-

tolerance of NK cells during development [81-82]. Therefore, the role of activating 

receptors in NK education and self-tolerance cannot be ruled out.  

     Collectively, NK cell activation (responsiveness) is predominantly under control of 

inhibitory receptors that specifically recognize and binds with class I MHC molecules. In 



	 26	

addition, different subset of NK cells may acquire one or multiple MHC-I specific 

inhibitory receptors by a process that is largely random. To anticipate these variations in 

MHC-I context, following models postulated to define NK education and self-tolerance.  

B- NK cell receptors: 

NK RECEPTOR NK RECEPTOR LIGAND NK RECEPTOR FUNCTION 

KIR2DS1 HLA-C ACTIVATING 

KIR2DS4 HLA-A,C ACTIVATING 

KIR2DL4 HLA-G ACTIVATING 

CD94NKG2C HLA-E ACTIVATING 

KIR3DL2 CpG ACTIVATING 

CD16 IgG ACTIVATING 

NKG2D MIC, ULBP ACTIVATING 

NCRs B7-H6 ACTIVATING 

KIR2DL 1/2/3 HLA-C INHIBITORY 

KIR3DL1 HLA-B INHIBITORY 

KIR3DL2 HLA-A INHIBITORY 

CD94/NKG2A HLA-E INHIBITORY 

LIR-1 HLA-A-G INHIBITORY 

KLRG-1 CADHERINS INHIBITORY 

CEACAM1 CEACAM5 INHIBITORY 

TIGIT PVR and PVRL2 INHIBITORY 

2B4 CD48 CO-RECEPTOR 

NTBA NTBA CO-RECEPTOR 

CS1 CS1 CO-RECEPTOR 

NKP80 AICL CO-RECEPTOR 

TLR TLRL CO-RECEPTOR 

DNAM1 PVR, NECTIN-2 CO-RECEPTOR 

CD96 PVR CO-RECEPTOR 

 

Table1.3 B: NK cell surface receptors and their ligands. Receptors of NK cells are classified based on 

their primary function (inhibitory receptors, activating receptors, and activating co-receptors). 
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1.3.1 NK cell inhibitory receptors: 

     Twenty-three years ago, Yokoyama and colleagues discovered the first NK cell 

inhibitory receptor [83-84]. Recently, these receptors specific to MHC-I molecules have 

been divided to three families including Ly49 in mice, KIR in human and CD94/NKG2A 

both in mice and human [85-86]. NK cells express combinations of activating and 

inhibitory receptors during their development to balance NK functions in discrimination 

between self and non-self MHC-I molecules [87]. Inhibitory receptors contain ITIM 

(immunoreceptor tyrosine-based inhibitory motif), which get phosphorylated after the 

engagement of inhibitory receptors with specific ligand. ITIM phosphorylation leads to 

activate SHP-1 (src-homolgy 2 domain-containing tyrosine phosphatases), SHP-2 and 

SH2-containingInositol 5′-Phosphatase (SHIP). This activation of phosphatases is 

important in controlling NK responsiveness inhibitory pathways [88-89-90].  

Ly49 receptors: 

     Ly49 receptors are lectin like type II transmembrane proteins expressed on the surface 

of NK cells, NKT-cells and γδ T lymphocytes [89]. The family of Ly49 receptors 

comprise of both inhibitory and activating receptors. In mouse, inhibitory isoforms like 

A. G, C and I are well characterized. Certain polymorphic epitopes on MHC-1 molecule 

are the primary ligand for most of the Ly49 inhibitory receptors, however Ly49H, 

member of Ly49 family recognize Murine cytomegalovirus m157 on mouse 

cytomegalovirus virus MCMV infected cells and act as activating receptors. Majority of 

the Ly49 receptors have unknown ligands other than MHC-I molecules [91]. 
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Killer Immunoglobulin-like receptors (KIR): 

     KIR receptors expressed by human and showed both activating and inhibitory 

receptors. KIR receptors are type I integral membrane proteins and part of Ig-

superfamily. KIR expresses tow extracellular Ig domain (cytoplasmic domain). Long 

cytoplasmic tail KIR proteins associated with inhibitory signals whereas short tail domain 

restricted to the activating signals [92-93]. 

 CD94/NKG2A receptor: 

     CD94/NKG2A is a C-type lectin superfamily expressed on NK cell surface in early 

developmental stages. In tumor and infections, upregulation of human leukocyte antigen 

(HLA-E) and Qa1 connected to CD94/NKG2A inhibitory receptors and mediate the 

destruction of immune responses [94-95]. 

 

1.3.2. NK cell activating receptors: 

     NK cells have shown the expression of several activating receptors in both mice and 

human. These receptors get activated once they recognize non-self MHC-I molecule. 

Activating receptors mediated their signaling through immunoreceptor tyrosine-based 

activation motif (ITAM) present in the cytoplasmic tail. The phosphorylation of ITAM 

results in the activation of downstream signaling molecules such as phosphatidylinositide 

3-kinases (PI3K), phospholipases, and extracellular signal-regulated kinases (ERK). 

Upon activation, NK cells secret the pro-inflammatory cytokines and/or cytotoxic 

granules to activate the immune responses [96-97]. 
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Ly49/KIR receptors: 

     Some of Ly49 and KIR receptors are activating receptors and associated with DAP12 

containing ITAM. For example, Ly49H, Ly49D, Ly49P and Ly49W have different 

functions including recognition and specificity. In addition, KIR2DS1and KIR2DS2 are a 

members of KIR receptors mediate activating signaling pathways [98-99].  

Natural cytotoxicity receptors (NCR): 

     NCR contains many activating receptors such as NKp46, NKp44, and NKp30 mediate 

anti-viral and anti-tumor activity in human. In the literature, not many of these receptors 

ligand yet clear. Recently, the role of NKp46 (the only NCR with conserved sequence 

reported in mammals including mice) was proven to control T responses. Moreover 

NKp30 is ligand to tumor nuclear factors such as BAT3 and B7-H6 [100-101-102]. 

NKG2D receptor:  

     NKG2D is a type II transmembrane glycoprotein found on all NK cells. NKG2D is 

important activating receptor has two different isoforms associated with DAP10 and 

DAP12 adaptor molecules to mediate signaling cascade. Stress molecules/proteins 

expressed on infected or transformed cells that share structural homology with MHC-I 

molecule such as Rae1, H60, Murine ULBP-Like Transcript 1 (MULT1) in mouse and 

MHC class I polypeptide- related sequence A (MICA),  MHC class I polypeptide- related 

sequence B (MICB),  UL16 binding protein 1(ULBP1-4) in human are the primary 

ligands of this receptor [103]. 
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NKP-PIC (NK1.1) receptor:  

     This receptor is the most specific and widely distributed surface marker on NK cells in 

C57BL/6 mice and associated with Fcγ mediated degranulation and cytokine production 

in antibody cross linking. NKR-P1C transmembrane is associated with Fcγ involved in 

NK mediated degranulation and cytokine production following antibody cross linking, yet 

its natural ligand remains unknown [104]. 

CD16 receptor:  

     CD16 receptor is a low affinity Fcγ- receptor binds to Fc portion of the 

immunoglobulin G IgG antibody. NK cells use low affinity receptor to eliminate cellular 

targets [105]. 

 

1.3.3 Dual functions receptors: 

2B4 (CD244): 

     This receptor binds to non-MHC related molecules. CD244 recognizes CD48; a 

glycoprotein expressed on hematopoietic cells and mediates different functions. The 

strength of cross-linking is based on the level of 2B4 [106-107]. 
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1.4. Activation of NK cell by Cytokines:  

      NK cells express surface receptors for several cytokines such as IL-15, IL-2, IL-12, 

IL-18 and IFN-α. Such cytokines in combination with other cellular factors regulate NK 

responses. For example, IL-12, IL-18, and IL-2 cytokines are associated with the increase 

of granzyme-B and perforin in the resting NK cells, which enhanced the effector 

functions [46]. IL-18, IL-2 and IL-12 promote proliferation and stimulate resting NK to 

produce cytokines such as IFNγ and TNF-α through JAK/STAT pathways [47]. IL-2 

mediates the induction of Fas-L expression on tumor cells through promoting 

proliferation and stimulation of naïve cells to produce cytokines such as IFN-γ and TNF-

α [48]. In addition to the previous cytokines, IL-15 is important for NK cells early 

development and maintains their proliferation, survival, and cytotoxicity [49-50].  

 

1.5. Effector NK cell Functions (cytotoxicity, cytokines): 

     Granules exocytosis is considered as the principle cytotoxic pathway that NK cells 

used to eliminate infected cells [51]. The process of NK cells cytotoxicity begins when 

NK cells contact target cells and form an immunological synapse (IS), which more 

triggers the transport of lytic granules containing perforin and granzyme for entry at IS. 

Perforin is a cytolytic protein that disrupts the membrane at IS, assisting granzymes to 

enter the cytoplasm of target cell [52].  Alternatively, perforin and granzymes stay in a 

giant endosome and endocytosed into the cytosol. Perforin makes pores in the endosome 

to release granzyme into the cytosol [53]. Human and mice NK cells express granzymes 

(A, B, C, D, E, F, G, D, K, and M) with different cytosolic substrates. However granzyme 

B, in combination with perforin, has been found critical in inducing apoptosis of target 
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cell by cleaving proteins such as pro-caspases-3 and 7 [54]. NK cells express Fas-ligand 

(Fas-L), a molecule that belongs to TNF-receptor family, mediates NK killing of tumor 

cells. NK cells express also TNF-related apoptosis-inducing-ligand (TRAIL), a type II 

transmembrane protein, mediates downstream signaling by activating target cells 

caspace-8 and subsequently caspase-3 to induce cell death. However, cytokine 

stimulations including IL-2, IL-15 and IFN-α can induce TRAIL expression on NK cells 

as well [55-56-57].  

 

1.6. Regulatory role (s) of NK cells: 

     NK cells establish either cell-cell contacts or provide soluble factors to communicate 

with other immune cells such as T cells, macrophages, neutrophils and dendritic cells 

(DCs). NK derived IFN-γ in particular has been implicated in a wide variety of immune 

responses including viral defense, skewing Th1 and promoting cytotoxic T lymphocyte   

CTL responses as well as in the maturation of DC and macrophages. The secretion of 

IFN-γ, TNF-α by activated NK cells and cell-cell contact dependent signals induced DC 

maturation before they gain access to T-cell enriched zones in the lymph nodes, 

promoting antigen specific T cells responses [58-59]. In addition, NK cells eliminate 

deregulated immature DCs from the site of infection [60-61]. Moreover, activated 

macrophages and resting microglia are the targets of NK mediated cell cytotoxicity via 

NKG2D and NKp46 activating receptors [62- 63]. Such immune regulatory functions 

preclude inappropriate T cell polarization and avoid immunopathology. Releasing IFN-γ 

and providing 2B4-CD48 mediated co-stimulation to the T cells, NK cells have been 

involved in skewing Th1 responses studies have also demonstrated that NK cells 
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eliminate highly activated and auto-reactive T cells as well. These cells express stress 

ligands during infection, which greatly increase their susceptibility to NKG2D, and 

NKp46 mediated NK killing in vitro. These studies emphasize the significance of NK 

mediated negative regulation in the prevention of potential autoimmune disorders [64- 

65]. 

     In infection, it has been demonstrated that NK cells accelerate antiviral and antitumor 

CD8 T cell responses in vivo [66]. NK cells are among early responders in infection, they 

orchestrate subsequent immune responses in collaboration with other immune cells. In 

mice model of influenza, NK cells facilitate CD8 T cell recruitment to the peripheral LN 

“by secreting IFN-γ”[67]. In turns, NK mediated DC maturation results in IL-12 

production, which promote priming and generation of CTLs. [68]. In inflammatory 

conditions, NK cells are implicated in many physiological situations. NK cells are 

involved in immunoglobulin Ig isotype switching and regulate B cell differentiation as 

well as decidual NK cells are found a source of vascular endothelial growth factor VEGF, 

placenta growth factor PLGF, which further promote angiogenesis during pregnancy [69-

70]. 
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2.  Dendritic cells (DCs):  

     Dendritic cells (DCs) are important immune cells were defined by Ralph Steinmann 

and colleagues in 1974 and formally named them “DC”. DCs are known as professional 

antigen presenting cells (APCs). Due to their peculiar characteristic shape these cells were 

initially described as part of the nervous system [108]. DCs are known as master regulator 

of the immune system because of their ability to modulate innate and adaptive immune 

systems. However, DCs divided into several subgroups based on anatomical distribution 

and functions [109].  

     Strong evidences support that DC belongs to the myeloid lineage and is derived from 

hematopoietic stem cells [110]. BM myeloid precursors turn into mature DC in the 

presence of Granulocyte monocyte colony stimulating factor (GM-CSF). More evidence 

of DC lineage commitment, common myeloid progenitors transplantation into an 

irradiated mouse yields various subtypes of DCs in the spleen and thymus. However, the 

acquisition of lymphoid markers by a subtype of DC confined in the secondary lymphoid 

tissues such as CD8a, CD4 and CD2 suggest an alternate lymphoid lineage [111]. It has 

become clear now that DC follows various differentiation pathways, as shown their 

generation by common myeloid progenitors CMP and common lymphoid progenitors 

CLP both in vitro and in vivo studies [112]. 

 

2.1 Functions of DCs: 

      DCs are professional antigen processing and presenting cells. By producing a broad 

range of cytokines such as (IL-18, IL-12, IL-15, IFN-α, IFN-β), these cells have been 

implicated in several immune regulations at the interface of both innate and adaptive 
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immunities [123- 124]. BM derived immature DCs or their precursors distribute 

throughout the body predominantly at the potential sites of pathogen entry. Immature DCs 

express low levels of MHC and other co-stimulatory molecules such as  (CD40, CD80, 

CD86), however they are able to sense and capture different pathogens by expressing a 

broad range of pattern recognition receptors (PRR) such as Toll-like receptors (TLR), C-

type lectin receptors (CLR), RIG-I-like receptors (RLR), NOD-like receptors (NLR), 

which recognize pathogen associated molecular patterns (PAMPs). Processing antigens 

from self, virus, or bacteria is involves two distinct pathways the endogenous pathway, 

and the exogenous pathway of antigen processing to present peptides derived from 

proteins.  Capturing and processing of antigen induce higher expression of MHC-I, MHC-

II, co-stimulatory and adhesion molecules to enhance immune activation such as CD4 and 

CD8 T cells. However, such cells have less ability of phagocytosis and endocytosis [125-

126]. Moreover, DCs have been shown to play a critical role in mediating immune 

tolerance to evade injurious effects of foreign or self-antigens. More functions of DCs 

have been studied such as their appearance to eliminate deregulated T cells from the 

thymus. However, the antigen loaded immature DCs can enhance peripheral tolerance by 

activating apoptosis and anergy of T cell and induce T-regulatory cells [127-128]. Many 

studies have indicated that autoimmune diseases associated DC functions impairment 

[129-130].  

 

2.2. Types of DC: 

     DCs represent a heterogeneous class of immune cells. Current classification of DC 

cells is basically based on their phenotype, location where they reside and develop their 
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functions [109]. Generally, both mouse and human DCs are classified as conventional and 

plasmacytoid categories with multiple subtypes. Mouse DCs acquire MHC-II, CD4, 

CD8a, CD11b and DEC-205 receptors. However all classes of these DCs have a defined 

expression of CD11c [113].  

 

2.2.1 Conventional DCs: 

     Conventional DCs (cDC) predominantly reside in the lymphoid tissues such as, spleen, 

thymus and secondary lymph nodes. These cells are designated as classical DCs, express 

high levels of MHC-II and CD11c, also express a several pattern recognition 

receptors[114]. CD8a expression further mark cDC into two subclasses i.e., CD8a+CD4-

CD11b-CD205+ and CD8a- CD4+ CD11b+ CD205-, which constitute 20% and 40% spleen 

DC population respectively [115-116]. Likely, CD8a+ DCs are found in the LN as well as 

constitute predominantly in the thymus. Resemble to the CD8a- cDC population, which 

reside in the marginal zones and induce Th-2 cytokine responses, CD8a+ DC 

predominantly found in the T cell zone, promoting Th-1 biased responses and produce IL-

12 profoundly. Interestingly, cDC are able to collect and present antigens from the organ 

of their residence. Human DCs are found deficient of CD8a expression [116- 117].  

 

2.2.2 Non-lymphoid tissue DCs: 

      The example of this class is Langerhans cells (LC). These cells reside in the epidermis 

layer of the skin in steady state. However, during inflammatory insults these DCs uptake 

the antigens and migrate to the LN for T cell polarization. These cells acquire expression 

of MHC-II and other co-stimulatory surface molecules and skew Th-1 immune responses 
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in CD4+ T cells. Based on their surface phenotype, skin LC can be defined into two 

distinct subtypes (CD103+CD11blo Langerin+ and CD103-CD11bhi Langerin-, Importantly, 

CD103+ LC has been implicated in several viral and bacterial infections. Similarly, other 

DCs populations with CD103 expression have also been shown in the mucosal surfaces, 

lungs, kidney and liver [109]. 

 

2.2.3 Inflammatory DCs: 

     During infection, human and mice accommodate a subtype of inflammatory DCs In 

addition to classical and other migratory DCs. Inflammatory DC cells differentiate from 

monocytes and acquire characteristic phenotype (MHC-II+ CD11b+ CD11c+ F4/80+ 

Ly6C+) and prefer to relocate them selves to the site of infection [118].  

 

2.2.4 Plasmacytoid DCs (pDC): 

     Plasmacytoid DC cells identified first in human spleen and bone marrow, these cells 

produce abundant amounts of type I interferon. In infection, pDCs differentiate and 

acquire the phenotypes and some of the functions of the conventional DCs [119]. In 

contrast to the classical DCs, pDCs acquire low expression of MHC-II, CD11c as well as 

co-stimulatory molecules expression [120].  However, this type of cells does not express 

Toll-like receptor (TLR) 1,2,3,4,5 and 6, however demonstrate higher activation levels 

through TLR7, and TLR9 and produce IFN-α, IL-12, TNF-α and several chemokines 

(such as CCL3, CCL5, CXCL10) to promoting NK-cytotoxicity, survival of T cells, 

macrophages and promoting antibody production by B-cells [121-122].  
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3.0. Natural Killer Cells- Dendritic Cells Crosstalk: 

     Recently, an attention and focus were giving to the area of NK-DC interaction 

(crosstalk) and has been an important immune regulatory mechanism that brings innate 

and adaptive immunities together to provide a robust mechanism regulating the initiation 

and amplification of cellular and humoral immune response. NK-DC communication is 

bidirectional, involving different cytokine signals and/or direct cell - cell contact [131-

132]. However, the understanding of this physiological relevance of crosstalk in vivo and 

the molecular mechanisms underlying the NK-DC crosstalk remain to be under 

investigation.  

 

3.1 Prospect sites of NK/DC interactions: 

     The interaction between NK and DC takes place in the lymphoid organs or non-

lymphoid tissues [133, 134]. Immature DCs reside in different places such as the skin and 

intestinal mucosa to counter invading foreign antigens. Uptake and processing of antigen 

result the upregulation of MHC-II, co-stimulatory molecules (CD40, CD80, CD86) The 

mature DCs are able to secrete cytokines and chemokines, acquire antigen-presenting 

ability before they migrate to the LN, a potential meeting point with NK cell [135-136]. 

Human NK cells express high level of CCR7, L-selectin and CXCR3 resulting in NK 

cells residing in the LN. By contrast, mouse NK cells express low level of LN homing 

receptor, therefore excluded from the LN. NK cells constitute about 0.5% of the 

population in this organ, however in infection the recruitment increased via CXCR3 

pathway [133-137]. Other studies indicate that small population of human and mouse NK-

like cells expressing NKp44/NKp46 and IL-22 are found in the close proximity of 
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resident DCs in the gut mucosa [138-139]. Based on these findings, it has been proposed 

that LN, and the gut mucosa is among the key sites for NK/DC interaction.  

 

3.2 Nature of NK/DC interactions: 

 

 

 

Figure3.2. The interaction between NK cells and DCs, NK-cell and DC interactions result in reciprocal 

activation: cytokines such as IL-12 and IFN-α released distinct DC subsets reflect different capability to 

promote NK cells functions may promote NK cell proliferation. Therefore, activated NK cells released IFN-

γ that promotes Th1 polarization and, together with TNF, DC maturation, and migration to lymph nodes. 

Activated NK cells can also lyse tumor cells, leading to the generation of tumor antigenic material that 

engulfed by DCs and presented to both CD8+ and CD4+ T cells [140]. 
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     DCs secrete a range of signals, which regulate NK cell activation, proliferation and 

stimulate NK-cells to mount effective immune responses [141-142]. DC derived 

cytokines IL-12, is critical in the generation of IFN-γ producing NK cells. Interestingly, 

DCs also derive soluble factors such as IL-1 and IL-18 which have implication in the 

acquisition of IL-12-receptor on NK cells [143]. The roles of IL-15 and TNF alpha 

proteins produced by DC have promoted survival, proliferation and prime NK cell to 

secrete pro-inflammatory cytokines and cell cytotoxicity [141]. Mutually, NK cells 

promote DC maturation and activation by inducing MHC molecules expression and 

enhancing the ability to secrete IL-18, IL-12, P70 via upregulation of CD86 molecules 

and activation of Triggering Receptor Expressed On Myeloid Cells 2 (TREM2) and 

NKp30 signaling [84-144]. Studies have shown that the frequency and the activation of 

DC in the LN is drastically compromised after NK depletion [145].  Another study 

indicated immature DCs polarization and protection from lysis is dependent on activated 

NK cells [146]. Multiple studies focus on interplay between these two cells and suggest 

that NK-cells might regulate DC homeostasis. However, activated NK cells are capable to 

eliminate autologous immature DCs (iDCs) with reduced expression of MHC molecules, 

primarily through NKp30 and TNF-related apoptosis inducing ligand (TRAIL) [147- 148-

149]. However, mature DCs become resistant to NK-mediated killing because of 

substantial MHC expression. Several other NK-receptors including NKG2D, NKp46 and 

their ligands have also been implicated in killing of deregulated DCs in several infection 

models [150].  
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3.3 NK/DC crosstalk in different models: 

3.3.1 NK/DC crosstalk in infection: 

     In infections, maturation of DCs by NK cells regulation has been shown to be 

important shaping subsequent immune responses. Several human viral infections such as 

herpes virus, influenza, HIV, poxvirus and papilolloma infections are associated with 

impaired NK cell functions [151-152]. Importantly, recent study indicates the progression 

and the severity of such infections have association with the disruption of NK/DC 

crosstalk [153]. For example, early phases of HIV, pro-inflammatory cytokines such as 

cellular FLICE-like inhibitory protein (c-FLIP) and inhibitor of apoptosis protein 

(CIAP2) mediated immunosuppression and the acquisition of anti-apoptotic that impair 

NK mediate infected DC elimination, [154]. Not only NK cells functions affected by HIV 

but also DCs from HIV patients are poor producer of cytokines (such as IL-12, IL-15, IL-

18), which has an effect on NK cells activation and effector functions [155]. In HIV, NK 

cells were unable to recognize and eliminate immature DCs. The exact mechanism is not 

known, however the defective function of NKp30 has been implicated in this process 

[156]. Different studies had showed the impairment of NK/DC crosstalk by the 

modulation of NK activating receptors such as NKG2D and NCR-1. Such a modulation 

affects the progression and persistence of herpes viral infection [157]. Interestingly, 

MCMV infection impaired the ability of infected DC to produce cytokines such as IL-18 

and IL-12. As a result, the activation, proliferation and the cytotoxic responses of NK 

cells were compromised in this model. [142]. NK cells also constitute first line of defense 

against influenza-A infection. The depletion of NK cells drastically impairs T cells 

immune responses by blocking the recruitment of DCs to the LN [153]. 
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3.3.2 NK/DC crosstalk in tumor: 

     The impairment of NK cell functions is associated with the progression of tumors and 

malignancies [144-158]. In mice, the reduction of self-MHC-1 expression and/or over-

expression of NKG2D related stress molecules enhance NK cells sensitivity, which 

mediate tumor lysis.  Tumors have several strategies to evade immune system by 

mimicking self; preventing recruitment of immune cells, causing anergy or apoptosis of 

immune cells, inducing immune suppression by activating regulatory T-cells and causing 

NK exhaustion [157-159]. As infection models, tumor microenvironment disrupted bi-

directional cross talk between NK/DC. For example, Myeloid derived suppressor cells 

(MDSC) in the tumor microenvironment have been shown to promote the development of 

regulatory T-cells (Treg) which in turn produce IL-10 to induce immune 

suppression[160]. However, depletion of Treg induces the recruitment of DC in the LN 

and improves the NK cells activation and proliferation in tumor mouse model [161]. 

Moreover, NKG2D down regulation abrogates NK cytotoxicity. Additionally, TGF-β 

derived by myeloid derived suppressor cells (MDSC) is reported in impairing NK/DC 

communication by blocking NKp30 expression and inhibiting NK cells derived IFN-γ 

production, thus promote accumulation of immunosuppressive iDC in tumor environment 

[162]. Most recently, Proteoglycans (PG) promotes tumor progression by disrupting 

NK/DC communications. The presence of PG in the tumor microenvironment modulates 

DC functional phenotype, which in turn limit NK activation [163].  
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4.0. Semaphorins  

4.1 Semaphorin classes:  

     Semaphorins are a large family of proteins that are first discovered as axon guidance 

molecules in the nervous system.  Recently, this family has received an immense attention 

due to their importance in other systems including immune, respiratory and cardiovascular 

systems as well as various processes such as angiogenesis, embryogenesis, and tumor 

formation [164-165-166].  

     Semaphorins are classified into eight main classes, 1-7 and V. Classes 1 and 2 are found 

in invertebrate, however, classes 3-7 exist in vertebrate whereas class V is unique to 

viruses [166]. The differences between these classes are related to their sequence and 

structure; however, all members have conserved extracellular domain, which consist of 

500 amino acids, called Semaphorin (Sema) domain. This domain is a cysteine-rich 

sequence that is a crucial component for receptor binding specificity and protein function 

[167]. Semaphorin molecules are also classified based on their localization [168]. 

Accordingly, Classes 1, 4, 5, and 6 are known as membrane-bound proteins, whereas 

classes 2 and 3 are characterized as secreted proteins, and class 7 is identified as glycosyl–

phosphatidyl–inositol (GPI)-linked proteins [168].  
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Figure4.1. Semaphorins classes and structure. Semaphorins are represented in their classification into 

eighth classes. Class 1 and 2 Semaphorins are found in invertebrates. Class 3–7 Semaphorins are found in 

vertebrates. Sema domains characterize both Semaphorins and Plexins. Additional domains present in 

Semaphorins and Plexins include PSI domains (Plexin, Semaphorin, and integrin) and immunoglobulin (Ig)-

like domains. They can be either secreted or membrane-bound proteins.  
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4.2. Semaphorins Functions:  

     Recent studies have showed the involvement of Semaphorins in different body organs 

and systems such as immune, respiratory, cardiovascular systems, and in pathological 

disorders including cancer [169-170]. As such, Semaphorins influence cellular processes, 

such as cell division, differentiation and survival [171-172]. And in directing the tissue 

morphogenesis by regulating cell migration, proliferation, adhesion and cytoskeletal 

organization [167].  

     In neuronal system, Semaphorins- mediated repulsive axon guidance, cell migration, 

invasive growth and growth cone collapse by several post-translational modifications [173] 

and oligomerization [174]. Moreover, Semaphorins contribute to cancer progression or 

suppression by affecting angiogenesis, metastasis, chemotaxis and tumorigenesis [175-

176]. In summary, Semaphorins play a crucial role in maintaining physiological 

homeostasis in many organs and contribute significantly to diseases processes.  

 

4.3. Semaphorin receptors and signaling: 

     The majority of Semaphorin molecules mediate their effector functions by signaling 

through Plexins alone.  Most Semaphorins bind directly to Plexins, however, depending on 

cell type; various other membrane-associated proteins can also act as receptors or co-

receptors for Sempahorins. This include among others Neuropilins (NRP), vascular 

endothelial growth factor receptor (VEGFR), CD72, and T-cell immunoglobulin and 

mucin domain (TIM) [177]. 
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 A-Plexins 

     Plexins are large 200-kDa transmembrane proteins that have been identified in 

vertebrates (Plexins A1-A4, B1-B3, C1, D1) and two in invertebrates (Plexin A and Plexin 

B) [178]. The extracellular part of Plexins contains a Sema domain, which is an important 

portion for binding to Semaphorins [179] followed by three-PSI domains (Plexin-

Semaphorin-integrin) and three IPT domains (immunoglobulin, Plexin and transcription 

factors). PSI domain is a small cystein-rich domain (CDR), which is crucial for protein-

protein interactions [180]. IPT domains are required for proper ligand binding to Plexins.  

The intracellular domain or cytoplasmic tail of Plexin molecule is highly conserved and 

plays a crucial role in transmitting the signals following ligand binding. It contains a 

putative tyrosine phosphorylation sites, but doesn’t show any kinase activity. The 

intracellular domain of Plexin contains glutamine amidotransferases (GTPase)-binding 

domain and a segmented GTPase-activating protein (GAP) domain, the most important 

characteristics of that regulates many cellular responses. [181-182-183].  

B- Neuropilins:  

     Two single-pass transmembrane receptors or Neuropilins have been identified in 

vertebrates: Neuropilin 1 (NRP1) and NRP2 [180]. Most of the Semaphorins signal 

through Plexins. However, class 3 Semaphorins, except Sema-3E, bind to Neuropilin 

receptors [176- 177]. These groups of receptors are transmembrane proteins (~900 a.a.) 

with a short cytoplasmic tail. Due to this characteristic, they lack intrinsic signaling 

capabilities [184]. The extracellular portion of NRPs contains two repeat complement-

binding (CUB) domains (a1 and a2 domains), two coagulation factor-like domains (b1 and 

b2 domains) and a juxta-membrane meprin/A5/mu-phosphatase (MAM) homology domain 
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(c domain) [185]. The binding of class 3 Semaphorins to Plexins is facilitated by 

Neuropilins [183]. Moreover, Neuropilin can act as a core receptor for other Semaphorins 

with binding domain. 

 

 

Figure4.3. Semaphorins interact with Plexins and NRP receptors: a) The interactions between 

Semaphorins and Plexins or Neuropilins (NRP) are important to mediate their functions. In the case of the 

Neuropilins, the Plexins form complexes with these Neuropilins and serve as the signal-transducing elements 

in response to the binding of the shown Semaphorins are also indicated. b) The interactions of Semaphorins 

with receptors like the T-cell receptor TIM2, the lymphocyte receptor CD72 and proteoglycans. c) 

Neuropilins bind with ligands that do not belong to the Semaphorin family, like (VEGF) gene family are 

shown [186].  
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4.4 Class 3 semaphorins:  

     Class 3 Semaphorin members (Sema3A–G) are the only secreted vertebrate 

Semaphorins [184]. Respectively, SEMA3 family signals through a receptor complex 

composed of Neuropilin (NRP1) or 2 and type A or D Plexin.  Secreted SEMA-3 class 

contains (from the N- to C-terminus) a seven-blade β-propeller Sema domain, a Plexin–

Semaphorin–integrin (PSI) domain, an immunoglobulin (Ig) domain and a conserved short 

basic domain [187].  

     Class 3 SEMA has been recognized as key players in immune system, cardiovascular, 

bone metabolism and neurological system [188-189-190].  For example, Sema-3A was 

first identified to induce the collapse and paralysis of axonal growth cones from sensory 

neurons in vitro. Furthermore, Sema-3A regulates bone development through its 

modulation of sensory innervation, works as immunosuppressive molecule by reducing 

levels of pro-inflammatory cytokines, such as IFNγ and IL-17, and increasing levels of the 

anti-inflammatory cytokine IL-10 [191-192]. Another example, in obese mice, Sema-3E 

has been shown to decrease tissue inflammation and improved insulin resistance [193].  

 

4.4.1 Semaphorin-3E receptors, signaling:  

     Sema-3E is 85- to 90-kDa protein binds with high affinity to PlexinD1. Sema-3E gene 

is located on chromosome 7 [194]. In vivo, Sema-3E binds to the intersomitic regions of 

mouse embryos, where PlexinD1 is expressed [195].  Sema-3E is well studied in cancer 

and it is up-regulated in metastatic cancer cells[185]. Furin dependent cleavage is 

exclusive to Sema-3E but not others class sema3 members [196]. .  High expression of 

Sema-3E and PlexinD1 was observed in human colon cancer, liver metastasis, and 
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melanoma progression [197]. Another study showed Sema-3E promoted invasiveness of 

tumor cells and inhibited tumor growth. This metastatic potential was dependent on 

plexinD1 expression but was independent of NRP expression [198].  

     Sema3/PlexinD1 signaling modulates angiogenic pathfinding by restricting the 

migration of neuronal growth cones. PlexinD1 intracellular tail contains two highly 

conserved intracellular domains known as the SEX-PLEXIN domain and SEMA/PLEXIN 

domains [199]. SEMA/PLEXIN domains of PlexinD1 include two C regions RasGAP 

domain. Each RasGAP domain includes a short motif of (GTPase)-Activating Proteins 

(GAPs) and monomeric GTPases of the R-Ras subfamily. A monomeric Rho GTPase-

Binding Domain (RBD) is sandwiched between the C regions. PlexinD1 acts as a RasGAP 

to antagonize both integrin-mediated cell extracellular matrix (ECM) adhesion and PI3K a 

modulator of cell survival, growth and migration signaling. Rho family GTPase 2 (Rnd2) 

is required for the activation of the RasGAP activity of PlexinD1. P61Sema-3E requires 

both PlexinD1 and Rnd2 to exert its inhibition of tumor vascularization. Upon Sema-3E-

PlexinD1 stimulation, pre-existing PlexinD1-Rnd2/RLG (resistance-nodulation-

division/Release Guard signal) complexes undergoes Rnd2/RLG-dependent intracellular 

conformation that change translates the concentration and distribution of extracellular 

Sema-3 cues into an intracellular gradient of distinct PlexinD1 activities [200]. 
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Figure4.4.1. Sema-3E/PlexinD1 signaling: The activation of PlexinD1 by Sema-3E induces the association 

of the Ras GAP domain of plexinD1 with R-Ras. The activation of Arf6 mediated by the inactivate integrins 

and enables their subsequent internalization by the PlexinD1. Phosphatidylinositol-4-phosphate-5-kinase β 

activation leads to promote Arf6 activation, likely by stimulating Arf6 GEFs. This results in the inactivation 

of integrins and their subsequent internalization, respectively, thus inhibiting endothelial cell adhesion to the 

ECM by disrupting integrin-mediated adhesive structures and causing filopodial retraction in endothelial tip 

cells, thereby inhibiting angiogenesis [201].  

 

4.4.2 Immunological Phenotypes of Sema-3E-/- mice:  

    Breeding pairs of Sema3E knockout mice were kindly provided by Chenghua Gu, 

Harvard medical School, Boston [202]. Dr. David Ginty at Johns Hopkins University 

School of Medicine developed these mice by disrupting the first exon of Sema3E gene. 

Immunophenotyping of Sema3E KO mice reveal no major immunological defects. In 

brief, Sema-3E deficient mice showed no difference in T cells, T reg, B cells and NKT 

cells numbers within the spleen or lungs (Drs. Hesam Movassagh and Ifeoma 

Okwor,.personal communication) . However, total cells numbers as well as expression of 

CD11c were increased in Sema3E KO bone marrow derived dendritic cells compared to 

wild type.  
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5. Gap of Knowledge, Hypothesis and Aims: 

5.1. Gap of knowledge, rationale 

The accumulated data documented the importance of NK/DC interactions in shaping of 

the innate and adaptive immunity [143].  These interactions depend on cell: cell contact 

and cytokine signals, and occur in lymphoid and non-lymphoid tissues [203]. NK cells 

can either promote iDC maturation or NK-mediated lysis of iDC during a “DC editing” 

process [150]. On the other hand, dendritic cells produce several cytokines (IL-15, IL-

12/IL-18, IFN-α/β,) that specifically stimulate NK cells to proliferate, produce cytokines 

and acquire cytotoxicity. A better understanding of factors that regulate NK and/or DC 

cells in NK/DC crosstalk will enable us to better manipulate NK-cell immune responses 

in anti-tumor and/or anti-viral immunity. 

 Semaphorin-3E (Sema-3E) is an axon-guidance secreted protein in neuronal system that 

has emerged as an essential mediator involved in cell migration and proliferation. 

However, a role of Sema-3E and its receptors in regulating effector functions 

(cytotoxicity and cytokine production) and migratory responses of NK cells has not been 

reported.  As migratory properties of NK cells are less studied, and that Sema-3E has been 

reported to regulate migrations of neural cells [204], I focused on studying the roles of 

Sema-3E/Plexin D1 in regulating NK-cell migrations in the context of NK- DC crosstalk. 
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5.2. Global Hypothesis: 

Semaphorin3E is a novel factor that regulates NK-cell migration in NK-DC crosstalk. 

5.3. Overarching Goals and specific aims: 

The overarching goal of this thesis is to elucidate whether Sema-3E exerts a direct or 

indirect effect on NK-cell migrations in NK-DC crosstalk. 

 

Specific Aims: 

1- To determine the expression of Sema-3E and its receptors (PlexinD1 and NRP1) on 

NK and DC cells.     

2- Examine the migratory properties of activated NK cells in the presence of recombinant 

Sema-3E alone or in the context of NK-DC crosstalk. 
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2.0 CHAPTER 2 

GENERAL MATERIALS AND METHODS 

1. Ethics statement: 

     Natural Killer and dendritic cells were obtained from Sema-3E+/+ or Sema-3E-/- 

BALB/c mice from GMC animal house at University of Manitoba, Winnipeg, Canada. 

All mice were maintained in Animal Care facility, the University of Manitoba under 

pathogen free conditions and used according to the guidelines specified by the Canadian 

Council for Animal Care. Parent breeders of these animals were gifted by Dr. F. Mann, 

Université de la Méditerranée, Marseille, France. Research ethics boards of the 

University of Manitoba, Winnipeg, Canada, approved the current study. 

 

2. Reagents:  

      Mouse NK cells isolation kit was purchased from StemCell Technologies 

(Vancouver, BC). Sema-3E, PlexinD1 and NRP1 primers were designed by Integrated 

DNA Technologies Inc. Mouse recombinant Sema-3E-Fc protein was gifted from Dr. 

Jonathan Duke-Cohan, Dana Farber Cancer Institute, Harvard Medical School). 

Monoclonal human anti-Sema-3E, PlexinD1, and NRP1 were purchased from R&D 

Systems (Minneapolis, MN).  
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Table2. 1 A summary of used NK and DCs antibodies, their clones and source  

Serial No Antibody Clone Company 

1 CD49b (APC) DX5 eBiosciences 

2 CD3 (PE) 17A2 eBiosciences 

3 CD40 (APC) 1C10 eBiosciences 

4 CD86 (PE) GL1 eBiosciences 

5 CD80 (PE) 16-10A1 eBiosciences 

           6 MHC-class II (PE) M5/114.15.2 eBiosciences 

           7 CD11b (APC) M1/70 BD Pharmingen 

  

3. Natural Killer purification:  

     Primary NK cells (CD3-DX-5+) were purified from mouse spleen. The obtaining of 

splenocytes was from homogenized spleen by density gradient centrifugation using Ficoll-

Paque PLUS (GE Healthcare, Sweden) following the manufacturer’s described protocol. 

Primary NK cells were enriched using the EasySep mouse NK negative selection kit 

(StemCell Technologies, Vancouver, BC). NK cells cultured at 37C and 5% CO2 in 

mouse medium containing 10% fetal bovine serum (FBS from Hyclone), 1% PSG 

(invitrogen), 1.6 mmol/l 2-mercaptoethanol (2-ME) and IL-2 (1000U/ml IL-2 

concentration was used in all experiments). The purity of NK cells was checked before 

the experiments (see supplementary figure 7.1).    
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4. Primary mouse bone marrow derived dendritic cells: 

     The bone marrow precursor cells were stimulated to generate mature dendritic cells 

[205]. Precursor cells were extracted from the femur and tibia and incubated with ACK 

buffer for 2-minutes to lyse red blood cells. 0.5-1x106 BM cells per well were seeded in a 

24-well plate containing RPMI 1640 (Hyclone) medium supplemented with 1% PSG, 

10% FGS, 1.6 mmol/l 2-ME and 20ng/ml GM-CSF (Peprotech). On day 3, one third of 

the culture medium was aspirated to remove non-adherent cells and supplemented with 

fresh GM-CSF containing medium. On day 5th, cultures were replenished with fresh GM-

CSF medium while maintaining total volume 1-ml/well. On day-8, lipopolysaccharide 

(LPS- and Polyinosinic:polycytidylic acid (Poly I:C from Sigma) both at 1µg/µl were  

introduced in the culture for 24-hours to acquire matured DC-phenotype. DCs with or 

without LPS or Poly I:C treatment and the corresponding culture conditioned media were 

used in various combinations and settings throughout these experiments. The expression 

of CD40, CD80 and CD86 surface markers represent matured-DC phenotype. Throughout 

the project all mature and immature culture cells were phenotype before the experiments 

(see supplementary figure 7.2).    

 

5. Conventional PCR: 

     Analysis Total RNA was extracted from NK or DCs by using TRIzol (Invitrogen, Life 

Technologies, Cat #: 15596026, CA, USA) according to manufacturer’s protocol. RNA 

concentration was measured using BioPhotometer (Eppendorf AG, Hamburg, Germany). 

To synthesize cDNA, reverse transcription was perfumed with 2 µg of total RNA using a 

High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, USA, Cat #: 
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4368814) in a total volume of 20 µL according to the manufacturer’s protocol. cDNA of 

each sample and sequence specific Sema-3E, PlexinD1, NRP1 and GAPDH primers (10 

µM) were added to Master Mix (Applied Biosystems, USA, Cat #: 4472908). PCR was 

performed in small tubes using Mastercycler gradient for 25 cycles. All samples 

including 100kb DNA ladder were loaded to 2% agarose gel electrophoresis running into 

1%TEA buffer for 25 minutes with 90 voltages. The gel image was taking by 

Alphaimager EC (Thermo scientific).  

 

6. Quantitative Real-Time PCR:  

      Real-Time PCR was performed in 96-well optical plate with an initial 1 cycle 

denaturation step for 10 minutes at 95°C, 40 cycles of PCR (95°C for 15 s, 60 °C for 35 s 

and 72°C for 35 s), 1 cycle of melting and 1 cooling cycle (Applied Biosystems 7500 

Real-Time PCR system). Average data collection and detection of fluorescent products 

were performed at the end of the 72°C extension period. Performing melting curve 

analysis and examining the quality of amplification curves assessed products specificity. 

Normalizing to the amplification of GAPDH and then normalizing to control groups 

calculated the amplification of target genes. Then the normalized values were expressed 

as fold increase / decrease of relative quantitative (RQ) over the values calculated with 

other groups.  
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Table6. Conventional PCR and Real-Time PCR primers (forward and reverse) and 

size of the amplification 

Gene	 Forward (5′- 3′)  Reverse (5′- 3′)  Size (bp)	

Sema-3E 5’- AAAGCATCCCCAACAAACTG-3’  5’- CTGGCTCGAGACCCTTACTG-3’ 124	

PlexinD1  5’-TGGATGTCGCAGCTTACTTG-3’ 5’- CCCCAACCCACAGTTCTCTA-3’ 325 

NRP1 5’- TATTCCCAGAACTCTGCCC-3’ 5’- TGTCATCCACAGCAATCCCA-3’ 546 

GAPDH 5′-AACTTTGGCATTGTGGAAGG-3′                                  5′-ACACATTGGGGGTAGGAACA-3′             217 

 

7. Surface and Intracellular staining:  

     NK and DC cells were incubated with Fc-blocker (ebiosciences) in flow tube for 10 

minutes on ice. For surface staining, NK cells were stained with DX5+ mAb (10 ug/ml) 

and/or Sema-3E, PlexinD1 and NRP1 fluorochrome-conjugated monoclononal antibodies 

all at (10ug/ml) for 30 minutes on ice. However, DCs were stained with CD11c 

monoclonal antibody and/or Sema-3E, PlexinD1 and NRP1 fluorochrome-conjugated 

monoclononal antibodies on ice. After washing with flow buffer, cells were fixed with 

2% para-formaldehyde (PFA).  

     For Intracellular staining, fixed and surface stained cells were permeabilized with 

0.1% saponin (Sigma-Aldrich) in flow buffer and then stained with Sema-3E, PlexinD1 

or NRP1 fluorochrome-conjugated monoclononal antibodies for 30 minutes on ice. 

Samples acquisition was performed on a FACSCanto II (BD Biosciences) using Diva 

software and data was analyzed using FlowJo software.  
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8. Transwell based migration and cytokine/chemokine analysis: 

     NK cell chemotaxis/chemo-repulsion against mouse medium, immature, LPS or PIC 

matured conditioned medium was performed in the transwell system. 0.2x106 murine IL-2 

activated NK cells (in 100 µl) were loaded on the upper chamber (5 µm pore Trans-well 

insert), whereas 600µl mouse medium (or conditioned medium) was placed in the lower 

chamber and incubated at 37C. In some experiments, Recombinant Sema-3E (6, 12, 25, 

50, 100, or 200 ng/ml) was added to mouse medium or conditioned medium. After 90 

minutes, the migrated cells in the lower well were transferred to a polypropylene tube, 

centrifuged at 300g for 10 minutes then counted. Migrated cells counted as absolute 

number of input cells [206]. 

 

9.  Microfluidic device based NK cell migrations assays: 

9.1 Microfluidic device and gradient generation:  

     Simple ‘‘Y’’ shape microfluidic device was used for cell migration experiments in this 

study. Using SU-8 photo resist (Micro Chem, MA), the design was patterned on a silicon 

wafer by photolithography. Using this pattern, PDMS (Polydimethylsiloxane) replicas were 

fabricated by molding PDMS (Sylgard 184 silicon elastomer, Dow Corning, MI) against 

the master. The inlets and outlet are punched. The devices were bonded against glass slides 

and polyethylene tubing (PE-20, Becton Dickinson, MD) was inserted into the inlet holes 

to connect the microfluidic device to syringe pumps (Model V6, Kloehn, Inc., NV).  Mouse 

medium and (recombinant Sema-3E (50 ng/ml) were diluted in RPMI-1640/0.4% BSA. 

FITC-Dextran 10 KDa that has similar molecular weight of the chemokine molecule was 

added to the supernatants /chemokine solution. The migration medium and 
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supernatants/chemokine solutions were continuously infused into the device by syringe 

pumps through tubing and the inlets of the device at the total flow rate of 0.2 ml/min. The 

gradient was confirmed by measuring the fluorescence intensity profile of FITC-Dextran 

inside the microfluidic channel and the cells were imaged at 3mm downstream of the ‘‘Y’’ 

junction [207- 208].  

 

9.2 Cell migration in the microfluidic platform: 

     To attach the NK cells, the microfluidic channel was coated with fibronectin (BD 

Biosciences) for hour at room temperature and blocked with 0.4% BSA in RPMI for 1 

hour before the experiment. 0.4x106 cells were loaded into the microfluidic device and 

allowed to settle in the fibronectin-coated channel for five minutes. The temperature of 

the device was maintained at 37C.  Mouse medium and Sema-3E solution was infused 

into the device by syringe pumps through tubing and the inlets of the device. The device 

was placed on a microscope stage (Model No. BX60, Olympus). Cells migrations were 

recorded by time-lapse microscopy at 6 frames/min for 19 to 44 min using a CCD camera 

(Model No. 370 KL 1044, Optikon, Canada). The acquisition of the images was 

controlled by NIH ImageJ program (v.1.34s) [206- 207]. 

 

9.3 Microfluidic derived data analysis: 

     Using NIH ImageJ (v.1.34s), individual cell movement was recorded.  Only the cells 

that migrated within the microscopic field were selected and tracked using the ‘‘Manual 

Tracking’’ plug-in in NIH ImageJ. The quantitative parameters of cell migration such as 

chemotaxis percentage, chemotactic index (CI) (the ratio of the displacement of cells 
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toward the chemokine gradient (dy) to the total migration distance (d) using the equation 

CI = dy/d), and average speed (v) (calculated as d/dt) were quantified. Statistical analysis 

of migration angles was performed using Origin 8.5 software to examine the 

directionality of the cell movement. Specifically, migration angles (calculated from x-y 

coordinates at the beginning and the end of the cell tracks) were summarized in a 

direction plot, which is a rose diagrams. These diagrams show the distribution of angles 

grouped in defined intervals with the radius of each wedge indicating cells numbers. 

Two-three independent experiments were repeated for each condition [206- 207]. 

 

10. Statistics: 

     Data were analyzed statistically using GraphPad Prism (commercial scientific 

graphing and statistic software published by GraphPad Software, Inc). Results are shown 

as the mean ± SEM. Two-tailed student’s t-test was used in a single, two-group 

comparison data. One-way ANOVA was used for comparing data from more than two 

groups in all trans-well migration assays. A p-value of <0.05 was considered statistically 

significant. 
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3.0 CHAPTER 3 

     This chapter examined the expression of Sema-3E and its receptors (PlexinD1 and 

NRP1) in NK and DCs at mRNA and/ or protein levels. NK cells were isolated from 

spleens of Sema-3E +/+ or -/- BALB/c animals (resting, inactivated NK cells).  They were 

used either as “resting” NK cells or further activated in IL-2 for 4 days (activated NK 

cells) before the experiments. Immature DCs were generated from bone marrow cells 

under GM-CSF. Mature DCs were prepared by stimulating immature DC with LPS or 

Poly I:C overnight. 

Results:  

3.1. Resting and/or IL-2 activated NK cells express Sema-3E protein in vitro  

      I isolated total RNA from resting NK or IL-2 activated NK cells for cDNA 

preparations. Sema-3E mRNA expression was analyzed by conventional PCR and qPCR 

using Sema-3E specific primer.  GAPDH was used as an internal control in all PCR 

analyses. I used 4T1breast cancer cells and Sema-3E-/- activated NK cells as positive and 

negative control, respectively. In conventional PCR, the Sema-3E primers were shown to 

be specific, as I detected no Sema-3E mRNA expression in the Sema-3E-/- NK cells and 

high level of Sema-3E mRNA expression (124 bp PCR fragment) in 4T1 cell. I observed 

that resting or IL-2 activated NK cells expressed low level of Sema-3E mRNA transcripts 

(Figure 3.1). 
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Figure3.1. Low levels of Sema-3E mRNA expressions in resting and IL-2 activated NK cells. Resting 

NK cells (rNK), the cells were collected right after isolation. Activated NK cells (aNK), the cells were 

activated in IL-2 for 4 days. Sema-3E-/-, NK cells were isolated from Sema-3E-/- mice and further activated 

in IL-2 for 4 days (negative control). All previous samples were isolated from BALB/c mice spleen. 4T1 

cell was included as a positive control. RNA was extracted by using TRIzol method. Furthermore, cDNA 

was generated for each sample and mixed with target primers (Sema-3E or GAPDH). The samples were 

loaded to the gel after PCR performed. 

 

     Next, I used real-time PCR (qPCR) to further quantify the mRNA expression of 

Sema-3E in the resting or IL-2 activated NK cells. Sema-3E-/- activated NK cells were 

used as a negative control. The activation of NK cells with IL-2 down regulates Sema-3E 

expression at mRNA (P value = 0.0006) (Figure 3.2). The dissociation curve following 

RT-qPCR confirmed the amplicon specificity. A single peak in the melting curve 

analyses for sema-3E primer referred to high specificity (Figure 3.13 A) 
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Figure3.2. NK cells express different mRNA levels of Sema-3E. Further confirmation by qPCR showed 

different level of Sema-3E expression in resting (NK), activated NK cells (NK+IL-2) and activated NK 

cells obtained from Sema-3E-/- mice (Sema-3E-/-) (negative control). All samples were isolated from 

BALB/c mice spleen. 4T1 cell lines were used as positive control. RNA was extracted by using TRIzol 

method. Furthermore, cDNA was generated for each sample and mixed with target primers (Sema-3E). In 

qPCR, I used ΔΔCT method. All groups were normalized to control group (untreated cells WT rNK).  

Using GraphPad Prism preformed the statistical analysis for n value=3. Two-tailed student’s t-test was used 

in a single, two-group comparison data (P ** = 0.0057). One-way ANOVA was used for comparing data 

from than three groups (P **** < 0.0001). 

     To examine Sema-3E at protein level, I used Sema-3E specific antibodies in flow 

cytometry using standard surface and intracellular staining procedures. Sema-3E-/- 

activated NK cells (Sema-3E-/-) was used as a negative control and 4T1 cell as a positive 

control. NK cells were identified by CD3-DX5+ staining. Samples acquisition was 

performed on a FACSCanto II and analyzed using FlowJo software (Figure 3.3A). I 

observed low level of Sema-3E staining in resting NK cells both at surface and 

intracellularly. The activation of NK cells with IL-2 down regulates Sema-3E expression 

on surface and intracellular (Figure 3.3B).     
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               B 

 

Figure3.3 Sema-3E protein was detected on the surface and intracellularly in the resting (rNK) and 

IL-2 activated NK cells (aNK) and down-regulated upon IL-2 activation. A: Resting NK cell (rNK), 

the cells were stained after isolation. Activating NK cells (aNK), the cells were collected after culture with 

IL-2 for 4 days. 0.2*106 NK cells were counted in this experiment. We used APC anti–human Sema-3E 

mAb (cross-reactive to mouse Sema-3E) to detect Sema-3E protein on the surface and intracellular. 
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Histogram was used to compare the expression of Sema-3E to Sema-3E-/- activated NK cells. B: In this 

experiment, (rNK) NK cell has not activated. (aNK) NK cell was activated with IL-2 for 4 days. IL-2 

(1000u/ml) concentration was used to activate NK cells. I used APC anti–human Sema-3E mAb to detect 

surface and intracellular Sema-3E protein expression on the surface and intracellular. Histogram was used 

to compare the expression of Sema-3E by rNK to aNK. 

3.2 Resting and/or IL-2 activated NK cells express Sema-3E receptors (PlexinD1 and 

Neuropilin 1) in vitro  

     To investigate the expression of PlexinD1 and NRP1 receptors in NK cells, I isolated 

mRNA of resting NK or IL-2 activated NK cells. cDNA samples were processed by 

conventional PCR  or qPCR using PlexinD1 and NRP1 primers. At protein level, I used 

FACS staining using mAbs anti-human PlexinD1 ore NRP1.  

     In conventional PCR, the PlexinD1 and NRP1 primers were shown to be specific, as I 

detected no PlexinD1 or NRP1 mRNA expression in the negative control (RNA’s free 

water) and high level of PlexinD1 and NRP1 mRNA expression in immature dendritic 

cells (see DCs expression analysis (figure 3.10)). The expression of PlexinD1 (Sema-3E 

receptor) was observed on resting and activated NK cells at mRNA level (325 bp). NRP1 

(Sema-3E co-receptor) was observed on resting but down-regulated in cells activated NK 

cells at mRNA level (546 bp) (Figure 3.4). 
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Figure3.4. Resting and IL-2 activating NK cells express Sema-3E receptors (PlexinD1 and NRP1). 

Conventional PCR showed inactivated NK cells express PlexinD1 and NRP1 at mRNA transcript. 

However, IL-2 activated NK cells showed the expression of PlexinD1 but not NRP1 transcripts. Resting 

NK cells (rNK), the cells were collected right after isolation. Activated NK cells (aNK), the cells were 

activated in IL-2 for 4 days. NK cells were isolated from BALB/c mice spleen.  

     I used real-time PCR (qPCR) for further quantify the mRNA expression of PlexinD1 

and NRP1 in the resting and IL-2 activated NK cells. My data showed the expression of 

PlexinD1 and NRP1 in the resting NK cells. Sema-3E receptors (PlexinD1 and NRP1) 

were down-regulated upon IL-2 activation (P value = 0.0119) (P value = 0.0003) (Figure 

3.5). The dissociation curve following RT-qPCR confirmed the amplicon specificity. A 

single peak in the melting curve analyses for PlexinD1 and NRP1 primers referred to 

high specificity (Figure 3.13 A&B)  
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Figure3.5 Resting NK cells express PlexinD1 and NRP1 but down-regulated upon IL-2 activation. 

qPCR showed Sema-3E receptors (PlexinD1 and NRP1) expression in resting (NK) and activated NK cells 

(NK+IL-2). All samples were isolated from BALB/c mice. RNA was extracted by using TRIzol method. 

Furthermore, cDNA was generated for each sample and mixed with target primers (PlexinD1 or NRP1). In 

qPCR, I used ΔΔCT method. All groups were normalized to control group (untreated cells rNK).  Using 

GraphPad Prism preformed the statistical analysis for n –value =3. Two-tailed student’s t-test was used in a 

single, two-group comparison data (P ** 0.0023) and (P *** = 0.0002). 

At protein level, I used mAb anti-human PlexinD1 and NRP1, I was able to detect the 

both receptors on the cells surface and intracellular of the resting NK cells (rNK) and IL-

2 activated NK cells (aNK).  I used IgG2b in this setting as PlexinD1 isotype control. 

However, IgG2a isotype control was used for NRP1 (Figure 3.6A). The activation of NK 

cells with IL-2 down-regulates PlexinD1 and NRP1 expression at protein levels (Figure 

3.6B).  
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                                    A 

 
                                   B 

 

Figure3.6. Sema-3E receptors were detected in the surface and intracellular of both resting (rNK) 

and IL-2 activated NK cells (aNK) and down-regulated upon IL-2 activation. A: Resting NK cell 

(rNK), the cells were stained after isolation. Activating NK cells (aNK), the cells were collected after 

culture with IL-2 for 4 days. 0.2*106 NK cells were counted in this experiment. We used APC mAb anti–

human Sema-3E to detect PlexinD1 and NRP1 proteins on the surface and intracellular. Histogram was 

used to compare the expression of PlexinD1 and NRP1 to Isotype controls. B: (rNK) NK cell has not 

activated. (aNK) NK cell was activated with IL-2 for 4 days.  IL-2 (1000u/ml) concentration was used to 

activate NK cells. We used APC mAb anti–human PlexinD1 or NRP1 to detect Sema-3E protein on the 

surface and intracellular. Histogram was used to compare the expression of Sema-3E by rNK to aNK. 
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3.3 In vitro, Sema-3E protein is expressed by immature and mature DCs 

     In our study, NK cells have been shown to express Sema-3E, PlexinD1 and NRP1. 

However, the interaction between NK cells and DCs has involvement of different factors. 

Sema-3E one of the factor that I hypothsize has an effect on NK-DC crosstalk. For 

further investigations about the role of Sema-3E in NK-DC interaction, I asked if 

dendritic cell does express Sema-3E and its receptors (PlexinD1 and NRP1). mRNA 

samples were obtained and used for conventional PCR and qPCR using Sema-3E 

primers. I used FACS staining using mAbs anti-human Sema-3E for studying protein 

level.  

     In conventional PCR, Sema-3E was observed in immature and/or mature DCs 

stimulated with LPS or Poly:IC at mRNA level (124 bp). In the experiment setting, I used 

generated Sema-3E-/- immature BMDC cells (KO iDC) as a negative control where no 

signal found and breast cancer cell line (4T1) as a positive control where high signal 

detected (Figure 3.4.1). 

  

Figure3.7. Unstimulated or stimulated DCs with Ploy I:C express Sema-3E which down-regulated 

upon LPS stimulation. Conventional PCR showed unstimulated and stimulated DCs are differently 

express Sema-3E at mRNA level.  The experiment setting includes KO IDC (negative control) and 4T1 

(positive control). Immature dendritic cells (iDC), the cells were generated from bone marrow and culture 

with GM-SCF for 7 days. However, stimulated dendritic cells by LPS (1µg/ml) or Poly:IC (1µg/µl) for 

overnight were collected. All samples were isolated from BALB/c mice bone marrow. RNA was extracted 

and cDNA was generated for each sample and mixed with target primers (Sema-3E or GAPDH). The 

samples were loaded into the gel after PCR performed.  
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     Next, I used real-time PCR (qPCR) to further quantify the mRNA expression of 

Sema-3E in immature or mature dendritic cells. Sema-3E was down-regulated upon LPS 

(1µg/ml) or PIC (1µg/µl) stimulations (P value = 0.0163). Immature DCs generated from 

Sema-3E-/- (Sema-3E-/- iDC) were used as a negative control. Moreover, breast cancer cell 

line (4T1) was included as a positive control (Figure 3.8). The dissociation curve 

following RT-qPCR confirmed the amplicon specificity. A single peak in the melting 

curve analyses for sema-3E primer referred to high specificity (Figure 3.13 A) 

  

 

Figure3.8. Unstimulated or stimulated DCs express different quantity of Sema-3E. Significantly, 

qPCR showed the down regulation of Sema-3E upon the stimulation of DCs by LPs  (1µg/ml) or PIC 

(1µg/µl)  (P **** < 0.0001). cDNA was generated for each sample and mixed with target primers (Sema-

3E). I used ΔΔCT method. All groups were normalized to control group (untreated cells iDC). The statistic 

figure obtained from 3 combined experiments. One-way ANOVA was used for comparing data for three 

groups. 

     Sema-3E protein using mAbs anti-human Sema-3E was detected on the cell surface 

and intracellular. I used Sema-3E-/- immature DC cells (Sema-3E-/-) as a negative control 

and 4T1 as a positive control. Dendritic cells were stained with CD11c+ monoclonal 

antibody and Sema-3E fluorochrome-conjugated monoclonal antibodies (Figure 3.9A). 

Interestingly, the stimulation of dendritic cells with LPS (1µg/ml) or Poly:IC (1µg/µl) 

down regulates Sema-3E expression on surface and intracellular (Figure 3.9B). 
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                                A  

	

	

                               B	

	

Figure3.9. Sema-3E protein was detected in the surface and intracellular of the immature dendritic 

cells (iDC) and down-regulated upon TLRs stimulation. A: Sema-3E protein was detected on the 

surface and intracellular of iDC and/or stimulated DCs by using APC mAb anti–human Sema-3E.  Sema-

3E protein expression was down -regulated upon LPS stimulation. 0.1*106 DC cells were counted and used 

APC mAb anti–human Sema-3E to detect Sema-3E protein on the surface and intracellular. B: On surface 

and intracellular, immature DCs express higher level of Sema-3E protein compared to mature DCs. In this 

experiment, (iDC) DC cell has not stimulated. (DC+LPS or DC+PIC) DC was stimulated with LPS 

(1µg/ml) or Poly:IC (1µg/µl) for overnight. I used APC mAb anti–human Sema-3E to detect Sema-3E 

protein on the surface and intracellular.  
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3.4 Immature and mature DC cells express Sema-3E receptors (PlexinD1 and 

Neuropilin 1)  

     In conventional PCR, PlexinD1 (Sema-3E receptor) and NRP1 (Sema-3E co-receptor) 

expression were observed on immature and/or mature DC cells at mRNA level (325 bp). 

The PlexinD1 and NRP1 primers were shown to be specific, as I detected no PlexinD1 or 

NRP1 mRNA expression in the negative control ( RNA’s Free Water) and high level of 

PlexinD1 and NRP1 mRNA expression in immature dendritic cells ( positive 

control)(Figure 3.10).  

 

 
 

Figure3.10. Dendritic cells express PlexinD1 and NRP1 receptors. Conventional PCR showed 

unstimulated and stimulated DCs are expressing PlexinD1 and NRP1 at mRNA level. This experiment 

includes negative control (RNA’s free water) and Immature dendritic cells (positive control). All samples 

were collected for cDNA generation after RNA extraction. 

 

     For further quantify the mRNA expression of PlexinD1 and NRP1 in immature or 

mature dendritic cells, I used real-time PCR (qPCR). PlexinD1 receptor and NRP1 co-

receptor were expressed by immature (IDC) and mature DCs. However, upon stimulation 

with LPS (1µg/ml) or Poly:IC (1µg/µl) the expression level of PlexinD1 receptor and 
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NRP1 co-receptor were down regulated (P value = 0.0013) (P value = 0.0001). Immature 

DCs generated from Sema-3E-/- (Sema-3E-/- iDC) and breast cancer cell line (4T1) were 

included (Figure 3.11). The melting curve following RT-qPCR confirmed the amplicon 

specificity. A single peak in the melting curve analyses for both PlexinD1 and NRP1 

primers referred to high specificity (Figure 3.13 A&B).  

 

 

 
Figure.3.11. Dendritic cells are differently express PlexinD1 and NRP1. qPCR showed the confirmation 

of PlexinD1 and NRP1 receptors expression in immature and mature DCs. All samples were isolated from 

BALB/c mice bone marrow. RNA was extracted by using TRIzol method. cDNA was generated for each 

sample and mixed with target primers (PlexinD1 or NRP1). ΔΔCT method was used for all groups that 

normalized first to GAPDH then to control group (untreated cells iDC). Using GraphPad Prism preformed 

the statistical analysis. One-way ANOVA was used for comparing data from more than two groups (P **** 

<0.0001), (P *** = 0.0002) and (P *** = 0.0001). N value=3. 
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     At protein level, I used mAb anti-human PlexinD1 or NRP1 and I was able to detect 

the both receptors on the cells surface and intracellular of immature DC cells (iDC) and 

mature DC cells (DC+LPS or DC+PIC). I used IgG2b in this setting as PlexinD1 isotype 

control. However, IgG2a was used for NRP1 (Figure 3.12 A). Dendritic cells stimulation 

with LPS (1µg/ml) or Poly:IC (1µg/µl) down-regulates PlexinD1 and NRP1 expression 

(Figure 3.12 B).  
               

A 
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             B 

 

Figure3.12. Sema-3E receptors (PlexinD1 and NRP1) were detected in the surface and intracellular 

of the immature and mature dendritic cells but down-regulated upon TLRs stimulation. A: Immature 

DC cells were cultured with GM-CSF and stained without further stimulation. DC cells stimulated with 

LPS or PIC were collected after culture with GMCSF for 7 days and stimulated for overnight. In this 

experiment, 0.1*106 DC cells were counted and used APC mAb anti–human APC mAb anti–human 

PlexinD1 or PE NRP1 to detect protein expression on the surface and intracellular. B: On surface and 

intracellular, immature DCs express higher level of Sema-3E protein In comparison to mature DCs. In this 

experiment, (iDC) DC cell has not stimulated. (DC+LPS or DC+PIC) DC cell was stimulated with LPS 

(1µg/ml) or Poly I:C (1µg/µl) for overnight. I used APC mAb anti–human PlexinD1 or PE NRP1 to detect 

receptor protein level.  
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A

              
B 

 

 

Figure3.13. Melt Curves from qPCR of Sema-3E, PlexinD1, and NRP1. Performing melting curve 

analysis and examining the quality of amplification curves assessed products specificity. Normalizing to 

the amplification of GAPDH and then normalizing to control groups calculated the amplification of target 

genes. A: Shows the melt curves for 2 different amplicons (Sema-3E and PlexinD1). B: An amplicon from 

NRP1 produces 2 peaks, often interpreted as representing multiple amplicons, when in this case, there is 

only one amplicon generated. In qPCR, I used delta CT method that quantifies the gene expression. All 

gens were normalized against the reference gen (GAPDH). 
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4.0 CHAPTER 4 

     This chapter examined the role of Sema-3E in regulating NK-cell migrations in 

context of NK-DC crosstalk. NK cells were isolated from spleens of Sema-3E +/+ 

animals.  They were activated in IL-2 for 4 days before the experiments.  Immature DCs 

were generated cells under GM-CSF from bone marrow of Sema-3E +/+ or Sema-3E -/- 

animals.  Mature DCs were prepared by stimulating immature DC with LPS or PolyI:C 

overnight. Activated NK-cell migrations were examined in the Trans-well and 

microfluidic assays using mouse medium or DCs conditioned medium.  

Results 

4.1 Recombinant Sema-3E does not affect the migration of activated NK cells 

     Because activated NK cells expressed receptors for Sema-3E, we first examined 

whether Sema-3E alone could regulate activated NK-cells migration in vitro. 

0.2x106 murine IL-2 activated NK cells (in 100 µl) were loaded on the upper chamber 

whereas 600µl mouse medium was placed in the lower chamber and incubated at 37C. 

Different Recombinant Sema-3E concentrations (from 6 ng/ml to 200 ng/ml) were added 

to mouse medium. After 90 minutes, the cells migrated in the lower well were counted as 

absolute number of input cells. Plain mouse medium (negative control) and LPS 

(1µg/1µl) added to dendritic cells condition medium (positive control) were used in 

experiment setting (P<0.0001) I observed that recombinant Sema-3E alone had no 

chemo-attractive effect on NK cell migration (P value = 0.4208) (Figure 4.1).    
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Figure4.1. Recombinant Sema-3E has no effect on activated NK cells migration: NK cells were 

purified and activated with IL-2 for 4 days. Sema-3E was added to mouse medium using different 

concentrations (6-200 ng/ml). However, recombinant Sema-3E showed no statistical significance in 

recruiting activated NK toward mouse medium (P=0.4208). Plain mouse medium (negative control) 

((P=0.0799) or LPS (1µg/ml) added to dendritic cells conditioned medium (positive control) were used in 

this experiment. One-way ANOVA was used for comparing data from more than two groups 

(P****<0.0001). The statistic analysis was obtained from n-value=3. 

 

     Microfluidic devices support single cell-based, quantitative cell migration analysis in 

well-defined chemical gradients. It allows us to examine chemotactic and even chemo-

repulsive movements of NK cells at a single cell level.  I therefore examined the effect of 

recombinant Sema-3E (50 ng/ml) alone on NK-cell migrations in the established 

microfluidic system in vitro. I observed that NK cells exhibited random migratory 

movements similar to the control experiment in the mouse medium alone control groups. 

Cell tracks in black are cells migrated towards the gradient (chemotactic). Cell tracks in 

light gray are cells migrated away from the gradient (chemo-repulsive). Additionally, 

chemotactic Index (C.I.) showed random migration and no significance level for both 

conditions (Figure 4.2. A and B). 
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Figure4.2. Recombinant Sema-3E does not affect NK cell chemotaxis: mouse medium was used to 

establish the gradient in the microfluidic device. Migratory responses of IL-2 activated NK cells were 

recorded and analyzed. A: Cell tracks in black are cells migrated towards the gradient; however, cell tracks 

in light gray are cells migrated away from the gradient. The percentage of chemotactic cells was determined 

by the number of cell migrated towards the gradient x 100/Total migrating cells tracked). B: Chemotactic 

Index (C.I.) and speed of NK cells in a gradient of mouse medium plus recombinant Sema-3E and its 

comparison with the medium control group. Based on one set of experiments with triplicated samples, the 

C.I. shows random migration and no significance level for both conditions. The significance level for each 

comparison from 2-sample t test is shown. 
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4.2 Sema-3E+/+ Conditioned medium of the LPS or Poly I:C-stimulated mature DC 

promoted activated NK cell migration 

     Our laboratory has previously reported that conditioned medium from immature and 

mature DC supported chemotaxis of activated NK cells [209].  I showed in Chapter 3 that 

immature and mature DCs stimulated with LPS or Poly I: C produced different levels of 

Sema-3E mRNA and proteins (Figure 3.4.2 and Figure 3.4.3).  I therefore investigated 

Sema-3E regulate NK-cell migration in the context of NK-DC crosstalk i.e. whether 

Sema-3E modulates migratory responses of NK cells induced by chemotactic factors 

produced by DC. My data showed activated NK cells migrated respectively to Sema-3E+/+ 

stimulated and unstimulated DC conditioned medium. LPS or PolyI: C stimulated mature 

DC promotes activated NK cells migration. (P value < 0.001) (Figure 4.3) Therefore I 

examine activated NK-cell migratory responses towards conditioned medium of immature 

or mature DC preparations in the absence of DC-derived Sema-3E. Trans-well assay in 

vitro was used.  Interestingly, immature Sema-3E-/- DCs conditioned medium promotes 

strong activated NK cells migration than mature Sema-3E-/- DCs conditioned medium (P 

value = 0.0232) (Figure 4.4). 
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Figure4.3. Sema-3E+/+ Mature DC conditioned medium enhance activated NK cells migration. NK 

cells were purified and activated with IL-2 for 4 days. DCs conditioned medium were collected at day 8 of 

DCs culture. DCs conditioned medium undergo different conditions including immature DCs (iDC), 

DC+LPS (1µg/ml), or DC+PIC (1µg/µl) condition medium. Activated NK cells migration toward DCs 

condition medium was studied by migration assay. Activated NK cells migrate respectively to stimulated 

and unstimulated DC conditioned medium. One-way ANOVA was used for comparing data from more than 

two groups (P **** <0.001). N -value=3. 

 

Figure4.4. Sema-3E-/- conditioned medium of the immature DC promoted activated NK cells 

migration. To further examine how activated NK cells migrate to Sema-3E -/- DCs condition medium, NK 

cells were purified and activated with IL-2 for 4 days. DCs condition medium were collected at day 8 of 

DCs culture. Different DCs conditioned medium (iDC, DC+LPS (1µg/ml), and DC+PIC (1µg/µl) were 

used in this experiments. NK cells migration toward DCs conditioned medium was studied by migration 

assay. One-way ANOVA was used for n=3 to compare data from more than two groups (P***<0.0002) 

(P*= 0.0232).  
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4.3 In vitro, Sema-3E expression level modulates activated NK cells migration 

     Previously, I showed that immature and mature DCs stimulated with LPS or Poly I: C 

express different levels of Sema-3E mRNA and proteins (Figure 3.4.2 and Figure 3.4.3).  

I therefore investigated the effect of different TLRs such as LPS or Poly I: C on Sema-3E 

expression level. Therefore, does Sema-3E level modulates migratory responses of NK 

cells toward DCs conditioned medium? I further compared Sema-3E+/+ to Sema-3E-/- DCs 

conditioned medium affecting activated NK cells migration. In migration assay, no 

significant differences were observed in activated NK cells migrate to Sema-3E+/+ 

compared to Sema-3E-/- conditioned medium upon LPS stimulation (P value = 0.1849) 

(Figure 4.5 A). However, Sema-3E-/- DCs conditioned medium stimulated with poly I:C 

showed significant recruitment of activated NK cells compared to Sema-3E+/+ DCs 

conditioned medium (P value = 0.0010) (Figure 4.5 B). Moreover, unstimulated Sema-3E-

/- DCs conditioned medium enhanced activated NK cells migration (P value = 0.0002) 

(Figure 4.5 C).  
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Figure4.5.The comparison between Sema-3E+/+ and Sema-3E-/- mature or immature DCs conditioned 

medium in recruitment of activated NK cells. NK cells were purified and activated with IL-2 for 4 days. 

DCs condition medium were collected at day 8 of DCs culture. DCs conditioned medium undergo different 

conditions including iDC, or stimulated DCs with LPS (1µg/ml), and DCs stimulated by PIC (1µg/µl) 

condition medium A: activated NK cells migrate equally to WT and/ or KO Sema-3E DCs conditioned 

medium upon LPS stimulation (P value = 0.1849). B: Sema-3E-/- DCs conditioned medium stimulated with 

PIC showed better recruitment of activated NK cells than Sema-3E+/+ DCs conditioned medium (P*** = 

0.0010). C: However, unstimulated DCs conditioned medium from Sema-3E+/+ has lower ability to attract 

activated NK cells migration (P*** = 0.0002). Using GraphPad Prism preformed the statistic analysis for n-

value=3. Two-tailed student’s t-test was used in a single, two-group comparison data.  
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4.4 Introduction of recombinant Sema-3E back to the unstimulated Sema-3E -/- DC 

condition medium inhibited NK-cells migration 

     As we showed before, the absence of Sema-3E attracted more of activated NK cells 

toward immature DCs conditioned medium. I further confirmed the role of Sema-3E 

affecting activating NK cells migration in context of NK-DC crosstalk. I added back 

mouse recombinant Sema-3E protein (50 ng/ml) to unstimulated Sema-3E -/- DC 

conditioned medium (KO iDC) at the time migration. Significantly, I observed 

recombinant Sema-3E (50 ng/ml) suppressing the migration of activated NK cells toward 

Sema-3E -/- immature DCs conditioned medium (P value = 0.0006) as showed in (Figure 

4.6).  

 

 

Figure4.6. Recombinant Sema-3E suppresses activated NK cells migration toward unstimulated 

Sema-3E -/- DC conditioned medium. NK cells were purified and activated with IL-2 for 4 days. DCs 

condition medium were collected at day 8 of DCs culture. Immature DCs conditioned medium was used in 

migration assay. Recombinant Sema-3E (50 ng/ml) added to the condition medium at the time of running 

migration assay. However, recombinant Sema-3E significantly suppresses the migration of activated NK 

cells toward Sema-3E-/- immature DC condition medium (P*** = 0.0006). The significance level for each 

comparison from 2-sample t test is shown and obtained from combined 3 independent experiments. 
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4.5 Ex -vivo splenic DC from Sema-3E KO mice exhibited altered DC maturation 
phenotypes 
 
     DCs are professional antigen processing and presenting cells. By producing a broad 

range of cytokines such as (IL-18, IL-12, IL-15, IFN-α, IFN-β), these cells have been 

implicated in several immune regulations at the interface of both innate and adaptive 

immunities [123- 124].  Her I sought if Sema-3E is important for DCs maturation and 

therefore affect NK-DC crosstalk. To address this hypothesis I collected the spleen from 

both Sema-3E+/+ and Sema-3E-/- Balb/c mice. Equal numbers of splenocytes were used for 

surface staining using monoclonal antibody CD45 Pacific-Blue, monoclonal CD11c APC 

and monoclonal antibody MHCII PE. I used gating strategies, which first specify the 

CD45+ cells. The gating on single cell was preformed to target CD11c+, MHCII+ cells. 

Interestingly, the percentage of DCs in Sema-3E-/- was higher (12.5%) compared to Sema-

3E+/+ (6.35%) (Figure 4.7A). Interestingly, I found Sema-3E-/- mouse splenic DCs showed 

higher MHCII expression compared to Sema-3E+/+ mouse splenic DCs. (Figure 4.7 B). 
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Figure4.7. Sema-3E affects dendritic cells maturation. Splenocytes were collected form Sema-3E-/- or 

Sema-3E+/+ Balb/c mice. 0.2x106 splenocytes were used for surface staining using monoclonal antibody 

CD45 Pacific-Blue (specific for leukocytes), monoclonal CD11c APC and monoclonal antibody MHCII PE 

(specific for DCs). A: KO spleen has more percentage of DCs (12.5%) compared to WT spleen that showed 

lees percentage (6.35%). B: MHCII molecule was expressed more in KO (DCs number = 1711) versus WT 

mouse splenic DCs (DCs number = 1145). Sma3E-/- mice have more mature DCs than Sema-3E+/+.  
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5.0 CHAPTER 5 

General discussion and future directions 

     In this study, I first examined RNA and protein expressions of Sema-3E, PlexinD1 

and NRP1 in primary NK and DC. I observed that resting or IL-2 activated NK cells 

expressed low level of Sema-3E transcripts and protein [Figures 3.1 and 3.3A].  

Unstimulated or DCs stimulated with Poly I: C expressed Sema-3E transcript and protein 

[Figures 3.7 and 3.9A].  Down-regulation of Sema-3E transcript and protein was 

observed in DCs stimulated with LPS more significantly than DCs stimulated with Poly 

I:C [Figures 3.8 and 3.9B].   PlexinD1 receptor was expressed on NK cells and DC cells 

at both mRNA and protein levels [Figures 3.4, 3.6A, 3.10 and 3.12A]. NRP1 co-receptor 

was expressed on resting NK cells, LPS, poly I:C-stimulated DC and immature DCs at 

mRNA and protein level [Figures 3.4, 3.6A, 3.10 and 3.12A] but not IL-2 activated NK 

cells [Figures 3.4 and 3.6 B].  Second, I investigated the effect of Sema-3E in NK cell 

migrations. In the Trans-well assays and microfluidic assay, I observed that recombinant 

Sema-3E does not affect NK cells migration [Figures 4.1 and 4.2]. However, I reported 

that conditioned medium of the mature Sema-3E +/+ DC promoted a stronger chemotaxis 

of IL-2 activated NK cells than immature DC conditioned medium in trans-well assay 

[Figure 4.3]. In contrast, activated NK cells exhibited increase in the chemotactic 

migrations toward the conditioned medium of the immature Sema-3E-/- DC [Figure 4.4]. 

The suppressive effect of Sema-3E was restored when Sema-3E (50ng/ml) added back to 

the conditioned medium of the immature Sema-3E -/- DC [Figure 4.6].  
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     NK cells constitute the first line of defense and possess substantial cytotoxic and 

immune regulatory potential, have also been employed as therapeutic agent in pre-clinical 

and clinical settings for a long time [210- 211- 212]. However, a growing consensus is 

that NK cells alone as immune therapeutic agent may not be highly efficient to counter 

tumor as well as other infectious diseases. Similarly, DC based immunotherapeutic 

interventions, which are designed primarily to manipulate T cell responses directly, also 

yielded limited success in the clinical setting [213]. Abilities to augment NK/DC 

interactions may prove to be important in the effective induction of the innate and 

adaptive immunities in anti-tumor settings. 

     Both NK and DCs have the ability to secrete a wide range of cytokines and 

chemokines, thus widely implicated in regulating different immune functions [214-215]. 

In addition to the independent role of these two cell types in the regulation of immune 

system, another relevant feature attributed to NK cells and DCs is their mutual 

communications [216]. It has been shown that these cells require cell: cell contact and 

soluble factors to acquire full spectrum of functional phenotype. Previously our lab 

targeted several proteins involved in the regulation of the NK or DC cells functions such 

as MHC-I, Qa-I, SHP1, IP-10, CXCR3, and GM-CSF.  

     Semaphorin-3E (Sema-3E) is an axon-guidance secreted protein in neuronal system 

that has emerged as an essential mediator involved in cell migration and proliferation 

[204]. I conducted several studies to cover the role of Sema-3E as a novel factors 

involved in the regulation of NK cell migration in interplay between NK cell and DC. 
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     To achieve my hypothesis, I sought to explore whether activated NK cells response to 

Sema-3E or not. As known, Sema-3E protein mediates its functions by binding with high 

affinity to PlexinD1 and neuropilin1 (NRP1) receptors [194]. I examine PlexinD1 and 

NRP1 expressions by activated NK cells. My data showed activated NK cells express 

Sema-3E receptor (PlexinD1) but not NRP1 [Figure 3.4]. Unlike class 3 semaphorins, 

Sema-3E binds its receptor plexin-D1 directly and independently of the neuropilin1 

[217]. Collectively, expression of plexin-D1 on activated NK cells suggested a possible 

interaction that results in direct effect of Sema-3E on NK cells function(s).  Choi YI and 

her colleagues have reported Sema-3E regulates migrations of neural cells [204]. I desire 

to explore the direct effect of Sema-3E on activated NK cells migration. My data showed 

that recombinant Sema-3E alone has no inducer or repulsive effect on activated NK cells 

migration [Figures 4.1 and 4.2].  

     NK-DC communication is bidirectional, involving many cytokine signals and/or direct 

cell-to-cell contacts [130- 131]. Immature and LPS-activated mature DCs released soluble 

factors, which induced a high level of chemotactic movement of IL-2-activated NK cells 

in vitro [209]. I showed Sema-3E expressed by immature and mature DCs stimulated with 

LPS or Poly:IC (Chapter3) [Figures 3.7]. I therefore investigated the potential role of 

Sema-3E expressed by DCs affect NK migration in context of NK-DC crosstalk. My data 

showed Sema-3E+/+ stimulated DC conditioned medium promoted activated NK cells 

migration [Figures 4.3]. In contrast, Sema-3E-/- immature DCs conditioned medium 

promotes strong activated NK cells migration compared to mature Sema-3E-/- DCs 

conditioned medium [Figures 4.4]. This finding suggests that Sema-3E might affect DCs 

induce chemotactic factors signaling and therefore activated NK cells migration properties 
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might affected. Migration of activated NK cells mediated by Chemokines expression in 

DC for example, CXCR3 chemokine receptor produced by DCs plays a role in the 

regulation of leukocyte migration [209]. Sema-3E might intersect the signaling pathway 

downstream of chemokine receptor signaling. Recent Studies in cultured cells had shown 

that plexin-D1 itself displays R-Ras GAP activity to inhibit migration, and these actions 

specifically require the small GTPase Rnd2. In addition, Rnd2 was found to bind to 

Plexin-D1 in cortical neurons, and Sema-3E-Plexin-D1-induced inhibition of axon 

outgrowth of cortical neurons required Rnd2 and downregulation of R-Ras activity [218].    

     Based on the findings of chapter 3, immature and mature DCs expressed different level 

of Sema-3E [Figure 3.8]. I therefore studied the effect of Sema-3E expression level 

modulating migratory responses of activated NK cells toward DCs conditioned medium. 

Immature DCs of Sema-3E+/+ DCs conditioned medium showed less activated NK cells 

recruitment compared to Sema-3E-/- immature DCs conditioned medium [Figure 4.5C]. 

Significantly, the migration of activated NK cells was suppressed when recombinant 

Sema-3E (50 ng/ml) introduced to Sema-3E -/- immature DCs conditioned medium [Figure 

4.6]. This finding suggests that Sema-3E is a novel factor modulates NK cells migration 

in NK-DC crosstalk. In the context of mature DC conditioned medium and upon LPS 

stimulation, Sema-3E expression was down regulated. Interestingly, I found no significant 

differences between Sema-3E+/+ DCs conditioned medium compared to Sema-3E-/- DCs 

conditioned medium in activated NK cells recruitment [Figure 4.5A]. This data suggested 

LPS stimulation downregulates Sema-3E expression close to the level of Sema-3E-/- DCs 

conditioned medium. On the other hand, Poly I: C stimulation showed less recruitment of 

activated NK cells toward Sema-3E+/+ DCs conditioned medium compared to Sema-3E-/- 
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DCs conditioned medium [Figure 4.5B]. Previously, I observed Poly I:C stimulation 

down regulates Sema-3E expression level [Figure 3.8]. Collectively, these findings 

suggested that Poly I:C stimulation downregulates Sema-3E expression level but not 

strong as LPS stimulation. LPS bind to TLR4 and associated with NF-kappaB and IRF3 

pathways activation. In contrary, Poly I: C binds to TLR4 and activates NF-kappaB, 

MAPK, and IRF-3 [219]. It can be speculated that TLRs stimulations downregulate Sema-

3E expression levels through different signalling pathways and therefore enhance 

activated NK cells migration. Moreover, the in vitro data of Sema-3E down regulation in 

relation to bacterial or viral infection and the migration of NK cells in mouse model could 

further explain other possible regulatory functions of Sema-3E in the context of NK/DC 

interactions. In addition, the down regulation of Sema-3E on DCs could be a protective 

mechanism to alert NK cells to ensure the regulation of T cell immune responses in “DC-

editing process”.  

     To understand the relevance of these results it will be of interest to monitor the down 

regulation patterns of Sema-3E in the DC maturation. In NK-DC interactions, activated 

NK cells released IFN-γ and TNF that promote DC maturation, and migration to draining 

lymph nodes [140]. The mature DCs are able to uptake and processing of antigen result in 

the upregulation of MHC-II and co-stimulatory molecules (CD40, CD80, CD86)[135-

136]. Here I investigated the role of Sema-3E regulating DCs maturation in NK-DC 

crosstalk. Ex -vivo splenic DC from Sema-3E-/- mice exhibited altered DC maturation 

phenotypes [Figures 4.7A and B]. My data revealed that Sema-3E is a novel factor 

enhances DCs maturation.  
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     Mature dendritic cells produce several cytokines (IL-15, IL-12/IL-18, IFN-α/β,) that 

specifically stimulate NK cells to proliferate, migrate, produce cytokines and acquire 

cytotoxicity.[123-124]. As observed in this study, DCs maturation has affected by Sema-

3E, which is in correlation with migratory properties of activated NK cells. Future studies 

in this regard might also delineate some important chemokines mediate the migration of 

NK cells.  

     Activated NK cells tightly regulate Sema-3E and PlexinD1 expression. I found the 

activation of NK cells with IL-2 downregulates the expression level of Sema-3E and its 

receptors (PlexinD1 and NRP1) compared to resting NK cells (Figs 3.3B and 3.6B). 

Different studies have showed IL-2 activated several different pathways such as Janus 

Kinases (JAK1 and JAK3) and STAT5 [219]. This observations press further steps to 

study downstream signaling pathways that might affect Sema-3E and PlexinD1 

expression. Moreover, activated NK cells with IL-15 and IL-18 deserve to explore their 

characteristics in term of development and functions. I will continue to explore the role of 

Sema-3E in regulating other NK cells functions such as cytotoxicity, cytokines 

productions.  

     In conclusion, the role of Sema-3E in regulating NK cells functions in context of NK-

DC crosstalk is fairly a new concept, which needs to be investigated further. Identification 

of Sema-3E regulatory function(s) might help to manipulate the existing methodologies to 

improve genesis as well as function of developing NK cells. Understanding the role of 

Sema-3E regulating NK cells function(s), indeed improve our current understanding of 

the immune systems, but may also equip us to manipulate NK cell effector functions and 

their utility as immune therapeutic agent in clinical settings. 
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Supplementary data 1 

 

 

 

 

Figure7.1 Representative natural killer cells purity analysis. NK cells were isolated from spleen. Resting 

NK cells were collected immediately after isolation. However, activated NK cells were cultured with IL-2 

(1000U/ml IL-2 concentration was used) for 4 days. Surface staining was used to measure the purity of NK 

cells using DX-5 and CD3 monoclonal Abs.   
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Supplementary data 2 

 

 

 

Figure7.2 Representative Dendritic cells maturation analysis. BMDCs were cultured GM-CSF medium. 

On day-8, lipopolysaccharide (LPS- and Polyinosinic:polycytidylic acid (Poly I:C both at 1µg/µl were  

introduced in the culture for 24-hours to acquire matured DC-phenotype. Surface staining was used to detect 

the expression of CD40, CD80 and CD86 surface markers, which represent matured-DC phenotype. In 

contrary to immature DCs (iDC), mature DCs with LPS up-regulated mature –DC marker.  

 

 


