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Abstract 

Diabetic pregnant women have an increased risk of developing pre-eclampsia, a 

late gestational syndrome, although the reason for this gain is unknown. Placental 

pathology in pre-eclampsia is linked with insufficient spiral arterial modification, a 

process triggered by uterine natural killer (uNK) cells, an abundant pro-angiogenic cell 

type found in early pregnancy decidua (endometrium of the pregnant uterus). UNK cells 

effect spiral arterial modification, the blood supply to the placenta, through the release of 

interferon gamma (Ifng), a pro-inflammatory cytokine. Peripheral blood precursors of 

uNK cells employ a unique pattern of homing molecules to traffic to the decidua. The 

goal of this thesis was to advance the understanding of how homing and functions of 

uNK cell precursors might be modified in diabetic pregnancy. Studies employed both 

murine and human models.  

Pregnancies were studied microscopically in normoglycemic (n-) and 

hyperglycemic (d-) non-obese diabetic (NOD) and NOD.Ifng
-/-

 (NOD strain with a 

genetic deletion of Ifng) mice. Pre-implantation embryo development was impaired in n- 

and d-NOD.Ifng
-/-

 mice. Hyperglycemia decreased both numbers of uNK cells and spiral 

artery remodelling within d-NOD and d-NOD.Ifng
-/-

 decidua. This decrease in spiral 

artery remodelling was independent of Ifng and linked with hypertrophy of smooth 

muscle in implantation sites. 

Blood leukocytes from control and diabetic pregnant women were evaluated for 

adhesive function and expression of key homing molecules. Diabetic leukocytes had 

decreased CD56
+
 (uNK cell lineage) cell adhesion to decidua, increased CD56

+
 cell 
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adhesion to pancreas, and comparable adhesion to lymph node compared with control 

leukocytes, suggesting impaired decidual homing in vivo. Of 8 lymphocyte subsets 

resolved by flow cytometry, type 1 cytokine CD56
bright

 cells expressed appropriate 

homing molecules most abundantly. Diabetes did not alter levels of expression of these 

receptors.  

These data show that diabetes alters the potential capacity for decidual homing of 

pre-uNK cells but that this is not achieved through reduction in levels of key homing 

molecules. Diabetes also reduced spiral arterial modification in mice through hypertrophy 

of smooth muscle. The reproductive challenges of diabetic women who have co-morbid 

immunological diseases merit further study.  
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Chapter 1 

Introduction 

Diabetic women who become pregnant are at high risk for gestational 

complications that include the syndrome pre-eclampsia (PE) (1-4). PE is an acute 

hypertensive syndrome seen only in humans and its risk is increased 4-12 fold by type 1 

(T1D), type 2 (T2D) or gestational (GD) diabetes (5). The diagnosis of PE requires 

accompanying proteinuria, indicative of coincident acute renal dysfunction. Immediate 

pregnancy termination is the only known treatment for PE to avoid severe and even fatal 

outcomes for the mother and her fetus (6; 7). The etiology of PE is not completely 

understood but it is widely held that the pathogenic processes begin well before clinical 

signs (8; 9). Suspected contributing factors are poor placental perfusion, oxidative stress 

and perfusion-reperfusion injury of the placenta (10-15).  

Endometrial branches from the maternal uterine artery that supply the placenta are 

called spiral arteries. These vessels lose their smooth muscle coat early in pregnancy and 

become high capacity vessels incapable of vasoconstriction for the remainder of 

pregnancy. In humans, remodelling of spiral arteries is considered critical for 

complication-free pregnancy (16). Roles for human uterine natural killer cells (uNK) 

cells in early triggering of pregnancy-associated, spiral arterial remodelling through the 

release of interferon gamma (IFNG) are now being appreciated (17; 18). In early human 

gestation, CD56
bright

 cells represent ~70% of the leukocytes at the maternal-fetal interface 
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(19). Whether human CD56
bright 

uNK cells arise from uterine progenitors or from 

circulating CD56
bright 

or other hematopoietic cells that home to implantation sites is not 

well defined. Recent reports strongly indicate that at least a significant proportion, if not 

all, mature human uNK cells arise from extra-uterine progenitors (20-24). 

The non-obese diabetic (NOD) mouse is a well-studied model of autoimmune 

T1D with a clear female predilection (25-27). Implantation sites in spontaneously 

hyperglycemic (>15mmol/l on serial blood samples) NOD and in age-matched, 

normoglycemic control NOD mice have previously been characterized (28). 

Hyperglycemia before mating reduced numbers of uNK cells in the decidua basalis and 

limited spiral arterial modification. However, homogenates of the decidua from the 

hyperglycemic females had an elevated Ifng concentration (28).  

The effect of T1D on the capacity of decidual endothelium to bind lymphocytes 

has also been investigated. The functional adhesion of blood lymphocytes to decidualized 

uterus from hyperglycemic and normoglycemic NOD mice was assessed (28). Gestation 

day (gd)7 decidual endothelium from hyperglycemic NOD mice was dramatically less 

able to bind to CD56
+
 NK cells from  normal women under shear-force (28). This 

indicated that diabetes had modified the addressins and/or adhesion counter-receptors on 

decidual endothelial cells. Further, hyperglycemia in the NOD mouse reduced the 

functional ability of mouse lymphocyte homing receptors being engaged by normal 

endothelium (28).  
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These results using NOD mice as well as the clinical complications seen in 

pregnant diabetic women, suggest the uterine homing potential of circulating CD56
bright

 

NK cells may be impaired in diabetic women. This could create a relative deficit in uNK 

cells that would limit spiral arterial remodelling and contribute to complications of 

diabetic pregnancy such as PE. Altered homing potential might be induced through 

metabolic effects which induce changes to receptors or their mobility in the membranes 

of decidual endothelial cells and/or NK cells, or by the pancreas acting as a decoy tissue 

that diverts the uterine recruitment of CD56
bright

 NK cells, particularly in T1D. The aim 

of this thesis was to provide further insight into diabetes-mediated effects on the 

functions of lymphocytes, particularly CD56
bright

 cells, during pregnancy and how these 

might contribute to the development of PE in the high risk human diabetic population. 
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Chapter 2 

Literature Review 

2.1 Uterine Natural Killer Cells 

The natural killer (NK) cell lineage is a family of granulated lymphocytes that is 

characterized by cytotoxic potential. In humans, mature NK cells constitute 5-20% of the 

total lymphocyte population in peripheral blood and can be divided into two subsets 

based on their expression of receptors CD16 and CD56 (29; 30). The CD56
dim

CD16
+
 

subset is primarily cytotoxic and makes up the majority of peripheral blood NK cells. 

CD56
bright

CD16
-
 NK cells have limited lytic ability and are the main source of 

immunoregulatory cytokines released by NK cells (31; 32).  

Human uterine NK (uNK) cells are terminally-differentiated CD56
bright

CD16
-
 NK 

cells found in transient endometrial decidua (33). They have a tenfold higher expression 

of CD56 than blood CD56
dim

 NK cells. Their differentiation is triggered by 

decidualization, they comprise 70% of all decidual lymphocytes during early pregnancy 

and they have high angiogenic potential (19; 34; 35). UNK cell numbers begin to decline 

around weeks 14-16 of pregnancy (33). In mice, uNK cells are first seen in the decidua 

basalis around gestation day (gd)5, the first day after implantation. Their numbers rapidly 

increase through proliferation and peak by gd10 (of a 19 to 20 day pregnancy) (36; 37). 

At gd10, uNK cells are densely packed in a transient lymphoid structure that surrounds 

maternal uterine blood vessels, between the circular and longitudinal smooth muscle 
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coats of the implantation site. This structure is called the mesometrial lymphoid 

aggregate of pregnancy (MLAp) (38; 39).  

While the exact origins of human uNK cells are not fully defined, circulating 

peripheral blood CD56
bright

 cells are thought to include a subset of uNK precursor (pre-) 

cells, which home to the uterus through the use of a unique pattern of cell adhesion 

molecules (CAM) (40; 41). Unlike other CD56
+
 cells, the adhesive function (primarily 

mediated via expression of alpha 4 integrin and L-selectin) of CD56
bright

 cells is elevated 

over a three-day window following the pre-ovulatory surge of luteinizing hormone (LH) 

(42). L-selectin (CD62L) and alpha 4 integrin (CD49d) are respectively involved in the 

initial tethering, rolling and adhering of circulating lymphocytes to high endothelial 

venules (HEV), eventually leading to extravasation from the circulation (43; 44). 

CD56
bright

 and CD56
dim

 cells express CD49d at equivalent levels (45) but CD56
bright

 cells 

express CD62L at a much higher level (45; 46). CD56
bright

 cells also express a distinct 

array of chemokine receptors that regulate how they respond to chemotactic signals after 

extravasation (47). While most NK cells do not express the receptors necessary for 

migration to secondary lymphoid tissues, CD56
bright

 cells are the exception (48). These 

receptors initiate homing by responding to chemokine signals produced by stromal cells 

and allow migration to the decidua during pregnancy. Among the receptors that 

CD56
bright

 cells express uniquely to other lymphocyte subsets are CCR5, CCR7, 

CX3CR1, CXCR3 and CXCR4 (47). The last two of these receptors are of particular 

interest. CXCL9 and CXCL10, ligands of CXCR3, are both highly expressed in the 
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endometrium during the menstrual cycle (49; 50). The ligand of CXCR4, CXCL12, is not 

detected in cycling endometrium but is expressed by invading trophoblasts, which are 

found in early gestational decidua (49; 51; 52). Expression of CXCR3 and CXCR4 in 

addition to expression of CD49d and CD62L by CD56
bright

 cells is thought to regulate the 

decidua-specific homing potential of circulating cells immediately post ovulation (LH +3 

to +8) and when pregnancy occurs (19; 34; 42). 

Once uNK cells have reached the uterus, they release factors, such as vascular 

endothelial growth factor (VEGF) and placental growth factor (PGF), to promote 

endometrial angiogenesis and they are associated with the initiation of spiral artery 

remodelling through the release of interferon gamma (IFNG) (17; 18; 53-55). Spiral 

arteries are the main maternal blood vessels which supply the placenta during pregnancy 

(56). IFNG is a cytokine that is predominantly secreted by activated NK cells and T cells. 

It regulates more than 500 genes in a variety of cells and tissues. Inducing apoptosis, 

regulating mRNA processing and initiating adaptive and innate immune responses are 

just a few of IFNG’s functions (57-59). In mice, Ifng is not detected in the non-pregnant 

uterus. However, it is found shortly after blastocyst implantation and throughout the rest 

of pregnancy. Ifng levels rise from gd6 and peak at gd10 (57). From studies in Ifng
-/-

 

mice, it was found that Ifng has autocrine effects controlling uNK cell maturation and 

senescence. Studies of these animals also revealed that uNK cell-derived Ifng regulates 

vascular changes including modification of decidual spiral arteries (60-62). Modification 

of spiral arteries involves processes removing smooth muscle and endothelial cells and 
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dilating the resulting vessel to obtain a large diameter arterial vessel lined at least partly 

by trophoblasts that is unresponsive to vasoconstrictive factors. This results in increased 

blood flow to the placenta, which is essential for the progression of normal pregnancy 

(55; 63). 

 

2.2 Pre-Eclampsia 

Pre-eclampsia (PE) is a late gestation (after 20 weeks) syndrome that clinically 

presents as new onset hypertension with accompanying proteinuria, indicative of 

coincident acute renal dysfunction. The only successful treatment for PE is delivery of 

the placenta and delivery is induced in severe cases of PE regardless of the 

developmental stage of the fetus (5-7; 64). PE is unpredictable in both manifestation and 

course, since it can present anywhere between 20 weeks of gestation and post partum and 

progression from mild to severe PE can be slow or rapid. Without treatment, PE can 

develop into HELLP syndrome (hemolysis, elevated liver enzymes and low platelets) and 

eclampsia, which is characterized by seizures and associated intracranial haemorrhage 

(65).  

PE affects about 5% of all pregnancies, is the primary indicated cause of preterm 

birth before 37 weeks of gestation and is one of the leading causes of maternal and fetal 

morbidity and mortality (8). PE is mainly associated with maternal symptoms but fetal 

complications can develop in cases of early-onset PE. These complications include a fetal 

syndrome that is associated with reduced amniotic fluid, abnormal placental oxygenation 
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and intra-uterine growth restriction. Pre-term delivery of infants in severe PE cases is 

associated with additional poor outcomes that can result in the need for extensive 

neonatal care and even death (65; 66). Several risk factors for PE have been indentified, 

including a first pregnancy, a family history of PE or a previous pregnancy complicated 

by PE. Pre-existing conditions such as cardiovascular disease, hypertension, 

dyslipidemia, obesity and polycystic ovarian syndrome are also risk factors (67). The risk 

of PE is increased 4-12 fold by type 1, type 2 or gestational diabetes (5; 65). Studies have 

also pointed towards an elevated risk of developing cardiovascular disease later in life in 

women and infants who had a pregnancy complicated by PE (68; 69).  

 

Etiology. 

The etiology of pre-eclampsia is not completely understood but it is widely held 

that the pathogenic processes begin well before clinical signs occur (9; 64). Maternal 

endothelial cell dysfunction is thought to be the cause of the main clinical symptoms of 

hypertension and proteinuria (70). However, abnormal endothelial cell permeability and 

control of vascular tone do not fully explain development of PE because they are 

consequences of the underlying pathology. Since PE spontaneously resolves after 

delivery of the placenta, PE is thought to be a placental syndrome (71). This is supported 

by the clinical finding that the incidence of PE increases with larger placental mass as in 

multiple gestations, diabetic pregnancies complicated by fetal macrosomia and as 

gestational age increases (72). Despite a research focus on placental pathology, the exact 
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cause of PE is still unknown and it is considered multifactorial. PE is also considered to 

be a two stage disease, with the first stage being poor placentation and the latter second 

stage being maternal systemic signs, including activation of the immune system (64; 73). 

 

Poor placentation. 

While poor placentation is generally considered to be a hallmark of PE, not all 

cases of PE involve deficient placentation and not all cases of placental pathology lead to 

development of PE (73). Despite these conflicting findings, poor placentation is still one 

of the most common features observed in pregnancies complicated by PE and could 

therefore be considered a risk factor if not a definitive cause of the syndrome (8; 72). 

Insufficient uteroplacental circulation can lead to hypoxia, oxidative stress and even 

infarction in the most severe cases (10; 11; 13; 15). Poor placentation can occur if there is 

shallow invasion of cytotrophoblasts into the decidua and its arteries early in gestation. 

Shallow invasion results in incomplete remodelling of the maternal spiral arteries (18; 

55), resulting in decreased blood flow to the placenta (74). As human uNK cells are also 

involved in spiral arterial remodelling, genetic signatures have been sought to explain 

interactions between trophoblasts and uNK cells that might contribute to shallow 

invasion and impaired vascular remodelling (75). The hypoxia that develops in the 

placenta subsequent to these deficits (15), causes the release of oxidative stress factors, 

including inflammatory cytokines and syncytiotrophoblast membrane particles (8), into 
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the maternal circulation. This triggers systemic maternal immune responses and 

endothelial dysfunction, leading to clinical symptoms of PE (76). 

 

Maternal immune system activation. 

The theory that pregnancy is characterized by a type 2 (anti-inflammatory) 

cytokine immune response is generally accepted despite the growing number of studies 

highlighting that the actual immune profile of pregnancy may be more complicated than 

proposed by this theory (77; 78). Clinically, this theory of a shift from cell-mediated 

immunity to humoral immunity is supported by the observation that pregnant women 

affected by conditions meditated by type 1 cytokine responses, such as rheumatoid 

arthritis, experience a lessening of symptoms as pregnancy progresses (79). Conversely, 

type 2 cytokine conditions such as systemic lupus erythematosis are worsened during 

pregnancy (79). Non-pregnant humans are characterized by a type 1 (pro-inflammatory) 

cytokine state and this persists in the first trimester of pregnancy, both within the 

decidualizing uterus and systemically. In late second trimester, the endometrial and 

systemic immune responses shift towards a type 2 cytokine bias (79-82).  

Recurrent spontaneous abortion, intrauterine growth restriction and PE reported to 

be associated with an increase in type1:type2 cytokine ratios during pregnancy (64). 

Lymphocytes isolated from the decidua of PE pregnancies have an increased ability to 

produce type 1 cytokines compared to decidual lymphocytes isolated from healthy 

pregnancies (80; 81). PE pregnancies are associated with higher circulating levels of 
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IFNG, tumour necrosis factor (TNF), interleukin (IL)2, IL12, IL15 and IL16 (81; 83-85) 

while normal pregnancies have higher circulating levels of IL4, IL6 and IL10 (86; 87).  

 

Characterization of peripheral blood lymphocytes in PE through pan cytokine 

markers. 

Traditionally, T helper (Th) cells have been considered the primary mediators of 

gestational immune variability with many studies reporting an increase in Th1:Th2 ratios 

in PE (82). However, one study examining peripheral T, NKT and NK cells from 10 PE 

patients found that ratios of type 1 NK and NKT cells to type 2 NK and NKT cells were 

decreased significantly during normal third trimester pregnancy when compared to PE 

pregnancies and non-pregnant controls (77; 88). One of the reasons for this difference is 

that studies characterizing immune responses during pregnancies mainly rely on 

stimulation of peripheral blood lymphocytes in culture and cytokine quantification 

through ELISA (88). Since this does not identify the cell subtype producing the 

cytokines, an assumption from the pattern of molecules secreted was that Th cells were 

the main effectors. Recently, novel pan type 1 (IL18R) and type 2 (ST2L) cytokine 

markers were introduced that classify freshly isolated peripheral blood lymphocytes into 

type 1 and type 2 subsets without stimulation in culture (77; 89). 
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IL18R 

IL18R is a member of the IL1R family. It has two chains, both of which are 

required for IL18 signal transduction. The first is the IL18-binding α chain (IL18Rα) and 

the second is a signalling β chain (IL18Rβ) (90; 91). IL18Rα is an IL1R homolog and 

was originally called IL1R related protein 1 (IL1R-RP1). IL18R binds IL18 at a relatively 

low affinity unless recruitment of an IL18R accessory protein (AcP) takes place (92). 

IL18 binding protein (IL18BP) regulates IL18 activity by binding to IL18R and 

preventing IL18 signalling. IL18 is considered to be a regulator of both the innate and 

adaptive immune systems. It induces IFNG production in both T and NK cells, up-

regulates the activity of cytotoxic lymphocytes, promotes the differentiation of T cells to 

the Th1 phenotype and increases proliferation of activated T cells (90-92). 

 

ST2L 

The ST2 gene is a member of the IL1 family and produces both a transmembrane 

protein form (ST2L) and a soluble form (ST2) through alternative splicing of pre-mRNA 

(the primary, immature strand of mRNA that still contains both introns and exons). ST2L 

has three extracellular immunoglobulin (IgG) domains and an intracellular domain that is 

homologous to other IL1Rs, making it similar in structure to IL1R type 1 (IL1R1) (93). 

The ligand for ST2L was unidentified for over a decade until IL33, an IL1 family 

member, was shown to be a functional ligand (94). ST2L is expressed on several cell 

types, including lymphocytes, mast cells and fibroblasts.  It is preferentially expressed on 
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human and murine Th2 cells. IL33, through ST2L binding, activates NF-κB and MAP 

kinases to induce production of type 2 cytokines (93-95). 

 

2.3 Diabetes Mellitus. 

Diabetes mellitus refers a group of metabolic diseases in which the body is unable 

to maintain normal blood glucose levels because of the inability to produce a sufficient 

amount and/or to respond properly to the hormone insulin (96). Insulin is produced in the 

beta cells of the pancreas and is responsible for enabling cells to take up glucose from the 

blood, either for conversion to an energy source or for energy storage in the form of 

glycogen (97). During diabetes, fasting blood glucose levels rise as a consequence of the 

body’s abnormal production of, and/or abnormal response to, insulin, resulting in 

hyperglycemia. The three classical symptoms of diabetes are polydisia (heightened 

thirst), polyphagia (increased hunger) and polyuria (frequent urination) (98). Long term 

complications of diabetes include cardiovascular disease, retinal damage and chronic 

renal failure. While there are several different forms of diabetes mellitus, the most 

common (and well-known) types are: a) type 1 diabetes (T1D), b) type 2 diabetes (T2D) 

and c) gestational diabetes (GD) (96; 98). 

T1D, also referred to as insulin-dependent diabetes mellitus (IDDM), is an 

autoimmune disease characterized by the destruction of beta cells in the pancreas. T1D is 

usually fatal without the continued administration of exogenous insulin, which is given 

by injection (97). The first stage of T1D occurs when innate and adaptive immune cells 
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infiltrate pancreatic islets, causing inflammation (insulitis) (96). Beta cell destruction 

only takes place after a subsequent triggering event. The cause and nature of this event 

are unknown, and clinical symptoms are observed after 90% of the beta cell mass is 

destroyed. Research from both human and animal models has shown that beta cell 

autoantigens, macrophages and T, NK and B lymphocytes are involved in the pathogenic 

processes leading to of T1D (96; 99). The actual destruction of the beta cells is mediated 

through T cells, which become activated by the triggering event and, in turn, activate the 

other immune cells within the islet lesions (96; 99). T1D was previously linked to genetic 

factors, particularly the genes IDDM1 and IDDM2 although it is considered a polygenic 

disease. Recently, studies focusing on the role of environmental factors, including fetal 

programming, in the disease process are increasing in number (96). A model that 

involves a combination of environmental factors triggering the autoimmune process that 

leads to the development of T1D in a genetically susceptible person has been proposed. 

Focus has been given to ante-, pre- and peri-natal risk factors, growth, stressful life 

events, dietary factors, viral infections, toxins and combinations of these environmental 

factors as etiologic events (100). 

T2D, or non-insulin-dependent diabetes mellitus (NIDDM), is the most common 

form of diabetes mellitus and is considered a worldwide epidemic (101). T2D is 

characterized by insulin resistance as well as deficient insulin secretion. While plasma 

concentrations of insulin may appear to be at normal or even elevated levels in T2D 

patients, the pancreas is unable to secrete enough insulin to compensate for the insulin 
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resistance, causing hyperglycemia (102; 103). Pro-inflammatory cytokines leading to 

endothelial dysfunction are implicated in promotion of this insulin-resistant state. T2D 

can lead to declining beta cell function and eventual destruction of the cells, although this 

phenomenon is considered to be a combined result of genetics, glucotoxicity and pro-

inflammatory cytokines rather than a consequence of insulin resistance (103). Before 

clinical diagnosis of T2D occurs, a state of pre-diabetes has usually persisted for at least 

10 years. Pre-diabetes is typically associated with impaired fasting glucose, hypertension, 

abdominal obesity and dyslipidemia. This group of factors falls under the umbrella term 

of metabolic syndrome X or insulin-resistance (103; 104). Patients with T2D are at high 

risk of developing cardiovascular disease. The risk of developing a future cardiac event is 

considered to be the same in patients with an established cardiovascular disease and in 

patients with T2D (105). While the factors contributing to the onset of T2D are 

complicated, its successful treatment can sometimes be relatively simple, especially in 

cases where the condition is diagnosed early. In these cases, a change in diet, weight loss 

and an increase in exercise manage the condition. In more extreme conditions, drug 

therapy is required for glycemic control (101; 106). 

GD occurs in women who present with high blood glucose levels during 

pregnancy but have never previously displayed any form of diabetes. Sometimes GD is 

incorrectly diagnosed during pregnancy when it is actually an undiagnosed case of pre-

existing T2D (107). During normal pregnancy, an increase in circulating maternal 

hormones like cortisol, progesterone and lactogen causes a slightly insulin resistant state. 
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As pregnancy progresses into the second and third trimester, further elevation of both 

maternal and placental hormone secretion exacerbates the insulin resistant state. In 

normal, healthy pregnancies, pancreatic secretion of insulin is able to overcome this state 

and effectively maintain glucose control. In GD cases, the pancreas is either unable to 

attain or sustain increased insulin secretion and hyperglycemia occurs but normalizes 

post partum. Genetic predisposition for diabetes is a suggested risk factor for GD but 

reports have been inconclusive (107). Also, since screening methods are not consistent 

across clinical settings, the exact number of pregnancies affected by GD is unknown 

although it is proposed to be roughly 8-10% annually in the United States of America 

(107; 108). While hyperglycemia usually resolves after delivery, anywhere between 20-

50% of the women who have previously been diagnosed with GD will develop diabetes 

later in life – typically T2D but, in rare cases, T1D (107; 109).  

 

Animal models of diabetes. 

Diabetes has been characterized in a number of animal models to further elucidate 

the mechanisms that contribute to disease pathogenesis. The first animal model of 

diabetes was reported in the 1880s when von Mering and Minkowski removed the 

pancreas in a dog to study absorption of fat from the intestine and the dog subsequently 

developed diabetes. Research studies following this experiment mainly focused on dogs 

and rabbits and dogs were used by Banting and Best for their studies on insulin in the 

1920s (110). Nowadays, rodents are used extensively to study etiology and progression of 
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diabetes. While complete or partial removal of the pancreas is still used to induce 

hyperglycemia, non-invasive methods have been developed. Injection of streptozotocin, 

alloxan and other beta cell toxins produces a diabetic state rapidly in mice or rats and GD 

is typically studied through this method (111). Although multiple low dose streptozotocin 

murine models are also used for T1D, the non-obese diabetic (NOD) mouse and bio 

breeding (BB) rat are the most commonly used spontaneous models of T1D. T2D rodent 

models, like the Goto Kakizaki rat and KK rat, mainly focus on the relationship between 

obesity, insulin resistance and beta cell responsiveness (111). 

 

Non-obese diabetic (NOD/ShiLtJ) strain. 

NOD mice spontaneously develop an autoimmune disease, with a clear female 

predilection, that is clinically and genetically similar to T1D in humans (26; 27). At about 

4-5 weeks of age, T-cell mediated insulitis develops, which is followed by beta cell 

destruction and declining insulin levels (25; 112). Overt diabetes (defined as blood 

glucose >15mmol/l) (25) in NOD mice usually occurs between 12 to 30 weeks of age 

and, unlike in humans, ketoacidosis is relatively mild (111). This allows mice to survive 

for several weeks without exogenous insulin, making the NOD mouse an ideal model for 

research purposes. Immune dysfunction in NOD mice include numerical and functional 

deficits in NK and NKT cells, abnormal maturation and function of macrophages, 

deficiencies in regulatory CD4
+
CD25

+
 T cells (Tregs) and an allelic deficiency in Il15 

that affects macrophages as well as NK cells (25). While normoglycemic NOD mice are 
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good breeders, offspring born to hyperglycemic NOD mice are at risk for birth defects, 

death and early development of diabetes (25; 28; 112).  

Implantation sites in normoglycemic and hyperglycemic NOD pregnant mice 

have previously been characterized (28). Insufficient spiral arterial modification was 

found in diabetic mice, accompanied by deficient uNK cell numbers in the decidua 

basalis. However, homogenates of the decidua from the hyperglycemic females had an 

elevated Ifng concentration. The observed deficient spiral arterial remodelling in the 

presence of significantly elevated decidual Ifng conflicts with expected outcomes based 

on current models of the relationship between uNK cell-derived Ifng and remodelling of 

decidual spiral arteries (28). 

 

NOD.Ifng
-/-

 (NOD.129S7(B6)-Ifng
tm1Ts

/DvsJ) strain. 

The NOD.Ifng
-/-

 mouse strain was developed to address the role of Ifng in onset 

and progression of T1D (113). Ifng is a Th1 cytokine and diabetes progression was 

previously reported to be blocked or significantly reduced through the administration of 

anti-Ifng monoclonal antibody to NOD mice (114). Despite their targeted deletion of the 

Ifng gene, NOD.Ifng
-/-

 mice exhibit normal development of insulitis. They have a delayed 

progression but not absence of diabetes relative to NOD mice (113). Ifng has been 

reported to regulate the homing and ability of diabetogenic T cells to penetrate pancreatic 

islets, suggesting that in the absence of Ifng, compensatory mechanisms contribute to 

these steps in pathogenesis (113). There are no reported studies on pregnancies in 
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NOD.Ifng
-/-

 mice but they are reported to be viable and fertile by the Jackson Laboratory 

(Bar Harbor, Maine, USA). 

 

2.4 The Role of the Immune System in the Pathogenesis of T1D. 

Extensive research studies have focused on the roles that the immune system 

plays in the development of T1D, from the initial trigger of disease progression to 

eventual beta cell destruction (115; 116). While it is still not fully understood why T1D 

develops in certain individuals, several studies have pointed towards the role of beta cell 

autoantigens in early disease stages (117). Beta cell autoantigens are released by the 

pancreas during spontaneous beta cell turnover and are elevated in patients with T1D and 

in NOD mice (117; 118). These autoantigens are processed by antigen presenting cells 

(APCs) like macrophages and dendritic cells. In individuals susceptible to T1D, APCs are 

able to travel to pancreatic lymph nodes, where they present the beta cell autoantigens to 

T cells. Activation of T cells reactive against pancreatic islets puts into motion a chain of 

cellular processes that leads to insulitis and beta cell destruction (96; 99; 117).  

 

Lymphocyte recruitment to the pancreas. 

This presentation of beta cell autoantigens is thought to be critical in triggering 

the recruitment of lymphocytes to pancreatic islets, where insulitis becomes established 

(118). Islet infiltration is dependent upon successful trafficking of lymphocytes to the 

pancreas and extravasation from surrounding islet endothelium (119-121). Multiple 
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adhesion molecules play a role in initiating rolling and tethering of lymphocytes along 

islet endothelium but not all at the same stages of T1D or in every islet (122). In NOD 

mice, mucosal addressin cell adhesion molecule (MAdCAM)-1 expression is up-

regulated in pancreatic islets as the mouse progresses from insulitis to showing clinical 

signs of T1D (123). As more islets become infiltrated by immune cells, expression of 

peripheral lymph node vascular addressin (PNAd), is induced and, during severe insulitis 

and beta cell destruction, vascular cell adhesion molecule (VCAM)-1 expression is 

induced (124). The expression of these ligands by the pancreas is considered crucial to 

diabetogenesis (119).  

 

Macrophages. 

As mentioned above, macrophages and dendritic cells play early roles in T1D 

progression by acting as APCs (99; 118). They are the first cells to infiltrate the islets 

during the initiating stages of insulitis in NOD mice and inactivation of macrophages by a 

substance specifically toxic to these cells almost completely prevents insulitis and T1D 

(125; 126). Furthermore, T cells lose their ability to differentiate into CD8
+
 cytotoxic T 

cells that are able to destroy beta cells in a macrophage-depleted environment but, once 

the macrophage population is re-established, CD8 differentiation potential is restored. 

These studies highlight the importance of macrophages in T1D progression as the cells 

that activate CD8
+
 cytotoxic T cells (127).  
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B cells. 

Initially, B cells were thought to have only a secondary role in T1D. Their 

production of autoantibodies against beta cell autoantigens occurs subsequent to 

activation coordinated by CD4
+
 effector T cells that regulated the B cells (96). However, 

recent studies suggest that B cells may also play a role as APCs and are critical for 

initiation of T-cell activation against beta cells (99). NOD mice engineered to be B cell 

deficient do not develop diabetes and their depletion of B cells eliminates insulitis. These 

results suggest that presentation of beta cell autoantigens by B cells after that by 

macrophages is a checkpoint that must be completed to progress to T1D (128; 129). 

 

T cells. 

Studies from NOD mice show that diabetogenesis requires the presence of both 

CD4
+
 and CD8

+
 T cells (99). T helper (Th)1 CD4

+
 T cells are activated by macrophages, 

specifically through the production of IL12 after presentation of the autoantigens (99; 

127). CD4+ cells secrete a variety of cytokines and are able to activate naïve T cells that 

were recruited to the pancreas. IL2 is a key cytokine in this process (99; 115). Naïve T 

cells differentiate into CD8
+
 effector T cells. The majority of effector T cells have a 

shortened life span and die following antigen challenge while a subset differentiate into 

memory T cells, which have a longer life span, are able to self-renew and rapidly respond 

to a secondary antigen challenge (130). There are two main mechanisms through which 

beta cell destruction is achieved by T cells (96; 131). The first mechanism is through 
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induction of the Fas pathway (CD95) (115). Effector CD4
+
 and CD8

+
 T cells release an 

array of pro-inflammatory cytokines, such as IFNG, TNF lymphotoxin alpha (LTA) and 

IL2. All of these cytokines up-regulate expression of Fas in beta cells (96; 116). The 

ligand for Fas, FasL (CD94L), is expressed almost exclusively on activated T 

lymphocytes. Induction of the Fas pathway triggers apoptosis in beta cells (116). The 

second mechanism is through direct destruction. CD8+ cytotoxic T cells release perforin 

and granzymes, which are toxic to beta cells (96; 132). NOD mice genetically engineered 

to be deficient in perforin develop insulitis but not T1D (133) while NOD mice deficient 

in Fas develop neither insulitis nor T1D (134). This suggests that the Fas-FasL pathway 

is the primary mechanisms of T-cell mediated beta cell destruction (99; 116). Effector T 

cells also have roles in activating B cells (to lead to further autoantibody production) and 

macrophages (causing them to become cytotoxic). Cytotoxic macrophages up-regulate 

Fas-mediated apoptosis through the release of IL1 (96; 99; 115; 116). 

 

NKT Cells. 

The role of NKT cells in T1D pathogenesis is not yet well studied or understood. 

NKT cells induce cell lysis through the Fas pathway and this is regulated via their 

production of IFNG (135). However, NKT cells, once activated, produce IL4. IL4 is 

important for inhibiting Th1 inflammatory responses while promoting Th2 anti-

inflammatory responses. A decreased number of NKT cells and decreased ability to 

produce and secrete IL4 are reported for T1D patients (136), suggesting that NKT cells 
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play a role in pathogenesis of diabetes because they are unable to properly regulate or 

inhibit T cell responses (96). 

 

NK Cells. 

Studies reporting roles for NK cells in the development of T1D are conflicting 

(137). NK cells were reported to be protective against T1D in NOD mice after mice were 

treated with Complete Freund's adjuvant (CFA), a pro-inflammatory adjuvant (138). 

However, other studies in transgenic NOD mice that express interferon beta (Ifnb1) in 

pancreatic beta cells found that NK cells accelerate T1D progression (139). Studies are 

now focusing on tissue-specific roles for NK cells in T1D development and roles that 

functionally distinct NK subsets may play in different tissue compartments (115; 137). 

NK cells localize in the pancreas of NOD mice before T cells in the early stages of 

insulitis. Spleen is considered the precursor source for these NK cells which are 

characterized by a distinct pancreatic phenotype once reaching islets (137). A subset of 

the pancreatic NK cells produce Ifng (137), suggesting an effector response but the 

majority of pancreatic NK cells show decreased cytokine secretion and less ability to 

degranulate compared to NK cells from spleen. This suggests that while NK cells may 

play a role in regulating pro-inflammatory responses during the early stages of insulitis, 

they become hyporesponsive as disease progresses (137). 
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2.5 Diabetic Pregnancy 

Complications. 

Diabetes, even in cases where there is good glycemic control, can result in severe 

complications for the fetus (109). Diabetic embryopathy can occur as early as 6 to 7 

weeks of gestation if maternal hyperglycemia is prevalent during this time period when 

organogenesis occurs. Diabetic women have a 2- to 5-fold increased risk of having a 

pregnancy complicated by congenital malformations over healthy women (with normal 

glucose). The most common congenital anomalies in diabetic pregnancies are neural tube 

defects, bone malformations and congenital heart disease (140). In addition to recurrent 

spontaneous abortion, diabetic pregnancies also have an increased risk of pregnancy loss 

later in pregnancy and of stillbirth. Since poor glycemic control can have negative 

consequences on fetal development at such an early stage of pregnancy, diabetic women 

are usually advised to seek pre-conception counselling (108).  

If hyperglycemia persists beyond the first trimester, one of the most common 

complications becomes an increased risk of macrosomia, where the baby and its placenta 

are large for gestational age (109). Most cases of macrosomia in diabetic pregnancies are 

associated with gestational diabetes and T2D (107). Macrosomia can complicate 

deliveries as the baby is at risk for shoulder dystocia and bone fracture (141). 

Macrosomia is related to hyperinsulinemia in the fetus, as maternal hyperglycemia 

induces the fetal pancreas to secrete excess amounts of insulin. Fetal hyperinsulinemia is 

also linked to an increased risk of developing insulin resistance later in life (107; 141). 
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 The risk of maternal complications, aside from PE, is also elevated in diabetic 

pregnancies. Hypertension not related to PE, post-partum haemorrhage and even maternal 

mortality are increased in diabetic gestations compared to the general maternal 

population (109; 142). 

 

Altered immune function. 

The role that a type 1 cytokine profile plays in T1D disease progression has been 

well established and many studies have investigated levels of pro- and anti-inflammatory 

markers in T1D patients (115). T1D is characterized as a pro-inflammatory disease, T1D 

patients have elevated type 1 cytokines in plasma and elevated numbers of type 1 

cytokine producing lymphocytes (143-145). However, the impact of a type 1 cytokine 

bias on diabetic pregnancy has not been extensively studied in humans. It is not clear that 

a type 2 cytokine shift occurs in late diabetic gestations. Increases in pro-inflammatory 

markers are found in placentas from diabetic women (107) and macrosomic babies have 

higher expression of Th1 cytokines in plasma than offspring of normal pregnancies (141). 

 

PE in T1D pregnancy. 

 The mechanism behind the increased risk of PE in diabetic pregnancies is 

unknown and few studies have examined the link between the two conditions. However, 

an emerging pattern of vascular dysfunction and increased anti-angiogenic factors have 

been reported in T1D women who develop PE that distinguishes them from the non-PE 
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T1D pregnant population (3; 146). Markers of vascular function such as ICAM-1 and 

VCAM-1 were elevated at 11 weeks of gestation in the plasma of PE T1D patients 

compared to non-PE T1D patients (146). High levels of plasma ICAM-1 are linked to PE 

development in non-diabetic women. Soluble fms-like tyrosine kinase 1 (sFlt1). which 

binds to and reduces frees circulating levels of VEGF and PGF, is increased in the third 

trimester of PE T1D pregnancies compared to non-PE T1D pregnancies. Soluble 

endoglin (sENG), a protein that binds TGFB1 and TGF3 on endothelial cells (147), was 

increased in the entire T1D pregnant group when compared to control pregnancies (3). 

Furthermore, a rise in PGF levels that normally occurs during healthy pregnancies was 

also not observed in the PE T1D patients (3). PE, even in non-diabetic pregnancy, is also 

associated with a rise in sFlt1 and sENG levels and a decrease in circulating VEGF and 

PGF (64).  

 

2.6 Rationale 

The goal of this thesis is to advance understanding of the negative impacts of 

diabetes on pregnancy. My first series of experiments sought an explanation for the 

failure of spiral arterial modification in diabetic NOD mice. The current dogma is that 

uNK cell-derived Ifng initiates this process. However, diabetic NOD mice are reported to 

have supranormal levels of implantation site Ifng. I conducted morphometric studies in 

pregnant NOD.Ifng
-/-

 mice to address the hypothesis that T1D deviates the ability of 

spiral arteries to respond to Ifng. 
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My second experimental study used peripheral blood samples from women with 

established T1D or T2D and controls. Women were recruited to my study during first 

trimester of pregnancy and matched for age and parity as closely as possible. For most of 

these women, blood samples were provided in first, second and third trimester of 

pregnancy and post partum, at least 6 weeks after delivery. I asked two questions using 

lymphocytes isolated from these patients. The first was whether diabetes changes the 

functional capacity of CD56
+
 cells to interact in vitro with decidual endothelium during 

pregnancy. This study assumed that the precursors of human uNK cells home to decidua 

and that these precursors are found amongst CD56
+
 blood leukocytes. The adhesion 

assays conducted under shear forces addressed the hypothesis that diabetes alters CD56
+
 

blood precursor cell homing potential, significantly reducing homing to uterus. This 

hypothesis arose from the finding of decreased uNK cell numbers in gestational decidua 

of hyperglycemic NOD females.  

The second question addressed with human peripheral blood lymphocytes was 

whether diabetes altered the expression of receptors on lymphocytes for endothelial cells 

and chemokine gradients important for uNK cell recruitment to the uterus. This study 

made the assumption that deviated adhesion would be found and it was conducted on an 

aliquot of blood provided at the same time the adhesion assay was conducted. Four 

lymphocyte lineages from T1D and control patients were studied by flow cytometric 

analysis; CD3
-
CD56

bright
 NK, CD3

-
CD56

dim
 NK, CD3

+
CD56

+
 NKT and CD3

+
CD56

-
 T 

cells. Each lineage was considered as type 1 or type 2 (IL18R+ or ST2L+) and subset 
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analyzed quantitatively for CD49d, CD62L, CXCR3, CXCR4 expression. This study 

addressed the hypothesis that T1D impairs the systemic type 2 shift of normal pregnancy 

and differentially changes the levels of expression of key molecules used to recruit 

several lymphocyte subsets to implantation sites.  

My unique contributions from the murine study were identifying a key 

importance for Ifng in early mouse blastocyst development and that, in the absence of 

Ifng, secondary mechanisms may exist to trigger spiral arterial modification but these 

mechanisms are blunted by diabetes. My unique contributions from the patient study 

were the findings that both T1D and T2D patients exhibit decoy homing potential to the 

pancreas during pregnancy; T1D does not significantly alter the expression level of CAM 

and chemokine receptors during pregnancy and that uNK cell precursors are probably 

found within the (type 1) peripheral blood CD56
bright

 cell subset. 
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Chapter 3 

Materials and Methods 

3.1 NOD.Ifng
-/-

 and NOD Pregnant Mouse Study. 

Animals.  

Three NOD.129S7(B6)-Ifng
tm1Ts

/DvsJ breeding pairs were generously provided 

by Dr. D. Serreze (The Jackson Laboratory, Bar Harbor, Maine, USA). Male and female 

NOD/ShiLtJ mice were purchased from The Jackson Laboratory. All mice were housed 

at Queen’s University in a barrier facility that was negative for pathogen exposure on all 

routine serological and post mortem surveys. Mice were fed acidified water and 

autoclaved chow (Purina, Richmond, Indiana, USA), ad libitum.  Mice were monitored 

weekly from 12 weeks of age for hyperglycemia using tail venipuncture and OneTouch 

Ultra Glucose meter and strips (LifeScan, Burnaby, British Columbia, Canada). Mice 

were classified as normoglycemic (<10.0 mmol/l) or diabetic (≥15.0 mmol/l on two serial 

measurements). When diabetes was confirmed in females, they were paired 1:1 with 

syngeneic, normoglycemic males for breeding and checked each morning for a 

copulation plug. Gd0.5 was assigned to the morning of plug detection. Most females were 

euthanized at gd10.5 or gd12.5 after mating. Some NOD.Ifng
-/- 

females were euthanized 

at gd3.5 to recover pre-implantation embryos by flushing of the uterine tubes and uterus. 

Diabetic males were euthanized. Mice were anesthetized using tribromoethanol 

(250mg/kg) then killed by cervical dislocation. All animal usage complied with protocols 

approved by Queen’s University’s Animal Care Committee.  
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Gd3.5 blastocyst flushing.  

For blastocyst flushing, uteri with attached uterine tubes (oviducts) were moved to 

cavity dishes containing a small volume of PBS. They were trimmed of all mesenteries 

under dissection microscope magnification, moved to a clean dish where the oviduct and 

uterus were separated and then independently flushed. Each reproductive tract segment 

was flushed at least twice while being observed microscopically to ensure collection of 

all contents. 

 

Histological procedures.  

For gd10.5 or gd12.5 samples, uteri were dissected and fixed for 8-12 hours in 

fresh 4% neutral buffered paraformaldehyde (Sigma-Aldrich, Oakville, Ontario, Canada). 

Fixed uteri were transected between implantation sites and moved to 70% ethanol. Using 

standard methods, implantation sites were processed using an automatic tissue processor 

(Triangle Biomedical Sciences, Durham, North Carolina, USA) and then embedded into 

paraffin blocks. Three implantation sites from three dams (normoglycemic (n-) or 

diabetic (d)-NOD and n-NOD.Ifng
-/-

) or one dam (d-NOD.Ifng
-/-

) were serially sectioned 

at 7μm and mounted to glass slides. Sections were cut at the center of the implantation 

sites. Slides were stained alternately with periodic acid Schiff (PAS) reagent for uNK cell 

enumeration or hematoxylin and eosin (H&E) for vessel morphometry and surface area 

measurements. Dolichos biflorus agglutenin (DBA)-lectin staining was used to confirm 

uNK cell identification (39) while cytokeratin staining confirmed trophoblast 
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identification (148). Measurements were conducted on eleven sections, at least 42μm 

apart, from each implantation site (149). Surface areas of the MLAp, decidua and 

placenta were measured for each implantation site. UNK cells were enumerated in a 

standard area (37,000 μm
2
) of decidua basalis or MLAp. Diameters of uNK cells in the 

MLAp were also measured (10 cells). Except for the single d-NOD.Ifng
-/-

 which lacked 

spiral arterioles with measureable lumens, three spiral artery cross-sections were 

measured in each of the 11 sections (wall and lumen diameters). These data are expressed 

as a ratio comparing spiral artery wall thickness to lumen cross-sectional line diameter 

(wall-to-lumen diameter ratio). In addition to the implantation sites collected in this 

study, archived gd10.5 histological sections from n- and d-NOD females, prepared as 

above (28), were re-measured to provide all measurements by a single investigator 

(AVCS). All analyses were performed using an AxioImager M.1 microscope and 

Axiovision software (Carl Zeiss, Oberkochen, Germany). 

 

Statistical analysis for implantation site characteristics.  

Data were analyzed using the Prism 4.03 Statistical Software package (GraphPad, 

San Diego, California, USA) and are presented as means ± SEM. UNK counts in MLAp 

and decidua basalis, and spiral artery lumen diameters and spiral artery wall-to-lumen 

diameter ratios were analyzed using one-way ANOVA with Bonferroni’s post-test. A P 

value < 0.05 was considered statistically significant. 
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3.2 Serial Human Lymphocyte Studies in Normal and Diabetic Pregnancies.  

Participant recruitment.  

T1D (n=9), T2D (n=3) and age-matched normal control (n=10) women between 

the ages of 21-40 years old were recruited in their first trimester (within a 2 week 

gestational age recruitment window of 11-13 weeks of gestation) of a singleton 

pregnancy from Kingston General Hospital (Kingston, Ontario, Canada). Of the 9 serially 

studied T1D, 2 developed pre-eclampsia (PE) in the third trimester. Exclusion criteria 

included a previous diagnosis of hypertension, medication currently being taken to treat 

hypertension, polycystic ovarian syndrome, cancer and/or the diagnosis of an 

autoimmune disease other than T1D. Patients were informed of all potential risks and 

signed consent forms before participating in the study. A data collection form was 

completed at each visit that was available during trial summary analysis. This study was 

approved by Queen’s University Health Sciences and Affiliated Teaching Hospitals 

Research Ethics Board. 

 

Blood sampling.  

Three acid citrate dextrose (ACD) tubes of blood (an approximate total volume of 

25 mL) were collected once per trimester (approximately 12, 18-20 and 33-35 weeks 

gestation) and after six weeks post-partum at scheduled clinic visits. At least 37% of the 

patients were breastfeeding at the time of the post partum sample donation. While 

patients were initially recruited into this longitudinal study with the goal of donating all 4 

samples (1 per trimester plus post partum), this was not achieved. A complete set of 
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samples was collected from 9 patients (5 controls and 4 T1D). Out of 22 potential 

samples for each of the 4 time points, 20 were collected for first trimester, 18 for second 

trimester, 16 for third trimester and 11 for post-partum. An additional 6 pregnant subjects 

(3 T1D and 3 T2D – 1 pair/trimester) were recruited to give a single blood sample for 

function blocking studies. Samples were blind encoded and sent to the research 

laboratory where lymphocytes were immediately isolated by density gradient 

centrifugation.  

 

Lymphocyte isolation.  

Peripheral blood samples were layered 1:1 volumetrically onto Histopaque 

1077
TM

 (Sigma Chemicals, St Louis, Missouri, USA) in 50 mL Falcon tubes (BD 

Biosciences, Mississauga, Ontario, Canada) and centrifuged at 800g 4°C for 30 minutes 

with no brake (0 deceleration). The white cell layer (buffy coat) was collected in a 15 mL 

Falcon tube (one 15 mL tube per one 50 mL tube) and washed with sterile phosphate-

buffered saline (PBS, Sigma Chemicals), pH 7.4, at 400g 4°C for 10 minutes with brake 

on (10 deceleration). The resulting cell pellet was resuspended in 1 mL of sterile PBS and 

cells were pooled into two separate 15 mL tubes and diluted with sterile PBS. Samples 

were washed twice more with sterile PBS and viable, dye-excluding lymphocytes were 

enumerated in 0.4% Trypan blue solution on a hemocytometer. A yield of 39 x 10
6
 

leukocytes was required to conduct both the adhesion assay and flow cytometry analyses. 

For the adhesion assay, cells were resuspended in a volume (μL) of RPMI 1640 medium 
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to give a final concentration of 30 x 10
6
 cells/mL. The remaining cells were resuspended 

in PBS + 1.0% BSA (Sigma Chemicals) for labelling for flow cytometric analysis. 

 

Antibody labelling for in vitro adhesion assay.  

15 x 10
6
 cells were labelled with either anti-CD56-PE-Cy5 (60 μL, 1:10; Beckman 

Coulter, Iotest, Fullarton, California, USA) or with CMAC (7-amino-4-

chloromethylcoumarin) (12 μL, Molecular Probes, Invitrogen, Burlington, Ontario, 

Canada). For some leukocyte samples, function-blocking antibodies (a mixture of anti-

human CD62L (eBioscience, San Diego, California, USA) and anti-CD49d 

(Immunotech, Beckman Coulter, Mississauga, Ontario, Canada) monoclonal antibodies) 

were also added to the cell suspension. The cells and antibodies were mixed well, 

incubated at 37°C for 30 minutes and then washed in 1 mL of RPMI at 2095g 4°C for 3 

minutes. Cells were resuspended in 300 μL of RPMI.  

 

Preparation of mouse tissues as adhesion assay substrates.  

C57BL/6J female and male mice (The Jackson Laboratory) were paired, checked 

each morning for a copulation plug and euthanized at gd7, as described on page 29. Uteri, 

pancreas and subcutaneous lymph nodes were dissected, embedded in OCT Cryomatrix 

(Shandon, Pittsburgh, Pennsylvania, USA) and stored for use as substrate tissues at -80°C 

for a maximum interval of 10 days. Uterine draining and mesenteric lymph nodes were 

excluded from the lymph node pool.  
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Human leukocyte adhesion under shear force to normal mouse frozen tissue 

sections.  

Two sections (12 μm midsagittal) from each of the 3 mouse organs were melted 

onto individual positively charged microscope slides (Fisher Scientific, Mississauga, 

Ontario, Canada) immediately before use. They were transferred to a rotating (80 rpm) 

table held at 4°C and 300 μL of either CD56-labelled or CMAC-labelled cells (cell 

concentrations 15 x 10
6
 cells/mL) were overlain onto the sections. Rotation was then 

increased (112 rpm; 30 minutes). Sections were rinsed to remove non-adherent cells, 

fixed 30 minutes in 4% neutral buffered paraformaldehyde (Sigma-Aldrich, Oakville, 

Ontario, Canada), rinsed and mounted with coverslips using AquaPolymount 

(PolySciences Inc., Washington, Pennsylvania, USA) (150). Numbers of adherent 

CMAC-tagged total leukocytes and of PE-Cy-5-tagged CD56
+
 cells were enumerated in 

25 high powered fields (HPF) (x 400) under fluorescent microscopy. Counts were made 

by 1 or 2 individuals (myself and Dr. Suzanne Burke), who, in preparatory experiments, 

scored samples equivalently. For dually counted samples, a mean of the counts was used 

in statistical analysis. Adhering PE-Cy-5-tagged CD56
+
 cells are referred to as “CD56

+
 

cell adhesion” and the ratios of PE-Cy-5-tagged CD56
+
 cells/CMAC

+
 cells as “CD56

+
 

cell ratio”. Because the adhesion results for T1D and T2D were similar (Appendix C), 

pooled adhesion data are presented representing all of the diabetic patients. 
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Antibody labelling for flow cytometric analyses.  

Heat-inactivated (30 minutes at 56°C) pooled human serum (Cellegro, Herndon, 

Virginia, USA) was added to the cell suspension reserved for flow cytometric analyses to 

achieve a final concentration of 2%. One aliquot of cells (50 μL of 0.5 x 10
6
 cells/mL) 

was added to each of the 18 pre-prepared flow tubes. These tubes contained directly 

conjugated monoclonal antibodies (single-stained and 4-colour samples), isotype control 

reagents or the cell suspension only without antibodies. The panel of antibodies used for 

flow cytometric analysis included anti-CD3-PE-Cy7 (1:50, Beckman Coulter, 

Mississauga, Ontario, Canada), anti-CD56-PE-Cy5 (1:10, Immunotech, Beckman 

Coulter, Mississauga, Ontario, Canada), anti-IL18Rα-FITC (1:5, eBioscience, San Diego, 

California, USA), anti-ST2L-FITC (undiluted, MDBiosciences, St. Paul, Minnesota, 

USA), anti-CXCR3-PE (undiluted, R&D Systems, Inc., Minneapolis, MN, USA), anti-

CXCR4-PE (undiluted, R&D Systems), anti-CD49d-PE (undiluted, Biolegend, San 

Diego, California, USA) and anti-CD62L-PE (1:5, Biolegend). Isotype controls used 

were mouse IgG1-PE-Cy7 (1:50, Biolegend), mouse IgG1-PE-Cy5 (1:10, Biolegend), 

mouse IgG1-FITC (1:5, Biolegend), mouse IgG1-PE (undiluted, Immunotech, Beckman 

Coulter) and mouse IgG2-PE (undiluted, R&D Systems, Inc.). Cells were labelled for 

thirty minutes at 4°C and then washed with 1 mL PBS + 1.0% BSA at 2095g 4°C for 

three minutes. Cells were resuspended in 500 μL of PBS + 1.0% BSA and counted 

without fixation.   
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Four-colour flow cytometry.  

Cells were analyzed immediately after labelling using a Beckman Coulter FC 500 

flow cytometer with CXP Software (Beckman Coulter). For each patient sample, 100,000 

events were collected. A lymphocyte gate was defined through forward and side scatter 

properties (Appendix A). The steps involved in the flow cytometric analysis are shown in 

Figure 3.1. Post-acquisition analyses and compensation of the 4-colour samples were 

performed using FlowJo software (Tree Star, Inc., Ashland, Oregon, USA). 

 

Statistical analysis for human blood analyses. 

Adhesion assay cell counts and flow cytometry results are presented as means ± 

SEM and were analyzed using two-way ANOVA with Bonferroni’s post-test. A one-way 

ANOVA with Bonferoni’s (parametric) or Kruskal-Wallis (non-parametric) post-test was 

then performed on results that showed significance in the two-way ANOVA analysis to 

more accurately determine where statistical differences occurred in the data comparisons. 

A P value of < 0.05 was considered statistically significant. Serial data were analyzed 

using the Prism 4.03 Statistical Software package.  
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Figure 3.1: Flow chart representation of flow cytometric analysis. (A) Density gradient 

centrifugation. (B) Antibody labelling. (C) Pan type 1 (IL18R) or type 2 (ST2L) cytokine 

markers. (D) CAM receptors. (E) Chemokine receptors. 
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Chapter 4 

Results 

4.1 NOD.Ifng
-/-

 and NOD Pregnant Mouse Study. 

Reproductive performance of NOD.Ifng
-/-

 mice.  

A total of 21 NOD.Ifng
-/- 

females were available for this study but obtaining 

pregnancies proved difficult. Of the three original breeding females paired for seven 

months, only one gave birth despite changes of male partner. The parous female had three 

litters totaling 14 females and 15 males. From these offspring, three more breeding pairs 

were established. Again, only one of these produced a single litter of four females and six 

males over an interval of eight months. For the four litters from the two n-NOD.Ifng
-/-

 

females, mean litter size was 9.75 ± 0.5 and range was 9–10 pups. There were no 

neonatal issues between birth and weaning. However, three adult females were 

euthanized for wasting prior to mating success. Conversion to diabetes occurred in 7 aged 

females and 5 males. For the source colony, 49 litters were produced in 15 months from 

77 n-NOD.Ifng
-/-

 breeding pairs with a mean litter size of 7.76 ± 0.26 (D. Serreze, The 

Jackson Laboratory, personal communication). Thus, many NOD.Ifng
-/- 

females are 

infertile but once conception occurs, the number of pups and the sex ratios of the pups 

resemble those of many other inbred strains and are considered normal (The Jackson 

Laboratory). 
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Assessment of pre-implantation NOD.Ifng
-/-

 embryonic development.  

To establish whether the infertility seen in NOD.Ifng
-/-

 pregnancies resulted from 

a failure of fertilization or pre-implantation development, oviducts and uteri from two 

mated n-NOD.Ifng
-/- 

and two mated d-NOD.Ifng
-/- 

females were flushed at gd3.5. All four 

females had conceived. In normal gd3.5 mice, blastocyst-staged embryos are expected in 

the uterus. Table 4.1 summarizes the heterogeneity in stages of embryonic development 

found for each NOD.Ifng
-/-

 female. Because mean litter sizes for my mice at mid 

pregnancy were 9.75 ± 0.5  in n-NOD.Ifng
-/- 

 and 10.80 ± 1.50 in d-NOD.Ifng
-/-

 and the 

mean litter size in the source colony is 7.76 ± 0.26, I considered embryos at the compact 

morula as well as at the blastocyst stage as having the potential to implant. This predicts 

litter sizes of 8 and 14 for the normoglycemic females (75.8% of ovulated oocytes) and of 

1 and 4 for the diabetic females (29.4% of ovulated oocytes). If only blastocysts are 

considered, the maximum potential litters for each normoglycemic females would have 

been 6 (41.3% of ovulated oocytes) and for the diabetic females, 1 and 2 (17.6% of 

ovulated oocytes).  

Only 1 of the 4 flushed females, a n-NOD.Ifng
-/- 

female, had embryos at 

appropriate developmental stages. She had the lowest blood sugar values of these mice 

(Table 4.1). The remaining 3 females (1 normoglycemic and 2 hyperglycemic) had 

unfertilized eggs and severely delayed embryos mixed with appropriately-timed embryos. 

The two cell embryos and pre-compaction morula that were flushed may have had the 

potential to become blastocysts but they had no potential to establish post-implantation  
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  Number of Embryos Observed 

Blood 

Sugar 

Values 

Un-

fertilized 
2-Cell 
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compaction 
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Morula 
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 Dam 

1 
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mmol/L 
0 0 0 2 6 

Dam 

2 

7.2 

mmol/L 
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D
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b
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Dam 

1 

28.8 

mmol/L 
5 0 2 0 1 

Dam 

2 

26.9 

mmol/L 
3 1 1 2 2 

 

 

Table 4.1: Embryos recovered from flushed gd3.5 NOD.Ifng
-/-

 mice. 
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pregnancy because they could not have reached the hatching stage during the window of 

uterine receptivity and implanted. Thus, developmental delay accounts in part for the 

absence of post-implantation embryos in mated NOD.Ifng
-/- 

females. 

Unfertilized eggs were 17.2% of the total normoglycemic embryo collection and 

47.1% of the diabetic collection. These values are greater than reported for n-NOD and  

d-NOD mice in studies with much larger animal numbers (151). For n-NOD, only 7% of 

gd3.5 flushed “embryos” were reported as 1 cell, which I interpret as unfertilized, and 

93% were well advanced. For d-NOD, 25% were one cell and 75% were well advanced. 

Although my sample size is small, it suggests that Ifng contributes to fertilization events 

at least in mice on the NOD background. Thus, the infertility of NOD.Ifng
-/- 

females 

arises additionally from absence of oocyte fertilization. For the two d-NOD.Ifng
-/-

 

females 62.5% and 33.3% of the flushed eggs were unfertilized. Because of the small 

number of mice that I had available and the finding that 23.8% of the flushed eggs in one 

of the n-NOD.Ifng
-/-

 were also unfertilized, I cannot discriminate the effect of 

hyperglycemia on fertilization in NOD.Ifng
-/-

.   

 

Midgestation Pregnancy in NOD.Ifng
-/-

.  

For midgestation studies in n-NOD.Ifng
-/-

, 6 timed matings were obtained. At 

euthanasia, only 3 of these uteri contained implantation sites (50% pregnancy success 

rate following mating). The mean litter size was 10.8 ± 1.5. One additional female did not 

display a detectable copulation plug but became pregnant. She aborted spontaneously 



 

43 

 

~gd17 with a litter size of 7 (6 viable and 1 dead). Postmortem of this mother revealed 

that she had a large thymoma of about 3-4cm in size. In contrast, 27 of 29 n-NOD 

females in our Queen’s University colony used for timed matings showed copulation 

plugs and all 27 matings gave viable pregnancies (100% post-implantation pregnancy 

following mating) with a mean litter size of 11.05 ± 0.44. Thus, in normoglycemic mice 

having the NOD background, Ifng promotes fertility. This promotion seems to be 

restricted to the pre-implantation period because there is no statistical difference in litter 

size between NOD.Ifng
-/-

 and NOD females. 

For midgestation studies in d-NOD.Ifng
-/-

, 4 timed matings were obtained. At 

euthanasia, only 1 of these uteri contained implantation sites, (n=10; 25% post-

implantation pregnancy success rate). In contrast, 26/27 d-NOD females in our colony 

used for timed matings showed copulation plugs and all 26 established viable post-

implantation pregnancies (100% pregnancy success rate) with a mean litter size of 10.95 

± 0.46. Thus, hyperglycemia appeared to further reduce the fertility of NOD.Ifng
-/-

 but 

not NOD females. This was a pre-implantation event because litter sizes were 

comparable whether or not Ifng was present in the diabetic female and is consistent with 

the flushed embryo findings (Table 4.1).  
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Histological Studies of Midgestation NOD.Ifng
-/- 

Implantation Sites. 

General morphology. 

N-NOD.Ifng
-/-

 mouse implantation sites generally resembled those in normal mice 

and in n-NOD mice (Figure 4.1). Both n-NOD.Ifng
-/-

 and n-NOD had appropriately sized, 

mature uNK cells in the decidua basalis and MLAp. For the normoglycemic strains 

decidua basalis had both compact and loose decidual zones, although many n-NOD.Ifng
-/-

 

decidual cells remained more fibroblast-like. Placentas were healthy and normal in 

appearance. While n-NOD implantation sites had bands of smooth muscle interspersed 

throughout the decidua basalis and MLAp, this was not seen in n-NOD.Ifng
-/-

. Unusual, 

large, PAS-reactive glycoprotein droplets were found in intravascular and stromal regions 

of the decidua basalis at the spongiotrophoblast-giant cell interface in n-NOD.Ifng
-/-

 and 

n-NOD. The droplets were both interstitial (predominantly closer to the decidua basalis) 

and phagocytosed by trophoblast giant cells (predominantly closer to the placenta; Figure 

4.2).  

Unexpectedly n-NOD.Ifng
-/-

 mice lacked the four features reported to characterize 

Ifng
-/-

 implantation sites in midgestation BALB/c mice (61). In BALB/c.Ifng
-/-

, spiral 

arteries are unmodified, decidua basalis shows extensive necrosis, the MLAp is enlarged 

and its content is hypogranular uNK cells. At midgestation in n-NOD.Ifng
-/-

 spiral arteries 

were modified, there was no decidual necrosis, the MLAp was of normal size and it 

contained heavily granulated uNK cells.  
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Figure 4.1: General morphology of n-NOD.Ifng
-/-

 (A) and n-NOD (B) implantation sites 

is similar. The mesometrial side of the uterus is placed to the top and the placenta (not 

shown) would be towards the bottom. The mesometrial lymphoid aggregate of pregnancy 

(MLAp) and decidua basalis (DB) are shown. There are no major structural differences 

between the genotypes. Solid arrows indicate uNK cells in each of these regions. An 

arrowhead represents strands of smooth muscle, an asterisk (*) indicates the lumen of a 

spiral artery. The dashed line indicates the separating circular smooth muscle layer 

between the MLAp and decidua basalis. Stained with H&E. The scale bar = 80 μm. 
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Figure 4.2: General morphology of n-NOD.Ifng
-/-

 (A) and n-NOD (B) implantation sites 

stained with DBA lectin to identify uNK cells (solid arrows) in the mesometrial lymphoid 

aggregate of pregnancy (MLAp) and the decidua basalis (DB). Scale bar = 160 μm (A-

B). High power images are shown of implantation sites in n-NOD.Ifng
-/-

 (C, D, E) and  

n-NOD (F, G, H). C and F compare mature uNK cells (solid arrows); D and G PAS-

positive glycoprotein droplets (open arrows); E and H modified spiral arteries (*). 

Stained with H&E (E and H) or PAS (C, D, F, G). *, lumen of spiral artery. Scale bar = 

20 μm (C-H). 
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The implantation sites from the single d-NOD.Ifng
-/- 

mouse had features that 

differed from the n-NOD.Ifng
-/-

 and from d-NOD (Figure 4.3). Spiral arteries were rare in 

the decidua basalis of the d-NOD.Ifng
-/-

. When identified, these arteries appeared 

unmodified and had collapsed lumens (Figure 4.4E). While d-NOD have fewer 

identifiable spiral arteries than n-NOD, the arteries remain easily identified, are 

unmodified and their lumens are not collapsed. The decidua basalis in d-NOD.Ifng
-/- 

was 

densely compact and lacked a loose structural component. Abundant muscle fibres 

crossed the decidua, a feature not seen in decidua of n-NOD.Ifng
-/-

 or d-NOD mice. 

Similar to d-NOD mice, there were thick layers of smooth muscle located between the 

decidua basalis and MLAp and within the MLAp. The most striking feature in  

d-NOD.Ifng
-/- 

implantation sites was an enormous MLAp that appeared equal in size to 

the placenta or decidua basalis. However, unlike the d-NOD MLAp that contains both 

smaller and larger, mature, heavily granulated uNK cells (11.65 μm – 19.85 μm), the 

MLAp of the d-NOD.Ifng
-/-

 mouse was filled with very large, hypogranular uNK cells 

(20.32 μm – 33.33 μm). Reactivity with DBA-lectin and absence of reactivity with 

cytokeratin (Figure 4.5) confirmed that the large, hypogranular cells in the MLAp were 

uNK cells. The glycoprotein droplets seen at the spongiotrophoblast-giant cell interface 

in n-NOD.Ifng
-/-

, n- and d-NOD were also present in d-NOD.Ifng
-/-

 (Figure 4.4D, G). 

  



 

48 

 

 

Figure 4.3: General morphology of d-NOD.Ifng
-/-

 (A) and d-NOD (B) implantation sites. 

The mesometrial side of the uterus is placed to the top and the placenta (not shown) 

would be towards the bottom. The d-NOD.Ifng
-/-

 mesometrial lymphoid aggregate of 

pregnancy (MLAp) is greatly enlarged (A) compared to that of the d-NOD shown at same 

magnification and contains uNK cells of much larger size (solid arrows comparing A and 

B). Arrowheads mark the abnormal smooth muscle bands crossing the MLAp in both 

strains. The dashed line indicates the separating circular smooth muscle layer between the 

MLAp and decidua basalis. Stained with H&E. Scale bar = 80 μm. 
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Figure 4.4: General morphology of d-NOD.Ifng
-/-

 (A) and d-NOD (B) implantation sites 

stained with DBA lectin to identify uNK cells (solid arrows) in the mesometrial lymphoid 

aggregate of pregnancy (MLAp) and the decidua basalis (DB). Scale bar = 160 μm (A-

B). Comparative high power features of the implantation sites in d-NOD.Ifng
-/-

 (C, D, E) 

and d-NOD (F, G, H) are shown. C and F compare mature uNK cells (solid arrows); D 

and G the presence of PAS-positive glycoprotein droplets (open arrows); E and H 

unmodified spiral arteries (*). D-NOD.Ifng
-/-

 had hypogranular uNK cells (C) and 

collapsed spiral arteries (E) with small lumens compared to d-NOD (F, H). Sections (C, 

D, F, G) were stained with PAS, (E and H) with H&E. *, lumen of spiral artery. Scale bar 

= 20 μm (C-H). 
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Figure 4.5: General morphology of n-NOD.Ifng
-/-

 (A), d-NOD.Ifng
-/-

 (B), n-NOD (C) 

and d-NOD (D) implantation sites stained with cytokeratin to identify trophoblast cells. 

Trophoblast cells of the placenta (solid arrows) were reactive and these images show 

their absence from the mesometrial lymphoid aggregate of pregnancy (MLAp) and the 

decidua basalis (DB). Dark spots observed in the DB and MLAp of D are debris  

(ie. artefact). Scale bar = 160 μm. 
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Morphometric measurements.  

Surface areas of the MLAp, decidua basalis and placenta were measured on mid-

sagittal sections for n- and d-NOD.Ifng
-/-

 and n- and d-NOD mice (Figure 4.6). The 

MLAp of the d-NOD.Ifng
-/-

 mouse was almost double the size of the MLAps from the 

other three groups of mice which did not different statistically to each other. There was 

considerable variation between decidual and placental surface areas amongst the  

n-NOD.Ifng
-/-

 and n- and d-NOD mice but the means were not statistically different. The 

decidual and placental surface areas calculated from implantation sites in the single  

d-NOD.Ifng
-/-

 mouse did not appear to differ from the means of the other three strains but 

could not be addressed statistically. 

Spiral arteries were not measured from the d-NOD.Ifng
-/-

 mouse (n=1 mother,  

3 implantation sites) because they were not observed in the implantation sites or were 

detected as small, highly compressed structures with thick smooth muscle walls and a 

tiny lumen (Figure 4.4E). Spiral arteries from n-NOD.Ifng
-/-

 mice (n=3 mothers,  

9 implantation sites) were compared to those from n- and d- NOD mice  

(n=3 pregnancies, 9 implantation sites of each type) (Figure 4.7). Spiral artery lumen 

diameters from n-NOD.Ifng
-/-

 dams (50.78 ± 2.99μm) were statistically larger than those 

from n- or d-NOD dams (P < 0.0001). For NOD dams, spiral artery lumen diameters 

were shorter when blood glucose was elevated: normoglycemic (38.48 ± 0.90μm), and 

diabetic (26.81 ± 0.59μm). The d-NOD spiral artery lumen diameters are statistically 

different from n-NOD spiral artery lumen diameters (P < 0.001). Thus, for both strains of  
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Figure 4.6: Surface area measurements of mid-sagittal sections from the MLAp, decidua 

basalis and placenta of mid-gestation implantation sites. The MLAp of d-NOD.Ifng
-/-

 

appeared larger than n-NOD.Ifng
-/-

, and n- and d-NOD. Data are presented as mean ± 

SEM. 
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Figure 4.7: (A) Spiral artery lumen diameters (μm) in n-NOD.Ifng
-/-

 and n- and d-NOD 

implantation sites. (B) Spiral artery wall-to-lumen ratios in n-NOD.Ifng
-/-

 and n- and  

d-NOD implantation sites. NM, spiral arteries from d-NOD.Ifng
-/-

 not measured due to 

their collapse. Data are presented as mean ± SEM. ***, P < 0.0001 vs. NOD.  
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mice, diabetes reduces the lumen width of mid pregnancy spiral arteries. Spiral artery 

wall-to-lumen diameter ratios in n-NOD.Ifng
-/-

 females were 1.41 ± 0.029. This is similar 

to ratios previously reported for modified arteries at gd10.5-12.5 in normal inbred strains 

(60). The n-NOD.Ifng
-/-

 wall-to-lumen diameter ratio was smaller than in n-NOD  

(1.79 ± 0.023) or d-NOD (3.10 ± 0.072) dams (P < 0.0001) again suggesting normal 

gestational modification in n-NOD.Ifng
-/-

. 

UNK cell numbers/standardized area (Figure 4.8) of d-NOD.Ifng
-/-

 MLAp (n=1 

female, 3 implantation sites) were 55.4 ± 1.97. This appeared lower than in n-NOD.Ifng
-/- 

 (86.6 ± 2.27); and in n-NOD (83.11 ± 1.08) and d-NOD mice (82.3 ± 1.11) (all n=3). 

There was no statistical difference between the latter 3 strains. The d-NOD.Ifng
-/-

 decidua 

basalis had 51.8 + 1.07 uNK cells per standardized area. This value appeared to be 

similar to that in n-NOD.Ifng
-/-

 (58.8 ± 1.37) mice. This latter value was statistically 

larger than for uNK cell numbers in n- or d-NOD mice (P < 0.001). The d-NOD decidua 

basalis had fewer uNK cells (26.9 ± 0.81) than either normoglycemic group of mice  

(P < 0.0001). 
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Figure 4.8: (A) uNK cell counts within the MLAp of NOD.Ifng
-/-

 and NOD implantation 

sites. (B) uNK cell counts within the decidua basalis of NOD.Ifng
-/-

 and NOD 

implantation sites. Data re presented as mean ± SEM. ***, P < 0.0001 vs. NOD.    
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4.2 Is There an Effect of Diabetes on Circulating Progenitors of uNK Cells? 

These studies of implantation sites clearly show that diabetes as well as absence 

of Ifng alter both uNK cells and the decidual, uterine (eg. MLAp) and placental bed 

microenvironments in which uNK cells function. To address whether the changes in uNK 

cells are dependent upon uterine microdomains or begin before precursors of uNK cells 

reach the uterus, studies of circulating leukocytes were undertaken in pregnant diabetic 

women and gestation-matched controls. Central to these studies is the assumption that the 

circulating CD56
+
 cell population contains uNK cell precursors that home from the blood 

to decidual tissue. 

 

Does diabetes modify the potential for uterine homing in circulating NK cells? 

An in vitro adhesion assay and multi-parameter flow cytometric assay were 

performed on lymphocytes from serially collected human blood samples to address the 

decidual homing potential of CD3
-
CD56

bright
 pre-uNK cells during diabetic pregnancy. 

 

4.3 Serial In Vitro Adhesion Assays of Lymphocytes from Normal and Diabetic 

Pregnant Women. 

Circulating CD3
-
CD56

+
 cell numbers across pregnancy. 

To determine whether diabetes alters the numbers of NK cells in the circulation of 

pregnant women, CD3
-
CD56

dim
 and CD3

-
CD56

bright
 cells were enumerated in pregnant 

women. Figure 4.9 shows mean blood CD3
-
CD56

+
 NK cell yields from control, T1D and 

T2D patients across pregnancy. As expected, CD3
-
CD56

dim
 NK cells were more abundant  
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Figure 4.9: Mean ± SEM NK cell yields from serial blood samples of control, T1D and 

T2D patients. (A) CD56
bright

 cells. (B) CD56
dim

 cells. Statistical analysis was not 

performed on T2D data sets as only two samples per time point were available for this 

study. NS = no sample. 
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(~10 fold) than CD3
-
CD56

bright
 cells. Neither pregnancy nor diabetes significantly altered 

percentages of circulating CD3
-
CD56

dim
 or CD3

-
CD56

bright
 cells in our study.  

CD3
-
CD56

dim
 cells appeared to be less frequent in pregnant T2D than in healthy women 

in all trimesters but availability of only 2 T2D samples at each time point precluded 

statistical analysis. 

 

Homing potential of CD56
+
 cells in normal women. 

To establish the pattern for homing potential of CD56
+
 cells to decidua, pancreas 

and peripheral lymph node in normal pregnancy, adhesion data from control patients was 

used (Figure 4.10). CD56
+
 cell adhesion (Figure 4.10A) to murine gd7 decidua was at 

similar levels across all trimesters and in the post partum period (P > 0.05). Fewer CD56
+
 

cells adhered to pancreas and this was also stable across the four time points studied  

(P > 0.05). Mean adhesion to pancreas was lower in the second trimester compared to 

decidua (P < 0.05) and lower in the first and third trimester and post partum period 

compared to lymph node (P < 0.0001, P < 0.05, P < 0.01 respectively). This is consistent 

with reports that the pregnancy-induced up-regulation of lymphocyte-endothelium 

interactions seen in decidua and lymph node does not occur in non-activated pancreatic 

vessels, which are lined with non-differentiated squamous endothelium (152). For lymph 

node, CD56
+
 cell adhesion was the same at all 4 time points (P > 0.05) but significantly 

higher in the first trimester compared to decidua (P < 0.01).  
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Figure 4.10: Adhesion pattern on gd7 murine decidua, pancreas and lymph node tissue 

sections of CD56
+
 cells from control patients. The number of adherent CD56

+
 cells is 

presented in (A) and CD56
+
 cell ratios are presented in (B). Results are presented as bar 

graphs showing means ± SEM. Significant differences are shown between tissue types at 

the same time point for CD56
+
 adhesion or CD56

+
 ratio. *, P < 0.05. **, P < 0.01.  

***, P < 0.0001. 
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When considered as a ratio against total adhered cells (Figure 4.10B), about 85% 

of the population adherent to decidua was CD56
+
, and this ratio was invariant over 

pregnancy and the post partum period (P > 0.05). There were no statistical differences  

(P > 0.05) in the CD56
+
 ratio for pancreas across the 4 time points studied. There was a 

lower ratio (~50%) of CD56
+
 cells for pancreas than for decidua. This difference was 

statistically significant in second trimester (P < 0.05). Ratio of CD56
+
 cells for lymph 

node was intermediate between decidua and pancreas, except in the second trimester 

when it equalled pancreas (P < 0.05 vs decidua). Ratio of CD56
+
 cells for lymph node 

was itself stable through pregnancy and post partum (P > 0.05). These data suggest that 

in healthy women, NK cell interactions with endothelial cells in decidua, pancreas and 

lymph node are stable between week 11 of pregnancy and term and occur at similar 

frequencies to those seen in random (i.e. not menstrual cycle monitored) samples  and in 

post partum samples (45; 152). Ratio of CD56
+
 cells is enriched for decidua over 

pancreas and lymph node, specifically during the second trimester (Figure 4.10).  

 

Homing potential of CD56
+
 cells in pregnant diabetic women. 

To establish the pattern for homing potential of CD56
+
 cells from diabetic donors 

to decidua, peripheral lymph node and pancreas, serial blood samples from T1D and T2D 

women were used, Only 2 T2D samples per time point were available and their results 

did not appear to be distinct from the data for T1D leukocytes (Appendix C). Therefore 

all diabetic donor data was pooled for final analysis. In Figure 4.11, the mean numbers of  
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Figure 4.11: A comparison of the number of CD56
+
 adherent cells (A,C,E) and ratio of 

CD56
+
 cells (B,D,F) from blood samples of control and diabetic patients on murine gd7 

decidua (A, B), pancreas (C, D) and lymph node (E, F). Results are presented as bar 

graphs showing means ± SEM. Significant differences are shown between control and 

diabetic patients at the same time point for CD56
+
 adhesion or CD56

+
 ratio. **, P < 0.01 

(A). ***, P < 0.0001 (B). ***, P < 0.001 (C). ***, P < 0.001 (D). Total cell adhesion was 

not significantly altered by diabetes except on decidua in the second trimester, where it 

was lower compared to controls (P < 0.01). 
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CD56
+
 cells from diabetic donors that adhered to gd7 decidualized uterus, pancreas and 

lymph node are compared with the mean numbers of adherent cells from control donors 

(data previously shown in Figure 4.10). Figure 4.11A shows mean CD56
+
 cells adherent 

to decidua. Patient source had a statistically significant effect on CD56
+
 cell adhesion 

(Figure 4.11A) and the CD56
+
 ratio (Figure 4.11B) to decidua (P < 0.01 and P < 0.0001 

respectively). The mean numbers of CD56
+
 cells from diabetics adhered to decidua were 

less than controls and the ratio was also lowered by approximately 50%. Additionally, the 

effect of diabetes on CD56
+
 cell adhesion to decidua was not consistent for each trimester 

(P < 0.05) with the greatest difference between control and diabetic CD56
+
 cell counts 

occurring in second trimester. 

Figure 4.11C shows the mean number of CD56
+
 cells adherent to pancreas. The 

effect of patient type on cell adhesion was statistically significant (P < 0.001) with 

diabetes elevating adhesion to pancreatic endothelium. Differences in CD56
+
 cell ratio 

(Figure 4.11D) were significant for the effect of patient type (P < 0.001) as the CD56
+
 

cell ratio was higher (~2 fold) in diabetics. These results provide a clear pattern 

predicting preferential CD56
+
 cell homing to the pancreas rather than to decidua during 

diabetic pregnancy. Additionally, the gain in post partum pancreatic enrichment of 

CD56
+
 cells suggests that there may be a single tissue homing pool of NK cells in the 

circulation. 

Mean numbers of CD56
+
 cells adherent to peripheral lymph nodes are shown for 

diabetic and control patients in Figure 4.11E. There was no statistical difference between 
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control and diabetic assay cell counts (P > 0.05). The CD56
+
 cell ratio for lymph node 

(Figure 4.11F) also showed no statistically significant effect of patient group (P > 0.05). 

Thus, the fundamental ability of NK cells from diabetic women to interact with 

endothelium in a tissue remote from disease is not significantly altered by pregnancy or 

in the postpartum.  

 

Homing potential of CD56
+
 cells in pre-eclamptic T1D. 

Diabetic women are at increased risk for PE and this occurred in 2/9 T1D 

pregnancies in this study. To assess whether PE further altered the functional homing 

potential of CD56
+
 cells, adhesion data from these subjects were examined versus non PE 

T1D (n=7) (Figure 4.12). The small PE sample size precluded statistical analysis. The 

number of PE CD56
+
 cells adherent to decidua appeared to be similar and stable to T1D 

during pregnancy but, during the post partum period, appeared to be higher for one of the 

PE patients (Figure 4.12A). PE CD56
+
 cell adhesion to the pancreas was variable (Figure 

4.12B). It appeared greater than in non-PE T1D in first trimester for one PE patient, 

greater in second trimester for the other PE patient and similar to non-PE T1D in third 

trimester for both patients. The PE patient with elevated post partum CD56
+
 cell adhesion 

to decidua also had elevated post partum adhesion to pancreas. CD56
+
 cell adhesion to 

lymph node was variable compared to non-PE T1D. Neither patient showed post partum 

elevation of adhesion to lymph node (Figure 4.12C).  
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Figure 4.12: A comparison of the number of CD56
+
 cells from T1D and PE patients, 

which adhered to murine gd7 decidua (A), pancreas (B) and lymph node (C) tissue 

sections. Both PE patients were T1D. Results are presented as bar graphs showing means 

± SEM. 
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4.4 Mechanisms Promoting Endothelial Cell Adhesion in Diabetic CD56
+
 Cells. 

Blocking assay. 

To determine whether CD62L and CD49d, the molecules regulating the 

interactions between CD56
bright

 cells and endothelium in normal pregnant women (42; 

152) were altered by diabetes, adhesion assays were performed in the presence of 

function blocking antibodies to these molecules. NK cells from 6 non-PE patients (1 each 

of first, second and third trimester of T1D and T2D) were studied. The mean number of 

adherent CD56
+
 cells decreased > 75% for all 3 of the gd7 murine tissues when the 

pooled blocking antibodies were present. This result suggests that diabetes does not alter 

the major molecular pathways used by CD56
+
 cells for egress from the circulation. 

 

Surface phenotyping study. 

To determine whether diabetes-induced changes in functional adhesion of blood 

leukocytes with tissue homing potential were due to changes in levels of expression of 

protein receptors, multi-parameter flow cytometry was employed. In addition to 

discrimination of CD3
-
CD56

bright
 and CD3

-
CD56

dim
 NK cells, two types of T cells 

expected to be participating in adhesion events were defined. These were T cells with the 

phenotypes CD3
+
CD56

+
 and CD3

+
CD56

-
. Each of the four cell subsets was classified as 

type 1 or type 2 cytokine producing using IL18R and ST2L respectively. The expression 

of CAM CD49d and CD62L and chemokine receptors CXCR3 and CXCR4 was 

quantified for each lymphocyte subset. Four-colour flow cytometry was used. Data are 

presented for T1D patients only. Because there were only 2 T2D samples for each time 
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point, T2D statistical analysis could not be performed. T2D data are presented in 

Appendix C. 

 

Ratios of circulating lymphocytes across normal and T1D pregnancy. 

 Mean percent cell yields of CD3
-
CD56

bright
 NK, CD3

-
CD56

dim
 NK, CD3

+
CD56

+
 

NKT and CD3
+
CD56

-
 T cells from control and T1D patients are shown in Figure 4.13.  

T cells were the most abundant cell type in both control and T1D women (Figure 4.13D) 

while CD3
-
CD56

bright
 NK cells were the least frequent (Figure 4.13A). CD3

-
CD56

bright
 

NK, CD3
-
CD56

dim
 NK and CD3

+
CD56

+
 NKT cell proportions were invariant across 

pregnancy and post partum in both patient groups. There were also no statistical 

differences between control and T1D patients in mean percent CD3
-
CD56

+
 NK and 

CD3
+
CD56

+
 NKT cells at all four time points (Figure 4.13A-C). Pregnancy significantly 

lowered the proportion of CD3
+
CD56

-
 T cells in the third trimester in control patients  

(P < 0.05, first vs. third trimester and third trimester vs. post partum) and in T1D patients 

(P < 0.05, first vs. third trimester). CD3
+
CD56

-
 T cell percentages were also significantly 

different between control and T1D women (P < 0.01) but statistical analysis did not 

reveal at which specific time point this change occurred (Figure 4.13D). 
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Figure 4.13: Mean ± SEM of NK, NKT and T cells in the lymphocyte gate for blood 

samples of control and T1D. (A) CD3
-
CD56

bright
 cells. (B) CD3

-
CD56

dim
 cells.  

(C) CD3
+
CD56

+
 NKT cells. (D) CD3

+
CD56

-
 T cells. *, P < 0.05. **, P < 0.01. 
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Type 1 and type 2 cytokine analysis for NK cells and T cells across normal and T1D 

pregnancy. 

IL18R
+
 (type 1) and ST2L

+
 (type 2) expression were examined for the total NK 

and T cell populations in normal and T1D pregnancy and post partum (Figure 4.14A-B). 

The percentages of IL18R
+
 cells were invariant over pregnancy and the post partum 

period in both control and T1D women (P > 0.05). The apparent increase of IL18R
+ 

cells 

in the third trimester and decrease in post partum in T1D women did not reach 

significance when compared to controls (P > 0.05) (Figure 4.14A).  

The percentages of ST2L
+
 cells in control post partum patients were significantly 

higher (P < 0.01) than in the first trimester. However, there was no change in the 

percentage of ST2L
+
 cells across the four time points (P > 0.05) in T1D patients. When 

both patients groups were compared against one another, the effect of patient type was 

significant (P < 0.05) for the first trimester and post partum. T1D ST2L
+
 cell percentages 

were higher in the first trimester compared to controls but lower in post partum (Figure 

4.14B).  

When calculated as a ratio, type1:type2 cytokine expression in controls decreased 

across the four time points (P < 0.01, first trimester vs. post partum), confirming that the 

type 1 to type 2 shift occurs in second trimester control patients and is sustained to post 

partum. In T1D patients, type1:type2 ratio did not significantly change across pregnancy 

or post partum (P > 0.05). The type1:type2 ratio in T1D women was lower in the first 

trimester and higher in the third trimester and post partum compared to controls  
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Figure 4.14: Percentages of IL18R
+
 (A) and ST2L

+
 (B) in all NK and T cells  

(CD3
-
CD56

bright
 NK, CD3

-
CD56

dim
 NK, CD3

+
CD56

+
 NK and CD3

+
CD56

-
 T cells) and 

their type1:type2 ratios (C) for control and T1D patients. Data are presented as means ± 

SEM. *, P < 0.05. **, P < 0.01. 
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(P < 0.05) (Figure 4.14C). The T1D ratio of type1:type2 cytokine expression moved 

towards a pro-inflammatory state in third trimester and post partum. 

 

Type 1 and type 2 cytokine analyses by lymphocyte subset across normal and T1D 

pregnancy.  

CD3
-
CD56

bright
 NK Cells. 

The percentage of IL18R
+
 CD56

bright
 NK cells was very high (about 90%) and did 

not change across pregnancy or post partum in control or T1D patients (P > 0.05). There 

were also no significant differences across the four times points between the two patient 

groups (P > 0.05) (Figure 4.15A). ST2L
+
 CD56

bright
 cells were the most minor population 

at all time points in control and T1D patient groups. The percentage of ST2L
+
 CD56

bright
 

cells increased in the second trimester in control patients (P < 0.01, vs. first trimester) but 

was stable across pregnancy in T1D patients (P > 0.05). When the two patients groups 

were compared against one another, T1D significantly decreased ST2L
+
 expression in 

CD56
bright

 cells in the second trimester (P < 0.05) (Figure 4.15B). The ratio of 

type1:type2 expression in CD56
bright

 cells was significantly lower in the second trimester 

compared to the first trimester in control patients (P < 0.05). There was no change across 

pregnancy and post partum in the type1:type2 ratio expression of T1D (P > 0.05). When 

the two patient groups were compared, T1D had an overall significant effect on 

type1:type2 ratio of CD56
bright

 cells (P < 0.05) but analysis did not reveal at what time 

points this change occurred (Figure 4.15C). 
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Figure 4.15: Percentages of IL18R
+
 (A) and ST2L

+
 (B) CD3

-
CD56

bright
 NK cells and 

their type1:type2 ratios (C) for control and T1D patients. Data are presented as means ± 

SEM. *, P < 0.05. **, P < 0.01. 
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CD3
-
CD56

dim
 NK Cells. 

The percentage of CD56
dim

 NK cells that was IL18R
+
 (about 20%) was invariant 

across control and T1D pregnancy and did not differ between patient groups (P > 0.05) 

(Figure 4.16A). The percentage of ST2L
+
 CD56

dim
 NK cells increased in the second 

trimester for control patients (P < 0.05 vs. first trimester) but did not change across 

pregnancy for the T1D group. In general, there was a statistical significance between 

ST2L
+
 CD56

dim
 NK cells in control and T1D patients (P < 0.05) but not for any of the 

four time points in particular (Figure 4.16B). Levels of ST2L
+
 expression by CD56

bright
 

and CD56
dim

 cells were equivalent (< 5%) when averaged across the four time points. 

There was no variation in type1:type2 ratio expression across pregnancy or post partum 

within or between the two patient groups (P > 0.05) (Figure 4.16C). 

 

CD3
+
CD56

+
 NKT Cells. 

For control and T1D women, the percentage of IL18R
+
 NKT cells did not change 

across pregnancy or post partum (P > 0.05). However, when the two patients groups were 

compared against one another, T1D significantly decreased IL18R
+
 expression in NKT 

cells but analysis did not reveal at which time point this change occurred  (P < 0.05). For 

control patients, about 60% of NKT cells were IL18R
+
 and for T1D about 50% were 

IL18R
+
 (Figure 4.17A). The percentage of ST2L

+
 NKT cells did not vary across the four 

time points in either control or T1D patients and was expressed by about 5% of NKT 

cells (P > 0.05). Health status did have a statistically significant effect on ST2L
+
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Figure 4.16: Percentages of IL18R
+
 (A) and ST2L

+
 (B) CD3

-
CD56

dim
 NK cells and their 

type1:type2 ratios (C) for control and T1D patients. Data are presented as means ± SEM. 

*, P < 0.05.  
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Figure 4.17: Percentages of IL18R
+
 (A) and ST2L

+
 (B) CD3

+
CD56

+
 NK cells and their 

type1:type2 ratios (C) for control and T1D patients. Data are presented as means ± SEM. 

*, P < 0.05.  
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expression by NKT cells (P < 0.05) but this was an overall effect and not significant for a 

specific time point (Figure 4.17B). The ratios of type1:type2 cytokine expression in NKT 

cells were consistent across the four time points in both patient groups (P > 0.05) (Figure 

4.17C). 

 

CD3
+
CD56

-
 T Cells. 

The percentages of IL18R
+
 T cells did not vary across the four time points in 

control and T1D women and were similar for both groups at < 10% expressing cells  

(P > 0.05; Figure 4.18A). ST2L
+
 cells were a more minor population at below 5% of T 

cells. Percentages of ST2L
+
 cells did not change across pregnancy or post partum in 

control or T1D women (P > 0.05). When the patient groups were compared, there was no 

difference in the percentage of ST2L
+
 cells (P > 0.05; Figure 4.18B). The ratio of 

type1:type2 cytokine expression in T cells was invariant across T1D pregnancy and post 

partum but significantly decreased in the second trimester in control patients (P < 0.05 vs. 

first trimester). When the two patient groups were compared, T1D had an overall effect 

on type1:type2 ratio of T cells (P < 0.05) but analysis did not reveal at what particular 

time point this effect was significant (Figure 4.18C). 

 

Comparison of lymphocyte subsets. 

A summary of these findings is shown in Figure 4.19. The analysis showed that 

the majority of CD56
bright

 NK cells were type 1 (about 90%) and, out of all the 

lymphocyte lineages examined in the study, this subset had the largest proportion of type  
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Figure 4.18: Percentages of IL18R
+
 (A) and ST2L

+
 (B) CD3

+
CD56

-
 T cells and their 

type1:type2 ratios (C) for control and T1D patients. Data are presented as means ± SEM. 

*, P < 0.05. 
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Whole Blood 

Sample 

Leukocytes 

CD3
-
CD56

bright
 CD3

-
CD56

dim
 CD3

+
CD56

-
 CD3

+
CD56

+
 

T1 T2 T1:T2 T1 T2 T1:T2 T1 T2 T1:T2 T1 T2 T1:T2 

T1 T2 T1:T2 T1 T2 T1:T2 T1 T2 T1:T2 T1 T2 T1:T2 

T1 T2 T1:T2 T1 T2 T1:T2 T1 T2 T1:T2 T1 T2 T1:T2 

90% 5% 25 20% 5% 7 60% 5% 15 10% 5% 5 

A 

B 

C 

D

D 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.19: Flow chart representation of the 4 lymphocyte lineages examined for pan 

type 1 (IL18R
+
), pan type 2 (ST2L

+
) and type1:type2 cytokine ratio expression. (A). 

Differences across pregnancy and post partum within control patients. (B) Stability across 

pregnancy and post partum within T1D patients. (C) Differences between control and 

T1D patients. (D) Percentages of IL18R
+
 and ST2L

+ 
cells, and level of ratio expression. 

Changes in IL18R
+
, ST2L

+
 or type1:type2 ratio expression are shown in colour. Green 

denotes an increase in expression; blue, a decrease in expression; purple, both an increase 

and decrease was observed in expression level.   
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1 expressing cells. NKT type 1 cells were the second largest population (50-60%) and the 

only lymphocyte lineage to be affected by T1D across pregnancy and post partum. About 

20% of CD56
dim

 NK cells were type 1 while type 1 T cells were half of that percentage. 

Type 2 cells were a minor population (< 10%) in all cell lineages. T1D not only reduced 

the percentage of type 2 CD56
bright

 NK cells in second trimester of pregnancy but also 

had an overall effect on CD56
dim

 and NKT type 2 cells.  

CD56
bright

 cells had the highest type1:type2 cytokine ratio expression and were 

the only subset in addition to T cells affected by T1D. Type1:type2 ratio expression was 

comparable in CD56
dim

 NK and NKT cells and about 50% lower than the CD56
bright

 NK 

ratio. T cell type1:type2 ratio expression was the lowest out of all the subsets (< 5) 

(Figure 4.18C). 

 

Adhesion molecule expression by lymphocyte subsets across normal and T1D 

pregnancy. 

The expression of CD49d (Figure 4.20) and CD62L (Figure 4.21) was evaluated 

in each of the four lymphocyte subsets in both control and T1D pregnancy and post 

partum. The percentages of CD49d
+
 and CD62L

+
 cells were invariant across all four time 

points in both patient groups (P > 0.05). There were also no statistical differences 

between control and T1D patients in pregnancy and post partum in any of the four 

lymphocyte subsets (P > 0.05). Therefore, T1D does not alter the level of expression of 

CD49d or CD62L. Almost all cells expressing CD56 were CD49d
+
 while 80-90% of T  
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Figure 4.20: Percentages of CD49d
+
 (A) CD3

-
CD56

bright
 cells, (B) CD3

-
CD56

dim
 cells, 

(C) CD3
+
CD56

+
 NKT cells and (D) CD3

+
CD56

-
 T cells for control and T1D patients. 

Data are presented as means ± SEM. Missing SEM bars represent instances where the 

SEM was too narrow to be shown with the chosen y axis. No statistical differences were 

found. 



 

80 

 

 
 

Figure 4.21: Percentages of CD62L
+
 (A) CD3

-
CD56

bright
 cells, (B) CD3

-
CD56

dim
 cells, 

(C) CD3
+
CD56

+
 NKT cells and (D) CD3

+
CD56

-
 T cells for control and T1D patients. 

Data are presented as means ± SEM. Missing SEM bars represent instances where the 

SEM was too narrow to be shown with the chosen y axis. No statistical differences were 

found. 
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cells expressed the receptor. CD56
bright

 NK cells were almost all CD62L
+
 (< 95%) and 

were distinct in this high level of expression from the other lymphocyte subsets studied. 

About 85% of T cells were CD62L
+
 while CD62L was expressed by 45% of CD56

dim
 

cells and 50% of NKT cells. A summary of these findings is shown in Figure 4.22. 

 

Chemokine receptor expression by lymphocyte subsets across normal and T1D 

pregnancy. 

The chemokine receptors CXCR3 (Figure 4.23) and CXCR4 (Figure 4.24) were 

addressed because their alteration would change the capacity of circulating lymphocytes 

to move into decidua. These receptors are expressed by human uNK cells. The CD56
dim

 

cell population expressed CXCR3 about a quarter as frequently as the other 3 cell 

lineages. In the remaining lineages, about 30-50% of the cells were CXCR3
+
. For 

CD56
bright

 NK, CD56
dim

 NK and NKT cells, there was no change across the four time 

points both within and between the patient groups in CXCR3
+
 expression (P > 0.05) 

(Figure 23A-C). The percentage of CXCR3
+
 T cells did not vary across pregnancy and 

post partum within the patient groups but T1D elevated levels of CXCR3
+
 expression 

compared to controls (P < 0.05; Figure 4.23D).  

For CXCR4, less than 50% of the cells in each lineage expressed the marker. 

Expression was more abundant in CD56
-
 T and CD56

bright
 NK cells than for CD56

dim
 NK 

and NKT cells. For all four lymphocyte subsets, the percentage of CXCR4
+
 cells was the 

same across pregnancy and post partum for control and T1D women (P > 0.05). There  
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Whole Blood 

Sample 

Leukocytes 

CD3
-
CD56

bright
 CD3

+
CD56

-
 CD3

+
CD56

+
 CD3

-
CD56

dim
 

CD49d CD62L CD49d CD62L CD49d CD62L CD49d CD62L 

CD49d CD62L CD49d CD62L CD49d CD62L CD49d CD62L 

CD49d CD62L CD49d CD62L CD49d CD62L CD49d CD62L 

100% 95% 100% 45% 100% 50% 90% 85% D 

C 

A 

B 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.22: Flow chart representation of the 4 lymphocyte lineages examined for CAM 

(CD49d
+ 

and CD62L
+
) expression. (A). Stability across pregnancy and post partum 

within control patients. (B) Stability across pregnancy and post partum within T1D 

patients. (C) Stability between control and T1D patients. (D) Percentages of CD49d
+
 and 

CD62L
+ 

cells. 
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Figure 4.23: Percentages of CXCR3
+
 (A) CD3

-
CD56

bright
 cells, (B) CD3

-
CD56

dim
 cells, 

(C) CD3
+
CD56

+
 NKT cells and (D) CD3

+
CD56

-
 T cells for control and T1D patients. 

Data are presented as means ± SEM. *, P < 0.05. 
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Figure 4.24: Percentages of CXCR4
+
 (A) CD3

-
CD56

bright
 cells, (B) CD3

-
CD56

dim
 cells, 

(C) CD3
+
CD56

+
 NKT cells and (D) CD3

+
CD56

-
 T cells for control and T1D patients. 

Data are presented as means ± SEM. No statistical differences were found.  
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were also no statistical differences between the two patient groups (P > 0.05; Figure 

4.24). A summary of these findings is shown in Figure 4.25. 

  

Adhesion molecule expression by lymphocyte subsets subdivided by cytokine type 

across normal and T1D pregnancy. 

Type 1 lymphocyte subsets. 

Percentages of cells in each lymphocyte lineage examined were analyzed for 

IL18R
+
/CD49d

+
 (Figure 4.26) and IL18R

+
/CD62L

+
 (Figure 4.27) co-expression. 

CD56
bright

 cells had the highest co-expression (about 90%) of IL18R
+
/CD49d

+
 and 

IL18R
+
/CD62L

+
 while T cells had the lowest percentage of positive cells (< 10%).  

About 40-60% of the NKT cell population was IL18R
+
/CD49d

+
 while about 20% was 

IL18R
+
/CD62L

+
. The CD56

dim
 cell population had about 20% expression for 

IL18R
+
/CD49d

+
 and 10% expression for IL18R

+
/CD62L

+
. For all lymphocyte subsets, 

there were no changes across pregnancy and post partum in the percentages of 

IL18R
+
/CD49d

+
 or IL18R

+
/CD62L

+
 cells for control or T1D patients (P > 0.05; Figure 

4.26A-D and Figure 4.27A-D). There were no statistical differences in IL18R
+
/CD49d

+
 

and IL18R
+
/CD62L

+
 CD56

bright
, CD56

dim
 and T cell co-expression between control and 

T1D patients (P > 0.05; Figure 4.26A-B, D and Figure 4.27A-B, D). For NKT cells, T1D 

had an overall significantly lower percentage of IL18R
+
/CD49d

+
 and IL18R

+
/CD62L

+
 

cells than controls (P < 0.05)  but this change was not significant for distinctive time 

points (Figure 4.26C, 4.27C). 
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Whole Blood 

Sample 

Leukocytes 

CD3
-
CD56

bright
 CD3

+
CD56

-
 CD3

+
CD56

+
 CD3

-
CD56

dim
 

CXCR3 CXCR4 CXCR3 CXCR4 CXCR3 CXCR4 CXCR3 CXCR4 

CXCR3 CXCR4

CXCR4 

2L 

CXCR3 CXCR4 CXCR3 CXCR4 CXCR3 CXCR4 

CXCR3 CXCR4 CXCR3 CXCR4 CXCR3 CXCR4 CXCR3 CXCR4 

50% 10% 5% 40% 10% 40% 40% 25% D 

C 

A 

B 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.25: Flow chart representation of the 4 lymphocyte lineages examined for 

chemokine receptor (CXCR3
+
 and CXCR4

+
) expression. (A). Differences across 

pregnancy and post partum within control patients. (B) Stability across pregnancy and 

post partum within T1D patients. (C) Differences between control and T1D patients. (D) 

Percentages of CXCR3
+
 and CXCR4

+ 
cells. Change in CXCR3

+
 expression is shown in 

colour. Green denotes an increase in expression. 
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Figure 4.26: Percentages of IL18R
+
/CD49d

+
 (A) CD3

-
CD56

bright
 cells, (B) CD3

-
CD56

dim
 

cells, (C) CD3
+
CD56

+
 NKT cells and (D) CD3

+
CD56

-
 T cells for control and T1D 

patients. Data are presented as means ± SEM. *, P < 0.05. 
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Figure 4.27: Percentages of IL18R
+
/CD62L

+
 (A) CD3

-
CD56

bright
 cells, (B) CD3

-
CD56

dim
 

cells, (C) CD3
+
CD56

+
 NKT cells and (D) CD3

+
CD56

-
 T cells for control and T1D 

patients. Data are presented as means ± SEM. *, P < 0.05. 
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Type 2 lymphocyte subsets. 

In all four lymphocyte subsets, ST2L
+
/CD49d

+
 (Figure 4.28) and ST2L

+
/CD62L

+
 

(Figure 4.29) cell percentages represented a minor cell population as less than 5% of cells 

in any lineage co-expressed ST2L
+
/CD49d

+
 and ST2L

+
/CD62L

+
. The percentage of 

ST2L
+
/CD49d

+
 CD56

bright
 cells decreased in the third trimester in control patients  

(P < 0.01 vs. second trimester) but was invariant in T1D patients and for the remaining 

lymphocyte lineages across the four time points for both patient groups. There were no 

significant differences in ST2L
+
/CD49d

+
 cell percentages between control and T1D for 

any lymphocyte subsets (P > 0.05; Figure 4.28A-D).  

The pattern of ST2L
+
/CD62L

+
 expression in all lymphocyte lineages was more 

complex. CD56
bright

 ST2L
+
/CD62L

+
 cells increased in the second trimester (P < 0.05 vs. 

first trimester) but decreased in the third trimester (P < 0.01 vs. second trimester). T1D 

significantly decreased the percentage of ST2L
+
/CD62L

+
 cells in the second trimester 

compared to control patients (P < 0.05; Figure 4.29A). For CD56
dim

 cells, the percentage 

of ST2L
+
/CD62L

+
 cells was elevated in the third trimester and post partum compared to 

the first trimester in control patients (P < 0.05) but was invariant across the four time 

points in T1D (P > 0.05) (Figure 4.29B). NKT cell ST2L
+
/CD62L

+
 co-expression was 

stable in control patients but significantly changed across T1D pregnancy and post 

partum (P < 0.05; Figure 4.29C). T1D had a significant effect on ST2L
+
/CD62L

+
 cell co-

expression compared to controls for CD56
dim

 and NKT cells (P < 0.05) but this change 

was not significant for a particular time point (Figure 4.29B-C). Control T cells has a  
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Figure 4.28: Percentages of ST2L
+
/CD49d

+
 (A) CD3

-
CD56

bright
 cells, (B) CD3

-
CD56

dim
 

cells, (C) CD3
+
CD56

+
 NKT cells and (D) CD3

+
CD56

-
 T cells for control and T1D 

patients. Data are presented as means ± SEM. **, P < 0.01.  
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Figure 4.29: Percentages of ST2L
+
/CD62L

+
 (A) CD3

-
CD56

bright
 cells, (B) CD3

-
CD56

dim
 

cells, (C) CD3
+
CD56

+
 NKT cells and (D) CD3

+
CD56

-
 T cells for control and T1D 

patients. Data are presented as means ± SEM. *, P < 0.05. **, P < 0.01. 
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significantly higher percentage of ST2L
+
/CD62L

+
 cells in the second trimester (P < 0.05 

vs. first trimester). The percentage of ST2L
+
/CD62L

+
 cells was invariant across T1D 

pregnancy and post partum and did not differ between the two patient groups (P > 0.05; 

Figure 4.29D). 

 

Comparison of type 1 and type 2 lymphocyte subsets. 

A summary of these findings is shown in Figure 4.30. The analysis showed that 

for CD56
bright

 NK cells, the percentage of cells expressing CD49d
+
 and CD62L

+
 was 

significantly affected by the dominant cytokine profile of the cells. The high expression 

of CD49d
+
 and CD62L

+
 by CD56

bright
 cells was on type 1 cells (about 90%) while only a 

minority of type 2 CD56
bright

 cells (< 5%) expressed this receptor. This suggests that type 

1 CD56
bright

 NK cells are the more probable population to contain pre-uNK cells and that 

these cells may be activated in circulation. For NKT cells, CD49d and CD62L were also 

more abundantly expressed by type 1 than type 2 cells (20-60% vs. < 5%) but the 

frequency of CAM reactive cells was lower than for CD56
bright

 cells. Both CD56
dim

 and T 

cells had lower expression of CD49d and CD62L than the remaining two NK subsets 

and, for the former subtypes, type 1 cells more frequently expressed the receptors than 

type 2 cells (10-20% vs. < 5%). 
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Whole Blood 

Sample 

Leukocytes 

CD3
-
CD56

bright
 CD3

+
CD56

-
 CD3

+
CD56

+
 CD3

-
CD56
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T1 T2 T1 T2 T1 T2 T1 T2 

CD49d 

CD62L 

CD49d CD49d CD49d CD49d CD49d CD49d CD49d 

CD62L CD62L CD62L CD62L CD62L CD62L CD62L 

CD49d 
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CD49d CD49d CD49d CD49d CD49d CD49d CD49d 

CD62L CD62L CD62L CD62L CD62L CD62L CD62L 

CD49d 

CD62L 

CD49d CD49d CD49d CD49d CD49d CD49d CD49d 
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5% 
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Figure 4.30: Flow chart representation of the 4 lymphocyte lineages examined for co-

expression of IL18R
+
/CD49d

+
, IL18R

+
/CD62L

+
, ST2L

+
/CD49d

+
 and ST2L

+
/CD62L

+
. 

(A). Differences across pregnancy and post partum within control patients.  

(B) Differences across pregnancy and post partum within T1D patients. (C) Differences 

between control and T1D patients. (D) Percentages of IL18R
+
/CD49d

+
, IL18R

+
/CD62L

+
 

and ST2L
+
/CD49d

+
 and ST2L

+
/CD62L

+
 cells. Change in expression level is shown in 

colour. Green denotes an increase in expression; blue, a decrease in expression; purple, 

both an increase and decrease was observed in expression level. 
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Chemokine receptor expression by lymphocyte subsets  subdivided by cytokine type 

across normal and T1D pregnancy. 

Type 1 lymphocyte subsets. 

To determine if type 1 and type 2 cytokine producing cells differed in their 

expression of chemokine receptors, percentage of IL18R
+
/CXCR3

+
 (Figure 4.31) and 

IL18R
+
/CXCR4

+
 cells (Figure 4.32) were measured in each lymphocyte lineage of 

control and T1D women. IL18R
+
/CXCR3

+
 CD56

bright
 NK (about 50%) and NKT (about 

25%) cells were more abundant than IL18R
+
/CXCR3

+
 CD56

dim
 NK and T cells (< 10%). 

About 25% of the CD56
bright

 cell population was IL18R
+
/CXCR4

+
 while about 5% of the 

rest of the lymphocyte lineages were IL18R
+
/CXCR4

+
. The percentage of 

IL18R
+
/CXCR3

+
 and IL18R

+
/CXCR4

+
 cells in each lymphocyte lineage was invariant 

across the four time points for each patient group (P > 0.05). There were no statistical 

differences between control and T1D expression of IL18R
+
/CXCR3

+
 or IL18R

+
/CXCR4

+
 

for any lymphocyte subset (P > 0.05; Figure 4.31A-D and Figure 4.32A-D). 

 

Type 2 lymphocytes subsets. 

ST2L
+
/CXCR3

+
 (Figure 4.33) or ST2L

+
/CXCR4

+
 (Figure 4.34) cells were minor 

populations (< 5%) in each lymphocyte lineage studied (Figure 26A-D). Control 

CD56
bright

 ST2L
+
/CXCR3

+
 and ST2L

+
/CXCR4

+
 cell percentages increased in the second 

trimester (P < 0.05 vs. first trimester). T1D CD56
bright

 ST2L
+
/CXCR3

+
 and 

ST2L
+
/CXCR4

+
 cell percentages were stable across the four time points (P > 0.05).  
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Figure 4.31: Percentages of IL18R
+
/CXCR3

+
 (A) CD3

-
CD56

bright
 cells,  

(B) CD3
-
CD56

dim
 cells, (C) CD3

+
CD56

+
 NKT cells and (D) CD3

+
CD56

-
 T cells for 

control and T1D patients. Data are presented as means ± SEM. No statistical differences 

were found.  
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Figure 4.32: Percentages of IL18R
+
/CXCR4

+
 (A) CD3

-
CD56

bright
 cells,  

(B) CD3
-
CD56

dim
 cells, (C) CD3

+
CD56

+
 NKT cells and (D) CD3

+
CD56

-
 T cells for 

control and T1D patients. Data are presented as means ± SEM. No statistical differences 

were found. 
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Figure 4.33: Percentages of ST2L
+
/CXCR3

+
 (A) CD3

-
CD56

bright
 cells, (B) CD3

-
CD56

dim
 

cells, (C) CD3
+
CD56

+
 NKT cells and (D) CD3

+
CD56

-
 T cells for control and T1D 

patients. Data are presented as means ± SEM. *, P < 0.05. 
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Figure 4.34: Percentages of ST2L
+
/CXCR4

+
 (A) CD3

-
CD56

bright
 cells, (B) CD3

-
CD56

dim
 

cells, (C) CD3
+
CD56

+
 NKT cells and (D) CD3

+
CD56

-
 T cells for control and T1D 

patients. Data are presented as means ± SEM. *, P < 0.05. 
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Compared to control patients, T1D significantly decreased the percentage of 

ST2L
+
/CXCR3

+
 cells in the second trimester (P < 0.01) and had an overall significant 

effect on the percentage of ST2L
+
/CXCR4

+
 cells (P < 0.05; Figure 4.33A and Figure 

4.34A). The percentage of CD56
dim

 cells that were ST2L
+
/CXCR3

+
 increased in the third 

trimester for control patients (P < 0.05 vs. first trimester) but was stable in T1D patients 

(Figure 4.33B). Control CD56
dim

 ST2L
+
/CXCR4

+
 cells changed across pregnancy and 

post partum (P < 0.05; Figure 4.34B). There were no differences between control and 

T1D patients for ST2L
+
/CXCR3

+
 or ST2L

+
/CXCR4

+
 CD56

dim
 cells (P > 0.05; Figure 

4.33B and Figure 4.34B). For NKT cells, the percentage of ST2L
+
/CXCR3

+
 cells was 

stable across all time points for control and T1D but when the two groups were 

compared, T1D had a significant overall effect on ST2L
+
/CXCR3

+
 co-expression  

(P < 0.05; Figure 4.33C). The percentage of ST2L
+
/CXCR4

+
 NKT cells, on the other 

hand, fluctuated across all four time points for both patient groups (P < 0.05) but there 

was no statistical difference when the two groups were compared with one another  

(P > 0.05; Figure 4.34C). There were no changes in the percentages of ST2L
+
/CXCR3

+
 

or ST2L
+
/CXCR4

+
 T cells in control and T1D groups across pregnancy and post partum 

within or between the patient groups (P > 0.05; Figure 4.33D and Figure 4.34D). 

 

Comparison of type 1 and type 2 lymphocyte subsets. 

A summary of these findings is shown in Figure 4.35. My analyses found that the 

moderate to high expression (25-50%) of CXCR3
+
 by CD56

bright
 NK and NKT cells  
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Whole Blood 

Sample 
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-
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Figure 4.35: Flow chart representation of the 4 lymphocyte lineages examined for co-

expression of IL18R
+
/CXCR3

+
, IL18R

+
/CXCR4

+
, ST2L

+
/CXCR3

+
 and ST2L

+
/CXCR4

+
. 

(A). Differences across pregnancy and post partum within control patients. (B) 

Differences across pregnancy and post partum within T1D patients. (C) Differences 

between control and T1D patients. (D) Percentages of IL18R
+
/CXCR3

+
, 

IL18R
+
/CXCR4

+
, ST2L

+
/CXCR3

+
 and ST2L

+
/CXCR4

+
 cells. Change in expression level 

is shown in colour. Green denotes an increase in expression; blue, a decrease in 

expression; purple, both an increase and decrease was observed in expression level. 



 

101 

 

and CXCR4
+
 (25%) by CD56

bright
 NK cells was linked to a dominant type 1 cytokine 

profile. Theoretically, circulating type 1 CD56
bright

 NK cells and, to a lesser degree, type 

1 NKT cells would therefore be the lymphocyte lineages most likely to contain precursor 

cells having the capacity to correctly home to the decidua during pregnancy. There were 

no differences in the expression level of CXCR3
+
 and CXCR4

+
 by CD56

dim
 NK or T 

cells based on expression of pan-cytokine markers as both type 1 and type 2 cells in these 

lineages had low expression of these chemokine receptors (< 5%). Both type 1 and type 2 

NKT cells also had low expression of CXCR4 that was comparable with CD56
dim

 NK 

and T cells. 

 

Prediction of uNK precursor cells within circulating NK, NKT and T cell 

populations. 

The expression of CAM CD49d and CD62L along with the expression of 

chemokine receptors CXCR3 and CXCR4 is essential for the correct homing of pre-uNK 

cells to the decidualizing uterus. While precursors of uNK cells are thought to be 

CD56
bright

 NK cells, the general NK, NKT and T cell circulating populations have never 

been examined for their co-expression of these specific CAM and chemokine receptors 

across pregnancy. The results of my multiparametric flow cytometric analyses using 

samples from pregnant and post partum women suggest that uNK precursors are within 

the CD56
bright

 cell rather than CD56
dim

, NKT or T cell lineages. While all of the 

lymphocyte subsets had a high expression of CD49d (< 80%), only CD56
bright

 NK and T 
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cells had abundant expression of CD62L (< 80%) compared to CD56
dim

 and NKT cells, 

which have expression levels of about 50%. Therefore, CD3
-
CD56

bright
 NK and 

CD3
+
CD56

-
T cells are the lymphocyte subsets more likely able to initiate rolling and 

tethering along the endothelium for egress from the circulation. When CXCR3
+
 

expression was examined, about 50% of CD56
bright

 cells expressed this chemokine 

receptor while about 30-50% of NKT and T cells were CXCR3
+
. CD56

dim
 CXCR3

+
 cells 

were less than half as frequent as NKT or T CXCR3
+
 cells. Both CD3

-
CD56

bright
 and 

CD3
+
CD56

-
 T cells were the dominant populations of CXCR4

+
 cells (about 25-50%) 

while less than 20% of CD56
dim

 and NKT cells were CXCR4
+
. This suggests that 

CD56
bright

 cells followed by T cells are the two subsets most likely to localize to decidua. 

Combined with the CAM receptor results, CD56
bright

 cells are the lymphocyte population 

with the highest potential to correctly egress and localize within the decidua (Figure 

4.36). Only a minority of type 2 CD56
bright

 cells expressed the CAM and chemokine 

receptors, further suggesting that activated type 1 CD56
bright

 NK cells represent the 

population containing uNK precursor cells. Despite having a significantly higher ratio of 

type1:type2 cytokine expression across pregnancy, CD56
bright

 cells from T1D women had 

comparable levels of CD49d
+
, CD62L

+
, CXCR3

+
 and CXCR4

+
 expression to control 

women, implying that the presence of T1D does not alter the main receptors utilized by 

uNK precursor cells for egress and localization within the decidua. The stage of 

pregnancy or post partum also did not have an observed effect on CAM and chemokine 

receptor expression by type 1 CD56
bright

 cells.  
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Figure 4.36: Flow chart of the 4 lymphocyte lineages examined for level of expression of 

pan type 1 (IL18R
+
) or type 2 (ST2L

+
) cytokine markers, CAM (CD49d

+
 and CD62L

+
) 

and chemokine receptors (CXCR3
+
 and CXCR4

+
). Type 1 CD56

bright
 cells (shown in red) 

are the most probable circulating lymphocyte population to encompass uNK cell 

precursors that could traffic to decidualizing uterus due to their high expression of 

CD49d
+
, CD62L

+
, CXCR3

+
 and CXCR4

+
.  
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Chapter 5 

Discussion 

Uterine Natural killer (uNK) cells are a unique, abundant, decidua-associated, cell 

type found early in the pregnancies of women and mice (38; 153; 154). UNK cells are 

strong promoters of endometrial angiogenesis and important for initiation of remodelling 

of decidual spiral arteries, which are the major maternal nutrient supply vessels of 

implantation sites, in both humans and mice (17; 18; 153; 155-157). Both incomplete 

spiral arterial modification, and aberrant NK cell numbers, functions, or ratios to other 

immune cell types have been linked with PE (24; 75; 157; 158). This pathology occurs 

more frequently in diabetic than in healthy women, even in the presence of good 

glycemic control (159). The goal of my studies was to investigate, through the use of 

both murine and human models, mechanisms by which diabetes might alter lymphocyte 

functions during gestation and contribute to promotion of PE. 

 

Ifng contributes to normal mouse fertilization and pre-implantation development. 

The major finding from my murine study is that Ifng contributes to normal pre-

implantation development in mice having an inbred NOD background via two distinct 

mechanisms. The first is in promotion of fertilization and the second is in supporting the 

normal rate of pre-implantation embryonic development. In n-NOD.Ifng
-/-

 mice, both 

processes were severely impaired, resulting in infertility. Both causes of infertility 

appeared to be exacerbated if the females were hyperglycemic at the time of mating. 
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Transient Ifng transcription is reported to onset in mouse embryos at the 2 cell stage and 

is down regulated at the blastocyst stage (160). A similar transient time course of IFNG 

production is detected in human IVF supernatants at culture days 3-4 (161). These 

findings indicate that this early developmental expression of Ifng/IFNG is biologically 

critical for establishing a successful pregnancy. Ifng did not appear to be critical for the 

progression of post implantation gestation although its absence resulted in morphological 

anomalies within implantation sites. The pre-implantation absence of Ifng led to breeding 

difficulties that severely limited the numbers of animals available for my study. 

 IFNG/Ifng’s role in fertilization is unclear; the infertility observed in NOD.Ifng
-/-

 

mice could be due to male rather than female complications. IFNG is rarely detected in 

semen from healthy, human males and, when found, concentrations levels are low (162). 

Infertile men have increased levels of IFNG (163; 164). During spermatogenesis, human 

and murine sperm acquire Ifng receptors that are thought to regulate the effects of Ifng on 

sperm. Several studies have shown that incubation of sperm with Ifng negatively affects 

motility, viability and morphology, with higher concentrations being cytotoxic (163-165). 

Further studies of male NOD.Ifng
-/-

 mice and of NOD.Ifng
-/-

 oocytes would be needed to 

determine whether there is a physiological level of Ifng beneficial for normal sperm 

function and why fertilization is compromised.  
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Changes in NOD.Ifng
-/-

 pregnancies accompanied by hyperglycemia. 

When spontaneous diabetes was superimposed on the Ifng deficit, the rate of 

infertility increased with effects on both fertilization and rate of pre-implantation 

development. This was not unexpected because effects of diabetes on pre-implantation 

embryos have been well studied. Spontaneous and chemically-induced diabetes in mice 

result in morphological, cellular and bio-chemical changes in flushed conceptuses (166). 

For example, gd4 blastocysts from d-NOD and streptozotocin-treated diabetic mice have 

reduced inner cell mass (ICM) cell numbers with increased nuclear fragmentation and 

apoptosis in the ICM when compared to non-diabetic blastocysts (151; 167). 

Furthermore, in vitro experiments have shown that normal embryos cultured in 

hyperglycemic conditions show early developmental retardation, reduced cell 

proliferation and differentiation, and altered intra-embryonic metabolites (166; 168). 

Maternal insulin treatments in pregnant, streptozotocin-treated diabetic Wistar rats 

improve pre-implantation development by restoring ICM cell numbers (169). The 

disruption of pre-implantation development in hyperglycemic conditions is associated 

with down-regulation of mRNA and protein expression of the glucose transporters 

GLUT-1 (Slc2a1), -2 (Slc2a2), -3 (Slc2a3) and -8 (Slc2a8), all of which are expressed in 

blastocysts (140; 166; 170; 171). The decrease in free intra-embryonic glucose leads to 

elevated expression of reactive oxygen species and stimulates pro-apoptotic signals 

within the embryo. This leads not only to pregnancy failure but also to abnormal 

morphogenesis in conceptuses that progress beyond implantation and negatively impacts 
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organ structure (28; 166; 171). In d-NOD mice, peri-partum and neonatal offspring show 

structural anomalies, especially of the neural tube (Burke et al., 2007), a pathology 

commonly seen in offspring from women with diabetes.  

Although only one d-NOD.Ifng
-/-

 pregnancy could be generated for 

midgestational study, the morphology of the implantation sites from this mouse differed 

remarkably from those of n-NOD.Ifng
-/-

 and acquired features previously described for 

normoglycemic gestations in Ifng
-/- 

mice on the BALB/c inbred background. Notably, the 

MLAp hypertrophied and was packed with poorly granulated uNK (DBA
+
 cytokeratin

-
) 

cells of abnormally large size for an uNK cell with few cytoplasmic granules. In 

BALB/c.Ifng
-/- 

mice, the MLAp also hypertrophies, there is an overabundance of uNK 

cells that have a poorly granulated cytoplasm and there is reduced apoptosis compared 

with BALB/c
+/+

. This phenotype was attributed to the absence of induction of Ifng-based 

signaling pathways, specifically failure to activate Stat-1 gene regulation (61). While the 

d-NOD.Ifng
-/-

 pregnancy shared many similar features to the BALB/c.Ifng
-/-

, it showed 

loss of loose decidua but not decidual cell necrosis. Additionally, d-NOD.Ifng
-/-

 uNK 

cells, while hypogranular like those seen in the BALB/c.Ifng
-/-

, were much larger in size. 

Although Stat-1 is a transcription factor that mediates Ifng signaling, there is potential for 

the action of compensatory mechanisms in the absence of Ifng as the Stat-1 docking site 

is formed by Janus kinase (Jak)1 and Jak2. Prolactin, granulocyte-macrophage-colony 

stimulating factor and Ifna are just a few of the pathways that use Jak1 or Jak2 and could 

activate Stat1 in the absence of Ifng (60). Furthermore, the Idd4 locus influences diabetic 
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pathogenesis in NOD mice through regulation of interferon response genes (172). 

Interferon regulatory factor 1 (Irf1), which is induced by Ifng and Ifna, promotes uNK 

cell differentiation most likely through its regulation of Il15 (62). While compensatory 

mechanisms could not be examined in this study due to the severe infertility of  

d-NOD.Ifng
-/-

, hypotheses for the differences seen between n- and d-NOD.Ifng
-/-

 and  

BALB/c.Ifng
-/- 

mice include that the NOD strain has a stronger type 1 cytokine 

background than BALB/c (173-175) and, in the absence of Ifng, the NOD mouse is able 

to utilize Irf genes that have been activated during diabetes progression, to supplant some 

of the roles of Ifng. Alternately, the new finding that the NOD strain has an allelic 

deficiency in Il15 that affects macrophages as well as NK cells (176) may restrict the 

pathways that effect decidual necrosis (ie. actively do the damage) typical of 

BALB/c.Ifng
-/-

 mice. 

 

Spiral arterial modification and uNK cells in NOD mice lacking Ifng. 

Unexpectedly, n-NOD.Ifng
-/-

 mice showed extensive spiral artery modification 

compared to n- and d-NOD and d-NOD.Ifng
-/-

 mice. As mouse spiral artery modification 

is thought to be initiated by Ifng released from uNK cells, it was expected that both  

n- and d-NOD.Ifng
-/-

 mice would have incomplete remodelling. Patients with T1D are at 

increased risk for developing several vascular complications, such as atheroscleorsis, 

which is characterized by endothelial dysfunction and vascular smooth muscle cell 

(VSMCs) proliferation. When cultured under high glucose conditions, human, pig or rat 
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VSMC proliferation is triggered through the activation of the transcription factor NFKB1. 

The activated p65 subunit of NFKB1 is found in macrophages, endothelial cells and 

VSMCs and is thought to influence VSMC proliferation not only through gene activation 

but also through regulation of apoptosis (177; 178). Diabetes-induced proliferation of 

smooth muscle cells is the most likely cause of the unmodified spiral arteries and 

abundant bands of smooth muscle found in the decidua basalis and MLAp of the  

d-NOD.Ifng
-/-

 mouse because the Ifng deficiency in the n-NOD.Ifng
-/-

 did not have the 

same effect on spiral artery modification. This raises the question of whether, in the 

absence of Ifng, downstream compensatory mechanisms are activated in n-NOD.Ifng
-/-

 

that are overwhelmed by the diabetes-induced vascular smooth muscle proliferation. 

The presence of intracellular and interstitial PAS-positive glycoprotein droplets of 

heterogeneous size in n- and d-NOD.Ifng
-/-

 and in n- and d-NOD mice was another 

distinct finding in this study. The droplets were not the membrane enclosed granules of 

uNK cells and were most prominent in n-NOD.Ifng
-/-

 and n-NOD mice. However, in  

d-NOD.Ifng
-/-

 and d-NOD, not all of the implantation sites examined contained noticeable 

droplets and, when present, the droplets appeared to be smaller in size, especially in the 

d-NOD.Ifng
-/-

 mouse. The presence of these droplets could be attributed to the NOD 

background as elevated apolipoproteins have been reported in adult NOD mice (179) and 

the development of hyperglycemia, rather than the absence of Ifng, seemed to reduce 

droplet size and presence in implantation sites. 
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Importance of Ifng for translation to clinical applications. 

Difficulties in breeding and maintaining pregnancies in n- and particularly in  

d-NOD.Ifng
-/-

 mice precluded pursuit of pre-eclampsia-related questions relating to blood 

pressure regulation and implantation site tissue oxygenation. However, even from the few 

implantation sites available for study, a clear role for Ifng regulation of uNK cell 

maturation and regulation was observed, especially in d-NOD.Ifng
-/-

 mice. Effects on 

spiral artery remodeling were less obvious as n-NOD.Ifng
-/-

 mice showed unexpected 

spiral arterial modification.  Additionally, the information collected in this study raises 

important points about essential roles for Ifng in maintaining fertility and pre-

implantation embryo development. Diabetic women, especially those with poor glucose 

control modeled by my untreated hyperglycemic mice, have difficulty conceiving (180; 

181). Many studies have explored the negative effects of maternal hyperglycemia and 

abnormal fuel metabolism on embryogenesis and pre-implantation development (140). 

Furthermore, IFNG/Ifng has been investigated as a contributor to recurrent spontaneous 

abortion and failure of embryo transfer following in vitro fertilization as women suffering 

from repeated fetal loss have high IFNG serum levels (182; 183). Mouse pre-

implantation embryos express Ifng receptors and, when cultured with either IFNG or Ifng 

at varying concentrations, development from the two-cell to spreading stages is arrested 

(184; 185). Similar effects were seen when mouse embryos were cultured with sera from 

women with recurrent spontaneous abortion (185; 186). Altered expression of proteins 

essential for acquisition of adhesion competence required for blastocyst implantation has 
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also been shown in in vitro culture models using mouse embryos and IFNG (187). The 

results from my study provide unique evidence that physiological levels of Ifng are 

actually beneficial for fertility and contribute to pre-implantation embryo development. 

Whether an optimal level of IFNG must be produced by the pre-implantation human 

embryo to increase pregnancy success rates, particularly in diabetic women, merits 

investigation. 

 

Homing potential of uNK precursors from human blood. 

Endothelial cells are gate keepers between circulating leukocytes and tissue 

compartments. Shear forces from flowing blood marginalize leukocytes destined for 

extravasation. Activation and engagement of addressin and adhesion molecules such as 

CD49d and CD62L result in leukocyte rolling and slowing along endothelial surfaces, 

firm adhesion and either transendothelial or interendothelial cell exodus of leukocytes 

from a vessel into a tissue (43). The functional capacity of addressin and adhesion 

molecules on viable leukocytes can be assessed in in vitro adhesion assays to cryostat 

sections of the organs of interest. This approach maintains optimal, microanatomical 

relationships in the target tissue and has been directly correlated with in vivo homing 

potential to tumors (188; 189).  Cross species conservation of homing receptors permits 

use of mouse tissue substrates to address human leukocyte homing potential in a 

rigorously-controlled, genetically-defined manner. It is also important because storage of 

substrate tissues quickly (< 2 wk) leads to loss of endothelial cell function, precluding use 
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of archived human tissue. This assay has been important in defining mechanisms 

recruiting lymphocytes to the pancreas in T1D and in identification of the LH surge as a 

time at which CD56
+
 cells have an elevated capacity to interact with decidual 

endothelium in fertile women (41; 42). 

 

Pregnancy in normal women. 

   Data collected in the current study are the first to define the baseline gestational 

pattern for the interactions between viable, normal, blood CD56
+
 cells and endothelial 

cells in decidua, pancreas and subcutaneous lymph nodes. These interactions are stable 

during pregnancy. This is consistent with a previous report (41) in which adhesion of 

lymphocytes from infertile women who became pregnant while receiving acetylsalicylic 

acid, IVIG and heparin was studied. In that study, CD56
bright

 cell adhesion was stable 

between weeks 3-32 of gestation and similar to values in the proliferative and secretory 

phases of the menstrual cycle. Gains in adhesive interactions were only seen at 2 wk 

gestation and at the LH surge of a previous menstrual cycle (41). The latter finding in 

these treated patients is consistent with the gain in adhesion at the LH surge seen in 

fertile, healthy women (42). Because my study did not address pregnancies prior to wk 3 

of gestation and used random menstrual cycle days for postpartum sampling, stability of 

adhesion between lymphocytes from non-pregnant and pregnant normal women would be 

predicted. Of note, in the study of embryo transfer recipients, van den Heuvel et al. (41) 

reported that neither the menstrual cycle nor pregnancy altered the adhesive functions of 

CD56
dim 

or NKT cells with decidual endothelium. In my study, CD56
+
 cells were not 
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separated as dim vs. bright. It is reported that conventional fluorescence microscopy can 

visually distinguish between CD56
bright

 and CD56
dim

 subsets (45; 152) but this is 

improved with the assistance of computer digital analysis (45). My protocol design did 

not include T cell labeling but based upon these previous studies, I anticipate that most of 

the non-labelled adherent cells were T cells. CD56
+
 NKT cells would have been the only 

T cell subset counted.  The proportion of bound leukocytes with an expression pattern of 

CD56
+
 differed between the tissues, with decidua showing the greatest enrichment in the 

second trimester. 

 

Pregnancy in T1D and T2D women. 

My study clearly shows that diabetes is associated with changes in the homing 

potential of CD56
+
 cells for some but not all organs. While there were no changes in 

homing interactions with endothelial cells of lymph node; dramatic, inverse changes were 

seen for decidua (reduction) and pancreas (gain). These data support the hypothesis that 

diabetes (T1D and T2D) reduces the ability of CD56
+
 cells to interact with decidual 

endothelium. This finding was consistent for CD56
+
 cells from women in all three 

trimesters of pregnancy and for the same women post partum. Importantly, not only were 

absolute numbers of adhering CD56
+
 cells reduced but the proportion of CD56

+
 cells 

amongst bound cells fell. This shift in ratio could have clinical relevance because total 

leukocyte adhesion to decidua and pancreas sections was not significantly changed by 

diabetes. This is reminiscent of the shifts between blood regulatory T (Treg) cells and 
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Th17 cells that have been linked causally with PE. In comparison with normal pregnancy, 

the Treg cell compartment was significantly decreased by PE. This gave a relative but not 

absolute increase in the number of Th17 cells that was thought to enable IL17-based 

contributions to pre-eclamptic pathology (190).  

An increase in diabetic CD56
+
 cell adhesion to pancreas was observed at all 4 

sampling time points. This suggests that in vivo, extravasation of CD56
+
 cells into the 

uterus is not only reduced by mechanisms intrinsic to the CD56
+
 cells but also by 

preferential extravasation into the pancreas, resulting in abnormal proportional 

relationships amongst decidual leukocytes. Elevated pancreatic leukocyte-endothelial 

interactions are well established as contributors to disease progression in both T1D and 

T2D. Hyperglycemia activates islet endothelial cells, which facilitates leukocyte 

migration through the expression of pro-inflammatory cytokines and adhesion molecules 

(120; 191; 192). Peripheral node addressin (PNAd) and mucosal addressin cell adhesion 

molecule-1 (MAdCAM-1), both ligands for CD62L, are up-regulated in the pancreas of 

hyperglycemic NOD mice. When CD62L or one of its ligands is blocked in young NOD 

mice, leukocyte infiltration to the pancreas is inhibited, which delays or prevents the 

development of insulitis and, subsequently, diabetes (119; 124; 193). Additionally, T-cell 

adhesion to NOD pancreatic endothelium was completely blocked in adhesion assays 

when anti-CD49d antibodies were present (121). Since the pancreas sections used in this 

study were from normoglycemic C57BL/6J mice, up-regulation of endothelial adhesion 
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molecules cannot account for the preferential binding to pancreas by diabetic CD56
+
 

cells.  

My observation of increased adhesion of CD56
+
 cells to the pancreas from T2D 

women (Appendix C) was initially surprising as T2D, unlike T1D, is not characterized by 

elevated immune cell infiltration of the pancreatic islets. However, as T2D progresses, it 

can be accompanied by islet inflammation and declining beta cell function due to 

inflammatory agents. The similar CD56
+
 cell adhesion patterns of T1D and T2D pregnant 

women may suggest that decreased uterine adhesion is not primarily caused by decoy 

homing to the pancreas but rather by metabolic and inflammatory effects due to 

hyperglycemia, with increased pancreatic adhesion accompanied by decreased uterine 

adhesion during pregnancy reflecting different levels of inflammatory change modifying 

leukocyte-endothelial interactions. However, as T2D patients are known to suffer from a 

long standing pre-diabetic state before T2D develops and beta cell destruction in these 

patients is thought not to be a consequence of insulin resistance, decoy homing to the 

pancreas remains a potential explanation for the reciprocal T2D CD56
+
 cell adhesion 

patterns between pancreas and decidua. 

 

Diabetic pre-eclamptic pregnancy. 

CD56
+
 adhesion cell counts from the 2 PE patients were variable when compared 

to the non-PE T1D and did not indicate whether PE further alters CD56
+
 homing. 

Interestingly, PE patient 2 (PE 2), whose CD56
+
 cells showed less adhesion to decidua in 
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all three trimesters compared to PE 1 or all other T1D patients, delivered three weeks 

earlier than PE 1 (33.4 weeks vs 36.0 weeks). This patient was the only subject in the 

study whose CD56
+
 cells had a major shift (gain) in adhesion to decidual endothelium 

post partum. This patient had the earliest live birth in the study. Another non-PE T1D 

who delivered prematurely at 27 weeks of gestation did not show the same CD56
+
 

adhesion pattern as PE 2 and was comparable to the other T1D patients. PE CD56
+
 cell 

adhesion to the pancreas was inconsistent across pregnancy. PE only manifests after 20 

weeks of gestation, and at this time neither patient’s lymphocytes appeared to be 

functionally different from non-PE T1D. The pathological basis of PE is thought to arise 

early in pregnancy. However, from this small sample size, no change in uterine homing 

potential above that seen in TID was seen in 2
nd

 trimester and only transient changes in 

pancreatic homing potential were suggested. Additional investigation into the CD56
+
 

adhesion patterns of PE patients could clarify the effect PE has on CD56
+
 cell homing 

potential during pregnancy. The results of my study show that diabetic women have an 

established abnormality in CD56
+
 cell homing potential compared to healthy women 

during pregnancy. In order to further elucidate how CD56
+
 cells are affected by diabetes 

and how this may contribute to the development of PE during pregnancy, studies 

focusing at the transcriptional, proteomic and epigenetic levels would be needed to create 

a global profile of the functional capacity of CD56
+
 cells across diabetic gestations with 

or without PE. 
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Homing receptor expression by human blood NK and T cells. 

Mechanisms of lymphocyte-endothelial adhesion and homing to the uterus. 

Blocking assays against CAM CD49d and CD62L revealed that methods of 

lymphocyte egress from the circulation are not altered by diabetes. The mean number of 

CD56
+
 cells adherent to decidua, pancreas and lymph node significantly decreased in 

both T1D and T2D women when antibodies against these molecules were present, 

matching results seen in normal pregnant women (152; 194). This predicted that 

expression of CD49d and CD62L by CD56
+
 cells would be similar in control and diabetic 

women and that these molecules are the main mediators of the tissue-specific binding 

observed in the adhesion assay. 

To more fully understand the profile of circulating lymphocyte subsets during 

pregnancy, an investigation of the levels of adhesion receptor expression was undertaken. 

Four subsets of lymphocytes (CD3
-
CD56

bright
 NK, CD3

-
CD56

dim
 NK, CD3

+
CD56

+ 
NKT 

and CD3
+
CD56

- 
T cells) were addressed by 4-colour flow cytometric study and analyzed 

for either type 1 or type 2 cytokine dominance. Subtypes were then analyzed for CD49d 

and CD62L and for the chemokine receptors CXCR3 and CXCR4 that have been linked 

to uterine-specific lymphocyte homing. Ligands for CXCR3 are highly expressed by 

human endometrium during the secretory phase of the menstrual cycle as well as by 

decidua during pregnancy (49). While CXCR4 ligands were initially thought to only be 

present on trophoblast cells, which invade the decidua early in pregnancy, and by 

decidualized stromal cells, recent studies have shown that CXCR4 is up-regulated during 
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the mid-secretory phase in epithelial and stromal compartments of cycling endometrium 

(49-52; 195). 

 

NK cell percent yields in T1D pregnancy. 

Percentages of CD3
-
CD56

bright 
and CD3

-
CD56

dim
 NK cells did not differ between 

control and T1D patients in this study. There was also no difference between control and 

T1D patients when CD3
-
CD56

bright
 and CD3

-
CD56

dim
 NK percent numbers were pooled 

together for combined CD3
-
CD56

+
 percentages (Appendix E). Consensus about the effect 

of T1D on NK cell numbers has not been achieved in the literature (196; 197). Some 

studies have found a permanent deficiency in NK cell numbers (198; 199) while others 

correlate a transient change in mean CD3
-
CD56

+
 NK cell yield with the stage of the 

disease (196; 200; 201). In the latter, NK cell abnormalities were only observed in recent-

onset T1D cases, supporting the idea that NK cells play an important role in the 

autoimmune processes that lead to T1D (200; 201). Since all of the T1D patients in this 

study were at disease duration of at least 10 years, the absence of a deficiency in NK cell 

numbers is consistent with the latter finding and is a key point of difference to my mouse 

studies when mating commenced at the onset of hyperglycemia. 

 

Type 1 and type 2 cytokine expression in pregnancy. 

This is the first full study to follow a cohort of control and T1D women 

throughout pregnancy and post partum for pan type 1 or type 2 cytokine expression in 
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CD3
-
CD56

bright
 NK, CD3

-
CD56

dim
 NK, CD3

+
CD56

+
 NKT and CD3

+
CD56

+
 T cells. As 

this study involved following the patients for a time course of about 10 months to a year, 

several problems were encountered that prevented a full set of data from being collected 

for each of the patients recruited into the study. Despite these issues, the data collected 

still provide important conclusions about the profile of lymphocyte subsets in both 

control and T1D pregnancy.  

When all lymphocyte subsets were considered together, the gestational shift 

towards type 2 immunity in control patients was not initially recognized because the 

percentage of IL18R
+
 cells did not change across the four time points and the percentage 

of ST2L
+
 cells was actually significantly higher in post partum compared to first 

trimester. The experimental design had included the post partum period to estimate 

preconception status, so my initial interpretation was that type 2 levels decreased in 

diabetic pregnancy. However, at least 37% of women in my study were still breast 

feeding at the time of post partum sample collection, which could account for the 

sustained post partum type 2 bias. Samples in other studies were collected from non-

pregnant women at different points in their cycle and/or from women not recently 

pregnant (77; 81). When only pregnancy is considered, a continuous decrease in the 

type1:type2 ratio was observed in the control women that eventually reached statistical 

significance between first trimester and post partum, confirming movement towards type 

2 bias with gestational progression. The outcome was not as strong as seen in a number 

of published studies examining cytokine profiles in the latter half of both normal and PE 
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pregnancies (81; 82; 88; 202; 203). An interesting finding in my study was that the type 2 

bias was sustained into the post partum period, conflicting with the existing paradigm that 

non-pregnant subjects are characterized by a bias towards type 1 immunity (77; 80; 81).  

In a study by Borzychowski et al. (77), lymphocyte subsets from third trimester 

control pregnant women and those diagnosed with PE were compared for percentages of 

IL18R
+
 and ST2L

+
 cells. They found a significant increase in type 1 expression in the PE 

patients when all lymphocytes were considered together as well as in NK and NKT cells 

but not T cells. While statistical analysis could not be performed on the PE patients in my 

study due to the small sample size, it is interesting to note the differences in the third 

trimester data between the two cohorts of controls (ie. patients in my study and in 

Borzychowski et al.’s study). While the percentage of ST2L
+
 cells was equal among the 

two cohorts for all four lymphocyte subsets, IL18R
+
 percentages were substantially lower 

in my study for CD56
dim

 NK and T cells. Furthermore, the type1:type2 ratio was 

consistently lower for all lymphocyte subsets from my control patients. While these 

discrepancies could indicate underlying immune differences between UK-based control 

and Canadian-based control groups, another cause could be changes in methodology 

between the two studies. Control patients in Borzychowski et al.’s study were matched to 

PE patients for the gestational age at which PE was diagnosed (77). While all PE patients 

were diagnosed sometime within the third trimester of pregnancy, this meant that control 

patients were not recruited within a consistent narrow time frame matching to the 2 week 

recruitment window used in my study. Another notable difference between the two 
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studies was the protocol used for antibody labeling and flow cytometric analysis. 

Borzychowski et al. amplified the primary antibodies using goat anti-mouse IgG-biotin, 

used a Beckman Coulter Epics Altra flow cytometer, collected 20,000 events per sample 

and used Beckman Coulter Expo 32 software for post-acquisition analysis (77). I did not 

amplify the primary antibodies, used a Beckman Coulter FC 500 flow cytometer, 

collected 100,000 evens per sample and used FlowJo software for post-acquisition 

analysis. 

Several studies report a plasma and cell-based type 1 cytokine bias in both non-

pregnant and pregnant T1D patients. This low-grade chronic inflammation has been 

associated with cardiovascular disease and diabetic nephropathy. Elevated inflammatory 

markers like C-peptide and IL6 confirm that this hyperglycemia-related inflammation is 

cytokine mediated (143; 204; 205). Insulitis lesions, however, are associated not only 

with Th1 cytokines but also with Th2 cytokines. Th1 cytokines seem to promote 

pancreatic beta cell destruction while Th2 cytokines appear to regulate this process 

protecting the beta cells. Therefore, T1D seems to involve an imbalance between pro-

inflammatory and anti-inflammatory cytokines (143-145). Both newly diagnosed T1D 

patients and those with a disease progression greater than 10 years have elevated IL18 in 

plasma, which is positively correlated with HbA1C levels (206; 207). In my study, a bias 

towards a pro-inflammatory state was seen at all study time points in T1D patients and 

there was an absence of a type 2 shift in later T1D pregnancy. This was confirmed by the 

type1:type2 ratio calculated for total lymphocytes. When the subsets were considered 
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separately, T1D CD56
bright

 NK cells had a higher type1:type2 ratio than controls across 

pregnancy. 

 

Deviation in the potential homing of T1D CD3
-
CD56

+
 cells is not regulated by 

loss of key CAM or chemokine receptors. 

This research found only minor differences in NK and T cell homing potentials 

between diabetic and control pregnant women. The major findings are summarized in 

Table 5.1. Because T1D and T2D showed similar decidual adhesion, the decoy homing 

hypothesis for T1D may be weakened depending on whether islet inflammation and beta 

cell destruction were present in the T2D patients. T2D patients had increased CD56
+
 NK 

adhesion in pancreas but this further suggested that hyperglycemia may be altering 

CD56
+
 NK homing through metabolic effects rather than pancreas-specific decoy 

homing.  

When lymphocyte subsets were analyzed for their expression of the homing 

receptors, there were no differences in the expression levels of CD49d and CD62L 

between control and T1D patients at any time point. Even when cells were examined for 

co-expression of IL18R
+
 or ST2L

+
 with the homing receptors, the only significant change 

was observed in NKT cells with diabetes reducing the percentage of cells that were 

IL8R
+
/CD49d

+
 and IL8R

+
/CD62L

+
. NKT cells from infertile donors have been reported 

to have decreased CD62L and CXCR3 surface expression but not CD49d at day 5 of the 

menstrual cycle (208). This suggests that, while CD49d and CD62L may be modulated in  
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Lymphocyte Lineage Conclusions 

Total NK and T 

Lymphocytes 

 Majority of lymphocytes in control and T1D 

patients are type 1 

 Control patients exhibited a progressive decrease 

in type1:type2 cytokine ratio across pregnancy, 

which was sustained in post partum 

 T1D patients had a increase in type1:type2 

cytokine ratio expression in the third trimester and 

post partum compared to controls 

CD3
-
CD56

bright
 NK Cells 

 

 Had the highest frequency of expression of CAM 

and chemokine receptors compared to other 

lymphocyte subsets 

 This abundant expression was associated to a type 

1 cytokine profile 

 T1D did not alter expression of CAM and 

chemokine receptors in type 1 cells 

 T1D affected the type1:type2 ratio expression 

overall with type 1 cytokine dominance 

CD3
-
CD56

dim
 NK Cells 

 Comparable CD49d
+
 frequency to CD3

-
CD56

bright
 

NK cells but frequency of CD62L
+
 was about half  

 Lowest percentage of CXCR3
+
 cells 

CD3
+
CD56

+
 NKT Cells 

 T1D decreased the percentage of type 1 NKT cells 

 T1D decreased the percentage of type 1 NKT cells 

expressing CD49d or CD62L 

CD3
+
CD56

bright
 T Cells 

 Had the second highest frequency  CD62L
+
 cells 

but lowest frequency of CD49d
+
 cells 

 T1D increased the percentage of CXCR3
+
 T cells 

 

Table 5.1: Summary of main conclusion from the flow cytometric analysis of peripheral 

blood lymphocytes from control and T1D pregnant and post partum women. 
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T1D mediated NK cell adhesion to endothelium in decidual and pancreatic tissues, a 

difference in the level of expression of these molecules is insufficient to account for the 

abnormal homing potential of T1D CD56
+
 cells measured in the adhesion assay.  

The level of chemokine expression was altered by T1D only in T cells as the 

percentage of CXCR3
+
 positive cells was elevated above controls at all four time points. 

These results correlate with previous studies which found that CXCR3 is typically 

expressed on Th1 cells, and is implicated in the progression of several autoimmune 

diseases including T1D (209; 210). CXCR4, on the other hand, is usually expressed on 

Th2 cells within the pancreas and have been implicated in protection against T1D 

development (211). While expression of CXCR3 and CXCR4 does not appear to regulate 

the abnormal homing of T1D CD56
bright

 cells, my data does support the hypothesis that T 

cell recruitment to the pancreas in T1D is partially regulated by CXCR3 (212-214). 

Diabetes has been associated with altered physical properties of leukocytes that 

could affect their adhesive capacity and interactions with blood vessel endothelium rather 

than with changes in receptors themselves. Studies examining lymphocyte rheology 

found that lymphocytes from hyperglycemic NOD mice had significantly higher tension 

in the cortical actin layer (which pulls the cell into a spherical shape) than control cells, 

indicating that their membranes are stiffer and less deformable (215). While rheology 

studies have mainly focused on lymphocyte contributions to diabetes-associated vascular 

disease (216), this change in membrane rigidity could affect the functions and clustering 

of lymphocyte membrane receptors and their ability to properly direct lymphocyte 
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trafficking to specific tissue sites. Other CAM and chemokine receptors that I did not 

investigate may contribute to decidual homing although the strongest known candidates 

were used in my study. 

 

Predicting the pre-cursors of uNK cells in peripheral blood. 

This is the first study to provide a profile of CAM and chemokine receptors for 

CD3
-
CD56

bright
 NK, CD3

-
CD56

dim
 NK, CD3

+
CD56

+ 
NKT and CD3

+
CD56

- 
T cells across 

pregnancy as well as providing distinguishing data between type 1 and type 2 cells. 

While previous studies have investigated expression levels of the specific CAM and 

chemokine receptors separately in CD56
+
 NK cells, the cytokine bias of the lymphocytes 

was not co-analyzed. My study confirms that CD56
bright

 cells have abundant expression 

of CD62L, CXCR3 and CXCR4 in comparison to CD56
dim

, NKT and T cells (45; 47; 

51). CD49d expression was similar across all four lymphocyte subsets which is consistent 

with another study evaluating CD49d expression in NK and T cells from non pregnant 

individuals through flow cytometry (45), although percentages of CD49d
+
 cells detected 

in my study were much higher. A unique finding of my study is that within the CD56
bright

 

cell population, the type 1 cytokine dominant subset has the highest expression of the 

CAM and chemokine receptors. This suggests that activated, CD56
bright

 cells are the most 

probable circulating lymphocyte population to encompass uNK cell precursors that could 

traffic to decidualizing uterus. CD56
bright

 cells constitute less than 1% of the peripheral 

blood population and about 90% of all CD56
bright

 cells are type 1 cytokine dominant. 
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Almost 90% of all type 1 CD56
bright

 cells are CD49d
+
 or CD62L

+
 while 50% and 25% of 

type 1 CD56
bright

 cells are CXCR3
+
 or CXCR4

+
 respectively. This suggests that while 

about 80% of CD56
bright

 cells have the potential to leave the circulation during pregnancy, 

only between 23-45% of these cells will have the potential for direct homing to the 

decidualizing uterus. However, as cells were not evaluated for co-expression of the CAM 

receptors with the chemokine receptors, this number may be lower. Thus, only a small 

population of circulating peripheral blood cells has the potential to correctly traffic to the 

uterus during pregnancy. Diabetes did not significantly alter expression of these four 

receptors on type 1 CD56
bright

 cells. Type 2 CD56
bright

 cells had very low expression of 

these the CAM and chemokine receptors and are less likely to encompass cells with 

uterine homing potential.  

 

Conclusions and future directions. 

The purpose of these studies was to provide further insight into how diabetes 

alters lymphocyte functions during pregnancy and thus may contribute to gestational 

complications observed in diabetic women. Results from my mouse study showed that 

Ifng, a lymphocyte produced cytokine, is important for fertilization and normal blastocyst 

development. My human studies suggested that T1D and T2D are associated with 

deviations in homing potential of blood precursors of decidual lymphocytes. Experiments 

addressing mechanisms for these changes found minor alterations in 4 molecules 

amongst 8 types of lymphocyte subsets. Control patients exhibited a shift towards a type 
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2 cytokine bias in late gestation and post partum while T1D patients showed a bias 

towards a pro-inflammatory state. T1D did not affect the expression of CD49d, CD62L 

or CXCR4 on any of the lymphocyte subsets. CXCR3 expression was increased by T1D 

on T cells. CD56
bright

 cells had the highest expression of the CAM and chemokine 

receptors, which was not altered by T1D. This abundant expression was linked to the type 

1 CD56
bright

 cytokine subset. While questions still remain about the exact mechanisms 

behind diabetes-associated alterations in lymphocyte functions, the conclusions from 

these studies offer focus for future investigations. Studies extending my work should 

include analysis of changes to physical parameters, such as rheology and ability to induce 

adhesion or receptor changes in normal T and NK cells by incubation in patient plasma. It 

might also be possible to reconstitute pregnant mice with the distorted ratios of 

lymphocytes suggested by the adhesion assay. This mouse model could be used to ask 

whether decreased CD56
+
 ratios to other lymphocyte subsets in the decidua negatively 

impact upon implantation site development, pregnancy outcome or postpartum growth 

and health. The established abnormalities of the immune system and complications of 

pregnancy in T1D and T2D women should continue to stimulate research on the roles of 

implantation site lymphocytes in diabetic pregnancy. 
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Appendix A 

Flow Cytometry Analysis 

 

Figure A.1: Flow cytometric analysis of 8 lymphocyte subsets. (A) Lymphocytes were 

identified by size (forward scatter) versus granularity (side scatter). (B) FITC, PE, PE-

Cy5 and PE-Cy7 antibodies (red line) were identified using primary antibodies. Gates 

were set to isotype controls (green line). (C) (i) CD3
-
CD56

bright
 NK, (ii) CD3

-
CD56

dim
 

NK, (iii) CD3
+
CD56

+
 NKT and (iv) CD3

+
CD56

-
 T cells were identified based on 

quadrants set for PE-Cy5 and PE-Cy7 antibodies. (D) Type 1 (IL18R
+
) or type 2 (ST2L

+
) 

cells were identified based on quadrants set to FITC. CD49d
+
, CD62L

+
, CXCR3

+
 or 

CXCR4
+
 cells were identified based on quadrants set to PE. 
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Appendix B 

Patient Characteristics 

 Control 

(n=10) 

T1D 

(n=9) 

T2D 

(n=3) 

Age (years)  28.0 ± 1.6 26.7 ± 1.5 35.0 + 1.0 

Obstetrical History     

Gravida  1.7 ± 0.2 2.6 ± 0.7 2.5 ± 0.5 

Term Deliveries  0.7 ± 0.2 0.2 ± 0.1 1.5 ± 0.4 

Preterm Deliveries  0.1 ± 0.1 0.3 ± 0.2 0.5 ± 0.5 

Abortions  0.1 ± 0.1 1.0 ± 0.5 0.0 ± 0.0 

Living Children  0.6 ± 0.2 0.3 ± 0.2 1.5 ± 0.5 

Delivery Information     

GAD (weeks)  39.8 ± 0.8 35.9 ± 1.2 38.0 ± 0.4 

BW (g)  3749.1 ± 230.8 3327.5 ± 232.6 3500.0 ± 215.0 

SVD  80% 40% 50% 

C-section  20% 60% 50% 

 

Figure B.1: Maternal and delivery demographics of control, T1D and T2D patient 

groups. Data are presented as mean ± SEM or percent rate. GAD, gestation age at 

delivery. BW, birth weight of newborn. SVD, spontaneous vaginal delivery. C-section, 

Caesarean section. 
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 Control 

(n=10) 

T1D 

(n=9) 

T2D 

(n=3) 

PE 

(n=2) 

Blood Pressure  

(mmHg) 

115/73 

(± 1.9/1.3) 

122/73 

(± 2.7/2.0) 

133/87 

(± 14.5/3.3) 

142/87 

(± 10.5/8.5) 

Blood Glucose  

(mmol/L) 
NAD 8.7 (± 1.2) 10.1 (± 0.0) NM 

HbA1C  

(% of Hb) 
NAD 7.9 (± 0.6) NM NM 

Urine protein/ 

24 hour  

(mg/dL) 

4.0 (± 3.0) 63.3 (± 27.2) 0.0 (± 0.0) 15.0 (± 15.0) 

 

Figure B.2: Clinical characteristics of control, T1D (including pre-eclamptic) and T2D 

patients across pregnancy, and of PE patients in the third trimester. Data are presented as 

mean ± SEM. Both PE patients are type 1 diabetic. T1D women maintained blood 

glucose control pre-, during, and post-pregnancy through the use of an insulin pump. T2D 

women used an insulin pump for the duration of pregnancy but returned to their pre-

pregnancy oral anti-diabetic drugs after delivery. Hb, hemoglobin. NAD, no abnormality 

detected. NM, not measured. Normal ranges for blood glucose (3.3-5.6 mmol/L) and 

HbA1C (3.6-5.0% of Hb). Trace values for urine protein/24 hour are 5-20 mg/dL. 
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Appendix C 

T1D and T2D CD56
+
 Cell Adhesion Data 

 

 

Figure C.1: A comparison of the number of CD56
+
 adherent cells (A,C,E) and ratio of 

CD56
+
 cells (B,D,F) from blood samples of T1D and T2D patients on murine gd7 

decidua (A, B), pancreas (C, D) and lymph node (E, F). Results are presented as bar 

graphs showing means ± SEM. 
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Appendix D 

T2D Flow Cytometric Data 

 

 

Figure D.1: Percentages of IL18R
+
 (A) and ST2L

+
 (B) in all NK and T cells  

(CD3
-
CD56

bright
 NK, CD3

-
CD56

dim
 NK, CD3

+
CD56

+
 NK and CD3

+
CD56

-
 T cells) and 

their type1:type2 ratios (C) for T2D patients. Data are presented as means ± SEM. 
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Figure D.2: Percentages of IL18R
+
 (A) and ST2L

+
 (B) CD3

-
CD56

bright
 NK cells and their 

type1:type2 ratios (C) for T2D patients. Data are presented as means ± SEM. 
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Figure D.3: Percentages of IL18R
+
 (A) and ST2L

+
 (B) CD3

-
CD56

dim
 NK cells and their 

type1:type2 ratios (C) for T2D patients. Data are presented as means ± SEM. 
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Figure D.4: Percentages of IL18R
+
 (A) and ST2L

+
 (B) CD3

+
CD56

+
 NKT cells and their 

type1:type2 ratios (C) for T2D patients. Data are presented as means ± SEM. 
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Figure D.5: Percentages of IL18R
+
 (A) and ST2L

+
 (B) CD3

+
CD56

-
 NKT cells and their 

type1:type2 ratios (C) for T2D patients. Data are presented as means ± SEM. 
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Figure D.6: Percentages of CD49d
+
 (A) CD3

-
CD56

bright
 cells, (B) CD3

-
CD56

dim
 cells, 

(C) CD3
+
CD56

+
 NKT cells and (D) CD3

+
CD56

-
 T cells for T2D patients. Data are 

presented as means ± SEM. Missing SEM bars represent instances where the SEM was 

too narrow to be shown with the chosen y axis. 
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Figure D.7: Percentages of CD62L
+
 (A) CD3

-
CD56

bright
 cells, (B) CD3

-
CD56

dim
 cells, 

(C) CD3
+
CD56

+
 NKT cells and (D) CD3

+
CD56

-
 T cells for T2D patients. Data are 

presented as means ± SEM. Missing SEM bars represent instances where the SEM was 

too narrow to be shown with the chosen y axis. 
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Figure D.8: Percentages of CXCR3
+
 (A) CD3

-
CD56

bright
 cells, (B) CD3

-
CD56

dim
 cells, 

(C) CD3
+
CD56

+
 NKT cells and (D) CD3

+
CD56

-
 T cells for T2D patients. Data are 

presented as means ± SEM. 
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Figure D.9: Percentages of CXCR4
+
 (A) CD3

-
CD56

bright
 cells, (B) CD3

-
CD56

dim
 cells, 

(C) CD3
+
CD56

+
 NKT cells and (D) CD3

+
CD56

-
 T cells for T2D patients. Data are 

presented as means ± SEM. 
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Figure D.10: Percentages of IL18R
+
/CD49d

+
 (A) CD3

-
CD56

bright
 cells, (B) CD3

-
CD56

dim
 

cells, (C) CD3
+
CD56

+
 NKT cells and (D) CD3

+
CD56

-
 T cells for T2D patients. Data are 

presented as means ± SEM. 
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Figure D.11: Percentages of IL18R
+
/CD62L

+
 (A) CD3

-
CD56

bright
 cells,  

(B) CD3
-
CD56

dim
 cells, (C) CD3

+
CD56

+
 NKT cells and (D) CD3

+
CD56

-
 T cells for T2D 

patients. Data are presented as means ± SEM. 
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Figure D.12: Percentages of ST2L
+
/CD49d

+
 (A) CD3

-
CD56

bright
 cells, (B) CD3

-
CD56

dim
 

cells, (C) CD3
+
CD56

+
 NKT cells and (D) CD3

+
CD56

-
 T cells for T2D patients. Data are 

presented as means ± SEM. 
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Figure D.13: Percentages of ST2L
+
/CD62L

+
 (A) CD3

-
CD56

bright
 cells, (B) CD3

-
CD56

dim
 

cells, (C) CD3
+
CD56

+
 NKT cells and (D) CD3

+
CD56

-
 T cells for T2D patients. Data are 

presented as means ± SEM. 
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Figure D.14: Percentages of IL18R
+
/CXCR3

+
 (A) CD3

-
CD56

bright
 cells,  

(B) CD3
-
CD56

dim
 cells, (C) CD3

+
CD56

+
 NKT cells and (D) CD3

+
CD56

-
 T cells for T2D 

patients. Data are presented as means ± SEM. 
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Figure D.15: Percentages of IL18R
+
/CXCR4

+
 (A) CD3

-
CD56

bright
 cells,  

(B) CD3
-
CD56

dim
 cells, (C) CD3

+
CD56

+
 NKT cells and (D) CD3

+
CD56

-
 T cells for T2D 

patients. Data are presented as means ± SEM. 
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Figure D.16: Percentages of ST2L
+
/CXCR3

+
 (A) CD3

-
CD56

bright
 cells, (B) CD3

-
CD56

dim
 

cells, (C) CD3
+
CD56

+
 NKT cells and (D) CD3

+
CD56

-
 T cells for T2D patients. Data are 

presented as means ± SEM. 
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Figure D.17: Percentages of ST2L
+
/CXCR4

+
 (A) CD3

-
CD56

bright
 cells, (B) CD3

-
CD56

dim
 

cells, (C) CD3
+
CD56

+
 NKT cells and (D) CD3

+
CD56

-
 T cells for T2D patients. Data are 

presented as means ± SEM. 
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Appendix E 

Control and T1D CD3
-
CD56

+
 NK Cell Yield 

 

 

 

Figure E.1: Mean ± SEM CD3
-
CD56

+
 NK cell yield from serial blood samples of 

control and T1D patients.  

 

 

 

 

 

 

 

 

 

 

 


