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Abstract

The use of cannabis during pregnancy has increased dramatically in recent years, as
legalization altered the accessibility and acceptability of cannabis use. However, maternal cannabis
use has been found to substantially increase the risk of several adverse pregnancy outcomes like
stillbirth and low birthweight. Despite the clear risk little is known about how cannabis causes
these complications and whether all cannabis consumption methods pose a risk. For a successful
pregnancy, the uterus must create a favourable environment to support fetal growth. This process
is largely modulated by uterine Natural Killer (uNK) cells which are responsible for promoting
tissue remodelling at the maternal-fetal interface. The current project aims to assess whether
cannabis oil alters proper uNK cell functioning and in turn causes pregnancy complications. To
assess pregnancy outcomes, we administered either CBD oil, THC oil or control oil via gavage
from gestation day (GD) 6.5-11.5 in CD57BL/6J mice and assessed fetal outcomes on GD 18.5.
Fetuses from pregnant mice receiving THC oil had significantly lower weights, lengths, and head
size whereas mice treated with CBD oil had reduced fetal head size and a trend for elevated odds
of being small for gestational age.

To pinpoint the cause of these abnormal fetal outcomes we examined implantation site
remodelling earlier in pregnancy at GD10.5 and 12.5. CBD oil reduced placental area and caused
a significant increase in the number of uNK cells within the decidua. Additionally, both CBD and
THC oil impaired vascular remodelling. Lastly, we found that both THC and CBD reduced human
NK cell production of the angiogenic factors IFN-y and VEGF, which may account for the
abnormal vessel remodelling. Thus, the present work highlights that both CBD and THC oil cause
fetal abnormalities at term which may be a result of improper implantation site remodelling driven

by uNK cell dysfunction.
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Chapter 1: Introduction

1.1 Maternal Cannabis Use During Pregnancy

1.1.1 Prevalence of Cannabis Use

The prevalence of maternal cannabis use has increased dramatically in recent years, with one
Canadian study reporting an alarming jump from 1.3% in 2003 to 7.5% in 2020 (1). The stark
increase is likely due to the 2018 legalization of recreational cannabis in Canada which changed
the accessibility and social acceptability of cannabis use (2; 3). Legalization tends to create the
perception of safety, as one study found that over 60% of women reporting cannabis use during
their pregnancy said they would increase their consumption if cannabis was legalized (4).
Additionally, nearly 70% of the women who report cannabis use during their pregnancy perceive
little to no risk of weekly cannabis exposure on the health of their pregnancy (4; 5). Women of
lower socioeconomic status and young women are disproportionally impacted, as these women are
roughly two and three times more likely to consume cannabis while pregnant, respectively (6).
However, studies typically use self-reporting to assess cannabis use which may underestimate the
true prevalence especially prior to legalization. One Californian study found that cannabis use
among pregnant women was nearly doubled when assessed objectively as compared to self-report
).

Typically, cannabis is consumed via smoke-inhalation, however accumulating evidence
underpins the detrimental harm of cannabis smoke on lung health, as it contains similar
carcinogens as tobacco smoke (8; 9). Thus, cannabis oil is becoming an increasingly popular
alternative method of consumption as it provides the desired cannabis effects without the damage
of smoke exposure (10). Furthermore, cannabidiol (CBD) oil is gaining attention as a broad-

spectrum treatment for a variety of different conditions such as Parkinson’s disease, anxiety, pain
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management, and epilepsy with varying levels of evidence (11; 12; 13). Due to the perceived health
benefits and lack of psychoactive effects, the perceptions surrounding CBD oil are generally
positive, with one study finding that nearly 35% of all study respondents, including those who had
not used CBD, felt that CBD oil was either “good” or “very good” for health (14). As studies do
not typically tend to specify the method of cannabis consumption, pregnant women may be turning
to cannabis oil as an alternative option.
1.1.2 Reasons for Maternal Cannabis Use

The use of cannabis during pregnancy is partially due to its natural anti-emetic properties,
as pregnant women commonly report using it to self-medicate their nausea and vomiting symptoms
(15; 16). Roughly 70% of women experience nausea and vomiting during their pregnancy, with
symptoms typically peaking in the first trimester but sometimes lasting the entire pregnancy (17).
Accordingly, cannabis use is highest in women who experience severe nausea during their
pregnancy and used more frequently during the first trimester (18; 19). Cannabis users report
cannabis to be very effective at treating their nausea symptoms and feel it is more natural than
typical prescribed medications (16; 20). The use of cannabis as a natural anti-emetic treatment has
been used in various cultures throughout history as well as in Western medicine (21). Its use in
alleviating chemotherapy-induced nausea and vomiting has recently been assessed with
cannabinoids having better acute anti-emetic effects than conventional drugs but inducing more
side effects than control medications (22). As pregnant women appear to be turning to cannabis to
self-medicate their nausea and vomiting symptoms, it is imperative to understand the overall

impact of cannabis on pregnancy outcomes.
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1.1.3 Risks of Maternal Cannabis Use

Despite the growing popularity of maternal cannabis use, numerous reports have identified
increased complications and fetal abnormalities in pregnant women using cannabis. Cannabis has
been shown to significantly reduce birthweight, increase the risk of preterm birth, and impair fetal
brain development resulting in long-lasting cognitive deficits in the child (1; 23; 24). A recent
Canadian study examining fetal abnormalities in pregnant women self-reporting cannabis use,
found that infants exposed to cannabis in utero were more likely to be small for gestational age
(SGA), have major anomalies, lower head circumference, a lower Apgar score, and require
intensive care admission than controls (1). These findings were consistent with other reports, as a
recent systematic review analyzing 16 different primary studies found similar adverse outcomes
across all reports (24). Unfortunately, the effects of prenatal cannabis exposure extend beyond
pregnancy, with children often experiencing altered cognitive processes later in life (25; 26; 27).
Maternal cannabis use during pregnancy is associated with increased hyperactivity, inattention
issues, anxiety, and aggression in the children, as well as a higher likelihood of being diagnosed
with autism spectrum disorder and learning disorders later in childhood (25; 26; 27). Given the
serious implications to the health of the pregnancy and child development coupled with the rising
prevalence of maternal cannabis use, there is an urgent need to understand the mechanisms driving

cannabis-induced pregnancy complications.

1.2 Cannabis: Receptors and Pharmacokinetics

1.2.1 The Endocannabinoid System
The two predominant cannabinoids derived from the cannabis plant are delta-9-

tetrahydrocannabinol (THC), the major psychoactive chemical of cannabis, and CBD (28).
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Investigation of THC binding sites identified the presence of two G protein-coupled receptors
(GPCR) cannabinoid receptor 1 (CB1) and cannabinoid receptor 2 (CB2) (29; 30). The CB1
receptors congregate within the central nervous system but are found in peripheral tissues such as
the spleen, lungs, and vasculature (31). In contrast, CB2 is found predominantly in immune tissues
and is thought to modulate the immune response by regulating cytokine production, cell activation,
and cell proliferation (32). CB2 receptor expression has also been identified within the central
nervous system, cardiovascular system, and respiratory system (31; 33). Thus, engagement of CB1
and CB2 can have far reaching effects on numerous body systems.

The natural ligands for CB1 and CB2 receptors are the endocannabinoids, most notably
anandamide (AEA) and 2-arachidonoylglycerol (2-AG), which are thought to be involved in a
variety of physiological processes such as neurotransmission, cognition, and reproduction (31).
The endocannabinoids are synthesized on demand from lipid precursors with N-acyl-
phosphatidylethanolamines (NAPE)-hydrolyzing phospholipase D (NAPE-PLD) and sn-1-DAG
lipase (DAGL) being the most prominent enzymes responsible for AEA and 2-AG synthesis,
respectively (34; 35). The endocannabinoids will then engage with the CB receptors until they are
transported into the cell and inactivated by fatty acid amide hydrolase (FAAH) for AEA or
cytosolic monoacylglycerol lipase (MAGL) for 2-AG (36; 37). Thus, the action of the
endocannabinoids is dependent upon their lifespan within the extracellular space (35).

Binding with the CB1 and CB2 receptors leads to the initiation of several different
signalling cascades such as the inhibition of adenylyl cyclase, activation of mitogen-activated

protein kinase (MAPK), and engagement with different ionic currents (35).
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1.2.2 Cannabinoid Receptors

Exogenous cannabinoids can signal through the CB1 and CB2 receptors of the
endocannabinoid system but can also interact with peroxisome proliferator-activated receptors
(PPARSs), transient receptor potential vanilloid-1 (TRPV1) channels, and other G-protein-coupled
receptors like GPR55 (38; 39). THC is a partial agonist for both CB1 and CB2 receptors but can
also engage with TRPV1 channels, PPARs, GPR55, B-adrenoreceptors, and other channels for Na
and K (40). THC elicits its psychoactive effects through interaction with CB1 receptors in the
brain, which act to either reduce or stimulate neurotransmitter release from neurons (41).
Conversely, CBD acts as an inverse agonist of CB1 and CB2 receptors, an agonist of TRPV1
channels and PPARs, and inhibits FAAH’s ability to hydrolyze AEA leading to AEA accumulation
(42; 43). The anti-inflammatory effects of CBD are thought to be partially mediated through its
interaction with PPARs like PPARy which has been found to promote anti-inflammatory cytokine
production (44; 45). Additionally, the increase in AEA levels caused by CBD’s inhibition of
FAAH is also thought to mediate several of its effects (46; 43).
1.2.3 Pharmacokinetics of Cannabis — Different Routes of Administration

The rate of cannabis metabolism and potency of its effects are heavily dependent on the
route of administration. In humans, inhalation of cannabis causes the highest bioavailability of
THC at roughly 10-35% with peak levels experienced rapidly (6-10 minutes) following
consumption (47; 48). In contrast, oral consumption of THC produces peak concentrations later at
roughly 1-6 hours post-ingestion and only reaches a bioavailability of roughly 4-12% (49; 50).
Interestingly, bioavailability tends to be higher for frequent users of cannabis, with heavy users
having roughly double the systemic bioavailability than occasional users (47; 51). Similar rates of

bioavailability are found for CBD when consumed either via inhalation or ingestion (50).
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Extensive first-pass liver metabolism following ingestion also tends to result in higher levels of
cannabinoid metabolites like 11-hydroxy-THC (11-OH-THC), 11-nor-9-carboxy-THC (THC-
COOH) and hydroxylated 7-COOH derivatives of CBD (49).

However, the bioavailability of cannabinoids following oral consumption may be heavily
dependent on the formulation of the carrier liquid and whether the individual is fasted (49; 52).
One study found comparable serum bioavailability after oral or pulmonary exposure when fasted
rats received cannabis via sunflower oil (49). Interestingly, the same group also found that while
cannabinoid levels in the brain rapidly peaked and then declined after inhalation, the cannabinoid
levels were more long-lasting and higher in the brain following oral consumption (49). Both THC
and CBD are highly lipophilic causing them to accumulate within the brain, adipose tissue, and
other organs (53). Hlozek et al. suggested that oral administration may cause cannabinoids to
accumulate in the brain overtime.

Both THC and CBD can readily cross the placenta during pregnancy, though the
concentrations in fetal circulation are lower than what is found in the mother (48). Oral
administration of THC oil to pregnant animals causes the fetal THC level to be roughly one-tenth
of the dam’s serum THC concentration whereas inhalation results in higher levels at roughly one-
third the maternal concentration (54; 55). After birth, cannabinoids are also able to pass into the

breast milk resulting in a nursing infant being exposed (48; 56).

1.3 Endogenous and Exogenous Cannabinoids in Reproduction

1.3.1 The Impact of Cannabinoids on Implantation
The endocannabinoid system is involved in several stages of reproduction, as the human

endometrium and placenta both express CB1 and CB2 receptors (57). Compared to other
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mammalian tissues, the endogenous cannabinoid AEA is most abundant in the uterus (57). AEA
is thought to be involved in several reproductive events such as synchronising the timing of
implantation by coordinating endometrium susceptibility and embryo development (58). Levels of
AEA seem to be the lowest at the implantation site but higher in the surrounding non-implantation
areas, which corresponds to previous reports indicating that high AEA concentration impairs
embryo implantation while lower levels stimulate differentiation via CB1 (58; 59). Furthermore,
AEA concentrations are lower in the receptive murine uterus but increase during the non-receptive
stage (58). A high affinity CB1 receptor has been identified on murine blastocysts and thus
endocannabinoids may coordinate the crosstalk between the embryo and receptive uterus to
promote implantation in the appropriate window (60). In agreement with this, embryos deficient
in CB1 demonstrated asynchrony between embryo and uterine development compared to wild-
type controls (59). Considering AEA and the cannabinoid receptors play a role in coordinating
implantation, cannabis could potentially interfere with this early stage of pregnancy by disrupting
AEA balance or directly acting on CB1 receptors.

Additionally, the cannabinoids have been implicated in altering the receptivity of the maternal
endometrium to implantation and its ability to promote early movement of fetal-derived
trophoblast cells (61). Decidualization is a process in the secretory phase of the menstrual cycle
by which uterine fibroblast-like endometrial stromal cells (ESCs) create a favorable environment
for embryonic development (62). Communication between the ESCs and trophoblast cells is
essential to coordinate embryo attachment and subsequent trophoblast invasion (61).
Neradugomma et al. demonstrated that treatment with THC or CBD delayed blastocyst attachment
and initial spreading on the ESCs. Additionally, using a Boyden chamber assay to assess invasion,

the authors showed culture of ESCs with THC or CBD for 7 days significantly decreased their
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ability to promote trophoblast migration (61). Thus, cannabinoids may promote obstetrical
pathology by impairing proper trophoblast implantation and subsequent migration by disrupting
ESCs.
1.3.2 The Impact of Cannabinoids on the HPO Axis
Another point of involvement of the endocannabinoid system in regulating reproduction is

its influence on the hypothalamic-pituitary-ovarian (HPO) axis. The hormones secreted by the
three structures contained in this axis are responsible for regulating the ovarian cycle (63). The
hypothalamus and anterior pituitary express CB1 and the ovaries express both CB1 and CB2 (63).
THC has been found to suppress the secretion of several gonadotropins within the HPO axis such
as gonadotropin-releasing hormone (GnRH) from the hypothalamus and follicle stimulating
hormone (FSH) and luteinizing hormone (LH) from the anterior pituitary (64; 65). As a result,
chronic exposure to THC has been demonstrated to induce irregular estrous cycles in female rats
and alter the structure of preovulatory follicles (66; 67). Repetitive administration of THC to rhesus
monkeys induces abnormal menstrual cycles with variations in length and anovulation periods
(68). Additionally, women who reported cannabis use experienced abnormal menstrual cycles,
with a prolonged follicular phase, and a higher risk of fertility issues because of these abnormal
cycles (69; 70). THC’s ability to induce dysregulation of the menstrual cycle is thought to be partly
caused by its impairment of the HPO axis.
1.3.3 The Impact of Cannabinoids on Trophoblast Functions

The early blastocyst stage of the developing embryo is divided into two distinct cell
populations: the inner cell mass which eventually becomes the embryo, and the trophoblast which
consists of cells that coordinate implantation and form the chorionic sac surrounding the fetus.

Following implantation, the trophoblasts divide and migrate through the maternal tissue
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establishing the unique structures of the maternal-fetal interface (71). The degree of trophoblast
invasion has been associated with pregnancy outcome, with insufficient invasion being correlated
with preeclampsia, preterm labor, and intrauterine growth restriction IUGR) (72; 73). Several
studies have investigated how CBD and THC are able to impair proper trophoblast functioning
and subsequently induce pregnancy complications.

Cannabinoids have been shown to directly cause trophoblast dysfunction by impairing
proliferation, reducing cell differentiation, and inducing apoptosis. Co-culture of THC with the
BeWo trophoblast cell line impaired proliferation of these cells in a dose-dependent manner and
altered expression of several genes involved in cell cycle progression (74). Additionally, THC has
been shown to reduce differentiation of cytotrophoblasts to syncytiotrophoblasts demonstrated by
decreases in biomarkers of trophoblast differentiation (75). The syncytiotrophoblasts form the cell
layer that is in direct contact with maternal blood and are responsible for nutrient exchange and
hormone secretion, therefore, reduced differentiation may impede these processes (75).
Syncytiotrophoblasts are also responsible for folate uptake from the maternal blood stream as they
express the high affinity folate receptor a (FRa) (76). Folate is an essential micronutrient for
normal placental and fetal development, as women with folate deficiency have increased risks of
neural tube defects and spontaneous abortion (77). Keating et al. demonstrated that 48-hour
incubation of villous cytotrophoblasts, a model of syncytiotrophoblasts, with THC significantly
impaired the ability of trophoblasts to uptake folic acid. Dysregulation of folate uptake by
syncytiotrophoblasts cells could be another mechanism by which cannabis results in pregnancy
complications. Lastly, THC has been indicated to affect the viability of trophoblasts by inducing
apoptosis. Treatment of BeWo cells with THC for 36 hours induced increased activation of the

effector caspases, caspase-3/-7, as well as caspase-9 compared to control cells (78). BeWo co-
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culture with THC has also been shown to upregulate expression of pro-apoptotic genes (74).
Trophoblast turnover is an essential process for placental development and relies on both
proliferation and apoptosis (78). Cannabis thus seems to negatively regulate trophoblast turnover
by dysregulating proliferation, differentiation, and apoptosis.

Potential Mechanisms Behind Cannabinoid-Induced Trophoblast Dysfunction

The cannabis-induced trophoblast dysfunction is thought to be regulated in part by STAT3
signalling and induction of endoplasmic reticulum (ER) stress. STAT3 is a member of the STAT
family and is involved in many essential cell functions such as cell motility. Particularly, activation
of STATS3 is essential for primary trophoblast invasion and seems to be induced by several soluble
factors in the placenta such as IL-6, leukemia inhibitory factor (LIF), and hepatocyte growth factor
(HGF) (79). Incubation of two trophoblast cell lines with cryptotanshinone, a selective STAT3
inhibitor, significantly reduced the migration ability of the trophoblast cells (80). Chang et al.
looked at the phosphorylation of STAT3 in the placentas of mice treated with THC and women
who used cannabis during pregnancy and found that activation of STAT3 is largely downregulated
in these placentae. This group suggested that impairment in STAT3 signalling could explain how
THC is capable of impairing trophoblast motility (80).

Another proposed explanation for the dysfunction of trophoblasts in response to THC exposure
is induction of ER stress (81). Pregnant mice administered a single dose of tunicamycin to
chemically induce ER stress experienced increased fetal growth restriction and lower placental
weights (82). Considering maternal cannabis use during pregnancy is associated with fetal growth
restriction, Lojpur et al. assessed whether THC induces ER stress in-0 trophoblast cells. In a dose-
dependent manner, THC treatment activated the uncoupled protein response and significantly

increased protein levels of ER stress markers, such as GRP78, in BeWo cells (81). Pre-treatment
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with CB1 and CB2 antagonists completely abrogated this response indicating the ER stress
induced by THC is dependent on cannabinoid receptors (81).

Lojpur et al. also examined the effect of THC on mitochondrial respiration in BeWo cells. 24-
hour culture with THC lowered basal respiration by 50% and maximal respiration by 25% as
measured via the XFe24 Seahorse analyzer (81). This result corroborates previous studies
indicating the ability of THC to reduce mitochondrial function in various cell types (83). 48-hour
exposure to 20 uM of THC reduced mitochondrial respiration in the human extravillous
trophoblast (EVT) cell line HTR8/SVneo (84). Moreover, Walker et al. demonstrated that
exposure of the BeWo trophoblast cell line to THC reduced mitochondrial membrane potential,
induced mitochondrial stress, and increased reactive oxygen species (ROS) (85). Considering
oxidative stress and elevated ROS are key features in several gestational pathologies such as
preeclampsia and IUGR, metabolic insufficiency in trophoblast cells may be an important
mechanism in THC-driven placental dysfunction and pregnancy complications (86). Additionally,
given the physical proximity of the ER to the mitochondria, integrated signalling between the two
organelles has been suggested and may explain how THC induces both ER stress and
mitochondrial dysfunction (81). Nonetheless, THC may provoke IUGR via induction of ER stress
and decreased mitochondrial respiration.

Overall, it is clear from previous research that the cannabinoids can affect several different
processes during pregnancy. Moreover, as pregnancy is an amalgamation of several complex
mechanisms and bodily systems working together, it is likely that the pregnancy complications

associated with cannabis use are due to dysfunction in several different mechanisms.
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1.4 The Maternal Immune System During Pregnancy

14.1 Changes to the Inmune System During Pregnancy

For a successful pregnancy, the uterus must be receptive to the implanting embryo, tolerant
to the semi-allogenic fetal cells, and undergo extensive modifications to promote placenta
formation and decidual artery remodelling (87). These processes are largely modulated by a
complex inflammatory system populating the maternal decidua surrounding the developing
embryo. Towards the end of the progesterone-dominated luteal phase of the menstrual cycle the
immune cells of the maternal endometrium proliferate and prepare for potential pregnancy (88).
Of these cells, a unique form of natural killer (NK) cell called a uterine NK (uNK) cell
predominates accounting for roughly 70% of leukocytes in the early pregnant decidua (89).
Macrophages are the second largest population of leukocytes in the decidua comprising roughly
20% (90). Other immune cells like dendritic cells and Foxp3+ T regulatory (Treg) cells also play
important roles in modulating inflammation and promoting development at the maternal-fetal
interface (88). Additionally, the roles and proportions of these immune cells change throughout
pregnancy as the inflammatory response alters depending on the stage of development (87).

The early stages of pregnancy, including implantation and placentation, are governed by
pro-inflammatory processes that promote reorganization and increased expression of adhesion
molecules, the removal of mucins at the uterine surface that block adhesion, and regulation of
tissue remodelling (91). As the maternal-fetal interface is established and extensive fetal growth
begins, the inflammatory response switches to more anti-inflammatory with promotion of immune
tolerance and tissue repair (87). Lastly, a final switch to pro-inflammatory processes has been
indicated as a necessary process for labour. Activation of the NF-kB pathway and recruitment of

inflammatory cells into the myometrium has been shown to be crucial for the initiation of labour
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and contraction of the uterus (87; 92). Thus, pregnancy requires an active immune response at the
decidua that adapts depending on the needs of the specific stage of pregnancy.
The innate and adaptive immune systems also change systemically during pregnancy.

There are increased numbers of circulating granulocytes, monocytes, and Treg cells in pregnancy,
while NK cells and CD4+ T cells tend to decrease (93; 94; 95; 96). The monocytes and
granulocytes also show evidence of increased activation during pregnancy, having elevated levels
of activation markers and adhesion molecules as well as increased intracellular ROS production
and phagocytosis (97). In contrast, peripheral blood NK (pbNK) cells and T cells from pregnant
individuals show reduced secretion of cytokines like interferon (IFN)-y (96). Some studies suggest
that the reduced functions of circulating NK cells and T cells may account for the increased
severity of infections in pregnant mothers like influenza (98). Nonetheless, pregnancy is a complex
physiological process that changes both local and systemic immune landscapes to support the
developing fetus.
14.2 Uterine NK Cell Function During Pregnancy

ulNK cells are the predominate leukocyte of the first trimester decidua and are instrumental in
promoting immune suppression, regulating trophoblast migration, secreting growth factors, and
ensuring proper decidual vascular remodelling at the maternal-fetal interface. Unlike NK cells
found in the blood, uNK cells are non-cytotoxic and promote immune suppression (99). The
functions of uNK cell are tightly regulated by the balance of activating and inhibitory receptors,
with most inhibitory receptors recognizing major histocompatibility complex (MHC) class 1
molecules (99). EVT cells do not express the classical MHC-1 molecules HLA-A and HLA-B
allowing them to evade T cell attack but do express HLA-C and the non-classical HLA-G and

HLA-E (99; 100). uNK cells express high levels of inhibitory receptors like KIR2DL2/73,
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CD94/NKG2A, and ILT2 which recognize HLA-C, HLA-E, and HLA-G, respectively, preventing
them from killing trophoblast cells (101). uNK cells also produce immunosuppressive cytokines
like interleukin (IL)-10 and transforming growth factor $ (TGF-B) which promote the anti-
inflammatory functions of other immune cells at the maternal-fetal interface (102; 103).

Human uNK cells account for roughly 40% of leukocytes in the late secretory phase
endometrium, rapidly proliferate during the first trimester of pregnancy, and then decline after
placenta formation (89; 104). An important early function of uNK cells, prior to the formation of
the placenta, is to produce essential growth-promoting factors. Specialized tissue-resident uNK
(trNK) cells produce pleiotrophin, osteoglycin, and osteopontin which support development of
fetal bone, cartilage, brain, vessel, and cardiac tissue (104). In Nfil3”- mice, trNK cells are
substantially reduced. These mice demonstrate impaired fetal growth and bone formation (104).
However, the fetal growth restriction was alleviated upon adoptive transfer of in vitro generated
trNK cells, indicating the connection between uNK cells and fetal growth (104).

ulNK cells reside in close proximity to trophoblast cells and are capable of directly regulating
trophoblast functions through secretion of various cytokines and growth factors (105). In an in
vitro invasion assay, UNK cells, but not pbNK cells, were able to potently promote trophoblast
migration (106). Moreover, administration of neutralizing antibodies for IL-8 and IFN-inducible
protein 10 (IP-10) significantly reduced the ability of uNK cells to promote trophoblast migration
indicating the potential role of these cytokines in uNK cell-mediated trophoblast migration (106).
However, uNK cells have also been implicated in limiting trophoblast movement. IFN-y and
tumour necrosis factor (TNF)-a, both of which are produced by uNK cells, have been shown to

inhibit trophoblast migration in vitro (107; 108). As the promotion and restraint of trophoblast
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migration through the maternal tissue are equally important for proper placentation it seems uNK
cells play an essential role in balancing this process (105).

An important objective of early pregnancy is to establish an adequate blood supply for the
developing fetus to allow nutrient transport and gas exchange (109). Inadequate arterial
remodelling can result in complications such as preeclampsia, [UGR, and recurrent pregnancy loss
(110). Vascular remodeling is accomplished in part by EVT cells which invade maternal
vasculature, remodel vessels, and create a villous space where chorionic villi can uptake nutrients
(109). uNK cells are also thought to be heavily involved in regulating spiral artery remodelling by
directly acting on vascular smooth muscle cells (VSMCs), as well as indirectly by producing
angiogenic factors (111). Smith et al. demonstrated that human uNK cells infiltrate the VSMC
layers of remodelling vessels and secrete matrix metalloproteinase (MMP)-7 and -9 which degrade
the vascular extracellular matrix (112). Additionally, this leukocyte-mediated remodelling
occurred during an early pregnancy stage when EVTs had not yet migrated to the maternal vessels
indicating a clear trophoblast-independent role of uNK cells in vascular remodelling. Another
mechanism of uNK cell-mediated angiogenesis is through the release of various mediators. uNK
cells produce high amounts of the angiogenic factors vascular endothelial growth factor (VEGF),
placental growth factor (PIGF), and angiopoietin 2 (113). Supernatants of human uNK cells, but
not pbNK cells, increased the migration of human umbilical vascular endothelial cells (HUVEC)
and accelerated formation of complex network structures in the HUVECs (106). This effect was
reduced upon addition of Fltl1-Fc fusion protein, which neutralizes VEGF and PIGF, indicating
that uNK cells are mediating angiogenesis partially through production of these factors (106). The
production of IFN-y by uNK cells has also been implicated in regulating vascular remodelling in

both mice and humans (114; 115). In lymphocyte deficient mice, engraftment of bone marrow

15



MSc. Thesis — T. Ritchie; McMaster University — Medical Sciences

cells unable to produce IFN-y significantly impairs pregnancy-induced vascular remodelling and
leads to necrosis and hypocellularity in the deciduae of these mice (116). However, treatment with
IFN-y can independently rescue arterial remodelling in these pregnant mice (116). Thus, murine
uNK cells seem to modulate arterial modifications in an IFN-y-dependent mechanism.
Additionally, recent reports have identified “pregnancy trained” uNK cells in multigravid women
that are capable of secreting significantly higher levels of VEGF and IFN-y than uNK cells isolated
from a first pregnancy (117). Pregnancy complications associated with defective placentation, like
IUGR, appear at lower frequencies in repeated pregnancies, and thus improved uNK cell
functioning may account for this (117).

The critical role of uNK cells in a successful pregnancy is highlighted as their dysfunction has
been associated with various pregnancy complications. For instance, decidual tissue isolated from
pregnancies experiencing fetal growth restriction had decreased proportions of uNK cells
compared to healthy pregnancies. This was associated with aberrant vascular remodelling (118).
Additionally, uNK cells isolated from women with an increased risk of developing preeclampsia
were unable to effectively promote trophoblast migration in an in vitro assay (119). Thus, uNK

cells are an integral player in ensuring a healthy pregnancy.

1.5 The Effects of Cannabinoids on Immune Cell Function

The two prominent receptors of the endocannabinoid system are CB1 and CB2. While CB1
primarily congregates within the nervous system and some peripheral tissues, CB2 is
predominantly expressed on immune cells. B cells express the highest levels of CB2 followed by
NK cells > monocytes > neutrophils > CD8+ T cells > CD4+ T cells (120; 121). Engagement of

these receptors by cannabinoids has been demonstrated to potently modulate immune homeostasis
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with a preference for immune suppression. This immune suppression is thought to be modulated
by 1) inhibition of immune cell proliferation, 2) reduction in pro-inflammatory cytokine
production, 3) recruitment of Treg cells, and 4) induction of apoptosis (122). Most of the research
has addressed the effect of cannabinoids, particularly THC, on T cell function. Exposure of T cells
to THC has been shown to decrease T cell proliferation and potently suppress pro-inflammatory
cytokine production like IL-2, IL-12, IFN-y, and TNF- a (123; 124; 125; 126). THC has also been
shown to induce Treg cell development and promote IL-10 and TGFp production (127; 128).
Specifically, levels of IL-10 and TGFp were significantly increased in murine lung tumours, both
at the tumour site and in the spleen, following THC treatment. Moreover, mice had significant
enhancement of tumour growth following THC treatment which was partially diminished by
administration of anti-IL-10 and anti-TGFf (128). CBD has also been shown to promote anti-
inflammatory effects in T cells by reducing proliferation and production of pro-inflammatory
cytokines (129). Incubation of T cells isolated from either rat spleens or lymph nodes with varying
concentrations of CBD dose-dependently decreased IFN-y production from the T cells (129). CBD
has also been found to decrease IL-2 and granulocyte-macrophage colony-stimulating factor (GM-
CSF) production in stimulated human T cells from healthy donor blood (129). Ultimately, the
cannabinoids seem to induce anti-inflammatory functions in T cells through various mechanisms.
1.5.1 Cannabis and NK Cell Function

A few studies have assessed the influence of cannabinoids on pbNK cell function and have
demonstrated changes in cytotoxicity as well as cytokine and chemokine production. Brief culture
of human pbNK cells with THC caused a dose-dependent decrease in cytotoxicity against K562
cancer target cells (130). Similarly, pbNK cells isolated from mice that had been treated with THC

showed a significant decrease in cytotoxicity against YAC-1 tumour cells (131). Pre-treatment
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with CB1 and CB2 receptor antagonists attenuated this inhibition indicating a direct role of these
receptors in the THC-mediated reduction in cytotoxicity (131). Cannabinoids have also been
implicated in reducing cytokine production from pbNK cells. THC treatment greatly diminished
the production of IFN-y from murine pbNK cells and has also been shown to reduce TNF-a
production in human pbNK cells (131; 132). Moreover, the reduction in IFN-y production was
rescued by pre-treatment with CB1 and CB2 receptor antagonists (131). pbNK cell chemokine
production has also been altered by cannabinoids in previous research. THC seems to impair the
ability of pbNK cells to recruit other inflammatory cells, as incubation with THC substantially
decreases the production of the chemokines macrophage inflammatory protein (MIP)-1a, MIP-1f,
and regulated on activation normal T cell expressed and secreted (RANTES) from a pbNK cell
line (124). Lastly, THC has also been shown to inhibit proliferation of pbNK cells, as the
proliferation of NKB61A2, a NK cell line, was inhibited following administration of THC (133).
Thus, the cannabinoids, mainly THC, seem to affect NK cells similarly to T cells by reducing
proliferation, cytotoxicity, and the production of cytokines. However, no work has currently been
done to assess the effect of CBD on NK cell function.
1.5.2 Cannabis and Immune Cell Function During Pregnancy

Due to the sheer importance of proper immune cell functioning at the maternal-fetal interface
during pregnancy, any disruption could result in pregnancy complications (118; 119). However,
limited work has been done thus far to examine whether cannabis alters immune cell functions
during pregnancy. A recent study that performed gene expression analysis on placental biopsies of
women reporting cannabis use found that many immune-related genes involved in cytokine
signalling (ex. CXCLS8 and ILIB) and the IFN pathway (ex. IRFI and IRF7) were substantially

downregulated in mothers using cannabis (134). Additionally, these reduced immune-related gene
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networks significantly correlated with abnormal neurobehavioral outcomes seen in the offspring
of maternal cannabis users suggesting a dysregulated immune system as a potential driver of
cannabis-induced pregnancy complications (134). On the other hand, exposure to THC during
pregnancy has also been shown to disrupt immune development in the fetus. Thymic atrophy and
reduced CD8+ T cells have been found in the fetuses of pregnant mice injected with THC, an
effect that was partially blocked by pre-treatment with CB1 or CB2 antagonists (135).
Additionally, this impaired immune development extends after birth, as pups exposed to THC in
utero exhibited decreased response to HIV antigens five weeks after birth (135).

As of now, all studies investigating the effect of cannabis on NK cell function have been
focused on NK cells found in the blood. However, one recent report has assessed the role of the
natural endocannabinoid system in uNK cell function during miscarriage (136). Primary human
ulNK cells isolated from the first-trimester decidua of elective pregnancy terminations expressed
both CB1 and CB2 receptors and contained the machinery capable of synthesizing the
endocannabinoid AEA (136). However, the expression of these receptors and machinery was not
different between uNK cells isolated from elective pregnancy terminations and uNK cells isolated
from miscarriage. Interestingly, 18-hour co-culture of isolated uNK cells with AEA resulted in
altered production of some angiogenic factors like angiogenin, angiopoietin-1 and -2, and
fibroblast growth factor-2 (136). The researchers also found significantly higher concentrations of
AEA in the decidual tissue of miscarriages compared to elective abortions of healthy pregnancies.
Given that uNK cells express cannabinoid receptors and can be influenced by endocannabinoids,

the exogenous cannabinoids found in cannabis could alter their function.
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As mentioned earlier, preliminary reports have indicated that co-culture with THC or CBD
decreases T cell and pbNK cell production of IFN-y and TNF-a (131; 132). However, IFN-y
secretion by uNK cells in both mice and humans is a crucial mediator of the vascular remodelling
process. Thus, cannabinoids may impair uNK cell cytokine production and disrupt their functions

leading to pregnancy complications.
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1.6 Project Rationale, Hypothesis and Thesis Objectives

1.6.1. Rationale

The legalization of recreational cannabis in Canada has drastically changed the
accessibility, acceptability, and perceived safety of cannabis use (2; 3). As a result, the rates of
maternal cannabis consumption have increased substantially with nearly a 6-fold increase in
prevalence since 2003 (1). However, despite the growing popularity of maternal cannabis use,
numerous reports have linked cannabis to several serious pregnancy complications such as low
birthweight, stillbirth, and impaired fetal brain development (24; 137). The impact of cannabis
extends beyond pregnancy with offspring developing attention issues, increased aggression,
anxiety, and learning disabilities later in life (25; 26; 27).

Regardless of the growing prevalence and clear risks associated with maternal cannabis
use, information remains limited on the cause of these complications. So far, work has primarily
been done to uncover the effects of cannabis on placental development, as it appears THC disrupts
trophoblast proliferation and differentiation (80). However, remodelling of the maternal decidua
is a crucial process of early pregnancy which involves tissue and vascular changes to support fetal
growth (138). The immune system populating the maternal-fetal interface primarily comprised of
ulNK cells, is the key driver of this remodelling process (106). The sheer importance of the maternal
immune system during pregnancy is clear, as abnormal uNK cell function has been linked to
several adverse pregnancy outcomes such as fetal growth restriction and preeclampsia (118; 139).
A recent study found that many immune-related genes were substantially downregulated in the
placentas of women using cannabis (27). Additionally, these reduced immune-related genes were
significantly correlated with abnormal fetal outcomes suggesting a dysregulated immune system

as a potential driver of cannabis-induced pregnancy complications. Preliminary work has also
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found that THC significantly suppresses pbNK cell function and considering that uNK cells
express the cannabinoid receptors their functions could also be impacted (131; 136).

While cannabis smoke inhalation remains the most popular method of consumption,
alternative products like cannabis oil are becoming increasingly popular (10). Particularly CBD
oil with its numerous reported health benefits is often perceived as safer by the public (14).
However, despite the growing popularity of CBD oil limited research has evaluated its safety in
pregnancy. Human studies of pregnant women typically do not specify cannabis consumption
method and murine models tend to focus on smoke inhalation or injection of only THC, thus
research is needed to evaluate the risk of CBD oil on pregnancy (140; 80).

The present work aims to uncover whether CBD and THC oil similarly impact pregnancy
outcomes in a mouse model. We will also assess whether these complications are driven by

abnormal decidual remodelling and impaired uNK cell functioning.
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1.6.2. Hypothesis and Thesis Objectives

Hypothesis: Both THC and CBD oil cause pregnancy complications by disrupting implantation

site remodelling and uNK cell function.

To test

Aim 1:

model.

Aim 2:

Aim 3:

our hypothesis, we proposed the following specific project aims:

Determine whether exposure to CBD or THC oil alters pregnancy outcomes in a mouse

High CBD or high THC oil will be administered to CD57BL/6J mice from GD 6.5-11.5
and fetal outcomes such as fetal weight, length, head size, brain weight, and fetal resorption
will be assessed one day before term on GD 18.5.

Assess whether cannabis oil impairs implantation site remodelling in a mouse model.
The implantation sites from mice exposed to either high CBD, high THC oil or control oil
from GD 6.5-11.5, will be assessed on GD 10.5 and 12.5. The placental area, distribution
of cells, and spiral artery remodelling will be analyzed through staining of the implantation
sites.

Pinpoint whether uNK cell functions are impacted by cannabinoid exposure.

Objective 1: Assess the effect of exposure to either high CBD or high THC oil on murine
uNK cell number, distribution, and ability to promote vascular remodelling in implantation
sites from GD 10.5 and 12.5.

Objective 2: Assess the effect of incubation with either CBD or THC on both mouse and

human NK cell production of angiogenic factors like IFN-y and VEGF.
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Chapter 2: Materials and Methods

2.1 Materials

Reagent \ Company \ Catalogue Number
Chemicals and Proteins

5-Aza-2'-deoxycytidine Sigma-Aldrich A3656
Biotinylated Dolichos Biflorus Vector Labs B1035-5
Agglutinin

CBD Cerillant C-045
Cytofix/Cytoperm Plus BD Biosciences 554715
Fixation/Permeabilization Kit

DAPI ThermoFisher D1306
DNase 1 Sigma-Aldrich 10104159001
Fixable Viability Dye eFluor ThermoFisher 65-0865-18
780

Fixable Viability Stain 510 BD Biosciences 564406
Golgi Stop BD Biosciences 51-2092KZ
High CBD Qil Symbl N/A

High THC Oil Symbl N/A
Human IL-8/CXCL8 DuoSet R&D Systems DY208
ELISA

Human IL-15 Peprotech 200-15
Human VEGF DuoSet ELISA R&D Systems DY293B
Liberase TM Sigma-Aldrich 5401119001
Lymphoprep Stemcell Technologies 07861
MACSxpress Whole Blood NK | Miltenyi Biotec 130-127-695
Cell Isolation Kit

MCT Oil Nutiva N/A
Mouse IL-15 Peprotech 210-15
Mouse IL-12 p70 Peprotech 210-12
Percoll Cytiva 17089101
ProLong Gold Anti-Fade ThermoFisher P36934
Mounting Media

Streptavidin-Alexa 647 ThermoFisher 532357
TGFB Peprotech 240-B-002
THC Cerillant T-093
Antibodies

Alexa Fluor 700 Mouse Anti- ThermoFisher 56-0454-82
Mouse CD45.2

APC Mouse Anti-Mouse NK1.1 | ThermoFisher 17-5941-82
APC Rat Anti-Mouse IFN- Biolegend 505810
gamma

BV421 Mouse Anti-Human BD Biosciences 564791
IFN-gamma

BV786 Hamster Anti- BD Biosciences 740919
Rat/Mouse CD49a

FITC Mouse Anti-Human CD3 | Biolegend 300406
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Analysis Software

FITC Hamster Anti-Mouse ThermoFisher 11-0031-82
CD3e

FITC Rat Anti-Mouse CD19 ThermoFisher 11-0193-82
FITC Rat Anti-Mouse F4/80 ThermoFisher 11-4801-82
Pacific Blue Rat Anti-Mouse Biolegend 505818
IFN-gamma

PECF594 Rat Anti-Mouse BD Biosciences 562287
CDl11b

PE-Cy7 Mouse Anti-Human BD Biosciences 557742
CD14

PE-Dazzle 594 Mouse Anti- Biolegend 300406
Human CD56

PerCP-eFluoro 710 Rat Anti- ThermoFisher 46-1222-82
Mouse CD122

Equipment

Aperia ScanScope XT Leica Biosystems

Custom Gas Mixture AirLiquide

Hypoxia Incubator Chamber Stemcell Technologies 27310
Eclipse Ni microscope and DS- | Nikon

Qi2 camera

LSRFortessa Flow Cytometer BD Biosciences

Experimental Mouse Models

CD57BL/6J | The Jackson Laboratory | 000664
Software

FACSDIVA Software BD Biosciences

FlowJo Software BD Biosciences

Image] with Fiji Image NIH

Processing Package

OlyVia Olympus

Prism Software (version 7.0) GraphPad

NIS-Elements AR Image Nikon

2.2 Methods: In Vivo Experiments

2.2.1. Generation of Timed Pregnancies

CDS7BL/6J mice were obtained from the Jackson Laboratory (Strain #: 000664) and then bred
and housed in specific pathogen-free conditions at McMaster’s Central Animal Facility. A
maximum of 5 mice were housed per cage in a temperature-controlled environment under a 12-
hour light-dark cycle. Mice had access to water and irradiated Teklad global 18% protein diet (cat

#:2918). For generating timed pregnancies, one to three reproductively mature female CD57BL/6J
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mice (9-11 weeks old) were paired with one male CD57BL/6J mouse (9-11 weeks old) overnight.
The following morning, females were examined for the presence of a hard, occlusive vaginal
copulation plug; females with a plug were designated at gestation day (GD) 0.5.

2.2.2. Cannabis Administration During Pregnancy

Starting on GD 6.5 mice received either 100 pL of high CBD oil (20 mg/kg body weight, Symbl),
100 uL of high THC oil (20 mg/kg body weight, Symbl), or 100 pL of control medium-chain
triglyceride (MCT) oil (Nutiva) daily via gavage until GD 11.5. The high CBD and high THC oil
were made and diluted in MCT oil. Dams were weighed at GD 0.5 and then daily from GD 6.5 up
until GD 15.5. Mice were weighed and then euthanized by cervical dislocation at either GD 10.5,
12.5 or 18.5, depending on experiment outcome.

2.2.3. Mouse Tissue Processing

Fetal and Placental Tissue

At GD 18.5, dams were weighed and then euthanized via cervical dislocation. Their abdomens
were opened, and uteri were excised via cuts at the cervix and utero-tubal junction. Intact
implantation sites were then photographed and assessed for number of viable and resorbed fetuses.
A fetus was deemed as resorbed if it had a black discoloration and was smaller in size. Then
individual implantation sites were separated, and the myometrial tissue was removed. The placenta
was then separated from the fetus, and then either transferred intact to 4% paraformaldehyde for
histology or removed of excess tissue and weighed. The fetuses from each dam were photographed
and weighed. To measure fetal brain weight, the skull cap was removed, and brain tissue collected
and weighed. Crown-rump length was measured from the crown to base of the tail of each fetus
using the Fiji image processing package on the Imagel] software with the evaluator blinded to

treatment group. Fetal head length was also measured using Fiji on ImageJ from the nose to
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posterior aspect of the head of each fetus with the evaluator blinded to treatment group. Both fetal

head length and crown-rump length were measured on the images taken of GD 18.5 fetuses.

Implantation Sites for Histology

At GD 10.5 and 12.5, dams were euthanized, their abdomens opened, and uteri excised via cuts at
the cervix and utero-tubal junction. Intact implantation sites (2-4 per dam) were separated and
fixed in 4% paraformaldehyde for 48 hours, then stored in 70% ethanol. Fixed implantation sites
were cut mid-sagittal to generate two symmetric sections and embedded in paraffin. For GD 18.5
implants, the uteri were excised, and placenta separated from the fetus and fixed in 4%
paraformaldehyde for 48 hours, then stored in 70% ethanol. Fixed placentae were then cut mid-

sagittal to generate two symmetric sections and embedded in paraffin.

Decidual Cell Isolation

On GD 10.5, the uteri were removed in a similar manner to isolating implants for histology. The
individual implantation sites were then separated, and myometrial tissue removed to expose the
decidua and fetal tissue. The fetal tissue, including the amnion and yolk sac were then removed
and discarded. The major lymphoid aggregate of pregnancy (MLAp), decidua, and placenta from
each implantation site were then pooled and weighed per dam. A small amount of RPMI media
(200 pL) was added, and tissues were immediately homogenized, and cells pelleted via
centrifugation at 800 x g for 5 minutes as previously described (116). After centrifugation, the
supernatants were collected and stored at -80°C until use. The remaining cell pellet was then
enzymatically digested in 2.5 mL of RPMI media containing 50 pg/mL Liberase TM (Sigma-
Aldrich) and 50 pg/mL DNase I (Sigma-Aldrich) for 30 minutes at 37°C on a ThermoMixer. After
digestion, the cell suspension was passed through a 70 um nylon cell strainer and the collected

cells were pelleted via centrifugation (1600 rpm for 10 minutes). The cells were then counted and
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resuspended either for flow cytometry staining or further processing for cytokine stimulation. The
cells used for cytokine stimulation were then subject to a 40%/80% Percoll gradient to enrich

decidual leukocytes.

Splenocyte Isolation

Pregnant mice at GD 18.5 were euthanized by cervical dislocation, their abdomens opened, and
spleens excised. The spleens were then mechanically digested into single cell suspension via the
blunt end of a syringe plunger. Cells were then passed through a 70 pm nylon cell strainer,
centrifuged at 1600rpm for 10 minutes, and then incubated in Ammonium-Chloride-Potassium
(ACK) lysis buffer for 45 seconds to remove red blood cells. Cells were then washed with complete
RPMI media (10% fetal bovine serum (FBS), 1% Hepes, 1% L-Glutamine, 1% Penicillin
Streptomycin), counted, and then resuspended for cytokine stimulation.

2.2.4 Implantation Site Histology

H&E and PAS Staining

Cross-sections of paraffin embedded implantation sites or placentas were cut and stained with
hematoxylin and eosin (H&E) or periodic acid—Schiff (PAS) by members of the McMaster
Immunology Research Centre Histology Core Facility. Slides were scanned at 40x magnification
with Aperia ScanScope XT (Leica Biosystems). Histology images were taken using Olympus
OlyVia Software. Placental area (GD 12.5 and GD 18.5) and spiral artery diameter (GD 10.5) were
analyzed using the Fiji image processing package on ImageJ software of H&E cross-sections (2x
and 20x magnification, respectively) with the investigator blinded. Placental area was measured
from the base of the placenta at the chorionic plate to the trophoblast giant cells and averaged per
implantation site. Vessel to lumen diameter was measured by dividing the vessel diameter by the

lumen diameter with measurements taken at the widest point of the vessel. The vessel to lumen
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diameter was then averaged per implantation site. The number of vessel-associated uNK cells,
deemed as PAS+ cells located within the vessel wall, were counted on PAS-stained GD 12.5
implantation sites with the investigator blinded. The number was then averaged per implantation

site.

Immunofluorescent DBA Staining

Paraffin-embedded implantation sites were sectioned at 4 um using a rotary microtome and dried
overnight. Slides were incubated at 65°C for 15 minutes, dewaxed in Xylene, and rehydrated
through a series of ethanol solutions of decreasing concentration ending with distilled water. Slides
were washed three times with phosphate buffered saline (PBS), and non-specific binding was
blocked by incubation with 10% goat serum in 0.1% Tween20 buffered PBS for 1 hour. Next the
slides were incubated with biotinylated Dolichos Biflorus Agglutinin (DBA, Vector Labs B1035-
5), diluted 1:200 in blocking buffer, overnight at 4°C. The next morning, sections were washed
and incubated for 1 hour with Streptavidin-Alexa 647 (ThermoFisher; S32357, 1:500 in PBS with
0.1% Tween 20). Sections were counterstained with DAPI (1 mg/mL diluted 1:5000 in PBS) for
5 minutes. Slides were then washed, and cover slipped with ProLong Gold Anti-Fade Mounting
Media (ThermoFisher; P36934). Fluorescence was imaged using a Nikon Eclipse Ni microscope
and Nikon DS-Qi2 camera. Fluorescence was quantified using NIS-Elements AR image analysis
software as area of image DBA+ (Cy5+) divided by total image area with the investigator blinded

to treatment group.
2.2.5 Ex Vivo Cannabinoid Incubation and IFN-y Production

Splenocyte Stimulation with Cannabinoids

After digestion and ACK lysis, the remaining cells were resuspended to 1x10° cells/mL in

complete RPMI media and stimulated with high dose IL-15 (100ng/mL Peprotech catalogue #
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210-15) for 10 hours in the presence or absence of THC (Cerillant catalogue # T-093) or CBD
(Cerillant catalogue # C-045) at 0.1-1 pg/mL. After 2 hours of the 10-hour incubation had elapsed,
BD Golgi Stop (BD Biosciences catalogue # 51-2092KZ) was added. Following the incubation,

cells were stained for viability, NK cell markers, and IFN-y.

Decidual Leukocyte Stimulation with Cannabinoids

Decidual leukocytes isolated from GD 10.5 implantation sites were resuspended to 1x10° cells/mL
in complete RPMI media. Cells were stimulated with 100 ng/mL of IL-15 (Peprotech catalogue #
210-15) and 10 ng/mL of IL-12 (Peprotech catalogue # 210-12) for 18.5 hours as previously
described (141). THC or CBD at 0.1 and 1 pg/mL were also added to the cell culture for the 18.5-
hour incubation. 4 hours before the end of the incubation, BD Golgi Stop was added. After the
incubation, cells were stained for viability, extracellularly for uNK cell markers, and intracellularly

for IFN-y.

2.2.6. Cytokine and Chemokine Array on Decidua Supernatants
A 31-plex mouse cytokine/chemokine array was conducted on decidual tissue supernatants from
GD 10.5 implantation sites via Eve Technologies. The quantity of cytokine and chemokines were

then calculated per gram of collected tissue.
2.3. Methods: Human Experiments

2.3.1. PBMC Isolation and Cannabinoid Incubation

Peripheral blood mononuclear cells (PBMCs) were isolated from healthy human whole blood via
density centrifugation using Lymphoprep (StemCell Technologies catalogue # 07861). Cells were
then stimulated with high dose IL-15 (100ng/mL) (Peprotech catalogue # 200-15) for 24 hours in

the presence or absence of THC or CBD (0.01-10 pg/mL) in complete RPMI media. 10 hours prior
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to the end of incubation, BD Golgi Stop was added. After the 24-hour incubation, cells were
stained for viability, NK cell identification markers, and for IFN-y.

2.3.2. NK Cell Isolation and Production of Regulatory NK Cells

NK cells were freshly isolated from healthy human whole blood using MACSxpress Whole Blood
NK Cell Isolation Kit (Miltenyi Biotec catalogue # 130-127-695). Following isolation, NK cells
were incubated at 1x10° cells/mL in complete RPMI media containing low dose IL-15 (10ng/mL),
TGFp (2ng/mL, Peprotech catalogue # 240-B-002) and 5-Aza-2'-deoxycytidine (Aza, 1uM)
(Sigma-Aldrich catalogue # A3656), and cultures were maintained for 3 days under hypoxia (1%
0O,) as previously described (142). For maintenance of cultures under hypoxia, cells were kept in
a plastic chamber (Stem Cell Technologies catalogue # 27310) filled with a custom gas mixture of
1% O,,5% CO,, and balance N, (Air Liquide). Following the 3-day incubation, cells were counted
and then resuspended in the same culture conditions of IL-15, TGFf, Aza and 1% hypoxia, but
now with or without the addition of CBD or THC (0.1 and lpg/mL). Following the 3-day
incubation, cell-free culture supernatants were collected and stored in -80°C until use. The
supernatants were then assessed for VEGF or IL-8 content via an ELISA (R&D Systems catalogue
# DY293B and DY208, respectively). The cells were also stained with fixable viability dye after

the incubation to assess viability.
2.4. Methods: General

2.4.1. Flow Cytometry

Human NK cells were identified first via Fixable Viability Dye (APCCy7) then via CD14
(PECy7), CD3 (FITC), CD56 (PE-Dazzle 594), and IFN-y (BV421). Mouse splenocyte NK cells
were identified first via Fixable Viability Dye (APCCy7) then via CD45.2 (Alexa Fluor 700),

CD3e (FITC), NK1.1 (APC), and IFN-y (Pacific Blue). Mouse uNK cells were identified first via
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Fixable Viability Dye (BV510 or APCCy7) then via CD45.2 (Alexa Fluro 700), CD3e (FITC),
CD19 (FITC), F4/80 (FITC), CD11b (PECF594), CD122 (PerCP eFluoro 710), CD49a (BV786),
NK1.1 (BV421), and IFN-y (APC). For IFN-y intracellular staining, the BD Cytofix/Cytoperm
Plus Fixation/Permeabilization Kit (BD Biosciences catalogue # 554715) was used.

2.4.2. Statistical Analysis

All statistical analysis was performed using GraphPad Prism 7 software. All comparisons made
between two conditions were analyzed using an unpaired t-test. A one-way ANOVA followed by
a Tukey’s multiple comparisons test was used when comparing more than two conditions. Analysis
of two independent variables was conducted using a two-way ANOVA with Sidak correction for
multiple comparisons. Odds ratios were calculated with Fisher’s exact test. Correlations were

calculated using a Pearsons correlation. Significance was defined as P<0.05.

32



MSc. Thesis — T. Ritchie; McMaster University — Medical Sciences

Chapter 3: Results

3.1 Consumption of Cannabis Oil from Early to Mid-Gestation Impairs Fetal Growth

It is well established that exposure to cannabis during pregnancy is associated with several
adverse pregnancy outcomes such as fetal growth restriction and low birthweight (24). However,
the method of cannabis consumption is often not specified in human studies, and animal models
typically focus on smoke inhalation or intraperitoneal injection of only THC (140; 80). Cannabis
oil, and in particular CBD oil, is growing in popularity as it provides the desired cannabis effects
while avoiding the harm of smoke inhalation (14; 10). Additionally, CBD oil is thought to provide
numerous health benefits without the psychoactive effects of THC (11; 12; 13). Thus, we first
aimed to assess whether oral consumption of either high CBD or high THC oil from early to mid-
gestation leads to abnormal fetal outcomes in our mouse model. We chose to administer cannabis
from early to mid-gestation as typically maternal cannabis use drops substantially during the third
trimester (18). Additionally, we are interested in how cannabis may impact immune-mediated
remodelling of the decidua which typically ends around GD 12.5.

Prior to assessing the effect of cannabis, we first validated whether oral gavage is a feasible
delivery method. Female CD57BL/6J mice were co-housed with a male of the same strain
overnight and if the following morning a copulation plug was apparent the mice were deemed at
gestation day (GD) 0.5. Mice then received either 100 uL of control medium chain triglyceride
(MCT) oil via gavage daily from GD 6.5-11.5 or were left untouched. Mice were euthanized on
GD 12.5 and their implantation sites removed (Figure 1A). Compared to mice left untouched, mice
receiving daily gavage had higher numbers of viable implantation sites, which might be due to the
increased fat content in their diet from the daily gavage of oil (Figure 1B). Furthermore, mice

receiving daily gavage had comparable numbers of resorbed fetuses and resorption rates to
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untouched mice (Figures 1C and D). Thus, daily gavage of oil does not seem to increase fetal

resorption or decrease the number of viable fetuses by GD 12.5 making it a feasible delivery
method for cannabis oil. However, in all future experiments control mice will receive 100 uL of

control MCT oil via gavage to standardize the gavage process across groups.
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Figure 1: Daily Gavage of Pregnant Mice Does Not Increase Fetal Resorption by GD 12.5
A-D: Pregnant CD57BL/6J mice received either daily administration of 100 pL of control MCT
oil from GD 6.5-11.5 or were left untouched. A: Schematic illustrating experiment timeline. B-D:
Following euthanization on GD 12.5 the uteri were excised, and implantation sites observed. B:
Number of viable implants. C: Number of resorbed implants. D: Resorption rate shown as percent
of implants resorbed out of total implants. Data are means + SEM of 3 replicates per condition.
*P<0.05 (B-D, two-tailed t test).

For our animal experiments, we chose to use commercially available cannabis oil that
pregnant women would have access to at their local retailer. The oils we used were deemed “high
THC” and “high CBD” oil to represent the high ratio of either THC or CBD, respectively. For
example, the high THC oil contained over 90% THC with less than 10% CBD. However, due to

prior studies finding that the concentration of cannabinoids in some commercially available
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cannabis products does not align with the labelled dosage, we first validated the levels of THC and
CBD in our oils (143). The levels were quantified via high-performance liquid chromatography
coupled to a mass spectrometer (LC-MS) with assistance from the Centre for Microbial Chemical
Biology at McMaster University. The concentration of cannabinoids in the cannabis oils, as
determined by LC-MS, are indicated in Table 1. Thus, for future experiments we calculated the

dosage using the concentration determined by the LC-MS.

Sample ID Description 1£1Cg]/3n]1)1], 1[1;rg1/-1n(1:I], A:Eg[/(ljn]i])] A:;%g[/rfnlicl
Sample 1A High CBD Oil 17 0.53 17 +£041 0.52+0.02
Sample 1B 17 0.50

Sample 1C 17 0.53

Sample 2A High THC Oil 0.12 17 0.12 £0.002 17+0.34
Sample 2B 0.12 18

Sample 2C 0.12 17

Table 1: Quantification of Cannabinoids in Cannabis Oil via LC-MS

Samples of the commercially available high THC and high CBD oil (Symbl) were measured for
levels of cannabinoids via high-performance liquid chromatography coupled to a mass
spectrometer (LC-MS) via the Centre for Microbial Chemical Biology at McMaster University.

To assess the effects of cannabis oil on fetal outcomes at term, pregnant mice received
either high CBD, high THC, or control MCT oil from GD 6.5-11.5 via gavage, and were then
euthanized at GD 18.5 (Figure 2A). There was no difference in maternal weight gain throughout

the pregnancy or in the number of viable fetuses at term between the treatment groups (Figure 2B
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and C). However, there was a trend for an increase in number of resorbed fetuses and in resorption
rate in dams receiving high CBD oil (Figure 2D and E). Figure 2F shows a representative image
of two fetal resorptions from a CBD treated mouse.

We next measured fetal weight and crown-rump length in mice receiving cannabis oil, as
it appeared that fetuses from mice receiving high THC oil were smaller (Figure 2G). Mice
receiving high THC oil had significantly lower fetal weights at GD 18.5 compared to controls with
a 4.9% reduction in mean weight (1.16 = 0.08 in high THC vs. 1.22 + 0.07 in controls) which
corresponded to a reduced crown-rump length (Figure 2H and I). This reflects what has been found
in several human studies, as women using cannabis while pregnant exhibit significantly lower
birthweights (24). While mice receiving high CBD oil did not show significantly lower fetal weight
or crown-rump length at GD 18.5, there was a high variability in fetal weights with some fetuses
being very small (Figure 2H). Given this, we quantified the percent of fetuses that would be
considered small for gestational age (SGA) and fall below the 10" percentile of control weights. It
appeared that both mice treated with high THC and high CBD oil showed trends for elevated odds
of having fetuses deemed as SGA (Figure 2J). The odds ratio is most likely not significant at this
point due to the much lower n number within the control group (control n=22, high THC n=45,
high CBD n=44) thus the experiment should be repeated in future to see if a similar trend occurs.

Children who experience in utero growth restriction and are SGA at birth exhibit
significantly lower childhood cognitive outcomes than children with normal birthweight (144).
Maternal cannabis use is also associated with abnormal brain development, reduction in fetal head
circumference, and an increased likelihood of the child experiencing cognitive impairments (24;
145). Thus, we next assessed whether exposure to high CBD oil or high THC oil would affect

brain weight and head size at GD 18.5. While there is a trend for decreased fetal brain weight in
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mice receiving high CBD olil, the fetal head length was significantly smaller in both mice receiving
high CBD or high THC oil (Figure 2K and L).

Lastly, we examined the placentas of pregnant mice treated with high THC or high CBD
oil. There appeared to be no difference in the cross-sectional area or weight of the placentas
between groups at GD 18.5 (Figure 2M-0O).

These results show that consuming either high THC or high CBD oil during early to mid
pregnancy can both cause several abnormal fetal outcomes at term. Previous studies have found
intraperiotoneal injection of THC or cannabis smoke exposure to cause low birthweight in mice,
however little work has been done on CBD (80; 140). As the popularity and positivity towards
CBD oil as a self-treatment for a variety of different conditions continues to increase it is

imperative to highlight the negative pregnancy outcomes associated with in utero exposure.
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Figure 2: Oral Consumption of CBD or THC Oil from Early to Mid-Gestation Affects
Fetal Development at Term
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A-O: CD57BL/6J mice were gavaged with either high CBD, high THC, or control MCT oil from
GD 6.5-11.5 and euthanized on GD 18.5 to assess fetal outcomes. A: Schematic illustrating
experimental design. B: Maternal weight gain throughout the pregnancy shown as % weight gain.
C: Number of viable fetuses. D: Number of resorbed fetuses. E: Resorption rate shown as percent
of fetuses that were resorbed out of total fetuses. F: Image showing two resorbed embryos from a
CBD oil treated mouse. G: Representative picture of fetuses. H: Fetal weight. I: Crown-rump
length. J: Percent of fetuses deemed as small for gestational age (SGA). K: Fetal brain weight. L:
Fetal head length. M-O: Placentas were separated from the fetus and fixed in paraformaldehyde
prior to paraffin embedding. M: Representative images of placentas stained with H&E. N:
Average placental cross-sectional area from each dam measured on placentas stained with H&E.
O: Placental weight of freshly isolated placentas. Data are means + SEM of 3 to 45 replicates per
condition, *P<0.05, **P<0.01 (B, two-way ANOVA; C-I, K-O, one-way ANOVA; J, odds ratio
with Fisher’s exact test).

3.2 Cannabis Oil Disrupts Implantation Site Remodelling

During early pregnancy, the maternal decidua is extensively remodelled to support fetal
development. This highly regulated process involves immune-mediated remodelling of decidual
spiral arteries and trophoblast differentiation and invasion to establish the placenta (146). The
significantly reduced fetal weights we observed in dams treated with high THC oil may be due to
inadequate decidual remodelling being unable to support the extensive growth demands of late-
stage pregnancy (147). Thus, we next sought to examine whether consumption of cannabis oil
might be disrupting implantation site development earlier in the pregnancy. Pregnant mice
received either high THC, high CBD, or control MCT oil via gavage from GD 6.5-11.5 and were
euthanized either at GD 10.5 or 12.5 (Figure 3A). We first examined placental size in our THC
and CBD oil treated pregnant mice as previous reports have shown that exposure to THC or CBD
causes abnormal trophoblast proliferation in vitro, and aberrant endocannabinoid signalling in vivo
leads to defective trophoblast invasion (148; 149; 80). While there may be a trend for lower
placental area in THC oil treated mice, there is a significant reduction in placental area in pregnant

mice treated with CBD oil (Figure 3B and C). Given the sheer importance of the placenta during
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pregnancy, a reduction in size could account for some of the abnormal fetal outcomes we see in
dams receiving CBD oil.

Next, we assessed decidual morphology in cannabis treated mice. Typically, by GD 12.5
the decidua has lower cell density as spiral artery remodelling is complete and uterine immune
cells begin to decline in number (150). However, pregnant mice receiving high CBD oil appeared
to have a higher density of cells located within their decidua compared to control treated or THC
treated mice (Figure 3D-F).

The decidua in early murine and human pregnancy is populated by numerous immune cells,
with uNK cells comprising nearly 70% of leukocytes in the first trimester human decidua (89).
uNK cells contribute extensively to decidual remodelling by producing angiogenic factors to
promote vascular remodelling, anti-inflammatory mediators to suppress immune activation, and
chemokines to regulate trophoblast migration (106; 114; 116). To examine whether the dense
population of cells within the decidua of CBD oil treated mice were uNK cells we first performed
staining with Periodic Acid Schiff’s (PAS) reagent on GD 10.5 and 12.5 implantation sites. PAS
stains the cytoplasmic granules within uNK cells and classically any PAS+ cells within the decidua
are defined as uNK cells (151). It appeared that PAS staining of GD 12.5 implantation sites showed
a similar high density of PAS+ cells within the decidua of CBD treated mice compared to control
and THC treated mice (Figure 3G-I). Thus, this high density of cells is likely an accumulation of
ulNK cells within the decidua which is abnormal for this point in gestation. We next looked at uNK
cell morphology on GD 10.5 implantation sites, as GD 10.5 is typically when the decidua has peak
ulNK cell number (150). While the uNK cells were large and packed with numerous clearly defined
cytoplasmic granules within the control mice, the uNK cells in CBD treated mice appeared to be

less defined with large spaces devoid of granules within their cytoplasm (Figure 3J and L).
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Additionally, on observation the uNK cells in both THC oil and CBD oil treated mice, but
particularly in the THC oil treated mice, appeared smaller than the control uNK cells (Figure 3J-
L). After decidualization, the maturation of uNK cells begins as uNK cells become progressively
larger and acquire cytoplasmic granules (152). Thus, the smaller, less granular cells present in
THC oil treated mice may be indicative of uNK cell immaturity (Figure 3K). Future work is

required to quantify the cell size of PAS+ uNK cells within the treatment groups.
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Figure 3: Consumption of Cannabis Qil Disrupts Placental Size and uNK Cell Morphology
A-L: Implantation sites were collected on either GD 10.5 or 12.5 following gavage of high CBD,
high THC, or control MCT oil from GD 6.5-9.5 or 11.5, respectively. Implantation sites were
isolated, fixed in paraformaldehyde, and embedded in paraffin. A: Schematic illustrating
experimental design. B: Representative H&E images of GD 12.5 placenta at 2x magnification. C:
Quantification of placental cross-sectional area averaged per implantation site. D-F:
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Representative H&E images of GD 12.5 decidua at 2x and 10x magnification from D control, E
high THC and F high CBD oil treated mice. G-I: Representative PAS images of GD 12.5 decidua
at 2x magnification from G control, H high THC and I high CBD oil treated mice. J-L:
Representative images of PAS+ uNK cells within the GD 10.5 decidua of J control, K high THC,
and L high CBD oil treated mice at 30x magnification. Black arrows point to PAS+ uNK cells.
Data are means + SEM of 23-32 replicates per condition, **P< 0.01 (C, one-way ANOVA).

To quantify the number of uNK cells within the decidua of cannabis oil treated mice we
performed immunofluorescent dolichos biflorus agglutinin (DBA) staining on implantation sites
isolated at GD 10.5 and 12.5. DBA is a popular marker for identifying uNK cells during murine
pregnancy as it selectively stains for both uNK cell membranes and cytoplasmic granules (153).
Compared to control mice, it appeared that mice receiving CBD oil had more abundant DBA+
uNK cells within their decidua at GD 10.5 and 12.5 while THC oil treated mice were more
comparable to controls (Figure 4A-C, H-J). Quantification of DBA fluorescence (Area
DBA+/Total Area) indicates that while not significant, there may be a trend for elevated DBA+
staining in GD 10.5 decidua (Figure 4D). However, there is a significant elevation in DBA+
staining in GD 12.5 decidua indicative of increased uNK cell number (Figure 4K). Typically,
DBA+ uNK cells proliferate within the decidua and peak in number between GD 10.5-12.5 and
then begin to steadily decline afterwards (152). It appears that there may be an increase in
recruitment or local proliferation of uNK cells in CBD-oil treated mice. Interestingly, the uNK
cells in the decidua from CBD oil treated mice and to a slightly lesser extent in THC oil treated
mice also appeared to cluster together in large clumps which was not seen in control mice (Figure
4E-G). This clustering of cells is abnormal and could potentially indicate altered functioning of

the uNK cells.
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Nonetheless, an appropriate number of uNK cells within the decidua is essential for
maintaining a healthy pregnancy. A higher number of uNK cells within the decidua has been linked
to several pregnancy complications in women such as recurrent pregnancy loss (RPL) and may be
a contributing factor to the pregnancy complications we see in CBD oil treated mice (154; 155).
However, the high uNK cell number could also be a result of the decidua trying to compensate for

impaired uNK cell function.
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Figure 4: Exposure to CBD Oil Increases the Number of DBA+ uNK Cells Within the
Decidua at GD 12.5
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A-K: Implantation sites were collected and fixed on either GD 10.5 or 12.5 following gavage of
high CBD, high THC, or control oil from GD 6.5-9.5 or 11.5, respectively. Fixed implantation
sites were then sectioned and stained for DBA. A-C: Representative DBA/DAPI
immunofluorescence images of GD 10.5 decidua at 10x and 20x magnification from A control, B
high THC and C high CBD oil treated mice. D: Quantification of DBA+ area/whole area averaged
per dam. E-G: Representative DBA/DAPI immunofluorescence enlarged images of GD 10.5
DBA+ uNK cells from E control, F high THC and G high CBD oil treated mice at 20x
magnification. H-J: Representative DBA/DAPI immunofluorescence images from GD 12.5
decidua at 10x and 20x magnification form H control, I high THC and J high CBD oil treated
mice. K: Quantification of DBA+ area/whole area averaged per dam. Data are means + SEM of
3-12 replicates per condition, **P<0.01 (D&K, one-way ANOVA).

We also tried to quantify the proportion and populations of uNK cells via flow cytometry
following enzymatic digestion of isolated decidual tissue. However, there were high variabilities
within the populations and no clear difference between treatment groups potentially due to the
difficulties with isolating the large, granular uNK cells from murine tissues (Figure SA-G). uNK
cell quantification via histology may be more representative as the implantation sites remain intact

and we can see the number and distribution of uNK cells within the decidua.
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Figure 5: Cannabis Qil Does Not Affect Percent of NK Cells Detected via Flow Cytometry
at GD 10.5

A-G: Implantation sites were excised from pregnant mice at GD 10.5 after treatment with either
control MCT oil, high THC, or high CBD oil from GD 6.5-9.5. Decidual tissues were then digested
into single cell suspension and stained for flow cytometry. A: Representative gating strategy to
detect uNK cells which were deemed as CD45+ CD3- CD19- F4/80- CD122+. B: Percent of
CDA45+ leukocytes that are uNK cells. C: Percent of uNK cells that are trNK (CD49a+). D: Percent
of uNK cells that are ctNK (CD49a-). E-G: Representative flow plots of cNK and trNK cell
populations. E: Control. F: High THC. G: High CBD. Data are means + SEM of 3-5 replicates
per condition (B-D, one-way ANOVA).
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3.3 Cannabis Oil Disrupts Vascular Remodelling in Murine Pregnancy

Given the higher levels of uNK cells within the decidua of CBD oil treated mice and the
potentially smaller uNK cells within THC oil treated mice, we next sought to examine whether
uNK cell functions are impacted by cannabis. uNK cells are critical drivers of the vascular
remodelling process during pregnancy, which is the production of dilated, elongated, low-
resistance vessels that lack a smooth muscle layer to allow optimal blood flow to the maternal-
fetal interface (156). Therefore, we measured spiral artery wall thickness in GD 10.5 implantation
sites from cannabis oil treated mice. Compared to control, both THC oil and CBD oil treated mice
had significantly increased vessel to lumen diameter indicating an abnormally thick vessel wall
and reduced vascular remodelling (Figure 6A and B). We counted the number of uNK cells located
within the vessel walls and found that while there were no significant differences there may be a
trend for less uNK cells associated with vessels in pregnant mice receiving THC oil (Figure 6C

and D).
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Figure 6: Both THC and CBD Oil Impair Spiral Artery Remodelling in Pregnant Mice
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A-D: Implantation sites isolated from GD 10.5 or GD 12.5 mice treated with or without CBD or
THC oil, were fixed and embedded. A: Representative images of spiral arteries from H&E-stained
GD 10.5 implantation sites. B: Quantification of vessel to lumen diameter of spiral arteries from
GD 10.5 mice averaged per implantation site. C: Representative images of spiral arteries stained
with PAS from GD 12.5 implantation sites with an example of a uNK cell indicated by the arrow.
D: Number of PAS+ uNK cells located within the vessel wall averaged per implantation site. Data
are means + SEM of 5-9 replicates per condition, *P<0.05, **P<0.01 (B & D, one-way ANOVA).

ulNK cells are known to promote spiral artery remodelling by production of angiogenic
factors as well as secretion of MMPs that directly degrade the vascular extracellular matrix (112).
The production of IFN-y by uNK cells is a major mediator in regulating vascular remodelling in
both mice and humans (114; 115). Interestingly, preliminary reports have found that both THC
and CBD are able to reduce IFN-y production from murine T cells and THC treatment greatly
diminishes the production of IFN-y from murine pbNK cells (131; 129). Thus, we next aimed to
assess if THC or CBD impaired NK cell IFN-y production in stimulated murine splenocytes from
our pregnant control mice (Figure 7A). THC appeared to decrease IFN-y expression in NK cells
by over 50% in the highest tested dose, without affecting cell viability, however as of now this is
only a n=2 (Figure 7B-D). The effect of CBD on NK cell production of IFN-y seemed more varied

and would need to be repeated (Figure 7E).
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Figure 7: THC May Decrease IFN-y Expression in NK Cells from Murine Splenocytes

A-E: Bulk splenocytes were isolated and stimulated with high dose IL-15 (100 ng/mL) in the
presence or absence of THC or CBD (0.1 & 1 pg/mL) for 10 hours. After the incubation, cells
were stained intracellularly for IFN-y. A: Schematic of experimental design. B: Viability of
splenocytes after incubation. C: Gating strategy to identify IFN-y+ NK cells within bulk
splenocytes. NK cells deemed as CD45+ CD3- NK1.1+. D: IFN-y percent expression in NK cells
following THC exposure. E: IFN-y percent expression in NK cells following CBD exposure. Data
are means + SEM of 2 replicates per condition.

Due to the substantial involvement of IFN-y in uNK cell-mediated vascular remodelling
and the ability of THC to diminish IFN-y production in murine spleen NK cells, we next sought
to determine whether cannabinoids disrupted uNK cell production of IFN-vy. Uterine immune cells
were isolated through enzymatic digestion and subsequent Percoll enrichment of GD 10.5 decidua

from control mice. Then, the isolated immune cells were stimulated with IL-15 (100 ng/mL) and
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IL-12 (10 ng/mL) for 18.5 hours in the presence or absence of THC or CBD. Following incubation,
the cells were stained for uNK cell markers and stained intracellularly for IFN-y expression (Figure
8A). While the results currently represent only an n of 1, THC may potentially reduce the
expression of IFN-y in murine uNK cells while CBD may not (Figure 8B-F). However, the
experiment must be repeated with more mice to draw any conclusions. THC could be impairing
ulNK cell production of IFN-y similarly to pbNK cells resulting in under-developed vessels that
are unable to support the extensive growth demands of late-stage pregnancy leading to the

abnormally small fetuses we see in the THC oil treated mice.
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Figure 8: Incubation of Mouse uNK Cells with THC May Reduce IFN-y Expression

A-F: Uterine leukocytes were isolated from GD 10.5 implantation sites and stimulated with IL-15
(100 ng/mL) and IL-12 (10 ng/mL) for 18.5 hours in the presence or absence of THC or CBD. A:
Schematic representing experimental design. B: Viability of cells following the incubation. C:
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Representative flow plots of IFN-y expression in CD45+ CD3- CD19- F4/80- CD122+ uNK cells.
D: Mean fluorescence intensity (MFI) of IFN-y expression in uNK cells treated with THC. E: MFI
of IFN-y expression in uNK cells treated with CBD. F: IFN-y MFI relative to control. Data is the
mean of 1 replicate per condition.

3.4 CBD Oil May Increase uNK Cell Recruiting Cytokines

Inflammation is an important but tightly regulated process during pregnancy, thus
deviations in several inflammatory mediators have been linked to pregnancy complications (157;
158; 159). As IFN-v is only one of the many cytokines that are imperative during pregnancy, we
next sought to perform a broad cytokine and chemokine array on the decidual tissue isolated from
GD 10.5 mice. Although no cytokines or chemokines tested showed significant differences, many
showed trends for higher levels in mice receiving high CBD oil (Figure 9A-N). Interestingly, the
decidua of pregnant mice receiving high CBD oil had a trend for elevated levels of MIP-1a and
IL-15 (Figure 9A and N). During pregnancy, IL-15 is imperative for uNK cell recruitment and
development as ILI5" mice lack uNK cells (160). Additionally, MIP-la produced by
cytotrophoblasts has been found to substantially promote NK cell migration in vitro (161). Thus,
the elevated levels of MIP-1a and IL-15 may potentially explain the elevated number of uNK cells
we see in the high CBD oil treated mice (Figure 4K). Moreover, a proper balance of IL-15 is
essential for a healthy pregnancy, as altered levels of IL-15 have been associated with pregnancy
complications (157). Here, we see that higher levels of IL-15 were significantly correlated with a
lower number of viable fetuses (Figure 90). Thus, the reduced spiral artery remodelling seen in
high CBD oil treated mice may stimulate enhanced IL-15 and MIP-1a production to recruit more

ulNK cells to accommodate for their impaired functioning.
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Figure 9: Cytokine and Chemokine Array on GD 10.5 Decidual Tissue

A-O: Decidual and placental tissue were separated from fetal tissue, pooled together and
mechanically digested. Supernatants were collected and a cytokine/chemokine array was
performed by Eve Technologies. A-N: Cytokine and chemokine levels per gram of harvested
tissue. A: MIP-1a, B: MIP-1f3, C: MIP-2, D: Eotaxin, E: KC, F: MCP-1, G: IL-1a, H: IL-6, It
IL-9, J: G-CSF, K: M-CSF, L: GM-CSF, M: IP-10, N: IL15. O: Correlation between number of
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viable fetuses and level of IL-15 in the decidua. Data are means + SEM of 3-5 replicates per
condition (A-N, one-way ANOVA; O, Pearson correlation).

3.5 Cannabinoids Reduce Angiogenic Factor Production in Human NK Cells

As we saw THC reduce IFN-y expression in mouse splenocytes, and other groups have
seen similar results in mice pbNK cells, we next sought to determine whether cannabinoids impact
human NK cell IFN-y production. We isolated peripheral blood mononuclear cells (PBMCs) from
healthy human blood and stimulated them with high dose IL-15 (100 ng/mL) for 24 hours in the
presence or absence of various concentrations of THC or CBD (Figure 10A). THC significantly
reduced IFN-y expression in pbNK cells relative to control by over half, without affecting cell
viability (Figure 10B and E). However, it took a higher concentration of CBD to reduce NK cell
IFN-vy expression to a similar degree as THC (Figure 10C and F). Thus, THC clearly reduces IFN-
vy expression in both murine and human NK cells, but the effect of CBD may require higher

concentrations.

54



MSec. Thesis — T. Ritchie; McMaster University — Medical Sciences

SSCH

FSC-A >

Isolate Human
PBMCs

IL-15 (100ng/mL)
CBD or THC
for 24 Hours »  Stain for
— IFN-y
Add Golgi Stop
for Last 10 Hours
250K =1 Single Cells

% Live Cells

80

@
3

% Live Cells
a
5

N
3

100
80-
60-
40-
20-

T T

0 01 1
THC (ug/mL)

Comp-FITC-A

Comp-APC-CyT-A

CompPE-CYT-A

T T T T
01 1 5 10
CBD (ug/mL)

Comp-PE-Dazzle 594-A

1.54
..
.
T
L]
0.5
L]
0. r T T T
0 0.1 1 5
CBD (ug/mL)
CBD CBD CBD
0.1 ug/mL 1pug/mL 5 ug/mL
or 5 O

.
_ 1.5 _
g . £
c c
o o
910 9
2 T .
2 Ol ° 2
K . 5
& 0.5 n:{
=
-4

E °® [

(X T T T

0 0.1 1
THC (ug/mL)
Control

250K = IENY

P

THC THC
0.1 pg/mL 1 pg/mL
==== Ny P —
20 o
T
IFN-y >

Figure 10: Cannabinoids Decrease IFN-y Expression in Human pbNK Cells

A-G: PBMC:s were isolated from healthy donor blood and incubated in the presence of absence of
THC or CBD for 24 hours and then stained for IFN-y. A: Schematic illustrating experimental
design. B: Viability of NK cells treated with various concentrations of THC. C: Viability of NK
cells treated with various concentrations of CBD. D: Representative gating strategy for NK cells
identified as CD14- CD3- CD56+. E: IFN-y expression in NK cells relative to control following
incubation in THC. F: IFN-y expression in NK cells relative to control following incubation in
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CBD. G: Representative flow plots of IFN-y expression in NK cells treated with THC or CBD.
Data are means + SEM of 1-5 replicates per condition, *P<0.05, **P<0.01 (E-F, one-way
ANOVA).

pbNK cells, however, differ significantly from uNK cells in terms of their phenotype and
function. pbNK cells are cytotoxic anti-tumour effector cells and uNK cells are non-cytotoxic and
pro-tumour (150). Therefore, we aimed to assess the effects of THC and CBD on NK cells that are
more similar in function to uNK cells. Based off a protocol previously published by Cerdeira et al.
we generated in vitro induced regulatory-like NK cells (NKreg) from regular human cytotoxic
pbNK cells (142). Freshly isolated ppbNK cells were incubated with low dose IL-15 (10ng/mL),
TGFB (2ng/mL), and Aza (1uM) in hypoxic conditions (1% O,) for 3 to 7 days. These cells are
deemed “regulatory” as they exhibit low cytotoxicity and low IFN-y production but secrete high
levels of VEGF and promote tumour growth. We incubated the NKreg cells in THC or CBD for
three days and then assessed cytokine levels in the culture supernatants (Figure 11A). So far, we
only have an n of 2 but potentially both CBD and THC may reduce VEGF production, although it
must be repeated to draw conclusions (Figure 11B-D). Like IFN-y, VEGF is another angiogenic
factor that is significantly implicated in uNK cell-mediated vascular remodelling (113). This could
explain why we see significant impairments in vascular remodelling in both THC oil and CBD oil
treated mice but varying levels of effects on IFN-y production. The impaired spiral artery
remodelling we see in pregnant mice receiving THC or CBD oil could be due to the cannabinoids
disrupting different aspects of uNK cell-mediated angiogenesis.

Another function of uNK cells is to regulate trophoblast migration through the maternal
tissue during pregnancy. Hanna et al. demonstrated that uNK cells promote trophoblast invasion
via the production of IL-8 and IP-10. Considering we saw significantly smaller placental areas in

CBD oil treated mice we questioned whether cannabinoids could be disrupting the ability of uNK
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cells to modulate trophoblast invasion (Figure 3C). Following culture of our NKreg cells with
CBD or THC we performed an IL-8 ELISA on culture supernatants. As of now, our results
represent only an n of 1 but we see that the level of IL-8 is reduced by roughly 50% in the culture
that received 1 pg/mL of THC (Figure 11E). Meanwhile, CBD at the lower concentration of 0.1
pg/mL may not reduce IL-8 production, but higher concentrations like those used in the VEGF
and IFN-vy experiments should be tested (Figure 11E). The experiment must be repeated in future
with more donors and higher concentrations of CBD but may indicate there is an effect of
cannabinoids on NKreg production of IL-8. Considering Rompala et al. found that the CXCL8
gene, which encodes IL-8, was significantly reduced in the placenta of maternal cannabis users it

could be another factor impacted by cannabis (27).
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Figure 11: Cannabinoids May Reduce Cytokine Production by Regulatory-Like Human NK
Cells

A-E: Cytotoxic pbNK cells (ctxNK) were isolated from healthy donor blood and incubated with
TGFp, IL-15, and Aza under hypoxia for 3 days. Cells were then cultured in the same condition
for another three days but in the presence or absence of THC or CBD. A: Schematic representing
experimental design. B: Viability of NKreg cells following 3-day culture with cannabinoids. C:
Level of VEGF in culture supernatant after 3-day incubation with THC. D: Level of VEGF in
culture supernatant after 3-day incubation with CBD. E: Level of IL-8 in culture supernatant after
3-day incubation with either THC or CBD. Data are means + SEM of 1-2 replicates per condition.
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Chapter 4: Discussion

The rate of maternal cannabis use is rising in Canada despite the clear risk of several
adverse pregnancy outcomes such as low birthweight and preterm birth (1). Currently, the
mechanisms driving these complications are not fully understood, as work has primarily been
focused on placental development (80). However, there are many key processes that are essential
for a successful pregnancy, such as the remodelling of the maternal decidua (138). Additionally,
while cannabis smoke inhalation remains the most popular method of consumption, edible
cannabis products like cannabis oil are gaining attention as alternative methods of cannabis use
(10). Particularly CBD oil with its success as a treatment for various conditions like seizure
disorders is often perceived as safer and good for one’s health (11; 14). Despite the growing
prevalence of maternal cannabis use and the increasing popularity of CBD, no work has directly
compared the effects of CBD and THC oil on pregnancy outcomes. Thus, the present work
compared fetal outcomes in mice exposed to either high THC or high CBD oil from early to mid-
gestation. We found that THC oil reduced fetal weight, size, and fetal head length at term compared
to control mice while CBD oil reduced fetal head size and showed a trend for increasing the rate
of fetal resorption and risk of fetuses being considered as SGA. Therefore, our results suggest that
consumption of either THC or CBD oil from early to mid-gestation leads to significant fetal
abnormalities at term; highlighting that despite its ‘safer’ perception CBD oil also causes
pregnancy complications.

A major objective of early pregnancy is to remodel the maternal environment to support
fetal growth via the dilation of maternal vessels, proliferation of local immune cells, differentiation
of stromal cells, and establishment of the placenta (138). Despite the significance of implantation

site remodelling, little work has been done to examine how cannabis disrupts the maternal
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adaptations to pregnancy. We next sought to investigate whether exposure to CBD or THC oil
disrupts implantation site remodelling by analyzing histological sections from mice exposed to
cannabis oil from GD 6.5-11.5. CBD oil significantly reduced placental area compared to control
mice at GD 12.5. The implantation sites from CBD oil treated dams also displayed a higher density
of uNK cells within their decidua. In addition to the increased number of uNK cells, there also
appeared to be abnormal uNK cell morphology in both CBD oil and THC oil treated mice. Given
that a major function of uNK cells in pregnancy is regulating vascular remodelling, we next
assessed whether cannabis impaired this function. Compared to control, both THC oil and CBD
oil treated mice demonstrated significantly thicker decidual spiral arteries indicative of reduced
vascular remodelling. We attributed this in part to the ability of cannabinoids to reduce NK cell
production of IFN-y, a crucial mediator of NK cell-driven vascular remodelling (116). Our results
demonstrate that THC, as well as CBD in higher doses, substantially reduces IFN-y production in
human pbNK cells, mouse splenocytes, and possibly mouse uNK cells isolated from GD 10.5
deciduae.

Ultimately, the present work highlights the detrimental harm of both THC and CBD oil on
fetal outcomes and identifies impaired implantation site remodelling driven by abnormal uNK cell

function as a potential mechanism.

4.1 Both CBD and THC Oil Lead to Pregnancy Complications at Term

THC Oil Reduces Fetal Weight

Numerous studies have found that maternal cannabis use significantly increases the risk of
abnormal fetal development such as low birth weight, preterm birth, and reduced head

circumference (24). Similar adverse outcomes have been identified in animal models of in utero
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cannabis exposure. Exposure of pregnant mice to cannabis smoke from GD 5.5-17.5 resulted in
significantly reduced birth weight and fetal organ weight (brain, lung, and liver) compared to room
air exposed mice (140). Similarly, pregnant mice receiving an intraperitoneal injection of THC (5
mg/kg body weight) from GD 5.5-18.5 had significantly smaller pups and disorganized placenta
(80). Our model using cannabis oil produced similar outcomes as these previous studies. Mice
receiving THC oil from GD 6.5-11.5 exhibited significantly lower birthweights and smaller crown-
rump length than control mice. We observed a 4.9% reduction in mean birth weight after exposure
to THC oil whereas Benevenuto et al. observed a 9.9% reduction in mean birth weight in mice
exposed to cannabis smoke (140). While this is over double the reduction we saw, we chose to
only expose mice to cannabis oil from early to mid-gestation (GD 6.5-11.5) whereas the other
group exposed mice to cannabis smoke from GD 5.5-17.5. This difference in treatment period
could account for the difference in birth weights or it could be due to the difference in
bioavailability following ingestion vs. inhalation. It could also be the effects of lung inflammation
or exposure to other toxins following smoke inhalation. Nonetheless, we still observe a significant
reduction in mean birth weight when mice receive THC oil from early to mid-gestation which may
be a more relevant model given that maternal cannabis use drops substantially by the beginning of
the third trimester. Additionally, since we see this decrease in birth weight at term despite stopping
cannabis exposure at GD 11.5, the reduction in weight is likely due to changes occurring earlier in
the pregnancy. One explanation may be the reduced vascular remodelling seen in THC oil treated

mice being unable to support the rapid fetal growth occurring in the later stages of pregnancy.

Heightened Risk of SGA

While we saw a clear reduction in fetal weight in mice exposed to THC oil, there was only

anon-significant reduction of 1.1% in fetal weights of mice receiving CBD oil. There was however
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a high degree of variability in the weights of CBD oil exposed fetuses, with some being very small
and others more comparable to control (standard deviation of CBD oil: 0.109g vs. control oil:
0.065g). Thus, we assessed how many fetuses would be considered as SGA and fall below the 10™
percentile of control mice. While both THC oil and CBD oil treated mice exhibited a roughly three
times higher odds of having SGA fetuses, the OR is not significant at this point most likely due to
the small number in the control group causing large confidence intervals. Thus, this experiment
should be repeated in future to see if a similar trend occurs. Nonetheless, the trend we observe
matches what has been found in previous studies, as women who report cannabis use during their
pregnancy have a significantly higher risk of having SGA fetuses (24).

One of the number one causes of SGA is pregnancy-induced hypertension, which affects
numerous maternal vessels such as the decidual spiral arteries, umbilical arteries, and placental
vessels (162). We observed that exposure to either high CBD or high THC oil from early to mid-
gestation significantly impaired vascular remodelling by GD 10.5. The decidual spiral arteries
were significantly thicker and appeared more circular and less elongated, all signs of reduced
remodelling. We believe this is in part due to cannabinoids decreasing NK cell production of
angiogenic factors like IFN-y and VEGF. Nonetheless, the under-remodelled vessels in both CBD
and THC oil treated groups may increase the odds of exposed fetuses being SGA, as the arteries

are unable to provide adequate gas and nutrients to allow normal fetal growth.

The Risk of Preeclampsia in Maternal Cannabis Users

Another pregnancy disorder associated with abnormal spiral artery remodelling is
preeclampsia. Preeclampsia is a pregnancy complication involving high blood pressure,
proteinuria, and other symptoms that develops after 20 weeks of pregnancy (163). Severe

preeclampsia can lead to fetal growth restriction and if left uncontrolled progress to eclampsia
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which results in seizures (163). According to the World Health Organization, one-seventh of
maternal deaths can be attributed to preeclampsia (164; 165). The underlying cause of
preeclampsia remains unclear, however due to the substantial involvement of uNK cells in the
vascular remodelling process their dysfunction has been investigated as a potential cause (163).
Altered numbers of uNK cells have been found in both humans and mouse models with
preeclampsia, with reports typically finding lower numbers of uNK cells within the decidua (166;
139). Additionally, women at higher risk of developing preeclampsia possess a specific KIR
genotype that causes heightened inhibition of uNK cells (167). The suppressed uNK cells may
then have a weakened ability to perform their essential functions like vascular remodelling and
promoting trophoblast invasion.

However, while we observed impaired vascular remodelling in our pregnant mice that receive
cannabis oil as well as evidence of impaired uNK cell function, preeclampsia is not typically a
pregnancy complication associated with maternal cannabis use (168; 169). As mentioned
previously, human studies often do not specify the method of cannabis consumption during
pregnancy, but smoke exposure is the most common consumption method in the general
population (10). Potentially, the reason why we observe impaired vascular remodelling is because
we used cannabis oil rather than a smoking model.

Women who smoke tobacco during their pregnancy tend to have a lower risk of developing
preeclampsia and exhibit increased levels of pro-angiogenic factors and decreased levels of anti-
angiogenic factors in their blood (170). One reason tobacco smoke is believed to protect against
preeclampsia is the exposure to carbon monoxide (CO). CO has been found to cause vasodilation
of blood vessels within the placenta and uterus thereby enhancing utero-placental blood flow (171;

172). Like tobacco smoke, cannabis smoke also produces significant amounts of CO and thus may
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counteract any hypertensive effects of THC or CBD (9). Therefore, the impaired vascular
remodelling we see in mice exposed to cannabis oil may be apparent because the mice are not
exposed to the several by-products of cannabis smoke like CO. This further supports the rationale
for investigating the effects of different cannabis consumption methods on pregnancy outcomes,
as the effects may be different. Additionally, in future it would be ideal to measure blood flow
velocity and the resistance index of the uterine and umbilical arteries using micro-ultrasound
Doppler between our cannabis oil groups and control mice to confirm that the altered vascular

remodelling that we see does translate to increased blood pressure.

Coenitive Impairments After in utero Cannabis Exposure

The effects of in utero cannabis exposure go beyond pregnancy complications, as offspring
often experience cognitive impairments and altered temperaments later in life (25). One study
found that pups born from mice exposed to CBD oil before pregnancy, during pregnancy, and
during lactation demonstrated increased anxiety behaviors and altered brain methylation (173).
Additionally, offspring of women who report cannabis use during their pregnancy exhibit
increased anxiety, aggression, and hyperactivity (134). Interestingly, these altered behaviours were
correlated to impaired immune-related genes in the placenta, suggesting that immune
dysregulation could be linked to the abnormal behavioural outcomes (134). Considering in our
model we observe reduced fetal head size in both the CBD oil and THC oil exposed pups, the
offspring may experience impaired cognitive development after birth. In future, it would be
important to follow the pups after birth to observe their behaviour and cognitive development. One
method is using the IntelliCage system which is an automated cage that assesses behaviours such
as memory, navigation, anxiety, and impulsivity (174). It has been used previously to examine

murine models of substance use disorders after exposure to drugs such as alcohol, morphine, and
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THC (174; 175). Due to its automated nature, it also reduces the need for experimenter handling
which could cause unnecessary stress on the pups. Ultimately, the reduced fetal head size that we
observed in fetuses from both THC and CBD oil treated dams could lead to altered cognitive

outcomes which should be studied in the future.

4.2 Cannabis Changes NK Cell Number and Size at the Maternal-Fetal Interface

In the pregravid murine uterus, small agranular immature uNK cells exist until implantation
on GD 4.5 triggers their terminal differentiation. During this maturation process, the uNK cells
proliferate and differentiate into large cells filled with numerous cytoplasmic granules and acquire
DBA positivity (152; 153). These granules are filled with perforin and granzymes and are roughly
triple the size of granules found in pbNK cells (176). uNK cells proliferate and reach peak numbers
between GD 10.5-12.5 and then steadily decline afterwards with any remaining cells removed with
the placenta at birth (152). When looking at the implantation sites of mice treated with either high
THC or high CBD oil from early to mid-gestation, we saw several morphological differences

within the uNK cell population.

CBD Oil Increases uNK Cell Number

First, we observed a high density of uNK cells within the decidua of GD 12.5 mice exposed
to CBD oil via both PAS and immunofluorescent DBA staining. Typically, by GD 12.5 the decidua
is not as densely packed with uNK cells as their responsibilities in vascular remodelling are
complete (150). However, there was a significant increase in the number of DBA+ uNK cells
located within the decidua at GD 12.5. Interestingly, the cytokine array on GD 10.5 supernatants
revealed that there was a trend for elevated levels of IL-15 and MIP-1a in the decidua of CBD oil

treated mice. IL-15 is a master regulator of uNK cell differentiation and proliferation, as IL15"
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mice lack uNK cells (160). Endometrial stromal cells begin to upregulate IL-15 production during
the progesterone-dominated secretory phase of the menstrual cycle which is when uNK cells also
begin to accumulate in preparation for pregnancy (177). After decidualization, the decidual stromal
cells supply increasing amounts of IL-15 to promote local uNK cell proliferation (177). Previous
studies have also showed that MIP-1a secretion by cytotrophoblasts promotes NK cell migration
(161). Thus, potentially the elevation of IL-15 and MIP-1a explains the increased number of uNK
cells within the CBD oil treated mice. Additionally, considering we observe impaired uNK cell
functions in the CBD oil treated mice, the elevated number of uNK cells could be a compensatory
mechanism in response to the impaired function.

In future, it would be beneficial to perform a dual immunofluorescent stain using DBA and
Ki-67 to assess differences in proliferation between treatment groups. Additionally, it would be
interesting to perform homing experiments by injecting labelled NK cells in the pregnant mice
receiving CBD or THC oil, to identify if the increased uNK cell number in the CBD mice is due
to local proliferation of cells or recruitment of circulating NK cells. The uNK cell population is
thought to be comprised of both local proliferation of trNK cells and recruitment of conventional
(cNK) cells from the periphery (178). trNK cells are abundant during early pregnancy and secrete
growth promoting factors and vaso-active factors, whereas cNK cells accumulate in mid-
pregnancy around placentation and are the major producers of IFN-y (104; 176; 178). Thus, CBD

might be promoting the proliferation of trNK cells, the recruitment of cNK cells, or both.

ulNK Cells Appear Small in THC Oil Treated Mice

Another morphological difference within the uNK cell population, is that uNK cells in the
decidua of high THC oil treated mice appeared to be smaller with less defined cytoplasmic

granules. Small uNK cells with fewer cytoplasmic granules are typically considered less mature,
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as uNK cells grow and acquire numerous granules during maturation (152). Several gene-modified
mice strains that exhibit a higher proportion of immature uNK cells within their decidua exhibit
abnormal implantation site development with impaired vascular remodelling (179). Additionally,
THC has been found to reduce differentiation in other cell types like trophoblast cells, thus
potentially THC is interfering with uNK cell differentiation during early pregnancy (75). These
immature uNK cells may then be unable to perform essential NK cell functions resulting in the
reduced spiral artery remodelling that we see in the THC oil treated mice. In future it is necessary
to measure the diameter of these uNK cells to quantify if there is a significant difference in uNK

cell size in THC oil treated mice.

ulNK Cell Morphological Changes After Exposure to CBD Qil

While some of the uNK cells within the decidua of CBD oil treated mice appeared small
like the cells in the THC mice, others looked more comparable in size to control. However,
numerous of the larger uNK cells within the CBD mice lacked clearly defined cytoplasmic
granules and exhibited large spaces void of granules. These irregularly shaped cells are similar in
appearance to the subtype IV classification of DBA+ uNK cells which are thought to be senescent
or apoptotic uNK cells (153). Thus, potentially the heightened number of DBA+ cells within the
decidua of CBD oil treated mice are senescent or undergoing apoptosis. Cannabinoids have been
found to increase apoptosis in other cell types, as treatment of trophoblast cells with THC caused
activation of the effector caspases and upregulated expression of pro-apoptotic genes (74; 78).
Additionally, THC is thought to cause immune suppression via induction of apoptosis in various
immune cells (122). Treatment of T cells with THC has been shown to trigger apoptosis via
caspase activity (122; 180). In future, we could do dual immunofluorescent staining with DBA

and cleaved caspase-3 to assess the degree of apoptosis in our uNK cells exposed to CBD oil.

67



MSc. Thesis — T. Ritchie; McMaster University — Medical Sciences

Nonetheless, there appears to be several morphological differences in uNK cells from
either CBD oil or THC oil treated mice. These differences may account for the reduced effector

functions we see, such as the impaired spiral artery remodelling.

4.3 Potential Mechanisms Driving Cannabinoid-Induced uNK Cell Dysfunction

In our pregnant mice that receive cannabis oil, we observe several morphological and
functional differences that suggest uNK cell dysfunction. We also saw that exposure of human and
mouse NK cells to CBD and THC ex vivo impairs their production of angiogenic factors like VEGF
and IFN-y. While it is likely that the cannabinoids disrupt NK cell functions through various
mechanisms, below is a few potential avenues for future investigation.
Inhibition of STAT3 Signalling

Previous research has proposed that STAT3 suppression is a potential mechanism through
which THC inhibits trophoblast invasion (80). STAT3 is a major transcription factor that regulates
the migration and proliferation of many cell types, including trophoblast cells, and has been found
to be essential for a successful pregnancy (80; 181). Chang et al. found that treatment of trophoblast
cells directly with THC reduced STAT3 phosphorylation and subsequently trophoblast invasion.
Additionally, they saw that phosphorylation of STAT3 was largely downregulated in the placenta
of maternal cannabis users and in pregnant mice treated with THC (80). A similar phenomenon
was found in T cells, as THC incubation inhibited STAT3 signalling via interactions with the CB2
receptor (182). Interestingly, the authors found that a downstream gene of the CB2-JAK-STAT3

pathway was Ifng which codes for IFN-y (182). Thus, potentially THC is suppressing uNK cell

IFN-y production by binding to the CB2 receptor and inhibiting JAK/STAT3 signalling.
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JAK1/STAT3 signalling is one of the ways through which IL-15 promotes the survival and
various effector functions of NK cells (183). STAT3 is believed to be involved in NK cell IFN-y
production as inhibition of STAT3 phosphorylation via S31-201 diminishes NK cell IFN-y
expression following short term stimulation with IL-12, IL-15, and IL-18 (183). It is clear from
both our data and work by previous groups that THC and possibly CBD reduce both mouse and
human NK cell IFN-y secretion (131). Potentially cannabinoids may be reducing IFN-y by
downregulating STAT3 phosphorylation in NK cells.

Additionally, STAT3 has been found to be essential for the accumulation of hypoxia-
inducible factor 1-alpha (HIF-1a) in NK cells, which is a crucial mediator allowing NK cells to
adapt to hypoxic environments (183). During early pregnancy, the uterus is a low oxygen
environment with oxygen tension increasing once vascular remodelling is underway (184). The
hypoxic nature of the uterus during early pregnancy is also thought to regulate immune cell
phenotype and function, with NK cells exposed to hypoxia acquiring more regulatory functions
like enhanced VEGF production (142). HIF-1a is the major inducer of VEGF expression in
hypoxic conditions, so it’s thought the hypoxic environment induces NK cells to secrete VEGF
and promote angiogenesis (185; 176).

Cannabinoids may potentially be disrupting the ability of uNK cells to adapt to the low
oxygen environment by suppressing STAT3 and subsequent accumulation of HIF-1a. In our
model of converting cytotoxic pbNK cells to regulatory-like NK cells, we expose the NK cells to
IL-15, TGF-B, Aza, and hypoxia (1% O,). In preliminary experiments we see that culturing these
NKreg cells with THC or CBD may impair their ability to secrete VEGF, albeit with only an n of
2 as of now. The cannabinoids may potentially be causing this inhibition by reducing HIF-1a and

hampering the ability of the NK cells to thrive in the low oxygen environment. In future
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experiments, it would be interesting to repeat the incubation but with addition of CB1 or CB2
receptor antagonists, as THC may disrupt STAT3 signalling via CB2 like with T cells.
Additionally, we could perform western blotting on cell extracts to look at the level of STAT3 and
HIF-1a. Ultimately, it would be beneficial to understanding the mechanism through which
cannabinoids are impairing uNK cell functions to examine whether these functions could be

restored.

Induction of ER Stress

Another proposed explanation for THC induced dysfunction is the induction of ER stress
(81). ER stress occurs when there is an accumulation of misfolded proteins within the ER. If these
misfolded proteins are not dealt with via the uncoupled protein response, apoptosis can be induced
(186). Previous studies have suggested ER stress as a mechanism behind several adverse
pregnancy outcomes such as [IUGR. Administration of tunicamycin to chemically induce ER stress
led to increased rates of growth restriction and lower placental weights in pregnant mice (82). This
was in part due to the ER stress decreasing the expression of vascular-related genes within the
placenta such as PIGF and VEGF receptor-1 (VEGFRI1) (82). Another study found that the
placentas from women who experienced IUGR or preeclampsia demonstrated signs of ER stress
with expression of pro-apoptotic proteins and DNA damage (187).

THC has been previously shown to induce ER stress in neuronal cells, but Lojpur et al.
also showed that treatment of trophoblast cells with THC increased ER stress markers and
activated the uncoupled protein response (81). Moreover, pre-treatment with CB1 and CB2
receptor antagonists removed this response indicating THC-induced ER stress in trophoblast cells
is driven by cannabinoid receptor engagement (81). Given that ER stress affects trophoblasts, it

would be interesting to assess if uNK cells exposed to THC and CBD also experience ER stress.
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We could assess for markers of the uncoupled protein response in uNK cells following exposure

to either CBD or THC.

Impact on Cellular Metabolism

The importance of cellular metabolism in immune cell function is becoming increasingly
clear, as it appears certain metabolic pathways not only support cell function but directly dictate
functional output. Different classes of T cells have been found to utilize distinct metabolic fuel
sources to elicit their specific functions (188; 189). For instance, activated T cells rely heavily on
glucose and glutamine to fuel their robust proliferation and differentiation to the Tyl, Ty2, and
Tul7 effector classes (188; 189). In contrast, inhibition of the glycolytic pathway with glucose
analogue 2-deoxyglucose (2-DG) promotes differentiation into the Treg cell subset which relies
primarily on exogenous fatty acids (189). Furthermore, metabolism has been greatly implicated in
polarization of macrophage functionality, as different fuel sources support certain functions. The
pro-inflammatory M1 subset relies primarily on glycolysis and the pentose phosphate pathway,
while reducing oxidative phosphorylation (190). In contrast, fatty acid oxidation and oxidative
phosphorylation fuel the more anti-inflammatory M2 macrophages (191).

In terms of NK cells, recent literature has demonstrated that glycolysis is a prerequisite for
function (192). Keating et al. showed that a reduction in glycolysis, by culturing human NK cells
in the presence of galactose, significantly decreased the secretion of IFN-y compared to glucose
treated controls. Additionally, NK cell antiviral function against cytomegalovirus infection was
dependent on glycolysis, as treatment with the glucose inhibitor 2-DG resulted in higher viral
burdens in infected C57BL/6 mice (193). Our lab has also shown that tumour associated NK
(taNK) cells from ovarian cancer patients exhibit reduced glycolysis and oxidative

phosphorylation, as well as exhibit fused mitochondria and reduced mitochondrial mass (194).
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This reduction in metabolic activity directly corresponds to an impaired function, with taNK cells
having decreased cytotoxicity and an inability to prevent tumour engraftment in vivo (194). Thus,
immune cell functional output is critically linked to the cell’s metabolic ability.

Cannabinoids have been shown to impair mitochondrial respiration and function in
numerous cell types such as cancer and brain cells (195; 196). One proposed mechanism for THC
induced trophoblast dysfunction is through inhibition of mitochondrial function. Treatment with
THC significantly reduced maximal and basal cellular respiration measured via oxygen
consumption rate in trophoblast cells (81). Additionally, THC reduced mitochondrial complex
proteins and the mitochondrial mass of trophoblast cells (81). THC has also been shown to reduce
mitochondrial membrane potential, increase mitochondrial stress, and increase ROS production in
trophoblast cells (85). Lojpur et al. suggested that this ability of THC to disrupt mitochondrial
function may be a key factor driving placental insufficiency in cannabis treated mice. Given the
strong connection between cellular respiration and immune cell function, cannabinoids could be
disrupting NK cell function via decreased oxidative metabolism. In future, it would be interesting
to examine metabolic markers like nutrient receptors and mitochondrial mass as well as metabolic

activity via Seahorse assays on NK cells following exposure to THC and CBD.
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4.4 Conclusion

Despite the clear risk of several serious pregnancy complications, the prevalence of
maternal cannabis use is rising (1). Little work has been done so far to uncover the mechanisms
driving cannabis-induced pregnancy complications or assess whether all cannabinoids affect
pregnancy outcomes. In the present work, we examined how exposure to either THC or CBD oil
from early to mid-gestation led to abnormal fetal outcomes at term in a mouse model. We also
assessed how cannabis exposure disrupted implantation site development and maternal immune
cell function. Exposure to THC oil reduced fetal weight, length, and head size at term,
corresponding to what has been found in previous studies (80; 140). Despite the often-positive
view of CBD oil, we observed that its consumption also led to abnormal fetal outcomes such as a
reduced head size and a trend for increased odds of being SGA.

In terms of implantation site remodelling, CBD oil caused substantial changes in uNK cell
number and morphology, impaired vascular remodelling, and decreased placental area by mid-
gestation. THC oil also reduced vascular remodelling and altered uNK cell morphology as they
appeared to be smaller in size than control. As both THC and CBD oil resulted in impaired vascular
remodelling, we assessed the ability of the cannabinoids to disrupt NK cell angiogenic factor
production. Both THC and CBD substantially reduced human NK cell production of IFN-y and
may reduce NKreg production of VEGF. Ultimately, the impaired implantation site remodelling
seen in both THC and CBD oil exposed dams may be unable to support the extensive growth
demands of late-stage pregnancy resulting in the impaired fetal growth we see. The changes in
decidual remodelling could be a result of cannabinoids disrupting uNK cell functions. Thus,
cannabis oil consumption from early to mid-pregnancy results in substantial changes to immune

cell function, implantation site remodelling, and ultimately fetal growth.
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4.5 Future Directions

The following experiments are proposed as potential future directions of this project:

Aim 1: Determine whether exposure to CBD or THC oil alters pregnancy outcomes in a mouse

model.

Thus far, we have examined changes to fetal development at term following exposure to
CBD or THC oil. However, considering the effects of cannabis extend beyond pregnancy
it would be interesting to follow the pups after birth to observe their cognitive development.
We can examine whether in utero cannabis oil exposure leads to behavioural changes in
the offspring such as heightened anxiety, inattention, and aggression which has been
observed in human studies (25; 26; 27).

Aim 2: Assess whether cannabis oil impairs implantation site remodelling in a mouse model.
Our results indicate that cannabis oil results in reduced placental area, impaired vascular
remodelling, and morphological changes within the uNK cells. To examine these changes
further, we can perform additional histological analyses.

o Increased vessel wall thickness is one method to assess reduced vascular
remodelling, however, we should also perform smooth muscle actin (SMA)
staining on our implantation sites as the loss of SMA is an indicator for vessel
remodelling (176). Additionally, to confirm if this impairment in vessel
development corresponds to altered maternal blood flow, we should perform ultra-
high frequency microultrasound Doppler to measure blood flow velocity of the
uterine and umbilical arteries (147). Using a similar protocol to our term
experiment, we can perform the ultrasound measurements at GD 12.5 and 14.5

when dilation of the uterine artery should be fully complete (147).
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o There appeared to be morphological differences in the uNK cells from both mice
treated with either CBD or THC oil. To quantify the cell size difference in THC oil
treated mice, we can measure the cell size using ImageJ software and compare
between the groups.

o One striking difference we observed was the significant elevation of DBA+ uNK
cells within the decidua of CBD oil treated dams. As the uNK cell population within
the decidua consists of both trNK cells and cNK cells, it would be interesting to see
if this is a local proliferation of trNK cells or a recruitment of cNK cells. We can
stain the implantation sites with Ki-67 to assess proliferation and perform homing
experiments with fluorescently labelled NK cells injected during pregnancy.

Aim 3: Pinpoint whether uNK cell functions are impacted by cannabinoid exposure.
As of now, our results indicate that cannabinoids reduce human NK cell IFN-y production
and may reduce VEGF production by NKreg cells. However, angiogenic factor production
is not the only function of uNK cells.

o The experiment assessing the ability of cannabinoids to suppress mouse uNK cell
IFN-y production must be repeated as it is currently only an n of 1. Additionally,
we could also collect the supernatant following cannabinoid incubation and
perform a broad cytokine and chemokine array to see if there are any other
cytokines that may be impaired in uNK cells.

o We observe that THC and CBD reduce IFN-y production in pbNK cells. It would
be interesting to repeat this experiment but with the addition of either a CB1 or CB2

receptor antagonist to see if cannabinoid receptor engagement drives this inhibition.

75



MSc. Thesis — T. Ritchie; McMaster University — Medical Sciences

o Our human data currently looks at cytokine production in pbNK cells or NKreg
cells following cannabis exposure. However, pbNK cells differ substantially from
ulNK cells and while our NKreg cells behave similar they are still only a model of
ulNK cells. In future, it would be ideal to assess the effect of cannabinoid exposure
on primary human uNK cells isolated from first trimester elective abortion
procedures. We could look at uNK cell phenotype, expression of activating and
inhibitory receptors, cytokine secretion, and ability to promote angiogenesis and
trophoblast migration after exposure to cannabinoids ex vivo. If possible, we could
also compare the functions of uNK cells isolated from either cannabis users or non-
users. It would also be informative to perform RNA sequencing on the uNK cells
isolated from users or non-users to help identify other functions that might be

impacted or provide insight on the potential mechanism of action.

76



MSc. Thesis — T. Ritchie; McMaster University — Medical Sciences

Chapter 5: References

. Koto P, Allen VM, Fahey J, Kuhle S. Maternal cannabis use during pregnancy and maternal

and neonatal outcomes: A retrospective cohort study. BJOG. 2022.

Wadsworth E, Driezen P, Chan G, Hall W, Hammond D. Perceived access to cannabis and
ease of purchasing cannabis in retail stores in Canada immediately before and one year
after legalization. AJDAA. 2022 Mar 4;48(2):195-205.

3. Statistics Canada. National Cannabis Survey, first quarter 2018.

10.
1.

12.

13.

14.

15.

16.

Mark K, Gryczynski J, Axenfeld E, Schwartz RP, Terplan M. Pregnant women's current
and intended cannabis use in relation to their views toward legalization and knowledge of
potential harm. Journal of Addictions Medicine. 2017 May 1;11(3):211-6.

Ko JY, Farr SL, Tong VT, Creanga AA, Callaghan WM. Prevalence and patterns of
marijuana use among pregnant and nonpregnant women of reproductive age. American
Journal of Obsetrics and Gynecology. 2015 Aug 1;213(2):201-el.

Corsi DJ, Hsu H, Weiss D, Fell DB, Walker M. Trends and correlates of cannabis use in
pregnancy: a population-based study in Ontario, Canada from 2012 to 2017. Canadian
Journal of Public Health. 2019 Feb;110(1):76-84.

Young-Wolff KC et al. Trends in self-reported and biochemically tested marijuana use
among pregnant females in California from 2009-2016. Jama. 2017 Dec 26;318(24):2490-
1.

Jett J, Stone E, Warren G, Cummings KM. Cannabis use, lung cancer, and related issues.
Journal of Thoracic Oncology. 2018 Apr 1;13(4):480-7.

Moir D et al. A comparison of mainstream and sidestream marijuana and tobacco cigarette
smoke produced under two machine smoking conditions. Chemical research in toxicology.
2008 Feb 18;21(2):494-502.

Statistics Canada. Canadian Cannabis Survey 2020: Summary. (2021)

Chen JW, Borgelt LM, Blackmer AB. Cannabidiol: a new hope for patients with Dravet or
Lennox-Gastaut syndromes. Annals of Pharmacotherapy. 2019 Jun;53(6):603-11.
Lastres-Becker I, Molina-Holgado F, Ramos JA, Mechoulam R, Ferndndez-Ruiz J.
Cannabinoids provide neuroprotection against 6-hydroxydopamine toxicity in vivo and in
vitro: relevance to Parkinson's disease. Neurobiology of disease. 2005 Jun 1;19(1-2):96-
107.

Russo EB. Cannabinoids in the management of difficult to treat pain. Therapeutics and
clinical risk management. 2008 Feb;4(1):245.

Goodman S, Wadsworth E, Schauer G, Hammond D. Use and perceptions of cannabidiol
products in Canada and in the United States. Cannabis and Cannabinoid Research. 2020
Nov 20.

Vanstone M, Taneja S, Popoola A, Panday J, Greyson D, Lennox R, McDonald SD.
Reasons for cannabis use during pregnancy and lactation: a qualitative study. CMAJ. 2021
Dec 20;193(50):E1906-14.

Westfall RE, Janssen PA, Lucas P, Capler R. Survey of medicinal cannabis use among
childbearing women: patterns of its use in pregnancy and retroactive self-assessment of its

77



MSc. Thesis — T. Ritchie; McMaster University — Medical Sciences

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

efficacy against ‘morning sickness’. Complementary Therapies in Clinical Practice. 2006
Feb 1;12(1):27-33.

Einarson TR, Piwko C, Koren G. Quantifying the global rates of nausea and vomiting of
pregnancy: a meta-analysis. Journal of population therapeutics and clinical
pharmacology. 2013;20(2).

Volkow ND, Han B, Compton WM, Blanco C. Marijuana use during stages of pregnancy
in the United States. Annals of internal medicine. 2017 May 16;166(10):763-4.

Roberson EK, Patrick WK, Hurwitz EL. Marijuana use and maternal experiences of severe
nausea during pregnancy in Hawai ‘i. Hawai'i Journal of Medicine & Public Health. 2014
Sep;73(9):283.

Chang JC et al. Beliefs and attitudes regarding prenatal marijuana use: perspectives of
pregnant women who report use. Drug and alcohol dependence. 2019 Mar 1;196:14-20.
Russo E. Cannabis treatments in obstetrics and gynecology: a historical review. Journal of
Cannabis Therapeutics. 2002 Jun 1;2(3-4):5-35.

Machado Rocha FC, Stefano SC, De Cassia Haiek R, Rosa Oliveira LM, Da Silveira DX.
Therapeutic use of Cannabis sativa on chemotherapy-induced nausea and vomiting among
cancer patients: systematic review and meta-analysis. European journal of cancer care.
2008 Sep;17(5):431-43.

De Genna NM, Willford JA, Richardson GA. Long-term effects of prenatal cannabis
exposure: Pathways to adolescent and adult outcomes. Pharmacology Biochemistry and
Behavior. 2022 Mar 1;214:173358.

Marchand G, Masoud AT, Govindan M, Ware K, King A, Ruther S, Brazil G, Ulibarri H,
Parise J, Arroyo A, Coriell C. Birth Outcomes of Neonates Exposed to Marijuana in Utero:
A Systematic Review and Meta-analysis. JAMA. 2022 Jan 4;5(1):e2145653-.
Goldschmidt L, Day NL, Richardson GA. Effects of prenatal marijuana exposure on child
behavior problems at age 10. Neurotoxicology and teratology. 2000 May 1;22(3):325-36.
Corsi DJ et al. Maternal cannabis use in pregnancy and child neurodevelopmental
outcomes. Nature medicine. 2020 Oct;26(10):1536-40.

Rompala G, Nomura Y, Hurd YL. Maternal cannabis use is associated with suppression of
immune gene networks in placenta and increased anxiety phenotypes in offspring.
Proceedings of the National Academy of Sciences. 2021 Nov 23;118(47).

Lucas CJ, Galettis P, Schneider J. The pharmacokinetics and the pharmacodynamics of
cannabinoids. British journal of clinical pharmacology. 2018 Nov;84(11):2477-82.
Matsuda LA, Lolait SJ, Brownstein MJ, Young AC, Bonner TI. Structure of a cannabinoid
receptor and functional expression of the cloned cDNA. Nature. 1990 Aug;346(6284):561-
4.

Devane WA, Hanus L, Breuer A, Pertwee RG, Stevenson LA, Griffin G, Gibson D,
Mandelbaum A, Etinger A, Mechoulam R. Isolation and structure of a brain constituent
that binds to the cannabinoid receptor. Science. 1992 Dec 18;258(5090):1946-9.

Joshi N, Onaivi ES. Endocannabinoid system components: overview and tissue
distribution. Recent Advances in Cannabinoid Physiology and Pathology.2019:1-2.

Basu S, Dittel BN. Unraveling the complexities of cannabinoid receptor 2 (CB2) immune
regulation in health and disease. Immunologic research. 2011 Oct;51(1):26-38.

Van Sickle MD, Duncan M, Kingsley PJ, Mouihate A, Urbani P, Mackie K, Stella N,
Makriyannis A, Piomelli D, Davison JS, Marnett LJ. Identification and functional

78



MSc. Thesis — T. Ritchie; McMaster University — Medical Sciences

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

characterization of brainstem cannabinoid CB2 receptors. Science. 2005 Oct
14;310(5746):329-32.

Di Marzo V, Fontana A, Cadas H, Schinelli S, Cimino G, Schwartz JC, et al. Formation
and inactivation of endogenous cannabinoid anandamide in central neurons. Nature. 1994
Dec;372(6507):686-91.

Maccarrone M. Endocannabinoids: friends and foes of reproduction. Progress in lipid
research. 2009 Nov 1;48(6):344-54.

Dinh TP, Carpenter D, Leslie FM, Freund TF, Katona I, Sensi SL et al. Brain
monoglyceride lipase participating in endocannabinoid inactivation. Proceedings of the
national Academy of sciences. 2002 Aug 6;99(16):10819-24.

McKinney MK, Cravatt BF. Structure and function of fatty acid amide hydrolase. Annu.
Rev. Biochem. 2005 Jul 7;74:411-32.

Cecconi S, Rapino C, Di Nisio V, Rossi G, Maccarrone M. The (endo) cannabinoid
signaling in female reproduction: What are the latest advances?. Progress in Lipid
Research. 2020 Jan 1;77:101019.

Ryberg E, Larsson N, Sjogren S, Hjorth S, Hermansson NO, Leonova J, Elebring T,
Nilsson K, Drmota T, Greasley P. The orphan receptor GPRSS5 is a novel cannabinoid
receptor. British journal of pharmacology. 2007 Dec;152(7):1092-101.

Pertwee RG, Cascio MG. Known pharmacological actions of delta-9-tetrahydrocannabinol
and of four other chemical constituents of cannabis that activate cannabinoid receptors.
Handbook of cannabis. 2014 Aug 21:115.

Pertwee R. The diverse CB1 and CB2 receptor pharmacology of three plant cannabinoids:
A9-tetrahydrocannabinol, cannabidiol and A9-tetrahydrocannabivarin. British journal of
pharmacology. 2008 Jan;153(2):199-215.

Bisogno T, Hanu§ L, De Petrocellis L, Tchilibon S, Ponde DE, Brandi I et al. Molecular
targets for cannabidiol and its synthetic analogues: effect on vanilloid VR1 receptors and
on the cellular uptake and enzymatic hydrolysis of anandamide. British journal of
pharmacology. 2001 Oct;134(4):845-52.

Peres FF, Lima AC, Hallak JE, Crippa JA, Silva RH, Abilio VC. Cannabidiol as a
promising strategy to treat and prevent movement disorders?. Frontiers in pharmacology.
2018 May 11;9:482.

Giacoppo S, Pollastro F, Grassi G, Bramanti P, Mazzon E. Target regulation of
PI3K/Akt/mTOR pathway by cannabidiol in treatment of experimental multiple sclerosis.
Fitoterapia. 2017 Jan 1;116:77-84.

O'Sullivan SE, Sun Y, Bennett AJ, Randall MD, Kendall DA. Time-dependent vascular
actions of cannabidiol in the rat aorta. European journal of pharmacology. 2009 Jun
10;612(1-3):61-8.

Leweke FM, Piomelli D, Pahlisch F, Muhl D, Gerth CW, Hoyer C et al. Cannabidiol
enhances anandamide signaling and alleviates psychotic symptoms of schizophrenia.
Translational psychiatry. 2012 Mar;2(3):e94-.

Lindgren JE, Ohlsson A, Agurell S, Hollister L, Gillespie H. Clinical effects and plasma
levels of A9-tetrahydrocannabinol (A9-THC) in heavy and light users of cannabis.
Psychopharmacology. 1981 Jul;74(3):208-12.

Grotenhermen F. Pharmacokinetics and pharmacodynamics of cannabinoids. Clinical
pharmacokinetics. 2003 Apr;42(4):327-60.

79



MSc. Thesis — T. Ritchie; McMaster University — Medical Sciences

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Hlozek T, Uttl L, Kadefabek L, Balikovd M, Lhotkovd E, Horsley RR et al.
Pharmacokinetic and behavioural profile of THC, CBD, and THC+ CBD combination after
pulmonary, oral, and subcutaneous administration in rats and confirmation of conversion
in vivo of CBD to THC. European Neuropsychopharmacology. 2017 Dec 1;27(12):1223-
37.

Chayasirisobhon S. Mechanisms of action and pharmacokinetics of cannabis. Perm J. 2020
Dec 1;25:1-3.

Ohlsson A, Lindgren JE, Wahlén A, Agurell S, Hollister LE, Gillespie HK. Single dose
kinetics of deuterium labelled A1-tetrahydrocannabinol in heavy and light cannabis users.
Biomedical mass spectrometry. 1982 Jan;9(1):6-10.

Zgair A, Wong JC, Lee JB, Mistry J, Sivak O, Wasan KM et al. Dietary fats and
pharmaceutical lipid excipients increase systemic exposure to orally administered cannabis
and cannabis-based medicines. American journal of translational research.
2016;8(8):3448.

Gaston TE, Friedman D. Pharmacology of cannabinoids in the treatment of epilepsy.
Epilepsy & Behavior. 2017 May 1;70:313-8.

Hutchings DE, Martin BR, Gamagaris Z, Miller N, Fico T. Plasma concentrations of delta-
9-tetrahydrocannabinol in dams and fetuses following acute or multiple prenatal dosing in
rats. Life sciences. 1989 Jan 1;44(11):697-701.

Abrams RM, Cook CE, Davis KH, Niederreither K, Jaeger MJ, Szeto HH. Plasma delta-9-
tetrahydrocannabinol in pregnant sheep and fetus after inhalation of smoke from a
marijuana cigarette. Alcohol and drug research. 1985 Jan 1;6(5):361-9.

Perez-Reyes M, Wall ME. Presence of delta9-tetrahydrocannabinol in human milk. New
England Journal of Medicine. 1982 Sep 23;307(13):819-20

Habayeb OM, Bell SC, Konje JC. Endogenous cannabinoids: metabolism and their role in
reproduction. Life sciences. 2002 Mar 15;70(17):1963-77.

Schmid PC, Paria BC, Krebsbach RJ, Schmid HH, Dey SK. Changes in anandamide levels
in mouse uterus are associated with uterine receptivity for embryo implantation.
Proceedings of the National Academy of Sciences. 1997 Apr 15;94(8):4188-92.

Paria BC, Song H, Wang X, Schmid PC, Krebsbach RJ, Schmid HH et al. Dysregulated
cannabinoid signaling disrupts uterine receptivity for embryo implantation. Journal of
Biological Chemistry. 2001 Jan 1;276(23):20523-8.

Yang ZM, Paria BC, Dey SK. Activation of brain-type cannabinoid receptors interferes
with preimplantation mouse embryo development. Biology of reproduction. 1996 Oct
1;55(4):756-61.

Neradugomma NK, Drafton K, Mor GG, Mao Q. Marijuana-derived cannabinoids inhibit
uterine endometrial stromal cell decidualization and compromise trophoblast-endometrium
cross-talk. Reproductive Toxicology.2019 Aug 1;87:100-7.

Dunn CL, Kelly RW, Critchley HO. Decidualization of the human endometrial stromal
cell: an enigmatic transformation. Reproductive biomedicine online. 2003 Jan 1;7(2):151-
61.

Walker OL, Holloway AC, Raha S. The role of the endocannabinoid system in female
reproductive tissues. Journal of Ovarian Research. 2019 Dec;12(1):1-0.

Smith CG, Besch NF, Smith RG, Besch PK. Effect of tetrahydrocannabinol on the
hypothalamic-pituitary axis in the ovariectomized rhesus monkey. Fertility and Sterility.
1979 Mar 1;31(3):335-9.

80



MSc. Thesis — T. Ritchie; McMaster University — Medical Sciences

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

Chakravarty I, Shah PG, Sheth AR, Ghosh JJ. Mode of action of delta-9-
tetrahydrocannabinol on hypothalamo—pituitary function in adult female rats.
Reproduction. 1979 Sep 1;57(1):113-5.

Ayalon D, Nir I, Cordova T, Bauminger S, Puder M, Naor Z, Kashi R, Zor U, Harell A,

Lindner HR. Acute Effect of 4 1-Tetrahydrocannabinol on the Hypothalamo-Pituitary-
Ovarian Axis in the Rat. Neuroendocrinology. 1977;23(1):31-42.

Zoller LC, Carr K. Effects of Daily Administration of Tetrahydrocannabinol on Rat
Preovulatory Follicles. Cells Tissues Organs. 1988;131(4):265-70.

Asch RH, Smith CG, Siler-Khodr TM, Pauerstein CJ. Effects of A9-tetrahydrocannabinol
during the follicular phase of the rhesus monkey (Macaca mulatto). The Journal of Clinical
Endocrinology & Metabolism. 1981 Jan 1;52(1):50-5.

Jukic AM, Weinberg CR, Baird DD, Wilcox AJ. Lifestyle and reproductive factors
associated with follicular phase length. Journal of women's health.2007 Nov 1;16(9):1340-
7.

Mueller BA, Daling JR, Weiss NS, Moore DE. Recreational drug use and the risk of
primary infertility. Epidemiology. 1990 May 1:195-200.

Red-Horse K, Zhou Y, Genbacev O, Prakobphol A, Foulk R, McMaster M, Fisher SJ.
Trophoblast differentiation during embryo implantation and formation of the maternal-
fetal interface. The Journal of clinical investigation. 2004 Sep 15;114(6):744-54.

Zhou Y, Damsky CH, Fisher SJ. Preeclampsia is associated with failure of human
cytotrophoblasts to mimic a vascular adhesion phenotype. One cause of defective
endovascular invasion in this syndrome?. The Journal of clinical investigation. 1997 May
1;99(9):2152-64.

Norwitz ER. Defective implantation and placentation: laying the blueprint for pregnancy
complications. Reproductive biomedicine online. 2006 Jan 1;13(4):591-9.

Khare M, Taylor AH, Konje JC, Bell SC. A9-Tetrahydrocannabinol inhibits
cytotrophoblast cell proliferation and modulates gene transcription. MHR: Basic science of
reproductive medicine. 2006 Apr 5;12(5):321-33.

Costa MA, Fonseca BM, Marques F, Teixeira NA, Correia-da-Silva G. The psychoactive
compound of Cannabis sativa, A9-tetrahydrocannabinol (THC) inhibits the human
trophoblast cell turnover. Toxicology. 2015 Aug 6;334:94-103.

Keating E, Gongalves P, Campos I, Costa F, Martel F. Folic acid uptake by the human
syncytiotrophoblast: interference by pharmacotherapy, drugs of abuse and pathological
conditions. Reproductive Toxicology. 2009 Dec 1;28(4):511-20.

Lucock M. Folic acid: nutritional biochemistry, molecular biology, and role in disease
processes. Molecular genetics and metabolism. 2000 Sep 1;71(1-2):121-38.

Almada M, Alves P, Fonseca BM, Carvalho F, Queir6s CR, Gaspar H et al. Synthetic
cannabinoids JWH-018, JWH-122, UR-144 and the phytocannabinoid THC activate
apoptosis in placental cells. Toxicology letters. 2020 Feb 1;319:129-37.

Fitzgerald JS, Poehlmann TG, Schleussner E, Markert UR. Trophoblast invasion: the role
of intracellular cytokine signalling via signal transducer and activator of transcription 3
(STAT3). Human reproduction update. 2008 Jul 1;14(4):335-44.

Chang X, Bian Y, He Q, Yao J, Zhu J, Wu J, Wang K, Duan T. Suppression of STAT3
signaling by A9-tetrahydrocannabinol (THC) induces trophoblast dysfunction. Cellular
Physiology and Biochemistry. 2017;42(2):537-50.

81



MSc. Thesis — T. Ritchie; McMaster University — Medical Sciences

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Lojpur T, Easton Z, Raez-Villanueva S, Laviolette S, Holloway AC, Hardy DB. A9-
Tetrahydrocannabinol leads to endoplasmic reticulum stress and mitochondrial
dysfunction in human BeWo trophoblasts. Reproductive Toxicology. 2019 Aug 1;87:21-
31.

Kawakami T, Yoshimi M, Kadota Y, Inoue M, Sato M, Suzuki S. Prolonged endoplasmic
reticulum stress alters placental morphology and causes low birth weight. Toxicology and
applied pharmacology. 2014 Mar 1;275(2):134-44.

Athanasiou A, Clarke AB, Turner AE, Kumaran NM, Vakilpour S, Smith PA et al.
Cannabinoid receptor agonists are mitochondrial inhibitors: a unified hypothesis of how
cannabinoids modulate mitochondrial function and induce cell death. Biochemical and
biophysical research communications. 2007 Dec 7;364(1):131-7.

Walker OL, Gurm H, Sharma R, Verma N, May LL, Raha S. Delta-9-tetrahydrocannabinol
inhibits invasion of HTR8/SVneo human extravillous trophoblast cells and negatively
impacts mitochondrial function. Scientific reports. 2021 Feb 17;11(1):1-5.

Walker OL, Ragos R, Gurm H, Lapierre M, May LL, Raha S. Delta-9-
tetrahydrocannabinol disrupts mitochondrial function and attenuates syncytialization in
human placental BeWo cells. Physiological Reports. 2020 Jul;8(13):e14476.

Holland O, Nitert MD, Gallo LA, Vejzovic M, Fisher JJ, Perkins AV. Placental
mitochondrial function and structure in gestational disorders. Placenta. 2017 Jun 1;54:2-9.
Mor G, Aldo P, Alvero AB. The unique immunological and microbial aspects of
pregnancy. Nature Reviews Immunology.2017 Aug;17(8):469-82.

Liu S, Diao L, Huang C,Li Y, Zeng Y, Kwak-Kim JY. The role of decidual immune cells
on human pregnancy. Journal of reproductive immunology. 2017 Nov 1;124:44-53.
Bulmer JN, Morrison L, Longfellow M, Ritson A, Pace D. Granulated lymphocytes in
human endometrium: histochemical and immunohistochemical studies. Human
reproduction. 1991 Jul 1;6(6):791-8.

Bulmer JN, Morrison L, Smith JC. Expression of class II MHC gene products by
macrophages in human uteroplacental tissue. Immunology. 1988 Apr;63(4):707.
Gnainsky Y, Granot I, Aldo P, Barash A, Or Y, Mor G et al. Biopsy-induced inflammatory
conditions improve endometrial receptivity: the mechanism of action. Reproduction. 2015
Jan 1;149(1):75-85.

Lindstrom TM, Bennett PR. The role of nuclear factor kappa B in human labour.
Reproduction. 2005 Nov 1;130(5):569-81.

Svensson-Arvelund J, Ernerudh J, Buse E, Cline JM, Haeger JD, Dixon D et alThe placenta
in toxicology. Part II: Systemic and local immune adaptations in pregnancy. Toxicologic
pathology. 2014 Feb;42(2):327-38.

Castilla J, Rueda R, Vargas ML, Gonzélez-Gémez F, Garcia-Olivares E. Decreased levels
of circulating CD4+ T lymphocytes during normal human pregnancy. Journal of
Reproductive Immunology. 1989 May 1;15(2):103-11.

Wang W, Zhao Y, Zhou X, Sung N, Chen L, Zhang X et al. Dynamic changes in regulatory
T cells during normal pregnancy, recurrent pregnancy loss, and gestational diabetes.
Journal of Reproductive Immunology. 2022 Mar 1;150:103492.

van Nieuwenhoven AL, Bouman A, Moes H, Heineman MJ, de Leij LF, Santema J et al.
Cytokine production in natural killer cells and lymphocytes in pregnant women compared
with women in the follicular phase of the ovarian cycle. Fertility and sterility. 2002 May
1;77(5):1032-7.

82



MSc. Thesis — T. Ritchie; McMaster University — Medical Sciences

97. Sacks GP, Studena K, Sargent IL, Redman CW. Normal pregnancy and preeclampsia both
produce inflammatory changes in peripheral blood leukocytes akin to those of sepsis.
American journal of obstetrics and gynecology. 1998 Jul 1;179(1):80-6.

98. Pazos M, Sperling RS, Moran TM, Kraus TA. The influence of pregnancy on systemic
immunity. Immunologic research. 2012 Dec;54(1):254-61.

99. Riley JK, Yokoyama WM. NK cell tolerance and the maternal-fetal interface. American
Journal of Reproductive Immunology. 2008 May;59(5):371-87.

100.von Rango U. Fetal tolerance in human pregnancy —a crucial balance between acceptance
and limitation of trophoblast invasion. Immunology letters. 2008 Jan 15;115(1):21-32.

101.Moffett-King A. Natural killer cells and pregnancy. Nature Reviews Immunology. 2002
Sep;2(9):656-63.

102.Higuma-Myojo S, Sasaki Y, Miyazaki S, Sakai M, Siozaki A, Miwa N et al. Cytokine
profile of natural killer cells in early human pregnancy. American Journal of Reproductive
Immunology. 2005 Jul;54(1):21-9.

103.Blois SM, Freitag N, Tirado-Gonzélez I, Cheng SB, Heimesaat MM, Bereswill S et al. NK
cell-derived IL-10 is critical for DC-NK cell dialogue at the maternal-fetal interface.
Scientific Reports. 2017 May 19;7(1):1-9.

104.Fu B, Zhou Y, Ni X, Tong X, Xu X, Dong Z et al. Natural killer cells promote fetal
development through the secretion of growth-promoting factors. Immunity. 2017 Dec
19;47(6):1100-13.

105.Pollheimer J, Vondra S, Baltayeva J, Beristain AG, Knofler M. Regulation of placental
extravillous trophoblasts by the maternal uterine environment. Frontiers in immunology.
2018:2597.

106.Hanna J, Goldman-Wohl D, Hamani Y, Avraham I, Greenfield C, Natanson-Yaron S et al.
Decidual NK cells regulate key developmental processes at the human fetal-maternal
interface. Nature medicine. 2006 Sep;12(9):1065-74.

107.Lash GE, Otun HA, Innes BA, Kirkley M, De Oliveira L, Searle RF et al. Interferon-y
inhibits extravillous trophoblast cell invasion by a mechanism that involves both changes
in apoptosis and protease levels. The FASEB journal. 2006 Dec;20(14):2512-8.

108.Bauer S, Pollheimer J, Hartmann J, Husslein P, Aplin JD, Knofler M. Tumor necrosis
factor-o. inhibits trophoblast migration through elevation of plasminogen activator
inhibitor-1 in first-trimester villous explant cultures. The Journal of Clinical
Endocrinology & Metabolism. 2004 Feb 1;89(2):812-22.

109.Tortora, GJ and Derrickson, BH. Principles of anatomy and physiology. s.1. : John Wiley
& Sons, 2018.

110.Tessier DR, Yockell-Lelievre J, Gruslin A. Uterine spiral artery remodeling: the role of
uterine natural killer cells and extravillous trophoblasts in normal and high-risk human
pregnancies. American journal of reproductive immunology. 2015 Jul;74(1):1-1.

111.Hazan AD, Smith SD, Jones RL, Whittle W, Lye SJ, Dunk CE. Vascular-leukocyte
interactions: mechanisms of human decidual spiral artery remodeling in vitro. The
American journal of pathology.2010 Aug 1;177(2):1017-30.

112.Smith SD, Dunk CE, Aplin JD, Harris LK, Jones RL. Evidence for immune cell
involvement in decidual spiral arteriole remodeling in early human pregnancy. The
American journal of pathology. 2009 May 1;174(5):1959-71.

83



MSc. Thesis — T. Ritchie; McMaster University — Medical Sciences

113.Lash GE, Schiessl B, Kirkley M, Innes BA, Cooper A, Searle RF et al. Expression of
angiogenic growth factors by uterine natural killer cells during early pregnancy. Journal of
leukocyte biology. 2006 Sep;80(3):572-80.

114.Ashkar AA, Croy BA. Functions of uterine natural killer cells are mediated by interferon
gamma production during murine pregnancy. Seminars in Immunology 2001 Aug 1 (Vol.
13,No. 4, pp. 235-241).

115.Robson A, Harris LK, Innes BA, Lash GE, Aljunaidy MM, Aplin JD et al. Uterine natural
killer cells initiate spiral artery remodeling in human pregnancy. The FASEB Journal. 2012
Dec;26(12):4876-85.

116.Ashkar AA, Croy BA. Interferon-y contributes to the normalcy of murine pregnancy.
Biology of reproduction. 1999 Aug 1;61(2):493-502.

117.Gamliel M, Goldman-Wohl D, Isaacson B, Gur C, Stein N, Yamin R et al. Trained memory
of human uterine NK cells enhances their function in subsequent pregnancies. Immunity.
2018 May 15;48(5):951-62.

118.Eide 1P, Rolfseng T, Isaksen CV, Mecsei R, Roald B, Lydersen S et al. Serious foetal
growth restriction is associated with reduced proportions of natural killer cells in decidua
basalis. Virchows Archiv. 2006 Mar;448(3):269-76.

119.Fraser R, Whitley GS, Johnstone AP, Host AJ, Sebire NJ, Thilaganathan B et al. Impaired
decidual natural killer cell regulation of vascular remodelling in early human pregnancies
with high uterine artery resistance. The Journal of pathology. 2012 Nov;228(3):322-32.

120.Ye L, Cao Z, Wang W, Zhou N. New insights in cannabinoid receptor structure and
signaling. Current molecular pharmacology. 2019 Aug;12(3):239.

121.Galiegue S, Mary S, Marchand J, Dussossoy D, Carriere D, Carayon P et al. Expression of
central and peripheral cannabinoid receptors in human immune tissues and leukocyte
subpopulations. European journal of biochemistry. 1995 Aug;232(1):54-61.

122.Rieder SA, Chauhan A, Singh U, Nagarkatti M, Nagarkatti P. Cannabinoid-induced
apoptosis in immune cells as a pathway to immunosuppression. Immunobiology. 2010 Aug
1;215(8):598-605.

123.Yuan M, Kiertscher SM, Cheng Q, Zoumalan R, Tashkin DP, Roth MD. A9-
Tetrahydrocannabinol regulates Th1/Th2 cytokine balance in activated human T cells.
Journal of neuroimmunology. 2002 Dec 1;133(1-2):124-31.

124 Srivastava MD, Srivastava BI, Brouhard B. A9 tetrahydrocannabinol and cannabidiol alter
cytokine production by human immune cells. Immunopharmacology. 1998 Nov
1;40(3):179-85.

125.Nakano Y, Pross SH, Friedman H. Modulation of interleukin 2 activity by A9-
tetrahydrocannabinol after stimulation with concanavalin A, phytohemagglutinin, or anti-
CD3 antibody. Proceedings of the Society for Experimental Biology and Medicine. 1992
Nov;201(2):165-8.

126.Newton C, Klein T, Friedman H. The role of macrophages in THC-induced alteration of
the cytokine network. Drugs of Abuse, Immunomodulation, and Aids. 1998 (pp. 207-214).
Springer, Boston, MA.

127.Robinson RH, Meissler JJ, Fan X, Yu D, Adler MW, Eisenstein TK. A CB2-selective
cannabinoid suppresses T-cell activities and increases Tregs and IL-10. Journal of
Neuroimmune Pharmacology. 2015 Jun;10(2):318-32.

84



MSc. Thesis — T. Ritchie; McMaster University — Medical Sciences

128.Zhu LX, Sharma S, Stolina M, Gardner B, Roth MD, Tashkin DP et al. A-9-
Tetrahydrocannabinol inhibits antitumor immunity by a CB2 receptor-mediated, cytokine-
dependent pathway. The Journal of Immunology. 2000 Jul 1;165(1):373-80.

129.Zgair A, Lee JB, Wong J, Taha DA, Aram J, Di Virgilio D et al. Oral administration of
cannabis with lipids leads to high levels of cannabinoids in the intestinal lymphatic system
and prominent immunomodulation. Scientific reports.2017 Nov 6;7(1):1-2.

130.Specter SC, Klein TW, Newton C, Mondragon M, Widen R, Friedman H. Marijuana effects
on immunity: suppression of human natural killer cell activity by delta-9-
tetrahydrocannabinol. [International journal of immunopharmacology. 1986 Jan
1;8(7):741-5.

131.Massi P, Fuzio D, Vigano D, Sacerdote P, Parolaro D. Relative involvement of cannabinoid
CB1 and CB2 receptors in the A9-tetrahydrocannabinol-induced inhibition of natural killer
activity. European journal of pharmacology. 2000 Jan 17;387(3):343-7.

132.Kusher DI, Dawson LO, Taylor AC, Djeu JY. Effect of the psychoactive metabolite of
marijuana, A9-tetrahydrocannabinol (THC), on the synthesis of tumor necrosis factor by
human large granular lymphocytes. Cellular immunology. 1994 Mar 1;154(1):99-108.

133.Kawakami Y, Klein TW, Newton C, Djeu JY, Specter S, Friedman H. Suppression by
delta-9-tetrahydrocannabinol of interleukin 2-induced lymphocyte proliferation and
lymphokine-activated killer cell activity. International journal of immunopharmacology.
1988 Jan 1;10(4):485-8.

134 .Rompala G, Nomura Y, Hurd YL. Maternal cannabis use is associated with suppression of
immune gene networks in placenta and increased anxiety phenotypes in offspring.
Proceedings of the National Academy of Sciences. 2021 Nov 23;118(47).

135.Lombard C, Hegde VL, Nagarkatti M, Nagarkatti PS. Perinatal exposure to A9-
tetrahydrocannabinol triggers profound defects in T cell differentiation and function in fetal
and postnatal stages of life, including decreased responsiveness to HIV antigens. Journal
of Pharmacology and Experimental Therapeutics. 2011 Nov 1;339(2):607-17.

136.Fonseca BM, Cunha SC, Goncalves D, Mendes A, Braga J, Correia-da-Silva G et al.
Decidual NK cell-derived conditioned medium from miscarriages affects endometrial
stromal cell decidualisation: endocannabinoid anandamide and tumour necrosis factor-o
crosstalk. Human Reproduction. 2020 Feb 29;35(2):265-74.

137 .Petrangelo A, Czuzoj-Shulman N, Balayla J, Abenhaim HA. Cannabis abuse or
dependence during pregnancy: a population-based cohort study on 12 million births.
Journal of Obstetrics and Gynaecology Canada.2019 May 1;41(5):623-30.

138.Ng SW, Norwitz GA, Pavlicev M, Tilburgs T, Simén C, Norwitz ER. Endometrial
decidualization: the primary driver of pregnancy health. International Journal of
Molecular Sciences. 2020 Jan;21(11):4092.

139.Milosevic-Stevanovic J, Krstic M, Radovic-Janosevic D, Popovic J, Tasic M, Stojnev S.
Number of decidual natural killer cells & macrophages in pre-eclampsia. The Indian
Journal of Medical Research. 2016 Dec;144(6):823.

140.Benevenuto SG, Domenico MD, Martins MA, Costa NS, de Souza AR, Costa JL et al.
Recreational use of marijuana during pregnancy and negative gestational and fetal
outcomes: An experimental study in mice. Toxicology. 2017 Feb 1;376:94-101.

141.Kieckbusch J, Gaynor LM, Moffett A, Colucci F. MHC-dependent inhibition of uterine
NK cells impedes fetal growth and decidual vascular remodelling. Nature communications.
2014 Feb 28;5(1):1-3.

85



MSc. Thesis — T. Ritchie; McMaster University — Medical Sciences

142.Cerdeira AS, Rajakumar A, Royle CM, Lo A, Husain Z, Thadhani RI et al. Conversion of
peripheral blood NK cells to a decidual NK-like phenotype by a cocktail of defined factors.
The Journal of Immunology. 2013 Apr 15;190(8):3939-48.

143.Gurley BJ, Murphy TP, Gul W, Walker LA, ElSohly M. Content versus label claims in
cannabidiol (CBD)-containing products obtained from commercial outlets in the state of
Mississippi. Journal of dietary supplements. 2020 Sep 2;17(5):599-607.

144.Sacchi C, Marino C, Nosarti C, Vieno A, Visentin S, Simonelli A. Association of
intrauterine growth restriction and small for gestational age status with childhood cognitive
outcomes: a systematic review and meta-analysis. JAMA pediatrics. 2020 Aug
1;174(8):772-81.

145.Alpar A, Di Marzo V, Harkany T. At the tip of an iceberg: prenatal marijuana and its
possible relation to neuropsychiatric outcome in the offspring. Biological Psychiatry.2016
Apr 1;79(7):e33-45.

146.Mori M, Bogdan A, Balassa T, Csabai T, Szekeres-Bartho J. The decidua—the maternal
bed embracing the embryo—maintains the pregnancy. Seminars in immunopathology.
2016 Nov (Vol. 38, No. 6, pp. 635-649). Springer Berlin Heidelberg.

147.Shreeve N, Depierreux D, Hawkes D, Traherne JA, Sovio U, Huhn O et al. The
CD94/NKG2A inhibitory receptor educates uterine NK cells to optimize pregnancy
outcomes in humans and mice. Immunity. 2021 Jun 8;54(6):1231-44.

148.Sun X, Xie H, Yang J, Wang H, Bradshaw HB, Dey SK. Endocannabinoid signaling directs
differentiation of trophoblast cell lineages and placentation. Proceedings of the National
Academy of Sciences. 2010 Sep 28;107(39):16887-92.

149.Alves P, Amaral C, Teixeira N, Correia-da-Silva G. Cannabidiol disrupts apoptosis,
autophagy and invasion processes of placental trophoblasts. Archives of toxicology. 2021
Oct;95(10):3393-406.

150.Huhn O, Zhao X, Esposito L, Moffett A, Colucci F, Sharkey AM. How do uterine natural
killer and innate lymphoid cells contribute to successful pregnancy?._Frontiers in
immunology. 2021 Jun 21;12:1964.

151.Zhang JH, Yamada AT, Croy BA. DBA-lectin reactivity defines natural killer cells that
have homed to mouse decidua. Placenta. 2009 Nov 1;30(11):968-73.

152.Bilinski MJ, Thorne JG, Oh MJ, Leonard S, Murrant C, Tayade C et al. Uterine NK cells
in murine pregnancy. Reproductive biomedicine online. 2008 Jan 1;16(2):218-26.

153.Paffaro Jr VA, Bizinotto MC, Joazeiro PP, Yamada AT. Subset classification of mouse
uterine natural killer cells by DBA lectin reactivity. Placenta. 2003 May 1;24(5):479-88.

154 .El-Azzamy H, Dambaeva SV, Katukurundage D, Salazar Garcia MD, Skariah A, Hussein
Y et al. Dysregulated uterine natural killer cells and vascular remodeling in women with
recurrent pregnancy losses. American Journal of Reproductive Immunology. 2018
Oct;80(4):€13024.

155.Giuliani E, Parkin KL, Lessey BA, Young SL, Fazleabas AT. Characterization of uterine
NK cells in women with infertility or recurrent pregnancy loss and associated
endometriosis. American journal of reproductive immunology. 2014 Sep;72(3):262-9.

156.Kieckbusch J, Gaynor LM, Colucci F. Assessment of maternal vascular remodeling during
pregnancy in the mouse uterus. JoVE. 2015 Dec 5(106):e53534.

157.Toth B, Haufe T, Scholz C, Kuhn C, Friese K, Karamouti M et al. Placental interleukin-15
expression in recurrent miscarriage. American Journal of Reproductive Immunology.2010
Dec;64(6):402-10.

86



MSc. Thesis — T. Ritchie; McMaster University — Medical Sciences

158.Lockwood CJ, Murk WK, Kayisli UA, Buchwalder LF, Huang SJ, Arcuri F et al.
Regulation of interleukin-6 expression in human decidual cells and its potential role in
chorioamnionitis. The American journal of pathology. 2010 Oct 1;177(4):1755-64.

159.Baergen R, Benirschke K, Ulich TR. Cytokine expression in the placenta. The role of
interleukin 1 and interleukin 1 receptor antagonist expression in chorioamnionitis and
parturition. Archives of pathology & laboratory medicine. 1994 Jan 1;118(1):52-5.

160.Barber EM, Pollard JW. The uterine NK cell population requires IL-15 but these cells are
not required for pregnancy nor the resolution of a Listeria monocytogenes infection. The
Journal of Immunology. 2003 Jul 1;171(1):37-46.

161.Drake PM, Gunn MD, Charo IF, Tsou CL, Zhou Y, Huang L et al. Human placental
cytotrophoblasts attract monocytes and CD56bright natural killer cells via the actions of
monocyte inflammatory protein la. The Journal of experimental medicine. 2001 May
21;193(10):1199-212.

162.Liu Q, Yang H, Sun X, Li G. Risk factors and complications of small for gestational age.
Pakistan journal of medical sciences. 2019 Sep;35(5):1199.

163.Yang X, Yang Y, Yuan Y, Liu L, Meng T. The roles of uterine natural killer (NK) cells
and KIR/HLA-C combination in the development of preeclampsia: a systematic review.
BioMed research international. 2020 Mar 28;2020.

164.Say L, Chou D, Gemmill A, Tuncalp O, Moller AB, Daniels J et al. Global causes of
maternal death: a WHO systematic analysis. The Lancet global health. 2014 Jun
1;2(6):323-33.

165.World Health Organization. WHO recommendations for prevention and treatment of pre-
eclampsia and eclampsia: implications and actions. World Health Organization; 2014.

166.Sones JL, Cha J, Woods AK, Bartos A, Heyward CY, Lob HE et al. Decidual Cox2
inhibition improves fetal and maternal outcomes in a preeclampsia-like mouse model. JCI
insight. 2016 Mar 17;1(3).

167.Hiby SE, Walker JJ, O'shaughnessy KM, Redman CW, Carrington M, Trowsdale J et al.
Combinations of maternal KIR and fetal HLA-C genes influence the risk of preeclampsia
and reproductive success. The Journal of experimental medicine. 2004 Oct 18;200(8):957-
65.

168.de Moraes Barros MC, Guinsburg R, de Aradjo Peres C, Mitsuhiro S, Chalem E, Laranjeira
RR. Exposure to marijuana during pregnancy alters neurobehavior in the early neonatal
period. The Journal of pediatrics. 2006 Dec 1;149(6):781-7.

169.Gunn JK, Rosales CB, Center KE, Nuiiez A, Gibson SJ, Christ C et al. Prenatal exposure
to cannabis and maternal and child health outcomes: a systematic review and meta-
analysis. BMJ open. 2016 Apr 1;6(4):e009986.

170.Wei J, Liu CX, Gong TT, Wu QJ, Wu L. Cigarette smoking during pregnancy and
preeclampsia risk: a systematic review and meta-analysis of prospective studies.
Oncotarget. 2015 Dec 22;6(41):43667.

171.Bainbridge SA, Sidle EH, Smith GN. Direct placental effects of cigarette smoke protect
women from pre-eclampsia: the specific roles of carbon monoxide and antioxidant systems
in the placenta. Medical hypotheses. 2005 Jan 1;64(1):17-27.

172.Bainbridge SA, Farley AE, McLaughlin BE, Graham CH, Marks GS, Nakatsu K et al.
Carbon monoxide decreases perfusion pressure in isolated human placenta. Placenta. 2002
Sep 1;23(8-9):563-9.

87



MSc. Thesis — T. Ritchie; McMaster University — Medical Sciences

173.Wanner NM, Colwell M, Drown C, Faulk C. Developmental cannabidiol exposure
increases anxiety and modifies genome-wide brain DNA methylation in adult female mice.
Clinical epigenetics. 2021 Dec;13(1):1-6.

174 .Iman IN, Yusof NA, Talib UN, Ahmad NA, Norazit A, Kumar J et al. The intellicage
system: A review of its utility as a novel behavioral platform for a rodent model of
substance use disorder. Frontiers in behavioral neuroscience. 2021 Jun 4.

175.Iman IN, Ahmad NA, Yusof NA, Talib UN, Norazit A, Kumar J et al. (Kratom)-Induced
Cognitive Impairments in Mice Resemble A9-THC and Morphine Effects: Reversal by
Cannabinoid CB1 Receptor Antagonism. Frontiers in Pharmacology.2021;12.

176.Wang F, Qualls AE, Marques-Fernandez L, Colucci F. Biology and pathology of the
uterine microenvironment and its natural killer cells. Cellular & molecular immunology.
2021 Sep;18(9):2101-13.

177.Santoni A, Carlino C, Gismondi A. Uterine NK cell development, migration and function.
Reproductive biomedicine online. 2008 Jan 1;16(2):202-10.

178.Sojka DK, Yang L, Yokoyama WM. Uterine natural killer cells. Frontiers in immunology.
2019 May 1;10:960.

179.Anne Croy B, Van Den Heuvel MJ, Borzychowski AM, Tayade C. Uterine natural killer
cells: a specialized differentiation regulated by ovarian hormones. Immunological reviews.
2006 Dec;214(1):161-85.

180.Zhu W, Friedman H, Klein TW. A9-tetrahydrocannabinol induces apoptosis in
macrophages and lymphocytes: involvement of Bcl-2 and caspase-1. Journal of
Pharmacology and Experimental Therapeutics. 1998 Aug 1;286(2):1103-9.

181.Borg AJ, Yong HE, Lappas M, Degrelle SA, Keogh RJ, Da Silva-Costa F et al. Decreased
STATS3 in human idiopathic fetal growth restriction contributes to trophoblast dysfunction.
Reproduction. 2015 May 1;149(5):523-32.

182.Xiong X, Chen S, Shen J, You H, Yang H, Yan C et al. Cannabis suppresses antitumor
immunity by inhibiting JAK/STAT signaling in T cells through CNR2. Signal
Transduction and Targeted Therapy. 2022 Apr 6;7(1):1-3.

183.Coulibaly A, Veldsquez SY, Kassner N, Schulte J, Barbarossa MV, Lindner HA. STAT3
governs the HIF-1a response in IL-15 primed human NK cells. Scientific reports. 2021
Mar 29;11(1):1-3.

184.Rodesch FR, Simon PH, Donner C, Jauniaux ER. Oxygen measurements in endometrial
and trophoblastic tissues during early pregnancy. Obstetrics and gynecology. 1992 Aug
1;80(2):283-5.

185.Tamura R, Tanaka T, Akasaki Y, Murayama Y, Yoshida K, Sasaki H. The role of vascular
endothelial growth factor in the hypoxic and immunosuppressive tumor
microenvironment: perspectives for therapeutic implications. Medical Oncology. 2020
Jan;37(1):1-4.

186.Rutkowski DT, Kaufman RJ. A trip to the ER: coping with stress. Trends in cell biology.
2004 Jan 1;14(1):20-8.

187.Yung HW, Calabrese S, Hynx D, Hemmings BA, Cetin I, Charnock-Jones DS et al.
Evidence of placental translation inhibition and endoplasmic reticulum stress in the
etiology of human intrauterine growth restriction. The American journal of pathology.
2008 Aug 1;173(2):451-62.

88



MSc. Thesis — T. Ritchie; McMaster University — Medical Sciences

188.Klysz D, Tai X, Robert PA, Craveiro M, Cretenet G, Oburoglu L et al. Glutamine-
dependent a-ketoglutarate production regulates the balance between T helper 1 cell and
regulatory T cell generation. Science signaling. 2015 Sep 29;8(396):ra97-.

189.Shi LZ, Wang R, Huang G, Vogel P, Neale G, Green DR et al. HIF1 o—dependent glycolytic
pathway orchestrates a metabolic checkpoint for the differentiation of TH17 and Treg cells.
Journal of Experimental Medicine. 2011 Jul 4;208(7):1367-76.

190.Galvan-Pena S, O’Neill LA. Metabolic reprograming in macrophage polarization.
Frontiers in immunology. 2014 Sep 2;5:420.

191.Vats D, Mukundan L, Odegaard JI, Zhang L, Smith KL, Morel CR et al. Oxidative
metabolism and PGC-1f attenuate macrophage-mediated inflammation. Cell metabolism.
2006 Jul 1;4(1):13-24.

192.Keating SE, Zaiatz-Bittencourt V, Loftus RM, Keane C, Brennan K, Finlay DK et al.
Metabolic reprogramming supports IFN-y production by CD56bright NK cells. The
Journal of Immunology. 2016 Mar 15;196(6):2552-60.

193.Mah AY, Rashidi A, Keppel MP, Saucier N, Moore EK, Alinger JB et al. Glycolytic
requirement for NK cell cytotoxicity and cytomegalovirus control. JCI insight. 2017 Dec
7;2(23).

194 .Poznanski SM, Singh K, Ritchie TM, Aguiar JA, Fan IY, Portillo AL et al. Metabolic
flexibility determines human NK cell functional fate in the tumor microenvironment. Cell
Metabolism. 2021 Jun 1;33(6):1205-20.

195.Wolff V, Schlagowski AI, Rouyer O, Charles AL, Singh F, Auger C et al.
Tetrahydrocannabinol induces brain mitochondrial respiratory chain dysfunction and
increases oxidative stress: a potential mechanism involved in cannabis-related stroke.
BioMed research international. 2015 Oct;2015.

196.Chan JZ, Duncan RE. Regulatory effects of cannabidiol on mitochondrial functions: A
review. Cells. 2021 May;10(5):1251.

197 .Petrangelo A, Czuzoj-Shulman N, Balayla J, Abenhaim HA. Cannabis abuse or
dependence during pregnancy: a population-based cohort study on 12 million births.
Journal of Obstetrics and Gynaecology Canada. 2019 May 1;41(5):623-30.

89



