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Abstract

Reproduction is a crucial process, required for bringing the next gendrabche world.

In preparation for pregnancy, and throughout pregnancy itself, reproductive tissues recruit
specific populations of immune cells that are thought to contribute in a variety of ways to
successful reproduction. Pregnancy culminatepartuition, an inflammatory process
characterised by an influx of inflammatory cells into reproductive tissues. Effective healing
of reproductive tissues in the pgmrtum period is vital for continued reproductive
success and it too is thought to involve spBc populations of immune cellsFor
leukocytes to effectively perform their functions in the reproductive system and elsewhere,
migration to the right place at the right time is crucial. Key regulators of leukocyte homing
are the chemokine family of chmattractants and their-@otein coupled receptors. The
chemokine network is complex and controls migration of leukocytes fromBtme
Marrow (BM) into the blood and from the blood into tissu€hemokines influence
leukocyte positionwithin tissues, andrchestratetheir departureVery little is known

about the types of leukocytes present within reproductive tissues in thggpash period,

or the chemokines and receptors that could be involved in their migration. Exploring these
processes is criticdlor an understanding of how tissues are repaired in readiness for

subsequent pregnancies.

In this thesisl have examined th&eukocytepopulatiors in reproductive and peripheral
tissuesof mice duringthe postpartum period andampared them to thoseund in Non-
Pregnant (NPinice This analysis has encompassed a range of myeloid cell types, and also
the complex populations of CD3+ cells that exist in reproductive tissues. | was also
interested in how these cells are instructed to enter reproducsuesi, and in particular

on the role of CC chemokine Receptor 2 (CCR&)receptor associated with the
recruitmentof monocytes and T cells tm tissues. My work has clearly identified cells
expressing CCR2 both in reproductive tissues and elseydratabfined the impact of the
genetic deletion of this receptor on leukocyte populations during thepadsm period.
These experiments exploited a variety of stand@chniques including histology,
quantitative Reverse TranscripgeBolymerase Chain Reaoti (QRTFPCR), Enzyme
Linked ImmunoSorbent Assay (ELISAand Luminex but they also required the
development ofchallengingmultiparameterflow cytometry protocd that allowed the
simultaneous analis and definitive identification, o$everal leukocyte gpulations in

various tissues arat specific reproductive timpoints.



Chapter 3describes detailed experiments tf@tussed orcharacterising thenyeloid cell
populationsacross a variety of tissues NP, 1 Day Post Partum (DPP) and 7DPP mice
Most grikingly, this revealed a profound accumulatiminseveral myeloid cell populations

in reproductive tissuest 1DPP,including inflammatoryLy6C"®" ®) monocytes and
neutrophils. Moreover, many of these myeloid cells expressed active CCR2 and
remarkably CCR2 deletionwas associated with a dramatic reduction in myeloid cell
abundance in the uterine horn one day after birth. Thus, CCR2 appeared to be required fc

myeloid cell recruitment to the pegairtum uterine horn.

Chaptes 4 and 5describe changaa CD3+ cell populations over the pepartum period.
Interestingly, the main finding from reproductive tissues was that the large majority of
CD3+ cells lacked expression of CD4 and CDS8, and were thus termed CD3+ Double
Negative (DN) cells. Three main CB+ DN cell populations were described.
CD3+CD25+NK1. 1+TCRb+ [Naturad Killed Ts(NKT)Icell&k whicty t o
were mainly found in reproductive tissues and blood. All tissues studied were found to
containCD3+NK1.:TCRb+ DN <cel | suedl ikkNelTy del Ibse abnt
TCRDCRouUu+ DN cell s, whi ch were cGDBsDNt en
cells were also found to increase in number at 1DPP, compared to NP, tissuesby an
increase in DN T cells. In contrast to myeloid cells C@R2 not required for this change
However,at 1DPP there was a CCRI2pendent increase in the proportion of CD3+ DN
cells in the blood.

Finally, in Chapter 6, hormonal influences on leukocyte populations in reproductive and
peripheral tissues were codsred. This work had two major components: analysing sex
differences in myeloid and T cell populations and exploring the effect that lactation has on
these cell subsets over the ppattum period. Females were found to have an increased
proportion of eosiophils in their blood, whereas males had a higher proportion of
monocytes. | also found that female and male reproductive tissues, as well as periphera
tissues, have very similar CD3+ DN cell populations, suggesting that these cells serve role:
in reprodictive tissues that are not unique to one sex. Finally, CD3+ cell populations in

the postpartum period were found to be controlled to some extent by lactation.

Collectively, this work has significantly extended our understanding of leukocytes in

variows tissues in the paegiartum period, and revealed the importance of chemokines in



the regulation of these cells. It has laid the groundwork for future investigations aimed at

dissecting the functions of these cells in reproductive tissues in thparsh period.
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Chapter 1: Introduction
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Sexual reproduction is essential for the continuation of mammalian sewesquires
the success of a myriad of biological process@wva and sperm must be produced and
maturecl the ovum and sperm must meet in fh#opian tube fertilisation needs to take
place the blastocyst must implant into a receptive uteanseffective facenta must grow
and support the conceptusnd the serpallogereic foetus must avoid maternal immune
attack during gestation At the end of all of these hurdlebour must proceed in a
coordinated manner and the mother r e p r o d unast Heabe that thegpaess san

begin again.

This project focuses on the leukocytes present in female reproductive tissues during post
partum remodelling, and the influence of chemokines, sex differences, and hormones or
these cells. There is surprisingly lettdata on the postartum remodelling process. It
appears that in humans it is an extended process and that the uterus may never return to
pre-pregnancy state. It begins with restoration of the luminal epithelium, followed by
regeneration of the end@tmium and closes with repair of the myometrium. To understand
this progression, the other major inflammatory events in the reproductive process are
discussed during this introduction. Implantation of the blastocyst mimics the extravasation
process of leuicyte recruitment, in addition, inflammatory mediators are released to assist
in the erosion of maternal tissue and leukocytes sucittieaisie Natural Killer NK) cells

are mobilised to the uterus. The last trimester of pregnancy sees an increasedytdeuko
infiltration in preparation for labour, which is regarded as a laogde inflammatory event
incorporating leukocyte recruitment, release of tissue modifying enzymes, and changes in
tissue composition. Inflammation induced jeem birth is a majorlmical problem and

this has led many to postulate that inflammation drives labour, whereas these changes ma
act to initiate pospartum repair, rather than solely to trigger parturition. My project aims

to characterise leukocytes in reproductive tissaras analyse if cell populations differ in

the postpartum period from NP animals.

To model the reproductive process in humans, | have studied the reproductive process il
mice. Murine female reproductive processes are often used to model those in humans.
Dissecting biological pathways using transgenic mice has provided the field with a mine of
information. Their easy availability is distinct advantage to scientific investigation
because obtaining primary human tissue can be difficultrecmliting informed subjects

can be time consumingReproduction in mice will be compared and contrasted with

normal human pregnancyhoughmy research was conducted to a high ethical standard,

24



mice could be manipulated in a wthat would not be possible if carried out humass.

There are many points of difference between the two spéwesgverit is worth bearing

in mind that mice act only as a mod#l human physiologynd it is accepted that they
cannot fully represent human biological functioAsimal models probespecific areas or
processesandthe relevance of anfindingsto similar or equivalent processes in humans
must be considered alongside limitatiods.normal human pregnancy lasts around 40
weeks from the first day of the last menstrual cycle to padoyitwhereas in mice
pregnancy lasts ~19 daybhis could be regarded as a significant difference, however in
terms of experimental practicalitiei,is a big advantage. Transgenic mice facilitate the
dissection of the mechanisms of reproduction, for gitarthe use of @ Kn o ¢c kKOQput 6
mouse can provide information on the role of the missing gene. Using inbred mice
provides another benefit as genetic variation between subjects is eliminated, so underlying
biological processes can be examingth more lmited subject numbers. Mouse mating
and pregnancy follow predictable pattesstissue can be obtained at specific points
during reproduction. Very many similarities between humans and mice have been
identified and as long as limitations are borne in nthiely can model aspects lefiman
reproduction effectively.

In the introduction to this thesis | will first describe reproductive processes. This will
include reproductive anatomy in humans and mice, and a discussion of their differences
and similarities The processes of fertilisation, implantation, placentation, pregnancy,
labour and pospartum remodelling will then be broadly discussed. The next section shifts
focus and illustrates the development, activation and functions of the immune system,
specifcally looking at leukocytesind provides a summary of the literature regarding the
enigmatic CD3+CD4CD8- cell population that | examine in my thesis. The role of
chemokines in regulating leukocyte migration and localisation, which are key processes in
all immune responses, are also discussed. This section closes with further discussion of th
chemokine receptor CCR2 on monocytes and T cells. Finally, having discussed
reproductive and immune processes separately, | discuss the role of leukocytes ir
reprodictive processes including implantation, riédle pregnancy, labour and the post
partum period. This section focuses on the changing populations of leukocytes present ir
reproductive tissues at these times. Finally, the section concludes with a summary of
hormonal influences on immune processes, such as lactation in theapish perid, the

effect of sex steroids ochemokines, sex differences in inflammation and the leukocyte

composition of the male reproductive tract.
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1.1. An overview of reproductive tssues and reproduction.

1.1.1 Anatomy of female reproductive tract in humans

Figure 1.1 illustrates the anatomy of female reproductive tissues. Fennada& have two
ovaries that sit within the pelvis either side of the uterlibeyproduce mature ovand
releasehormones. Production of ova requires oogenesis, the process through which
gametes are produceaind is followed by thenaturation of the oocyte and ovulation. At
birth, a baby girl alreadyhas all the germ cell®r her lifetime (~24 million), although

only a tiny fractionof these will ever be released as mature. dlsually, one oocyte is
released as part of each menstrual cycle, before wihicytes develop in follicles within

the ovary Oocytes arenurtured by sex steroids secreted by glasa cells until one
follicle dominates This cau®s other follicles to degeneratepreventing release of the
oocyte they contairDuring ovulation the follicle becomes so large that the surface of the
ovary protrudes and ruptures, releasthg oocyte.Ovulation occurs at day 14 of the
menstrual cycle and is accompanied by a spike in circulating levels of luteinising hormone
(LH), produced by the anterior pituitary in response to Gonadotrophin Releasimgrtor
(GnRH) secretion by the pypthalamusThe elease of the ovum is assisted by the action

of enzymesncluding proteasesuch as Matrix MetalloProteinad (MMP-1) and MMPR-2
(Hulboy et al., 199% When an oocyte is released it travels downRakopiantube and

the remains of the follicle become a body called the corpus luteum. In huimamslet of

the corpus luteum is to secrete hormones, primarily progesterone, to sustain a pregnanc
until the placenta is established. The production of a small amount of oestrogen also acts ti

prevent further release of GnRH by the pituitary, thus turafhigH production.

As shown in Figure 1.1, Rallopiantube is attached to each of the two top corners of the
uterus andhe other end of the tulmpens near to the ovaaynd hadinger-like projections
termedfimbria thatmove in a sweeping motion taigethe oocyte into th&allopiantube.
If successful fertilisation of the ovum occurs, it takes place alon§dhepiantube. The
lumen of theFallopiantube is lined with a ciliated epithelium to aid the movement of the
zygote towards to uterder implantation Inappropriate implantation in thi&allopiantube

results in ectopic pregnancy.
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Fimbria

Fundus Fallopiantube

Ovary

Uterine wall

Cervix

Vagina

Figure 1.1. Anatomy of female reproductive tissue in humans.
Diagram cut away to show the path of an oocyte from the ovary, thrivegratiopiantube and into the

uterus. The cervix and vagina separate the uterus from the external environment.

The uterus is a muscular structuhat lies between the bladder and the pelvis. An adult
nulliparous uterus weighs 3Mgammes (g) whereas garous uterus weighs around-70
100g. It is anchored in the pelvis by connective tissue ligantleatprovide stability. The
majority of the wall of the uterus is composed of the myometrium, which consists
primarily of smoothmuscle cellsas well as an dsacellular matrix to support the cells,
blood vessels, fibroblasts and leukocytés the first half of pregnancy myocyte
hyperplasia is seen, where increasing numbers of smooth muscle cells are observec
During the second half of pregnancyacytes undego hypertrophyand the cells increase

in sizeas the uterus grows during pregnag8pynlova et al., 20)0The uterine cavity is

lined by the endometrium, dagndular epithelium. In humanthe uterus is subject to a ~28

day menstrual cycle, which incorporates endometrial, endocrine and ovulatory changes.
The endometrium is comprised of a functional layer, which is lost during menstruation and
a vascular basdhyer, which is maintained throughout the cycld&e thickness of the
endometrium is controlled by hormone production by the ovary, witdometrial
proliferation in response to oestrogen during the first half of the cycle and increased
secretory activitypy the endometriunm response to progesterone during the second half
of the cycle During the proliferation phase there is rapid growth of the epithelium in order
to recover the endometrium following menstruation. Once this is achieved the fibroblasts,

extracellular matrix and vascular component of the functional layer of the endometrium is
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replacedDuring the secretory phaste endometrium is characterised by oedema and the

formation of spiral arteries, amtbcidualisation takes place

Decidualisatn is the process where the fibroblasts of the endometrial stroma differentiate
to form large, granular cells with highetabolc activity. The decidua is formed so that
implantation can occur. Asdliscussed insection 1.3.2the leukocyte content changes,
inflammatory cytokines are produced and decidual cells provide nourishment for the
trophoblasts until they invade far enough to reach the uterine spiral arteries. Trophoblasts
digest these glycogen and lipid rich cells, as well as taking in their sesrelion
implantation does not occur during the cydlee corpus luteum is broken down and
therefore the source of prograstee is withdrawn and ultimatelyetdecidualayer is shed

as menstrual debris on the first54days of the menstrual cycl®egradabn of the
extracellular matrix of the endometrium is likely to be the first step in menstruation,
leading to loss of intergrity of endometrial blood vessels and the luminal epithelium. Blood
vessels within the endometrium first constrict and then diladebéood flows first into the
stroma and once the epithelium has been degraded, into the uterine lumen. The destructic
of the extracellular matrix is achieved through increased activityidPs produced by
stromal cells and leukocytes such as neutropagighey act to aid the intense remodelling

of the epithelium and stroma during this tirfidulboy et al., 199% Menstruation is an
inflammatory process and will be discussed in further detagation1.3.1.

The main body of the uterus is called the corpusile the area between tHeallopian
tubes is the fundus and the opening of the uterus is called the ¢Eiyixe 1.1) The
cervix is a distinct area composed of firm and dense connective tigsug around 4cm
long andseparates the uterus from the vagina. The vagina is a tubuldausgraovered in
a squamous epitheliuttihat connects the cervix with the external surface of the human

body, where the vagina opens onto the vulva.

1.1.2.Anatomy of female reproductive tractrmce.

As depicted in Figure 1.2, the murine female repradecsystem has many distinctions
from that seen in humans. However clear parallels also exist. The significance of the
differences between the two species will be discussed throughout this sebBamufine

ovary is fairly similar to that in the humarmdowever amajor difference between humans
and mice is that miceeleasearound 1620 oocytes in each cycle, rather thiaa usuall in

humans. Visually, a mouse uterus is quite distinct from that of a human female; two uterine
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horns are present, whicheet at the cervix(Figure 1.2) A feature of the mouse
reproductive procesthat differs significantly from humans is the fact that mice do not
exhibit menstruationalthough mouse models have been devised to try to mimic this
process and these adiscused in section 1.3.1 Instead in common with most other

mammals, theyndergathe oestrous cycle.

Ovary

Fallopian
tube

Uterine wall

Cervix

Vagina

Figure 1.2. Anatomy of the female reproductive tract in mice.

Diagram showing the anatomy of the murine female reproductiversysihe oocytes emerge from the
ovary and travel down the small, coilEdllopiantube and then enter the lobes of the uterine horn that sit to
the right and left of the abdomen. As with humans, the vagina and cervix form the passage to the outside o
thebody.

Mice usually ovulate duringestrus but several environmental factors atiectwhenthis

phase occurs. The Whitten effect has been observed in mice and describes the proce:
where male pheromones induce and synchronise oestrus in fe(fedaegrade and
Dominic, 1984. This can easily be achieved in the lab by introducing bedding that a male
has slept in to a&age containing female mice. The Vandenbergh effect involves the
premature induction of oestrus in prepubertal mice stimulated by pheromones of a
dominant male mouse. One theory is that contact with male urine, which may contain
oestrogens, induces GnRidlease by the pituitary in the females and thus, premature

ovulation (Guzzo et al., 2002 The mouseoestrous cycle generally lastsb4days and is
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usually divided into four stages; proestrusestrus, metestrus and diestrus. During
proestrus the follicles that will ovulateeaidentifiable by their size and continue to grow
during oestrus.Endometrial thickness increasesiring proestrus in response to rising
estradiol until maximum development is reached dudestrus(Graham, 1966 During
metestrus, estradiol decreases and this is mirrored by a decrease in endometrial thickne:
and vascularity. Progesterone is at its lowest duoesfrus, rises during metestrus and
peaks during diestrus, when uterine thickness issdbwest.The behaviour of immune

cells in this process wibe discusseth section 1.3.1.

1.1.3 Anatomy of male reproductive tract

The other important aspect of sexual reproductemuired for fertilisation of the ovums

of course the production drdelivery of sperm by the male reproductive organs (Figure
1.3). In contrast with production of oocytes in the female, spermatogenesis does not begin
until puberty. Production of sperm begins in the testes, which are housed in the scrotum tc
keep them 2°CGower than normal body temperatufEhe reasons for this are not fully
understood, but an increase in temperature may induce oxidative stress, impairing
spermatogenesi¢Shiraishi et al., 2000 Spermatogenesis occurs in the seminiferous
tubules, which are tightly coiled inside the testes. Sertoli cells are responsible for
contributing to the microenvironment and allowing developing sperm to thr§eerm
dewelop in the walls of the tubules and migrat® thefluid-filled lumen Attached to the
outside of the testis is the epididymis, where the tubules exit the testis. Sperm entering the
epididymis are not able to fertilise ova, indicating that they matuttenmhis structure
(Jones, 1999 This structure ends in the smooth muditied vas deferens, the main duct
between the testis and the seminal vesicle. The seminal vesicles are large glands, whic
add themajority of the seminal fluid and join the vas deferens to create the ejaculatory
ducts, which pass through the prostate gland and join the ul&liguare 1.3) Further

nutrients are added to the semen by the prostate gland.

Ejaculation, the process otleasing semen, is controlled by neurons and stimulation
results in coordinated contraction of the smooth muscle in the walls of the epididymis, vas
deferens, seminal vesicles, ejaculatory ducts and prostate. This results in semen containin
around 300 milon sperm entering the urethra and through more muscular contractions,

being ejected from the end of the erect penis.
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The male reproductive anatomy of mice is considered to be similar to that of $juman
although in mice spermatogenesis occurs at 81@abbody temperatureMice are often

used as a model for spermatogenesis, and KO mice are often used to tease apart the ger
that are important in the production and maturation of sgfertatti et al., 2013Kajiwara

et al., 2012
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Figure 1.3. Anatomy of male reproduditissues in males.

Diagram showng a sideon view of the male reproductive tra@nly one testis, epididymis, vas deferens,
seminal vesicle and ejaculatory duct are seen, but in the body there is one on each side of the midline. Whe
sperm are releasdwbm the testis, they travel up the vas deferens, down through the ejaculatory duct and into

the urethra.

1.1.4 Fertilisation.

When sperm enter the uterus through the cervix, itiae their way to thEBallopiantube.

When fertilisation occurs sperm peats bind to receptors on the zona pellucida. This
triggers the acrosome reaction, which releases enzymes to digest the zonaayssiltioel
sperm can reach the membrane. The first sperm to pass through the entire zona pellucic
and fuse with the plasmaambrane of the ovum is the fertilising sperm. The DNA from
both sperm and ovum is replicated and mitotic divisions begin to occur. The conceptus

continues to travel down thieallopiantube and in humansenters the uterus5 days
31



following fertilisation.At this time the zygote iat the blastocyst stagand is composed of

~100 cells, with an outer trophectoderm and an inner cell mass.

Implantation consists of three phases: apposition, adhesion and invasion. As discussed i
section 1.1.1, thendometrimn becomes receptive through the process of decidualisation
that begins before implantation in the late secretory phaiséhe menstrual cycle.
Implantation completes the proceias been hypothesised that inflammation is required
for implantation andhe interplay between implantation and leukocytes will be discussed
in section 13.2 Briefly, the decidua supports the implantation of the blastocyst through
secretion of growth factors, chemokines and cytokimesidual leukocyteslso act to
controltrophoblast invasiamnother role of decidual cells is to provide an immunological

barrier for the foetusjiscussed latan section 1.3.ZRamathal et al., 20)0

Only when trophectoderm cells, which constitute the outer layethe blastocyst
differentiate into trophoblast cells can the blastocyst implant in the endometrium. In
humans implantation occurs around day 21 of the cydedays after ovulationand
progesterone is maintained by the corpus luteum so the endometrium is receptive.
Implantation requires expression of adhesion molecules, cytokines and chemokines. Anti
adhesive mucins such as MUCare often found to be expressed on epithelial surtaoes
protect the lining from damage. MUC has been found to be downregulated in many
mammalian species in the receptive phase of the dyatbache and Revel, 2006
however in humans MUQ is present throughout the menstrual cyd@eLoia et al.,

1998. Instead it may be that MUEL is downregulated only in areas appropriate for
implantation (Figure 1.4). Blastocyst implantation exhibits some parallels to the way that
leukocytes exit the blood. Initially the blastocyst rolls along the surface due to adhesion
molecule interactions between the blastocyst and the epithelhs@lektin is expressed on

the trophoblast surface and the carbohydrate ligands that bind this molecule are expresse
on the luminal epithelium(Dominguez et al., 2005 Locally expressed chemotactic
mediators also play a role in plantation. CCL2, CCL5 and CX@Lare expressed by the
endometrium during implantation, causing an upregualtion in imggallowing firm
adhesion to the surface of tdecidua (Figure 1.4lpominguez et al., 2005Integrinsare
expressed on both trophoblasts and the lumindghelpim (Achache and Revel, 2006
Osteopontin andibronectin are expressed by the decidualised endometrium and act as
igand s f or integrin subunits U3 (CD49c), U
and b5 expressed (Ghaenanal.r20)2e bl astocysts
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Figure 1.4. Implantation of tHaastocyst into théecidua (legend overleaf)

Figure 1.4. Implantation of the blastocyst into the decidua

Illustration of the stages in the implantation of the conceptus. A) Expression of-Mpi@vents the
blastocyst implanting in a suboptimal ared.Bemokines are thought to attract the blastocyst to the decidua
and upregulate integrins on the luminal epithelium. C) The blastocyst forms loose contact with the decidua
via L-selectin and rolls along the epithelium. D) Various integrin interactionghaneformed, providing firm

contact with the epithelium. E) The blastocyst breaches the epithelium and invades the decidual stroma. F
Trophoblasts differentiate forming cytotrophoblasts and syncytiotrophoblasts. They release MMPs,

degrading the decidua ghey invade towards the spiral arteries.
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Implantation in humans results in the Inner Cell Mass (ICM) lying against the epithelium,
though this may be as a result of the ICM migrating rather than adhesion on this side of the
blastocyst(Dominguez et al., 2005 Contact triggers proliferation of trophoblast cells,
which penetrate the endometrium. Invading trophoblasts secraty types ofMMPSs,
predominantly MMP-9, in order to assist remodelling of the maternal tisgtiesboy et

al., 1997. Decidual cells and leukocytes also contribute MMPs targeting different
components of the extracellular matrix in a remodelling process which occurs throughout
pregnancyAnacker et al., 20)1Implantation in mice involves some processes that differ
from human blastocyst implantation. Specifically, mice the blastocyst homes within a
crypt formed by the endometriurwhich allows it to implant deeper within the decidua.
Mouse blastocysts also implant in a different orientation to human blastosijtstshe
orientation of the inner cell mass away from the epitheliGima et al., 2012 Implantation

of the blastocyst provokes decidualisation in mice. Studies in mice have shown that

progesterone anuestrogen are required for implantation to od®amathal et al., 20).0

1.1.5 Placentation

The process of placentation is important for the health of the foetus. If trophoblast
invasion is insufficient it can result in conditions such as paeggsia and restricted foetal
growth. The blastocyst becomes buried in the endometrium and endometrigiroeilde

the early nourishment for the embryas described in the previous sectiéollowing
implantation at around 7 days pasinception, rophoblasts differentiate further into
cytotrophoblasts and large multinucleated syncytiotrophoblasts. Cytotrophalalabesve

an invasive phenotype and erode maternal tissue to gain access to spiral arteries in th
maternal endometriunirhese spiral arteriasndergo remodelling themselves in order to
produce vessels with a wider lumen and less muscular walls. This may be in order to
regulate blood pressure into the placesgncytiotrophoblasts surround the embryo and
are the onlyfoetal cells that directly contact maternal cellsSThese trophoblasts recruit
leukocytes, which help to produce an inflammatory environment for placentation to occur
and are involved in the process of tolerance to the conceptus. This will be discussed ir
detail in section 1.3.2 The process of placentation begins, and though the placenta is
established by 5 weeks after implantation, maternal blood does not flow into the placenta
until the end of the first trimestefhe foetal portion of the placenta grows from the
trophoblast cellswith the chorionic plate being formed from the syncytiotrophoblasts
remaining near the embryo. Chorionic villi develop from trophoblast cells and project into

the endometrium, containing large networks of capillased surrounded by a pool of
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maternal bbod. The high surface area and close proximity betweeroétal fand maternal

blood allows for efficient exchange of gases and nutrients.

While the process of placentation is taking plabe amniotic sac forms around tluefus
providing a buffer ad protection from external pressuféhe foetudloats in the amniotic
fluid. As thefoetusgrowsthe umbilical cord and placenta become more developed and the
amniotic sac grow to fill the uterine lumen. During pregnancy botestrogen and
progesterone antinue to rise, stimulating uterine growth and inhibiting uterine
contractility (Greenstein and Wood, 2006Human Choriora Gonadotrophin (hCG) is
another hormone of pregnancy and is producedsyaycytiarophoblast cells during
endometrial invasion. This hormone allows the corpus luteum to persist during pregnancy
sothat it can continue to produce oestrogen pnodiesterondn humans the placenta takes
over sex steroid production around the second month of pregnamdyestrogen and
progesterone are synthesised in large quantiiesse hormonal changes have an effect on
the leukocyte populations in the decidua and catooih: this is discussddrther insection
1.3.3.

L Umbilical cord

Foetal artery E‘—

Foetal vein

Chorionic villus

- Spiral artery
M/

Figure 1.5. Anatomy of an established placenta in humans.

Maternal decidua

Myometrium

Diagramshowing the chorionic villi embedded in the decidua, allowing for a large surface area for nutrient,
gas and wste exchange. The foetal artery and foetal vein are connected to the foetus via the umbilical cord.
These then form trelike branches into the chorinic villi that project into maternal tissue and are bathed in
maternal blood from the spiral arteries. Ogggted blood is then carried back to the foetus via the umbilical

vein.

Mice have been a valuable model for studying processes such as placehtatiener
there areimportant anatomical andohysiological differences between the human and
mouse placentéRossant and Cross, 200&s demonstratad Figure 1.5 and Figure 1.6.
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Figure 1.6. Anatomy of an established placenta in ifgend overleaf)

Figure 1.6. Anatomy of an established placenta in mice.

Diagram to show the labyrinthine zone and other structureemnirésthe established murine placenta. The

foetal blood supply enters the placenta via the umbilical cord and reaches the chorionic plate. Projections
branch into the decidua, forming a complex of chorionic trophoblasts, blood vessels and stroma. Maternal
blood flows from the spiral arteries, through the spongiotrophoblast layer and into the spaces in the
labyrinthine zone, allowing for exchange of nutrients and waste. Oxygenated blood is carried back to the

foetus via the umbilical vein.

During implantéion in the mousewhich occursat day 4.5 postonception, the outer layer

of the blastocyst, the trophectoderm cells, differentiate to form the -extoayonic
ectoderm and the ectoplacentahe(Rossant and Cross, 2Q0After implantation giant
trophoblast cells form around the emhryoThese cells show similarities to human
cytotrophoblast cells. The chorionic epithelium is then formed from the-extbayonic
ectoderm andoetal blood vessels begin to arise from embryonic tigRassant and
Cross, 2001 The trophoblasts branch to form the labyrinthine zone of the placenta, the
equialent of the chorionic villi in human placenta3his zone provides a large surface
area that will eventually provide exchange of gases, waste and nutrients
Spongiotrophoblasts then develop between the giant trophoblast cells and the labyrinthine
zone ad these cells comprise the majority of the junctional Ztwdassine et al., 2003

The maternal blood supply must pass through the spongiototst layer in order to fill

the spaces in the labyrintie zoneto allow foetomaternakxchanggRossant and Cross,
200)). The placenta is developed by halfway through murine gestation, which typically
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lasts between 121 days. The mouse placenta does not produce progestermesrogen:
insteal these hormones are released by the corpus luteum, which persists throughou
pregnancy due to the action of mouse placental lacto@éalassine eal., 2003. A key
difference between human and mouse placentation is that trophoblast invasion into the
decidua is only superficial in mice whereas in humans trophoblasts invade deeply, reachinc
the myometrial layer of the utery&rlebacher, 2013 In humans bloodldw to the
placenta is much greater as decidual arterioles have larger lumens than murine decidue

arterioles.

1.1.6 Pregnancy

During the last few weeks of pregnansynooth muscle cells are reorganised so they can
go from the quiescent pregnanttstto be able to participate ipowerful, coordinated
contractions. Oxytocin receptors are expressed in the myometrium in preparation for
labour. Coordinated induction of labour is important because parturition before completed
foetal development, known agegerm labouy is a significant clinical problem. As a
result several animal models for the iation of labour have been considered. Mouse
models have pointed to progesterone withdrawal as an endocrine trigger for the initiation
of labour,althoughthis is unlikely to be the case in humans as progesterone does not fall
until after delivery(Mitchell and Taggart, 20Q9It should be noted at this point thabbur

has been described as an inflammatory process in boeterpreand term birtlfThomson

et al.,, 19990sman et al., 2008 Infection is a major cause of pterm birth indicating

that inflammation may initiate labour. This will be discussed much more fully in section

1.3.4 howevera brief discussion of the processes involved in parturition is included her

1.1.7. The nitiation of labout

A major physiological change in the initiation of labour is the softening and ripening of the
cervix, allowing this dense structure to dilate sufficiently for birth to occur. inkves
enzymatic digestion of collag higher hyaluronan content, changes in proteoglycan
content and increased tissue hydration. Protegratiation allows for reorganisation of the
extracellular matrix for this drastic change in functitdMPs are thought to be the key
enzymes involved inthis process and different members of this family are able to cleave
different components of the extracellular matrix. In many studies, MMPs have been found
to besubstantiallyincreased in the cervices of women in labour compared tovdiRen
(Hulboy et al., 1997 MMP-8 and MMR9 concentrationgncreasen the cervixover the

course of cervical dilation in women and this has been linked to the presence of
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neutrophils, which release these enzymes from the gra(Wedkler et al., 1999 The

gene encoding MMB is also increased in expression in the cervix during ripening in mice
(Holt et al., 201)L Cervical ripening has been investigated because of its potential role in
regulating both term and pterm birth. The process has been studied in mice where
collagen fibre packing in the cervix becomes sparse and more disagat ternfHolt et

al., 201). Cox1 and Cox2 mRNA isincreased during cervical ripening. These enzymes
produce prostaglandins, which promote inflammatorgpoases(Holt et al., 201}
Expression of the cytokines InterLeukii)i6 , Tumour Necros-l&§ Fac
also elevated during cervical ripenifgolt et al., 2011 Details of how leukocytes are

involved in the process akrvical ripening will be discussed section 13.4.

1.1.8 Postpartum remodelling of the female reproductive tissues.

Following delivery of the baby and placenta, a woman faces theppdsim recovery
period. The trauma to the genital tract may leadexual dysfunction or anal or urinary
incontinence(Romano et al., 2030During this time, vaginal lacerations that may have
occurred during delivery will also be repaired. The genital tract may never return to a pre
pregnant state but in humans active repair continues until aroundhsmmosipartum.

This is the amount of time taken for the extracellular matrix supporting the genital tract

cells to be fully restore(Romano et al., 2030

Given the significant inflammatory insult of laboitris remarkableghat mice exhibit post
partum @strus and are able to becopregnant again within 1 day of parturiti¢Bruce

and East, 1956Krackow, 1990. However one study suggestgterine weight remains
elevated at 5DPRard the distribution of collagen bundles do not resemble that of
nulliparous uteri(Shimizu and Hokanal988, showing that the uterine hohas not yet
fully remodelled.Another study reported that uterine weight returns teppegnant levels

by ~5DPP(NilsenrHamilton et al., 2008 The remodelling process following labour is
likely to persist during this timén mice, apoptotic cells are numerous in the stromal and
epithelial compartments of the uterus in the first couple of dayspaogim but few e
seen by 3DPHHuang et al., 2002 Uterine cells also begin to proliferate to repair the
damaged lining: this begins in the stroma withim@érs (hrs) of birth, with increased
proliferation in the luminal epithelium in the next few ddikiang et al., 2012 In rats,
genes encoding MMR and Membrane Type-MIMP (MT1-MMP) are more highly
expressed at 18hrs and 36hrs gumttum, compared to late pregnancy, but expression tails

off at 5SDPP(Manase et al., 2006This is consistdnwith other observations described in
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this section, showing that in rodents, the early 4pastum period is the most active in
terms of healing. In mice, MPO activity in the cervix is increased considerably from day
15 of pregnancy to-ahrs after birth,indicating that this neutrophil derived enzyme is
involved in repair following parturition, not cervical ripening before lab@dwolt et al.,

2011, Timmons and Mahendroo, 2008hese data indicate that repair of the genital tract
requires an involvement of neutrophils. MPO is released by neutrophils and generates
Reactive Oxygen Species (ROS) during the initial phase of tissue remodelling. The
reversal of spiral artery remodelling appears not to be complete by 10DPP, as the radius
and thickness of arteries has still not reached @mgnant statévan der Heijden et al.,
2009. These datauggest that the inflammatory nature of labour persists into the post
partum period and the secretion of leukoeyteived mediators may be involved in post
partum remodelling. The presence and role of leukocytes in theo@dam period forms

the focus bthis study and a discussion on the literature in this area can be fosection

1.3.5

1.1.9.Summary

This section has outlined some major areas of interest in the reproductive process.
Leukocytes and their products are thought to play major mlése progression through
these stages, and this warrants further discussion. In order to fully explain the overlap
between the reproductive and immune systems, in the next section | provide a genera

description of immune processes and the role of leytks during inflammation.
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1.2.The immune system

The basics of reproductive biology have beetrodued andit is now pertinent to
consider another majdriological systenrelevant to parturitionthe immune system. As
alluded to edier, labourand subsequent pegartum tissue remodelling aocharacterised
by a strongnflammatoryresponse in reproductive tissuasd this observation is central to
the work presented in this thesis. Ctalisbetween the immune system and reproauecti
biology will be considered latethis section willprovide a general overvieof leukocyte

biology.

1.2.1.Leukocyte development

Theimmune systenis comprised of aiverse range diunctionally distinctcell types that
collectivelya ct as teferce imexhhyisins Leukocytes, also known as white blood
cells, are the most important cells of the immune systemaardclassifiecaccordng to

their ontogeny surface phenotype and function. In realtthygsecell types are plastic and
changeheir furction and phenotypm response to various stimutipwever characterising

and subsettinghese cellan be useful in gaining an understanding of cell function in a
shapshot of time. Leukocytes mature in primary lymphoid orgamnsulate in the blood,

and interact with other cellppathogens and other microorganisarsi pathogen products.

The presentation of host and foreign antigensecondary lymphoid orgarend other
tissues is a key process in the induction of adaptive immune responses and the
development of immune memargpecific leukocyte subsets are recruited from the blood
into tissues under homeostatic conditions and these migratory processes play a critical rols
in immunosurveillance. Tissue damage and/or infection leads to inflammatich) 8
characterised by the awrdinated and sequential recruitment of large numbers of blood
borne leukocytes to tackle the infection and repair the damaged tiEkaeBone Marrow

(BM) and thymus are primary lymphoid organs, whereas spleen and lyni#s raoe
secondary lymphoid organs. Most leukocytes geaerated in the BM, which contains
haematopoietic stem celtbat give rise to lymphoid stem celfdatelets, erythrocytes and
myeloid cells. Myeloid cellare derivedrom a granulocytenonocyte common precursqr

and their development is controlled by variety of cytokines including Granulocyte
Colony-Stimulating Factor (GCSH and Macrophage Glony-Stimulating Factor (MCSH).
Lymphoid stem cells give rise to lymphocytes, including T and B cellsellB mature in

the BM and the spleen, whilst T cell precursors seed the thymus where they underga

selection to create the mature T cell repertoire.
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1.2.2 Granulocytic cells.

Granulocytes are divided into three main subsssitrophils, eosinophils dnbasophils.

All three have granules containing substances important in specific inflammatory
responses. The production of neutrophils in the BMasitrollied by GCSF and they are
released from the BMilue to increased activity of the CXC chemokine Recegtor
(CXCR2) and decreased activity of another chemokine receptor, CXCR4, that holds
immature neutrophils in the BNMatrtin et al., 2008 Neutrophils in the blood are short
lived, as after executing their tasks in immune defence, they quicidgrgo apoptosis.
Neutrophils havea halflife of only 6-8hrs andare the first cellsto arrive at a site of
infection or tissue damagé&Summers et al., 201Bugl et al., 2012 As circulating
neutrophils age they increase their expression of CXCR4 and home back to the BM
(Martin et al., 2008 Neutrghils constitute 500% of circulating leukocytes in humans
and are the largest single leukocyte populatiindt et al., 200Y.

Neutrophils contribute significantly to innate immunity by producingpotent
immunomodulatoryactors such as cytokinemdchemokines Neutrophils are also highly
effective phagocytesand play an important role in immune defense and the repair of
damaged tissues byliminating pathogens andemoving host cell debris Cells that
perform this function efficiently are known as professional phagocytes. Neutrophils, along
with monocytes macrophagesind Dendritic Cells (DCs) would all be described in this
way. In DCs phagocytosisnvolves theuptakeand digestion of fragments suchcslular
debris or damaged cells, dapeptideantigens are then processed and presentedit@
helper T (h) cells via the Class Major Histocompatibility CompleXMHC) complexto
initiate adaptiveimmune response¢Kindt et al., 200Y. Many phagocytescontain
granules filled withenzymes such as MPO that genef@S, which are deadly to both
invading and host cellsWhen damage occurs in the absence of infection, Pattern
Recognition Receptor$RR3 detect damagassociated molecular patterssich as DNA

and intracellular proteinseaking from cells duringnecrosis. Duringinfection PRRs
recognisepathogerassociated molecular patterns likgpoPolySaccharidgLPS), and
initiate an inflammatory cascade involving celitivation, andtriggeiing the release of
classic preinflammatory cytokines including TRU, -11bL a n6d whichLin turn
activate other leukocyted\ctivation also causes the release of inducible inflammatory
chemokines to attract other cells to #rea(Steevels and Meyaard, 2Q15ecretion of
these factors will also induce changes@arby endothelial cells, increasing expression of

integrin molecules, promoting more immune cells to migrate to the affectedExasss
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inflammation is deleterious to host tissue so the course of these changes must be carefull
controlled, neutrophils an cause particularly extensive damage if their activity and
longevity are notegulated Soehnlein and Lindbom, 20LAAntibodies that have bound to

a pathogen may have their Fc region detected by an Fc receptor, such as CD16 or CD3:
Binding of Fc receptors causes cytoskeletal changes that result in phagodaadsg,

which the pathayen is enveloped by the phagocyte duses with the lysosome to be
degraded Alternatively, Fc binding may result in Antibody Dependent Cellular
Cytotoxicity (ADCC), a function primarily associated with Natural Killer (NK) cells,
though macrophages and granulocytes are also capable of dbesgr During ADCC

proteins such as perforin and granzymes, are released triggering apoptosis in the target ce

Eosinophils egress from tHM in a mature state but do not make up a large proportion of
cells in theblood However during inflammatiorhey are capable of infiltrating peripheral
tissues where their lifespan is increas@bsenberg et al., 2013 Eosinophils are
classically associated with alty and parasitic infections. The main mediators associated
with eosinophil migration, activation and survival #re cytokinelL-5 andligands for the
chemokine recepto€CR3 such asCCL11. IL-5 is typically produced by 2 cells,
though other cell typesuch as NK cellsan also be the sourcetbfs cytokine(Rosenberg

et al., 2013 When activated, eosinophils degranulate, emptying ¢gnairulecontentsmto

the surrounding environmentGranule proteins such as Major Basic Protein (MBP) can
exert antiparasitic effects and activate other leukocytes such as neutrophils and mast cells
(Rosenberg et al., 201L3Eosinophils also exhibit some weak phagocytic activity, though

in comparison to other cell types this is not regarded as their main role in immunity.
Eosinophils also express MHC class | and MHC class dl,well as costimulatory
molecules and have been observed trafficking to secondary lymphoid organs, providing
evidence that they are able to modulate T cell respdivasKenzie et al., 200Q1Indeed,
antigen processing by eosinophils and presentation to CD4+ T cells has also beer
demonstratedn vivo (MacKenzie et aJ 200). Many of the subtleties of eosinophil
function remain unknown and it is likely that a lot of their activities in inflammation are
still to be discovered(Rosenberg et al., 20L3The recruitment of eosinophils by

chemokines will be discussedsection 1.2.11.

Basophils are rare ngphagocytic granulocytes, representing less than 1% of leukocytes in
the blood. They are similar to mast cells, whidltee the blood in an undifferentiated state

and only mature upon migrating to tissues. Both cell types express thaffingy IgE
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receptor and participate in type | sensitivity reactions, releasing histamine, Th2 cytokines,
and leukotriene@Kadena et al., 1997Though these cells are of key importance in allergy,

they are not investigated in this thesis so will not be discussed further.

1.2.3 Monocytes andhacrophages

Monocytes are found in the blo@hdBM, and differentiate into macrophages upon entry
into tissues. Monocytesan also differentiate intdCs and other specialised cell types
such as osteoclasts, which are involved in homeostatic and pathbgaedestruction,

and microglia, which are braiesident macrophage$iuman monocyte subsets are
identified by expression of the antigens CD14 and COB14"CD16 monocytesare
primarily involved in inflammation, whileCD14+CD16+ monocytes exhibit me
homeostatic behaviour. In mice these two subsets are identifiediffeyences in
expression oLy6C and the chemokine receptors CC&& CX3C chemokine Receptor
(CX3CRYJ). Experimentally, antLy6C antibodies are used to detect Ly6C. Grl antibody is
andher antibody that is commonly used because it recognises Ly6C, however it also
detects Ly6G, the latter being restricted to neutrophils and other granulocytes. In humans
and mice, inflammatory monocytes express CCR2, while homeostatic monocytes carry the
CX3CR1 chemokine receptor.urhan and mouse subsets do show some phenotypic
differencesalthough CD14CD16- monocytes are considered equivalent to inflammatory
Ly6C"CCRZ'CX3CR1™ ) monocytes and CD14+CD16+ monocytes in humans are
thought to shareimilarities to CX3CRICCR2°Ly6C° monocytes in micéGeissmann et

al., 2003.

In mice, nonocytes emerge from thBM as Ly6C' and lose this expression upon
maturation in the circulation, giving rise to Ly8@onocytes under steady state coodisi
(Sunderkotter et al., 20Dp4Monocytes are released from the BM due to the action of
CCR2 (Serbina and Pamer, 200éescribed insection 12.11). While in the circulation,
changes in chemokine receptor expression occur, with CCR2 being reduced and CX3CR:
expression increasingonocytes have the ability to differentiate into macrophages and
DCs upon entry into tissuedlonocytes contribute to steadstate turnover of tissue
resident macrophages and D@s well as generation o€ells that contribute to
inflammation and pathogen clearancgtrikingly, the two monocyte subsets exhibit
disparate homing and functional characterisiieggure 1.7{Geassmann et al., 2003
(Sunderkotter et al., 20p4Ly6C"CCR2"CX3CR1° monocytes are preferentially recruited

to sites of inflammation (Geissmann te al.,, 2003 and infection, whereas
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CX3CRI"CCRZ°Ly6C"° monocytes are mostly restricted to blood and -inflamed
tissues These subsets were first defined in mice using adoptive transfer of monocytes from
CX3CRI"" mice in which one CX3CR1 allele h&gen replaced with Green Fluorescent
Protein (GFP). In these mice, cells with expression of CX3CR1, which includes most
monocytes, are labelled with GFP and can therefore be trgGegsmann et al., 20P3

Upon transfer into mice with an inflaed peritoneum, GE®r1" monocytes (equivalent to
Ly6C" monocytes) quickly migrated to the site of inflammation and differentiated to
express CD11lc, a marker for DG&eissmann et al., 20p3The GFPGrl- subset
(equivalent to Ly6¢ monocytes) \ere found to be longer lived and gave rise to resident
CD11c+ DCs in the liver lung and spleéGeissmann et al., 20R3This subset is
characterised by its patrolling behaviour, crawling along the inside of blood vessels under
resting conditiongAuffray et al., 200Y. The CX3CR1 receptor and the integrin complex
CD11a/CD18 were found to be crucial for this homeostatic surveillance movement. Fewer
crawling monocytes were observed in CX3CR1 KO mice, compared taVilte Type

(WT), even though the number of Grhonocytes was equivalent between the genotypes
(Auffray et al., 2007. This suggested that the receptor plays a specific role in monocytes
patrolling the endothelium. Antibodies blocking CD11a and CD18 abolished patrolling
behaviour, indicating that moving along the vessel wall requires this integrin cdiobina
(Auffray et al., 200y, Recent findings indicate that there are populationsath Ly6C°

and Ly6C' monocytes which reside in the spleen and are mobiliseresponse to
inflammation (Swirski et al., 200Q It is likely that ths reservoirof monocytesis of
importance in the response to infection and tissueadanand further investigation is

needed to characterise their role.

When monocytes migrate into tissues thegn differentiate into macrophages This
transformation includes a large increase in sizethadacquisition of neviunctions such
asincreagd phagocytosis anthe ability tosecre¢ an altered repertoire afytokines and
otherfactors(Kindt et al., 200Y. The precise phenotype of the macrapsmthat develop

from the infiltrating monocytes is profoundly influenced by the microenvironment and
health status of the tissue. Although development from haematopoietic stem cells has bee
regarded as the sole pathway for macrophage development, poogenithe yolk sac

have recently been shown to give rise to FA8bmacrophages, indicating that there are

at least two lineages of macropha@®@shulz et al 2013.
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Figure 1.7. Migration and differentiation of monocytes in mice.

Ly6C" inflammatory monocytes emerge from &M and either migrate into inflamed tissue and

differentiate into inflammatory macrophages and DCs, reside in the spleen or continue to circulate and lose

their expression of Ly6C and CCR2. These homeostati€P@&3CR1 monocytes may return to the spleen

or patrol blood vessels where they may be recruited to normal tissue.

Macrophages participate in innate and acquired immune responstgearicyfunctions

include cytokine production, phagocytqgsasitigen pocessing and presentation. It is now

recognised that in some situations macrophages can prolivgthie tissuegMurray and

Wynn, 201). Macrophages can be uiod performing specialised ed in secondary

lymphoid organs; mcrophages are highly effective as phagocytic cells kradt apoptotic

cells and debrigheyare often seen allular guard due to their relatively long half life
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within tissuesand theirability to promote inflammation without excess damage to the host
(Soehnlein and Lindbom, 201L0rhreats to the tissugeadetected in a number of ways,
including PRRs &. Toll-like receptord TLRS), andFc receptorswhich detect opsonised
fragmentsof pathogens or dying cell®ther signals, such as the phagocytosis of apoptotic
neutrophils, stimulate atrophagesto resdve inflammation by producing anti
inflammatory cytokines and clearimgbris(Soehnlein and Lindbom, 20LMacrophages
also secrete signals that promote repair such as growth factolipidntediators called
resolvins(Soehnlein and Lindbon2010.

Macrophages are often described as being
and 0 al,taad thesedifferent® macrophage typebvave disparate functions.
Classically activated macrophagedso referred to as!1 macrophagesare involved in
defence against pathogenAlternatively activated or M2, macrophages contribute to
remodelling. Polarisation of these macrophages is similar to lymphocyte polarisation, with
M1 macrophages being generatiedm monocytesin response tdnter F e r ¢l NF Nao
while cytokines such as ¥4 and IL-13 induce M2 productiofMantovani et al., 2013

These macrophages secrete and respond to different &hdsemokines, notably in
humans CCL2 can induce polarisation to M2 macrophéigesa et al., 2009 In reality,
macrophage polarisation is not a simple M1 vs M&iuction and a whole range of
possible phenotypes exist depending on the signals these cells receive from their

environment and the requirements of the tissue.

1.2.4 TLymphocytes and acquired immunity

Lymphocytes are key cellular components of thepada immune system The main
lymphocyte types ar& cells B cellsand NK cells however many subsets are included
within these broad categori€k.cell precursors are generated in the BM amature in the
thymus B cellsare also generated in the BM abeégin theirmatumation here, but then
migrate to the spleen where they differentiate into naive, follicular or marginal zone B cells
(Pieper et al., 20)3 B cells are central to humoral immunity and crucial for adaptive
immunity, and their antigen specifistructures are antibodiesAdaptive immunity is
reliant on antigen recognition and specificity. Lymphocytes as a whole have an incredibly
broad rage of antigen receptor$he main feature which distinguishes T cells from other
cells is the TCell ReceptoTCR). The TCR is a heterodimarnd most cel | s
and b chains, though 5% of T cells expre

a Variable (V), Joining (J) and ao@stantregion. There are also and Diversity (D)
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segment s, whi ch appear ical developmerit in the thymus, c
functional receptors are produced throug
chains the V and J segments are reorgani
regions are rearranged. The diversity of the rexeps attributed to this process of gene
recombinati on. T he UCompiedentarityReterminingRegibna v e
(CDRs), which are the most variable sites in the receptor. It was first thought that CDR3
engages the peptide, while CDR1 and CDR&kdwith the MHC, though variations on this

have now been report¢Borg et al., 200p

T lymphocytes are categorised into toncipal subsets: CD4+ T cells andd8+ T cells
(Figure 18). CD4+ T cells act as Th cells and when activated secrete cytolkiaes
modulateand regulateother components of the immune system. CD8+ T cells are often
referred to cytotoxic T cells (Tc) and when activated by their TCR andequ@'s secrete

toxic granules to Kill the target ceDCs encounter antigen in the periphery, take it up and
process the peptide antigen for presentation to the T cell. DCs then home to secondar
lymphoid tissues where they position themselves in Tacelis in order to activate naive T
cells. MHC class | presents peptide to the TCR on CD8+ cytotoxic T cells and whereas
MHC class Il engages with the TCR on CD4+ helper T cells. A second signal is also
required. The second signal may either be stimulasugh as when CD28 is engaged by
B7, alternatively the second signal may be delivered by engagement with-ETWAich
produces an inhibitory signal. Cytokine help from other CD4+ T cells also stimulates this
process. If both of these two signals are neaxithere is rapid clonal expansion, supported

by IL-2, producing a population of memory and effector T cells with the same specificity.
Activated T ells then differentiate to create different types of effector cell with the same
antigen specificity.

When an activated CD8+ T cell counters infected or dysfunctional cells, Tc cells release
their granule contents as shown in Figure 1.8. Perforin, granzymes and granulysin act tc
mediate cell killing. There are two main mechanisms proposed for penfiedred

granzyme entry to target cells. Perforin molecules may become inserted in the plasme
membrane of the target cell, forming pores, allowing granzymes to enter the cell via
passive diffusion. Alternatively, after a perforin pore has become embedded in the
membrane of the target cell, the membrane may pinch off, forming a vesicle inside the
target cell, containing granzymes from the cytotoxic syng&esanto et al 2019.

Granzymes then exit the vesicle via perforin, delivering the enzymes to the cytosol.
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Granzymes act to induce apoptosis in the target cell via induction of caspases, initially
caspase 9, an initiator caspase is activated, which triggeegtivity of effector caspases
such as caspase 3, 6 andSusanto et al., 20)2Effector caspases are responsible for

cleaving numerous proteins, which cause apsiptof the target cell.

€£28% _ Antigen Presentation
= \ 9

MHCII [ MHC |

TcrR I TCR

a Killing of cells by exocytosis
o~ of granule contents

A _:c‘;{"\_
. . <o 4
Cytokine secretion o
°
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Figure 1.8. T cell activation following interaction with MHC complexes.

Diagram showing simplified effector functions of T cells upon antigen encounter. Professional Antigen
Presenting Cells (APCs) present peptide antigenis asidragments of pathogens to the TCR via MHC class

Il. This interaction activates CD4+ T cells, causing them to polarise into different effector cell types with
potential to release cytokines to support the inflammatory response by inducing effectmmfiim other

cells. An infected cell may present foreign antigen to CD8+ T cells via MHC class I, inducing the cytotoxic

function of the T cell and causing the exocytosis of cell killing enzymes such as granzymes.

The thymus is the site where mostcé&lls mature and gain CD4 and CD8reaeptors
(Figure 1.9) When Ub T cells developédpulilgenneg
(DN) cell stagesT cell precursors arrive at the thymus lacking CD4 and CD8 and most T
cells emerge from the thymusxmessing either one of these receptdramature
thymocytes do not express TCR/CD3 complekbsrka et al., 199 thusthe thymus
contains triple negative thymgte subsets (CD8D4-CD8-)(Godfrey et al., 1993 This is

of note as identification of T cells using CD3 misses outes developing T cell subsets in
the thymus.Instead, the DN developmental stages deéned by the expression of the
markers CD44 (an adhesion molecule) and CD2%2 @®.(D)Acquisto and Crompton,
2011 Carpenter and Bosselut, 201Kindt et al., 200). DN1 cells are CD44+CD25
progressing to DN2 where cells are CD44+CD25+, followed by DN3 cells expressing
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CD44CD25+, during the final DN T cell stage cells neither CD44 nor CD25 are
expressed. Following the four DN se&ag thymocytes become CD&D8+ Double
Positive (DP)oefore the positive and negative selection praesfiimately leading to the
generation of Single Positive (SP) CD4+ or CD8+ T cells that leave the thymus and

circulate in the blood

3 U 2 U
SP
T cell DP
precursor

> >
@ @ @+© @
O O—
TCR rearrangement

CD25w CD44, CD8 5 CD4 5 FoxP3___ ©_.@
W W

FoxP3+ Tegs

Figure 1.9. Development of T cells in the thymus.

Diagram showing CD44, CD25, CD@D8 and FoxP3listribution during T cell development in the thymus.

T cell precursors enter the thymus and enter siX& wherecells are CD44+CD25 DN2 cells express

both so are CD44+CD25+During stages DN2 and DN3 TCR rearrangement occurs, during the process of
rearrangement the decision is made about the fate of which TCR sulinits| be expressed.
cells are generated between DN2 and DN3 and r ema
progress to DN3 whe@&D44 expression is downregulated, while CD25 expression is maintained, making
DN3 cells CD44CD25+, whereas DN4 cells lack both receptors. Thymocytes emerge from this stage with
neither CD44 or CD25 but gain both CD4 and CD8 coreceptors, making them DP. From this stage either
CD4 or CD8 is downregulated, producigp cells which migrate from the thmus into the circulation.
Regulatory T cellsTreg9 are generated from SP CD4+ T cells entering the circulation. Naive Tregs have
high CD25 expression and low FoxP3 expression, upon activation their FoxP3 expression increases.
Activated CD4+ T cells mayrave some CD25 and FoxP3 expression, making identification of Tregs
challenging. Also CD4+ T cells may polarise towards a Treg phenotype. AdaptedKiadb et al., 200Y
and(Sakaguchi et al., 20)0

Bet ween DN2 and DN3 o0 T cells arise as
UbBTCR+ CD4+ or CD8+ T cells to be produc

order that cells that do not respond to -84HC molecules undergo apoptasisThen
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negative selection eliminates cells that bind 94HC molecules with high affinity, a
process which prevents autoimmune responésdt et al.,, 2007 D'Acquisto and
Crompton, 2011

TcellscarryngTCR U are able to recognise some m)
by Ub (Kabdlite RdlsAnot her distinction is that
skin, gut, l ungs and uterus, compared wi
the lymphoid tissuegv/antourout and Hayday, 200l3HHo mi ng of o0 T <cel |
l' i kely to be Iinked with the finding tha
single TCR repertoire, as wer e (ltohara ét al.c el |
1990. It seems that these subsets found at barrier sites are specialised to respond t
particular threats posed by those environments. Cells bearinggTCTR ar e al s o
participateeari r i n t he i mmune (VargoprouhaaHaydaya201L3U b

I n additi on, ofobéelacwaal sowsce af fLeduring) defengenagainst a
range of pathogens and against tumd@8tgton et al., 2012

Our understanding of T cell subsets and their roles has evolved and become more comple
over timeand our description of cells as fitting into discrete categories is unlikely to reflect
the plastic nature of these cellsfter activation and clonal expansion, naive T cells
differentiate into a variety of different effector cell types. For many yéaras considered

that there were only two types of Th cell generated after CD4+ T cell activation, namely
Thl and Th2 types. Thl cells were regarded asnflammatory and involved in infection

by viruses and bacteria, whereas Th2 cells participatedemgpland clearance of parasitic

i nfections. Thl cells are abl e 12 wheeeasr et
IL-4, IL-13 and IL5 are classic Th2 cytokines. This two helper T cell view is far too
simplistic and was challenged by the discoveiya number of other cell types, including
Th17 cells that secrete 417 and Il-:23 and have been associated with control of bacterial
infections and some autoimmune diseases. The way in wimechntigen presenting DC
was activated contributes to how thecell will be polarised.In fact, Thl, Th2 and Th17
cells represent extreme phenotypes and in reality much T cell plasticity exists.

Additional T helper cells that can be generated after naive CD4+ T cell activation include
T Follicular Helper (Fy) cdls. These cells express CXCR5, the receptor for the
chemokine CXCL13, which allows them to position themselves in CX@Ilct3follicles

in secondary lymphoid orgaiiBazilleau et al., 2009 Here they interact with activated B
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cells presenting antigen in MHC class Il, and support these B cells as they enter the

germinal cene reaction as described below.

Another cell type which changed the conventional view of T cells was the discovery of
regulatory T cells(Sakaguchi et al., 20J0These cells have been shown to suppress
inflammation, protect against autoimmunity and will describesktion 1.3.2 irtheir role

of promoting tolerance to a sewmiogeneic foetus during pregnancy. Many different kinds

of regulatory/suppressor tdélave been identified since, such as Th3, Trl and CD3+CD4
CDB8- cells, but the properties of CD4+CD25+FoxP3+ Tregs have been the most widely
studied. The development of CD4+CD25+FoxP3+ Tregs is also displayed in Figure 1.9,
naive Tregs of this kind expresoxP3 and CD25 upon exit from the thymus and
activation of these cells leads to a further upregulation of FoxP3. There may also be othel
developmental pathways such as polarisation of activated CD4+ T cells towards this
phenotype. Upon an encounter withantigen, activation of these cells leads to creation of

a tolerogenic cytokine environment, which regulates immune responses. Inadequate Tre
responses have been linked to autoimmune diseases, allergy and transplant rejectio
(Schmetterer et al., 201.2Tregs produce cytokines such asllO |, TGFB5 and d |
downregulate effector T cell responses through molecules such as-C{3dhmetterer et

al., 2013. Tregs can also kill effector T cells via a granzyme/perforin dependent
mechanisn{Cao et al., 2007and they may induce apoptosis through Fas/FasL interactions
(Strauss et al., 2009C D25 i s t he 42 receptar,iand thisfreceptbr enedlates
another mechanism by which Tregs exert their regulatory influences. As CD25 is
expressed at such high levels on Tregs the binding -@f tih its receptor deprives other

cells of a cytokme that is crucial for T cell activation and survif@andiyan et al., 2007

1.2.5.B cell activation

B cells have a key role in the inflammatory respori3eting maturation in theBM,
rearrangement of the genes for btita light and heavy immunoglobulin chains occurs. In
the BM selfreactive B cells are selected against to make sur¢osetbnce is maintained.

On leaving the BM B cells express IgM but the cells are not mature naive B cells until they
express IgD and g on their cell membrangindt et al., 200Y). A subset of B cells found

in humans and mice, B1 cellsxpress IgM and have low expressionigid. B1 B cels

only constitute a small proportion of circulating B cells but are numerous in the pleural and
peritoneal cavitiegKindt et al., 200Y. The marginal zoais located in the spleen, forming

the border between the red and white pulp. The marginal zone contains specialised B cells
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which are partially activated, as well as macrophagesb&rsl As blood flows from the
marginal sinus marginal zone B cells axp@sed to antigens in the blood and they provide
a rapid humoral response to any challen@ésppidi et al., 2011 Marginal zone B cells
are IgM'CD21+CD1d+, ‘hich distinguishes them from follicular B cells and are
positioned in the marginal zone by stimulation of the cannabinoid recepto(NOBpidi

et al., 201) ard through the action of CXCR5 and SphingoslAeéhosphate Receptor 1
(S1PR1jCinamon et al., 20Q&rnon et al, 2013. Marginal zone B cells participate early
in the adaptive response and following activation, form shatl plasma cells, which
secrete antibodies.

B cells also reside in follicles in the whipellp, these are known as follicular B cells and
have a IgM'lgD"CD23+ phenotype. When a B cell encounters an antigen, often presented
on follicular DCs, then the B cell becomes activated but also internalises and processes the
antigen, presenting it in ¢hcontext of MHC class Il. B cells then come into contact with
Ty cells that have migrated to the edge of the B cell follicle from the T cell area. These
cells engage the B cells via their TCR, CD40L and CD28 interacting with MHC class I,
CD40 and B7 o the B cell(Kindt et al., 200). The Ty cell then secretes cytokines that
promote B cell proliferation and together they contribute to the initiaticheofyerminal
centre reaction. Within the germinal centre B cells proliferate, differentiate, develop the
ability to produce higher affinity antibodies, and class switch their antibodies. Activated B
cells begin in the dark zone of the germinal centremotiferating B cells (centroblasts)
undergo somatic hypermutation in order to create specific, high affinity antibodies, this is
essential in producing a specific, efficient immune response. Centroblasts proliferate to
produce centrocytes then migrate ttee light zone where they stop proliferating and
undergo class switching to produce a range of immunoglobulins dependent on the cytokine
milieu. Before exiting the light zone the centrocytes mature into either antibody generating
plasma cells or lontived memory cells, preserving the B cell specificity for further

encounters with the antigen.

1.2.6 NK and NKT cells.

Natural Killer (NK cells) are classified as lymphocytes but unlike B cells and T cells
straddle bothnnate and adaptive immuniti)K cells play a complementary role with Tc

cells and though they share many similarities, there are some important distinctions. Tc
cells target cells which present antigens via MHC class |. As a result many infected or

tumour cells downregulate their MHC classlarder to escape recogniti6hopham and
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Hewitt, 2009. NK cells target cells that have MHC class | or express it at low levels,
resulting in cell killing andoroduction of large amounts of cytokines such as NNK.
receptors such as NKG2D recognise stirdscedligands on cells, such as MICA and
MICB in humans, and Rael and H60 in mi@eaulet, 2003 NKG2D ligands are
upregulated on the surface of tumour cells and infected cells, allowing them to be detectec
by NK cells (Raulet, 200R In addition, NK cells kill in a prforin/granzyme dependent
way, exocytosing their granules to induce apoptosis in target cells. They also target cells
through ADCC, recognising opsonised infected cells using the Fc receptor CD16 and
release their cytoxic granules, killing the infectedl. 8D56°™CD16+ NK cells, which

form the majority of circulating NK cells are also responsible for secreting cytokines and
chemokines when they come into contact with a target cell egolFN -UNF CCL 2,
CCL3, CCL4, CCL5, CXCL8 and CXCL1@Fauriat et al., 200)0As can be seen from this
profile, these cells play a key role in the initiation of inflammation and the secretion of so

many chemokines attracts a braadge of cells to the site.

A large population of specialised NK cells are found in the decidua during pregnancy
These cells, called uterine NKINK) cells are characterised in humans as C8€D16

. NK activity has also been associated with resunrmiscarriage. Patients with high pre
coneptional NK activity experienca much higher rate of miscarriage than those with
normal NK activity (Aoki et al., 199%. They initiate spiral artery remodelling and are
thought to promote implantation and maintain gestati@sh et al., 2010 uNK cdls and

their role in their reproductive process will be discudseither insection 1.3.2.

Natural Killer T (NKT) cells are an Nielated subset which exhibit similar features to T
cells, but develop differently to conventional T lymphocytes. Dependimgheir TCR
specificity, some DP thymocytes react to CD1d in the thymus, inducing differentiation into
CD4+ or CD4CD8- DN NKT cells(Gapin et al., 2001 NKT cdls express a lipigspecific

T cell receptor, whiclrecognises antigens presented by the MIKE molecule CD1d.

NKT cells express a range of markers including the NK marker NK1.1 in mice/CD161 in
humans and T cell markers such as the TCR and BDshnan et al., 20)3There are
broadly two categories of NKT cells, type 1 classical invariant NKT (iNKT) cells whose
TCRU chain is resistant to gene rearrang
is variable. Type 2 NKT cells have not been well characterised amddhesin health and
disease has yet to be determined. The frequency of NKT cells in human blood is highly

variable, however there is a large reservoir of NKT cells in the (Bxmnan et al., 2033
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There i s an ongoing search for Il i gands w
GalactosyCeramide ( UGa |l Cer ) , derived from a mar i
biological response when presented by CDOBéndelac et al.,, 2007 however the
significance of this is strongly debated as contact with marine sponges by most land
mammals is minimal. An alternative explanation is that the sponge sample may eaave be
contaminated, and that UGal Cer is in fac
into contact with more readil{Bendelac et al., 2007 Physiological tycolipid ligands

have also been sought after asdGlobotrihexosylceramid€iGb3) has been suggested
however it only appears capable of activating iINKT cells in mice, not hu(Gamslerson

et al., 2013

Though their TCRs restricted, the ability of INKT cells to recognise antigens means that
they straddle adaptive and innate immunity. CD1d is expressed by many cell types
including DCs, macrophages, granulocytes and B ¢BlHennan et al., 20)3indicating

that INKT cells may interact with many leukocyte subsets and therefore may have a
contributory role in different types of immune responses. If the TCR signal received is
wedk, INKT cells can still be activated by pmflammatory cytokines, such as -2
(Brennan et al., 2033Upon activation iINKT cells produce large quantitiexcgiokines,

the profile of which depends largely on the phenotype of the cell. Three subtypes of INKT
cells have been proposed but there are probably more to be characterised. The mai
population of INKT cells found in the liver and spleen is diké iNKT cells which have
been described as NK1.1+, they may be CD
12 (Watarai et al., 201,Brennan et al., 2033In the lungs and intestine, the main subset
found is Th2like INKTs. These are mainly CD4+ and respond t&?8, and as their name
suggests when activated they rapidly produce Th2 related cytokines suci,as 110

and IL-13(Watarai et al., 201,Brennan et al., 20)3Finally, Th1Zlike INKT cells have

also been described, these tend to be-Ci2$épondo IL-23 and produce H17 and 1l-22

and have been found in lymph nodes, lungs ana(\8kitarai et al., 201, 2Brennan et al.,
2013.

1.27. CD3+ CD4- CD8- cells: DN T cells and other CD3+ nen cells

Surprisingly, he predominant population of lymphocyteported to be preseint the NP
murine female genital tract are CD3+GIODS8- T cells referred to in many studies as
doublenegative (DN) T cé$. Cells within his populatiorhave been found texpresshe
Ub T c el dndlowéevets pftBa&20 and the majority are CD25@ohansson and
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Lycke, 2003. These cells are distributed throughout the genital tract mucosa, in the uterus
and cervix. When infectethtravaginally with Chlamydia trachomatisthese cells wre
found to decreasas a proportion of total uterine lymphocytagile the number oSP
CD4+ or CD8+ T cells increased in the reproductive tigdobansson and Lycke, 2003
This study also found that the CD3+CDLDS8- population vas characterisg¢ by an
inability to proliferate.It also usedD011.10 TCRTransgenic Tg) mice which have a
TCR, which is specific for chicken derived OVAlbumin (OVA), expressed by virtually all
CD4+ T cells. OVA is then used vitro to test antigen specific stimulatiaf CD4+ T
cells. Whenmouse uterine lymphocytes were-adtured with splenocytes and had the
effect reducing proliferation when treated with @db3 and OVA suggesting that uterine
lymphocytes have regulatory functio@®hansson and Lycke, 2008Vhen studiedcat day

4 of pregnancy, numbers @&D3+B22¢f uterine lymphocytesells remained unchanged
compared to NP controls. awever further investigations requiredto ascertainf these
cells are involved in mediating tolerance duriegrly pregnancy(Johansson and Lycke,
2003.

This population has also beentetged in the NP human endometrium, although they
appear only to make up between-4.9% of CD3+ cellgFlynn et al., 200p Interestingly,

these cells were significantly increased ggecentage of CD3+ cells in the late secretory,
compared to the late proliferative phase of the menstrual ¢iyttan et al., 200D This

might suggest that these cells play a roleemodelling during menstruation. Some of
these cells were found to be TCROU*+, but
human pregnancy, 90% of CD3+ cells in the decidual tissue ekpredeliveries were
CD4-CD8- cells (GomezLopez et al., 2013 In term labouring decidual samples, these
DN cells constituted around 30% of the CD3+ cell population but these appearesd alm
absent in term netabouring deliverieGomezLopez et al., 2013 In this study, they
identified these cells as memydike DN T cells. The results are fascinating but difficult to
interpret given the range of pentages quoted for uterine CD3+ DN cells in different
studies. Does the DN T cell population decrease at term, compared to NP animals or doe
the DN T cell cotent of the uterus increase during pregnancy? A related cell population,
CD3+CD4CD8- iINKT cells have also been identified in the peripheral blood and decidua
during early human pregnan¢Boyson et al., 2002 it is likely that if DN T cells are
defined in the literature simply by CD3+CHE2ZDS8- that this population will include iINKT

cells.
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DN T cells have been reported in other circumstancestlaid studymay provide an
insight into their role in the reproducv e t r act . The percent ac
CD8&- cells in the normal mouse kidney has been reported as 23%, with the liver containing
22%, the spleen with 5% and the blood only @con et al., 2008 The number of these

cells in the kidney were found to be significantly decreasekrs2dfter ischaemia
reperfusion injury, compared to sham operated rfAseon et al., 2008 DN T cells have

a regulatory phenotype in some circumstantégy appear to be protective against type 1
diabetes in NOD micéDuncan et al., 2090inhibit EAE in Lewis rats(Lider et al., 1991

and infusion of syngeneic regulatoryCD 3 + T CR U{CB& dls into mice
permanently induces cardiac xenograft survig@hen et al., 2003 Adoptive transfer of

DN T cells suppressthe in vivo proliferation and cytokine production of xeeactive

CD4+ T cells, hinting at a mechanism for prolonged graft surnf@aken et al., 2005
During Listeria monocytogenesfection, DN T cells have been showa express CCL2
suggesting they may play a role in the recruitment of monocytes, morumywed
macrophages and other CCR2+ cells during infedk@uena et aJ 1997.

ConverselyDN T cells have been described as being involved in autoimmune processes.
Of particular interest, TCRIb+ DN T cells are i fdemwthsed
Behcetds di sease, an autoi mmune disorder
(Ling et al., 200Y. DN T cells have been found to be doubled from 5% to 10% in the blood
of patients wih SLEand are major producers of-IL7 in the diseasgCrispin et al., 2008

The percentage of TGRb+ DN T <cells in the spl sen,
after the onset of autoimmune disease in MRlpr mice (Masuda et al., 1991 The
percentage of TCRIb + DN T <cell s i n t he bl ood
lymphoproliferative syndrome is increased to 10% and the expression of the marker B220
is increased on these cefBleesing et al., 2001 Myasthenia gravis patients also present
with significantly more DN T cells in their blood compared with healthy controls
(Reinhardt and Melms, 2000

Diverse origins have been reported for DN T cells. There are different viewshether

DN T cells are thymus dependent in their maturatasm thymocytes go through distinct
stages of CD4/CD8 negativity during their developm@Acquisto and Crompton,
2017). Myasthenia gravis patients with thymic lymphofollicular hyperplasia that undergo
thymectomy see the elevated DN T cell levels in their blood return to the level of healthy

controls, suggesting thymic involvement in DN T cell gurotion (Reinhardt and Melms,
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2000. Thymusindependent devepment of DN T cells has also been described
(Johansson and Lycke, 20@rd et al., 2006

There has beesome limited characterisation of the surface immunophenotype of DN T
cells. CD25, the IL2Ra chain,is reported to be expressed BN T cells in several papers
(Leeet al., 2011aFischer et al., 20Q5Takeuchi et al., 1992.ider et al., 1991Mixter et

al., 1999 Utting et al., 2000Voelkl et al., 2011Zhang et al., 20Q@uncan et al., 2030
includingon DN T cellsin the uterinehorn (Johanssorand Lycke, 2008 Surprisingly,
B220, which is predominantly viewed as a B cell marker, has been desonbedl T
cells (Ascon et al., 2008Zhang et al., 2006Bakir et al., 2006Bleesing et al., 2001
Koyasu, 1994 Mixter et al., 1999 includingthosein the reproductive tragtJohansson
and Lycke, 2008 The MRL/Ipr mouse model ddystemic Lupus ErythromatoseSLE)

has a mutation that results in the accumulation of B220+ DN T deksto thelpr
mutation in the Fas receptfce Gall et al., 2012 B220 may only be expressed on a
population of DN T cells becausige extent of B220 expression is varied and has not been
seen in all cased.ee et al., 2010)a CXCRS5 isalsofound on DN T cellsand these cells
migrate in response ©BXCL13, the chemokine ligand for this receptansel et al., 1999

Lee et al., 2003_ee et al., 2006 although one study only demonstrated very low levels of
expressionHuang et al., 200)0Like B220, CXCRS5 is typically viewed as a marker of B
cells and directs cells to B cell follicles in secondary lymphoid tis¢Geslsen et al.,
2002. However, CXCR5 is also expressed orsome migratory dermal DC8Vu ard
Hwang, 2002 and on T cell subsets that have follitleming properties, includinggh

cells andfollicular regulatory T cellsvhich also expresBD-1 (Sage etla 2012 Slight et

al., 2013. The level of CXCR5 expression by DN T cells has been disputed and other
chemokine receptors have been described on human DN Tirellgjing CCR4, CCR5,
CCR7, CXCR3,andCXCR4 (Huang et al., 2000 Negative regulators of T cell function
have been described on DN T celReripheral DN T cells (TCBb + CD 3 €D®P 4
NK1.1-) have ben shown to express CTkAand dowrregulate cestimulatory molecules

on DCs in a CTLA4 dependent manndfGao et al.,, 2001 However this has been
contradicted irother studies, where no CTEA expression was seévoelkl et al., 2011
Duncan et al., 2030 Another negtive regulator of T cell function is PD, a receptothat

is responsible for inhibiting T cell signalling and is associated with immune regulation
(Lee et al., 2011&Dinesh et al., 2000 PD-1, similar to CTLA4 is involved in tolerance
and counteracts the -®imulatory signals of CD28ife and Pauken, 20)1Tregshave
been described as expressing-PD a ligand for PBL and that this iseported to be
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critical for tolerance at theoétanaternal interfacéHabicht et al., 2007 DN thymocytes
express PEL and overexpression of PDresults in impaired maturation of these cells in
the thymugKeir et al., 200k

The CD3+ DN cell population is likely a heterogenous mixture of cell typesrder to
identify DN T cellsamongst CD3+ DI¢ells, TCRexpression has often been examiried
the literature human DN T cells have been reported to express predominantiy) BCR
(Levitsky et al., 1991Masuda et al., 199IMixter et al., 1999 Takeuchi et al., 1992
Voelkl et al., 2011Ascon et al., 2008Bakir et al., 2006Fischer et al., 200%uang et al.,
2010 but TCRo U e x p raeatss been fourfHuang et al., 201Masuda et al., 1991
Bakir et al., 2006Fischer et al., 2005

NK1.1 is a marker used to distinguistK cells and NKTcells in mice (Godfrey et al.,

2009). NK cells in the thymus have been demonstrated to be able to develop from thymic
DN1 cells(Vargas et al., 20)1NKT cells as with CD3+ DN Tells, can be described as
CD3+CD4CDS8-. NKT cells, defined as NKIL.IFRCRUb + di spl ay char ac
and NK cells and this phenotype describes several sufietdrey et al., 200% NK1.1

has been recorded on CD3+ DN céllsvitsky et al., 1991Ford et al., 2006 but only a

low proportion ofuterine DN T celldhave been reported &xpres NK1.1 (Johansson and
Lycke, 2003.

This disparate collection of markers tell uspsisingly little about DN T cells as a whole

as it seems that the precise surface immunophenotype of these cells varies in differen
situations in different tissues and that CD3+@CIA8- describes various populations of
cells with different functions.

1.2.8 Chemokineskey regulators of leukocyte migration

In the sections above | have introduced many of the important cellular players of the
immune system. In this next section, | discussctirmotactiacytokines, or chemokines,
small (8-10kDg secretd proteins involved in orchestrating leukocytemigration.
Leukocyte homing is of fundamental importance in the immune system because leukocytes
must get to the right place at the right time in order to carry out their functions effectively.
Moreover, muctof the work in the Results chapters of this thesis examines the expression

of chemokine receptors, most notably CCR2.
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Chemokines are related in terms of their sequence and function and are formally namec
according to theprecise positioningf cysteine reiduestowards the Nerminus of the
mature protein thaorm disulphide bridgeto maintainthe structure of the proteiffhere

are four families: C, CC, CXC and CX3€Eigure 1.10.

A cC—cC B c—cC C C—c

Figure 1.10. Representation of chemokine structural families.

Chemokine families determined by the placement of cysteine residues C, other residues denoted as X. N
terminus markedN and C erminus markedC. A) C chemokine, with only one disulphide bridge. B) CC
chemokines, with two disulphide bridges with no other residues between. C) CXC chemokines, one amino
acid separates the two cysteines. D) CX3C chemokine, which has a distinctotarstranot only in the

amino acids which separate the cysteines in the protein but the long C terminus projects into the cell
membrane so the chemokine is tethered. A mlikén domain is also present. The CXC chemokine

CXCL16 is also produced as a tetbetprotein and has a structure similar to CX3CL1.

The families of chemokine receptors and their ligands are shown in TableC1.1.
chemokineshave one disulphide bridge joining a cysteine residue towardsS theminus

with a cysteine residue towards theterminus. CC chemokines have two disulphide
bridges, from cysteine residues side by side, shown in Figure 1.10B. In CXC chemokines
these cysteine residues are separated by another amino acid. Finally the single CX3(
chemokine CX3CL1 has these bridges safa by three other amino acids. This
chemokine is also of interest as@germinal is tethered to cell membranes and includes a
mucinlike stalk domain. A similar structure is also seen with CXCLIlte N terminal
domain along with other determinantin the body of the chemokine, s&2en asan
important receptor binding domain for many chemokif@ten et al., 200y. The N
terminus has also been shown to lvac@l for receptor activation, and the action of

enzymes such as MMPs on tNeterminus have been shown to modify the activity of
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certain chemokinellen et al., D07). Several MMPs have been shown to cleave CCL2,
CCL8 and CCL13, and MMR has been shown to specifically digest CGMtQuibban

et al., 2002 Removing esidues from th&l terminus of CCL2 removes the ability of the
chemokine to activate its receptor, but its receptor binding properties are retained, thereby
creating an antagonist for CCRcQuibban et al., 2002Truncated CCL13 also acts as a
potent antagonist of CCR2 and CCR3, with an affinity similar to thddatjth version but
unable to induce chemotaxis like full length CCL{MEQuibban et al., 2002

Chemokines play a critical role uirecting the migration and positionirgg leukocytes
during homeostasisinfection and inflammationChemokines delivetheir signals by
binding andactivating G protein coupledhemokinereceptors These receptors are
usually Gy linked and binding can trigger actttependent changes involved in the
mechanics of cell movemer({Cotton and Clamg, 2009. The ability of chemokine
receptors to signal is dependent of the presence offiR¥ domaird in the second
intracellular loop of the seven transmembrane receptdr. ®RY6d o main mudanss
typically represerdgd in chemokine receptors &ise amino acid sequend@RYLAIV
(aspartic acid, arginine, tyrosine, leucine, alanine, isoleucine and)valisebtle variants
thereof Due to the structural similaritiesithin families somechemokine receptors bind

more than one chemokinathough usally only to chemokines within a single subfamily.

Chemokines are often described as being homeostatic and inflammatory, though thes
distinctions are under constant review as many chemokines classified as homeostatic ma
have inflammatory functions andce versa Homeostatic chemokines are constitutively
expressed and control leukocyte homing under resting conditions, whereas inflammatory
chemokines are produced in response to an inflammatory stimulus or infection.
Homeostatic chemokines can identdgpecific target organs. For example, CCL19 and
CCL21 attract CCRexpressing T cells and DCs to the paracortex of the LN in order to
orchestrate T cell priming. CCR9 and its ligand CCL25, is involved irhgaoting, and
similarly CCR4 and CCR10 are implieat in migration of leukocytes to skifheridan

and Lefrancois, 20)1In contrast, inflammatorghemokines are induced transientiten

to very high levels, and usually in response to infection, tissue damage or innate immune
cell activation. These chemokingxlude CCL2 to CCL13,and CXCL1to CXCL11
(Graham, 200p

60



A

CCR1 CCR2 CCR3 CCR4 CCR5 CCR6 CCR7 CCR8 CCR9 CCR10
CCL3 CCL2 hCCL3L1 CCL17 CCL3 CCL20 CCL19 CCL1 CcCL25 cCcCL27
CCL5 mCCL3  CCL5 CCL22 CCL4 CCL21 CCL28
mCCL6  CCL7 CCL7 CCLS5
CCL7 hCCL8 hCCL8 CCL8
mCCL9 mCCL12 CCL11 CCL11
mCCL10 hCCL13 hCCL13 CCL14
hCCL14 CCL16 hCCL15 CCL16
hCCL15 CCL16
CCL16 hCCL24
hCCL23 hCCL26
CCL28
B
CXCR1 CXCR2 CXCR3-A CXCR3-B CXCR4 CXCR5 CXCR6
CXCL6 CXCL1 CXCL9 CXCL4 CXCL12 CXCL13 CXCL16
CXCL7 CXCL2 CXCL10 CXCL9
hCXCL8 CXCL3 CXCL11 CXCL10
CXCL5 CXCL11
CXCL6
CXCL7
hCXCL8
C
XCR1 CX3CR1 | CCX-CKR CXCR7 D6 DARC
XCL1 CX3CL1 CCL19 CXCL11 CCL2 CCL11 CCL2 CXCL1
XCL2 CCL21 CXCL12 hCCL3L1 CCL13 CCL7 CXCL5
CCL25 CCL4 CCL14 CCL8 CXCL6
CCL5 CCL17 CCL11  CXCL7Y
CCL7 CCL22 CCL13 CXCL8
CCL8 CCL14 CXCL9
CCL16 CXCL11
CCL17 CXCL13

Table 1.1 Chemokine receptors and chemokine ligands.

A) CC chemokine receptors arfaetr binding chemokines. B) CXC chemokine receptors and their binding

chemokines. C) XCR1, the C chemokine receptor and its ligands; CX3CR1 and its ligand and the decoy
receptors CCXCKR, CXCR7, D6 and Iuffy Antigen Receptor for Chemokines (DARC)with ther
chemokine ligandsChemokines found only inumars aredenoted by the prefix lkthemokines found only

in mice aredenoted by the prefiAdaptedfrom (Allen et al., 2007, Comerford and Nibbs, 2005
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Chemokinesften require support fro®lycosAminoGlycans (GAGs)which immobilise
themon the endotheliurand other cellular surfaces. On blood vessel endothelig, this
immobilisation promotes the migration ofblood cells into the tissue thathe signal
originatesfrom (Allen et al., 200Y, and prevents chemokines riidbeing washed away in

the blood. Interruptionof GAG binding impairs leukocyte recruitment to sites of
inflammation (Proudfoot et al., 2003 The recruitmenbf leukocytes to sites of infection

and inflammation is a critical aspect of immune defence, tissue repair and remodelling.
The migration of cells across the endothelium is a multistep process and has many
elements resembling blastocyst implantation, ceden section1.1.3.(Dominguez et al.,
2005. The first step of rolling involves loose contact with selectins, which act to slow the
leukocyte. Inflammatiorupregulates Eelectin and Belectin on the endothelial surface,
and the process of rolling increases the proximity of the cell with the endothelium and may
bring it in contact with a chemokine presented on the endothelium. The action of the
chemokine orthe leukocyte expressing the appropriate receptor may result in a change in
the distribution and conformation of integrins on a cell and increase the possibility of the
leukocyte forming firm integriimediated contact with Ig superfamily Cell Adhesion
Molecules (ICAMs) the endothelium. Finally, the leukocyte squeezes between two
endothelial cells through, amongst other things, contact between CD3CAMEL) on

both the leukocyte and the endothelium. Other integrins such as CD11/CD18 bind-to JAM
1, a tightjunction protein, which ensures that endothelial integrity is maintaidiedit et

al., 2007. Remarkably, leukocytes have even been observed migratiregigh
endothelial cell§Feng et al., 1998

Neutrophils interact with the endothelium by expressingelectin (CD62L) and P
Selectin Glycoprotein Ligand (PSGL-1). When stimulated, neutrophils express the
integrins M11a/CD18 and CD11b/CD18, which form firm contact with ICAM
(CD54)Kindt et al., 200). The inflamed endothelium also expresses Vascular Cell
Adhesion Mleculel (VCAM-1, CD106), which binds Very Late Antigeh (VLA-4,
CD49d/CD29), an integrin found on cells such as monocytes, lymphocytes and
eosinophils. Naive T cells expresssklectin (CD62L), CCR7 and CD11a/CD18, which
mediate their extravasation tlugh high endothelial venules in lymph nodbljkamp et

al., 201).
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1.2.9 Chemokine reqeor regulation.

The activity of a chemokine receptor on the surface of a cell is contiallpdrt by a
process of desensitisation. The availability of a receptor is carefully controlled in order to
regulate the signalWhen chemokines bind to receptasseries of conformational changes
occurin the receptor structurallowing phosphorylation of the activated, agothistind
receptor by Gprotein coupled Receptor Kinases (GRKs). The action of GRKs increases
the binding affinity for the protein arrestimhich prolongs desensitisation and promotes
endocytosis of thenemokinebound receptor. This involves the plasma membrane of the
cell pinching off inside the cell to form a vesicle with the agonist on the inside of the
compartment. The receptor can thendycled back to the surface or the vesicle may fuse
with the lysosome and be degraded. The removal of receptors from ltsartaste causes
desensitisation because there are fewer receptors to respond to the chemokine signal. The
are many variables thaffect the process of desensitisation by endocytosis, and the same
receptor may exhibit different desensitisation profiles depending on the agonist
encountered. When studying chemokine receptors, it is important to remember that some
receptors corngutively recycle regardless of activation state, some will recycle quickly
whereas binding of some receptors by certain agonists causes more prolonged loss of ce

surface receptors.

1.2.10 Chemokinegeceptors as scavengers

In addition to conventional eémokine receptors that signal into cells when bound by
chemokine, there are a group of receptors that appear incapable of signalling. Thes
receptors are characterised by marked alterations in their DRYLAIV matdh fceptors

are described as atypicahemokine receptorand includeD6, CCX-CKR, CXCR7 and

Duffy Antigen Receptor for Chemokines (DARCYThese molecules catt as scavenger
receptos (Allen et al., D07), removing chemokines from the extracellular environment
thereby modulatindeukocyte migration by controlling chemokine availabiliyARC is

one of the few chemokineeceptos capable of binding chemokines from more than one
family and is predominaly expressed on erythrocytes doldod vessekendothelial cells
(Graham, 2009Rot and von Andrian, 2004 It has been proposethat DARC on
erythrocytesacts as a chemokine sink during inflammatory conditions and a chemokine
reservoir when chemokine levels are fall{fgikuma et al., 20QHansell et al., 201}aln

this way it may act to buffer chemokines in the blood to prevent desensitisation chemokine
receptors on circulating leukocytes and therefore integewith appropriate leukocyte

extravasation.DARC on endothelial cellfasbeen implicated in the basolateral to apical
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transcytosis of chemokinés vivo andin vitro (Pruenster et al., 20D%r the presentation

to leukocytes in the blood\s indicated in &ble 1.1C, CCXCKR binds three homeostatic
chemokines, namely CCL19, CCL21 and CCLahd can act as a scavenger receptor for
these molecule§Comerford et al., 2006 This receptor has been detected in spleen and
lymph nodes, notymphoid tissues such as brain, testis and placenta, and leukocytes such
asDCs andT cells(Gosling et al., 2000rownson and Nibbs, 20Q2CCX-CKR appears to
promote DC homing to lymph nodes at&loverexpressiorand deletionimpairs thymus
development, demonstimag that decoy receptors can play key roles in immunology
without the capacity to signéiHeinzel et al., 200Bunting et al., 2013 CXCR7 appears

to have a developmental functiand is expressed in the spleen, kidney, testis, ovary and
placenta(SanchezaMartin et al., 2013 Graham, 200pP Lots of variation is seen in the
expression data for CXCR7 on peripheral blood cells due to differences in expatiment
technique(SanchezMartin et al., 2013 CXCRY7 protein has been noted on activated DCs,
memory B cells which differentiate into plasmells, monocytes, NK cells and basophils

in peripheral blood(Infantino et al.,, 2006 CXCR7 mRNA and protein show that
expression of CXCRY7 in placental tissue is increased at term,acethfo early pregnancy
(Tripathi et al., 200p CXCRY7 is also associated with tumours and drives tumour growth
in mouse models of breast and lung can@drao et al., 200Y. In human disease,
immunohistochemistry has shown CXCR7 to be localised on tumour associated

vasculaturgMiao et al., 200Y.

The decoy receptoD6 bindsand internalises range of CC chemokines and degrades
them following internalisation. D6 is expressed in tisstieg act as an environmental
barrier sub as skin, gut, lung and placenta and is thought to protect against exaggeratec
inflammatory responses at these sites. This ability of D6 to internalise and degrade
inflammatory chemokines may also contribute to the resolution of inflammation. D6 has
beenshown to limit cutaneous inflammatiovhen12-O-Tetradecanoyhorbol13-Acetate

(TPA) is painted on the skin, due to effectigkearance of chemokindsy the receptor
(Jamieson et al., 20D5When TPA is used as an agent to induce inflammatiomen
tumours following an application ofthe mutagen 7,12-dimethylbenzg§)anthracene
(DMBA), D6 KO micedevelop a higher number of tumours per mouse and a higher
percentge of mice exhibit tumours, compared to WT mfbkbbs et al., 200/ D6 may

have a key a role in preventing inflammation mediated foetal loss: pregnant D6 KO
females injected with LPS showed a higher rate of abortion than WT females and this
effect was abrogated when antibodies blocking CCL3, CCL4, CCL2 and CCL5 were also
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administeredMartinez de la Torre et al., 2007D6 is expressed on the apical face on
syncytiotrophoblasts which invade the maternal decidua during implantation and
placentation and has been hypothesised to be involved in tolerance foetie during
pregnancyGarlanda et al., 2008Circulating D6ébinding chemokines have been shown to

be reduced during pregnancy, which may contribute tosvartess inflammatory, more
tolerogenic environment during pregnaridadigan et al., 2000D6 has also been shown

to promote the survival of emjars transferd into allogeneic pseudopregnant hosts, as
transfers of D6 KO foetuses resulted in an increased percentage with abnormal
development and resorption plaques in allogeneic mice, compared to syngeneic mice
(Madigan et al., 2000 Though these four receptors are considered professional
scavengers, deletion of signalling chemokine receptors also results in increased circulating
chemokine protein, compared to WT anisy@ahowing that signalling chemokine receptors
also fulfil this function(Cardona et al., 2008

1.2.11 Chemokine receptor expressionlenkocytes.

| have eyplained some of the basics of chemokine biology, and will now broadly describe
the chemokine receptor profiles of different leukocyte subtypes. The chemokine receptors
that a cell expresses determine its homing characteristics and this migratory profile is
crucial for a leukocyte to deliver its function at appropriate the time and place. As briefly
mentionedin section 1.2.3subtypes of monocytes and macrophages are defined by the
chemokine receptors CCR2 and CX3CRICR2 plays a key role in migration of
monocytes anather cells such ab cells NK cells and DCsLigands for CCR2 in humans

and mice include CCL2, CCL@ansell et al., 2019b CCL7 (Luster, 1998 There are

some differences;CL12is a ligand for CCR2 in mice but doestraxist in humans and
human CCL8 binds human CCR2 but mouse CCL8 does not bind to mouse CCR2, insteac
acting as a CCR8 ligandslam et al., 2011 CCL2, the mar ligand for CCR2attracts
monocytedn vitro (Carr et al., 1994and isimportant for releasef these cell§rom the

BM into the circulation(Serbina and Pamer, 200@&ndmay be involved innfiltration of
monocytes to sites of inflammatiqiKuziel et al., 199y and infection(Kurihara et al.,

1997). CX3CRL1lis also involved in migration of monocytes into tissuader homeostatic
conditions. CX3CR1 is required on monocytes patrolling along blood vessels and is
requiral for the rapid invasion of Grlmonocytes into tissues following damage or
infection (Auffray et al., 200Y. CX3CL1 is the sole ligand for CX3CR1 and is tetdetie

cell membranes by a mucin domain, although the chemokine can be cleaved by the enzym
A Disintegrin And Metalloproteinase 17 (ADAMI7)Tsou et al., 2001 Activation of the
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receptor in response tthe shed ligand CX3CL1 causes chemotaxis and adhesion of
monocytes to cells which presaetheredCX3CL1 on their surfacéBazan et al., 1997

Imai et al., 1997 Geissmann et al., 20§3Chemokine receptors are often restricted to
particular cell types in order that aerhokine only attracts the cell type required. The
chemokine receptors CCR2 and CX3CR1 define two separate monocyte subsets in mic
along with the marker Ly6C. Monocytes also emigrate fromBNREein response to low
circulating levels offLR4 ligand and ths release is reduced in CCL2nd CCRZ mice
compared with WT animalShi et al., 201)L

Neutrophils are another leukocyte subset released from the BM dtiee taction of
chemokinegBugl et al., 2012 Before neutrophils are released from the BM they express
moderate levels of CXCR4 Sromal cells within the BMconsitutively produce the
CXCR4 ligand CXCL12 andits interactionwith CXCR4 on neutrophilpromotestheir
retentionin the BM. As neutrophils mature, CXCR4 expression decreases and therefore the
CXCL12 signal to the cell is reduced and neutropbés: be redasedfrom the BM
(Summers et al., 2010/artin et al., 2008 Neutrophils are often the first inflammayor

cells to reach a site of damage and they generate chemokingadb @ttier inflammatory

cells (Nathan, 200% Neutrophils act as part of the innate immune system and activated
neutrophils have respiratory burst and degranulation as their two main weapons for dealing
with tissue infection Neutrophils express CXCR2 and it plays ay k®le in their
recruitmentinto tissues. Moreovemnigonising this receptor is effective at reducing
inflammationdriven tumaigenesisin mice (Jamieson etla 2012. While neutrophils are
circulating in the blood, CXCR2 activity promotes adhesion of neutrophils to the
endothelium and lack of CXCR2 prevents neutrophil infiltration into tis§€8esth et al.,

2004. Human reutrophils also express CXCRKimura, 1999, a receptor similar to
CXCR2 in that both bind CXCL8 (H8) in humansand CXCL§ although CXCR2 also
binds CXCL1, 2, 3, 5 ah?.

Other types of receptor also mediateutrophil chemotaxis such dkse high affinity
Formyl Peptide Receptor (FPR), which recognidégormyl-L-MethionytL-Leucyl
Phenylalanine(fMLP)(Selvatici et al., 2006 fMLP is thought to derive from bacterial
proteins and this exogenous chemoattractant provokes infiltration of neutrophils across this
gradient (Selvatici et al., 2006 LeukoTriene B (LTB,4) is an inflammatory mediator
which also triggers chemotaxis through BLT1, its rece(fan and Luster, 2007 During

inflammation, eicosanoids arproduced from phospholipids through the action of
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phospholipases, this produces arachidonic acid, from which prostaglandins and
leukotrienes arise. BLT1 is present on many leukocyte subsets such as granulocytes
monocytes, T cells and B cells, the broagression of this receptor indicates that the
function of this mediator is to attract many subsets of leukocytes to site of inflammation
simultaneouslyKim and Luster, 200)7 Another proinflammatory mediator C5a, a protein

of the complemet system, is found in a broad range of inflammatory situations and is a
potent chemoattractant for neutrophils and macrophages through the C5aR (@tepkor

et al, 2007. This receptor may also trigger chemotaxis in other myeloid cells and
lymphocytegMonk et al., 200Y.

Chemokine receptors on eosinophils have beessiigated as potential thempic targets

in diseases such as asthma. Asthma is characterised by eosinophillatonnm airway

walls and the release of eosinophilic granules can cause tissue damage and exacerbe
disease pathology. Typically, eositig are describedsexpressing CCR1 and CCR3 and
respond strongly to CCL1Hoger et al., 1996 CCR1 expression is more variable than
that of CCR3 and its function on eosinophissnot beeninvestgated as fully as CCR3
(Elsner et al., 2005 CCR3 is widely expressed on eosinophils and is a key regulator of
eosinophil trafficking into tissues during allergic inflammation, as such it is seen as a

potental therapeutic target in diseases such as atfGatiey et al., 2011

CCR7 and its ligands CCL21 and CCL19 are associated with homing to secondary
lymphoid organs. Naive T cells circulate between the blood, secondary lymphoid organs
and lymphatics in order to search for antigen. Both Naive T cells and DCs express CCR7
so these cell types docalise in the paracortex of lymph nodes, allowing priming of T
cells(Moschovakis and Forster, 2Q1Bromley et al., 2008 Tg4 cells downregulate CCR7

and upregulate CXCR5. CXCRS5 is activatgdtbe chemokine CXCL13 produced in B

cell follicles, and these cells then migrate to lymph node follicles rich in B cells in order to
support antibody production. CXCRS5 is essential for the homing of naive B cells to B cell
follicles, and plays a role idirecting cell migration during the embryonic development of

|l ymph nodes and Peyerods patches. The ro
in sectionl1.2.7 Immature DCs express surface CCR1 and CCR5 but these receptors are
downregulated following amtation with a stimulus such as LPS and CCR?7 is then
upregulated to promote migration to secondary lymphoid or¢@abusto et al., 1998

DCs constitutively migrate to draining lymph nodes via afferent lymphatics in order to

present antigens to maintain peripheral tolerance but during inflammation DCs rapidly
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mobiliseto draining lymph nodes, and both processes are @@&iated(Forster et al.,
2012. DC presentation of antigen in secondary lymphoid organs is resporisible
induction of tolerance and other immune responses and the orchestration of this process b

chemokines is key to its success.

After their generation from naive T cells, effector T cells downregulate CCR7 and
upregulate pronflammatory chemokine repeors such as CCR5 and CXCR3 to allow
them to migrate to inflamed tissues to participate in clearance of pathogenic or damagec
cells (Nijkamp et al., 201)L Memory T cells can be divided by their expression of CCR7,
effector memory T cells have no expression of CCR7 and are able to circulate through
peripheral tissues and rapidly display theieefér functions upon contact with an antigen,
whereas central memory T cells express CCR7 and traffic through lymphoid organs where
they can expand to produce a population of effector (Mijgamp et al., 201l CXCR4 is
another receptor involved in the positioning of T cells in secondary lymphoid organs, its
ligand CXCL12 is expressed in T celleas and germinal centréBromley et al., 2008
Memory T cells may also carry receptors in order to allow them to home back to the site of
their activation. This has been demonstrated in the gutueosal site where Tells
constantly come into contact with antigen and a site where tolerance to harmless antigen
is crucial. Antigerspecific Treg cells induced by repeated feeding of OVA to piite
addition to effector T cells induced after oral imnsation, home back to thesmall
intestineu si ng CCR9 and t he(Cassatietgly20d compl ex (

The chemokine receptors expressed by effector B delpend on the polarisation of the
cell. Thl cells tend to express CCR5, CXCR3 and CXCR6, Th2 cells have a contrasting
profile of receptors such as CCR3, CCR4 and CCR8 and CCR6 is associated with Th17
cells(Bromley et al., 2008 A strong role for T cell migration in response to stimulation of
CCR5, CXCR3 and CXCR6 has been demonstrated in inflammation, including in synovial
fluid of patients with psoriatic and rheumatoid arthritis and samples froamefl livers

(Kim et al., 2001 Cripps et al., 2012 As expeted Th2 cells recruited to sites of allergy
express CCR3, CCR4 and CCR8 and these receptors have been proposed as targets
drug development in order to reduce the recruitment of Th2 cells to allergic reactions
(Lloyd and Rankin, 2003 Chemokine mediated recruitment of T cells is alufor them

to display their effector functions at the site of inflammation. The role of CCR2 on T cells
will be more fully discussenh section 1.2.12.
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Further complexity is encountered when NK and NKT cells are considered. Different NK
cell subsets aspond to different chemokines. CXCR6 has been reported to be highly
expressed on both NK and NKT cel(&im et al., 2001 Matloubian et al., 20Q0
Berahovich et al., 2006 CXCR6 has been reported to be critical for survival and effector
function of memory NK cells during viral infectiofPaust et al., 2030 In humans
CD16+CD56+ NK cells migrate in response to CX3CL1 and CX@i8&itro, whereas
around 10% of CD16CD56+ NK cells migrate in response to CC{@ampbell et al.,

2007). In contrast, around 70% of NKT cells mobilised in response to CCL4 and a large
population also responded to CC[(2ampbell et al., 2001 The same study confirmed
these findings by identifying the receptors expressed by these subtypes; CD16+CD56+ NK
cells expressed high levels of CX3CR1 with CXCRXCR4 and some CXCR2, CD16
CD56+ NK cells expressed high levels of CXCR3 and CXCR4 with varying levels of
CCRS5 and CCRY, finally NKT cells expressed several receptors with high expression of
CCR5and CXCR4, and varying levels of CCR1, CCR2, CCR6 and CX&RBession
(Campbell et al., 20QKrackow, 1990. Interestingly, this study showed that only CB16
CD56+ NK cells and NKT cells expressed CXCRSteevels and Meyaard, 201These

data were somewhat supported by another study demonstrating expression of CXCR3 an
CXCR4 on both CD16+CD56+ and CDTD56+ cells, with varying levels of other
chemokine receptsrincluding CXCR@Berahovich et al., 2006

This brief discussion of chemokine receptor expression and function on specific leukocyte
subsets highlights the complexity of the signals involved in leukocyte migration.
Investigation of the chemokine receptor CCR2rfera key part of this thesis and in the

next sectiona fuller introduction to the function of this molecule will be given.

1.2.12 Role of CCR2 on leukocytes during inflammation

CCR2, which is regarded as the key receptor involved in monocyte traffickiring
inflammation is likely to be of importance in leukocyte trafficking to guestum
reproductive tissues. A few studies are presented in this section to give an insight into the
interplay of different cell types that may express this receptaious animalmodels of
inflammation havebeen studied tattempt to tease apart the role of CCR2earkocytes

but this section will focus specifically anonocytes and T cells. In th&llagerinduced
Arthritis (CIA) modelin mice, CCR2 blockadeusing aniCCR2 antibodiesluring the
initiation phaseprovides some protection agairdisease, whereas blockade during the

maintenance phase causes aggravation of artifBtighl et al., 2004 The opposing

69



effects were explained by the differing roles on monocytes and T cells, with blockade
during initiation affecting the migration of CCR2+ monocytes actasg APG and
blockade during disease maintenance affecting migratidregs(Bruhl et al., 2004 On

human T cells, CCR2 is often -@xpressed with CCR5 on highly differentiated effector
memory T cells, which produce a broad ramg cytokines and have the ability to migrate

in response to several inflammatory chemokiigeang et al., 2000 CCR2 signals
preferentially on fully differentiated CD4+ T cells in assays of chemotaxis afidfiGa

(Rabin etal., 1999. The role of CCR2 on mononuclear cells lzdso been exploredn
Experimental Autoimmune Encephalitis (EAE), a mouse model of multiple sclerosis.
Specific protocols vary, but mice are immunised with an antigen sucMya$in
OligodendrocyteGlycoprotein( MOG) wi t h an adjuvant |i ke
(CFA), and this induces the process of EAfbme studies have shown that CCR2 KO
mice are protected from developiBg\E (Fife et al., 2000Izikson et al., 2000 Whether

CCR2 is required on T cells in this model has been a subject for debate. Adoptive transfel
techniques have revealed that lacidfease has been shown not to be due to deletion of
CCR2 on T cells but due to lack of migration by infiltrating host mononuclear cells. For
example, CCR2 KO mice recipients WT MOG3555 specific CD4+ T cd$ are unable

to developEAE, and showed no monaclear cell infiltrate in their central nervous system
(Fife et al., 200D These data suggest that CCR2 expression is not requingatiogenic

T cells but is regired for inflammatory cell recruitmemo the central nervous system, this

is consistent with data showing tt@€R2 is required for the presence of monocytes in the
circulation (Serbina and Pamer, 200@.ack of mononuclear cell infiltrate in CCRRO

mice has been confirmed, however MOG®sspecf i ¢ T cel | prol if
production are decreased in CCR2 null mice, which might suggest CCR2 deletion does
affect T cells(lzikson et al., 2000 These data demonstrate the idiffty in identifying
mechanisms for chemokine related processes and also how interdependent leukocyt

populations are.

The interplay between CCR2 driven monocyte accumulation and recruitment of T cells has
alsobeen studied in models of infection. Imadel of intravaginaHerpessimplexvirus-2
infection CCR2 KO mice were not able to control primary infection and exhibited an
almost complete lack of recruitment of monocytes to the genital mytpsea et al.,

2011). However, CD4 and CD8 T cell numbers were found to be compatadileeen WT

and CCR2 KO micélijima et al., 201). Lack of CCR2 resulted in reduced accumulation

of inflammatory monocyte derived®PCs in the genital mucosaand diminishing

70



restimulation and cytokine production from CD4+ T cells. These studies demonstrate that
CCR2 not only acts on both monocytes and T cells but that monocytes and T cells act

interdependently in models of infection and inflammation.

1.2.13.Summary

This section has covered some of the relevant principles of leukocyte biology, including
their development, activation, migration and participation in inflammatory responses. A
particular focus has been placed on monocytes/macrophages and T cellgsagaton

of these populations forms the bulk of my thesis. | also described a subset of CD3+ cells,
known frequently in the literature as DN T cells. These cells have been shown to form a
large proportion of T cells in the female reproductive tract in MiPe, and in some
circumstances, in humans. This poorly defined population of cells is examined extensively
in my work. Finally, Chemokines play indispensible roles in constitutive homeostatic
leukocyte homing as well as inducible inflammatory migratioh atl leukocyte
populations. This project focuses on the role of CCR2 on leukocytes in thpgpash
period, and previous studies have shown that CCR2 is expressed on subsets of T cells
well as monocytes and macrophages.
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1.3: The involvement of mmune cellsin the reproductive process

Some of the topics discussed above have begun to describe the overlap betwee
reproductive and immunological processes in humans and mice. This section will set out
the crossover between the sections, beginning wighrtle of leukocytes during the
menstrual cycle, pregnancy and the gaatum period. This will then be extended with a
discussion of how lactation may affect leukocytes in the -pagum period and a
summary of the influence of sex steroids on CCR2 ibjma&hemokines. Finally, sex
differences in inflammation and a summary of leukocytes associated with the reproductive
tract will close the section. This section aims to explain the context for my work in the
postpartum period and to give an account ofkleeyte functions at other inflammatory

time-points in the reproductive process.

1.3.1 Immune cells in human menstruation and the murine oestrous cycle.

Menstruation is an inflammatory process which requires exterismsae remodelling
(Salamonsen, 1998As discussed in sectioh11, during the first half of the menstrual
cycle, known as the proliferative phasestrogen is the dominant ovarian hormone and it
increases over this time. This stage of the cycle is characterised by regeneration of the
endometrium. During this phase feeukocytes are found in the tissue, though some
macrophages, mast cells and B cells are prg3émtuchelvam et al., 2013&alamonsen

and Woolley, 1999 Following ovulation, oestrogen declines and progesterone dominates,
inducing the secretory phase, when more leukocytes enter the endong@tritcumhelvam

et al., 2013 One study measuring leukocytes in the human endometboiyniiow
cytometry, showed a doubling of CD45+ leukocytes as a percentage of total cells, from
38.9% in the late proliferative phase to 79.1% in the late secretory (figeea et al.,

2000). This dramatic increase is indicative of the preparation for menstruation, which is
considered to be an inflammatory event. Macrophages and uNK cells increase as &
percentage of endometrial cells during this st@¢gmat and Isaacson, 198Tn another

study, NK cells were found to be increased as a proportion of CD45+ cells and in absolute
numbers fron the late proliferative to the late secretory ph@dgnn et al., 200D CD3+

cells as a whole were found to be constant in terms of number throughout the cycle,
however CD8+ T cellsetreased as a percentage of CD3+ cells from the late proliferative
to the late secretory phase and CD3+&Ila8- cells were increased over this period
(Flynn et al., 2000 CD8+ T cells vere dominanin the endometriumglthougha large
population of CD4+ T cells asalso present throughout the cyclan older study which

used chloroacetate esterase to stain granulocytes found that they were rarely present in tf
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human endometrium in therqgliferative phase but were more numerous in the-mid
secretory phase and most abundant in the menstrual Rasepatich et al., 1987
showing that along with other leukocytes, granulocytes may play a significant role in tissue

remodelling.

One of the main wgs in which leukocytes contribute to endometrial remodelling is
through the production of MMPs. MMP, MMP-2, MMP-3, MMP-10 and MMR11 are

all produced by the stroma, but MMPis synthesised by neutrophils and macrophages
(Salamonsen and Woolley, 1998s discussed above, these cells are most numerous in the
secretory phase before menstruatione vithdrawal of progesterone in the late secretory
phase has been implicated in the increased production of Mi&#amonsen et al., 1997

but this is probably one of many factors involved in the release of these proteases.
Phagocytosis of endometrial debris and production oirffammatory cytokines are also

key functions of leukocytes such as macrophages, which assist endometrial remodelling
(Croy et al., 2008

Though mice do not exhibit menstruation they provide a useful model for examining
leukocytes in reproductive tissues. As discussed in section 1.1.4, hemdametrial
stromal cells differentiate into decidual cells before implantation of the blastocyst, whereas
in mice, decidualisation occurs upon blastocyst contact. If implantation does not occur, this
specialised tissue must be cleared; in mice, bec#éese is no decidualised tissue to be
shed, there is no menstruation. The oestrous cycle is described in section 1.1.2 and th
hormonal changes are similar to those in the menstrual cycle. As well as studying the
natural cycle present in mice, they haveodieen used in models of menstruation, where
the decidualisation and shedding process is mimicked. The first step in human
menstruation is the decline in progesterone and this is recreated in mice. The mouse mode
was first proposed by Finn and Pafénn and Pope, 1984vho demonstrated that mice
could be ovariectomised and treated with oestrogen and progesterone, then receive a
intrauterine injection of oil to initiate decidualisationollewing this, progesterone is
removed, provoking endometrial breakdown modelling human menstruation. This has been
refined (Brasted et al., 2003and used to mbe the process of menstruation with greater
ease, without the need to acquire human samples. One study found that endometris
leukocytes were increased in number within 12hrs of progesterone withdrawal and
appeared to continue to increase until the tissge fragmented that they can no longer be

supportedBrasted et al., 2003Macrophages have been identified in areas of endometrial
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breakdown(Brasted et al., 200&nd neutrophilsnayplay a key role irendometrial repair
asantibodydepleton of neutrophils has been shown to result in delayed endometrial repair
following withdrawal of progesteron@aitu'u-Lino et al., 200Y. Similarly, in another

study using flow cytometry, uterine granulocyte numbers identifie@rds-F4/80 cells
pealedafter 24hrs of progesterone withdravaald are significantly reduced again at 72hrs
after progesterone withdrawal, the tipeint when bleeding had stopped. It was also
shown that these cells formed the vast majority of CD45+ @ll@4hrs and 72hrs
(Menning et al., 2012 In the same study, Gif4/80+ macrophages in the uterus were
found to be highest at the time of progesterone withd@rand declined until 72hrs. These
cells formed the second largest CD45+ population following progesterone withdrawal
(Menning et al., 2012 CD4+ T cells, CB+ T cellsand CD19+B cells were slightly
increased in number at the time of progesterone withdrawal but did not constitute a large
proportion of CD45+ cells in the uterine hdiMenning et al., 2012 Expression of several
genes encoding MMPs was increased dramatically following progesterone withdrawal,
with expression of MMPL, MMP-3, MMP-9 and MMR10 peaking at 24hrs following
removal of the progesterorseceting implant, and MMR2 and MMR11 highest at 48hrs.

When the natural mouse oestrous cycle was studied, no obvious parallels with the humat
menstrual cycle were found, presumably as menstruation is a far more destructive process
However, nacrgphages, ljnphocytes and granulocyte are present in the uterinedfidine

mouse at all stages of thestious cycle but changes in overall numbers do not appear to
correlate directly with the changes in oestrogen or progesterone (®e&land Wood,

1990 Wood et al., 2007/Kyaw et al., 1998 Though macrophage numbers do cunge,

during diestus macrophages are uniformly distributed in the endometrium and
myometrium, whereas dung proestrus and oesf macrophageare concentrated in the
subepithelial stroméDe and Wood, 1990Nood et al., 200)7 This may spporta role for
macrophages in the remodelling of the endometrium as uterine thickness is lost following

the oestrous phasesachingts minimum thickness in diests (Wood et al., 200)/

In summary, it appears that during the menstrual cycle, leukocytes are most abundant ir
the secrairy phase of the cycle and immediately before menstruation. This may be in
preparation for implantation as well as to drive endometrial breakdown if no pregnancy
occurs. The main leukocyte subsets associated with endometrial breakdown are
macrophages andentrophils, and production of MMPs appears to be central to their

function during this time.
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1.3.2 Immune cells in implantation and early pregnancy.

As discussed in sectiod.1.3, successful implantation is required for a sustained
pregnancy. Trophoblagtvasion and development of the placenta require remodelling of
the endometrium, and leukocytes play a key role in this process. In preparation for
implantation in humans the endometrium undergoes decidualisation and the leukocyte
content of the deciduas idistinct from that of the NP endometrium with over 70% of
leukocytes being uNK cellfLoke et al.,, 199b Their phenotype is described as
CD56""CD16-CD62L+ and they are at their highest in early pregndBeymer et al.,

201Q Croy et al., 2008 NK activity has also been associated with recurrent miscarriage.
Patients with high preonceptional NK activity expgenced a much higher rate of
miscarriage than those with normal NK activ{goki et al., 199%. uNK cells initide

spiral artery remodelling and are thought to promote implantation and maintain gestation
(Lash et al., 2010 NK cells (CD3CD56+) decrease in peripheral blood during pregnancy,
perhaps suggesting recruitment from the blood to deeidua(MartinezGarcia et al.,
2017). uNK cells might be expected to kill the invading trophoblélséd they contact:
however theKiller Inhibitory Receptors (KIRs)on uNK cells recognise the non
conventional Human Leukocyte Antigens (HLAs) trophoblasts express and NK cell
cytotoxicity is inhibited. Anin vitro study showed that when decidual uNK selere
cultured with k562 cells expressing HL/&, normally expressed by invasive trophoblasts,
cytokine production was suppressed, compared to uNK cells cultured with cells not
expressing HLAG (Rieger et al., 2002 NKG2A, a Killer cell Inhibitory Receptor (KIR)
which engages HLAG is upregulated when uNK cells are cultured with DCs. uNK cells
promote trophoblast invasion in a number of ways, including the temsctref pro
angiogenic factors such as Vascular Endothelial Growth Factor (VEGF) and Placental
Growth Factor (PGKBurke et al., 2010Hanna et al., 2006 As well as trophoblasts and
decidual cells, uNK cells secrete MMPs, and have been found to secrete almost all knowr
MMPs during pregnancy, showingnother likely role that these cells play during
remodelling(Anacker et al., 2091 Another major function of uNK cells is the moduteti

of DC responses at the foataternal interfaceNK cells are able to direct immatureCD

lysis via signals received through the NKp30 receptor and to a lesser extent through the
NKp46 and NKG2D receptor@~erlazzo et al., 2002DCs have been dedoed in the
decidua but their ability to stimulate T cell responses appears imgaas#arin et al.,
2007). Also, interaction with nomonventional HLA molecules on trophoblast cells may
also act to produce a tolerogenic DC respofiseskarin et al., 2007 DCs ®crete

cytokines and in turn induce uNK proliferation. Trophoblasts express CD1d, thelikkiC
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receptor responsible for antigen presentation to INKT ¢Bligyson ¢ al., 20032. In early
pregnancy, compared to peripheral blood, decidual iINKT cells are around 10 fold higher as
a proportion of CD3+ cells. Further to this, human decidual iINKT cells have been found to

exhibit a Thl-like phenotypen vitro (Boyson et al., 2002
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Figure 111.uNK interactions during early pregnancy.

(A) uNK cells promote trophoblast invasion through secretion of cytokines, MMPs and growth factors. (B)
uNK cells initiate spiral artery remodelling through secretion of cytokinesPKllEind growth factors. (C)
Interaction with HLAG by KIRs such as NKG2A. (D) Cytokine crosstalk between DCs and uNK cells
promotes tolerogenic phenotypes in both cell types, for example DCs induce higher NKG2A expression on
UNK cells(Laskarin et al., 2007 (E) Potential for immature DC lysis by NK cells, mediated by NKp30.

Macrophages have also been observed at the site of implantatibawat et al., 1985
Although M1 and M2 types represent extreme ends of a continuum of macrophage
function, many have associated M2 macrophagds edtly pregnancy due to their role in
supporting angiogenesis and tissue remode(lliegsen et al., 20L2M2 macrophages are
abundant at theoktanaternal inerface and secrete immunosuppressive cytokines such as
IL-10 and TGFb ,promotingtolerance(Svensson et al.,, 201Nagamatsu and Schust,
2010. M2 macrophages appear to predominate during the first trimester of pregnancy

(Cupurdija et al., 2004 although the true phenotype of decidual macrophages has been a
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matter of debate.dne reports have shown that maternal decidual macrophage®age
diverse rather than purely being M2 macrophages, indicating that reltmadin early
pregnancy requires a rangeroacrophage subtypgSvensson et al., 201Houser et al.,

2017). In humans withdrawal of progesterone with RU486 during early pregnancy causes
an influx of CD68+ monocws into decidual tissue from I2hafter administration
(Critchley et al., 1996 In vitro studies have also shown that trophoblast cells induce the
migration of monocytes after A8 in a two chamber culture systeffest et al., 2007

This supports the idea that trophoblasts secrete chemotactic factors early in pregnancy t
recruit leukocytes that in turn can support the erosion of maternal tissues during

implanation.

As the conceptus is serallogereic, maintemnce of pregnancy requires evading the
maternal immunological defencé&his requires a paradoxical approach to immunity, with

a balancing act between defence against pathogens and tolerance to the foetus. If infectio
occurs, prederm labour could be trgered and if paternal antigens are rejected the
pregnancy will be lost. Recurrent pregnancy loss is a devastating clinical condition and
women with this condition often have immune abnormalifie= et al., 201 Different
subsets of regulatory T cells have been described as being involved in tolerance at the
foetomaternal interface and these cells are crucial for the maintenance of pregnancy in th
first trimester. Women with rectent pregnancy loss have been reported to have an
increased percentage of jfttells compared to controls and a decreased percentage of
regulatory CD4+FoxP3+ T cells in their circulatifiree et al., 2011b This would suggest
these women had a less suppressive and more pathogenic response to implantatio
Interestingly, contact with seminal fluid induces an expansion of CD4+CD25+ T cells as a
percentage of CD4+ T He in secondary lymphoid organs, compared to mice mated
without contact with semefiRobertson et al., 2002enclussen et al., 20L0This indicates

an important tolerogenic mechanism provoked by paternal antigens begins even before
implantation. A study examining decidual tissues from women found that
CD4+CD253""FoxP3+ cells were localised at theefomaternal interface and when
decidual or peripheral CD45+ cells were stimulated with umbilical cord cells from the
foetus, decidual CD4+CD25+ cells reduced their proliferation to a greater extent than
peripheral CD4+CD25+ celldilburgs et al., 2008 As described throughout this section,

the leukocyte content of the deciduaeiarly pregnancy is distinct from that in peripheral
blood. This is also supported by the fact that CD4+ T cells form ~38% of lymphocytes in
peripheral blood but in the decidua only ~6% of lymphocytes are CD4+ T(Sakski et
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al., 2004. Of these CD4+ T cells, ~22% were of the CD4+CD25+ T cell phenotype in the
decidua, whereas in blood ~9% are CD4+CD25+ T ¢8bsaki et al., 2004These early
pregnancy CD4+CD25+ T cells were-coltured with CD4+CD25T cells and APCs and
stimulated with antCD3 antibodies to induce proliferation of CD4+CDBZb cells, and

both peripheral and decidual CD4+CD25+ T cells suppressed proliferatiandiwmse
dependent mannéBasaki et al., 2004Another study in humans found that CD4+CD25+

T cells were higher in terms of number in the first trimester decidua than in the blood
(Mjosberg et al., 2000 Impressively, in an adoptive transfer model, donor lymphocytes
were pooled and the CD25+ cells were depleted and injected into athymic nude mice to
produce mice lacking in CD4+CD25+ T ce{iluvihare et al., 2004 This was found to
result in pregnancy failure in mice carrying seatlogeneic foetuses, butot in those
carrying syngeneic pug#luvihare et al., 2004 Therapeutic interventions with these cells
have also been investigated in mice: the mating combm&BAXDBA/2 is particularly
abortionprone and this high abortion rate has been successfully reduced with an infusion
of CD4+CD25+ T cells from BALB/c mated pregnant CBA mice int® @estational day
pregnant micéZenclussen et al., 2005

Implantation and early pregnancy are fascinating from the point of view of paradoxical
immunity. The semallogeneic conceptus must be tolerated but invading pathogesis
be fought off in order to maintain the pregnancy. The early phase of implantation could be
seen as prinflammatory, as there is a release of MMPs and a recruitment of leukocytes.
However, given that the main leukocyte subsets associated with ezglyapcy are uNK
cells, M2 macrophages and CD4+CD25+ T cells, the picture is clearly more complex than

this and a tolerogenic pr@modelling state is achieved.

1.3.3 Immune cells in mithte pregnancy.

Following the inflammatory implantation phase, theappears to be a quiescent phase
during the second trimester where tolerance to the foetus is maintained. It is technically
difficult to study this phase in humans so mouse studies have been invaluable in providing

an insight into uterine leukocyte poptidens.

In mice there is conflicting evidence about the macrophage populations in the uterine horn
during this phase of pregnancy. It was found that F4/80 expression, a marker expressed o
macrophages, was decreased on day 18 of anegncompared with RicontrolfMenzies

et al., 2012 This is contrary to older reports showing that high numbers of macrophages
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are detected using immunohistochemistry in the meutiterine horn, particularly during

late pregnancy but numbers appear to be elevated from as early as day 6 @Kyeawost

al., 1998 De and Wood, 1991A threefold increase in the proportion of macrophages in
the uterine horn has been seen on pregnancy day 15 compared with the NP uterine hor
(Mackler et al., 1999 In both rats and humans inflammatory monocyte subsets are
decreasd as a proportion of total monocytes in peripheral bloddar?"®-3" trimesters of
pregnancy ersis NP, however total monocytes remain fairly constant as a proportion of
leukocytes throughout pregnanfiMelgert et al., 2012Luppi et al., 2002aFernekorn et

al., 2007. Conversely, granulocytes increass a proportion of leukocytes compared to NP
from 2" trimester onward{Luppi et al., 2002alLuppi et al., P02k Fernekorn et al.,
2007). In mice, the endocytic activity of macrophages has been measured in the uterine
horn during pregnancy using an intravenous injection of horseradish peradSteseart

and Mitchell, 1992 Although most endocytic activity was observed by decidual cells
nearest to trophoblasts, CD11b+ cells thought to be macrophages also endocytose
horseradish peroxidise in the myometri(@tewart and Mitchell, 1992Endocytic activity

was increased at gestational day 17, compared to gestational day 13, perhaps indicatin
that pregnancy moves towards a more inflammatory state during the last tri{Bésteart

and Mitchell, 1992 This is supported by the idea that peripheral monocytes become
progressively activated in the second half of pregnancy, as they show increased expressio
of CD11a, CD64 and CD5@ uppi et al.,, 2002a CD11a (LFA1L), an integrin, and its
glycoprotein ligand CD54 (ICAML) are involved in leukocyte adhesion and migration

from blood vessels and CD64 is an Fc receptor.

There are also systemic changes T cell populations associated with pregnancy.
Immunohistochemical analysis of myometrial tissue from pregnant and NP women has
also revealed a difference in the T cell subsets present. The density of CD4+ cells is
increased in pregnant women compareblRocontrols whereas density of CD8+ cells was
found not to be significantly different between the two gro(ipanisevic et al., 2010

Total blood lymphoytes progressively decrease during human pregnancy and have been
found to be significantly lower in all three trimesters of pregnancy compared with the
blood of NP womer(Luppi et al., 2002aLuppi et al., 2002pb T cells are comprised of
specialised subsets that also appear to change in proportion during the reproductive
process. In a small study of pregnantmwem, during the first half of pregnancy CD4+ T
cells predominate in the peripheral blood, whereas in the second half of pregnancy CD8+ T

cells are the main T cell populati@doger et al., 1996
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As CD4CD25+ T cells appear to be so important in the maintenance of the foetus
throughout pregnancy, they have been the feusany studies. In mice, GBCD25+ T

cells from midgestation pregnant mice have been shown to degulate CD4+ T cell
proliferationin response to paternal antigens, providing more evidence for a regulatory
function of these cells during pregnan¢yhao et al., 2007 The percentage of
CD4+CD3+ regulatory T cells increases with gestation in spleen, inguinal lymph nodes,
iliac lymph nodes and blood in mi¢@luvihare et al., 2004 This is contrary taeports

from humangMartinezGarcia et al., 2011Godfrey et al., 1993and mice(Zhao et al.,

2007) measuring CD4+CD25+r&gs, showing that these cells decrease in tHed 3
trimesters in the blood compared to the first. One report suggests thaictbase in
CD4+CD25+ T cells as a proportion of CD4+ T cells in spleen anddraining lymph

nodes is seen in allogeneically but not syngeneically mated (@#i@®et al., 200). The
proliferation of these cells in various tissues indicates that this important facet of tolerance
is systemic and not an effect local to the uterus. CD4+CD25+ T cells make up a higher
percentage of T cells in the blood, spleen and lymgates of pregnant mice carrying semi

allogeneic foetuses compared to those with syngeneic(ghps et al., 2007

During gestation it appears that uterinekigzytes reflect a move towards a more-pro
inflammatory state towards the end of pregnancy. Although numbers of uNK cells reduce
during pregnancy, CD4+CD25+ T cells continue to be of importance. Though conflicting
data exist as to the presence of macrophiagther myeloid cells such as granulocytes
increase towards the end of pregnancy and peripheral monocytes appear to becom

activated to a greater degree, which may indicate a preparation for labour at term.

1.3.4 Immune cells in labouring females.

In the uterus during the final phase of pregnancy there is a more inflammatory environment
than is seen during mid pregnaneystudy from our group used expression of the gene
encoding F4/80 to indicate thaiacrophages in the uterine horn are significanityaased

in labour compared with day 18 of pregnancy\if mice (Menzies, 2010Menzies et al.,

2012. In humans CD68+ macroghages increase dramatically in both the upperlawer
segmergin the myometrium at term during labour compared to before lgtamson et

al., 1999. This study alsshowed that irsections oimyometrium neutrophils(identified

by neutrophil elastase)ncreasd dramatically in labour, compared witmonlabouing

term samplegThomson et al.,, 1999 Interestingly, when the decidua was studied, no

increase in CD45+ cells, CD68+ macrophages or neutrophils was seen in(@bman et
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al., 2003, compared to nefabouring women, suggesting that the inflammatory influx is
restricted to the contracting myometrium. A recent study using flow cytonmaindfthat
leukocytes were increased in density in the term decidua regardless of the presence c
labour, compared to pterm samples where infection was not a factor in delivery
(GomezLopez et al., 2013 This study foundhat monocytesas a proportion of CD45+

cells, increased in the decidua at term compared tetggra, whereas granulocytes were
decreased as a proportiohCD45+ cells at term compared to fieem and were further

reduced in term labouring samplgomezLopez et al., 2013

In humans, CD3+ T cells increase dramatically in the lower segment of the myometrium
during labour, compared to before labgihomson et al., 19991In the decidua, results

are mixed as in one study, CD3+ T cells remain constant through all threedrsriaghe
decidua(Williams et al., 2008 whereas in @other there does appear to leiracrease in
decidual CD3+ T cells between the first and third trimesstHaller et al., 1998 This

result is supported by a recent study which found that CD3+ T cells are dramatically higher
as a proportion of CD45+ cells in ter compared to deciduas from gegm women
(GomezLopez et al., 2013 Even more strikingly, there is a further increes€D3+ cells

in labouring samples, which revealed that CD3+ T cells constitute over 50% of leukocytes
in labour(GomezLopez et al., 2018 This study went on to review the T cell subsets with
the CD3+ gate and found that in gegm decidual samples CD3+CH2DS8- congituted
nearly 90% of CD3+ cells and only a small proportion of CD3+ cells were CD4+ and
CD8+. In nonlabouring term decidual samples CD4+ T cells dominated, making up nearly
70% of CD3+ cells, ~25%were CD8+ T cells, with the remainder being CD3+COB8&-
(GomezLopez et al., 2013 Finally, in term labouring samples ~50% of CD3+ cells are
CD4+, with around 20% CD8+ T cells and nearly 30% being CD3+CD8&- (Gomez

Lopez et al.,, 2013 In this study they found that some CD3+COBS&- cells in the
decidua expressed CD45R0O and the study proposed that these cells were-likenbixy

T cells. Another studym humans found that, as a proportion of CD3+ cells, around 30%
were CD3+CD4CD8 immediately pospartum in the deciduas of women with a
completed normal term pregnanVilburgs et al., 2000 Although around 4®0% of
these cells were found &xpress TCR U , many al so expressed
NK/NKT cells such as CD56, KIRs and CD94, the receptor which recognisesE;ILA
indicating many of these cells may be NKT céligburgs et al., 2000
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In mice, activated T celldefined as CD3€D69+) are increased in the decidua in LPS
induced preerm birth, compared to decidual tissue from normal delivgllieset al.,

2012. LPSinduced preerm birth is a mouse model that attempts to mirror some of the
aspects of prgerm birth following bacterial infectionThe numbeof T cells in the lymph
nodes drainig the uterus (the paortic lymph nodes (PALN)) is constant during
pregnancy in syngeneicaltmated mic CBAXCBA), with a small dip in percentage and
then a subsequent rise at day 19 of pregnarftys also seems to be echoed in $ker
draining brachal lymph nodes(Carter et al., 1983 This study also showed a massive
increase in B cells in the PALN. Allogeneically mated mice (CBAxC57) showedardns
levels of T cells in the PALN until around day 15en a large fall in percentage sveen,

which continuedto day 19 of pregnancy This was a local fall becauskeis was not as
exaggerated in the brachial nodgarter et al., 1993 This might indicate a systemic
response in syngeneically, but not allogeneically, mated mice. This was confirmed in a
separate study, showing a similar thecmurse ove pregnancy andinding that in
allogeneically mated mice, changes in T cell populations appeared not to be systemic
(Newport and Carter, 1983

When comparing CD56+ NK cells across the three trimesters, several studies have
described a fall in decidual uNK cells in the third trimeg§tilliams et al., 2009Haller et

al., 1993. Though many uNK cells dim situ, the remainder appear to be shed with the
placenta (Delgado et al., 1995 Activated NK cells identified as DX5+CD69+ are
increased in the deciddallowing LPS-induced preerm birthin mice, compared to the
decidua from a normal delivefKaitu'u-Lino et al., 200Y. Interestingly when NKT cells

are considered, there seems to be an increase in decidual CD3+CD161+ NKT cells in the
third, compared to the first, trimesi@villiams et al., 2009 There may be a role for INKT

cells in inflammation induced ptterm birth. When LPS is administered intraperitoneally
on gestational day 15, JU18 KO mice, whi
preterm birth, exhibiting a reduced pterm birth delivery rate and a decreased pup
mortality rate(Li et al., 2012.  When cul tured, JU18 KO de
| FNo dhid thdir lsupernatargti et al., 2012, supporting another study suggesting
that decidual INKT cells can be Thskewed and participate in pregnancy I@syson et

al., 2008 Ito et al., 200D
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Cell Term labour Term labour Inflammatiorrdriven
myometrium decidua labour decidua
Macrophage @ S‘, —
Neutrophil . S‘/ -
T cell @ S‘, S‘/ S‘,
NK cell ST 7 9
(u Oﬂ . e Z y
N

Table 12. Leukocytes in the uterus during labour.

It appears that the main site of inflammation in the uterus is the myometrium, which displays increases in
macrophages, neutrophils and T cells. THo@pP45+ cells increase in the decidua at term, this does not
seem to be specific to labour. T cells in the decidua are increased with term and labour, attributed to CD4+ T
cells and CD3+CD4D8- cells. Decidual uNK cells are shed with normal term laboowever there may

be a role for activated NK and NKT cells in inflammatidriven labour.

Several studies have attempted to find the cellular components involved in cervical
ripening. In humans, one study showed a large increase in CD68+ macrophages and
neutrophil elastasg@ositive neutrophils in the cervix of labouring women, compared to
nonlabouring subjects at teri@enclussen et al., 20pSHowever, a sintar study found

no difference in CD11b/CD18+ macrophages or neutrophils identified by the MCA 149
antibody between labouring and nlaouring cervix(Bokstrom et al.1997. Since this

study was completed, more selective markers are now available and newer studies may b

more reliable, especially if a technique such as flow cytometry is used.

Mouse sudies have reported conflicting results on the proportions ofaphages found

in the cervix at term. One studysing histology observedan increasein F4/80+
macrophagebetween day 15 and day {Blackler et al., 1999 however another found

that F4/80+ macrophages remained constant between days 15 andTi®f®ns and
Mahendroo, 2006 However this has since been confirmed as macrophages were measured
by flow cytometry and theyemaired constant as a percentage of live cells from the cervix
between day 15 and day 18.75 of gestatiommons et al., 2009There is also a dramatic
increase in expression ofml a gene associated with an eosinophil chemoattractant
released by alternatively actieat macrophages during cervical ripenifidolt et al.,

2011D).
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Neutrophils have often been implicated in cervical ripeniridowever evidence from
mouse models hadisputed thigTimmons et al., 20Q9rimmons and Mahendroo, 2006

One study using cytospin preparations found that the number of cervical neutrophils
between day 15 and day 18.75 of pregnancy remained constant, as did the number c
eosinophils(Timmons and Mahendroo, 2008Vhen the cervix was examined using flow
cytometry, neutrophils increase significantly as a percentage of cervical -ggits post
partum, compared to day 15 pfegnancy(Timmons et al., 2009 In the same study
monocytes were elevated as a percentage of cervical cells from day 18.75 and remained &
such during labour and-£hrs posfppartum. Eosinopls also peaked during labour,
suggesting that there is a large infiltration of these cells before neutrophils reach the cervix
(Timmons et al., 2009 Furtherto this, MPO, the neutrophgenerated enzyme postulated

to produce ROS during cervical ripening, was not found to be active in the cervix of
pregnant mice(Timmors and Mahendroo, 20P6These data potentially indicate that
neutrophils are not required for the process of cervical ripening and that this role may be

fulfilled by monocytes, perhaps with some contribution by eosinophils.

One study in mice comparedffdrent forms of pregerm birth and found that the
percentages of monocytes, macrophages, neutrophils and eosinophils in the cervix wer:
dependent on the method used to induce lafidalt et al., 2011 When progesterone is
withdrawn using the antagonist RU486, monocytes and eosinophils increased significantly
in the cervix, whereasn LPSinduced laboumeutrophils were the cell type that was
increased significaty compared with gestational day {Holt et al., 2011 Onemodel of
preterm labour involves treating\P mice with implants releasing estradiol and
progesterondor 17 days to mimic the hormonal conditions of pregnancy. The capsule
releasing progesterone is then removed, producing a fall in progesterone similar to that
preceding labour in the mousdsing this model, there was a significant increase in both
F4/80+ macrophages and Ly6B(7/4)+ neutrophils in the cervix on days 18 and 19 of
treatment in the group whichad undergone removal of progesterdiyellon et al.,
200%). This method has been used by several investigators, and a role for neutrophils in
inflammationdriven preterm birth is supportedAfter intrauterine LPS administration,
histology has shown that Ly6Byeutrophils are greatly increaseddensityin the murine

cervix (Yellon et al., 2009b This is supported by a study that found an infiltration of
F4/80+ macrophages and Grl+ neutrophils into the cervix 8 \WwRich induced preterm

delivery, but not in normal term delive¢gonzalez et al., 20)1
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Cell Term labour/ Inflammatiordriven labair
progesterone antagonsim

Macrophage @ =/ S‘/ S‘/ | =

Neutrophil . — S‘,

Monocyte @ S‘, —

Eosinophil S‘/ =

Table 13. Leukocytes involved inervical ripening

The cells involved in cervical ripening are dependent on how labour is initiated. In term labour, neutrophils

and macrophagesppear to remain constant in the cervix, though macrophages may skew towards an M2

phenotype. It seems that monocytes and eosinophils are the cells that increase in the cervix during tern
labour and labour induced by progesterone antagonism. Inflamnriatiooed cervical ripening appears to

result in a strong increase in the numbers of neutrophils.

1.3.5 Immune cells in pogtartum females.

The contribution of macrophagés postpartum tissue remodellinggmains a subject for
debate. An influx of monodgs and monocytderived macrophages into the uterine horn

in the postpartum period would suggest a vital role in the remodelling process after birth,
but few studies have examined the presencéeokocyte subsets in the uterine hamn

cervix & more tlan one timgooint postpartum and those that have lacked the most current
methods, such as flow cytometry. A studymicefrom 1992 used CD11b/CD18 (Mdyg

to identify macrophages and neutrophils, and suggested that the uterine epithelium is
repaired ly 4DPP. They found thateither macrophages nor neutrophilsrezénvolved in
endocytosing debris or repair of the uteass very few had internalised HorseRadish
Peroxidase (HRP), which had been injected intravenously to model the capacity of the cells
to take up debrigStewart and Mitchell, 1992These findings were contradicted two years
later usingF4/80, a moreselective macrophage markd#ran CD11b/CD18Brandon,

1994). The endometrium and myometrium were founddaotain largenumbers of F4/80+

cells at pospartum timepoints between 1 day and 3 months, with numbers particularly
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high at earlier time pointBrandon, 1994 Another histological study in mice normalised
F4/80+ macrophagedo NP levels and found thewere significantly increasedn the
uteiine hornat 1DPP, compared with NP controldHowever in the cervix macrophages
were decreased compared to immediately -pastum, perhaps suggestinthat
macrophages are involved in cervical ripening and not rejdackler et al., 1999
Another recent study in rats using flow cytetny showed macrophageshe significantly
decrease as a prcentage of CD45+ cells atGhrs postpartum in the myometrium,
compared with gestational day 18 and lab&imynlosa et al., 201R In the same study,
monocytes and neutrophils were found to be significantly increased in proporti@nies 2
postpartum compared to gestational days 15 and 18 in the myomdtBiaynlova et al.,
2012. Neutrophils have also been found to increasthéncervix from labour to-2hrs
postpartum(Timmons et al., 208). However, a different study looking at cell morphology
in cervical cytospin preparations found no real change in neutrophils comparing 18.75 of
pregnancy to 2hrs posipartum. However, at-2hrs posfpartum, eosinophils were
significantly increasedn number compared with gestational day 18(Témmons and
Mahendroo, 2006 This contradictsraother studythat reportedthat SiglecF+ eosinophils
were at the highest in the cervibduring labourand appear to decrease atl#ts post

partum(Timmons et al., 2009

One particular feature of pepairtum repair of th uterus is the presence of detachment
sites. Detachment sites have been observed in many mammalian species including rabb
(Bull, 1949, dog (Orfanou et al., 2009 hamster(Orsini, 195%, bank vole(Nerquaye

Tetteh and Clarke, 199@nd mousdBrandon, 199). The detachment wound appears to
correspond with the site of implantation and is where the terminal arteries fed the placente
(Brandon, 19940rsini, 1957. The detachment site in the mouse has been described to
remain for as long as three months and to not overlap with detachment sites from
subsequent pregnanci¢Brandon, 1994 However, in the bank valeld detachment sites

have been observed to overlap with fresh sites after multiple pregnancies, suggesting the
detachment sites may only prevent implantation in recently used sites on the uterine horr
(NerquayeTetteh and Clarke, 1990Another functional role of detachment sites rhayto
promote spacingof implanting blastocystsalong the length of the uterine horas
decidualisatiorseems not to occur in areas with detachment sites, leading to evenly spaced
decidualised areas suitable for implantat{@randon, 199D In mice the deachment
wound has been describedth large numbers of F4/80cells at2DPP and 3DPRnd

these decline as the detachment wound h@andon, 19941 These wounsl become
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structures called pogtartum nodules byDPP,which diminish in size over time but
persst until at least 3 months pepartum. Nodules appear to castsprimarily of
macrophagesand although F4/80 staining decreasme®r time, these dataprovided
tentative evidence that macrophages may be the primary cell type involthret@pair of
the deéachment sit¢Brandon, 19941

Very little data are available on the behaviour of T cells in thesppartum period,
howeveravailabledatasuggest that, as with labour, there seems to be a T cell response in
secondary lymphoid organs in the ppsttum period Two studies have founah imice
mated syngeneicall{CBAXCBA) the percentage ofotal cells which wereT cells
increasd in both the PALN and brachial lymph nodes during the -pastum period
(Carter et al., 1983Newport and Carter, 1983n allogeneically mated mice (CBAXC57),

T cells remained fairly constant in both the PALN and brachial nodes betweenl &oun
6DPP, perhaps suggesting that T cells are not involved in the resolution of inflammation in
the postpartum period in allogeneically mated mic&his might indicate that in
allogeneically mated mice, cells such as Tregs achieve a greater degreeenficsyst
tolerance to the foetusn cows, a decrease in percentage of T cells in peripheral blood
mononuclear cells is observed during pregnamdych is then followed by a subsequent

increase in the proportion of T cells in the ppattum periodKimura, 1999.

It is generally accepted that uNK cells are not a feature of theppasim uterugDelgado

et al., 1996 Kokubu et al., 2006 Not only are very few uNK cells found in the
endometrium and myometrium at9DPP in mice, these cells were not involved in
endocytosis as indicated by their inability to internalise previengtgted HRP(Stewart
and Mitchell, 1992

In the postpartum period macrophages appear to be increased in the endometrium anc
myometrium in the early pogartum period and particularly concentrated in detachment
sites. Monocytes and neutrophils are also increased in the earlpgrasin period in the
uterus. In the cervix, early in the pgsrtum period macrophages seem to be decreased
and whereas reports on granulocytes are conflicting. The role of T cellspogt@artum

period is not well defined and needs closer study. The difficulty in analysing these studies
and others during the reproductive process is the variation in the markers used, and the fe

time-points that have been examined. This emphasisemdbd for investigation of
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leukocytes in the pogtartum period, using up to date techniques, comparing several cell

types, and analysing at more than one-+pastum timepoint.

1.3.6 The effect of lactation on immune cells in geatum females.

In humans prolactin increases during pregnancy, along with estradiol and progesterone
(MartinezGarcia et al., 201, Hill et al., 1999. Prolactin is also secreted by decidual cells
and has been implicated as a factor in implantafiamn et al., 2008 Prolactin levels in

the blood of micehatretain their litters are significantly higher compared\t® control
animalsand mice whichhave had their litters removedThis suggest that lactation
produces a hormonal state which is distinct from-pastum mice withat pups(Ratkay et

al., 2000. In humans, plactin falls after birth as the placentahich stimulats the
production of prolactin is removedand only if suckling by the infant occurs, does
prolactin subsequently riskue to theeleaseof oxytocin (Hill et al., 1999. Lactation and
prolactin are associated with many autoimmune conditions including rheumatoid arthritis

and can act to produce a ppstrtum flare in these conditiofShelly et al., 201

Prolactin is especially important in the development of T cells in the thymus. Prolactin
receptor is highly expressed on thymocytes in raie rats, as well as cells in tB& and
spleen (Gagnerault et al., 1993In the spleen, macrophages express high levels of
prolactin recepto(Gagnerault et al., 1993In thesame studyCD4+ T cells and CD8+ T
cells in the spleerexpresed low levels of prolactin receptor, though prolactaceptor
expression by CD4+ T cells and CD8+ T cells in culture inccbagdieen cells were
stimulated with Con AGagnerault et al., 1993Prolactininduces CD25 expression on
DN thymocytes, allowing them to mature furt@arreno et al., 2005In culture when
young rat thymocytesre treated with prolactin, addition of the hormamegatively
regulateghe proportion oDN T cells(Carreno et al., 20Q5Increasing concentrations of
prolactin reduce the proportioof DN T cells, whereas antibodies against prolactin or
prolactin receptor increase the proportion of DN thymocytes in eu{@arreno et al.,
2005. Interestingly, 1 CD25 is blocked but prolactin is addetie proportion of DN T
cells increases because ilffluced maturatiorcannotoccur, showing thatprolactin is
upstream of CD2%Carreno et al., 2005Conversely if prolactin receptor is blocked but
IL-2 is added, the DN T cell propomiodecreasedbecause the signal to mature is
downstream of the block of prolactin recepfGarreno et al., 2005IL-2 production by T
cells in culture has beeshown to be markedly reduced on addition of prola@@navez

Rueda et al., 2005DN T cells have not been studied directly in lactating and- non
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lactatingmice in the pospartum period butamany as a third of CD3+ T cells are not
described as CD4+ T cells or CD8+ T cells in the spleens of lactatingiéceange of
strains(Wei et al., 2011 This may indicate a reservoir of CD3+ DN cells in the spleen

during the pospartum period.

1.3.7. Hormonal control of chemokines

This sectiorhighlights the effects of hormones and the reproductive process on CCR2 and
its ligands, as these molecules fornrtpaf my investigationsThe role of oestrogen,
progesterone and prolactin in the regulation of chemokines may reveal a link b#teeen
hormonal environment and leukocyte homing to gestational tissues. In this project various
reproductive states are inwiggted, which will be influenced by the differing hormonal
environment. Previous studies into the effects of hormones on chemokines indicate that se:
steroids will impact the production of chemokines in both reproductive and peripheral

tissues.

CCL2 wasnot detected in the uteri of ovariectomised mice but was increased in response
to treatment with both progesterone and oestr¢@éwod et al., 1999 Circulating CCL3

is increased in poshenopausal women compared to-prenopausal woen but CCL2 is

not significantly changed@Abu-Taha et al., 2009 This finding is extended in micby

using ovariectomy as a model for menopause. Performingar@®ctomy increases
circulating CCL2 and CCLand this can be reversed by treating ovariectomised mice with
estradiol(Abu-Taha et al., 2009 CCL2 production ¥ LPSstimulated macrophages has
been shown to be suppressed by estrdéi@zierJessen and Kovacs, 19¥sman et al.,
2003. When splenocytes were taken from oestregeated or placebtreated animals

and stimulatedvith Con A,the amount of CCLproteinin the supernatanhcreased over

3 fold in the oestrogetreated group compared to the placétsated mice, an effect which
was further enhanced when I(ehNbetal26) al s o |

In humans, estradiol peaks just before atioh, whereas progesterone peaks towards the
end of the cycle, its withdrawal triggering meng¢€seenstein and Wood, 2006n the
human endometriumCCL2 is high during the proliferative phase and low during the
secretory phasglones et al., 1997 In humans CCL7 mRNA is at its highest during the
early and mid secretory phasé3ones et al., 2004 As discussed irsection 1.3.1.,
menstruationcan be modelled in mice by treating with estradiol and progestero

provoking decidualisation with an intrauterine injection of oil and removing the
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progesterone implan{Menning et al., 2012 CCR2 mRNA increases following
progesterone withdrawal, peaking at 48afer the implant is removed. xfression of

CCL2 and CCL3 both peak at 24hrs pegthdrawal and mRNA levels then drop
significantly(Menning et al., 2012

In pregnancyestradiol and progesterone increase during the second half of pregnancy and
fall after parturition(Greenstein and Wood, 200@°revious studies have also shown that
CCL2 mRNA is presentin the uterine horn during pregnancy in the mouse and the
presence of this chemokine at day 18 has been confirmed by experimemis lab
(Menzies et al., 2012Wood et al., 1999Kyaw et al.,1998. CCL2 was expressed
throughout pregnancy with peaks after mating, at implantation, and during the second half
of pregnancy{Wood et al., 1999 Results from our lab have shown that the receptor CCR2
and both CCL2 and CCL3 were increased during labour compared to gestational day 1€
(Menzies et al., 2092 CCL2 mRNA is higher in the myometrium and gestational
membranes of labouringgomencompared tgoregnantquiescent subjectEsplin et al.,

2005. Due to its high expression during labo@CL2 has been suggested as a target for
therapeutic intervention for pterm labourShynlova etl., 200§. It is not surprising that
CCL2 is found to be expressed in reproductive tissues at major inflammatorgdinte

such as implantation, the end of pregnancy, and labour.

Estradiol and progesterone inhibit milk production by suppressinggtiol receptor
expression, andlthough prolactin initially falls after birth, its release is promoted by the
suckling reflex and increases during the early jpastum period Greenstein and Wood,
2006. Regression atgsis in mice has shown CCL®ut not CCL2, protein in plasma
predicts lactation performance, suggesting a possible interplay between hormones ant
circulatingchemokinesin the postpartum periodWei et al., 201} In rats prolactin has

been shown to cause regression of the corpus luteum by induction of CCL2 in the corpus
luteum, followed by an infiltratio of monocytes/macrophagasto this body of cells
(Bowen et al., 1996

Levels of CCR2binding chemokines in the pesartum period are of special interest
throughout the projectn mice CCL3 and CCL2 protein has been found to be increased at
2-6hrs posfpartum in murine myometrium, compared with gestational day 15 in normal
term birth (Shynlova et al., 2092 A study in rats charts mRNA and protein levels of
CCL2 in the myometrium throughout pregnancy, continuing up until 4DPP, with both
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measures being at their highest towards labour and dropping off shiatpli?& and 4DPP
(Shynlova et al., 2008 In mice, CCL2protein in the cervixmeasured by ELISA was
demonstrated to be significantly increasgd?4hrs postpartum compared to gesitanal
days 15 and 18.7immons and Mahendroo, 2006

In summary, although circulating CCL2 and CCL3 appear to increase following
ovariectomy, when mice areetited with oestrogen and progesterone CCL2 is increased,
indicating that the effect of these hormones on chemokine production differs in
reproductive tissues. This relationship is supported by observations that during the
proliferative phase, when oesteagdominates, CCL2 expression is high in the uterus. A
key observation is that CCL2 expression peaks in the uterus during menstruation,
implantation, the end of pregnancy, labour and the earlygaotam period, linking the
major inflammatory events inéhuterus with CCL2 induction.

1.3.8.Sex differences in inflammation.

As discussed above, hormones can hstu&ing effects on the immune system, and sex
differences form another dimension of this issue. Sex differences in iradnwea
diseases haveebn well documentedsene expression of -4iEND
decreased in the spleens of females, compared with fizelseorNava et al., 2009 In

the same study memphages identified by flow cytometry were also decreased in female
spleens, compared with malé3e LeorrNava et al., 2009 In a different study, twice as
much | FNo was produced by female,andiiht ur
femal es plasma estradiol |l evel s were fou
(Aloisi et al., 200l These data suggest that there are sex differemcespleen
composition but also in the cytokine milieu. In other compartments, such as the peritoneal
cavity, F4/80+ cells, CD3+ cells and CD19+ cells were all increased in numbers in females
compared to maleéScotland et al., 20)1Expression of CCR2 and CX3CR1 has been
found to be sespecific in the peritoneal cavityResident peritoneal cells displayed
increased CCR2 gene expression in females comparedlés,rhowever CX3CR1 is more
highly expressed in males than females in peritoneal ¢8llstland et al., 2031 Sex
differencesn populations ofl cellshavealso been observegdertinent to this projecDN

T cellshave been found toonstitute a significantly higher percentage of CD3+ T cells in
male blood compared to females in Rhesus macgQie<t al., 2008 These cellular and
molecular differences between males and females may give some insight into why female

inflammatory responses are often seen as exaggerated, compared to males.
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A wide range of inflammatorgliseases display sex differences, ingigcasthmaMelgert

et al., 2010 Melgert and Postma, 20p9rheumatoid arthritis(Linos et al., 1980van
Vollenhoven, 2009 SLE (Weckerle and Niewold, 2011Petri, 2002 and multiple
sclerosigRamagopalan et al., 2018reer and McCombe, 20, Which all show increased
prevalence and severity in female patients. Though this sex difference is witodbe

to myriad environmental factors, sex steroiusve often been the focus of research into

this phenomenon.

1.3.9 Leukocytesn male reproductive tissues

Male reproductive tissues have not been examined in detail for their leukocyte content, anc
they have oftebeen regarded as an immune privileged environifWiikin et al., 1998.

The mainAPC in the human penile uretldr epithelium is the macrophage, alaige
numbers of CD8+ T cells and CD4+ T cells have also been recfdeterson et al.,
201J). In the mouse epididymisnacrophagesre reported to bthe largest APC subset
presentand though T cells have been identified, only very few cells of a CD4+ or CD8+
phenotype were foundNasltan et al., 198P After vasectomy, large increases in
macrophages and T cells have been noted in the epididpashan et al., 1990Sections
stained with haematoxylin and eosifmave also been used ta@onfirm thatthe ratvas
deferens contasgan increased number of leukocyteBowing vasectomycompared with

the vas deferen®f nonvasectomised ratd_avers et al., 2006 However, despite these
observationsyery little data exists on the cellular components of the epididymis and other
sections of the male reproductive tract, especialggtechniques such as flocytometry.

To my knowledge, no direct comparison of leukocytes in male and fae@eductive
tissues has been performed, and this is an area that merits further attention.
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1.4. Summary and aims
Labour is seen as an inflammatory eveHowever, this inflammation may be generated as

a means of repairing the female reproductive tract after parturi@me of the key
objectives of my thesis was w@nalysethe leukocyte populationsin reproductive and
peripheral tissues in pepartum femalemice, and compare this téP mice Myeloid cells

and T cells were the leukocyte populationgpdhcipal interest and hormonal influences
were also examined. €hprecedingintroduction aired to give a background to these
elements of researchnd to clearlynark out the need for investigation in these areas of
reproductive immunologyin addition, due to the chemokine receptor focus of one of the
research labs where | undertook my studies, | was interested in the expression and functio
of CCR2 during leukogte migration into reproductive tissues, particularly during the-post
partum tissue remodelling period. This was based on the known key role that CCR2 plays
in regulating monocyte trafficking but also on interesting anecdts¢rvationsnadeby
technicé staff at our animal facility. The experience was that althou@iCR2 KO female

mice could deliver initial pregnancies satisfactorily, subsequent pregnancies were
challengingfor these animaland pups were regularly found deadagsistance had to be
given to the animals during labouFhis led to speculation that CCR2 may play a role in
the successful remodellingf female reproductive tissues aftee primary pregnancthat

might be compromised by CCR2 logffective healing of reproductive tissukedlowing
parturition or miscarriage is incredibly important for continued reproductive héaitit,

is startling that such little work has been completed with a focus on thegutisin

cellular infiltrate.

This project aimed to catalogue the leukesyin reproductive and specific peripheral
tissues before and after pregnancy and to characterise their surface phenotype. Througho
this project particular entjasis was placed on the role of CCR2 and its chemdigjaeds.
Chapter 3 deals specifically thi myeloid cells namely monocytes, macrophages,
eosinophils and neutrophils, ardaminegshe rolethat CCR2 plays on these cells NP

and posfpartum females Technically challenginglow cytometry techniques were
developed to allow the successful cdetipn of this study, and these techniques were
invaluable for subsequent worhapter 4 aimed to characteriee CD3+ cél populations
present in reproductive tissues and other organs in NP angbgrtstn mice, including
CD3+CD4+ T cells, CD3€D8+ T cdls and CD3+ DN cells CCR2expressiorwas also
explored on these cellsand the importance of CCR2 in the trafficking of these cells

specifically examinedChapter 5 aimed to develop the study of CD3+ DN cells, by

93



defining the cellular constituents of ithpopulationusing a further panel afiscrimatory
cell surface markers. This work was restrictedN®and 1DPP females. Chapter 6 aimed
to address the role of hormones in regulating these spkxificallyaddresig the effect

of lactationandsex dfferences in leukocyte populations.

The major hypotheses for Chapter 3 were:
1 There is a large influx of myeloid cells, particularly monocytes/macrophages
present at 1DPP in reproductive tissues, compared to NP animals.
1 This inflammatory infiltrate is clered by 7DPP.
1 CCR2 plays a key role in the recruitment of these cells.

1 Reproductive tissues and peripheral tissues differ in their myeloid cell composition.

The findings in Chapter 3 were built on in Chapter 4, where the following hypotheses were
examined
1 CD3+ cells constitute a major leukocyte population in qp@stum reproductive
tissues.
1 CCR2 is active on these cells.
CCR2 plays a role in the recruitment of these cells.

Reproductive tissues and peripheral tissues differ in their CD3+ cell composition.

Chapter 5 describes work phenotyping CD3+ DN cells in female reproductive tissues and
elsewhere and investigates the following hypotheses:
1 CD3+ DN cells are a mixed population of cells that includes a subpopulation of
NKT cells.
The majority of CD3+ DN ells express a TCR on their surface.
1 The cellular composition of the CD3+ DN population differs between NP and
1DPP animals.
1 There is a distinct population of CD3+ DN cells that dominates in reproductive

tissues.

Finally Chapter 6 addresses hypothesestirg to the effect of hormones and sex on these
leukocytes, specifically:

1 Monocyte populations differ between males and females.
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9 CD3+ DN cell populations display sex differences in reproductive and peripheral
tissues.

1 Lactation affects CD3+ cell populatis in postpartum mice.
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Chapter 2: Materials and Methods
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2.1. Mice

C57BI/6 mice and CCR2 KO mice on a C57BIl/6 background were bred and maintained
under specific pathogen freeRB) conditions in the Central Research Facility, University

of Glasgow. CX3CR¥P9" mice on a C57BI/6 background (a kind gift of Calum Bain)
were bred and maintained under SPF conditions at the Veterinary Research Facility,
University of Glasgow. Mice we housed in individually ventilated cages, except where
indicated, where mice were housed in conventional cages. Apart frbmeedters, all mice

were used between-B5 weeks of age. Elreeders were defined as mice previously
designated for breeding widn maximum age of 1 year and were killed a minimum of 3
weeks following their final litter to allow pups to be weaned. C57BI/6 mice were also
purchased from Harlan UK at 7 weeks of age and were housed under SPF conditions at th
Central Research FacilityThese mice were used betweerlZB weeks of age. All
procedures were performed in accordance with the Animals Scientific Procedures Act
(1986) and licensed by the United Kingdom Home Office.

2.2. Histology

2.2.1 Mating of mice for histology

WT females(8-16 weeks of age) were set up with males using a timed mating strategy,
putting pairs together for betweer22hrs. Females were checked for pregnancy ~day 15
and if pregnant housed singly. Mice were allowed to give birth, and the day (between hrs
of 08.30-16.30) of first observation of the litter was counted as ODPP.

2.2.2 Dissection of uterine horn from pogtartum and exbreeders
WT ex-breeders and paegiartum mothers were killed by exposure to a rising concentration
of CO, on 1DPPand 7DPP. UterinBorns were dissected out, all fat and connective tissue

was removed, and tissue was stored in 10% formalin (Sigma) for at least 24hrs.

2.2.3 Processing of tissues for histology

Tissues were placed in plastic cassettes and processed using a Leicanétistok
(maintained by Jim Reilly, Institute of Infection, Immunity & Inflammation, University of
Glasgow) on an overnight programme from neutral buffered formalin (10%, 30mins)
through graded alcohols (70%, 1hr; 90%, 1hr; 95%, 1hr; 100%, 1hr; 100%, Q0f%; 1
2.5hrs) to xylene (3 buckets; 1hr, 1hr, 1.5hrs) to molten paraffin wax (2 buckets; 4hrs,
5hrs).
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2.2.4 Embedding tissues in paraffin

Embedding was performed on a Tissue Tek embedding centre (maintained by Jim Reilly,
Institute of Infection, Immunity® Inflammation, University of Glasgow). Molten wax was
poured into moulds and uterine horn samples were orientated to provide a transverse
section of the uterine wall on cutting. Wax hardens around the ptassettes anchakes

up the finished block, Ewing blocks to be easily cut.

2.2.5 Cutting sections and mounting slides

Sections 5egm thick were cut wusing a micr

creases and a glass slide placed underneath so the paraffin section adhered to the slide
the section was lifted out of the water. Slides were then allowed to dry out. Sections were
cut and mounted by Jim Reilly (Institute of Infection, Immunity & Inflammation,

University of Glasgow).

2.2.6 Staining of uterine horn sectios.

Slides were hdad in an oven at 60°C for 35mins. Sections werdelgaxed and taken to

tap water using the following method: Xylene (3mins x2), ethanol (100%, 3mins x2; 90%,
3mins x2; 70%, 3mins x2) then running tap water (3mins x2). Firstly slides were stained
with Hamis haematoxylin for 2mins then washed with running water for 3mins.
Background was reduced by dipping twice in 1% acid/alcohol, a quick rinse in running tap
water followed by 30sconds (s) n Scott 6s tap water substi
water Slides were then stained with 1% eosin for 2mins and excess stain was washed of
with running tap water. Sections were then dehydrated with ethanol (70%, 30s; 90%, 1min;
100%, 3mins x2) and xylene (3mins x2). A coverslip was then mounted over the tissue
from xylene with DPX mountant. Staining of uterine horn sections was carried out by Jim

Reilly (Institute of Infection, Immunity & Inflammation, University of Glasgow).

2.3. gRT-PCR

2.3.1 Dissection of detachment sites from-breeders

WT, CCR2 KO, andCX3CR¥""female exbreeder mice were killed by exposure to a
rising concentration of C£and the uterine horn and cervix were dissected out and all fat
and connective tissue was removed. The uterine horn was then opened using spring bo
scissors amtissuecut either side of the detachment sites. Detachment sites were compared
to the rest of the tissue, which contained no detachment sites, and Texstiles were kept

in RNA later (Qiagen) overnight, snap frozen in liquid nitrogen and stor&fat
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2.3.2 Mating of mice for gRFTPCR analysis
Mice were mated as in 2.2.1. Mice were allowed to give birth to their litter and first
observation of the litter was counted as ODPP.-Motating mice were either mice that

had cannibalised their pups by 1D&Fhad had their pups removed by 1DPP.

2.3.3 Dissection of reproductive tissues for gHPICR analysis

Mothers were killed by exposure to a rising concentration of @O1DPP, 4DPP and
7DPP. Uterine horn and cervix were dissected out and all fat amectore tissue was
removed. Tissues were kept in RNA later (Qiagen) overnight, snap frozen in liquid
nitrogen and stored a80°C. The uterine horn tissue varied in size over the time course
studied so the tissue was cut into sections to allow more effipiecessing, for analysis

the mean of all the sections was taken per mouse (NP; 3 sections, 1DPP; 4 sections, 4DP
2 sections, 7DPP; 1 sectiolP samples were produced and processed by Fiona Menzies
and Abdul Khan (Obstetrics and Gynaecology, Univemsi Glasgow) and ranalysed for

this project.

2.3.4 Isolation of mMRNA

Uterine horn, detachment sites and cervix samples were taken fePGRTanalysis of
leukocyte markers (Table 2.1 in blue), selected chemokines (Table 2.1 in green) and theil
reeptors (Table 2.1 in yellow) and of the endogenous corigcerAdehyde 3
PhosphateDeHydrogenase(GAPDH, Table 2.1 in orange). RNA was extracted in a
laboratory fume hood using the following method. First, samples were homogenised in
Imillilitre (ml) Trizol (Invitrogen) using a sterile plastic homogeniser tip (Camlab) and
incubated for 5mins at room temperature to allow dissociation of nucleoprotein complexes.
Next, each sample received 0.2ml chloroform and was shaken vigorously for 15s and
incubated atoom temperature for a further 3mins. Samples were then centrifuged at 13000
revolutions per minuterggm) for 15mins at 4°C. The aqueous phase was removed using a
pastetteadded to 0.5ml isopropanol (VWR) to precipitate the RNA, and incubated at room
temperature for 10mins. The samples were centrifuged for 10mins at 13000rpm at 4°C.
The isopropanol was then decanted to leave a white pellet which was washed with 1ml of
75% ethanol. Samples were then store@@tC.

2.3.5.Solubilisation of mMRNA
Sampleswvere centrifuged at 10000rpm for 5mins at 4°C and the ethanol wash was gently
poured off and the pellet left to air dry. Water treated with DiEthylPyroCarbonate (DEPC)

to inactivate RNases was added to each sampl@ A% | ) depending on
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pdlet. Samples were then vortexed, quickly spun down and incubated at 65°C for 5mins
on a heating block. This step was repeated and RNA was then kept on ice and quantifiec
using a Nanodrop by placing 1ul of the sample on the platform and recording the
concentration and checking for acceptable purity using 260nm/280nm ratio where 100%
purity was 2.00.

2.3.6 DNase treatment of mMRNA

RNA was DN&e treated with a DNA Free Kit (Ambion). RNA was combined with 10X
DNase buffer, DNase | and an appropriate amotiXEPC treated water to a total volume

of 25¢ !l . Sampl es were then i neEutheanbogcter. at
DNase Inactivation Reagent was then added to each tube, which was mixed and incubate
for 2mins at room temperature. Tubes were thentrifuged at 13000rpm for 1min to
pellet the DNase Inactivation Reagent and the supernatant transferred to a new tube

Samples were then stored-80°C.

2.3.7. Synthesis of cDNA from mRNA

Synthesis of cDNA was achieved using a high capacity cDNArsevianscription kit

(ABI) with superasin (Ambion). Appropriate amounts of 1B¥verse TranscriptasT)

Buffer, 25X deoxyNucleotideTriPhosphatedNTP9, 10X Random Primers, Multiscribe
reverse transcriptase, Superasin and Nuclease free water werewithixdédNasetreated
RNA. A O6no Reverse Transcriptasedéd (no RT
briefly centrifuged and incubated for 10mins at 25°C, 120mins at 37°C and 5s at 85°C on a
Polymerase Chain ReactioRGR express machine. Followingish cDNA was stored at

20°C.

2.3.8 Quantitative PCR

Tagman 96 wel |l pl ates were set up with 1
Master Mix (containing polymerase, pri me
20X target probe (ABI) and 1e¢l c DNA. S

expresed relative to expression of GAPDH from samples diluted 1/10 in DEPC treated
water. Plate controls were used to ensure consistency between plates. Delta CT (threshol
cycle) vales were calculated by GherCTearpn, finally results wee expressed as

10x2®° Tin order to express the difference in cycles to cross the threshold as a percentage
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2.4.Flow cytometry: 7 colours

2.4.1 Mating of mice for flow cytometric analysis

WT and CCR2 KO female mice were taken eitheN&sor set up with C57BL/6 WT
males using a timed mating strategy. Mice were breaomse and housed in individually
ventilated cages. To improve the success rate of the timed matings, the amount of time
mice were paired for was increased to betwednd2ys. To improve the accuracytohe

of birth, given increased pairing time, a camera system was optimised.

2.4.2 Set up of camera system to monitor labour

When pregnancy was verified, mice were transferred to a filter top cage (Figure 2.1A)
containing Vetbed fleece bedding (Hennh8im Animal Health), minimal nesting material
consisting of autoclaved white paper and a red shelter (VetTech) (Figure 2.1B). Two
C160IR (RF Concepts) cameras with night vision settings were set up to film the nesting
material, where mice gave birth (FiguR.1C). Footage was recorded on an Avermedia
SEB5116H Digital Video Recorder (DVR, RF Concepts) and was able to be viewed
remotely. The day (between the hours of 023®9) of first observation of a litter was
taken to be ODPP. Pegairtum mice were tan at either 1DPP or 7DPP and were killed by
exposure to a rising concentration of L®onlactating mice were either mice sacrificed

at 7DPP that had cannibalised their pups by 1DPP or had had their pups removed by 1DPF

2.4.3 Dissection of mice forlbw cytometric analysis

Blood was withdrawn by cardiac puncture with a syringe flushed with
EthylendiamineTetraAcetic acid, (EDTA, Sigma) and a combination of the spleen,
PALN, femurs, thymus, uterine horn and cervix wdissected out. Care was taken to
remove fat and connective tissur. males, vas deferens/epididymis, prostate gland and
penis were removeas well as blood, spleen and PALN.

2.4.4 Optimisation of digestion protocol for reproductive tissues

Uterine horn regardless of total number détachment sitegnd cervixwere minced with
scissors andigested with shaking for 30mins at°87 Uterine horn and cervix received
7ml and 3ml respectivelyf either: (1) Hank's Balanced Salt SolutidhlBSS/Ca* /Mg
(Sigma)containing 0028 Wunsch uns (WU)YmI Liberase Blendzyme 8Roche)and 30
eg/ml DNase | (Rochef2) HBSS/C&'/Mg®*, with 200 U/ml hyaluronidase (Sigma), 1
mg/ml collagenase type IV (Seromed.2 mg/ml DNase | (2500 KunitzU/mg; Sigma) and

1 mg/ml Bovine Serum Albumin (BSAractionV (Sigma) orfor 30 minutes(mins) at
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37°C with shakingDigested issues were then mashed using the plunger of a 2ml syringe
to pass the cells through a cell strainer to obtain a single cell suspension in complete
Roswell Park Memorial Institute mediurRPMI, Invitrogen) containing penicillin
(100ug/ml, Invitrogen) andtsr e pt omy c i n ( 10 O gglytamire ,(2mM,n v i
Invitrogen) and heat inactivated foetal calf sef® Invitroger).

2.4.5 Digestion of reproductive tissues for flow cytometry

Uterine horncervix, penis, vas deferens/epididymis and prostatadjlaere minced with
scissorsn order to facilitate breakdown of the tissared digestedUterine horn and cervix
received 7ml and 3ml respectivady HBSS/C&/Mg** containing 0.026 WU/ml Liberase
Blendzyme medium thermolysifRoche) and @ eg/ml DNase I(Roche) for 40mins at

37°C with shakingEach uterine horn was treated identically, regardless of the size of
tissue or the number of detachment siféssues were then mashed using the plunger of a
2ml syringe to pass the cells through a cell straioeshtain a single cell suspension in
completeRPMI containingpeni ci | I in (100u/ ml ) aghu@dmiret r e
(2mM) and heat inactivated foetal calf ser(®%). Cells were then centrifuged a 400xg

for 5 mins at 4°C and resuspended in complete RPMI.

2.4.6 Preparation of thymus for flow cytometry

Thethymus was minced with scissors and digested with 1mg/ml Collagenase D (Roche) in
HBSS (Sigma) at 37°C with shaking for 45milinis preparation was thanashed through

a cell strainer using the plunger of a 2ml syringe to obtain a single cell suspansion i

completeRPMI, washed twice and resuspended in complete RPMI.

2.4.7. Preparation of other tissues for flow cytometry

Femurs were cut at each end and flushed out with 1ml complete RPMI using a syringe.
Spleens and PALN were minced with scissors. Spl&@&LN and BM samples were
mashed using the plunger of a 2ml syringe to pass the cells through a cell strainer to obtail
a single cell suspension in complete RPMI. Cells were then centrifuged at 400xg for 5min
at 4°C. For spleen only, the pellet was disedpand cells were treated with red blood cell
lysis buffer (Sigma) for 1 minute. All samples were then washed twice with complete
RPMI at 400xg for 5 mins at 4°C.
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2.4.8 Preparation of blood for flow cytometry
Blood cells were incubated 1:9 with 0.8¥%1,Cl with 0.1mM EDTA (Stem Cell Tech) on

ice for 10 mins to lyse red blood cells and washed twice with complete RPMI.

2.4.9 Chemokine uptake assay

Cells were counted using a haemacytometer, pipetted into polypropylemell9@iates at

10° cells per vell and then incubated with fluorescent chemokine (Almac Sciences, human
CCL2-AF647) at a final concentration of 25nM in complete RP&dhtaining 4-(2-
HydroxyEthyl)-1-Piperazin€&thanéulfonic acid(HEPES 20mM) at 37°C for 65mins.

2.4.10 Competitionassay.

As for 2.4.9 except where indicated, uterine and spleen cell suspensions were split; all
receiving fluorescent CCLAF647 (Almac Sciences, /200 dilution, 25nM) and half
receiving unlabelled murine CCL2 (Peprotech, 250nM) or unlabelled murine CCL22
(Peorotech, 250nM)l n f i gures, competition is denot

2.4.11 Staining for flow cytometry

Cells were washed and pireated with Feblock (BD, CD16/32 mAb;1/100dilution) in
FluorescenceAssisted Cell Sorting HACS buffer [PBS (Gibco) containing EDTA
(Sigma),fetal calf serumNaH; (Sigma)]for 15minsat 4°C and then washed with FACS
buffer. Cells were stained for 15 mins at 4°C with antibodies (Table8.2)Zand washed
twice with FACS buffer. Finldy, cells were treated witii-AminoActinomycin D (BD, #
AAD, Viaprobe) for 10minsto identify dead cells and passed through nitex into a FACS

tube before being analysed.

2.4.12 Preparation of beads for compensation

Ant-mouse | g o/ nmEaBeads/(BD) wevenvortexed and one drop of each
was added to 100¢l FACS buffer in a FA
appropriate concentration and 20 &30minsatr e
4°C. FACS buffer (2ml) was then added and beads centrifuged at 400xg for 5min at 4°C.
The FACS buffer was then removed, the b
added.
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2.4.13 Data acquisition

Data was acquired on a MACS Quant flow cytometer, thiesaspensions were analysed

for their fluorescence, size and granularity. The fluorophores coupled to the antibodies
which stain the cells are excited by the lasers in the machine and emit fluorescence a
specific wavelengths which is measured by the rogter. The combinations of
fluorescence picked up by the channels allow the experimenter to discover the possible

identity of the cell type as illustrated in Figure 2.2A.

Figure 2.2B shows how Forward &r (FSCland Side SCatter (SSC) are measured by
the flow cytometer. FS@& proportional to cell size. The detechorthe cytometeis placed

to collect light diffracted in the forward directiorSC is a measure of cell granularity.
The detector is placed at approx 90° and measures reflected lightivenemns a change in

refractive index.

Fluorescence minus one (FMO) controls were used to definespemific background
staining, and cells were gated to eliminate this. This process is illustrated in Figure 2.2C.
FMO controls contained all of the antiies in a particular stain except the one being
studied, this provided a background control that took into account the fluorescence spilling
over from other channels. Fluorescence spillover is minimised using a process called

compensation.

For example florophore A emits light which crosses over with the light emitted by
fluorophore B, therefore light from fluorophore B spills over into the channel for
fluorophore A and light from fluorophore A spills over into the channel for fluorophore B.
This crossovehas to be compensated for using single colours. So each fluorophore would
be tested in every channel and the spillover subtracted from the channels other than it

own.

The machine was compensated using beads stained with the same antibodies as the ¢
samples. For compensation, first stained beads were run and compensation was altered f
each channel. This protocol was optimised to provide staining, high cell retrieval, and a
high proportion of cell viability. Voltages for FSC and SSC were kept tme dar every
experiment, as changing the voltages wlordsult in altered profiles rklng consistent
gating more difficult. Then-AAD stained cells were run in the place of stained beads and

the compensation changed when appropriate.
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After all of the camtrols were run and compensation adjusted test samples were run. In
order to display the number of cells retrieved from reproductive tissues, for these samples
all of the stained cells were run through the machine. For peripheral tissues where accurat
counts were more easily obtained, representative aliquots were run and total cell numbers

calculated from this.

2.4.14 Data analysis
All cells were gated sequentially for live cells first with a physical gate, then-#fkDY
negative cells, then for CD45zells to identify leukocytes. Results were analysed using

FlowJo 7.5 software.

2.5. Luminex

2.5.1 Sample preparation

Mice were mated as in 2.2.1 or 2.4.1. Mice were killed and blood was taken as in 2.4.3.
Blood was centrifuged at 1500xg for 10 margd plasma was removed and store@@tC

until use. Luminex was performed in order to quantify CCL2 and CCL3 in mouse plasma,
unfortunately due to kit availability two different kits were used to assay the samples: A
base kit with CCL2 and CCL3 beads f@.iTechnologies) and a Milliplex xMAP kit
(Millipore). Samples were run in duplicate or triplicate. Each group was split across both
plates to reduce error in the quantification between the two plates, the results from eact
group were analysed bytast. Wth each group the results were found to be consistent

across both methods and quantification equally reliable.

2.5.2 XMAP CCL2 + CCL3 quantification

All reagents were allowed to warm to room temperature before use. The filter plate was
prewet by pipéti ng 200 ¢ | of wash buffer into ea
room temperature for 10mins on a plate shaker. The wash buffer was then removed by
vacuum manifold and the excess was blotted from the bottom of the plate. Standards an
Cont r ol were therbagded and Assay Buffer was added to sample wells. Serum
matrix (25¢l) was also added to well s an
in the appropriate well s. Beads were son
well. The plde was then sealed and covered with an opaque plate cover and incubated fol
2hrs at room temperature after which, fluid was removed by vacuum manifold. The plate

was washed twice with 200¢ | and wash buf
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from the bé t o m. Detection Antibodies (25¢l ) we
sealed, covered with an opaque plate cover and incubated on a plate shaker for 1hr at roo
temperature. StreptavidiPhycoer yt hrin (25¢l) was t hen
detection antibodies. The plate was then sealed again, covered with an opaque plate cove
and incubated at room temperature on a plate shaker for 30mins. All contents were ther
gently removed by vacuum. The pl at effewas

by vacuum filtration, with excess blotte:
was then added to wells and beads were resuspended on a plate shaker for 5mins. The pl

was then read using a Luminex 200 machine.

2.5.3 Life technologies CCL2 + CCL3 quantification

All reagents were allowed to warm to room temperature before use. The filter plate wells
wereprewet by adding 200¢l of Working Wash
incubated for 180s at room temperature. Liquidag/then aspirated from the plate using

the vacuum manifold, with excess being removed from the bottom by blotting with clean
paper towel s. Beads were vortexed then s
each well. Beads were then washed by agldin2 0 O ¢ | of Working Wa
wells and allowed to soak for 4ds. The filter plate was then placed on the vacuum
manifold to aspirate the liquid. The bottom of the plate was blotted to remove the excess
liquid and the wash step repeated. Indubaon Buf fer (50¢el ) was
Standard dilutions (100¢l) were added to
Diluent (50el) was then added to each of
The plate was then covered with aluminium wrapped plate cover and incubated for 2hrs

at room temperature on an orbital shaker to keep beads suspended during incubation. Tt
liquid was then removed by vacuum manifold and excess blotted away. Working Wash
Solution (200 ¢to}he wellssandtthe daads alldwed tb soak foBAS
before being aspirated by vacuum manifold. This wash step was repeated and the bottor
of the plate blotted thoroughly. Biotiny
well and incubated for 1hat room temperature on an orbital shaker to keep beads
suspended. After incubation liquid was aspirated, washed twice and the filter plate blotted.
StreptavidilRPE (100¢ | ) was added to each well
room temperature onnaorbital shaker to keep beads suspended throughout incubation.
Liquid was then removed by vacuum manifold and blotted with paper towels. Working
Wash Solution (200¢l) was added t 0-308,he

aspirated by vacuum manifband the bottom of the plate blotted, beads were washed
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three times in total. Wor king Wash Sol ut
placed on an orbital shaker for3nins. The plate was then read using a Luminex 200
machine. Chris Hansellsaisted in running some of the samples (Institute of Infection,

Immunity & Inflammation, University of Glasgow).

2.6. ELISA

2.6.1 Quantification of prolactin

All reagents and samples were brought to room temperature. Samples were run in
duplicate. Eackt andard (100¢l) and diluted sampl
wells. The plate was covered and incubated for 2.5hrs at room temperature with gentle
shaking. After incubation the liquid was
each well ad then discarded. This wash step was repeated 3 times and after the last was|
the plate wash inverted and bl otted with
was added for each well and incubated for 1hr at room temperature with gentle shaking.
The solution was then removed and the plate was washed 4 times with Wash Solutior
(300¢l ), i nverted and bl otted. Streptavi
incubated for 45mins at room temperature with gentle shaking. Following incubation th
liquid was discardecandt he pl at e was washed 4 ti mes w
and blotted. Tetramethylbenzidif&MB) One Step Substrate Re
added to each well and incubated for 30mins at room temperature in the daskaiathng.
Finally 50¢l Stop Solution was added to
450nm on a Magellan Sunrise plate reader. Data was analysed using Magellan 6 softwar

with the calibration curve provided by the protein standards.

2.7. Flow cyometry: four colours

2.7.1 Dissection
Mice were killed as irsection2.4.3 and blood and spleen removed.

2.7.2 Preparation of tissues for flow cytometry

The spleens was minced with scissors and digested with 1mg/ml Collagenase D (Roche) it
HBSS at 3°C with shaking for 45min. They were then mashed using the plunger of a 2ml
syringe to pass the cells through a cell strainer to obtain a single cell suspension in

completeRPMI. Splenocytes were then centrifuged at 400xg for 5min at 4°C. The pellet
107



was disrupted and cells were treated with red blood cell lysis buffer for 1 minute, then

washed twice with complete RPMI. Blood was prepared asdtion2.4.8.

2.7.3 Chemokine uptake assay

Cells were counted using a haemocytometer and pipetted into goygne 96éwell plates

at 10 cells per well and then incubated with fluorescent chemokine (Almac Sciences,
CCL2-AF647 1/200dilution) in complete RPMtontaining HEPE20mM) at 37°C for
100mins.

2.7.4 Staining for flow cytometry

Cells were stained as section2.4.11. with the antibodies listed in Table 2.8. Isotype
controls were used to define nepecific background staining, and cells were gated to
eliminate this. Finally, cells were treated withtAAD (BD) for 10 minsto identify dead

cells durng the subsequent analysis and passed through nitex before being analysed usin
a FACS Calibur flow cytometer. A protocol was optimised to provide good staining, high
cell retrieval, and a high proportion of cell viability. Results were analysed usingd-low
7.5 software.

2.8. Statistical analysis
2.8.1 Programs
All statistical analysis was performed using GraphPad Prism 5. Outliers were excluded

where appropri at withtheeqmtionna Gr ubbso6é test,

G =(outlierT mean)
standard deviation

If G is larger than the critical value based on the n number for significance at the level of
p=0.05, hen the outlier may be rejected. Outliers could also be rejected due to procedural
errors in collecting the data or included depending on the distibof the data. Critical
values for n numbers up t@ 2re found in @ble2.9.

Without outlier exclusion the variability of some samples made the entire data set
impossible to analyse. Where the standard deviation of the group is large, outliers are
unlikely to be detected, which means that the rest of the samples in the group must be

fairly close together. With a small sample size excluding data points was not ideal,
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however the judgement was made that the extreme nature of some data points wa
detractirg from the analysis of the rest of the values. Figure 2.3 illustrates some examples

of outlier exclusion.

2.8.2 Data presentation

Where possibl e, normal ity was checked u
normality test. For normally distributedtdameanStandard Error of the MeaSEM) was

the appropriate form of data expression (Figure 2.4A), whereas median + interquartile
range (IQR) was used for skewed data (Figure 2.4B). In some cases data points wer:
shown without descriptive error bars whtms did not detract from data interpretation
(Figure 2.4C).

2.8.3 Comparing 2 groups

I f the data passed the normality tetest an
was used to analyse the data (Figure 2.5A). If the data were normal batitireces were
significantly different, a Welcho6s corre
data sets (Figure 2.5B). If the data passed the normality test and pairing was seen, a paire
St ud etest wasneeded (Figure 2.5C).

2.8.4 Comparing 3 or more groups

For statistical analysis on one level of normally distributed data with equal variances with
no repeated measures normal data were analysed by onéNaysis Of VAriance
(ANOVA) with a Tukey poshoc test, if a significant dérence was detected (Figure
2.6A). To test nomormally distributed data or data with unequal variances with no
repeated measuresa Kruskdlb | | i s t est was thecdestifep\alhe a
of <0.05 was found (Figure 2.6B). Finally, for nnarmally distributed data with repeated
measures a Friedman test was utilised (Figure 2.6C). The exception came in chapter ¢
(Figure 68), comparing reproductive tissues between sexes as matching was presen
between the tissues within each sex (uterus amdixxhad matching, as did penis, vas
deferens/epididymis and prostate) but these tissues were considered independent s

comparison of all tissues between the sexes could be made.

2.8.5 Comparing groups on more than one variable
To compare groups on nmethan one level a Twaway ANOVA was employed (Figure
2.7).
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Table 2.1List of probes used for gRACR

Gene name Gene Symbol| Applied NCBI sequence
Biosciences no.
GAPDH Gapdh 4352932E NM_008084.2
F4/80 Emrl Mm00802529 m1 | NM_010130.4
Major Basic Protei Prg2 MmO00435905 ml1 | NM_008920.4
Neutrophil granule proteil Ngp MmO01250218 m1 | NM_008694.2
CD3 antigen Cd3 Mm00438095 m1 | NM_009850.2
CD19 antigen Cd19 MmO00515420 m1 | NM_009844.2
Forkhead box P3 FoxP3 MmO00475162_m1 | NM_0011993471
NM_001199348.1
NM_054039.2
CX3CL1 Cx3cll MmO00436454 m1 | NM_009142.3
CCL2 Ccl2 Mm00441242 m1 | NM_011333.2
CCL3 Ccl3 Mm99999057 m1 | NM_011337.2
CCL7 Ccl7 Mm00443113 m1 | NM_013654.3
CCL12 Ccl12 Mm01617100 m1 | NM_011331.2
CX3CR1 Cx3crl Mm00438354 m1 | NM_009987.3
CCR2 Ccr2 Mm00438270 _m1 | NM_009915.2
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Figure 2.1 Camera set up for accuracy in timing parturition
A) Filter top cage pictured from the side before addition of cameras. B) Cage from above
showing minimal nesting material and red shelter. C) Qetle cameras attached to film

nesting area (blue arrows indicate camera placement).
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Table 2.2 Antibodies used for detection of myeloid cells by flow cytometry

Target Fluorophore| Supplier Dilution
CD11b V450 BD 1/200
Ly6C FITC BD 1/200
CD115 PE eBioscienceg 1/150
F4/80 PECy7 eBioscienceg 1/200
CD45 APC-Cy7 Biolegend | 1/200

Table 2.3 Antibodies used for detection of CD3+ cells by flow cytometry

Target Fluorophore| Supplier Dilution
CD3 VioBlue BD 1/150
CD25 FITC BD 1/150
CD8 PE eBioscienceg 1/200
CD4 PECy7 eBioscienceg 1/200
CD45 APC-Cy7 Biolegend | 1/200

Table 2.4 Antibodies used for detection of CD3+ DN cells and NK cells by flow cytametry

Target Fluorophore| Supplier Dilution
CD3 VioBlue BD 1/150
CD25 FITC BD 1/150
CD8 PE eBioscienceg 1/200
CD4 PE eBioscienceg 1/200
NK1.1 PECy7 BD 1/200
CDA45 APC-Cy7 Biolegend | 1/200

Table 2.5Antibodies used for characterisation of thymocytes by flow cytometry

Target Fluorophore| Supplier Dilution
CD44 V450 BD 1/200
CD25 FITC FITC 1/150
CD8 PE eBioscienceg 1/200
CD4 PECy7 eBioscienceg 1/200
CD45 APC-Cy7 Biolegend | 1/200




Table 2.6 Antibodies used for characterisation of CD3+ DN cells

Target Fluorophore| Supplier Dilution
CD3 VioBlue BD 1/150
CD25 FITC BD 1/150
TCR-b FITC BD 1/200
CXCR5 |FITC BD 1/150
CTLA-4 | PE eBioscienceg 1/150
CD8 PE/PECy7 | eBioscienceg 1/200
CD4 PE/PECyY7 | eBioscienceg 1/200
NK1.1 PECy7 BD 1/200
B220 AF647 eBioscienceg 1/200
TCR-2 U | APC eBioscienceg 1/200
PD-1 APC eBioscienceg 1/100
CD45 APC-Cy7 Biolegend | 1/200

Table 2.7 Antibodies used for detection of markers on CD3+DN cells by flow cytametry

Target | Fluorophore| Supplier Dilution
CD3 VioBlue BD 1/150
TCR-b | FITC BD 1/200
CDS8 PE eBioscienceg 1/200
CD4 PE eBioscienceg 1/200
NK1.1 | PECy7 BD 1/200
TCR-2 U APC eBioscienceg 1/200
CD45 | APC-Cy7 Biolegend | 1/200

113



0
10 LANLEL RLLL/ LA ILE RALL | LENLELE RALL BN LR RLLL

0 1 2 3 ¢ 2
10 10 10 10 10 10 10 10 10 10

SsC 1 A B

Count

FSC

Laser source

Emission wavelengtfr

Figure 2.2 Setting up parameters for flow cytometry.

A) Gating of cell populations using fluorescearitibodies. B) Determination of cell size

and granularity using FSC and SSC. Diffraction of the laser allows measurement of FSC
and refraction detects cell granules. C) Histogram to highlight how compensation removes

spillover fluorescence from antibodysal.
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Table 2.8 Antibodies used to detect myeloid cells using-tmiour flow cytometry

Target Fluorophore| Supplier | Dilution
Ly6C FITC BD 1/200
CD11b PE BD 1/200
Isotype IgM FITC BD 1/200
Isotype 1gG2b | PE BD 1/200
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Table 2.9. Critical values for n numbers up to 20 with significance of p=0.05.

N number | Critcal value of G
3 1.15
4 1.48
5 1.71
6 1.89
7 2.02
8 2.13
9 2.21

10 2.29
11 2.34
12 241
13 2.46
14 2.51
15 2.55
16 2.59
17 2.62
18 2.65
19 2.68
20 2.71
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Figure 2.4Examples of data presentation

A) An examplegraph from Figure 3.4 showing meantSEM (left) and the data points alone
(right). B) An example grapfrom Figure 37 showingmedian + IQR (left) and the data

points alone (right). C) An example grafiom Figure 3.2 showindinked data points
alone.
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Figure 2.6 Statistical tests used for 3 orore groups
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Figure 2.7 An example of a twavay ANOW.

An example of a twavay ANOVA with matching as seen in Figurd 3.
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Chapter 3: Myeloid cells in postpartum murine

reproductive tissues
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Introduction

The leukocyte composition of reproductive tissuestha postpartum period remains
largely unknown.As discussed in section 1.3.5 of the Introductioome data exist
suggesting that macrophages and other myeloid cell types may be responsible for
remodelling reproductive tissues after bi(@randon, 1994 Timmons and Mahendroo,
2006 Mackler et al., 2000Mackler et al., 1999Stewart and Mitchell, 1992 Brandon

(1994) suggests that macrophages are present throughtout the uterine tissue during tr
postpartum period, but are found in high numbers in the detachment wound. It has also
been suggested that though macrophdgksitified by Mael/CD11b)are present, they

are not responsible for scavenging debfsegart and Mitchell, 1992 Macrophages
appear to be increased in the 1DPP uterine horn in both the endometrium and myometrium
compared to NP animald/@ckler et al., 1999Mackler et al., 2000 which when taken
together with the idea that macrophages decline during theppdsim period Brandon,

19949, suggests that the early pgstrtumperiod may be the time when macrophages are
most abundantThere is much that ctd be done to improven these datafor example

using markers other than CD11b and F4iB80estigating several peglartum timepoints

and different methods such as flomayetry. Focussing on the pegiartum period and

not labour might reveal more about the resolution of inflammation after partutitioal
investigations examined the uteri of-lBseeders, but then a timed mating strategy was set
up and techniques sues qRFPCR and flow cytometry were used to profile the cells in
reproductive and peripheral tissues in the early-pagum period (1DPF#DPP). Due to

the focus of the literature on monocytes and macrophages in tissue remodelling, these cell
were the pmcipal focus of study in this chaptdout other myeloid cells were also
investigated. As discussed in chapter 1, in the absence of inflammatior® BYSRCR1"
monocytes patrol the blood vessels and have been shown to exhibit CX3CR1 depender
recruitmentto noninflamed tissuegGeissmann et al., 200&ordon and Taylor, 2005
Sunderkotter et al., 20p4whilst during inflammation Ly6& monocytes migrate to the
inflamed tissue using CCR2 and become resident macrophages involved in the resolutior
of inflammation(Gordon and Taylor, 200%5eissmann et al., 200$underkotter et al.,
2004. Therefore C&2 was of considerable interest and could be the key to understanding
monocyte migration to healing reproductive tissue, and the development of macrophages
therein. Thus, the hypothesis that CCR2 regulates the recruitment of monocytes anc
macrophages intogpostpartum reproductive tissues was tested. The expression of
chemokines that bind this receptor was examined in thepaogtm uterine horn, and

CCR2 expression on leukocytes in reproductive tissues and elsewhere was explored. i
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addition, the impactfaCCR2 deletion on leukocyte abundance in ga@stum reproductive

tissues was examined by comparing CCR2 KO mice to WT counterparts.
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Results

3.1.Expression of the gene encoding the macrophage marker F4/80 in detachnitest s
isnot affected by deletion of chemokine receptors that drive monocyte migration.

The leukocyte components participating in gosttum remodelling have been a subject of
debate. Detachment sites that develop in the-pamstm uterus at the site pfacental
attachment have been reported to be likely sites of remodelling and have displayed
accumulations of macrophag@randon, 1991 These detachment sites form in a line
along the tissue, as seen in the photograph of a 7DPP uterine horn (Figure itéd). Si
CCR2 and CX3CR1 control monocyte recruitment to tissue, the presence of detachmen
sites, and the macrophages they contain, might be compromised in mice lacking these
chemokine receptors. Female-laneeders lacking these receptors, and WT counteyparts
were available. These animals had been used to maintain colonies at our animal facility s
| initially undertook a speculative experiment to explore if these chemokine receptors
affected detachment sites. From gross examination, it was clear thairdefeGCR2 had

no effect on the size or number of detachment sites following a single pregnancy (Figure
3.1B), showing that CCR2 was not required for the formation of these structures. This was
also the case in CX3CEA*"mice (data not shown). Theseamihave had both copies of
CX3CRL1 replaced with GFP, although this reporter gene was not used in this study. The
detachment sites in both strains expressed equivalent amounts of the macrophage mark
F4/80, suggesting that deletion of neither receptorcedte macrophage accumulation in
these structures. Surprisingly, expression of CCR2 was significantly different between WT
and CX3CR{"mice (Figure 3.1E), suggesting that CXCRIP mice may have had a
deficit in CCR2expressing cells in the detacam sites of these mice. However, due to

developments in other areas of the work, this observation was not pursued further.

3.2. No specific enrichment in expression of genes encodiegkocyte markers in
detachment sites.

Next, to attempt to addressetilguestion of which leukocyte subsets were present in
detachment sites, the expression of genes encoding leukocyte markers was measured
different areas of the reproductive tract of WT femaldmseders. To do this effectively,
ex-breeders that had hawultiple litters were chosen as the source of the tissues because
by the end of their reproductive life they would have accumulated many detachment sites
and so sufficient quantities of RNA could be extracted. Gene expression in these sample:
was comparetb cervix, and to uterine horn tissue that had detachment sites removed. The

markers chosen were F4/80 (expressed predominantly by monocytes and macrophages
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CD19 (B cells), CD3 (T cells), FoxP3 @), Major Basic Protein (MBP, eosinophils)
and Neutropil Granule Protein (NGP, neutrophils).

F4/80, CD19, CD3, FoxP3 and NGP had been used regulanguse before and in the
literature to identify specific leukocyte subséBioscienceg A postdoctoral scientist in

the group (Fiona Menzies) had previously validated GAPDH as an appropriate endogenours
control for murine reproductive tissues by (F Menzies, personal communication). The three
distinct tissile samples did display an overall significant difference in CD3 (p=0.046,
Figure 3.2C) and NGP (p=0.044, Figure 3.2F) but all-pests were not significant. Gene
expression of F4/80 (Figure 3.2A), CD19 (p=0.063, Figure 3.2B), FoxP3 (Figure 3.2D)
and MBP (p=0.058, Figure 3.2E) was not significantly different between groups. Thus,
expression of these markers was not enhanced in detachment sites suggesting that the
structures were not enriched for leukocyte subsets expressing these genes.

3.3.Alteration of the structure of the uterine horn in the pogtartum period

Theseinitial investigations into detachment sites were disappointingorE&der tissubad
beenused due to its availability and the presumed remodefirggent inthe tissue,
particularly around detachment sites. However,sthex-breeders were heterogeneous
population as they varied in age, number of littarsl time between litter§hus, attention
turned to reproductive tissues shortly after delivery of the first litter when tedikaly to

be undergoing more dynamic and extensive remodelkirgt, uterine horn tissue from
agedex-breeders was analysed alongside uterine horn tissue from ARPPDPP mice
following their first pregnancyoct attempt to reveal angifferencesin the architecture of
the uterine hornover this time period. &tions of tissue were stained with haematoxylin
and eosin and examined by light microscop¥issue harvested &@DPP had a more
stretched appearandban at 7DPPAt 1DPP the architecture of theterine horn was
clearly different fromlater time points with the myometrium and endometrium being less
well defined Figure 3.3A). The structure of both the myometrium and the endometrium
appeared to be more defined at 7DfFRure 3.3B), compared to 1D (Figure 3.3A).

This is consistent with the tissue changes that take place with decidualisation, where cell
increase in size and the water content of the tissue incrddtsme tissue from ex
breeder mice at the end of their reproductive difppearedar more cellular than 1DPP,
and more closely resembled 7DPP tisdtigyre3.3C). These images added some weight
to the idea thatubstantiathanges occun uterine tissue between 1DPP aiaPP.
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3.4. The expression of genes encodi@CR2binding chanokines variesin the uterine

horn over the pospartum period

RNA was extracted from uterine tissue 1, 4 and 7 days after delivery of the pups and usec
to examine expression of chemokines and markers of myeloid cells. Any changes in
chemokine expressimoin the uterine horn in the pesartum period could potentially drive
leukocyte recruitment. Expression of the genes encoding @@Riihg chemokines
(CCL2, CCL3, CCL7 and CCLJ)2vas explored in the uterine horn. A NP level was added
for referenceobtaired from a study from our grouMenzies et al., 20)2and this was
verified using plate controls. Representative samples from that study were run alongside
current samples in order to show that the results were comparable between plates. Thoug
not previously thought of as a CCRihding chemokine, work in our group had
demonstrated that CCL3 blocks CCL2 internalisation mediated by CCR2, suggesting that it
Is a @CR2 ligand(Hansell et al., 201)bCCL8 was not included in this analysis. Human
CCL8 binds human CCR2, but mouse CCL8 binds mouse CCR8 and not mouse CCRZ
(Islam et al., 20111

Interestingly, CCL2, CCL7 and CCL12 were highest at 1DPP, whereas CCL3 was highest
at 4DPP Figure 34). CCL2 expression in the uterine hornsnsubstantially increased at
1DPP, compared with 4DPP and 7DPP (Figure 3.4A). CCL3 expression was significantly
increased at 4DPP compared with 7DPP (Figure 3.4B). CCL7 expression was at its peak &
1DPP, at a roughly NP level before dropping at 4ADPP &WP7(Figure 3.4C). CCL12
expression in the uterine horn was also at its highest at 1DPP compared to 4DPP and 7DP
(Figure 3.4D). These data convincingly showed that there were considerable changes in th
expression of CCRBinding chemokines in the pesértum period in the uterine horn
consistent with a role in mediating leukocyte recruitment, particularly at 1DPP.

3.5. Expression of selected genes encoding myeloid cell markers during thegao&im

period

Next, the projeciexplored whethegRT-PCR calld be used to gauge leukocyte recruitment

to the uterus in the peglartum period. Howevegxpression ofjenes encodinghonocyte

and macrophage markers did not change significantly over theaidatn period (F4/80
Figure 3.5A, CX3CR1Figure3.5B). Although CCR2 expression did not change over the
postpartum period (Figure 3.5C) it did appear to be elevated compared to NP expression.
Other myeloid cell markers were also testeddBP expression hathcreased significantly
at4DPP and 7DPBompared to 1DPH-igure 35D), while NGP, a marker for neutrophils
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did not vary over the pogtartum period Kigure 3.5E). These results suggested relatively
minor changes in leukocyte recruitment during the-pastum period. However, the gRT

PCR approach may not pro@ an accurate picture of changes in leukocyte abundance in
the uterus. Thus, flow cytometry was explored as a more accurate, detailed and quantitativ
way of analysing and phenotyping leukocytes in the uterine horn and cervix.

3.6. Optimising digestionéchniques for liberatingeukocytedrom the uterine horn

Flow cytometry is a highly accurate method of simultaneously measuring multiple cell
surface markers using fluorescently conjugated antibodiegx@®ssion of cell surface
markers helps providdefinitive identification of a variety of cell types, and cells can be
analysed according to their size, known as Forward SCatter (FSC), and their granularity,
known as Side SCatter (SSC).daad cell exclusion dyeAminoActinomycin D (#AAD

or Viaprobe)is included so that dead cells can be gated out of the subsequent analysis a:
these cells often bind nespecifically to antibodies. One of the challenges facing any
attempt to perform flow cytometry of solid tissues, is the generation of a single cell
sugension using tissue digestion that liberates cells without causing too much cell death ot
cleaving epitopes recognised by the antibodiisuzakouk et al., 1996 Two digest
methods were tested. Digest 1 was adapted {atlins et &, 2009, where it had been

used to successfully liberal#Cs from uterine tissue. It containéiberase Blendzyme 3

and DNase.| Digest 2, adapted from Kammerer e(lshmmerer et al., 20Q03had been

used to isolat®®Cs from the decidua and containkgaluronidasecollagenase type IV

and DNase | and buffer containinBSA/fraction V. Further details are provided in the

Materials and Methods section.

Seweral pilot experiments were carried out: Figure 3.6 shows a typical test. A simple stain
using fluorescently labelled antibodies against Ly6C and CD11b was used to identify
myeloid cells. Cells were gated as shown (Figure 3.6A). Gates were drawn usargasple

a template due to its clear staining. Staining was not always consistent between tissues: &
splenocytes stained the most clearly they were used to set gates. This meant that gate
could be drawn reproducibly between subjects and that gating wakadidéor all tissues.

Gates for each antibody used were drawn using fluorescent minus one (FMO) controls,
which contained all of the fluorescent antibodies anllAD except the channel being
gated in order to provide a negative control for that markegate out background
fluorescence. Although more cells were retrieved from the uterine tissue treated with digest

2, a higher number of Ly6C+/CD11b+ cells were consistently identified from uterine tissue
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treated with digest 1, making it a more effectiveedigat liberating myeloid cells of
potential interest (Figure 3.68). Although digest 2 appeared more effective for cervix,
higher quality uterine horn results were pursued as this formed the main focus of the

project.

3.7. Experimental design for the @w cytometric analysis of myeloid cells
(CD45+CD11b+) cells in pogtartum and NP mice.

The sections above aimed to find a method to accurately analyse myeloid cell abundance i
the uterine horn in the early pgsartum period. gR-IPCR was used to analysgpression

of chemokines and myeloid cell markers between HDPPP, and although this was
useful for assessing chemokine expression, it was seen as far inferior to flow cytometry in
analysing the presence of specific leukocyte subsets. A digestion premxaevised in

order to analyse leukocytes by flow cytometry from the uterine horn and the cervix.
Although digest 1 was chosen as the method to take forward, it had to be adapted becaus
the type of Liberase originally used was not available. Insteatbefase Blendzyme,&n
equivalent product was used, nameéliperase Blendzyme TM. One observation from
these early experiments was that spleen had a much more defined pattern of antibod
staining which was distinct from that seen in the uterine horncandx, indicating that
different cell types were present or perhaps that tissue digestion and disruption had som
effect on the cells that were liberated. With no other method of tissue dissociation
available, this potential confounding factor had tabeepted. Spleen staining was used to
define gates in these and future experiments because too few cells were retrieved fron
reproductive tissues to allow for staining controls and because placing gates on more
robustly defined populations reduced the afttity in this practice between experiments.
Nonetheless, despite the technical difficulties associated with preparing solid tissues for
analysis by flow cytometry, it was felt that the application of this technique to the analysis
of cells in reproductig tissues was a major advance and was subsequently used to provide

detailed insights into the specific cell types present during theppostm period.

Thus,armed with an optimised digestion protoasing DNase | and Liberase Blendzyme
TM, | sought b analyse myeloid cells in the uterine horn and cervix in NP mice, and at
1DPP and 7DPP. Monocytes and macrophages were an important cellular focus of the
work, so antibodies against Ly6C, F4/80 and CD115 were included along wHG R4

and aniCD11bin the cell staining cocktail. Peripheral tissues were also examined in

order to determine both local and systemic responses during thegotasth period. There
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was also the opportunity to examine expression of CCR2 by flow cytometry, which was of
particular interest. In our lab it had been discovered that it was difficult to reliably detect
CCR2 using available anGCR2 antibodies, and an alternative method using fluorescently
conjugated CCLAF647 had been developed. Internalisation of this cheraokwn
leukocytes gives an indication of their expression of CCR2, which can be verified by using
cells from CCR2 KO mice as controls. Thus, to investigate CCR2 activity in the monocyte
and macrophage populations in reproductive and peripheral tissuds,cglhguspensions

of these tissues were incubated with CEAR647 before being labelled with fluorescently
labelled antibodies. Cells were then assessed by flow cytomiiiy. 1DPP and 7DPP
samples from WT mice were analysed in the first instancettendata then compared to
that generated from similar experiments performed on cohorts of CCR2 KO mice. Below
the findings of this study are presented, first broadly focussing on myeloid cells
(CD45+CD11b+), then specifically on monocytes and macrophagesfinally the results

relating to other CD11b+ myeloid cells are presented.

3.8. Large increase in myeloid cells in the uterine horn at 1DPP.

To facilitate the analysis of myeloid cells (CD45+CD11b+) in reproductive tissues, gates
were first drawn ugag spleen samples to remove small cell fragments and cells on the
extremes of each of the physical characteristics (Figure 3.7A). Dead cells were then
excluded as -AAD+ and then CD45+ cells gated to identify the leukocytes in the
preparation (Figure 3.7A Subsequent gates were drawn from these CD45+ cells to
identify specific leukocyte cell types. Reproductive tissue samples were analysed using
these same gates. Using this approach, the first clear difference was that at 1DPP at lea
11fold more CD45 cells were retrieved from the uterine horn compared with a NP
uterine horn (Figure 3.7B). There was also a significant increase in the number of
leukocytes retrieved from the cervix at 1DPP (Figure 3.7B). The number of CD45+ cells
significantly decreagk at 7DPP compared with 1DPP in both uterine horn and cervix
(Figure 3.7B). From this CD45+ population a gate was drawn to identify CD11b+ myeloid
cells (Figure 3.7A). Most of the CD45+ cells in the uterine horn and cervix in NP, 1DPP
and 7DPP expressed QLb (Figure 3.7C). In the uterine horddd more CD11b+ cells

were retrieved at 1DPP than from NP mice and at 7DPP this was back down to
approximately NP levels. No significant change in CD11b+ cell number was seen in the

cervix between the time poinssudied.
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The striking increase in cells retrieved from the uterine horn, and to a lesser extent the
cervix, at 1DPP is most likely linked to a certain degree to an increase in the overall size of
the tissue. Although some of this increase may be duectd leukocyte proliferation,
many of these cells have presumably been recruited from the blood at some point over the
course of preghancy up to 1DPP, and these cells are lost as the uterine horn contracts
7DPP. The constituents of the myeloid comparimin the uterine horn and cervix
changed between NP, 1DPP and 7DPP. The data relating to a specific cell type are
presented as the total number of cells retrieved, but also as a percentage of the entir
CD45+ population because this gives an indicatiowhether that cell type becomes over

or undefrepresented in the myeloid compartment of reproductive tissues during the post
partum period. Lymphoid tissues and blood were also examined in a similar way to

compare local and systemic changes duringptdstpartum period.

3.9. Monocytesand macrophagesare abundant at 1DPP in the uterine horn

Following selection for cells expressing CD45 and CD11b, SSC was plotted against anti
Ly6C staining. An inverted L shape gate was drawn for monocytes and magespto
selectLy6C+SScointermediate (a5 (Figure 3.8). This gate was designed using the spleen
sample to capture most of the cells that could be described as monocytes or macrophage
and avoided cells that were too granular to be monocyte/piaages, especially
Ly6C™SSC™ cells that were likely to be neutrophils (see below). All the cells in this
inverted L-shaped gate expressed F4/80, which is found on monocytes, and which is more
highly expressed by tissue macrophages. Staining of blesdused to set the gate for
macrophages. Macrophages are absent from blood, so applying this gate to reproductiv
tissues would identify those cells that are F4/80hus, for this study, resident
macrophages were defined as CD45+CD11b+8%e4/80". Ly6C° monocytes were
CD45+CD11b+SSEMF4/80°Ly6C® and  Ly6C"  monocytes  defined  as
CD45+CD11b+SSE™F4/80°Ly6C". Representative images for these gates in uterine
horn tissue are included in Figure 3.8A. Although discrete populations are nog¢rappar

the Ly6C/SSC plot of uterine horn, the majority of cells in the invertesthdped gate
expressed F4/80, consistent with a monocyte/macrophage identity. Clearly these cells only
represented a small proportion of CD11b+ cells in the uterine hortharshme was true

in the cervix.

Mirroring the increase in CD11b+ cells in 1DPP uterine horn, substantially greater

numbers of Ly6€ monocytes, Ly6& monocytes and macrophages were retrieved from
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1DPP uterine horn than from NP or 7DPP samples (Fig@eaight). Interestingly, when
presented as a percentage of CD45+ cells, only Py@Gnocytes showed evidence of
being specifically enriched in the myeloid cell compartment of 1DPP uterine horn
compared to NP animals, although there was a marked reductihe representation of

all three cell types in the CD45+ population by 7DPP when compared to 1DPP (Figure 3.9,
left). In the cervix, although significantly more LyB@nonocytes were retrieved from

1DPP tissue compared with 7DPP, no other statistisggnificant differences were seen.

Monocytes and macrophages were also enumerated in lymphoid tissues (spleen, BM
PALN) and blood taken at the same time as the uterine horn and cervix. This enabled
investigation into whether the striking increasahese cells in the 1DPP uterine horn was
mirrored by changes in their abundance elsewhere in the mouse (i.e. were these local c
systemic changes?) or whether it led to their depletion from other tissues. The staining
profiles of spleen, blood, BM, PALNated for resident macrophages, L{6@onocytes,
Ly6C" monocytes (Figure 3.9A, gates [2], [3] and [4] respectively) differ slightly: gates
were drawn as in Figure 3.8 to ensure consistency between tissues. In short, very fev
differences were found irhése tissues between samples from NP, 1DPP or 7DPP mice
(Figure 3.9), although there was an increase in the number of°Ly®@ocytes in the BM

at 1DPP compared to NP, and an increase in the percentage of BM CD45+ cells classifiet
as Ly6C" monocytes at PP vs NP. Thus, despite thebstantiaincrease in monocytes

and macrophages in the 1DPP uterine horn, no major changes in these cells were see

elsewhere in mice at this time.

Collectively, these results clearly demonstrate that monocytes and maymsphee
abundant in the uterine wall at 1DPP, far exceeding the numbers found in NP uterine horn
and that these cells hagenefrom the uterine horn by 6 days later (7DPP). This appears
to have minimal impact on these populations of cells elsewhehe imbuse. In addition,

the data suggest that Ly§@onocytes are increased as a proportion of leukocytes present
in 1DPP uterine horn.

3.10. CCL2-AF647 uptakeisat its lowest at 7DPP in reproductive tissues

Ligands for CCR2 are good candidates farediing the migration of monocytes into
reproductive tissues in the pgsrtum period, and these cells have the potential to
generate tissue macrophages. To do this, CCR2 needs to be expressed on the migratir

cells. To investigate CCR2 expression in mmyie and macrophage populations in
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reproductive and peripheral tissues, single cell suspensions of these tissues had bee
incubated with CCL2AF647 before being labelled with fluorescently labelled antibodies.
Thus, |1 was able to explore whether thesescgtiowed any evidence of CCR2 expression.
Figure 3.10A shows typical fluorescence histograms for monocytes and macrophages ir
the spleen and uterine horn. Compared to splenocytes that were incubated in the absence
CCL2-AF647, Ly6C" monocytes and resédit macrophages in spleen and uterine horn
showed high levels of CCLRF647 uptake, indicative of expression of CCL2 receptors
(Figure 3.10A). In contrast, LyéGmonocytes displayed relatively little fluorescence.

CCL2-AF647 uptake by monocytes and n@anages was analysed in a range of tissues
from NP, 1DPP and 7DPP mice (Figure 3.1DC A subset of Ly6€ monocytes
internalised CCL2AF647 in the pospartum period in all samples, but, compared with NP
animals, at 1DPP and 7DPP fewer uterine horn [Y&®nocytes were CCL-AF647+,

and total fluorescence was lower in these cells at these time points (Figure 3.10B). In the
cervix, fluorescence of Ly6€monocytes was also reduced at 7DPP compared with NP
mice (Figure 3.10B, right). In contrast, essehtiall Ly6C" monocytes were CCL-2
AF647+ in spleen, blood and BM. In uterine horn and cervix, the large majority of'Ly6C
monocytes were also CCL&F647+. However, the proportion that were CCAR647+

was significantly reduced at 7DPP, compared withaiPnals (Figure 3.10C, left), and in

the uterine horn, the total CC1&F647 fluorescence of Ly6tmonocytes was reduced at
1DPP and 7DPP, compared with NP uterine horn (Figure 3.10C, right). A large proportion
of resident macrophages internalised C&\E647+ and this increased in the cervix at
1DPP, compared with NP and 7DPP animals (Figure 3.10D, left). In the uterine horn,
although the proportion of macrophages that were GEE@47+ was unchanged between
groups, the total fluorescence in these cellslaagr at both pospartum time points than

NP animals (Figure 3.10D, right). However, it was notable that cells in the macrophage
gate consistently contained cells that had the GREB47 uptake profile of Ly6&
monocytes so it is possible that the restdemacrophage gate was contaminated with a
fraction of Ly6C' monocytes, although the inclusion of additional markers would be
required to verify this.

These data suggest expression of CCR2 by monocytes present in reproductive tissues al
elsewhere. Thig not unexpected, but it is possible that CAAR647 is internalised into
these cells by the scavenger receptor D6, which also binds CCL2, or by mechanisms tha

do not involve chemokine receptors. This could be examined by including unlabelled
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chemokinessuch as CCL22, to specifically compete away anynig@liated CCL2AF647
uptake activityHansell et al., 201)bAlternatively, CCR2 KO animals could be usedhas
control to confirm that CCL-AF647 uptake by WT cells was CCR2 dependent. Data

relating to this are shown in section 3.11.

3.11.CCR2 deletion dramaticallyeduces CCL2-AF647 internalisation in monocyte and
macrophage populations in the reproductivett and peripheral tissueat 1DPP.

Determining CCR2 dependence was key to understanding the significance of CCL2
AF647 internalisation. Thus, data from WT mice 1DPP from Figure 3.10 were compared
to data generated from 1DPP CCR2 KO mice in order tardete how CCR2 affected
CCL2-AF647 internalisation by these cells in reproducthissues.As with the WT
animals, the pogpartum animals examined had just completed their first pregnancy.
Ly6C"° monocytes, internalised a fairly low amount of CEAR647 n WT miceat 1DPP,

but still exhibited a considerable reduction in proportion and fluorescence of-CCL2
AF647+ Ly6C° monocytes in CCR2 KO uterine horn and cenfiig(ire3.11A-B). In the
absence of CCR2, and both the uterine horn and the ceniby6C" monocytes shoed

an even more dramatic reduction in the percentagelts that were classified &CL2-
AF647+ and in the extent o€ECL2-AF647 uptake(Figure 3.11C). Similarly significant
reductions were seen in the CGRE647+ fraction of resident magbages, in both
reproductive tissueg-igure 3.11D, left).A similar analysis was also undertaken PP
peripheral tissues from WT and CCR® mice, which clearly demonstrated that CEL2
AF647 uptake by Ly6€ monocytes, Ly6€& monocytes, and macrophagess largely
dependent on CCR2 (Figure 3.12). These data firmly support the idea that monocytes an
macrophages in paeglartum reproductive tissues and elsewhere express C&fi2that

this CCR2 is capable of binding CCL2

3.12. Increases in the propoibns and numbers of granulocytes in reproductive tissues
over the pospartum period.

Similar analyses to those performed above were then undertaken on other CD11b+ cel
populations in the reproductive tissues, lymphoid tissues and blood from NP, 1DPP and
7DPP animals. The swell in numbers of myeloid cells in the uterine horn, and the elevated
expression of the eosinophil marker MBP during the -pastum period (Figure 3.5,
Figure 3.7), suggested that the size of granulocyte populations could vary roétRee
1DPP and 7DPP. Although the antibody panel used in the flow cytometry had been

primarily designed to identify monocytes and macrophages, it also allowed eosinophils to
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be identified as CD45+CD11b+Ly6SSC'CD115 cells (Rose et al., 2032 and
neutrophils as those cells with a CD45+CD11b+L{&SC"CD115 phenotypegRibeiro-

Gomes et al., 203qFigure 3.13AB). Lack of CD115 expression by these cells allowed
monocyte contamination to be reduc@dose et al., 2092 If more flow cytometry
channels had been available, then more specific markers for these subsets could have be
included, although it was considered that the cell populations defined above would
primarily contain eosinophils and neutrophils. However, tiesgnce of small populations

of other contaminating cells cannot be excluded.

Eosinophils and neutrophils were far more abundant than monocytes and macrophages i
the uterus and cervix at all time points (Figure 3-L3C The number of eosinophils and
neutrophils retrieved from the uterine horn increased significantly in the uterine horn at
1DPP compared with the other groups, and, although the proportion of CD45+ cells
defined as eosinophils was not different between the three groups, neutrophdemneute

a far greater fraction of the CD45+ population at 1DPP compared to NP or 7DPP (Figure
3.13GD). There were also fewer total neutrophils retrieved from the cervix at 7DPP,
compared with 1DPP (Figure 3.13D, right), and eosinophils comprised a draetien of

the CD45+ population in the cervix at 7DPP compared with NP.

Data from spleen, blood, BM and PALN were also analysed using the same gates (Figure
3.14) with cell definitions remaining constant in each tissue. Eosinophils were far less
abundan in these tissues than in the uterus and cervix. Compared to NP and 1DPP, &
significantly higher proportion of CD45+ cells in the spleen at 7DPP were classified as
eosinophils, which was also mirrored by the absolute numbers (Figure 3.14C). Eosinophils
were significantly higher at 7DPP, compared with NP in the PALN (Figure 3.14C). The

level of neutrophils in the spleen and PALN remained constant in terms of proportion and
numbers over the pegartum period (Figure 3.14D), although a greater proportion of

CD45+ BM cells were neutrophils at 1DPP compared to NP.

Thus, eosinophils and neutrophils are abundant in the uterine wall at 1DPP, far exceeding
the numbers found in NP uterine horn. These cells have disappeared from the uterine hor
by 6 days later (7BP). Eosinophil humbers also increase in the spleen during the post
partum period. In addition, the data show that neutrophils represent a greater proportion o
the leukocytes present in 1DPP uterine horn compared to NP and 7DPP.
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3.13.Low level CCR2dependentinternalisation of CCL2-AF647 by some granulocyte
populations

Granulocytes were also tested for their ability to internalise GEE@47. Although
eosinophils and neutrophils are generally not thought to express CCR2, it has been seen i
some infammatory or other specific situatiofBorchers et al., 2002Hartl et al., 2008
Johnston et al., 199%Reichel et al., 20Q6Souto et al., 2011Yang et al., 201R In the
spleen, eosinophils showed some CEAR647 uptake whereas this activity in neutrophils
was almost superimpable on the negative control. However, in the uterine horn
neutrophils and eosinophils had similar fluorescence profiitsclear evidence that these
cells could internalise CCLAF647 (Figure 3.15A). Very few differences in granulocyte
CCL2-AF647 internalisation were found over the ppattum period, although the
proportion of CCL2AF647+ eosinophils in the cervix wagysificantly lower at 7DPP
compared with NP and 1DPP cervix (Figure 3.15B, left). The CCR2 dependence of CCL2
AF647 uptake was analysed at 1DPP by comparing WT data from Figure 3.15 with CCR2
KO data. In the absence of CCR2, fewer neutrophils in repreguiitisues were capable

of internalising CCL2AF647, and fewer cervical eosinophils were classified as €CL2
AF647+ (Figure 3.16B), indicating that subsets of these cells expressed CCR2 in WT

reproductive tissues.

The CCR2 dependence of CGRE647 uptakeby granulocytes in lymphoid tissues and
bloodwasalsoanalysed at 1DPP by comparigr data from Figure 3.15 with CCR2 KO
data.The data were extremely variable between individual mice, and choosing an image
representative of all the individuals was diffit. Moreover, and particularly for
eosinophils, it was difficult to make a judgement about whether uptake was CCR2
dependent in peripheral tissues and perhaps the analysis of higher numbers of mice i
required before a firm conclusion could be drawn. &tbaless, in the WT BM a
significantly higher percentage of eosinophils were CBEB47+ in WT mice compared

with CCR2 KOs (Figure 3.17/), suggesting that a small population of eosinophils
express CCR2 in WT animals. In addition, greater numbers ofopduiss in the PALN of

WT mice appeared to internalise CGRAE647 than those neutrophils present in the PALN

of CCR2 KO micgFigure 3.17A and C).
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3.12. CCR2 deficient micenave far fewer myeloid cells in their uteri than WT micat

1DPP.

The data soar demonstrate that: (i) the expression of C@R®ling chemokines peaks at
1DPP in the uterine horn; (ii) eosinophils and neutrophils are abundant in the 1DPP uterine
horn, and a subset of these cells appear to express CCR2; and (iii) there is aleage inc

in CCR2expressing monocyte/macrophage cells in the 1DPP uterine horn. These
observations led naturally to the question of whether CCR2 was required for these cells tc
be present in the uterus and cervix. Thus, NP, 1DPP and 7DPP uterine hornvand cer
from CCR2 KO mice were investigated and the proportion of CD45+ cells defined as
monocytes, macrophages, eosinophils and neutrophils was calculated, along with the tota
number of each cell type retrieved. These data were then compared to the essulited

from WT mice that have been presented above.

The first striking observation was that far fewer CD45+ cells were retrieved from the
uterine horn of 1DPP CCRRO mice compared with WT counterparts. Thias less
apparent in NP uterine samples avak not seen with 7DPP uterine horn, or the cervix at

any timepoint. Individual myeloid subsets were then compared in detail in these tissues.

3.12.1 Monocytes and macrophages

In NP uterine horn, there were no significatifferencesin the number of ¥6C°
monocytes, Ly6€ monocytes, or macrophages retrieved between strains, although these
cells represented a greater proportion of the CD45+ @&tisire 3.18) At 1DPP, all these

cell types were retrieved in far greater numbers from WT mice compafe@R2 KO, but

only Ly6C" monocytes represented a greater proportion of the CD45+ cells present at this
time. No effect of CCR2 deletion was seen at 7DPP, and there was no significant impact of
CCR2 deletion on Ly6€ monocytes or macrophages in the cerviHowever, Ly6¢
monocytes were more common in the NP cervix of WT mice than CCR2 KOs, both in
terms of the number retrieved and the proportion of CD45+ cells that they represented
(Figure 3.18D). Moreover, compared with CCR2 KO, greater numbers of [y6C
monocytes were retrieved from WT cervix 1DPP (Figure 3.18D, right) but this was only of
borderline significant when they were examined as a proportion of CD45+ cells (p=0.052,
Figure 3.18D, left). The number of macrophages in the cervix also appedreddduced

in CCR2 KO mice, but this failed to achieve statistical significance.
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Peripheral blood and lymphoid tissues had also been harvested from 1DPP CCR2 KO mice
and these samples were analysed for the various myeloid subsets that had begatewesti

in the reproductive tissues. WT 1DPP data from Figure 3.9 were compared to the 1DPF
CCR2 KO data to determine how CCR2 affected the abundance of these cells in periphera
tissues. As expecte@erbina and Pamer, 2006.y6C" monocytes wereeduced in the
spleen and blood of CCR2 KO mice (Figure 3.19). The proportion of CD45+ leukocytes
in the spleen that were LySGnonocytes was over three times in WT mice than in those
lacking CCR2, and, even more dramatically, in WT mice the total numbéy6C"
monocytes in the spleen at 1DPP was over 6 times that of the CCR2 KO mice (Figure
3.19B). In the blood of WT mice, the frequency of Ly6@onocytes amongst CD45+
cells was over seven fold higher than that seen in CCR2 KOs (Figure 3.19B).lyNotab
however, from my data it seems that these cells were not retained in the BM of CCR2 KO
mice where they are reported to get stalled in these an{®albina and Pamer, 2006n
addition to these changes in LyB@onocytes, the WT spleen comted nearly four times

the number of Ly6€& monocytes as spleens from CCR2 KO mice (Figure 3.19A). Results
for resident macrophages were variable due to the fact that relatively few were found using
the method employed, although the number of resident plagges was higher in the WT
spleen, compared with the CCR2 KO (Figure 3.19C, right).

3.12.2 Eosinophils and neutrophils.

The proportion of CD45+ cells in the uterine horn identified as eosinophils or neutrophils
was similar between WT and CCR2 KO (Fig8.20A, left). However, at 1DPP, greater
numbers of eosinophils and neutrophils were retrieved from WT uteri than from equivalent
samples of CCR2 KO tissue (Figure 3.20A, right), and more neutrophils could be isolated
from the WT cervix at this time coraped to CCR2 KO.

CCR2 deficiency had no impact on eosinophil or neutrophil abundance in spleen, blood or
PALN. However, CCR2 deficiency was associated with an increased number of
eosinophils in the BM (Figure 3.21A). The proportion of neutrophils alsceased in
CCR2 KO BM, compared with WT (Figure 3.21B). This was surprising, and indicated that
CCR2 activity might negatively regulate populations of granulocytes in the BM. Previous
studies that have reported that Ly6@onocytes are retained in CCR2 K&M (Serbina

and Pamer, 2006did not show data for other BM cell types and it is possible that the
impact of CCR2 deficiency on eosinophils is specific to animals at 1DPP.
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Thus, CCR2 deficiency was associated with substantial and systemic chantes
distribution and abundance of monocytes, macrophages and other myeloid cells in NP

mice and during the paegiartum period.

3.13. Plasma L2 levelsare higher in CCR2 KO than WTmice

During the preparation of blood for flow cytometry, plasmd baen isolated and stored.
Previous reports have shown a role for CCR2 in scavenging Q@ilfe et al., 201Pand

CCR2 KOs have been shown to exhibit higher levels of CCL2 in pléSaraona et al.,
2008. Thus, Luminex technology was used to measiuremokine protein in plasma
harvested from NP mice, and from mice 1, 4 or 7 days-jarstim (Figures 3.22 and
3.23). CCL2 and CCL3 were investigated because (i) uterine expression of the genes
encoding these chemokines was higher during the-gaotim peiod than in house
measurements of NP samples (Figure 3.4), and (ii) they were compatible to be measured ¢
the same time with the kits available. In the NP mice, and consistent with the previous
reports(Cardona et al., 2008CCR2 KO mice had roughly double the amount of CCL2
protein in their plasma, compared to WT mice (Figure 3.22A). A significant difference was
also seen at 1DPP (Figure 3.22B) and at 4DPRuf€i§.22C), showing this phenotype
was still seen during the early pgmrtum period. At 7DPP however there was no
difference between the WT and CCR2 KO levels of CCL2 in plasma (Figure 3.22D). In
contrast to CCL2, systemic CCL3 levels were not signitigadifferent between WT and
CCR2 KO mice at any of the time points (Figure 3.Z3A Levels of the chemokine also
appeared not to fluctuate in the plasma over thegarstim period in contrast to what was

seen for mMRNA gene expression in the uterine (Bigure 3.4).

3.14.Summary
In this chapter | have described my investigations of myeloid cell populations in
reproductive and peripheral tissues using techniqgues such asP@QRTand flow
cytometry. The main hypotheses were that monocyte and macrophbgets would be
recruited to pospartum reproductive tissue and that this infiltration would be reliant on
CCR2. The main findings of this chapter were:
1 Myeloid cells are abundant at 1DPP and there is a clear increase in cells retrieved
from the uterinéhorn at this time. The retrieved number of cells falls to NP levels
at 7DPP. Enlarged populations of monocytes and neutrophils are responsible for the

increase in myeloid cells in this tissue at 1DPP.
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1 Secondary lymphoid tissues and blood did not displagyrthanges between NP,
1DPP and 7DPP populations of myeloid cells, except ['y®&@nocytes and
neutrophils, which were increased in BM at 1DPP compared to NP mice.

1 At 1DPP, all myeloid cell populations studied contained at least some cells that
expressedCCR2 in either uterine horn or cervix. In peripheral tissues monocytes
and macrophages isolated at 1DPP expressed CRIR2CCR2 expression by
granulocytes at this timpoint was influenced by the tissue studied. As expected,
Ly6C" inflammatory monocytesdemonstrated the strongest CCR2 activity,
compared to the other myeloid subsets, in all tissues studied. At 1DPP, far fewer
myeloid cells were retrieved from the uterine horn of CCR2 KO mice, compared to
WT controls. Ly6¢' monocytes were particularly stigly affected by CCR2
deletion. There was also an absence of L'{/&@@nocytes in the blood and spleen
of CCR2 KO mice, whereas granulocytes were increased in the BM when CCR2
was deleted.

T In NP mice and in the early pgsartum period, CCL2 was increasedhe plasma
of CCR2 KO mice, compared to WT mice. However, at 7DPP circulating CCL2
was equivalent between WT and CCR2 KOs. No CCR2 dependent difference was
seen in levels of circulating CCL3.

These data support the ideaanfinflammatory infiltrate cotaining myeloid cells in the
uterine horn in the early pepartum period and highlight the role of CCR2 in this process.
These observations are discussed in greater depth in the Discussion in Chapter 7. Chapt
4 continues this work by describing T lcgbpulations in reproductive and peripheral

tissues in the pogtartum period and further tests CCR2 activity on these cells.
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Figure 3.1.Expression of the gene encoglithe macrophage marker F4/80 in detachment
sitesis not affected by deletion of chemokine receptors that drive monocyte migration
Investigation into expression of monocyte and macrophage markers in WT, CCR2 KO and
CX3CR1 detachment sites in thiterine Horn (UH) of ex-breeder mice. Expression was
calculated as 100#2 'wh er e FETFE T to establish target expression as a
percentage of expression of the endogenous control. (A) Representative photograph of Ut
demonstrating detachment sites Igiap in the tissue. (B) Number of detachment sites on
the tissue per mouse following one pregnancy in WT (n=13) and CCR2 KO (n=18)
females. (CYE) Expression of markers in detachment sites of WT (AE)2 CCR2 (n=6

7) and CX3CR1 (n=4); F4/80 (C), CX3CRD) and CCR2 (E). Data were presented as
mean + SEMSt ati sti cal anal ysi s was-testarromevag d o
ANOVA as appropriate, **p<0.01.
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Figure 3.2.No specific enghment in expression of genes encoding cell markers in
detachment sites.

Uterine horn tissue without detachment sites (UH), uterine horn tissue with detachment
sites (DS) and Cervix (C) and were compared for gene expression of cells markers in ex
breedergn=12-13). Expression was calculated as 100x&vh e r e  FETCFLTF"

to establish target expression as a percentage of expression of the endogenous contre
Gene expression relative to GAPDH of: (A) F4/80 (B) CRaYCD3(D) FoxP3(E) MBP

(F) NGP. Each set of linked points represents expos$iom one individual. Statistical
anal ysis was carried out by a Friedman t

hoc test, not significant.
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Figure 3.3 Alterationof the structure othe uterine brn in the pospartum period

Uterine horn tissue was removed from WT females at 1DPP (A), 7DPP (C) and from ex
breeders (D). Tissue was fixed, processed and embedded before being cut and stained wi
haematoxylin and eosin by Jim Reilly (Institute ofdction, Immunity & Inflammation,
University of Glasgow). The myometrium and endometrium can be clearly identified in all

stages of the postartum period.
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Figure 3.4 CCR2binding chemokingeneexpressiorvariesin the uterine horrover the
postpartum period

Geneexpression ofCCR2 binding chemokineis the UH of mice at 1DPP (n=5), 4DPP
(n=6) and 7DPP (n=5) after their first pregnancy. Expression was calculated a&100x2
wher e CHETCFA"PH to establish target expression as a percentage of expression
of the endogenous contralA) CCL2 (B) CCL3 (C) CCL7 (D) CCL12Results are
presented as mean+SERitatistical analysis was carried out by aveey ANOVA with a
Tukey posttest, **p<0.01 ***p<0.001. NP samples were produced and processed by
Fiona Menzies and Abdul Khgbstetrics and Gynaecology, University of Glasgaw)
re-analysed for this project.

144



>
w

F4/80
CX3CR1

I 10,
s 5 o
o S
] O e o == Non-pregnant
o e 151 expression
2 Non-pregnant 0
g expression i
= [
: c
] 5
@ 3

w

4DPP 1DPP 4DPP 7DPP

CCR2

MBP

. Non-pregnant
. Non-pregnant expression

expression

Expression (%) relative to GAPDH

Expression (%) relative to GAPDH

1DPP 4DPP 7DPP

m

NGP

0.104

0.08+

0.064

0.04+
Non-pregnant
expression

Expression (%) relative to GAPDH

1DPP 4DPP 7DPP

Figure 3.5. Kpression ofgenes encodingnonocyteand macrophage markerdoes not

vary over the pospartum period.

MRNA expression of myeloid cell markers in tbél of mice in at 1DPP (n=5), 4DPP
(n=6) and 7DPP (n=5) after their firstegnancyExpression was calculated as 108%2
wher e o®EGTEP" to establish target expression as a percentage of expression
of the endogenous control. Gene expression relative to GAPDH: (A) F4/80 (B) CX3CR1
(C) CCR2 (D)MBP (E) NGP. Data psented as meanzSEM. Statistical analysis was
carried out by onevay ANOVA with a Tukey postest, *p<0.01.NP samples were
produced and processed by Fiona Menzies and Abdul Khan (Obstetrics and Gynaecology

University of Glasgow) and fanalysed for thiproject.
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Figure 3.6.0ptimising digestion techniques for liberating Ly6C+CD11b+ cells from the
uterine horn

Two digests were tested for their ability to liberate Ly6C+CD11b+ cells from the NP UH.
Digest 1, Liberase + DNase 1. Digest 2; hyluronidasellagenase + DNase 1. A) Gating
strategy for all tissues shown for splenocytes. Physical gate removes cells at the extreme
(top; unstained cells, bottom; stained cellSAAD negative live cells (top; unstained
cells, bottom, stained cells), Ly6C+/CO#4 quadrant is a simple gate for monoelke

cells (top; FMO controls). Gates placed on spleen cells were used for all tissues. B)
Ly6C/CD11b staining for spleen and digested UH and cervix for both protocols. C) Table
showing numbers of cells from the Utdat were retrieved, gated as live and stained
Ly6C+/CD11b+ in the two digest conditions.
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Figure 3.6.0ptimising digestion techniques for liberating Ly6C+CD11b+ cells from the
uterine horn(legend opposibe
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Figure 3.7 Large ircreasein myeloid cells irthe uerine horn at 1DPP

Total leukocytes or myeloid cells in reproductive tissues in the-gaysim period,
measured by flow cytometry. (A) Representative plots of the gating strategy for detection
of CD45+CD11b+ myeloid cells by flow cytometry. Physical and live gates desnin
Figure (fig) 3.5, CD45 and CD11b gates drawn from staining in the spleen. Ly6C aided
CD11b gating by separating CD11b+ cell populations. (B) Left; CD45+ cells retrieved
from the UH and cervix of NP, 1DPP 7DPP m{pe7-12), expressed as median andRQ
Analysed by Kruskalwa |l | i s t est w4hdc ltest a0 cdmparen al syroupso s 't
*p<0.05, **p<0.01, ***p<0.001. Right; representative plots showing CD45+ gate for
1DPP UH and cervix. (C) Left; CD45+CD11b+ cells retrieved from the UH and cervix of
NP, 1DPP and 7DPP mice (n&), expressed as meanzSEM. Analysed by-wag
ANOVA with a Tukey poshoc test **p<0.001. Right; representative plots showing
CD45+CD11b+ gate from the 1DPP UH and cervix.
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Figure 3.8Ly6C° and Ly6C' monocytes @ abundantat 1DPPin the uterine horn
Measurement of monocyte amdacrophage subsets in reproductive tissues using flow
cytometry in NP females and at 1DPP and 7DPP during theppasim period (n=3%).

Cells pregated as CD45+CD11b+. (A) Representative images of gating strategy in spleen
blood and UH at 1DPP for isolah of resident macrophages, LyB@nonocytes and
Ly6C" monocytes. From the Ly6C/SSC plot an inverted L gate is drawn to capture
Ly6C+SSC™™ cells, these cells were then split based on F4/80; [1] was defined as
monocytes, F4/80cells were defined agsident monocytes [2]. Gate [1] was then split by
expression of Ly6C in the spleen, separating two clear populations°Liy@Bocytes [3]

and Ly6C'" monocytes [4]. (B) Ly6€ monocytes as a percentage of CD45+ cells (left)
and total Ly6¢® monocytes reteved (right). (C) Ly6® monocytes as a percentage of
CD45+ cells (left) and total Ly6tmonocytes retrieved (right). (E) Resident macrophages
as a percentage of CD45+ cells (left) and total resident macrophages retrieved (right). Datz
presented as meaBEM. Statistical analysis was carried out by-eray ANOVA with a

Tukey posttest, *p<0.05, **p<0.01.
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Figure 3.9.Monocyteand macrophage subsets renainargely unchanged in the pest
partum period in peripheral tissues

Measurement of monocyte and macrophage subsets in spleen,Bdadd PALN in the
postpartum period using flow cytometry (n8). (A) Representative gating as in fig 3.8.
Absolute numbers were calculated by taking a live cell count and multiplying the
proportion of the population as a total of live cells. (B) L{&Bonocytes as a percentage

of CD45+ cells (left) and absolute numbers of L{6monocytes (right). (D)Ly6C"
monocytes as a percentage of CD45+ cells (left) and absolute numbers of Ly6C
monocytes (right). (E) Resident macrophages as a percentage ofr CBHS (left) and
absolute numbers of resident macrophages (right). Data were presented as meanzSEN

Statistical analysis was carried out by -avey ANOVA with a Tukey postest, *p<0.05.
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Figure 3.10CCL2AF647uptakeis at its lowest at 7DPP in peoductive tissues

Uptake of fluorescent CCL2 was measured by flow cytometry in spleer5n+tH (n=3

5), cervix (n=35), blood (n=45), BM (n=45), PALN (n=45) and in NP, 1DPP and 7DPP
mice. Cells were incubated with CCI&F647 for 65mins. Gates areasvn as in fig 3.8.

(A) Typical histogram of fluorescent CCL2 uptake of monocyte and macrophage
populations in the spleen, with the FMO (no CCL2) control for the total CD11b population
shown in red. (B) Left; Proportion of LyéCmonocytes internalising AQ. Right;
geoMFI of CCL2+ Ly6¢ monocytes. (C) Left; Proportion of Ly8CTmonocytes
internalising. Right; geoMFI of CCL2+ Ly8tmonocytes. (D) Left; Proportion of resident
macrophages internalising. Right; geoMFI of CCL2+ resident macrophages. Data were
presented as mean+SEM. Statistical analysis was carried out wyagn&NOVA with a
Tukey posttest, *p<0.05 **p<0.01.
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Figure 3.11.CCR2 deletion dramatically reduc&3CL2 internalisation in monocyte and
macrophage populations in the reproductive tract at 1DPP

Uptake of fluorescent CCL2 was maesd by flow cytometry in UH (n=5) and cervix
(n=3-5) at 1DPP in WT and CCR2 KO mice. Cells were incubated with CAR&47 for
65mins. Gates are drawn as in fig 3&8) Typical histogram of fluorescent CCL2 uptake

of Ly6C° monocyte (left), Ly6® monogte (centre) and resident macrophage (right)
populations in the UH. A representative WT profile is shown in blue and a representative
CCR2 KO profile is shown in orange. The FMO (no CCL2) control for the total CD11b
population for the spleen is shown irdras a negative contrq|B) Left; Proportion of
Ly6C"° monocytes internalising CCL2. Right; Geometric mean fluorescence intensity
(geoMFI) of CCL2+ Ly6¢ monocytes.(C) Left; Proportion of Ly6¢& monocytes
internalising. Right; geoMFI of CCL2+ LyBtmorocytes.(D) Left; Proportion of resident
macrophages internalising CCL2. Right; geoMFI of CCL2+ LY6€sident macrophages.
Data are presented as meantSEM. Statistical analysis was carried out by unpairec
St udetng Hts wi t h a We |l giuldvariances where apprapriate *p&0db
**n<0.01 ***p<0.001.
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Figure 3.12. CCR2 dependent CCLRF647 internalisation by monocytes and
macrophages in peripheral tissuas1DPP.

Uptake of fluorescent CCL2 was measured by flow cytometry in spleen5)n48ood
(n=35), BM (n=3-5) and PALN (n=25) at 1DPP. Cells were incubated with CCAB647

for 65mins. Gates are drawn as in fig 38) Typical histogram of fluorescent CCL2
uptake of Ly6¢ monocyte (top) and Ly6&monocyte (middle) and resident macrophage
(bottom) populatias. A representative WT profile is shown in blue and a representative
CCR2 KO profile is shown in orange. The FMO control for the total CD11b population for
the spleen is shown in red as a negative control. Resident macrophage populations wer
negligible h blood and PALN. (B) Left; Proportion of LyéCmonocytes internalising
CCL2. Right; Geometric mean fluorescence intensity (geoMFI) of CCL2+ Py6C
monocytes(C) Left; Proportion of Ly6¢& monocytes internalising CCL2. Right; geoMFI

of CCL2+ Ly6C" monogrtes. (D) Left; Proportion of resident macrophages internalising
CCL2. Right; geoMFI of CCL2+ resident macrophadaata are presented as meantSEM.
Statistical anal ysis was-teatriwedhowat Wey c

for unequal vaances when appropriate *p<0.05 **p<0.01 ***p<0.001.
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Figure 3.13Increases in the proporti@of granulocytes in reproductive tissues over the
postpartum period.

Measurement of granulocytes in reproductive tissues using flow cytometry stained for
CD45, CD11b, Ly6Cand CD115 in NP, 1DPP and 7DPP mice {34 (A) Gating
strategy based on splenocytes for isolation of eosinophils and neutrophils. Cells gated fol
CD11b+ were then split by Ly6C/SSC with LyBESC" cells [1] then being gated as
CD115 to remove monocyteand macrophages, these cells were defined as eosinophils
for this study. Ly6&'SSC™ [2] cells were also gated as CD11&nd these cells were
defined as neutrophils. (B) A representative image of Ly6C/SSC for UH (left) and cervix
(right) at 1DPP. (C) L& Eosinophils as a percentage of CD45+ cells. Right; Eosinophils
retrieved. (D) Left; Neutrophils as a percentage of CD45+ cells. Right; Neutrophils
retrieved. Data presented as mean+SEM. Statistical analysis was carried outvigyone
ANOVA with a Tukeyposttest, *p<0.05, **p<0.01 ***p<0.001.
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Figure 3.13Increases in the proporti@of granulocytes in reproductive tissues over the

postpartum period(legend opposite)
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Figure 3.14Peripheral tissues show changes in proportions of neutrophils and eosinophils
in the postpartum period

Measurement of eosinophils and neutrophils in spleen, blood, BM and PALN in NP
females and at 1P and 7DPP (n=3). (A) Gating strategy based on splenocytes for
isolation of eosinophils and neutrophils as in fig 3.13. CD11lb+ gate was split by
Ly6C/SSC with Ly6®SSC" cells [1] then being gated as CD11%® be defined as
eosinophils. Ly6&'SSC™ [2] cells were also gated as CD1Hhd defined as neutrophils.

(B) Ly6C/SSC profiles in spleen, blood, BM and PALN. (C) Eosinophils as a proportion of
CDA45+ cells (left) and absolute numbers of eosinophils (right). Absolute numbers were
calculated by taking live cell count and multiplying the proportion of the population as a
total of live cells. (D) Neutrophils as a proportion of CD45+ cells (left) and absolute
numbers of neutrophils (right). Data presented as mean+SEM. Statistical analysis was
carried ot by oneway ANOVA with a Tukey postest, *p<0.05 **p<0.01.
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Figure 3.15Granulocytes internalise low levels GCL2AF647.

Uptake of fluorescent CCLAF647 was measured by flow cytometry in spleen (634

UH (n=35), cervix (n=35), blood (n=45), BM (n=45), PALN (n=45) in NP, 1DPP and
7DPP mice. Cells were incubated with CEAE647 for 65mins. Gates are drawn as in fig
3.13. (A) Typical histogram of fluorescent CCGBF647 uptake of eosinophil and
neutrghil populations in the spleen, with the FMO control for the total CD11b population
shown in red. (B) Proportion of eosinophils internalising C@EB47. (C) Proportion of
neutrophils internalising CCLAF647. Data were presented as mean+SEM. Statistical

analysis was carried out by omeay ANOVA with a Tukey postest, *p<0.05 **p<0.01
***n<0.001.
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Figure 3.16 CCR2 deletionreduces CCL2-AF647 internalisation in reproductive tract
eosinophils and neutrogdh at 1DPP.

Uptakeof fluorescent CCL2 was measured by flow cytometry in UH {BFand cervix
(n=35) at 1DPP in eosinophils and neutrophils. Cells were incubated with -BEG27

for 65mins. Gates are drawn as in fig 3.13. (A) Typical histogram ofeffwent CCL2
uptake of eosinophil (left) and neutrophil (right) populations in the 1DPP UH. A
representative WT profile is shown in blue and a representative CCR2 KO profile is shown
in orange. The FMO control for the total CD11b population for the spteshawn in red

as a negative control. (B) Proportion of eosinophils internalising CCL2 in the UH and
cervix at 1DPP in WT and CCR2 KO mice. (Bjoportion of neutrophils internalising
CCL2 in the UH and cervix at 1DPP in WT and CCR2 KO mice. Data arenpeelsas

me anNSEM. Statistical anal ysis -twdsithaarr

Wel chds correction for unequal wvariances

165



>

Spleen Blood BM PALN

%) 4 ! ‘ f | Population
=
o3 \%(_:I_RZ KO
o
c =i CCL2 FMO
‘»
(@)
Lu -+~

C a

> 3 3 o ! 3 s

@)

@) L
0 fl
= . il
Q.
O \
=
>
[}
P

Wl it 71‘3‘ W 0wt w0 s I
CCL2-AF647
B CCL2+ Eosinophils C CCL2+ Neutrophils
| wWT
B WT
40- 301
. cerzko —=*_ [l CCR2KO

304
204

204

104
104

% of Eosinophils
% of Neutrophils

0- 04
Spleen Blood PALN Spleen Blood BM PALN

Figure 3.17.Peripheral tissus tend not to have a reduced proportion of granulocytes
internalisingCCL2-AF647.

Uptake of fluorescent CCLAF647 was measured by flow cytometry in spleen (633
blood (n=35), BM (n=35) and PALN (n=35) at 1DPAn WT and CCR2 KO mice. Cells
were inwbated with CCL2AF647 for 65mins. Gates were drawn as in fig 3.(A)
Typical histogram of fluorescent CCi&F647 uptake of eosinophil (top) and neutrophil
(bottom) populations in the spleen, blood, BM and PALN. A representative WT profile is
shown in blie and a representative CCR2 KO profile is shown in orange. The FMO control
for the total CD11b population for the spleen is shown in red as a negative c(@itrol.
Proportion of eosinophils internalising CCGIEE647. (C) Proportion of neutrophils
internalsing CCL2AF647 in peripheral tissues at 1DPP. Data presented as meanSEM.
Statistical anal ysis was-teatriwedhowat Wey c
for unequal variances when appropriate *p<0.05 **p<0.01 ***p<0.001.
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Figure 3.18.CCR2 deficient mice have far fewer monocytes and macrophages in their
reproductive tissues at 1DPP.

Measurement ainonocytes and macrophageseproductive tissuasa WT and CCR2 KO

mice using flow cytometryat NP (n=36), 1DPP (n=3%) and 7DPP (n=8) time points
Gates are drawn as in fig 3.8. (A) Left; L))%@lonocytes as a proportion of CD45+ cells.
Right; Total Ly6C° monocytes retrievedB) Left; Ly6C° monocytes as a proportion of
CD45+ cells.Right; Total Ly6C° monocytes retrieved. (Q)eft; Ly6C" monocytes as a
proportion of CD45+ cellsRight; Total Ly6C' monocytes retrieved. (D)eft; Ly6C"
monocytes as a proportion of CD4%Right; Total Ly6C' monocytes retrieved. (H)eft;
Resident macrophages as a proportion of CD45+ élight; Totd Resident macrophages
retrieved.(F) Left; Resident macrophages as a proportion of CD45+ deidght; Total
Resident macrophages retriev&hta were presented as mean+SEM. Statistical analysis
was carried out b-y e suth pwi t b chree@icvda ametuas t

variances when appropriate *p<0.05 **p<0.01 ***p<0.001.
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Figure 3.19 The spleens of CCR2 KO mice contain fewer monocytes and macrophages
than WTs at 1DPP

Monocytesand macrophages ispleen (n=%), blood (n=35), BM (n=3-5) and PALN
(n=35) in WT and CCR2 KO micat 1DPPmeasuredising flow cytometryGates are
drawn as in fig 3.9. (A) Left; Ly6€ monocytes as a proportion of CD45+ celght;
Absolute cell numbers of LyBCmonocytes. Absolute numbers are o#dted by taking a

live cell count and multiplying the proportion of the population as a total of live cells. (B)
Left; Ly6C™ monocytes as a proportion of CD45+ cells. Right; Absolute cell numbers of
Ly6C" monocytes. (C)eft; Resident macrophages asragortion of CD45+ cells. Right;
Absolute cell numbers of resident macrophageata are presented as meanzSEM.
Statistical anal ysis was-teatriwedhowat Wey c

for unequal variances when appropriate *p<0.05 **040
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Figure 3.20CCR2 deletion reducgbe number of granulocytes in reproductive tissues at
1DPP.

Measurement of granulocytes in reproductive tissne®/T and CCR2 KO miceaising

flow cytometryat NP (n=46), 1DPP (n=3%) and 7DPP (n=3) time ponts Gates are
drawn as in fig 3.13. (A) Left; Eosinophils in UH as a proportion of CD45+ cells in the
postpartum period. Right; Total eosinophils retrieved from the UH in the-geostim
period. (B) Left; Eosinophils in cervix as a proportion of CD45Hsde the posfpartum
period. Right; Total eosinophils retrieved from the cervix in the-pagum period. (C)
Left; Neutrophils in UH as a proportion of CD45+ cells in the jp@stum period. Right;
Total neutrophils retrieved from the UH in the ppattum period. (D)Left; Neutrophils in
cervix as a proportion of CD45+ cells in the ppattum period. Right; Total neutrophils
retrieved from the cervix in the pegartum period. Data are presented as meantSEM.
Statistical analysis was carried out byanpr ed S-tedenwdoshta Welc

for unequal variances where appropriate *p<0.05 ***p<0.001.
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Figure 3.21Numbers and proportion of eosinophils in CCR2 Kasdouble that of WTs

in BM at 1DPP.

Granulocytesn spleen (n=3%), blood (n=35), BM (n=35) andPALN (n=3-5) in WT and

CCR2 KO miceat 1DPPmeasuredising flow cytometryGates are drawn as in fig 3.14.

(A) Left; Eosinophils as a proportion of CD45+ cells in spleen, bl@&M,and PALN.

Right; Absolute cell numbers of eosinophils from spleen, BM aAdN? Absolute
numbers wee calculated by taking a live cell count and multiplying the proportion of the
population as a total of live cells. (B) Neutrophils as a proportion of CD45+ cells in spleen,
blood, BM and PALN. Right; Absolute cellumbers of neutphils from spleen, BM and
PALN. Data are presented as mean+SEM. Statistical analysis was carried out by unpairec

Stude-he6s twi t h a Wel cho6s correction f ol

**p<0.01.
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Figure 3.22CCL2 levelsare higher in CCR2 KO than WT plasma in the early guzstum

period

CCL2 measured in the plasma of WT (r84and CCR2 KO (p=®) mice in the post
partum period following their first litter. (A) CCL2 in NP mice in Wahd CCR2 KO
plasma. (B) CCL2 at 1DPP in WT and CCR2 KO plasma.GCL2 at 4DPP in WT and
CCR2 KO plasmaD) CCL2 at 7DPP in WT and CCR2 KO plasma. Data are presented as
meanNSEM. Statistical anal ysi s -teata*<0.@5a r r i
**p<0.01. Assistance in testing the samples wgagen by Chris Hansell (Institute of
Infection, Immunity & Inflammation, University of Glasgow).
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Figure 3.23 No difference is seen in leved§ CCL3 in the plasma of CCR2 KO and WT
mice

CCL3 measured in the plasma of WT (f@4and CCR2 KO (n=8) mice in the post
partum period following their first litter. (A) CCL3 in NP mice in WT and CCR2 KO
plasma. (B) CCL3 at 1DPP in WT and CCR2 KO plasi€) (D) CCL3 at 7DPP in WT
and CCR2 KO plasmaData are presented as median #Q@@R are shown. Statistical
analysis was carried out by Mahvihitney U test, not significanAssistance in testing the

samples wagliven by Chris Hansell (Institute of Infig@n, Immunity & Inflammation,
University of Glasgow).
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Chapter 4: CD3+ cells in murine reproductive tissues

before and after pregnancy
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Introduction

After profiling myeloid cell subsets in pepartum r@roductive tissues, examinirgD3+

cell subsets was a natural progresdi@causerl cells the principal CD3+ cell typeand
myeloid cells closely interplay during inflammation and one subsetezmly affect the
behaviour of theother. The role of T cH during the pospartum period has received
minimal attentionbut population changes have been observed in both reprod(idtiger

et al., 1996Kallikourdis et al., 200/Kallikourdis and Betz, 20Q74vanisevic et al., 2010

and peripheraltissues (Carter et al., 1983Newport and Carter, 1983during the
reproductive procesgyiving cause to badve that T cells are sensitive to changes in
reproductive statugnterestingly humanT cells have exhibited chemotaxis to COlCarr

et al., 1994 Furthermore, expression of CCR2 has been found on subgeBefT cells

in mice and human@ruhl et al., 2004Connor et al., 20Q0Rabin et al., 199%nd CD8+

T cells (Nansen et al., 2000’erwey et al., 2005in human$"*2. The effectsof CCR2
deletion diring models of inflammatiohave been investigated, and many of these studies
have attempted to tease apgheseeffects on cells such as monocytes and T .CEliss has
been attempted in EAfFife et al., 2000Izikson et al., 2000and CIA(Bruhl et al.,2009

and duringHerpes simplexnfection(lijima et al., 201} but not in a model of poggartum
inflammation Having already analysed which myeloid cellsre present in reproductive
and peripheral tissues, demonstratedR2@&xpression by these cellnd explored the
impact of CCR2 deletionnvestigating CD8+ and CD4+ T cglbpulationswas a priority

in order to glean the wider leukocyte context of these chafgesmain questions were:

(i) Are increases in myeloid cslin postpartum reproductive tissues specific to these cells,
or are CD3+ cell populations also increased? (ii) Is CCR2 active on CD3+ cell populations
during this period? and (iii) Does CCR2 deficiency alter CD3+ cell distribution and
abundance pogiatum? T cell populations contain many subsets and investigating which

subsets predominate during the ppattum period was another key research question.

In the work described inhis chaper CD3+ cells were examined in reproductiasnd
peripheral tissugto give an idea dfoth local and systemic changes in these ckittng

the postpartum period.The results showed that a high proportion of CD3+ cells in
reproductive tissmegawieved COBM) 6delubs$ ei
CD8 and CD4and so this subset of cells was examined in depiv+CD25+ T cells
were also assessl in the same way to investigate whether counting the CD4+ T cell
population as a whelmaskeceffectson this subset The CD4+CD25+ T cell population

contains a highnoportion of regulatory T cellAt the same time th€ CL2/CCR2 axis in
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CD3+ cells was eglored in an effortto identify if any potential changda leukocyte
distribution could be potentiallgriven by this chemokirieeceptor interactionCCR2 KO
and WT £males were examined to see if there werg direct or indirect effects of
deletion of CCR2 orCD3+ cells in these sites. Thalso included an analysis on post
partum CD3+ DN cells and CD4+CD25+ T cells
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Results

4.1. Large increase in CD3 transcripts and CD3eells in the uterine horn during the
postpartum period

First, two common T cell markers were chos€D3 and FoxP3and their expression was
examined by gRIPCRin RNA samples prepared from the ppsitum uterine horrCD3

is a surfaceproteinthat associates with the TCR and is well established as a pan T cell
marker(Kindt et al., 200y. CD3 was found to increase sifjoantly over the pospartum
period, with gene expression being increased at 4DPP and 7DPP compardd®ih
(Figure 4.1A). FoxP3 is a transcription factor expressed ebymajor population of
regulatory T cell§Sakaguchi et al., 20LONo significant differences were observed for
expressiorof FoxP3over the pospartum period Figure4.1B). However, a discussed in
the previous chapter, theaee distinct limitations to using gene expression analysis as an
indicator for the presence of cells in the tissue being studieds, b investigate cell

markers on individual cells more accuratdlgw cytometry was used.

A gating strategy was used to identify CD€I33+ cells.These cells would commonly be
described as T cells, as CD3 is a pan T cell marker, but other cell types can express CD:
Therefore in this report CD3+ cells are only described as T cells when the presence of
another T cell marker was confirmedD3 expression was defined usigglenic samples

in which all antibodies were included, except for €03 (CD3 FMO, Figure4.1C).
Splenocytes stained more cleanly and provided the basgaforg strategiescross all

tissues studied.

CD3+ cells contuted between approximately 30% of CD45+ in the uterinkorn and

cervix across all timgoints studied Kigure 4.1D, left). The picture fothe number of
retrieved cells was quite different, with a large increase in the number of cells retrieved
from the uterine hornat 1DPP compared to NBnd 7DPP, though no statistically
significant changes were seen in the cervix (Figudd). These results are consistent
with those in the previous chapter in that far greater numbers of leukocytes were retrieved
from 1DPP tissue. However, the proportion of these cells that are CD3+ is unchanged

between the time points studied.

Interpretation of results fronChapter 3 and Kapter 4 side by side should be done
cautiously because the results were ioletd from diferent individuals during different

experimentsFirstly, experimental variation was high, and secondly, T cells can express
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CD11b in some circumstances and it was not possible to definitively rule these out from

the analysis in Chapter 3.

PALN CD3+ cellswerereduced at 1DPP, compared to NP anim&ligure 4.1E). The
numbers of CD3+ cdlretrieved fronthe spleerwas highemat 1DPPcompared to NP and
7DPP, although CD3+ cells did not increase as a proporbbrCD45+ cells perhaps
indicating that theravas an overall increase in the cellularity of the spleen at this time
point (Figure 4.1E). In Chapter3, other than eosinophils, no significant increases in
myeloid cell types were observed in the spleen at 1DPP, compared to NP mice.

4.2. The majority of CCB+ cells in the reproductive tract lack expression of CD4 and
CDs8.

CD3+ cells express other markehst identifydifferent subtypes witldistinct functions.
CD4 and CD@&are careceptors and are represented on different sulSBX8 is generally
found onTc cells and CD4 iggenerallyfound on h cells and both types of cells have
been found to vary imbundance inreproductive and peripheral tissues during the
reproductive procesgarter et al., 1983Newport and Carter, 1988Bloger et al., 1996
Ivanisevt et al., 201D Therefore, these celigere profiled using flow cytometryin the

uterine horn and cervix

Gating for CD4 and CD& cells within the CD3+ populationwas based oithe clear
separation of these populations in the spldagufe 4.2A). Strikingly, in contrastto the
spleen, reproductive tissues gated for CD45 and CD3 positivity cedtaimajority of

cells thatwere CD4-CD8 (i . e. 6doubl e nega.tdD8+eTocell§ DN)
displayed a wide spreas a percentage of CD3+ cells, pardarly in NP and 7DPP mice

and no significant differensewere obseved in either reproductive tissue (FiguteB,

left). CD8+ T cells teneld towards increasing as a number of retrieved cells in the uterine
horn but this was rasignificant(p=0.067). here was no difference seen@D4+ T cells

in the proportioror numbers in either tisswer the pospartum period or in NP females
(Figure4.2C).

Though CD3+ DN cells have been reported in reproductive tissues ljédtwansson and
Lycke, 2003 Fidel et al., 1996Flynn et al., 2000Dambaeva et al., 20p9my work
demonstratehow dominant this populatiors in these tissue$n uterine horrand cervix,
CD3+ DN cells on average compriseetween ~665% of CD3+ cells between NP, 1DPP
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and 7DPP Kigure 42D, left). In terms of cells retrieved from the tissues, 1DPP uterine
horn had over 9 times as many CD3+ DN cells as were foundPintbkine horn (Figure
4.2D, right). CD3+ DN cells in the cervix nee over 5 times more numerous at 1DPP
compared with NP faales Figure 4.2D, right). Thus, compared to CD4+ and CD8+ T
cells, there appeared to be specific recruitment of CD3+ DN cells into the uterine horn and
cervix at 1DPP.

Within the CD4+ T cellpopulation CD4+CD25+T cellswere also explored. These cells
contain a populatiomescribed as playing a role in a variety of reproductive situations,
including participating in mediating tolerance to tletfisin mice (Mold et al., 2008
Kallikourdis and Betz, 20Q7Aluvihare et al., 2004Kallikourdis et &, 2007. They also
have been described as being reducdauimanectopic reproductive tissu¢Basta et al.,
2010 and fluctuating during thenurine oestous cycle (Kallikourdis and Betz, 2007
They areregardedas having regulatory or suppressive functions hade often been
termedTregs(Sakaguchi et al., 201®eterson, 2012 CD25 was included in the T cell
stain in order to allow for discrimination of these cells from the CD4+ T cell population as

a whole.

When looking at retrieved cells, in the uterine horn there was a large increase in
CD4+CD25+ T cells alDPP, compared with NP females and 7DPP niagufe 4.2E

right). In the cervix there was also an increase in CD4+CD25+ T cells at tDPpared

to NP cervix (Figurel.2E, right). Though numbers were low, this increase in CD4+CD25+

T cells in 1DPP reprductive tissueswhich paralleled changes in CD3+ DN cell
abundance, couldndicate a shift inT cell function to more regulatory CD3+ cell
phenotypes in the early pgsartum period.

4.3.An increased proportion of CD3+ cells in the blood were DN at 1DPP

Although reproductive tissues appeared not to displaychaggein CD4+ or CD8+ T
cells subsets in the pegartum period Kigure 4.2), there have been reports of systemic
lymphocyte subset changes during pregnancy and theppdsin period in mice and
humans(Carter et al., 1983Newport and Carter, 198Bloger ¢ al., 199¢. CD8+ T cells,
CD4+ T cells CD3+ DN cellsand CD4+CD25+ T cellsvere thereforeidentified and
quantifiedin spleen, blood and PALN in NP, 1DPP and 7DPP ani(kadsire 4.3)
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No changes in CD3+ cell subsets were observed for PALN. Splsplaykd a general
increase in CD3+ cell subsets, with CD8+, CD4+, CD3+ DN and CD4+CD25+ subsets all
increased in number at 1DPP (Figure 4.3). One curious observation was the population o
CD8+CD4+ (DP) cells in spleen and PALN. Though this only comprigedmall
population and CD3+ DP cells have been described previ¢Qsiglani et al., 1993Parel

and Chizzbni, 2004, the possibility that they may have been doublets was noted.
Doublets are two cells associating togethwat the flow cytometer recognises as one

0 e v esmthedmarkers of bottellsappear to be expressed by only one cell.

Blood displayedno change inthe percentage ofCD3+ cells that wereCD8+ or
CD4+CD25+across the time points studieBigure 4.3C, Figure 4.3F,left). Strikingly
however, therevas alower proportion ofCD4+ T cellsamongst blood CD3+ cellat
1DPPcompared to NKFigure4.3D, left), and a concomitant increase@b3+ DN cells
(Figure 4.3E left). Representative dot plots from the blood of NP and 1DPP females are
shown in Figure 4.3B. By 7DPP, CD4+ T cells had returned to NP levels, but CD3+ DN
cells were still elevatechithe blood. Thus, there were clearly a greater number of CD3+
DN cells in the blood at 1DPP, compared with NP, and this appeared to be retained up tc
7DPP.

4.4.CCR2mediated mternalisation of CCL2AF647 by CD3+ DN cells and
CD4+CD25+ T cells irbloodduring the postpartum period

As with the myeloid cells in the previous chap@€L2-AF647 internalisation byCD3+
cells was measured to determine whethere was anZ CR2 on these cellhat could be
potentially facilitating cell migrationinto reprodudve tissues from the blood/Vhen
lymphoid tissues and blood were examinezpresentative histograms shexhthat only
minimal amounts of fluorescent chemokine were internalised by CD8+ T cells and CD4+
T cells, although uptake by CD3+ DN cells and CD4+ 6B cells was much more
marked (Figure 44). Cells of all typesshoweda marginally higher percentage ©CL2-
AF647+ CD3+cellsin the blood than in lymphoid tissudso differences in proportion of
CCL2-AF647+ CD8+ T cells and CCLAF647+ CD4+ T cellsover the pospartum
period were seen in blood or either of the other tissues (FigureCG).4Bowever, he
proportion of CCL2AF647+ CD3+ DN cells was ~45% at 1DR#hile in NP femalest

was only ~27% (Figure 4.4D, left). THgmphoid tissues showed nduttuation in the
proportion of CD3+ DN cellshat wereCCL2-AF647+ (Figure4.4D), andthe number of
CCL2-AF647+ CD4+CD25+ cells ws unchanged in all tissues between the groups
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(Figure 4.4E). Since a greateproportionof blood CD3+ cellswere DN at 1DPPand a
higher percentage othese cells were capable of internalising CAAER647+, the actual
number of CCL2-AF647+ CD3+ DN cellsin the bloodwas presumablyfar greater at
1DPPthan NP (Figure 4)3

To determine whethe€CL2-AF647+ uptake was mediated bCR2, 1DPP WT and
CCR2 KO samples were compared (Figure 4.5). No CCR2 dependent-ARB4Y
uptake was observed in CD8+ T cells (Figure 4.5B). Uptake by blood CD4+ T cells
required this receptor (Figure 4.5C), and it was responsible for @E627 uptake B

CD4+ CD25+ T cells at 1DPP, most notably in blood (Figure 4.5E). CCR2 deficiency also
reducedCCL2-AF647+ uptake byCD3+ DN cellsin blood and PALN, but not spleen
(Figure 4.5D. Thus, at 1DPP, CCR2 appears to be expressed by small subsets of CD4+
and (M4+CD25+ T cells, and most notably by CD3+ DN cells, particularly those
circulating in the bloodIn the case of CD3+ DN cells, this could be linkedhe large

increase in CD3+ DN cells ireproductivetissuesLDPP.

4.5.CCR2is not detectably expresseg CD3+ cells in reproductive tissues

Next, CCR2 expression by CD3+ cells in reproductive tissue was examined (Figure 4.6 &
4.7). CD4+ and CD8+ T cells internalised very little CEAR647, although some could

be classified as CCLAF647+. The proportio of CD8+ T cellsinternalising CCL2
AF647 varied between 200% over the timgointsin the uterine horn and 3%in the

cervix but no significant change was seen in either tissue over time (Fd@Be Fewer

CD4+ T cells appead to be CCL2-AF647+, between approximately-80% in uterine
hornand 30-45% in the cervix and there was no significant change between NP, 1DPP and
7DPP (Figure4.6C). The proportions of CCL-AF647+ CD3+ DN cells and CCL2
AF647+ CD4+ CD25+ T cells were relatively high, compargith the other cell types but
neither changed significantly in the reproductive tissues across the different groups (Figure
4.6D). However,uptake betweerlDPP WT and CCR2 KO animals was roughly
equivalent for all four cell types in both tissuess indiated by therepresentative
histogramsand graphs shown in Figure 4Thus,the small amount of internalisation seen
with WT cells could not convincingly be attributed to CCR2 expression, and may have
beenmediated bynonspecificmechanism®sr by a recemr other than CCR2, such as the

scavenger receptor D6
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4.6. CCR2 deficiency has no impact on thabundance of CD3+ cell subsets in
reproductive tissues.

Next, the impact of CCR2 deficiency on CD3+ cell abundance was explored in
reproductive tissues arelsewhere. AlthouglCCR2 was notactive on CD8+ T cells,
CD4+ T cells CD3+ DN cellsand CD4+ CD25+ T cells reproductive tissues at 1DPP

was present on some of these subsets in blood and tmdckticallyhave been down
regulated by ligandlriven internalisation upon arrival in the reproductive tissues.
Moreover,as seen in the previous chaptageloid cells were subject to marked changes in
CCR2 KOs atiDPPand knock on effects disturbif@D3+ cell populationgould have
occurred. Reproductivdissues from CCR2 KO females were studiadd the data
presentedalongside WT data fronfrigure 4.2 in order to determine if they displayed a
deficit in CD8+ T cells, CD4+ T cellCD3+ DN cellsand CD4+ CD25+ T cellat 1DPP
(Figure 4.8) There was quite &t of variation between individuals, but it was clear that
there were no differensebetween WT and CCR2 KO at 1DPP when @D+ cell subset
was examined Thus, in contrast to myeloid cells (Chapter 3), CCR2 deficiency has no

effect on CD3+ cell recrunient to pospartum reproductive tissues.

4.7.Effects of CCR2 deletion on CD3+ cell populations vary depending on reproductive
status

CD3+ cells were also enumerated in the blood, spleen and PALN of 1DPP CCR2 KO mice
and compared to 1DPP WT data fromufe 4.3 (Figure 4.9). Although there were some
subtle effects of CCR2 deficiency in spleen and PALN, the most striking result was in the
blood where there was a substantial difference in CD3+ DN ddilésproportion of CD3+

cells with aDN phenotypen the bloodof WT mice was over 2.5 times that obsedsin

CCR2 KO animals (Figure 4.9@eft). Representative plots in Figure 4.9E illustrate this
difference. CD4+ T cells were somewhat more frequent amongst CCR2 KO CD3+ cells,
although this failed to adékve statistical significance (Figure 4.9Rft). This surprising
difference may not have been pgsirtum specific, so the experiment was repeated in NP
animals(Figure 4.10AB). BM wasincluded on this occasion, and it was notable #hat
high proportionof CD3+ cells in this tissue werBN (Figure 4.10A, left). However, in
spleen, PALN, BM and blood there ware differencs in the percentager numbersof

CD3+ DN cellsbetween WT and CCR2 KO. Unexpectedly, therefore, these data suggest
that CCR2 is requed for a pospartum switch in the CD3+ population in the blood
characterised by an increased frequency of DN cells.
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The CD3+ DN cells in the reproductive tissues of NP WT and CCR2 KO mice were also
analysed. On this occasidDN cells constituté a higher percentage @D3+ cells inNP
reproductive tissued-{gure 4.10B left) than previously seeffigure 4.3. However, o
difference was seen between WT and CCR2 KO animals déghéne percentage of DN
cellsin the CD3+ populatioor for the numbenf cells retrievedKigure4.10B). This was

consistent with findings from comparisotiene onlDPPtissuegFigure4.8).

4.8.DN cells in the NP thymus shoa subtle changen their developmental stageghen

CCR2 is deleted.

This investigation into thefiect of CCR2 deficiency on NP lymphoid tissues was also
extended to the thymus. Thymocytes were gated differently to other tissues as CD3 doe:
not label all T cells in the thymuJurka et al., 1992Godfrey et al., 1993 Instead, as
shown in Figure 4.11A, cells were gated by CD45 and separated by CD4 and CD8. This
staining was clearly very different to ths¢en in other tissues studied, with a large DP
population, which was not present when CD4/CD8 staining was examined in other tissues
such as the spleen (Figure 4.3). When the proportions were examined around 70% o
CD45+ cells in both WT and CCR2 KO werd”Zells (Figure 4.11B, left). Proportions

and numbers of CD8+ cells, CD4+ cells and DN cells in the thymus were similar between
WT and CCR2 KO (Figure 4.11B). DN cells were then split by their expression of CD25
and CD44, markers which define the developtakstages of DN cells. CD44+CD25+ DN
cells, corresponding to stage DN2, were reduced in CCR2 KOs compared to WTs (Figure
4.11C, left).The reduction in proportion of CD443D25+ DN cells in CCR2 KOs may
indicate some role for CCR2 in the progression disdbrough the developmental stages

in the thymus.

4.9. Some CCL2AF647 uptake by CD3+ DN cells in NP peripheral tissues was CCR2
dependent

CCL2-AF647 uptakeby CD3+ DN cellswasalsoinvestigatedn CCR2 KO and WT NP
mice (Figure 4.1p Typical fluoregence profiles folymphoid tissues and bloodre
displayed in Figure 4.12An NP females, there was a reductiorCi8L2-AF647+ CD3+

DN cells in CCR2 KO spleeand PALN, compared to these tissues from WT mice,
demonstrating that some of these cells exp@€R2 (Figured.12B). The percentage of
CCL2-AF647+ CD3+ DN cells from BM was not different between WT and CCR2 KO
mice (Figure4.12B). Finally, NP bloodexhibited noconsistent CCR2 based difference in
percentage ofCCL2-AF647+ CD3+ DN cells Figure 4.12B), contrary to the large
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difference seen at 1DPP (Figure 4.Bhese results indicatehat the relationship between
CCL2-AF647 uptake and CD3+ DN cells was dynamic and was sensitive to reproductive

status.

4.10. CCL2-AF647 uptakeby CD3+ DN cellss CCR2-dependent in NRuterine horn.

No CCR2dependent CCL-AF647 uptake had been seen at 1DPP by CD3+ DN cells in
reproductive tissues (Figure 4.7), but in NP fem#tesproportion ofWT CD3+ DN cells

in the uterine horn that internalised CGAE647 was at least doublghat seen ICCR2

KO uterine horn indicative of CCR2 expression by some of these cells (Figure 4.13B).
However, no CCR2 dependent CCRE647 uptake was seen in the cervix (Figure 4)13B

The CCR2 dependence of CCRE647 uptake by WT CD3+ DNells was confirmed by
competition experiments in which excess unlabelled CCL2 or CCL22 was included during
the incubation step. Unlabelled CCL2 should block uptake mediated by CCR2 and the
scavenger receptor D6, whi&CL22, which is a ligand for D6 andot CCR2, should only
block D6mediated CCL2AF647 internalisation(Hansell et al., 201)b CCL2-AF647
internalisation byWT uterine CD3+ DN cells was unaffectedy CCL22 competition
(Figure4.13CD), but was successfully blocked by an excess of unlabelled CCL2 (Figure
4.13EF). This confirmed that the majority ofCCL2-AF647 uptakeby CD3+ DN cells in
theNP uterine horof WT micewasmediatedby CCR2.

4.11.Summary
In this chapter the project focussed on T cell subsets in thgpadam period. The broad
increase in myeloid cells in the uterine hornOnapter 3 suggested the T cells may also
have been recruited to the tissue as part of a typical inflammasppnse to the process
of labour. CCR2, shown i@hapter 3 to be active on myeloid cells during the pastum
period, was also investigated on T cells for its activity and whether CCR2 deletion affected
T cell populations at 1DPP and in NP mice. Patéénegulatory populations were also
investigated, namely CD3+ DN cells and CD4+CD25+ T cells.
1 In terms of the number of retrieved cells, there was a large increase in CD3+
cellsin the uterine horndriven mainly by the rise in the numbers of CD3+ DN
cells and CD4+CD25+ T cells. CD3+ DN cells were found to constitute the

overwhelming majority of CD3+ cells in reproductive tissues.
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1 At 1DPP there was a CCRizpendent shift from CD4+ T cells towards CD3+
DN cells in the blood, resulting in a large increasehese cells at 1DPP
compared to NP animals.

1 At 1DPP subsets of blood born€D3+ DN cells and CD4+CD25+ T cells
displayed CCR2 activityNo CCR2 activity was seen by any T cell subset in
reproductive tissues at 1DPBnd CCR2 deletion had no effect oncéll
populations in uterine horn or cervix.

1 In NP blood, no CCR2 activity was seen CD3+ DN cells and no baseline
CCRZ2related differencewereseen in the CD3+ DN cell population.

1 When NP uterine horn was examined, there was no effect of CCR2 on the
proportion or numberef CD3+ DN cells However unlike at 1IDPP, CCR2
activity was confirmed on these cells.

These results indicateat CCR2 is responsible for the increase in the proportion of CD3+
DN cells in the blood at 1DRPand that these cells areettdominant lymphocyte
population seen in the uterine horn. Therefore, further characterisation was desirable in
order to draw conclusions about their possible function. Chapter 5 describes the use o
multicolour flow cytometry to characterise this popuatin far greater detaibased on

carefully selected surface markers.
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Figure 4.1.Large increase in CD®anscriptsand CD3+cellsin the uterine hornduring

the postpartum period

(A-B) Expression ofjenes encoding CD3 and FoxP3 ie thH of mice in at 1DPP (n=5),
4DPP (n=6) and 7DPP (n=5) after their first pregnancy. Expression was calculated as
100x2°°T  wh e r @TMEHCTFE to establish target expression as a percentage of
expression of the endogenous contBAPDH. NP mRNA samples were produced and
processed by Fiona Menzies and Abdul Ki@bstetrics and Gynaecology, University of
Glasgow)ad re-analysed for this projecfC-D) CD3+ cellsin reproductive tissueis NP
(n=4), 1DPP (n=5), 7DPP (n=5) mjceneasured by flow cytometmyere also examined

(C) Representative plots of the gating strategy for detection of CD45+CD3+ cells by flow
cytometry. After a physical gate® removecell debris and aggregates (not shown), cells
were gated live by -AAD-, then as CD45+ for total leukocytes and finally CD3+ cells.
Gateswere drawn usinghe CD3 FMO(no CD3)splenocytecontrol. (D) Reproductive
tisswes.Left; CD3+ cellsas a percentage oftrievedCD45+ cells. Right; ®tal CD3+ cells
retrieved. (E) Peripheral tissued.eft; CD3+ cellsas a percentage aétrieved CD45+
cells. Right; Absolute number &D3+ cells Results presented as mean+SEM. Stesib
analysis was carried out by ecme&y ANOVA with a Tukey postest, *p<0.05 **p<0.01
***n<0.001.
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Figure 4.2CD3+ DN cells inthe reproductive tradncrease dramatically at 1DPP.
Measurement o€D3+ cellsin single cell suspensions oproductive tissues using o
cytometry stainedvith antibodies agains€D45, CB, CD4 and CD8 in NP, 1DPP and
7DPP mice (n=3). (A) Splenocytes from each individual were stained to construct a
gating strategyor identification of[1] CD8+ T cells [2] CD4+ T cells [3] CD3+ DN cels

and [4] CD4+CD25+ T cellsRepresentative images of CD4/CD8 staining in spleen and
reproductive tissues at 1DPP from one individualsimewn.(B) Left; CD8+ T cells as a
percentage of CD8 Right; Total CD8+ T cellsretrieved.(C) Left; CD4+ T cells asa
percentage of CD8cells. Right; Dtal CD4+ T cellsgetrieved.(D) Left; CD3+ DN cells

as a percentage of CB3Right; Total CD3+DN cellsretrieved.(E) Left; CD4+CD25+ T
cells as a percentage of Cbgells. Right; Btal CD4+CD25+ T cellgetrieved. Data
presented as mean+zSEM. Statistical analysis was carried out ayagn@NOVA, with a
Tukey posttest *p<0.05, **p<0.01.
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Figure 4.3 Anincreased proportionf CD3+ cells in the blood are DN at 1DPP

CD3+ subseti the spleen(n=3-9), blood (n=5-9), ard PALN (n=4-9) of NP females, at
1DPP and 7DPP by flow cytometr{A) Gating strategy based on splenocyssn fig 4.2,

[1] CD8+ T cells, [2] CD4+ T cells, [3] CD3+ DN cells and [4] CD4+CD25+ T céBy
Plots showing large increase in CD3+ DN cells in di@ 1DPP, gated for CD45 and
CD3. (C) Left;CD8+ T cells as a proportion of CD3+ cells. Rigalisolute numbers of
CD8+ T cells (D) Left; CD4+ T cellsas a proportion of CD8cells. KW. Right; &solute
numbers ofCD4+ T cells (E) Left; CD3+ DN cells asa percentage of CDB3cells. KW.
Right; AbsoluteCD3+ DN cellnumbers (F) Left; CD4+ T cellsas a proportion of CD8
cells. KW. Right; ésolute numbers dED4+ T cells Data presented as meantSEM. Data
were analysed using oiveay ANOVA with a Tukey postest, except where indicated by
KW where a KruskalWwa | | i s t est wieds due ta unBqual vabascespyvass t
used *p<0.05 **p<0.01 ***p<0.001.
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Figure 4.4 Internalisation d CCL2-AF647is highest in CD3+ DNcellsand CD4+CD25+

T cellsin peripheral tissues during the pgsartum period

Uptake of fluorescent CCLAF647 by CD3+ cells measured by flow cytometry in spleen
(n=6-9), blood (n=69) and PALN (n=69) in NP, 1DPP and@DPP females. Single cell
suspensions were incubated with 25nM CEAE647 for 65mins. Gates were drawn as in
fig 4.3. (A) Typical histogram of fluorescent CGA&F647 uptake of CD3+ cell
populations in peripheral tissues at 1DPP, with the FMO cofrtoo0CL2-AF647) shown

for CD3+ spleen in redProportion of cell type internalising CCL&F647 (B) CD8+ T
cells (C)CD4+ T cells (D) CD3+ DN cells (E) CD4+CD25+ T cells. Data presented as
mean+SEM. Statistical analysis was carried out bywag ANOVA with a Tikey post
test *p<0.05.
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presented as meanzSEM. Statistical analysis was carried out byagnANOVA, not

significant.
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Figure 4.9The dramatic rise in blood CB3DN cells at 1DPHs not seen in CCR2 KOs

CD3+ cells measured by flow cytometry in spleen @8F4bload (n=49) and PALN (n=4

9) in 1DPP WT and CCR2 KO females. 1DPP WT data shown in fig(A)3Left;
Proportion of CD8+ T cells. Right; Numbers of CD8+ T ce{B) Left; Proportion of

CD4+ T cells. Right; Numbers of CD4+ T cel(€) Left; Proportion of CB3+ DN cells.

Right; Numbers of CD3+ DN cell§D) Left; Proportion of CD4+CD25+ T cells. Right;
Numbers of CD4+CD25+ T cell§E) Comparable plots gated for CD45 and CD3 from
blood showing the larger proportion of CD3+ cells that were DN in WT, compatéd wi
CCR2 KO at 1DPP. Data presented as meantSEM. Statistical analysis was carried out b

St udethngHts, twi th Welchds correction where

198



CD8+ T cells CD8+T cells
60 B8 wT 2.08107 ~ | wT
@l CCR2 KO @8 CCR2KO
° * 158107 4
8 40
& 2 10107
[a] o 1. 4
5 o
5 20
< 5.0310°
0.
Spleen Blood PALN Spleen PALN
B CD4+T cells
CD4+T cells =
- wT
= wT 25107
@8 CCR2KO
@l CCR2 KO 200107 4
2
8 » 1531074
& o
8 © 108107 -
©
S 5.0310°
0 0-
Spleen Blood PALN Spleen PALN
CD3+ DN cells CD3+ DN cells
/| wT 4.091006 | wT
* @l CCR2 KO @l CCR2KO
3531006
2
3 3.001006
s 30 @
] T 2581006
o ;
2 2,001006
° 159105
S 10 1.0010°
5.0010*
0
Spleen Spleen PALN
CD4+CD25+ T cells CD4+CD25+ T cells
61 = wT 2531006 = wT
@ CCR2KO @l CCR2KO
o 2,0310°04
[
(8]
D 1531006
a
8 o
kS 1.5310°
B 1.08105 4
5.0810*
O.
Spleen Blood PALN Spleen PALN
WT Blood CCR2 KO Blood
Q2
0.78%
LLl
&
[a)]
@]
03
44.79%
™
109
>

Figure 4.9.The dramatic rise in blood CB3DN cells at 1DPFs not seen in CCR2 KOs
(legend opposite)

199



CD3+ DN cells CD3+ DN cells
80+ awT 4.00108 o wr
@@ CCR2KO
@@ CCR2KO 309106
1%}
2 604
3 2.0910°
& o
Q404 D 1.0010° |=|
8]
o = (53]
o 4 1.0010°
s 20 7.5910*
5.0010*
ol 2.5910*
Spleen Blood PALN BM 0 Spleen PALN BM
CD3+ DN cells CD3+ DNcells
100- a wr 10000+ - wT
= @@ CCR2KO @@ CCR2KO
% 801 P 8000
S 0 s
g 5 6000 —_—
@) . >
5 40 2 40001 T
- ] B
s 2 & 20001
0 r r
UH Cervix 0 T [
UH Cervix
C Blood
CD3+ DNcells
8.02105 -
6.02105 - -1
E
5 4.0210° -
Q
o
2.03105 -

T
WT CCR2KO

Figure 4.10.No difference inCD3+ DN cell percentage or numbers between WT and
CCR2 KO in NP tissues

Measurenent of CD3+ DN celk using flow cytometryin spleen (n=4), blood (n=@),

PALN (n=4), BM (n=4) UH (n=34) and cervix (n=31) in WT and CCR2 KO NP females.

(A) Left; Proportion of CD3+ DN cells. Right; Retrieved CD3+ DN cells. (B) Letft;
Proportion of CD34DN cells. Right; Retrieved CD3+ DN cell&) CD3+ DN cells per ml

of bl ood. Statistical -aAaAeraltysiwstbhaWwWeil ed 6
appropriate, not significant.

200



4]
>
Ol .
ol
a |l L
<
B e ®
< @)
at] ©
] 5U‘K WUU‘K 15U‘K ZUU‘K ZﬁU‘Kk -~
FSC v CD4-PE/Cy7
CD44 FMO CD25 FMO Thymus
[}
=
m
RS
>
d.
<
@)
©)
CD25FITC
B
Thymus Thymus
80 2.0310° - a wt
T o wT B CCR2KO

© B3 CCR2 KO
o 60 15310¢ 4
o
b @
é 40 T 10:10° 1
S
22 5.08107 4

0 r I'-r'll. r-ll-_ 04 r r-lli l'-lli_

CD8+CD4- CDA+CD8+ CD4+CD8- CD8-CD4- CDB+CD4- CDA+CD8+ CD4+CD8- CD8-CD4-
C
DN cells = wT DN cells P
0 B3 CCR2KO 1.39107 B CCR2 KO

1.03107 4
7.5310° 4

5.0810° 4
T
6.03105

0 e BN HN

T T
CD44+CD25- CD44+CD25+ CD44-CD25+ CD44-CD25- CD44+CD25- CD44+CD25+ CD44-CD25+ CD44-CD25-

N
o

Cells

% of DN cells
N
o

4.00105 4
* 2.0810°5 -

o

¢

Figure 4.11.CD44+ CD25+ DN cellsmale up a lower percentage dN cells in the
thymus of CCR2 KO mice, compared with WTs

Measurement othymocyte subsets, includinDN cells, using flow cytometryin the
thymuses (n=3!) from CCR2KOs and WTs. (A) New gating strategy of CD45+
thymocytes using CD4/CD8 staining an@D44/CD25 expressionof DN cells.
CD44/CD25 gating drawn up using CD44 and CD25 FMO controls. (B) Left; Percentages
of CD45+ cells in each CD4/CD8 quadrant. Right; Numlzérsells in each CD4/CD8
quadrant. (C) Left; Percentages of DN cells in each CD44/CD25 quadrant. Right; Numbers
of DN cells in each CD44/CD25 quadramata presented as meantSEBtatistical
anal ysis carriedestt vy t ISt Wddviherdn éppropriate r r ¢
*p<0.05.

201



Spleen Blood PALN BM
A
\ i ‘ M
% | I I\‘ ‘I I
S /| ' A '
(@) / / [ /
| | |
7| A / I
fJ ‘ /" \ a‘j | /" |
\ \ / \ |
0 / \-w n‘(‘/ T T TreT T U'-‘/\ T "\ T L) 0 ‘,I/ s T T e
1D1 mz ma WD“ mﬁ 1D1 mz 1D3 WD“ mﬁ 101 102 103 md 105 1D1 mz ma 104 1Di
CCL2-AF647
Population
WT CD3+ DNcells
CCR2 KOCD3+DN cells |
CCL2 FMO
B C
Spleen ;
CCL2+ CD3+ DN cells A Population
, a wTt — WT -comp
®° @@ CCR2KO / WT +CCLZcomp
@ | WT +CCL22 comp
g € \ CCLZ FMO
z 401 > |\
a @] ||
s | : S |
O 204 ‘|
5 /) |
S a
0- T .i T B - T !
Spleen Blood PALN BM 1 5

T s T
10 102 1[!3 104 100

CCL2-AF647
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Measurement o€CL2-AF647 uptake by CD3+ DN cellissing flow cytometryin spleen
(n=4), blood (n=46), PALN (n=4) and BM (n=4) in WT and CCR2 KO NP females. (A)
Representative histograms for CGRE647 uptake in peripheral tissues, CCAB647
FMO for CD3+ spleen shown in red. (Broportion of CD3+ DN cells intaalising
CCL2-AF647. (C) Example of fluorescent CCI&F647 uptake in spleen with unlabelled

chemokine compCCL2-AF647 FMO for CD3+ spleen shown in red. Data presented as

meanNSEM. Statistical andleywdi, s wdéarhr idked cd

where appropriate *p<0.05.
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Figure 4.13CCL2AF647uptake was CCR2 dependeniNR uterine horn.

Measurement ofCCL2-AF647 uptake by CD3+ DN cellgsing flow cytometryin UH
(n=3-4) and cervix (n=31) in WT and CCR2 KO NP females. Includisgmpetition of
CCL2-AF647 uptake with an excess of unlabelled CCL22 and CCL2 in UH (@€)2-

AF647 FMO for CD3+ spleen shown in red. (A) Gating for identifying CAEB47
uptake based on CCLRF647 FMO in the spleen. Representative images for UH and
cewix with CCL2-AF647+ gate. (B)Proportion of CD3+ DN cells internalising CCL2
AF647. Data presented as meantSEBBM. at i st i c al anal ysitest, car
with Welchos correcti on (CwRepresentatigep lpstogrgms i a
showingCCL2-AF647 uptake with and without CCL22 comp. (D) Effect of CCL22 comp
on the poportion of CD3+ DN cells internalising CCL&F647. Data presented as
meanNSEM, Statistical anal ytest, sot sigaificant. (&)d o
Representate histograms showing CCLRF647 uptake with and without CCL2 comp.

(F) Effect of CCL2 compLeft; Proportion of CD3+ DN cells internalising CCI&F647.

CCR2 effect p=0.098, CCL2 comp effect p<0.05, interaction p<0.05. Data presented as
mean=SEM. Statistad analysis carried out by twway ANOVA with matching.
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Chapter 5: Characterisation of CD3+ DN cells in

reproductive tissues
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Introduction

The previous chapter showed that most CD3+ cells in the reproductive tissues of mice lack
expression of CD4 and CD8. Compared\® and 7DPP, at 1DPP these CD3+ DN cells
were present at much higher numbers in the uterine horn, and their frequency as &
proportion of the CD3+ population was higher in the blood. Unexpectedly, this increase in
the blood was found to be CCR2pendentCCR2 expression was examined on CD3+
DN cells throughout the mice, but expression of no other markers was explored and the
precise cellular constituents of this population were undefined. As this population was
defined based on CD3 expression, a major thgms was that it would contain CEZD8-

T cells of the type described by Johansson and Lyd&kansson and Lycke, 2003n
humans, ~30% of CD3+ cells ingldecidua during term labour are also CD3+ DN cells,
and this study suggested that the majority of these cells were DN TGeiizezLopez et

al.,, 2013. In addition, some of these cells could be NKT cells, which are known to be
CD3+. NKT cells can be separated into different phenotypes based on surface expressio
of certain markers and the cytokines they produce-likeliNKT cells, Th2like iINKT

cells and Thl{ike iINKT cells have all been describeadthough only Thilike iINKT cells

and Th17like iNKTcells could be described as CD3+ DN cells, as thelilKe2NKT cells
reportedly express CD@rennan et al., 2033 Thl-like INKT cells were of particular
interest in the context of pepartum inflammation as they have been described in the
endometrium duringhie pregnancy and may contribute to inflammatimuced preterm

birth (Li et al., 20121to et al., 2000Boyson et al., 2008

A more in depth learacterisation o€D3+ DN cells wasthereforea natural progressidior

the work Defining cells due to a lack of expression of markers is imprecise and gives very
little insight into the nature of the population being studied. Therefore, a search for
additional markers to classify the cells in the CD3+ DN cell subset was a high piibsty.
varied expression of CCR2 in different tissues gave some weight to theudparted by

the literature that cells defined as CD3+CBd@D8- contain severaldistinct cell types.

Flow cytometry allowshe profiling of this population, within the limits of channel and
antibody availability. One of the maissues to resolvevas whethesome or all, of the

cells were true T cellsand antibodies againstCRs were therefore included panel of
antibodies againsither markers was also chosen, based on likely candidates discussed in
the literature. These markers were tested in a nunilie&ssoes and the data are presented

in this chapterThus, having identified irfChapter4 that the majority of CD3+ cells in

reproductive tissues at all tinpmints were CD3+ DN cells, | hypothesised that these cells
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were a mixed population, likely to cani ) 6trued DN T el | si,i
NKT cells, expressing NK1.1 and TGRb a nTLCR-g d ce)ls andother CD3+ DN
cells. While following this line of investigation itlentified three major subsets of cells
within the CD3+ DN population,and thee cells were further profiled in NP and 1DPP
animals. It was also clear from this work thgtanalysing larger numbers of mice and by

using more fluorescent channels it is possible that these subsets could be subdividec
further.
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Results

5.1.CD25 and NK1.1 are expressed on subsets of CD3+ DN.cells

To begin to try to fractionate CD3+ DN cells into more clearly defined subsets, antibodies
against NK1.1, a marker of NK and NKT cells, had been included in the NP samples
analysedat the end oChapterd. NKT cells show characteristics of NK cells and T cells,
and express CD3, so they could be present in the CD3+ DN population. Splenocytes
stained in the presence or absence of NK1.1 antibodies were used to draw gates to hel
identify NK1.1+ cells in samples prepared from other tissues (Figure 5.1A). When CD3+
DN cells in reproductive tissues were analysed using these gates, ~30% to ~50% of CD3+
DN cells in the uterine horn and cervix were classified as NK1.1+ in both WT and CCR2
KO mice (Figure 5.1AB). It was also striking that NK1.1 was expressed at a lower level
on splenic NK1.1+ cells than on NK1.1+ cells retrieved from reproductive tissues,
although the significance of this observation is not clear. Thus, in NP females, QD3+ D
cells are a mixed population and NK1.1+ was present on a significant proportion of CD3+
DN cells in reproductive tissues. These cells are likely to be NKT dehdl.1 expression
wasalso examined on CD3+ DN cells in lymphoid tissues and blod¢Pahice analysed

at the end of Chapter 4 (Figure 5)1B'he smallest NK1.1+ population of CD3+ DN cells
was seen in the PALN and thymus comprising only ~10% of these cells. In the spleen 20
25% of CD3+ DN cells expressed NK1.1 (Figure 5.1B), while in the biowd BM this

rose to between 360%. No significant differences in the abundance of NK1.1+CD3+ DN
cells were seen between WT and CCR2 KO mice.

Another marker ascribed to CD3+ DN cells in the literature is C02® et al., 2011a
Fischer et al., 20Q9 akeuchi et al., 1992 ider et al., 1991Mixter et al., 1999Utting et

al., 2000 Voelkl et al., D11, Zhang et al., 20Q0Duncan et al., 20)0and it has been
reported to be expressed by these dallhe uterine horrfdJohansson and Lycke, 2003
CD25 is a marker associated with conventionalgtells and isteIL-2 r ecept. or
Antibodies against CD25 had been included in the samples analysed at the end of Chapte
4, primarily to allow detection of CD4+CD25+ Treg, but | also examined its expression on
CD3+ DN cells with a vievio separating an NKTike subtype from a Teglike subtype.

CD25+CD3+ DN cells were defined based on gates set using FMO staining from the
spleen (Figure 5.1C). In WT micaround halfof the CD3+ DN cells in NP uterine horn
and cervix were CD25+. CCR2 did not exert any effect o abundance of either

population (Figure 5.1D). CD25 expression was also detectable on a subset of CD3+ DN
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cells in spleen, BM and PALN, and particularly in blood, and again CCR2 deficiency had

no effect on cell abundance (Figure 5.1D).

5.2. CD25 is eypressed by moftiK1.1+CD3+ DN cells in NP reproductive tissues and
blood

The pattern of CD25 expression and NK1.1 expression suggested some overlap in thei
expression in reproductive tissues and elsewhere. Thus, a quadrant gate was constructs
based onthe CD25 and NK1.1 FMO gating used previously. An example of these
quadrants is seen in Figure 5.2A. These plots clearly showed that CD3+ DN cells from
different tissues varied in their extent ofexpression of NK1.1 and CD25. The top right
gate, repreenting CD25+NK1.1+ CD3+ DN cells, appeared to only have adeéihed
population in the uterine horn, cervix and blood (Figure 5.2A). When the data from several
individuals were expressed together graphically (Figure 5.2B), it was clear that most
NK1.1+ CD3+ DN cells in the uterine horn and cervix were CD25+. In stark contrast,
most NK1.1+ CD3+ DN cells in spleen and PALN lacked CD25 expression. A small
proportion of NK1.1+ CD3+ DN cells in the BM expressed CD25, and this population was
more prominentn the blood. Interestingly, the NK1.1+CD25+ CD3+ DN gmpulation

is phenotypically similar tarhl-like iNKT cells, which exist in an activated state and
respond to lipid antigens presented by CBdennan et al., 20)3My data show that
these cells make up a greater proportion of CD3+ DN cells in uterine horn, cervix and
blood, than elsewhere in the mouse. However NK1.1+CR28 NK1.:CD25+ cells

were also present amongst CD3+ DN cells in NP reproductive tissues.

5.3. CCR2 isexpressed primarily by NK1-CD25- cells in the CD3+ DN population.

Some of the CD3+ DN cells in the uterine horn, spleen and PALN of NP mice showed
evidence of CR2 expression (Figures 4.12 and 4.13). When CBEB47 uptake by the

four populations defined by expression of CD25 and NK1.1 was analysed, it was clear that
the large majority of CCR#8ependent uptake was found amongst GNE3.1- CD3+

DN cells in spleenblood and uterine horn (Figure 5.3). CC&$endent uptake was also
found in uterine horn in the small NK1.1+CDB25D3+ DN cell population, but this was

not seen in any other tissue (Figure 5.3A). Perhaps the most striking-@€dk&ted
internalisation & CCL2-AF647 was seen from NK1.CD25+ CD3+ DN cells in the
PALN, where ~70% of WT cells were CCL2+ but <10% of CCR2 KOs had internalised
the fluorescent chemokine (Figure 5.3C). These data seem to support the idea that CD3
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DN cells represent a mixed pdation and that different tissues contain different types of
CD3+ DN cells, with different levels of CCR2 activity.

5.4. Expression ofadditional markersby CD3+ DN cells.

The results above indicated that, as expected, CD3+ DN cells in NP mice areda mix
population. According to the literature, several other surface markers can be expressed b
CD3+ DN cells. Although limited time and resources prevented them from all being
thoroughly tested, experiments were performed on NP female WT mice in ordewto d

up a panel of markers to be studied further. CD3+ DN cells were identified in reproductive

tissuesand staining was compared with staining in the spleen.

B220 has been reported to be a marker of uterine CD3+ DN(delsnsson and Lycke,
2003. However, just by comparing the images in Figure 5.4A, it was clear that very few
CD3+ DN cells in the uterine homtetectablyexpressed B220, whereas a populatid

B220+ CD3+ DN cells waglearly observed in the spleen. In order to get an idea of
whether a TCR complex was present on CD3+ DN cells in the uterine horn, antibodies
recognising TCFb and tohie cToGp |l ex wer eb bap e areesd
expressed by many CD3+ DN cells in the uterine horn, and a defined population ef TCR
b+ CD3+ DN <cells was also clearl ydviwsaisb
present on a distinct population of CD3+ DN cells in the spleen however only a small
populatinof TCRo iU+ cel |l s could be identified in

CD3+ DN cells have been described as being GAEAGao et al., 200)1or CTLA-4-
(Voelkl et al., 2011Duncan et al., 20)0However in this experiment CTLA staining of

CD3+ DN cells was not cimcing in either uterine horn or spleen (Figure 5.4D)-Pid
associated with CD3+ DN cells in the thym(#=ir et al., 200band a small proportion of
CD3+ DN ells were PB1+ in the uterine horn and spleen (Figure 5.4E). The final marker
tested was CXCR5, a chemokine receptor associated with recruitment of cells into follicles
in secondary lymphoid organs that has been reported to be expressed on DNAnsells

et al.,, 1999Lee et al., 2005Lee et al., 2006 Althoughvery few CD3+ DN cells in the
spleen expressed CXCR#he uterine horn CD3+ DN cells appearedctmtaina much
higher percentage cklls that showe@XCRS5 positivity (Figure 5.4F).

This analysis was then extended to the peripheral tissues studiedien egeriments.

Markers on CD3+ DN cells in peripheral tissues were gated as in FigureB230
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appeared to produce a clear population in each tissue, except for the thymus (Figure 5.5A)
This suggested that in many peripheral tissues the mixed CD3+cdliNpopulation
contained a B220+ CD3+ DN cell population, which was not present in uterine horn
(Figure 5.4). Aclusterof TClR + ane UFCR el | s was <cl early
cell population in each lymphoid tissue examined (Figure £5BCompaed to these
tissues, a higher proportion of CD3 DN cells in the blood were-bCR, and f ewe
TCRo U+ ( Fi &) rather like tbeButerine horn (Figure 5.4B). Again, CT4Alid

not stain CD3+ DN cells in any of the tissues studied (Figure 5.5bBijs may have been

due to a lack of optimisation or reagent failure because no convincing -@¥Llogklls were
identified even outside of the CD3+ DN population (data not shown). As expected there
was good staining for P in the thymus, and some stainingsaseen on CD3+ DN cells

in the spleen, but few RD+ cells were observed in the blood, PALN and BM (Figure
5.5E). The last marker in the panel was the chemokine receptor CXCR5. This receptor
was present on a substantial proportion of CD3+ DN cells indhland, to a lesser extent,
those in BM, but very few CXCR5+ CD3+ DN cells were present in the spleen, PALN and
thymus (Figure 5.5F).

The percentageof CD3+ DN cellsexpressingeachindividual marker were calculated
(Figure 5.6) The percentage @@D3+ DN cellsexpressing NK1.1 and CD25 had also been
determined in these experiments, and these data are also presented in Figure 5.6 to atternr
to correlate their expression to that of the other markéssonly limited animals were
available at this timgthe n number for some of the markers was as low as 2, which must
be taken into account when assessing these rddoligever it was notable that the pattern

of markers expressed by CD3+ DN cells was very similar between uterine horn and cervix,
suggesting tat the populations of CD3+ DN cells were very similar in these two tissues
(Figure 5.6A). Cells expressing NK1.1, T&R, CD25, or CXCR5 wer e
uterine horn and cervixywhere few CD3+ DN cells were positive for B220, TERU ,
CTLA-4 and PD1 (Figure 5.6A). Interestingly, a similar pattern was observed amongst
CD3+ DN cells in blood (Figure 5.6B), although a somewhat lower percentage expressed
CD25 and a higher proportion were B220+. In spleen and PALN,-FCR+ cel | s
more highly represeatl, while those expressing NK1.1 or T®GR wer e | ess ab
all tissues, the sum of cells expressing FIER o r -0 T C R &98%. 8Sihce these two
markers are unlikely to be @xpressed, it seemed that most CD3+ DN cells carried a
TCR. This is invetigated further in the section below. As might be expected, CD3+ DN

cells in the thymus demonstrated a vdifferent pattern of expression, most strikingly,
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strong expression of RD (Figure 5.6B). Clearly, CD3+ DN cells in the thymus were quite
distinct from those found in the other organs studied in this project. Having a different
surface phenotype did not necessarily rule them out as precursors for cells found
elsewhere. These cells might migrate from the thymus and give rise to other types of DN
cells.

5.5. NKT cellsare a major CD3+ DN cell population, particularly in reproductive tissues

and blood.

Next, | wanted to identify any markers that might beegpressed in order to provide a
more definitive identification of CD3+ DN cell subsets. Dwoeohly certain channels
being free on the flow cytometer and the availability of antibodies in those colours, only
selected combinations of markers were successfully tested. Quadrant gates were based «
FMO staining as in Figure 5.4 and 5.5. Across adlues, very few CD3+ DN cells could

be <classified as TCRb+TCRouUu+ (Figure 5.
receptors are usually seen as mutually exclusive. Moreover, with the exception of the
spleen and PALN, nearly all CD3+ DN cells carried a TC®Rhen NK1.1 and TC®

were studied together, it was found that a sizeable proportion of CD3+ DN cells in the
uterine horn, cervix and blood could be
These cells were a much smaller proportion of the CD3+ DN oekhe spleen, PALN,

BM and thymus (Figure 5.7B left). Gexpression oNK1.1and TCRb i s consi st
an NKT cell identity Ther e wer e al so p lkellsnamgngsotiie CD33R b +
DN population in all tissues examined: these cells can beifddsas DN T cells.
Expression of NK1.1 and B220, T@Rand B220, and CXCR5 and PD was largely

mutually exclusive in all tissues examined (Figure 5.E)C

5.6. Summaryl.
The main findings of these studies were:
1 There is a clear delineation in thepeession of markers on CD3+ DN cells
from different anatomical locations;
Most CD3+ DN cells express a TCR, irrespective of their location;
A sizeable proportion of the CD3+ DN cells in the uterine horn, cervix and
blood of NP mice are NKT cells defined sa CD3+CD4CD8&
NK1.1+TCRo+CD25+;
1 TCRb+NK1.1- cells are presenamongst the CD3+ DN populatian the

uterine horn, cervix and blood NP mice;
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1 Many CD3+ DN cells in the uterine horn, cervix and bloodN# mice

express the chemokine receptor CXCRS.

5.7. The composition of CD3+DN cells appeast o change towards
NK1.1- phenotype at 1DPP.

Having defined cells in the CD3+ DN population more cleargxt| wished to investigate

how these pogdations differed between NP and 1DPP mice. To do this, CD3+ DN cells
were b be split into three major subsets based on expression of NK1.1 and TCR. e .
NK1. 1+TCRb+ NKTITCRel+l sDN NK 1c. eHT ICR foellsa NKd.: NK 1
T C R feells were also tested for expression of TCH . First, reprod
analysed (Fgur e 5. 8) . I n uterine horn;CDBhe s
DN cells and NK1.4T C R £D3+ DN cells were decreased as a proportion of total CD3+
DN cells at 1DPP compared to NP (Figure 5.8B, left). In the cervix the very low
percentage of thélP CD3+ DN popul ati on - lhd flecraased a
further at 1DPP (Figure 5.8B, right). Inbatht er i ne hor n NKid-CB3&8r vi
DN cells dominate, and this population significantly increases in uterine horn in terms of
proportion and nuilvers at 1DPP (Figure 5.88). Compared to Figure 5.7, there are fewer
NK1. 1+TCRb+ cells in the CD3+ DN popul at
differences in these results can be easily explained as the data from Figure 5.8 onward
were generateffom different mice to the rest of the chapter and therefore would have
been subject to the natural experimental variation, which has been seen throughout thi

project.

For the rest of the experiments in this chapter the number of cells retrieved wiated)c
because cells were divided into aliquots in order to be stained with multiple antibody
cocktails. A significant i ncr-HKl4-€D3w®N o0Db
cells seen in the 1DPP females in the cervix (Figure 5.8C).

To address thguestion of whether cells increased in number in proportion to the size of
the reproductive tissues, the uterine horn and cervix were weighed and the number of cell:
per g of tissue was calculated. Thisowed that overall the number of CD3+ DN cells per

g did not seem to change between NP and 1DPP uterine horn Nesabange in the two

largest populations was seen in either tissue (Figure 5.8D).
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58. An increaseinthepr opor ti on o-fin the CB3 DN gopulafion in
1DPPblood, compared with NP mice

CD3+ DN cells in the spleen, blood and PALN were also examined. Spleen CD3+ DN
cells had a distinc4c edrl osf ialned, pvaNKihi- cclsT R +
dominating the CD3+ DN population in terms of proportion and numbers in NP and 1DPP
samples (Figure 5.9A). The percentage and number of cells in the NK1.1+ subgroups were
tiny. No differences between NP and 1DPP were observed although the doulie posit
TCRb+NK1. 1+ CD3+ DN cells displayed a c¢h
population that could be seen as approaching significance (p=0.063, Figure 5.20A, left).

As hinted at before, CD3+ DN cells in the blood were comprised of different rdtios o
NK1.1/ TCRDb cells than spleen or PALN. I
blood was more similar to the pattern seen in uterine horn and cervix. Though not the main
CD3+ DN cel |l popul ati on, NK1. 1+TCRb+e CD3
population in the blood compared with the spleen and PALN, where these cells were
barely detectable. Like uterine horn, the blood displayed an increased proportion of
T CRD + N-KCD3+1IDN cells in the early pogiartum period, compared to NP females
(Figure 5.9B, left). The most important result from this figure showed that CD3+ DN cells
do not increase per ml in blood. This is crucial and suggests that the change in proportion:
of CD3+ populations at 1DPP, compared to NP mice is not driven by an inoréaba+

DN cells. It therefore follows that the differences in populations are due to a CCR2

dependent decrease in CD4+ T cells.

PALN CD3+ DN cells, which only made up a small percentage of CD3+ cells in both NP
and 1DPP femal es we-NKL1l @mddhdse imcreased in Inymbel i@ R b
1DPP females (Figure 5.20C, right).

50 The propor t-NKi.t+ C3f DNTcelRfexpre si ng TCRoU i n
1DPP in the uterine horn.

T C RNMK1.1- CD3+ DN cells were an intriguing population, seen in all tissues studied.
These cells were obviously a mixed population and the studies earlier in the chapter
attempting marker characterisatio suggested strongly that
Expression of TCR U was st udi-NKi.l- Ch3+ DM eells inGhe BNP and
1DPP mice examined in Figures 5.8 and 5.9.
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Expression of TCR U was | ow in reproduct ientewitht i s s
previous results (Figure 5.6). Interestingly, in the uterine horn, expression @9 TCR mo r e
than doubled at 1DPP, compared to NP mice (FigurdA5.left). Numbers of
T CR 92 U #-NKIRL- CD3+ DN cells in both tissues, tended to increase at 1DP#ibut

was not significant (Figure 5.10B).

Even at 1DPP it cannhKl.l-BEB3sabDdl thht smbav
phenotype, so these remain a largely unidentifiable population. However, in the uterine
horn at 1DPP t h ecelesconstituting more of thése aelis than isoséen il

NP females.

510. TCRo U + ‘NKIRLHbCD3+ DN cells are more abundant in spleen at 1DPP,
compared with NP mice

T C RNKK1.1- CD3+ DN cells were also examined in spleen, blood and PALN for their
expressn of TCRo U . Contrary to reproductive tis
spleen and PALN expressed TORl, so are | ikely to be ol
Numbers of NKIRoGD3+TDOIRdIs were increased in the spleen at 1DPP
(Figure 5.11A) but this was not seen in the other tissues and no significant changes in
proportion of TCRo U+ c el I-NK1.1wED3¢® DN eelisor d
expressed lower levelsof TERU ( Fi gure 5. 11B), echoing f
(Figure5.10) but no changes were seen between NP and 1DPP individuals. Compared tc
secondary | ymphoi-NK1g-rCdP8rs DNf ewend sTCRMmI d

T cells.

5.11. Summary?2.
CD3+ DN cells in tissueselswWNKLETRMP+ i NKT ne ®
NKL.I-TCRb+ DN T c el 0 Rbels. Mt miikfihdings were:

T Al most al | NK1.1+ cells were TCRDG+, é
constituted around ~280% of CD3+ DN cells in uterine horn, cervix and blood.

1 NK1.I-TCRb + DNMNs weére & large population in uterine horn, cervix and
blood and these increased as a proportion of CD3+ DN cells in uterine horn and
blood at 1DPP, compared to NP mice.

1 No increase in the number of CD3+ DN cells per ml of blood was seen at 1DPP,

comparedo NP blood.
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1 In spleen and PALNNK1.1-T C R lbells dominated and most of these cells were
found to express the alternet TCR, TCRo U .
1 NK1.1-T C R frells were also seen in uterine horn, cervix and blaltitbugh
TCRo 4 cellswere not as abundant as they wereségondary lymphoid tissues
Interestingly, in uterine horn, the proportion of cells expressing-3GR wa s
increased at 1DPP, compared to NP individuals.
CD3+ DN cells were successfully segregated into cells that had surface phenotypes
consistent with them being NKd@ells DN T cells, and o0 T cell s. T
population of CD3+ DN cells that lacked expression of a TCR or NK1.1. The abundance
of these cell populations did not appear to change dramatically between NP and 1DPF
tissues. These different cell types, anelit possible functions in reproductive tissues and
elsewhere, are discussed in greater depth in the Discussion section (Chapter 7).
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Figure 5.1CD25and NK1.1 are expressed on subsets of CD3+ DM.cell
Measurement oNK1.1 and CD25 surface expression on CD3+ DNscatid using flow
cytometryin WT (n=3) and CCR2 KO (n=4) NP females. (A) Representative gating of
NK1.1+ gate based on NK1.1 FMO stainingtbé spleen. (BProportion of CD3+ DN
cells expressing NK1.1. (C) Representative gating of CD25+ gate based on CD25+ FMO
staining of the spleen. (Mroportion of CD3+ DN cells expressing CDZIata presented
as meantSEMStatistical analysis carried ooty St u-tbst, nat sigsificant.
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Measurement of NK1.1 and CD25 on CD3+ DN cdittm NP WT miceusing flow
cytometry (n=3).NK1.1 and CD25orizontal and vertical gating based on FMO staining
(asshown in fig 5.1). (A) Representative images of quadrant gate for CD25/NK1.1. (B)
Proportion of CD3+ DN cells expression CD25 and NKRésults shown as mean+SEM.
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Figure 5.3.CCR2 is expressed primarily by NKACD25 cells in the CD3+ DN
population

Measurement ofCCL2-AF647 uptake by CD3+ DN cellsn NP WT and CCR2 KO
femalesusing flow cytometryUptake histograms are displayed with WT showarenge,
CCR2 KO in blue, CCL2 FMO for spleen in red. (A) Left; Percentage of NK1.1+ED25
CD3+ DN cells internalising CCL-AF647. Right; Representative histograms showing
CCL2 uptake in NK1.1+CD25CD3+ DN cells. (B) Left; Percentage of NK1.1+CD25+
CD3+ DN cells internalising CCL:AF647. Right; Representative histograms showing
CCL2 uptake in NK1.1+CD25+ CD3+ DN cells. (Cgft; Percentage of NK1.CD25+
CD3+ DN cells internalising CCL2AF647. Right; Representative histograms showing
CCL2 uptake in NK1.ACD25+ CD3+ DN cells. (D) Left; Percentage of NKACD25
CD3+ DN cells internalising CCL2F647. Right; Representative histograms showing
CCL2 uptake in NK1.ACD25 CD3+ DN cells.Data presented as mean+SEMatistical
anal ysi s carri edesdyt why hStWed erhté&s ctor r e
*p<0.05.
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Figure 5.4 Example staining of additional markers @3+ DN cells in theuterine horn.
Measurement of CD3+ DN cells in NP WT females and markers on the surface using flow
cytometry. Representative images of gating forkaes based on FMO controls in the
spleen(A) B220 (B) TCF (C) TCR {iD) CTLA-4 (E) PD1 (F) CXCRS.
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Figure 5.5.Example stainingof additional markers orCD3+ DN cells in peripheral
tissues

Measurement of CD3+ DN cells and markers on their surface in NP WT females using
flow cytometry. Representative images of gating for markers based on FMi©@Isan the
spleen(A) B220 (B) TCH (C) TCR {D) CTLA-4 (E) PD1 (F) CXCRS.
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