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Introduction

1 Introduction

1.1 Developmental origins of health and disease

Epidemiological data indicate a strong increase in the incidence of chronic non-communicable
diseases, including cancer, diabetes, cardiovascular, and allergic diseases, as well as auto-immune
diseases, in the last century of the previous millennium, now accounting for more than 60% of deaths
worldwide (WHO, 2011, Bach, 2002, Lundback et al., 2016). Environmental conditions, in particular a
Western lifestyle, which is accompanied by urbanization, migration, improved hygiene, nutritional
changes and a sedentary activity level, are assumed to underlie these developments rather than
improved diagnosis or mere genetic predisposition (Gluckman and Hanson, 2004, Hanson and
Gluckman, 2014, Okada et al., 2010).

It is recognized that early life environmental influences during the perinatal period could have long-
term consequences for the risk of developing chronic diseases in postnatal life (Hanson and
Gluckman, 2014), a concept summarized as “fetal programming” or the “developmental origins of
health and disease” (DOHaD). Unraveling the underlying mechanisms that link adverse early life
circumstances with a higher susceptibility to chronic immune diseases in later life has implications for
understanding causes of the increasingly emerging onset of immune diseases, and, ultimately, for

developing potential preventive measures and treatment options.

1.2 Prenatal stress as a challenge to maternal adaptation to pregnancy

Pregnancy is an exceptional immunological circumstance. The semi-allogeneic fetus expresses
paternal and thus, from the maternal point of view, foreign antigens which require to be tolerated to
avoid rejection by the immune system while the fetus needs to be nourished at the same time. The
maternal immune system actively responds to fetal antigen and is capable to adapt both local and
systemic immune responses to pregnancy (Arck and Hecher, 2013). This adaptation can be
challenged with consequences for growth and development of the fetus. Failure or insufficiency in
immune adaptation can result in fetal loss, or pregnancy complications such as pre-eclampsia and
pre-term birth, which are often accompanied by poor fetal development. These complications can
manifest in low birth weight (Hamilton et al., 2015), which in turn is a risk factor for developing chronic
diseases like coronary heart disease, stroke, type 2 diabetes mellitus, adiposity, the metabolic
syndrome, and osteoporosis later in life (Barker, 2006, Gluckman et al., 2008, Smith and Ryckman,
2015). Exogenous challenges to the maternal immune adaptation to pregnancy include medication
such as use of acetaminophen (Thiele et al., 2015), infectious viral diseases such as Influenza A virus
infection (Gabriel and Arck, 2014, Jamieson et al., 2009, Van Kerkhove et al., 2011), possibly Vitamin
D deficiency (Brannon, 2012, Fried et al., 2016), as well as overnutrition (Frias et al., 2011, Lumeng
and Saltiel, 2011).

Additionally, a maternal stress burden during pregnhancy has been proposed to disturb immune
adaptation and thereby account for pregnancy complications (Arck et al., 2008, Nepomnaschy et al.,

2004, Nepomnaschy et al., 2006) and poor fetal development. In humans, maternal stress has been
1
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correlated with a decreased gestational length and birth weight (Wadhwa, 2005), or intra-uterine
growth (Precht et al., 2007), an effect mirrored in mouse models of prenatal stress (Solano et al.,
2015). Epidemiological data indicate a link of a prenatal stress exposure with a child’s physiology and
predisposition to postnatal diseases, such as mood disorders, depression or schizophrenia (Kinney et
al., 2010, Kinsella and Monk, 2009), autism (Walder et al., 2014), cardiovascular diseases (Cottrell
and Seckl, 2009, Leduc et al., 2010), cancer (Bermejo et al., 2007), and autoimmune type 1 diabetes
(Virk et al., 2010). This may be mediated by an activated stress response, which is accompanied by
increased levels of glucocorticoid hormones, adding to the physiological pregnancy-associated
hypercortisolism. This response not only exerts its effects on metabolic and adrenergic circuits but
also influences the maternal immune system through immune-endocrine interactions (Glaser and
Kiecolt-Glaser, 2005).

Negative repercussions of prenatal stress on the developing fetal immune system may program the
offspring’s immunity and impact the risk to develop chronic immune diseases later in life (Veru et al.,
2015, Veru et al., 2014). Indeed, in human birth cohorts prenatal stress exposure was associated with
the later development of allergic diseases like asthma, eczema, and atopic dermatitis (Andersson et
al., 2016a, Fang et al., 2011, Pincus et al., 2010, Sausenthaler et al., 2009, von Hertzen, 2002,
Wright, 2007). Evidence in humans shows that maternal anxiety during late pregnancy was associated
with asthma in children at 7 years of age (Cookson et al., 2009). Similarly, the likelihood to develop
asthma and eczema at 14 years of age was significantly increased in Australian children of mothers
who had experienced adverse life events during the second half of gestation irrespective of maternal
genetic predisposition (Hartwig et al., 2014). Similarly, maternal stress perception during pregnancy
was associated with wheezing in children in Mexico (Rosa et al., 2016), USA (Lee et al., 2016), and
with wheezing, asthma, eczema or allergic rhinitis in Italian children (de Marco et al., 2012).

Stress-induced persistent effects on immunity have been linked with the onset of immune diseases
in experimental settings. In adult offspring, airway hyperresponsiveness in mice (Pincus-Knackstedt et
al., 2006) and leukocyte infiltration in rats (Nogueira et al., 1999) in response to allergen sensitization
was increased after a prenatal stress exposure. This indicates an increased vulnerability to airway
inflammation, linking the epidemiological observations of a higher risk to postnatally develop immune

diseases when conditioned during early life.

1.3 Maternal prenatal stress and DOHaD: potential mediators and mechanisms

Underlying mechanisms and mediators that directly link maternal conditions with fetal development
and long-term health consequences remain a matter of intense research (Hanson and Gluckman,
2014). An impaired functional integrity of the feto-maternal interface, hormone level alterations, and
epigenetic modifications have been proposed, as described in the following.

Maternal prenatal stress perception alters the maternal immune adaptation at the murine feto-
maternal interface, including an increased secretion of pro-inflammatory cytokines (Blois et al., 2004),
an enhanced migration of inflammatory cells into the feto-maternal interface (Blois et al., 2005),
decreased levels of regulatory T (Treg) cells, Galectin-1 (Blois et al., 2007, Blois et al., 2004), as well

as CD8'CD122" suppressor T cells, concomitant with an increased cytotoxic CD8 T cell activity
2
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(Solano et al.,, 2015). Progesterone is crucial for pregnancy initiation and essentially involved in
maintenance of pregnancy-protective immune response regulation (Arck et al., 2008, Szekeres-Bartho
et al., 2005). Stress exposure decreased levels of serum progesterone in mammalian pregnancies
(Arck et al., 2008, Joachim et al., 2003, Solano et al., 2015).

These stress-related alterations point towards a decreased tolerogenic and rather inflammatory
maternal state at the feto-maternal interface, a condition emerging concomitantly with an excess
secretion and availability of glucocorticoids through activation of the maternal hypothalamic-pituitary-
adrenocortical (HPA) axis in response to stress. Although glucocorticoids contribute to fetal
development in a gestational age- and concentration-specific manner (Fowden and Forhead, 2015,
Rog-Zielinska et al., 2014), an excess of fetal glucocorticoid exposure due to their excessive
transplacental transfer has been shown to link maternal stress responses to an impaired fetal growth
in human and murine pregnancies (Seckl and Meaney, 2004, Wyrwoll et al., 2009). Reduced activity of
the enzyme 11(3-hydroxysteroid dehydrogenase type 2 which converts maternal glucocorticoids to
their inactive form in the placenta is shown to be involved in an increased prenatal stress signaling to
the fetus (Seckl and Holmes, 2007, Solano et al., 2015). Increased glucocorticoid levels act on the
developing endocrine systems, alter the expression of several growth factors and their hormone
receptors, and result in programming of e.g. the HPA axis responsiveness towards stress signaling in
rodent and non-human primate offspring (Fowden and Forhead, 2015, Jellyman et al., 2015, Kofman,
2002, Maccari et al., 2003, Moisiadis and Matthews, 2014, Welberg and Seckl, 2001). An increased
passage of glucocorticoids into the fetus might also influence the fetal immune system directly by
binding to glucocorticoid-sensitive hematopoietic fetal cells that express glucocorticoid and
mineralocorticoid receptors, thereby potentially affecting their immediate immune function (Coutinho
and Chapman, 2011, Speirs et al., 2004).

Additionally, epigenetic modifications have been suggested as key mediators of long-term
programming. Epigenetic mechanisms provide the molecular evidence of the impact adverse
developmental conditions can have on priming subsequent disease (Hanson and Gluckman, 2014,
Nistala et al., 2011, Whitelaw and Whitelaw, 2006). These include DNA methylation, histone
modification, and non-coding RNA processes (Meaney and Ferguson-Smith, 2010). A link between
epigenetic modifications in the offspring and previous pathological metabolic conditions during human
pregnancy has been reported (Lillycrop, 2011). While, inevitably, the established epigenetic
correlations between pre- and postnatal conditions require confirmation through cause effect
relationships (Saffery, 2014), studies aiming to elucidate long-term effects of prenatal exposure to
excess glucocorticoids in guinea pigs, mice and humans indicate e.g. CpG residue methylation and
thus gene silencing in key regulatory genes, altered expression of DNA methyltransferases, and
differential binding of promoter response elements (Crudo et al., 2012, Moisiadis and Matthews, 2014,
Wyrwoll et al., 2007, Yehuda et al., 2014).

Apart from stress hormones and their interactions with immune, endocrine, and gene-regulatory
circuits, another potential mechanism accounting for the fetal origin of a child’s immune disease

development could be of cellular origin: maternal microchimerism.
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1.4 Maternal microchimerism

Microchimerism is defined as the presence of a small amount of genetically distinct cells in an
individual. Bi-directional transfer of nucleated cells occurs between mother and child during pregnancy
resulting in maternal and fetal microchimerism (Nelson, 2012).

Maternal microchimerism (MMc) is defined as the persistent presence of maternal cells in the
organs of the fetus and offspring. MMc cells are acquired during preghancy and lactation and persist
until adulthood. The variety of MMc cell phenotypes, the widespread location of MMc cells in the
offspring’s organism, and its detection in the context of human auto-immune diseases have raised
interest in its short- and long-term functional role for the offspring. To date, the importance of MMc in
humans has been discussed in two rather contradictory settings: beneficial effects of MMc have been
described e.g. in tolerance induction in allograft transplantation and a re-inforcement of maternal
reproductive fitness; while conversely, MMc can have disadvantageous effects such as in priming of

the child’s immune response against allo-antigens, possibly pre-disposing to auto-immunity.

1.4.1 Advantages for the child’s health - Induction of tolerance toward non-inherited maternal

antigens

Microchimerism-induced, non-inherited maternal antigen (NIMA)-specific tolerance is evident in
allograft transplantation, as recipients transplanted with maternal tissue experienced a decreased
acute rejection rate, graft failure after 6 months, and graft-versus-host disease as well as markedly
improved long-term (5 and 10 year) allograft survival in comparison to those transplanted with paternal
tissue (Burlingham et al., 1998, Ichinohe et al., 2005, Joo et al., 2013, Nijagal et al., 2012, van Rood et
al., 2002). Further functional consequences are recognized in transfusion-dependent individuals that
are broadly exposed to foreign human leukocyte antigen (HLA) alleles. These patients were found to
selectively lack antibodies with specificity to NIMA, but frequently carried antibodies against non-
inherited paternal antigens (NIPA) HLA haplotypes (Claas et al., 1988).

Thus, exposure to genetically foreign maternal tissue beginning in utero primes tolerance to
immunologically discordant NIMA in the offspring (Dutta and Burlingham, 2011, Eikmans et al., 2014,
Kinder et al., 2015b). This tolerance is mediated by the suppression of cytotoxic T cell responses
(Akiyama et al., 2011, Bonilla et al., 2006) and the expansion of immune suppressive Tregs with NIMA
specificity, the latter establishing during human and murine pregnancy (Mold et al., 2008, Molitor-Dart
et al., 2007) and persisting until mouse adulthood (Kinder et al., 2015a).

The advantageous effects of prenatal NIMA exposure with regard to transplantation outcome in
humans have been confirmed by studies in a mouse model that employs major histocompatibility

®® offspring that was exposed to non-inherited maternal MHC H-2° allo-

complex (MHC) class | H-2
antigens via MMc cell trafficking. This NIMA-exposed offspring accepts fully allogeneic (H-2d’d) heart
grafts (Andrassy et al., 2003, Dutta and Burlingham, 2011, Molitor-Dart et al., 2007), showed extended
survival of semi-allogeneic skin allografts (Andrassy et al., 2003, Zhang and Miller, 1993), and reduced

graft-versus-host disease in bone marrow transplantation (Matsuoka et al., 2006).
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1.4.2 Disadvantages for the child’s health - A predisposing role in auto-immunity?

The engraftment of semi-allogeneic MMc cells in the offspring’s organs may in contrast to tolerance
induction sensitize the developing offspring’s immune system and may influence the offspring’s
predisposition to auto-immune diseases (Leveque and Khosrotehrani, 2011). Higher prevalence or
frequencies of MMc were associated with various human auto-immune diseases, such as type |
diabetes, neonatal lupus syndrome, scleroderma, juvenile myopathies and dermatomyositis (Artlett et
al.,, 2001, Khosrotehrani et al., 2006, Lambert et al., 2004, Nelson et al., 2007, Reed et al., 2004,
Stevens et al., 2003, Vanzyl et al., 2010, Ye et al., 2014b). In human type 1 diabetes, for example,
MMc cells are present at an increased frequency in intact 8 cell islets of juvenile patients (Nelson et
al., 2007, Vanzyl et al., 2010, Ye et al., 2014a). Mouse models of MMc in auto-immunity (Lopez-Guisa
et al.,, 2011, Roy et al., 2011) or allo-reactivity (Leveque et al., 2014) provide hints that MMc cells
could be an integral part of auto-immune pathogenesis. However, MMc cells do not appear to be the
effectors mediating the inflammatory process and direct evidence of their role in the onset and

progression of different auto-immune responses remains elusive (Stevens, 2016, Ye et al., 2014a).

1.4.3 Techniques of MMc cell detection

Research into the clinical relevance of human MMc (Jeanty et al., 2014, Nelson, 2012) is essentially
complemented by data from animal models. In humans, MMc cells are distinguished from offspring’s
cells using the HLA haplotype alleles, which differ between mother and child. The HLA haplotype is
identified by different polymerase chain reaction (PCR)-based methodologies or fluorescence-
activated cell sorting (Mold et al., 2008). Alternatively, sex chromosome-based fluorescence in situ
hybridization (FISH) has been used to identify single maternal cells in offspring’s tissues (Eikmans et
al.,, 2014). Immunofluorescence- and PCR-based approaches can be combined to verify the genetic
identity of single microchimeric cells (Kroneis et al., 2010).

In contrast, mouse models offer a broader spectrum of markers and methods that permit the
detection of a low amount of MMc cells among a high quantity of offspring’s cells. During the last 20
years, various models have been designed to generate detectable genetic differences between
mother and fetus. Allogeneic transfer of blastocysts into pseudo-pregnant foster dams was employed,
that differed from the blastocysts with regard to their expression of maternal-specific markers which
can be detected in the fetus. These include the H-2 genes, which comprise the MHC class |
homologous to HLA in humans (Shimamura et al., 1994), their I-E genes, comprising MHC class Il
(Shimamura et al., 1994), or reporter transgenes such as LacZ (Marleau et al., 2003, Piotrowski and
Croy, 1996). Following a similar approach, other models employed the adoptive transfer of cells, e.g.
of human origin or radioactively labeled (Chen et al., 2008, Wienecke et al., 2012), into the pregnant
female. Despite enabling the detection of MMc cells in the fetus, these experimental approaches
significantly intervene with pregnancy, potentially affecting the appearance of MMc per se. New mating
strategies to overcome this limitation employ mating of mice with differing H-2 genes (Kinder et al.,
2015a), different leukocyte marker CD45 subtypes (CD45.1, CD45.2) (Nijagal et al., 2011, Roy et al.,
2011), or mice that differ in the expression of transgenic markers (e.g. enhanced green fluorescent
protein (eGFP)) (Dutta and Burlingham, 2009, Dutta and Burlingham, 2011, Lopez-Guisa et al., 2011,
Vernochet et al., 2005, Vernochet et al., 2007, Zhou et al., 2000).
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The experimental model selected must be accompanied by an appropriate detection method. The
detection of MMc cells in a fetus or neonate is limited by the amount of cells that can be obtained from
an organ or tissue at a certain early stage of life. The detection methods most frequently used in the
context of MMc are microscopy-based methodologies, flow cytometry, and PCR. Microscopy-based
methodologies include fluorescence microscopy or immunohistochemistry, which provide information
on the MMc cell morphology and tissue localization. For example, CD1 fetuses obtained from
blastocyst transfer into LacZ-transgenic dams showed positive signals following X-Gal staining
(Piotrowski and Croy, 1996). Compared with PCR-based methods or flow cytometry, microscopy-
based methodologies provide mostly semi-quantitative information, which relies on the selected
sections, visual fields or areas analyzed. Quantitative PCR (QPCR) can be employed to genetically
detect and quantify the occurrence of MMc cells in the organs of the offspring. To date, established
protocols allow discrimination of the H-2 haplotype and the presence of the eGFP gene (Dutta and
Burlingham, 2009, Dutta and Burlingham, 2011, Kinder et al., 2015a). In contrast, a genetic approach
to identifying the CD45 subtype is not yet available, as CD45.1 and CD45.2 differ in only 12
nucleotides (Zebedee et al., 1991). The limitation of a DNA-based method is, however, that target
detection, although quantified as genomic equivalents per fetal cells, does not allow phenotypical or
functional characterization of MMc. This limitation can be overcome by flow cytometry, which detects
cell surface antigens. Flow cytometry allows not only the identification, but also the characterization of
the cellular identity of MMc cells, which is fundamental to understanding their possible role in fetal
organs during gestation. EGFP and CD45 have both been recognized to be reliable markers in initial
MMc detection by flow cytometry. A comparative sensitivity analysis of our group revealed equal
detection limits for CD45 and eGFP (Thiele et al., 2014). The fluorescence of eGFP requires no
cofactors for its detection, while CD45.1 and CD45.2 can be reliably distinguished using specific
fluorochrome-conjugated antibodies.

To date, an experimental model has not been described that relies on naturally occurring genetic
variation between mouse strains to avoid experimental interference with pregnancy progression and

concomitantly allows to detecting and at the same time phenotyping MMc cells with high specificity.

1.4.4 Transplacental route of MMc cell migration

Although microchimerism is assumed to originate from transplacental trafficking, the mechanisms by
which cells cross the feto-maternal interface in the mouse and in humans are unclear. During the
establishment of blood circulation in the murine placenta at mid-gestation, maternal cells progressively
invade the labyrinthine zone starting at gestational day (gd) 13 to reach its maximum between gd 17
and 19 (Vernochet et al., 2007). These cells have been observed to spread across the zone of
materno-fetal blood exchange, which could facilitate the traffic through the placenta (Unno et al., 2010,

Vernochet et al., 2007) in a process of transplacental migration (Figure 1).
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Figure 1: Transplacental migration across the trophoblast-endothelial barrier. In order to reach the fetal
circulation, maternal cells at the feto-maternal interface (A) in maternal blood sinuses have to cross the
mononuclear trophoblast cell layer, two layers of multinucleated syncytiotrophoblast, and, after traveling the
labyrinthine stroma, migrate through the basal membrane and fetal endothelial cell layer (Rossant and Cross,
2001) in the blood spaces of the placental labyrinth (B) in a process of transendothelial migration. (C) Labyrinthine
cell layers are hypothesized to express the necessary molecular machinery, including molecules for cell capture
(Selectins), rolling (vascular cell adhesion molecule (VCAM)-1), adhesion (intercellular adhesion molecule
(ICAM)-1), and transmigration (e.g. Junctional adhesion molecule (JAM)-B). The reciprocal expression of cell
adhesion molecule ligands such as P-Selectin glycoprotein ligand (PSGL)-1, very late antigen (VLA)-4, and
lymphocyte function-associated antigen (LFA)-1 on the MMc cells is a prerequisite to allow for placental transfer.
M: maternal side; F: fetal side.

It has been hypothesized that the process of cell adhesion and transmigration of leukocytes in the
placenta is similar to that seen at the blood—brain barrier (Dawe et al., 2007). Whilst in humans the
expression of cellular adhesion molecules such as vascular cell adhesion molecule (VCAM)-1 and
intercellular adhesion molecule (ICAM)-1 that could mediate cell traffic has been addressed by some
studies (Cartwright and Balarajah, 2005, Dye et al., 2001, Xiao et al., 1997), in mice it has been less
frequently investigated. For early capture, a unique E-selectin gene expression pattern has been
attributed to the trophoblast (Milstone et al., 2000), which also expresses P-selectin (Fernekorn et al.,
2007). During rolling, VCAM-1 slows down velocity of cells in the blood stream, preparing for ICAM-1-
mediated firm adhesion. Explicit evidence of expression in the murine labyrinth for both VCAM-1 and
ICAM-1 is lacking, still, the human evidence as well as their involvement in leukocyte recruitment in
the murine decidua basalis (Blois et al., 2005, Kruse et al., 2002, Solano et al., 2011, Tometten et al.,

2006), suggests them to be candidate molecules participating in MMc migration mechanisms.
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Junctional adhesion molecules may play a role in facilitating integrin-mediated MMc cell
transendothelial migration (Looman et al., 2007, Prados et al., 2011, Rutland et al., 2007). Among the
superfamily of junctional adhesion molecules (JAMs), JAM-B is expressed in early murine gestation
(Su et al., 2012). Interestingly, JAM-B is expressed in human placenta (Aurrand-Lions et al., 2002,
Johnson-Leger et al., 2002) and its ligand, the integrin complex Very late antigen (VLA)-4, has been
shown to be necessary for transplacental migration of surrogate MMc cells (Chen et al., 2008). This
makes JAM-B a candidate protein which could be involved in MMc transmigrational processes, while
its expression remains to be histologically determined in the mid-to late gestational mouse placenta.

Overall, to date, it remains hypothetical and thus requires investigation whether MMc migration

could occur via the transplacental route.

1.4.5 Tissue distribution, kinetics and phenotype of pre- and postnatal MMc cells

As observed in humans, murine MMc cells can be detected in multiple fetal, neonatal, and adult
organs, such as peripheral blood, lymphoid organs, but also non-lymphoid tissues (Stelzer et al.,
2015).

There is compelling evidence that in mice MMc originates as early as mid-gestation upon the
establishment of the blood circulation in the hemochorial placenta (Marleau et al., 2003, Rossant and
Cross, 2001). From gd 12.5, MMc cells are found in the fetal thymus, although only in immune-
deficient offspring, and in peripheral blood. On gd 13.5 MMc can also be detected in the liver, which is
the major hematopoietic organ at that gestational age (Vernochet et al., 2005). In parallel with the
rapid build-up of the prenatal immune system, MMc appears to become a widespread phenomenon in
late murine pregnancy. Although Marleau et al. (2003) did not find any MMc cells present in whole
fetal tissues until gd 15.5, on gd 16.5, they observed abundant MMc in bone marrow and less
prominently in the liver. Increased levels of radioactivity accumulated in gd 19 fetuses compared with
gd 15 upon adoptive transfer of radioactive cells into the maternal circulation (Wienecke et al., 2012).
In contrast, the frequency of MMc cells among fetal blood cells decreased from gd 13.5 — 14.5 to late
gestation and neonatal life (Nijagal et al., 2011). This relative decrease could be explained by
increased fetal blood cellularity due to the progressing hematopoiesis or by the homing of MMc cells
into the fetal organs. Indeed, in late gestation, MMc cells were more prevalently found in the liver,
bone marrow, and spleen, followed by the thymus and also the lung (Piotrowski and Croy, 1996, Unno
et al., 2010, Zhou et al., 2000).

In neonatal life, MMc has a similar distribution to that observed during late gestation. Still, in the
early postnatal period, a modulation of the MMc level is apparent (Su et al., 2008). This may reflect the
dynamic transition of the prenatal immune system, which might be more tolerogenic toward MMc, to
the adult immunogenic program (Burt, 2013, Dakic et al., 2004), which could be accompanied by the
partial deletion of semi-allogeneic MMc cells. The hematopoietic organs containing maternal cells
were shown to continually increase until young adulthood (Vernochet et al., 2005). In young adults,
maternal cells are commonly found in the bone marrow, thymus (Vernochet et al., 2005), and in blood
(Araki et al., 2010) and lymph nodes (Dutta and Burlingham, 2009). Even up to 12 weeks of age, MMc
is present in the bone marrow and at variable levels in the spleen of the offspring (Marleau et al.,

2003). In non-lymphoid organs such as the brain, heart, skin, small intestine and kidney, MMc is more

8
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evident in early postnatal life, when it is also more frequently analyzed in these organs (Leveque et al.,
2014, Su et al., 2008). Still, in neonatal and young offspring (postnatal day (pnd) 0 — 45), the level of
MMc in the brain correlated with the level of MMc found in lymphoid organs (Kaplan and Land, 2005)
and the heart, liver, lung, brain, small intestine, and kidney remained sites of MMc in young adults
(Dutta and Burlingham, 2009). This indicates a widespread peripheral distribution of MMc that is not
restricted to the lymphoid compartment. At 6 — 8 weeks of age, though, the frequency of MMc per
organ was decreased compared with pnd 1 offspring (Dutta and Burlingham, 2009), further supporting
the association between the persistence of MMc and the maturation of the offspring’s immune system.
Importantly, during prenatal and early postnatal life, MMc is present in the liver, bone marrow, thymus,
and later in the spleen (Godin et al., 1995), at a time at which these organs are prominent sites of
immune ontogeny.

In order to address a potential role of MMc in the progeny it is hecessary to consider the phenotype
of MMc cells. Evidence for the transfer of MMc via transplacental migration from the maternal
circulation (Vernochet et al., 2007) implies that MMc cells belong to the maternal blood pool, and
hence most likely to the hematopoietic lineage. It is noteworthy that the MMc cell phenotype differs
among the host organs, suggesting that MMc cells are either of heterogeneous nature and/or have the
capacity to differentiate locally. As early as gd 12.5 — 15.5, MMc cells from hematopoietic cell lineages
can be found in fetal lymphoid organs (Nijagal et al., 2011, Vernochet et al., 2005), where they can
also be observed later in gestation and in postnatal life (Stelzer et al., 2015).

Adding to the significance of MMc establishment and persistence in fetal organs, a non-
hematopoietic mesenchymal stem cell fraction also showed a weak signal for maternal DNA after in
vitro expansion of adult mice bone marrow (Dutta and Burlingham, 2010). Thus, a MMc stem cell pool
could be the source of maternal cells residing in non-hematopoietic tissue, such as the MMc thymic
epithelial cells (Dutta and Burlingham, 2009), renal proximal tubular and endothelial cells (Lopez-
Guisa et al., 2011), and cardiomyocytes, endothelial, and smooth muscle cells, contained in the
Lineage (Lin)"%-Kit™%cardiac compartment (Dutta and Burlingham, 2009, Dutta and Burlingham,
2010).

In summary, the widespread distribution of MMc in lymphoid and non-lymphoid organs, but
especially their immune phenotype, suggests that MMc cells might participate in the development of
the offspring’s immune system. Although several studies have shown the presence of MMc in fetal
organs, a comparative investigation of MMc frequency in various fetal tissues and the concomitant

elucidation of its phenotype during late murine gestation remains elusive.

1.4.6 Factors modulating MMc

To date, highly variable prevalence and levels of murine MMc were reported among different
experimental set-ups. Differences may be enhanced by the diverse detection approaches, which
render the data from separate studies difficult to contrast. Interestingly, a large variability in the
frequency of MMc is also observed in different cohorts of human studies (reviewed by Nelson (2012))
and in rhesus monkeys (Bakkour et al., 2014), supporting the idea that a disparity among individuals is

inherent to MMc.
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Histo(in)compatibility: The observed disparity may in fact be due to human materno-fetal

histocompatibility, which has been shown to intrinsically influence the level of MMc (Berry et al., 2004).
In mice, too, the engraftment of MMc cells in lymphoid organs was facilitated to a greater extent in
syngeneic offspring compared with allogeneic and outbred offspring (Lopez-Guisa et al., 2011,
Marleau et al., 2003, Piotrowski and Croy, 1996, Vernochet et al., 2005). In a different study,
allogenicity and H-2 heterozygosity decreased MMc in the brain and in pooled lymphoid organs
(Kaplan and Land, 2005).

Immune deficiency: In immune-deficient offspring, the level of MMc was higher in both lymphoid

and non-lymphoid organs compared with immune-competent offspring (Piotrowski and Croy, 1996,
Zhou et al., 2000). Thus, the lower the offspring’s immune response against maternal antigens, the
higher the level of MMc. This supports the concept that the offspring’s immune system can react
against maternal semi-alloantigens and confine the passage, engraftment, and survival of MMc. In line
with this, in human infants suffering from severe combined immunodeficiency (SCID), maternal cell
engraftment is commonly recognized (Liu et al., 2016, Touzot et al., 2012). This nurtures the idea that

MMc cells might be capable of substituting for functional immune deficits in the offspring.

Fetal injury, intervention, and inflammation: The occurrence of MMc is also subject to exogenous
modulation. Indeed, intrauterine non-specific tissue injury appears to enhance the transfer of MMc
cells or their survival in the fetal organism. In a case of in utero intervention, maternal fetal-specific T
cells accumulated in the uterus and its draining lymph nodes (Wegorzewska et al., 2014) seeming to
have sensed the ongoing fetal inflammation. Maternal cell trafficking was increased in in utero sham-
injected fetuses compared with unmanipulated offspring (Nijagal et al., 2011), an observation also
made in human prenatal surgery (Saadai et al., 2012). MMc was also increased upon pertussis toxin-
induced asymptomatic systemic inflammation in pregnant dams (Wienecke et al.,, 2012). The

mechanisms regulating such dynamic changes in MMc are, however, unclear.

Overall, together with the observations of its multiple phenotypes, these observations support the
existence of mechanisms that control the selective transfer and persistence of MMc cells. However,
besides the induction of fetal maternal-specific Tregs to generate fetal tolerance towards maternal
antigens, the physiological meaning of MMc for the host offspring remains unknown. Environmental
challenges such as prenatal stress could affect the MMc cell pool that might mirror the maternal
immune status not only under healthy, but also under adverse conditions. MMc cells might act as a
materno-fetal messenger executing prenatal immune cross-talk from mother to child with an impact on
pillars of the innate and adaptive immune system, e.g. by influencing immune development in the liver,

spleen, and bone marrow.

15 Ontogeny of the fetal immune system

The development of the fetal immune system presents as a sequential trafficking of fetal
hematopoietic stem cells (HSC) through hematopoietic sites (Figure 2) and starts with the generation
of hematopoietic progenitors in the first weeks of gestation in the human para-aortic splanchnopleura
and yolk sac (Mikkola and Orkin, 2006) and in early midgestation (starting at gd 10.5) in mice in the

aorto-gonado-mesonephros region (Bertrand et al., 2010, Cumano and Godin, 2007), placenta and
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yolk sac (Mikkola and Orkin, 2006, Zovein et al., 2010). Early fetal HSC then migrate into the fetal liver
(from 7 weeks of gestation in humans (Holsapple et al., 2003) and gd 12.5 in mice (Kieusseian et al.,
2012, Kumaravelu et al., 2002), which remains the main hematopoietic site in the human embryonic
and early fetal phase (first and second trimester) (Palmer, 2011) and during mid-gestation in mice
(Mikkola and Orkin, 2006). In the murine fetal liver, next to erythroid-myeloid progenitors (EMPSs),
which transiently give rise to cells of the erythroid and myeloid lineages before definitive HSC-derived
hematopoiesis assumes responsibility (Gomez Perdiguero et al., 2015), fetal HSC expand and
differentiate into mature HSC (Ema and Nakauchi, 2000, Kieusseian et al., 2012). Seeding of the fetal
thymus with fetal liver-derived T cell precursors occurs in waves starting during mid-gestation
(Ramond et al., 2014, Solano et al.,, 2011). Colonization of the fetal bone marrow from gd 15.5
onwards subsequently founds the beginning of definitive hematopoiesis in this compartment at and
after gd 16.5, thus during late gestation (Delassus and Cumano, 1996). It is at this time that the first
guiescent adult-like HSC are identified (Coskun et al., 2014), while it takes until weaning for HSC
proliferation to cease to adult levels (Bowie et al., 2006). In contrast, in human embryos, seeding of
the bone marrow by circulating stem cells derived from the fetal liver is initiated already during the first
trimester and the bone marrow becomes the main site of hematopoiesis as early as during the second

half of the second trimester (Palmer, 2011).

Blood
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Figure 2: Murine fetal immune ontogeny is accompanied by the emergence of maternal
microchimerism. The bone marrow as the definitive site of hematopoiesis around birth and during postnatal life
emerges during late gestation from progressive shifts of hematopoietic sites and progenitor cells during prenatal
development. MMc is first described on gd 13.5 and is increasingly detected in various fetal organs until late
gestation. Lactational enrichment could lead to a peripartal peak of MMc prevalence, with persistence of
leukocytes, somatic cells and possibly hematopoietic and mesenchymal stem cells until adulthood in women and
6-12 week old young adult mice (Stelzer et al., 2015). EMP: erythroid-myeloid progenitor (adapted by permission
from Macmillan Publishers Ltd: Nat Immunol (Perdiguero and Geissmann, 2016)).

1.6 Fetal bone marrow as hematopoietic niche during late gestation

The establishment of the bone marrow as the main site of hematopoiesis during late murine gestation
is accompanied by the development of a micro-environment necessary for maintenance of HSC self-

renewal potential and differentiation. Bone vascularization and the emergence of a calcified matrix
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allow human and murine HSC to interact with mesenchyme-derived stromal cells (Coskun et al., 2014,
Holsapple et al., 2003), which maintain the prerequisite conditions for HSC survival and homing (Mazo
et al., 2011). Stromal cells such as fibroblasts, osteoblasts, osteoclasts and adipocytes represent the
specific niche to which HSC lodge. This niche expresses chemo-attractant signals such as CXC
chemokine ligand (CXCL) 12 or stem cell factor (SCF) to attract circulating fetal HSC (Christensen et
al., 2004). Binding to their respective receptors CXC chemokine receptor (CXCR) 4 and c-Kit on HSC
not only ensures chemotaxis (Nagasawa et al., 1996) but also activates adhesion molecules
expressed by HSC such as P-Selectin glycoprotein ligand (PSGL)-1 and integrin complexes such as
lymphocyte function-associated antigen (LFA)-1 and VLA-4 to mediate interactions of these adhesion
molecules with their respective receptors on the BM microvasculature and stroma e.g. P-Selectin,
ICAM-1, and VCAM-1 (Ciriza et al.,, 2013, Mazo et al.,, 2011). At the same time, interactions of
CXCL12 with CXCR4, VCAM-1 with VLA-4, and SCF with c-Kit ensure long-term stem cell retention by
adhesive contacts between stromal cells and HSC which require proteolytic cleavage should HSC
mobilization from the niche become necessary.

Owing to the long-term self-renewal potential of HSC, the cascade of hematopoiesis is capable of
replenishing all blood cell components throughout an individual’s life. Although fetal and adult human
HSC are recognized to give rise to distinct progenitor cells, at least with respect to T cells (Mold et al.,

2010), the basic process of hematopoiesis itself is assumed to be the same in fetal and adult age.

The mid-to-late gestational period (gd 12.5 — birth) of maturation of HSC in the fetal liver and
colonization of the bone marrow by HSC could be a window of vulnerability to challenges such as
adverse maternal conditions during pregnancy. This period corresponds to the late first and second
trimester human fetal immune ontogeny. It seems plausible that programming of the offspring’s peri-
and postnatal immunity would be mediated by effects on persistent entities, such as HSCs, rather than
on short-lived terminally differentiated cells. Affected precursors with long-term potential would then
give rise to differentially primed hematopoietic progenitors in postnatal life.

Overall, while available studies provide evidence for the impact of a prenatal stress challenge on
long-term immunity, less is known about immediate stress effects on the cells of the developing
immune system of the fetus. These effects could lie at the basis of persistent alterations in the

functioning of the offspring’s immune response.
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1.7 Objectives of this thesis

This thesis intends to investigate maternal microchimerism (MMc) during late murine gestation and its
modulation upon a prenatal maternal stress challenge. It is aimed to test the hypothesis that MMc is a
mechanism of materno-fetal communication involved in fetal immune development with, if challenged,

possible consequences for the child’s peri- and postnatal immunity.

In order to address this hypothesis, it is aimed to

1. Advance the detection of MMc cells in fetal tissues by establishment of a mouse mating model that
allows identification of MMc by flow cytometry.

2. Detect frequency and phenotype of MMc cells during late gestation in fetal tissues.

3. Investigate adhesion molecule and adhesion molecule ligand expression as prerequisite for the
route of transplacental migration of MMc cells.

4. Investigate the modulation of MMc cell frequency and phenotype by a prenatal maternal stress

challenge.
5. Investigate a functional role of MMc cells in the fetal bone marrow.

6. Investigate the impact of a midgestational maternal stress challenge on immune cell populations in

the fetal bone marrow during late gestation.
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2 Material and Methods

2.1 Material

Table 1: Chemicals

Chemicals
Company Catalog number

Bluujg Reagent for hematoxylin stained IHC Ventana 760-2037
sections
Bovine serum albumin (BSA) Sigma-Aldrich A7906-100 g
Cell Conditioning Solution, CC1 Ventana 950-124
CellTracker™ fluorescent probe Blue (CTB) ; ;
CMAC (7-amino-4-chloromethylcoumarin) Life Technologies €2110
Collagenase IV Roche 11088866001
Dimethyl sulfoxide (DMSO) Sigma-Aldrich 4540-500 ml
DNase | Sigma D5307
Ethanol (99%), denatured Th. Geyer 22.945.000
Ethylenediaminetetraacetic acid (EDTA) Sigma-Aldrich 03690-100 ml
Eukitt medium O. Kindler
Fetal calf serum (FCS) Gibco 10082147
Formaldehyde solution Sigma-Aldrich F1635-500ml
Glem_sa s azur eosine-methylene blue Merck 1.092.040.500
solution
Goldner 1 (azophloxine solution) Sigma ;52295'256; F8129-
Goldner 2 (phosphotungstic acid) Merck 1.005.320.100
Goldner 3 (light-green SF solution ) Merck 1.159.410.025
Hematoxylin Ventana 760-2021
L-Glutamine 200mM (100x) Gibco 25030-024
May Griinwald’s eosine-methylene blue Merck 1.014.240.500

solution modified

Jackson Immuno

Normal rat serum (NRS) Research 012-000-120
Orange G solution Roth 0318.1
Penicillin (10.000 units)/ : :

Streptomycin (10 mg/ml) Sigma-Aldrich P4333-100ml
Potassium dihydrogen phosphate . .

("Weisesche Pufferldsung" ) Provided inhouse

Proteinase K Roche 760-2018
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Red blood cell (RBC) lysis buffer eBioscience 00-4333
Tissue Tek Sakura REF1408
Trypsin (0.25%)/EDTA Gibco 25200-056
Trypan Blue Stain (0.4%) Gibco 15250-061
ultraView Universal DAB Detection Kit Ventana 760-500
Weigert’s iron hematoxylin Waldeck 2E-032; 2E-052
Xylol replacement medium . ) )
(Xylolersatzmedium (XEM)) HS200 DiaTec 1-019614-1
Table 2: Plastic and other materials
Material Catalog
Company number
Cell strainer (40 um nylon) Falcon 352340
Cell culture microplate, 96 well, F-Bottom, . .
pClear, Chimney well, Black, Sterile Greiner bio-one655090 655090
. ) 20.1341;
Microvette 500 K3E; 100 K3E Sarstedt 20.1278
Polystyrene, round-bottom FACS tube (5 ml) Falcon 352052
. Conrad Electronics,
Rodent repellent device Germany P7901
Syringe needle 27G x /2" 0,4x12mm Braun 4665406
Ultrasound rodent repellent device Weitech, Belgium WKO0220-E
Table 3: Media and buffers
Medium Catalog
Components Company number
complete a Minimum Essential Medium (MEM) Gibco 22571-020
aMEM
(c-aMEM) 20% FCS
1% Penicillin/Streptomycin
complete . . . )
RPMI (CRPMI) Roswell Park Memorial Institute (RPMI) 1640 Gibco 21875-034

10% FCS
1% Penicillin/Streptomycin

1% L-Glutamine
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FACS buffer Dulbecco’s Phosphate-Buffered Saline (PBS) Gibco 14190-094

0.5% BSA

(optional) 2mM EDTA

Reaction Buffer (Tris based buffer solution (pH 7.6 +

IHC buffer 0.2))

Ventana 950-300

Table 4: Mice and cell lines

UKE-internal
Mouse strain Gender Company strain identifier
C57BL/6 female Charles River 5050
Jackson Laboratories,
CByJ.SJL(B6)-Ptprcald male Stock no. 006584 3363
Original
Cell line Description publication
OP9 mouse stromal bone marrow cells Nakano et al., 1994
derived from (C57BL/6 x C3H)F2 -
op/op
Table 5: Antibodies
Flow cytometry
Conjugated Catalog
Antigen fluorochrome Clone Dilution Company number
Basic panel: MMc detection
CD45.2 APC-Cy7 104 1:100 Biolegend 109824
CD45.1 FITC A20 1:400 Biolegend 110706
H-2Db PE KH95 1:50 Biolegend 111508
H-2Dd Alexa Fluor 647  34-2-12 1:200 Biolegend 110612
+ Panel 1: MMc cell phenotype - immune cell lineages
CD3e PE-Cy7 145-2C11 1:200 Biolegend 100320
CD19 PerCP-Cy5.5 6D5 1:200 Biolegend 115534
CD11c %%xa Fluor® — \a18 1:200 Biolegend 117320
CD11b BV 605 M1/70 1:200 Biolegend 101237
CD335 (NKp46) eFluor® 450 29A1.4 1:100 eBioscience  48-3351
Fixable viability dye eFluor® 506 na 1:1000 eBioscience  65-0866
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+ Panel 2: MMc cell phenotype - hematopoietic stem cells

CD3 (17A2),

Ly-6G/C

(RB6-8C5),

. , Alexa Fluor® CD11b .

Lineage cocktalil 200 (M1/70), 1:25 Biolegend 133313

CD45R(B220)

(RA3-6B2),

TER-119 (Ter-

119)
Sca-1 PE-Cy7 D7 1:100 Biolegend 108114
c-Kit (CD117) BV605 ACK2 1:100 Biolegend 135121
Fixable viability dye eFluor® 506 na 1:1000 eBioscience  65-0866
+ Panel 3: MMc cell phenotype - cell adhesion molecule ligands
cD3 PE eFluor®610  145-2C11 1:100 eBioscience 23'0031'
CD45R(B220) Alexa Fluor 700 RA3-6B2 1:100 eBioscience 22'0452'
CD11b Horizon V500 M1/70 1:200 BD Horizon 562128
CD162 (PSGL-1) Bv421 2PH1 1:500 BD Horizon 562805

PerCP . i0SCi
CDl1la (LFA-1) eEluor®710 M17/4 1:300 eBioscience  46-0111
CD49d (VLA-4) PE-Cy7 R1-2 1:300 Biolegend 103617
- e

Zombie yellow™ fixable  g\/57 na 1:500 Biolegend 423103

viability kit

+ Panel 4: MMc cells and fetal HSPC - fluorescence-activated sorting and post-culture analysis

CD5, CD11b,

CD45R(B220), . . oo
Lineage detection cocktail  Biotinylated Anti-7-4, Anti-  1:10 M.”teny' 130-092

Biotec 613

Ly6-G/C,

TER-119
CD3 Bv421 145-2C11 1:100 Biolegend 100335
Sca-1 (Ly-6A/E) BvV711 D7 1:100 Biolegend 108131
c-Kit (CD117) BV605 ACK2 1:100 Biolegend 135121

I Streptavidin- . :

Biotin BV650 na 1:200 Biolegend 405231
7-AAD viability staining PerCP-Cy5.5 na 1:300 Biolegend 420404
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Fc-receptor blocking, isotype control and compensation beads

Conjugated Catalog

fluorochrome Clone Dilution Company number
ngé?ég;cx (anti-mouse na 93 1:200 Biolegend 101320
CompBeads (anti-rat/anti-
hamster Ig k and negative Becton
control compensation na na na Dickinson 552845
particles)
CompBeads (anti-mouse Becton
Ig K and negative control na na na Dickinson 552843
compensation particles)
Isotype control Mouse PE MPC-11 1:20 Bgctpn 559529
IgG2b, k Dickinson
Immunohistochemistry

Conjugated Catalog
fluorochrome Clone Dilution Company number
rimar

51%322 8OAII3\//|C_|§naI anti- na na 1:400 abcam ab139645
ﬁ%ﬁ;gogggglﬁim'_ na na 1:500 Santa Cruz Sc-6943
Goat polyclonal anti- . R&D
mouse VCAM-1 na na 1:200 systems AF643
secondary
Anti-rabbit horse reddish
peroxidase (HRP)- na na undiluted  Histofine 414142F
conjugate
Anti-goat universal
immuno-peroxidase na na undiluted  Histofine 414161F

polymer
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Table 6: Equipment and software
Equipment

Company

Flow cytometer LSR Fortessa

Becton Dickinson

Flow sorter Aria Fusion

Becton Dickinson

Zeiss ApoTome

Zeiss

Slide scanner Mirax Midi

Zeiss

CO, Incubator HeraCell 150!

Thermo Scientific

Benchmark XT

Ventana Medical Systems, Inc.

NanoZoomer 2.0 HT

Hamamatsu Photonics K.K.

Microtome SM2010R Leica
Cytospin 2 Shandon

Software Company
FACSDiva Becton Dickinson

Pannoramic Viewer

3DHISTECH

FlowJo Version 9.8 for Mac

TreeStar, Inc.

SPSS Version 20

SPSS, Inc.

Office Windows 2010

Microsoft Inc.

Nano Zoomer Digital Pathology Image

Hamamatsu Photonics K.K.

Prism

GraphPad Software, Inc.

2.2 Methods

2.2.1 Mice and timed pregnancy

Six — eight week-old female C57BL/6J (H-2Db; CD45.2") and male CByJ.SJL(B6)-Ptprc?/J (H-2Dd;

CD45.1") were upon arrival in the animal facility of University Medical Center Hamburg-Eppendorf,

allowed to rest for 7 days prior to timed mating (Table 4). Mating was started between 01:00 and 03:00

p.m. for five consecutive days and the presence of a vaginal plug was checked between 07:00 and

09:00 a.m. every morning. The day of an apparent plug was designated as gd 0.5. Pregnancy was

confirmed by a 1.5 — 2 g body weight increase relative to gd 0.5 on gd 8.5 and 10.5. Mice were
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maintained in the animal facility of University Medical Center Hamburg-Eppendorf with a 12-hour

light/12-hour dark cycle. Food and water was provided ad libitum.

2.2.2 Tissue isolation and generation of single cell suspensions

Fetal tissues

Dams were sacrificed on gd 18.5 by cervical dislocation after anesthesia with CO,. Pregnancy
outcome (number of implantations, aborted fetuses, and individual fetal weight) was recorded. Fetuses
were sacrificed by immediate decapitation after opening of the uterus and fetal peripheral blood
mononuclear cells (PBMC) were collected in an EDTA-treated microvette (up to 100l per fetus). Each
fetus was kept on ice in a PBS-filled well of a 24-well plate on ice. Placentae were fixed in 4%
formaldehyde solution in PBS for 24h and transferred to PBS until embedding in paraffin for
subsequent immunohistochemistry. Individual fetal tissues (thymus, spleen, lung, liver, hind limbs
(femur and tibia)) were harvested using a binocular microscope into cRPMI medium. In case of
subsequent culture of fetal bone marrow cells, hind limbs were processed in c-aMEM medium.

Fetal tissues were processed on ice to generate single cell suspensions as follows: Thymi and
spleens (pooled per litter) were grinded through a cell strainer (40 um) into a 50 ml Falcon tube using
the rubber edge of a syringe cap, while flushing with 30 ml of cRPMI. Pooled unperfused lung tissue of
one litter was cut into small pieces using scissors and enzymatically digested with Collagenase IV
(working concentration: 2 mg/ml) and DNase (30U) for 15 min at 37°C at 700-800 rpm in a
thermomixer. The cell suspension was passed through a 40um cell strainer into a 50 ml Falcon tube
by flushing with 30 ml PBS supplemented with 2 mM EDTA to stop enzyme activity. Liver tissue per
fetus was grinded through a cell strainer (40 um) on a 3.5 cm Petri dish, while flushing with 5 ml
cRPMI. The liver cell suspension was re-filtered through a fresh cell strainer into a 50 ml Falcon tube
by flushing with 30 ml of cRPMI. To isolate the bone marrow from both femurs and tibiae of each fetus
(fetal bone marrow (BM)), bones were placed onto a 3.5 cm Petri dish with grinding surface, generated
by scratching a net into the dish using a syringe needle. Using the plastic edge of a syringe cap,
bones were minced to generate a bone marrow cell suspension, which was diluted in 5 ml cRPMI and
filtered through a cell strainer (40 um) into a 50 ml Falcon tube by flushing with 30 ml of cRPMI. Cells
in suspension of all processed tissues were pelleted by centrifugation (8 min, 4°C, 1500 rpm).
Erythrocyte lysis was required for liver and spleen samples. To this end, cell pellets were resuspended
in 2 ml of RBC lysis buffer and incubated for 5 min on ice. Reaction was stopped with 30 ml PBS and
cells were re-pelleted by centrifugation (8 min, 4°C, 1500 rpm). To generate single cell suspensions of
fetal PBMC, samples were pooled from one litter, diluted in 5 ml of RBC lysis buffer and incubated for
5 min on ice to eliminate erythrocytes. Reaction was stopped with 30 ml PBS and cells pelleted by
centrifugation (8 min, 4°C, 1500 rpm). Cell pellets of all tissues were re-suspended in cRPMI and cell
counts were manually determined in a Neubauer hemocytometer using Trypan blue solution to

exclude dead and dying cells.

Adult tissues

Maternal PBMC were harvested by retroorbital puncture prior to killing in an EDTA-treated microvette
(500 — 1000 pl). To eliminate erythrocytes, samples were diluted with 5 ml of RBC lysis buffer and
incubated for 5 min on ice. Reaction was stopped with 30 ml PBS and cells pelleted by centrifugation
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(8 min, 4°C, 1500 rpm). Maternal and paternal spleen and bone marrow were collected in PBS and
used as control tissues during establishment and for quality control of the MMc detection technique.
Spleen tissue was grinded through a cell strainer (40 um) on a 3.5 cm Petri dish while flushing with 5
ml PBS. The cell suspension was re-filtered through a fresh cell strainer into a 50 ml Falcon tube by
flushing with 30 ml PBS. Adult femur and tibia were exposed from the hind limbs and cut with a scalpel
at each end to flush the bone marrow cavity using a syringe and needle with 5 ml PBS. Bone marrow
cells were homogenized by resuspension in PBS. Cells in suspension were pelleted by centrifugation

(8 min, 4°C, 1500 rpm) and resuspended in PBS to determine the cell count in a hemocytometer.

2.2.3 Flow cytometry

To identify MMc cells among the bulk offspring’s cells in the different fetal organs, extracellular
antigens were stained with fluorochrome-conjugated antibodies. 1x10° cells in 50 pl FACS buffer in
FACS tubes were initially incubated with NRS (1:100) and TruStain fcX (anti-mouse CD16/32) for 15
min at 4°C on ice to block unspecific FcyRIV/III binding. Antibodies directed against CD45.2, CD45.1,
H-2D", and H-2D" were used to detect CD45.1™9CD45.2"* H-2D"*9H-2D"® MMc cells. To analyze the
cell phenotype, cells were additionally stained for CD3e (T cells), CD45R (B220) (B cells), CD19 (B
cells), CD11b (myeloid cells), Gr-1 (granulocytes), CD11c (dendritic cells), CD335 (NKp46) (Panel 1,
Table 5), or a lineage cocktail, Sca-1, and c-Kit (CD117), identifying HSCs (Panel 2, Table 5). To
analyze cell adhesion molecule ligand expression, cells were stained for CD162 (PSGL-1), CD49d
(VLA-4), and CD11a (LFA-1) (Panel 3, Table 5). Undiluted antibodies were added in pre-determined
dilutions (ranging from 1:50 — 1:400, Table 5) to the staining tube without washing after Fc blocking
and incubated for 30 min at 4°C on ice in the dark. Samples were washed twice in 600 pl PBS by
centrifugation (8 min, 4°C, 1500 rpm) to remove unbound antibody and soluble proteins. Supernatant
was discarded and cell viability staining was performed using either fixable viability dye or Zombie
Yellow™ fixable viability kit for 30 min at 4°C on ice in the dark. Ultimately, cells were washed in 600 pl
FACS buffer and re-suspended in 300 pl FACS buffer. At least 0.2x10° events in the forward (FSC) vs.
sideward (SSC) scatter leukocyte gate were acquired using a LSR Fortessa flow cytometer. Data were
analyzed using FlowJo software. Doublet cells and dead cells were excluded from the analysis.
Fluorescence minus one (FMO) controls, which contain all antibodies of the panel except one, were
added to set gating boundaries of cell populations positive for the respective missing antibody (Figure
3 A). During establishment, an IgG2b, «k isotype control for PE H-2D° was included to confirm

specificity of MMc staining (Figure 3 B).
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Figure 3: Representative dot plots of control stainings of the maternal microchimeric (MMc) cell gating
strategy. (A) Fetal bone marrow (BM) (gd 18.5) fluorescence minus one (FMO) controls of the MMc detection
markers. (B) Fetal BM and maternal peripheral mononuclear cells (PBMC) stained for the MMc detection markers
including PE H-2D° (clone: KH95) and fetal BM isotype-control with PE IgG2b, k isotype antibody (clone: MCP-11)
staining. Numbers represent cell frequencies of parent gate.

Compensation of spectral overlap

Compensation of spectral overlap between the fluorochromes employed in the respective FACS
staining panels was set up prior to experimental analyses using compensation beads. For each
antibody used in the panel, single stained samples were prepared by adding the antibody to one drop
of anti-mouse/rat/hamster Ig Kappa (k) beads diluted in 100 ul FACS buffer, corresponding to the host
in which the antibody had been generated. Antibody volumes were determined empirically and ranged
from 0.1 to 1.25 pl in 100 pl. A single stained cell viability sample was generated using an aliquot of
1x10° experimental fetal BM cells, of which half were killed prior to staining at 65°C for 1 min.
Antibody-to-bead coupling was performed by incubating for 20 min at room temperature (RT) in the
dark, followed by wash in 750 pl PBS by centrifugation (5 min, RT, 1500 rpm), and re-suspension in
FACS buffer. In addition to unstained Ig k beads as control, unstained cells served as controls for the
auto-fluorescence of the experimental samples. Samples were acquired in the LSR Fortessa in the
Compensation Setup mode of FACSDiva software. The automatically calculated compensation values
were re-evaluated in the FlowJo software by carrying out a post-analysis compensation using FMO
controls.
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2.2.4 Histological analysis of the placenta

Paraffin-embedded placental tissues (gd 13.5 and 18.5) were cut at the mid-sagittal plane into
histological sections of 4 mm thickness using a microtome. Prior to histochemical treatments, sections
were deparaffined using xylol replacement medium (2x 5 min) and rinsing twice in 100% ethanol (1%
rinse 3 min, 2™ rinse 5 min). Sections were then rinsed in distilled water and dehydrated twice in 96%

ethanol (2x 5 min).

Histomorphological assessment

Masson-Goldner trichrome staining of the histological sections was employed to visualize the
morphologically different areas of placental tissue. For Masson-Goldner trichrome staining, tissue
sections were stained with Weigert's iron hematoxylin, Goldner 1, Goldner 2, orange G solution, and
Goldner 3 solution in a stepwise manner. Finally, sections were dehydrated and mounted using Eukitt
medium. Images were acquired using a slide scanner. Areas of junctional zone (JZ) and labyrinth (L)
zone were quantified using the software Pannoramic Viewer and an L/JZ ratio was calculated. The
number of blood spaces was counted in two visual fields (each 0.05 mm2) in the peripheral region of

the labyrinth adjacent to the chorionic plate.

Immunohistochemistry

Automated slide staining was performed with Benchmark XT. Tissue specimen of mouse abdominal
aorta, lung and intestine were used as positive controls. A parallel staining devoid of the primary

antibody served as negative control.

JAM-B_staining: Prior to staining, heat-mediated antigen retrieval was performed with Cell
Conditioning Solution (pH 8.5) according to the manufacturer’s instruction. Slides were incubated with
rabbit polyclonal anti-mouse JAM-B antibody (Table 5) in IHC buffer for 32 min at RT. Bound aJAM-B
was detected with anti-rabbit horse reddish peroxidase (HRP)-conjugated secondary antibody (Table
5) according to the manufacturer’s instructions after quenching of endogenous peroxidase activity by

hydrogen peroxide (H,0.,).

P-Selectin staining: Prior to staining, antigen retrieval was performed using Proteinase K according

to the manufacturer’s instruction for 8 min. Slides were incubated with goat polyclonal anti-mouse P-
Selectin antibody (Table 5) in IHC buffer for 32 min at RT. Bound aP-Selectin was detected by anti-
goat Universal Immuno-peroxidase Polymer (Table 5) according to the manufacturer’s instructions

after quenching of endogenous peroxidase activity by hydrogen peroxide (H,0,).

VCAM-1 staining: Prior to staining, heat-mediated antigen retrieval was performed with Cell

Conditioning Solution (pH 8.5) according to the manufacturer’s instruction. Slides were incubated with
goat polyclonal anti-mouse VCAM-1 antibody (Table 5) in IHC buffer for 32 min at RT. Bound aVCAM-
1 was detected by anti-goat Universal Immuno-peroxidase Polymer (Table 5) according to the
manufacturer’s instructions after quenching of endogenous peroxidase activity by hydrogen peroxide
(H20,).

The product of peroxidase activity was visualized using the ultraView Universal DAB Detection Kit

according to the manufacturer’s instructions. Sections were counterstained with Hematoxylin and
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Bluing Reagent and mounted with Tissue Tek. Slides were scanned using NanoZoomer 2.0 HT and

analyzed using the software Nano-Zoomer Digital Pathology Image.

2.2.5 Experimental design: Prenatal stress challenge

To challenge the pregnancy by a maternal stress perception, C57BL/6J dams were exposed to sound
stress on gd 10.5, 12.5, and 14.5. Single-housed dams were relocated from their home into stress
cages during the stress periods (24h, 09:00 — 09:00 a.m.) with ad libitum access to food and water.
Sound sources were two rodent repellent devices placed inside of the stress cage, one emitting at 300
Hz in intervals of 15 s and the other continuously emitting ultrasound waves. Unstressed, single-
housed dams in their home cages served as controls. Mothers of both groups were intraperitoneally
injected with 200 pl sterile PBS at 9.00 a.m. from gd 8.5 — 12.5. Maternal body weight was recorded
every morning starting on gd 8.5 and continuing throughout the stress period (gd 10.5 — 15.5), as well

as on gd 16.5 and experimental day gd 18.5.

2.2.6 Fluorescence-activated cell sorting

To sort MMc cells and fetal hematopoietic stem and progenitor cells (HSPC) from the bulk offspring’s
cells, fetal BM cells of one litter were harvested as described in section “Fetal tissue isolation and
generation of single cell suspensions”, pooled and stained with fluorochrome-conjugated antibodies
against extracellular antigens under sterile conditions. Up to 2x10° cells in 50ul were initially stained
with NRS (1:100) and TruStain (CD16/32) for 15 min at 4°C on ice to block unspecific Fc binding.
Antibody and buffer volumes were adjusted according to the bone marrow cell count present in the
tube. Antibodies directed against CD45.2, CD45.1, H-2D", H-2D® were used to detect MMc cells. A
biotinylated lineage cell detection cocktail, as well as Sca-1 and c-Kit (CD117) were used to identify
fetal Lin"*Sca-1"c-Kit" HSPC (Panel 4, Table 5). Undiluted antibodies were added to the staining tube
without washing after Fc blocking and incubated for 30 min at 4°C on ice in the dark. Samples were
diluted in FACS buffer and cells washed and pelleted twice in 600ml PBS by centrifugation (8 min,
4°C, 1500 rpm) to remove unbound antibody. Supernatant was discarded and the cell pellet was
incubated with fluorochrome-conjugated streptavidin for 15 min at 4°C on ice in the dark. Cells were
washed as described before, re-filtered through a cell strainer (40 pum), and re-suspended in FACS
buffer containing 2 mM EDTA to avoid cell clotting during sorting. Cell viability staining was performed
by addition of 7-Aminoactinomycin D (7-AAD, Table 5) to the sample tube 15 min before sorting using
an Aria Fusion flow sorter. Maternal PBMC served as positive staining control. Cells were sorted into
sterile FACS tubes holding 2 ml PBS supplemented with 2 mM EDTA, that were pre-coated overnight
with FCS, to enhance cell viability after sorting. Nozzle size 70 and 4-way purity sorting was used.
Purity of the sorted populations was determined after sorting by flow cytometry (Figure 4). The yield of

sorted cells is depicted in Table 7.
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Figure 4: Representative dot plots of sorted cell populations on culture day 0. Sorted fetal hematopoietic
stem and progenitor cells (HSPC) (A), maternal peripheral blood mononuclear (PBMC) CD3" T cells (B), and
maternal microchimeric (MMc) cells (C) at day of initiation of culture (d0) were analyzed for purity after sorting.
Dotted line represents fetal HSPC sorting gate. Stippled line represents MMc cell and maternal PBMC sorting
gates.

Table 7: Cell yield after fluorescence-activated cell sorting. Maternal microchimeric (MMc) cells and fetal
hematopoietic stem and progenitor cells (HSPC) were sorted from fetal bone marrow (BM) cells pooled per litter

on gd 18.5.

fetal BM

cellcount litter1 2 3 4 5 6 7 8 9 10 Mean *SD *SEM

harvested

totalcells | 70 885 134 167 120 1545 86 158 17.7 2005| 133 46 16
x10

sorted
MMc cells | 412 440 246 596 227 492 156 812 476 230 | 418.6 203.5 72

sorted fetal
HSPC 1055 1567 549 1012 778 620 1330 2529 440 496 |1150.9 633.1 223.8

2.2.7 Exvivo co-culture
In vitro maintenance and pre-seeding of OP9 feeder layer

To co-culture sorted MMc cells and fetal HSPC, commercially available OP9 cells served as feeder
layer. OP9 cells (Nakano et al.,, 1994) were kept in c-aMEM medium under optimal cell culture
conditions of 37°C, 5% CO,. At 80-90% confluence cells were either split 1:2 or cryo-preserved in
oaMEM (1% Penicillin/Streptomycin, 30% FCS, 10% DMSO) in aliquots of 2x10° cells/ml in liquid

nitrogen. To avoid differentiation when culturing without irradiation, cells were kept in culture for
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maximally 7 consecutive days. For co-culture, one aliquot of OP9 cells was grown to confluence in 3
ml c-aMEM medium on a 3.5 cm Petri dish for 4 days. 48h prior to addition of sorted MMc cells and
fetal HSPC, OP9 cells were harvested by incubating with 500 pl 0.25% trypsin/EDTA for 3 min at 37°C
after washing the dish with PBS. Reaction was stopped with c-aMEM medium and cells were washed,

counted and seeded onto a 96-well microplate (5000 cells/well in 200 ul c-aMEM).

Fluorescent cell tracking

To detect MMc cells during and after the culture period, cells were stained with fluorescent dye Cell
Tracker Blue (CTB) prior to plating. Sorted cells in collection tubes were centrifuged for (10 min, 21°C,
1500 rpm) and the pellet was subsequently washed again with PBS to remove protein from the
solution. Up to 1x1076 pelleted cells were quickly re-suspended in 1 ml 20uM CTB in protein-free PBS
at 37°C, shortly vortexed to ensure homogenous cell labeling, and incubated for 20 min at 37°C, 5%
CO,. Reaction was stopped with 2 ml of pre-warmed c-aMEM and cells were washed twice in c-aMEM
by centrifugation (10 min, 21°C, 1500 rpm) before plating. Sorted maternal CD3" T cells served as
positive control. Both maternal PBMC T cells and MMc cells were analyzed under the ApoTome

microscope using ultraviolet (UV) light (Figure 5).

maternal PBMC CTB* maternal PBMC US MMc CTB*

7

Figure 5: Fluorescence tracking of sorted cells. Representative depiction of sorted maternal peripheral blood
mononuclear (PBMC) CD3" T cells (104lwell), stained with Cell Tracker Blue (CTB) (A (bright field), a (UV laser)),
or unstained (B, b), and cultured for 120h supported by OP9 stromal feeder cells. Cells presented with a stable
morphology for the entire culture period (C, c) The number of maternal microchimeric (MMc) cells that could be
sorted from fetuses pooled from one litter was too low to reliably detect 400 fluorescently labelled MMc cells,
cultured alone on OP9 cells for 120h, by fluorescence microscopy. Arrows indicate an example of a CTB-stained
T cell. Magnification: 20x.

Co-Culture

Sorted MMc cells and fetal HSPC were washed in c-aMEM medium after sorting and cultured in a
ratio of 1 MMc to 10 fetal HSPC cells. Since cell yield after sorting varied between litters (Table 7),
220-350 fetal HSPC with corresponding numbers of MMc cells were initially seeded in adjusted total
culture medium volumes, designated as culture day 0. For example, 35 MMc cells and 350 fetal HSPC
were suspended in 100 pl c-aMEM and added to 100 pl of feeder layer-conditioned medium. Fetal

HSPC cells and MMc cells cultured alone served as control conditions. Cells were kept at 37°C, 5%
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CO, for 120h (5 days) without changing the medium. On culture day 5, microscopic co-culture
appearance was photographied using ApoTome microscopy before harvesting cells (Figure 6). Culture
supernatant was collected into FACS tubes, centrifuged to pellet cells, and stored in aliquots of 25 pl
at -20°C for later analysis of secreted factors. Subsequently, adherent cells were harvested by
trypsinization (20 pl 0.25% trypsin/EDTA for 3 min at 37°C) into the same FACS tube to combine
adherent and suspension cells of each well. Cells were stained for flow cytometric analysis using the
same panel as employed on culture day 0 (staining procedure as described in section “Fluorescence-
activated cell sorting”; Panel 4, Table 5) to analyze fetal HSPC proliferation and differentiation and
detect MMc (Figure 7). The fraction of CD45" cells was sorted from all harvested cells for further

analyses.

Figure 6: OP9 stromal bone marrow cells in culture.
Representative depiction of the stromal feeder cells without added
experimental cells after 120 h of culture in a 96 well plate. A
continuous layer is apparent after 48h of initial seeding and
remains stable during the culture period with characteristic
occasional adipocytic appearance (arrow).

Figure 7: Representative dot plots of cultured cell

A
O . > populations on culture day 5. After 120h of culture
E ¥ ‘% (d5), 10* maternal peripheral blood mononuclear
[ B (PBMC) T cells (A) and 400 maternal microchimeric
% “E % “1 (MMc) cells (B), cultured alone as control condition and
E negative for cell viability staining using 7-AAD, can be
recovered by flow cytometric detection, indicating the

B P > survival of both cell populations during the culture period.
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Cytospin

Sorted CD45" cells on culture day 5 were centrifuged for 5 min at 1500rpm, resuspended in 200 pl
PBS and transferred into a cytospin carrier. Cells were spun onto a glass slide in a cytospin centrifuge
(800 rpm, 8 min) and stained with Pappenheim (Giemsa-May-Grinwald) staining for subsequent
morphological assessment. To this end, slides were immersed in 100% May-Grinwald solution for 4

min, passed to 50% May-Griinwald solution for 3 min, and washed in distilled water. Subsequently,
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slides were immersed in Potassium dihydrogen phosphate buffer solution (2% Giemsa) for 7 min,
washed in distilled water and air-dried. Slides were digitally scanned and analyzed for hematopoietic

cell morphology.

2.2.8 Statistical analyses

All statistics such as descriptive and explorative data analyses were performed using SPSS Version
20 (SPSS, Inc.). For group comparisons, the nonparametric Mann-Whitney-U test for independent
data sets was employed. Chi-Square-Test with Yates’ correction tested the expected vs. observed
categorical frequencies between groups. For paired group comparisons, the Wilcoxon matched pairs
signed-rank-test was used. Outlier analysis was carried out by excluding values above or below a Z-

value of £1.96. Level of significance was set to p < 0.05.

2.2.9 Study approval

Animal care and all experimental procedures were performed according to institutional guidelines and
conform to requirements of the German Animal Welfare Act. Ethical approvals were obtained from the
State Authority of Hamburg (Germany, approval numbers G067/10, ORG_615, ORG_702, ORG_764,
ORG_795).
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3 Results

3.1 Combined expression of congenic CD45.2 and major histocompatibility
complex | H-2D° allow for advanced identification of gestational maternal
microchimerism by flow cytometry

This thesis employs a novel approach to advance the detection of naturally occurring hematopoietic
maternal microchimeric cells among bulk haploidentical fetal cells by flow cytometry. To this end, an
allogeneic mating model in which female C57BL/6J (H-2Db; CD45.2") were mated to male
CByJ.SJL(B6)-Ptprc®/J (H—2Dd; CD45.1") was employed. This combination results in offspring
heterozygous for both the congenic marker CD45 as well as the MHC class | haplotype (CD45.2/1; H-
2D"). MMc cells can be distinguished from fetal cells by their homozygous expression of H-2D" and
CD45.2" (Figure 8 A, B).

During establishment of this technique for detection of rare microchimeric cells, the staining
combination using the four extracellular markers — CD45.1, CD45.2, MHC class | haplotypes H-2D"
and H-2D° — was validated using maternal (H-2Db; CD45.2") and paternal (H-2Dd; CD45.1%) (Figure 8
C) tissues as well as artificially created microchimerism of 5% maternal cells (H-2D"’; CD45.2") added
to bulk fetal cells of gd 18.5 bone marrow (CD45.2/1; H-2D"?) (Figure 8 D). Observing the expected
staining outcomes allowed to identifying naturally occurring MMc cells in fetal bone marrow (Figure 8

E), as determined by the frequency of CD45.2**H-2D"" maternal cells among CD45.2/1; H-2D™

fetal
cells. Affirmed by fluorescence minus one controls (Figure 3), the use of H-2D as a second marker for
detecting MMc cells improved the specificity of the detection as it permitted to exclude false positive

CD45.2" cells from the MMc population (Figure 8 E, right column).
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Figure 8: Technical approach for detection of maternal microchimerism (MMc) among fetal cells in
offspring‘s organs by flow cytometry. (A) Allogeneic mating strategy and (B) gating approach to identify
CD45.2"""H-2D"® MMc cells among heterozygous fetal cells (CD45.2/1 H-2D") in two detection steps based on
the congenic markers CD45.1/2 and major histocompatibility complex class | (MHC) haplotypes H-2D° and H-2D°.
(C) Representative staining of maternal and paternal peripheral blood mononuclear cells (PBMC). After doublet
exclusion and cell viability gating, among the living cells in the fetal bone marrow (BM) on gd 18.5, artificially
generated (fetal BM spiked with 5% maternal PBMC) (D) and naturally occurring MMc (E) can be identified. mat:
maternal, pat: paternal.

3.2 Maternal microchimeric cells are present in various fetal tissues during late
gestation

The possible role of MMc in materno-fetal immune cross talk was investigated by detecting MMc cells
in various fetal organs. Bone marrow, liver, spleen, lung, peripheral blood, and thymus were harvested
from heterozygous CD45.2/1 H-2D" fetuses on gd 18.5. While MMc cells were found in fetal organs
such as liver, spleen, lung, and in the peripheral blood, they were scarce in the fetal thymus (Figure 9).
MMc cells were particularly frequent in the bone marrow compared to the other tissues, revealing it as

a major site of MMc during late gestation.
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Figure 9: Frequency of maternal
. microchimeric (MMc) cells in fetal organs and
| R peripheral blood at late gestation (gd 18.5).
(A-E) Representative dot plots of MMc cell
detection. Among heterozygous fetal cells
(CD45.2/1 H-2D"), CcD45.2"" H-2D"® MMc cells
can be detected in fetal liver (A), spleen (B),
peripheral blood mononuclear cells (PBMC) (C),
lung (D), and thymus (E). (F) Composite data of
MMc cell frequency in fetal tissues. Bars represent
mean + SEM. n: fetusesl/litters.
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In addition to the mere detection of MMc cells, the employed flow cytometric approach allowed to
analyze the phenotypical identity of MMc cells using the cell-lineage defining surface markers such as
NKp46 to identify NK cells, CD3 (T cells), CD19 (B cells), CD11c (dendritic cells), and CD11b (myeloid
cells), as well as Sca-1 and c-Kit to identify fetal HSPC. Pilot data of this phenotypical analysis showed
T cells to be a prominent subset among the MMc cell population in the primary hematopoietic organs
during late gestation, the bone marrow, liver, and spleen, followed by B cells, CD11b" and CD11c"

cells (Figure 10).
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Figure 10: Representative dot plots of hematopoietic cell phenotypes identified among the maternal
microchimeric (MMc) cell population. (A) In the fetal bone marrow (BM), CD3"NKp46™° T cells, CD19" B
cells, CD11c" dendritic cells and CD11b" myeloid cells can be identified. (B) In the fetal liver, extremely rarely

MMc cells with a phenotype of Lineage (Lin)"*°Sca-1"c-Kit" hematopoietic stem and progenitor cells were
detected.

Therefore, only CD3, B220, and CD11b were targeted in subsequent analyses to assess frequency
of the major leukocyte populations T cells, B cells, and myeloid cells, respectively, among MMc cells in
the fetal liver and the MMc cell-rich bone marrow.

In a more detailed analysis, the frequencies of T, B, and myeloid cells among MMc cells in fetal
liver and bone marrow were compared to the putative source of MMc, the maternal peripheral blood,
to investigate a possible selective transfer of cells from mother to child. While the composition of MMc
cells in the fetal liver (Figure 11 A) closely resembled that in the maternal peripheral blood (Figure 11
B), in the fetal bone marrow on gd 18.5, the majority of MMc cells were CD3" T cells (>75%), while B
and myeloid MMc cells were less frequently present than in the peripheral maternal blood. This
indicates an accumulation of MMc T cells in the fetal bone marrow (Figure 11 C).
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Figure 11: Phenotypical composition of the maternal microchimeric (MMc) cell population in fetal bone
marrow (BM) on gd 18.5 differs from maternal peripheral blood cells (PBMC). Composite percentage of
CD3" T cells, B220°CD11b™? B cells and CD11b"B220" myeloid cells among CD45.2"*H-2D"® MMc cells found
in fetal liver (A) and fetal BM (C). (B) Corresponding percentages of CD3" T cells, B220°CD11b™ B cells and
CD11b"B220™Y myeloid cells among maternal PBMC. (D) Representative dot plots of immune cell staining of
MMc cells in the fetal BM and in maternal PBMC. Bars represent mean + SEM and n fetuses (A, C) and mothers

(B).

In summary, MMc cells of hematopoietic origin were identified in differing frequencies among various
immune and non-immune tissues in fetuses close before birth. Among these cells, T, B, and myeloid
cells were present. The phenotypical composition of the MMc population appeared organ-specific and
resembled the maternal peripheral blood frequencies in case of the fetal liver, but not the fetal bone
marrow, where MMc T cells seemed to selectively accumulate. To further investigate this observation,
and because the fetal bone marrow generally contained the highest frequency of MMc cells,

subsequent MMc cell analyses were based on the fetal bone marrow.
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3.3 Maternal microchimeric T cells in the fetal bone marrow express cell adhesion
molecule ligands

The presence of MMc cells in the offspring raises questions on the mechanisms of migration these
cells use to reach the fetal organs. In order to investigate the migration capacity of MMc T cells, it was
hypothesized that these cells express cell adhesion molecule ligands (CAML), which would enable
them to bind to cell adhesion molecules (CAM) expressed in the blood sinus linings of the placenta
and to cross the trophoblast-endothelial barrier, which separates the maternal from the fetal
circulation. As expected, the CAMLs VLA-4, PSGL-1, and LFA-1 were expressed by virtually all T cells
present in the maternal peripheral blood (>90%) (Figure 12 B). Surprisingly, MMc T cells present in the
fetal bone marrow almost completely lacked expression of LFA-1, but expressed both VLA-4 and
PSGL-1 at a lower level than maternal PBMC T cells (Figure 12 A). This data shows that MMc cells
express molecular ligands that could allow them to migrate across the trophoblast-endothelial barrier.
However, these observations do not allow conclusions on whether the specific CAML signhature
observed in MMc T cells in the fetal BM is necessary to cross the placenta or is established
subsequently during home to the fetal bone marrow.
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Figure 12: Cell adhesion molecule ligand expression (CAML) by maternal microchimeric (MMc) and
maternal peripheral blood mononuclear (PBMC) CD3" T cells. MMc CD3" T cells in the fetal bone marrow on
gd 18.5 express CAML Very late antigen (VLA)-4 and P-Selectin glycoprotein ligand (PSGL)-1, while the majority
lacks Lymphocyte function-associated antigen (LFA)-1 expression (A). In contrast, CD3" T cells among maternal

peripheral blood leukocytes express virtually all three CAML (>90%) (B). Bars represent the mean + SEM and n
fetuses (A) and mothers (B).

3.4 The feto-maternal interface expresses cell adhesion molecules in the cellular
linings of labyrinthine blood spaces

To allow for trans-placental migration of CAML-expressing MMc cells, we further hypothesized that the
corresponding cell adhesion molecules are expressed in the placental labyrinth. Using
immunohistochemistry, we confirmed the labyrinthine expression of P-Selectin and VCAM-1 during
gestation, which have the potential to bind to PSGL-1 and VLA-4 expressed on MMc cells,
respectively (Figure 13 A-D). P-Selectin protein expression was localized to thin cell layers in the
complete labyrinth, while VCAM-1 expression appeared more clustered in larger, presumably
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trophoblast cells across the labyrinth zone. JAM-B, involved in trans-endothelial migration processes,
was not found to be expressed in the cell layers of the labyrinth on gd 18.5 (Figure 13 e-f), suggesting
that a different protein must enable trans-trophoblast/-endothelial passage of MMc cells. Still, JAM-B
was specifically and prominently expressed in the spongiotrophoblast cells of the junctional zone
(Figure 13 E-F). This previously unknown presence of JAM-B in the mouse placenta prompted us to
investigate its spatio-temporal expression in more detail, revealing a mouse-strain specific increase in
spongiotrophoblast JAM-B expression over gestation. Further, JAM-B expression was responsive to

modulation by progesterone (Stelzer et al. 2016).

In summary, expression of P-Selectin and VCAM-1 in the labyrinth could facilitate trans-placental
passage of MMc cells. MMc cells in turn express VLA-4 and PSGL-1 to adhere to the linings of the

labyrinthine blood spaces, the first step necessary for trans-endothelial migration.
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Figure 13: Cell adhesion molecule expression in the placental labyrinth on gd 13.5 and 18.5. The feto-
maternal interface of in Balb/c-mated C57BL6 females expresses P-selectin (A, B) and VCAM-1 (C, D) protein,
including the labyrinth (a - d). JAM-B protein is absent in the labyrinth (e, f), but shows spongiotrophoblast-lineage
specific expression in the junctional zone, which increases from gd 13.5 to 18.5 (E, F). d: decidua, jz: junctional
zone, |: labyrinth. Bars: A-F =500 um, a-f = 50 pm.
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3.5 A mid-gestational stress challenge hampers maternal pregnancy-associated
weight increase but does not affect late gestational fetal weight and placental
histomorphometry

To eventually test the vulnerability of MMc to exogenous influences during pregnancy, an experimental
model of maternal stress perception was employed to challenge the maternal immune adaptation to
pregnancy. To this end, dams were exposed to an acute mid-gestational sound stress recurring on gd
10.5, 12.5, and 14.5 for 24h each (Figure 14 A). In a first step, fetal parameters and placental
condition were tested to assess stress effects on the overall reproductive outcome. Stress exposure
resulted in a dampened pregnancy-related maternal weight increase compared to unstressed dams,
as apparent in the mornings after stress exposure. Stressed dams had a significantly reduced weight
on gd 13.5, after the second stress treatment period. This effect was present as a trend also after the
first and third stress treatment but was compensated for on gd 12.5, 14.5 and during late gestation (gd
16.5 and 18.5) (Figure 14 B). Effects of the stress challenge on pregnancy outcome parameters, such
as fetal weight, abortion rate, and number of implantations, as well as placental histomorphometry
were assessed on gd 18.5. Fetal weight, an indicator of prenatal development, was not different
between stressed and unstressed pregnancies (Figure 14 C). Also abortion rates and number of
implantations per litter were comparable between stressed and unstressed pregnancies (Figure 14 D,
E). Further, the ratio between placental labyrinth and junctional zone area (L/JZ ratio), a measure of
overall placental development, and the number of blood spaces per visual field, a measure of
labyrinthine vascularization, was not different between stressed and control pregnancies. This
indicates that the overall placental condition after a mid-gestational stress challenge does not remain
affected at late gestation (Figure 14 F, G).

While overall pregnancy outcome is unaffected on gd 18.5, the employed stress model results in
increased maternal glucocorticoid hormone level after stress challenges on gd 11.5 and 13.5, which is
accompanied by a decreased fetal weight on gd 15.5 in comparison to unchallenged pregnancies
(unpublished data of our lab, Clara Perani). This indicates disturbing effects of the stress challenge on
maternal immune adaptation to pregnancy and fetal development. This makes it a suitable model to
study subclinical psychogenic stress perception during pregnancy, resembling the situation in human

females.
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Figure 14: Experimental design and overall reproductive outcome in pregnancies exposed to a mid-
gestational stress challenge vs. control. (A) Schematical depiction of the employed stress model. Balb/c-
mated C57BL/6 females were exposed to sound stress for three periods of each 24h during mid-gestation (gd
10.5, 12.5, 14.5). Fetal organs were harvested on gd 18.5. (B) Maternal weight development is impaired
throughout stress treatment as apparent in the decreased weight in the mornings after each stress period in
comparison to the control group, an effect which is compensated until late pregnancy. On gd 18.5, mean fetal
weight per litter (C), abortion rate (D), and litter size (E) were not different between stressed and control
pregnancies. Two measures for placental development, the ratio between placental labyrinth and junctional zone
area (L/JZ ratio) (F) and the number of blood spaces per visual field (G), did not differ between stressed and
control pregnancies. Lines and data points represent the mean + SEM. (B) n= 8 mothers per group. *: p<0.05 as
assessed by Mann-Whitney-U-test.

3.6 A mid-gestational maternal stress challenge affects frequency of maternal
microchimerism in gd 18.5 fetal bone marrow

We hypothesized that MMc could be a mechanism for fetal programming. To test if MMc is vulnerable
to a prenatal maternal stress perception, frequency and phenotype of maternal microchimeric cells in
the fetal bone marrow was analyzed after a mid-gestational maternal stress challenge. A strong trend
towards reduced numbers of MMc cells (CD45.2+/+H-2Db'b) per one million fetal bone marrow cells was
observed on gd 18.5 in fetuses from stressed mothers compared to control fetuses in unstressed
mothers (p=0.07 by Mann-Whitney-U-test). Significantly fewer fetuses in the stressed group presented
with MMc quantities at the 75" percentile of the control group (* p<0.05 assessed by Chi-Square-Test
followed by Yates’s correction) (Figure 15 A). The lower number of MMc cells was due to a shift

towards reduction in the MMc CD3" T cells in the fetal bone marrow, while numbers of
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B220°CD3™°CD11b™ B cells and CD11b"CD3"B220™° myeloid cells remained unaffected (Figure
15 B). To test whether this trend towards a decrease in T cell number was accompanied by stress-
induced alterations of their migration capacity, MMc T cell expression of cell adhesion molecule
ligands VLA-4, PSGL-1 and LFA-1 was investigated. MMc T cells mainly expressed VLA-4 and
stressed fetuses showed a trend towards lower CAML expression in comparison to control fetuses
(Figure 15 C). More specifically, most of the MMc T cells showed the specific phenotype of VLA-4",
but PSGL-1" and LFA-1"*® which was slightly reduced upon stress (Figure 15 D). No other CAML-
expression subgroups were affected by stress. We also tested if a maternal stress challenge would
affect these same populations in the maternal peripheral blood, the presumable source of MMc. We
found that neither the number of CD45.2"*H-2D"® cells in all living leukocytes nor the number of T, B
or CD11b"CD3"B220™° myeloid cells was altered upon stress (Figure 15 E, F). The number of CD3"
T cells expressing either VLA-4, PSGL-1 or LFA-1 was also unaffected by a mid-gestational stress
challenge (Figure 15 G). VLA-4", but PSGL-1" and LFA-1"° T cells were found to be an extremely

rare population in the maternal peripheral blood (Figure 15 H).

In summary, a mid-gestational maternal stress challenge does not affect the size of immune cell
populations in the maternal peripheral blood in late gestation and does not impact overall pregnancy
outcome. However, stress challenge to maternal adaptation to pregnancy results in a lower proportion
of fetuses with high numbers of MMc in their bone marrow and in a trend towards a reduced MMc T
cell population at late gestation, supporting the hypothesis of MMc as a mechanism for materno-fetal

immune cross talk which can be exogenously modulated.
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Figure 15: A mid-gestational stress challenge modulates maternal microchimerism (MMc) in the fetal
bone marrow &BM) at late gestation. The proportion of fetuses with a high number of CD45.2"*H-2D"® MMc
cells (above 75" percentile) is significantly decreased in fetal BM on gd 18.5, while the overall frequency among
all fetuses shows a strong trend towards a reduced number of MMc cells in stressed compared to control fetuses
(p=0.07) (A). This could be due to a decrease in MMc T cells (B), mostly VLA-4" (C), and specifically PSGL-1"*
and LFA-1"¢ (D). Corresponding late gestational leukocyte populations in the maternal peripheral blood (PBMC)
(E-F) are not affected by a mid-gestational stress challenge. The population of VLA-4"PSGL-1"*LFA-1"*° CD3" T
cells, prominent among MMc cells (D), is a very rare population among all CD45.2""*H-2D"® maternal PBMC (H).
(I) Representative dot plots of MMc and maternal PBMC T cell cell adhesion molecule ligand (CAML) expression.
Bars represent mean + SEM. * p<0.05 as assessed by Chi-Square-test. Comparison of group means by Mann-
Whitney-U-test. n (A-D): 90.
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3.7 Maternal microchimeric cells promote differentiation of fetal hematopoietic
stem and progenitor cells of the fetal bone marrow in vitro

The accumulation of MMc cells in the fetal bone marrow during late gestation and its vulnerability to a
mid-gestational maternal stress challenge provoked the question of their functional role in this fetal
tissue. We hypothesized that MMc immune cells influence fetal hematopoietic stem and progenitor cell
(HSPC) survival and differentiation shortly before birth. To overcome limitations regarding the quantity
of MMc cells in vivo and to evaluate the effect of MMc cells on fetal HSPC in a controlled environment,
MMc cells were isolated from the fetal bone marrow by fluorescence-activated cell sorting and co-
cultured with simultaneously isolated fetal HSPC (Lin"*%Sca-1"c-Kit") in vitro. After 120h of HSPC
culture in the presence or absence of MMc cells in FCS-containing, growth factor-free medium, an
increase in the number of living and CD45" cells per well was apparent microscopically and by flow
cytometric analysis (Figure 16 A, C, D), demonstrating the proliferation of fetal HSPC. The fold-
increase of CD45" cells was significantly higher when fetal HSPC were cultured in the presence of
MMc cells, compared to HSPC cultured alone (Figure 16 C, D). The frequency of dead cells was not
different between culture conditions (data not shown).

To test whether the increased proliferation was associated with fetal HSPC differentiation, the
presence of fetal HSPC-derived lineage-committed progenitor cells (CD45'Lin") was assessed.
Presence of CD45'Lin" cells in the wells after seeding CD45'Lin™? fetal HSPC demonstrated the
differentiation of fetal HSPC, which was quantified as fold increase of CD45"Lin" cells relative to the
number of initially seeded fetal HSPC (Figure 16 F). The higher fold-increase in CD45" cells in those
wells in which fetal HSPC were cultured in the presence of MMc cells was due to an increase in
CD45'Lin" cells as compared to when fetal HSPC were cultured alone (Figure 16 D, F). The increased
number of CD45°Lin" cells in MMc-fetal HSPC co-cultures was not due to proliferation of the MMc
cells themselves, since single-cultured MMc cells were not expanding (Figure 7). Complementarily,
while the number of CD45'Lin" cells was increased as well after five days of culture (Figure 16 E),
there was no difference in fold-expansion of CD45'Lin™ between fetal HSPC cultured in presence or
absence of MMc. This fold-increase of cells was not due to the expansion of fetal HSPC in the culture
wells (data not shown).

In order to further characterize the lineage commitment of CD45" cells that differentiated from fetal
HSPC cultured in the presence or absence of MMc, these cells were cytospun after sorting at 120 h of
culture and analyzed histomorphologically. The majority of cells were committed to the myeloid lineage
after five days of culture, giving rise to monocytes and monocytic precursors, while cells of the
lymphoid lineage and erythrocyte progenitors were only rarely found. In contrast to fetal HSPC
cultured alone, the CD45" population arising from HSPC co-cultured with MMc comprised higher
numbers of common myeloid progenitors as well as terminally committed colony-forming unit
monocytes and mature monocytes, while granulocyte precursors were rare (Figure 16 G).

In summary, this data strongly suggests a functional role of MMc in promoting fetal hematopoietic
stem and progenitor cell differentiation into CD45" lineage-committed immune cells shortly before
birth. Additionally, MMc cells skew stem and progenitor cell differentiation towards the myeloid
monocytic lineage, suggesting a direct influence on myeloid hematopoiesis and thus, the development

of the fetal immune system.
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Figure 16: Maternal microchimeric (MMc) cells promote the differentiation of fetal hematopoietic stem
and progenitor cells (HSPC) into Lineage (Lin)" leukocytes in vitro. (A) Representative microscopy of fetal
HSPC-derived hematopoietic cells after 120h of (co-)culture (magnification: 20x). (B) Gating strategy and
representative dot plots of HSPC cultured alone (upper panel) or in the presence of MMc cells (lower panel).
Forward (FSC) vs. sideward (SSC) scatter indicates the employed leukocyte gate. Living (7-AAD"™) cells of the
leukocyte gate express the fetal genotype CD45.2/1. CD45" cells stain positive for markers of the committed
major immune cell lineages (Lin"), indicating differentiation of HSPC. Grey histogram bars represent fluorescence
minus one control for lineage antibody staining. Numbers represent cell frequencies of parent gate. (C-F)
Accompanying composite data showing the fold increase of the number of living (7-AAD"™) (C) cells in the
leukocyte gate, the number of CD45" (D), CD45'Lin"™? (E), and CD45"Lin" (F) per well, depicted as fold increase
relative to the number of initially seeded HSPC. (G) Morphological assessment of HSPC-derived lineage-
committed CD45" immune cells shows that the presence of MMc cells favors myeloid differentiation towards
monocytes/macrophages over granulocyte differentation. Arrows indicate representative examples of cells with
pro-monocytic/macrophage morphology which are more abundant when derived from fetal HSPC in presence of
MMc compared to when HSPC are cultured alone. Arrowhead indicates an example of a pre-granulocytic cell. (C-
F) n=10 litters. ***: p<0.001 as assessed by Wilcoxon matched pairs signed rank test.
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3.8 A mid-gestational stress challenge results in a reduced frequency of late-
gestational fetal innate immune cells in the bone marrow

In addition to the effect of MMc on fetal HSPC that bear long-term potential for self-renewal, we were
interested in the short-term consequences of a mid-gestational stress challenge on the development of
the fetal immune system. The number of CD45" leukocytes in the fetal bone marrow was reduced on
gd 18.5 in fetuses whose mothers experienced stress during mid-gestation (Figure 17 A), while the
overall number of living cells per fetus was not different between groups (data not shown). This overall
decrease in bone marrow leukocytes was mainly due to a significant decrease in CD11b" myeloid cells
in stressed fetuses (Figure 17 B). T and B cells were generally much less frequent and remained
unaffected by stress challenge. Although innate CD11b"-expressing cells comprise a major immune
cell population in the bone marrow, expressed by all cells committed to the myeloid lineage, we cannot
exclude that the stress-induced reduction in CD45" cells is also due to decreases in other
hematopoietic cells, such as the erythroid lineage.

In summary, a mid-gestational stress challenge results in a reduced frequency of innate CD11b"
myeloid cells in the fetal bone marrow during late gestation. This data, in combination with our
observation of stress-reduced quantities of MMc cells in the fetal bone marrow, which might have a
role in stimulating fetal HSPC differentiation towards the myeloid lineage, reveal an immediate stress
effect on the development of the fetal innate immune system, with a potential direct involvement of
MMc cells.
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Figure 17: A mid-gestational stress challenge affects fetal bone marrow (BM) immune ontogeny at
late gestation. Stress decreases the number of fetal CD45" cells (A), which is due to a reduction in CD11b"
myeloid cells (B). This observation accompanies the trend towards a frequency reduction of maternal
microchimeric (MMc) cells in the fetal BM, which promote the differentiation of fetal hematopoietic stem and
progenitor cells (HSPC) towards maturation of the CD11b" monocyte/macrophage lineage. Bars represent mean
+ SEM and n fetuses. *: p<0.05; ***: p<0.001 as assessed by Mann-Whitney-U-test.
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4 Discussion

This thesis aimed to investigate maternal microchimerism during late murine gestation and its
modulation upon a prenatal maternal stress challenge in order to test the hypothesis of a role of MMc
as a mechanism of materno-fetal communication involved in fetal immune development with, if

challenged, possible consequences for the child’s peri- and postnatal immunity.

Advancing the flow cytometric detection of murine maternal microchimeric cells by usage of two
independent cell surface markers (congenic CD45 as well as the MHC class | H-2D haplotype)
allowed to enumerating the frequency of MMc cells in various fetal organs during late gestation. The
fetal bone marrow was shown to be a major site of MMc. Exploiting the possibility to also
phenotypically characterize the MMc population by this technique indicated the heterogeneic presence
of the major immune cell lineages in fetal organs. The majority of cells in the fetal bone marrow were
determined to be CD3" T cells. These cells showed expression of cell adhesion molecule ligands VLA-
4 and PSGL-1, involved in migration and homing, while they were surprisingly lacking expression of
LFA-1. To test their hypothetical transplacental route of migration, the presence of cell adhesion
molecule expression in the placental labyrinth, where the trophoblast-endothelial barrier separates
fetal from maternal circulation, was assessed. VCAM-1 and P-Selectin, the respective counter-
receptors of VLA-4 and PSGL-1, were found to be expressed throughout late mid- to late gestation,
providing prerequisites for materno-fetal cell transfer.

To test if prenatal MMc is relevant for immune communication from mother to fetus during
pregnancy, the susceptibility of MMc to challenges of the maternal adaptation to preghancy was
tested. Dams were exposed to psychogenic noise stress during mid-gestation, resulting in a strong
trend towards a decreased frequency of MMc in the bone marrow in late gestation, which was
specifically due to reduced numbers of MMc T cells.

To address a functional role of MMc cells in the fetal BM, a co-culture system was established to
test the influence of MMc cells on fetal HSPC homeostasis. MMc cells promoted the differentiation of
fetal HSPC as shown by increased levels of CD45'Lin" cells when compared to fetal HSPC cultured
alone, indicating a role of MMc in promoting fetal hematopoiesis shortly before birth. Additionally, the
presence of MMc cells seemed to favor HSPC differentiation and progenitor cell maturation towards
monocytes and macrophages over granulocytic differentiation.

This observation was complemented by a significantly decreased frequency of fetal CD11b"
myeloid cells in the BM in fetuses growing in mid-gestationally stressed mothers in comparison to
control fetuses. This could be partially mediated by the decreased presence of hematopoiesis-
promoting MMc cells in the fetal BM.

Our observations support the initial hypothesis of a direct role of MMc for the offspring’s perinatal

immune development and its modulation upon a challenge to maternal adaptation to pregnancy.
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4.1 Technical advancement of MMc detection

Previous work of our group explored the sensitivity of a molecular biology approach, qPCR, and a
cellular approach, flow cytometry, to detect cellular microchimerism. To that purpose, mixed cells
suspensions containing reciprocal frequencies of wild type cells and surrogate target cells positive for
eGFP or CD45.2, respectively, were analyzed, revealing that both techniques possess the sensitivity
and limit of detection to reliably detect microchimeric cells and thus, are suitable for experimental
approaches (Thiele et al., 2014). While most published evidence relies on qPCR techniques to identify
the frequency of MMc in various solid tissues with high accuracy (Dutta and Burlingham, 2009, Kinder
et al., 2015a, Mold et al., 2008), an experimental approach that aims to address the phenotype of MMc
cells required a cellular technique, such as flow cytometry. Accordingly, combining the parental
expression of the congenic markers CD45.1 and CD45.2 to identify homozygous congenic CD45.2
maternal cells among offspring’s heterozygous cells (CD45.2/1) has been employed before to detect
and phenotype microchimerism in fetal and neonatal blood (Nijagal et al., 2011). However, flow
cytometric detection has intrinsic technical limitations, which need to be controlled carefully to
minimize the false positive error rate such as cell auto-fluorescence, unspecific antibody binding and
spectral overlap in the fluorescent signal emission.

Here, we sought to introduce the H-2 complex, which defines the MHC class | in mice and is
homologous to HLA in human, as an additional independent target to enhance the accuracy of
detection of very rare MMc cells among a bulk of fetal haploidentical cells. To this end, we here took
advantage of the natural polymorphism between mouse inbred strains with regard to their H-2D gene,
which is H-2D" in the C57BL/6 strain and H-2D" in Balb/c mice. As published by our group, including
H-2D as additional congenic marker improved the specificity of the identification of MMc cells. False
positive signals in the CD45.2" gate were markedly reduced after gating for homozygous H-2D"
positivity in the second detection step, thereby enriching for the population of MMc cells among the
fetal cells heterozygous for both markers (Solano, 2014). Concomitantly, high forward/sideward scatter
thresholds and doublet exclusion during acquisition, as well as viability staining, fluorescence minus
one (FMO) and isotype antibody control stainings minimized the inclusion of false positive signals and
validated our approach.

Clearly, this approach fundamentally relies on expression of leukocyte-specific CD45, precluding
the detection of MMc cells other than of immune lineage origin. It does not allow to experimentally
depleting MMc due to the absence of a unique maternal marker for cell-specific targeting by e.g.
antibody-mediated depletion (Kinder et al., 2015a). However, the development of this approach takes
advantage of the natural genomic variation between mouse strains, thereby avoiding the use of
transgenically modified animals or models employing artificially generated microchimerism, as has
been done previously using eGFP (Dutta and Burlingham, 2009), luciferase (Su et al., 2008), or neoR
(Kaplan and Land, 2005), upon adoptive transfer of labeled, transgenic leukocytes into the mother
(Wienecke et al., 2012), by using antigen-specific T cell mouse models (Leveque et al., 2014, Roy et
al., 2011) or adoptively transferring wild-type blastocysts into LacZ transgene-tagged mothers
(Marleau et al., 2003, Piotrowski and Croy, 1996). All of these approaches can be considered as
interventions that may have immunogenic properties, which could interfere with our endeavor to reveal

the transfer of a delicate amount of immune cells between mother and fetus. Furthermore, in contrast
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to other models that rely on wild-type and heterozygote mutant offspring, among which only in half of
the fetuses maternal cells can be identified (Arvola et al., 2000, Dutta and Burlingham, 2009, Kaplan
and Land, 2005, Su et al., 2008, Zhou et al., 2000), this model does not require genotyping prior to
MMc cell detection, since all offspring is genetically identical, rendering ex vivo analyses of freshly
isolated cellular material readily feasible. Lastly, the allogeneic mating combination results in semi-
allogeneic fetuses, resembling human allogeneic pregnancies, in which maternal microchimeric are
recognized by the fetus as NIMA-expressing cells. This is of interest when considering differences in
MMc levels between syn-, allogeneic, and outbred offspring, where the frequency is highest in
syngeneic offspring, proposing an inherent regulation of the level of MMc by the fetal host (Vernochet
et al., 2005, Vernochet et al., 2007).

Interestingly, we observed the level of MHC class | expression to be lower among the detected
MMc cells in comparison to maternal PBMC cells (Figure 8 C, E). Similar observations are made in
tumor cells, which use alterations of MHC class | cell surface expression as an escape route to avoid
immune rejection (Haworth et al., 2015). It is tempting to speculate that a downregulation could be a
mechanism of MMc cells to avoid rejection by the fetal immune system. This would allow evasion of
deletion by cytotoxic T lymphocytes that respond to foreign antigen while retaining MHC class | on the
surface avoids fetal recognition by NK cells that are activated when MHC class | surface expression is
absent.

Staining intact cells for flow-cytometry not only enabled to precisely track MMc cells but also to
analyze this pool of cells for their phenotype based on expression of cell-lineage defining markers. The
potential of subsequent fluorescence activated cell sorting was exploited for in vitro functional
analyses of MMc in this study. Even further advancing this approach towards single-cell based
approaches will facilitate the pursuit of in-depth phenotypic, gene expression and functional analyses

of microchimeric cells.

4.2 Transplacental passage

We here show the complementary expression of cell adhesion molecules VCAM-1 and P-Selectin at
the feto-maternal interface and their ligands VLA-4 and PSGL-1 on MMc cells, providing evidence of
prerequisites for the hypothesis of MMc transplacental migration.

The specific expression of P-Selectin and VCAM-1 in the placental murine labyrinth during mid-
and late gestation adds to the published knowledge about their expression at the feto-maternal
interface, as prominently shown for the decidua in earlier pregnancy (Kruse et al., 2002, Solano et al.,
2011). Cell adhesion molecules are necessary to recruit immune cells to the feto-maternal interface
(Blois et al., 2005, Nancy et al., 2012) and their expression is responsive to challenges, e.g. decidual
P-Selectin expression at mid-gestation was upregulated provoked by a maternal stress perception,
and/or in abortion-prone mouse models (Fernekorn et al., 2007, Tometten et al., 2006). VCAM-1
expression follows a kinetic over the normal course of pregnancy, being highest in decidual blood
vessels during mid-gestation (Kruse et al., 2002).

We hypothesized that a mid-gestational stress challenge would lead to alterations in the expression
of P-Selectin and VCAM-1. However, in the labyrinth, we found the P-Selectin protein expression

intensity to be equal between mid-gestational stress-challenged and control placentae on gd 18.5.
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Also, the number of VCAM-1" blood space linings per total count of blood spaces in the labyrinth was
not altered in mid-gestational stress-challenged in comparison to control placentae (data not shown).
A mid-gestational maternal stress challenge does thus not persist in an altered cell adhesion molecule
expression at the late-gestational feto-maternal interface, while this does not preclude modulations to
the CAM machinery that might have occurred earlier during the stress perception period itself or

shortly after with consequences for the potential of MMc cells to transmigrate.

In contrast, JAM-B, which we observed to be prominently expressed in the junctional zone on gd 18.5,
was susceptible to maternal perceived stress. While the percentage of JZ area positive for JAM-B
expression was not different in stressed versus control placenta, surprisingly, the protein expression
intensity was significantly decreased in mid-gestational stress-challenged in comparison to control
placentae (data not shown), indicating that JAM-B expression is susceptible to modulation by a stress
challenge. This adds to our observations of an increase of the percentage of JAM-B expressing area
in the junctional zone as well as its expression intensity during mid-to late gestation (Stelzer et al.,
2016). Next to its role in adhesion and transendothelial migration, JAM-B is functionally involved in
stabilization of inter-cellular contacts, stem cell homeostasis, pro-angiogenesis and vascular lumen
formation, processes necessary for a proper development of the placenta. In case of a stress
challenge, one could speculate that placental functional integrity might be weakened upon a reduced
JAM-B expression. Besides that, progesterone, which is essential for pregnancy establishment and
maintenance, had been shown to regulate JAM-B expression during implantation (Su et al., 2012). We
showed progesterone to be a negative regulator of JAM-B expression, as apparent in increased
protein expression intensities in mid-gestational progesterone receptor-deficient placentae (Stelzer et
al., 2016). The possible role of JAM-B as trophoblast-lineage specific protein in supporting placental
integrity remains to be investigated.

Since we could not observe JAM-B expression in the labyrinthine intercellular contacts to enable
transendothelial migration, other candidate proteins remain to be investigated, among them platelet
endothelial cell adhesion molecule (PECAM)-1 (Looman et al., 2007, Prados et al., 2011), vascular-
endothelial (VE)-cadherin, and B-catenin (Rutland et al., 2007), which are expressed by endothelial
cells at the murine feto-maternal interface.

Additionally, it is possible that the selective passage of MMc cells is driven by gradients of chemo-
attractants existing across fetal and maternal compartments. In human pregnancies, the vascular
endothelial growth factor (VEGF)-A, which is shown to have chemo-attractant properties next to its
angiogenic function (Lash et al., 2003), forms a gradient that increases in concentration from the
maternal blood plasma to the human umbilical cord blood. In a cross-species study using rat and
human cells, VEGF-A has been shown to promote surrogate microchimeric cell migration via a
mechanism that involves VEGF receptor (R)-1, and the integrins a4p1 (VLA-4), a2p1, and a5B31 (Chen
et al., 2008). It remains unknown whether this mechanism is also of relevance in mice. The only
available study on MMc cell trafficking in mice revealed that the chemokine ligand (CCL) 3, a chemo-
attractant highly expressed by the fetal trophoblast during late gestation, is not essential for MMc cell

migration (Unno et al., 2010).
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4.3 MMc is present in the fetal BM, but scarce in the thymus

The technique to detect MMc cells described above enabled to thoroughly characterize the presence
of MMc across various fetal tissues during late gestation. Surprisingly, MMc appeared to be rather rare
in the fetal thymus, and not all fetuses were positive for thymic MMc. Published evidence has
described the wide-spread presence of MMc in fetal bone marrow, liver, thymus, spleen, peripheral
blood, and lung in immune-competent offspring during late gestation using semi-quantitative
techniques such as [3-galactosidase-reactivity (Marleau et al., 2003, Piotrowski and Croy, 1996) or
detection of GFP" cell count by fluorescence microscopy (Unno et al., 2010), as well as overall levels
of radioactivity that accumulated in the fetus (Wienecke et al.,, 2012). Detection of a maternal
transgene by PCR revealed the frequency of GFP* samples among all organ samples pooled from gd
15.5 until birth (Vernochet et al., 2005) or, by flow cytometry, the number of GFP" cells per organ in 32
gd 12 — 18 fetuses (Zhou et al., 2000). In a small representative sample group, CD45.2" MMc cells
were identified among the fetal peripheral blood from mid- to late gestation by flow cytometry (Nijagal
etal., 2011).

Here, we enrich these observations with quantitative evidence derived from our MMc detection
model and for the first time provide directly comparable MMc quantities between the different fetal
organs isolated from gd 18.5 fetuses. In the context of fetal imnmune development, the observation of
the fetal bone marrow being a prominent site of MMc parallels the preceding migration of
hematopoietic activity from fetal liver to bone marrow from gd 15.5 onwards and the manifestation of
the fetal BM as a major hematopoietic organ in this gestational period. Accordingly, MMc in the fetal
liver is quantitatively lower in comparison to the fetal BM on gd 18.5, while it is evident in this organ as
early as mid-gestational gd 13.5 (Vernochet et al., 2005), at a time in which the liver assumes key
hematopoietic function.

Since the thymus is a primary lymphoid organ during fetal development responsible for
differentiation and selection of T cells, the rare presence of MMc cells in this organ was unexpected
with regard to our hypothesis of a role of MMc in fetal immune ontogeny. The thymus is colonized by
hematopoietic progenitors in waves during gestation, while the first wave spans gd 11.5 — 15.5, and
the second wave occurs after gd 16.5 (Misslitz et al., 2006, Shortman and Wu, 1996). Fetal
thymopoiesis is dynamically transitioning, initially originating from T cell lineage—restricted progenitor
cells, while the second wave shortly before birth no longer gives rise to embryonic T cells and includes
less-differentiated progenitors with high proliferate capacity (Ramond et al., 2014). In immune-deficient
offspring, the earliest murine MMc has been detected on gd 12.5 in the region of the developing fetal
thymus (Piotrowski and Croy, 1996) and MMc has been shown to persist in the thymus postnatally
(Kaplan and Land, 2005, Vernochet et al., 2005) and even until adulthood (Leveque et al., 2014). By
then, it has been reported to be present among non-hematopoietic thymic epithelial cells (Dutta and
Burlingham, 2009) in immune-competent offspring. In human newborns, MMc was highly present in
the thymus (Srivatsa et al., 2003), supporting the thymus being one of the targets for MMc migration.
In our analyses, the observed relatively small MMc cell count in the thymus in comparison to the fetal
BM and its lower frequency among all samples analyzed suggests a rather transient than resident role
in this fetal organ, suggesting that MMc cells play a rather minor role in the thymic stromal

environment to support T cell development at this gestational age.
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Among the various fetal organs, it was aimed to investigate the presence of the major
hematopoietic lineages among the MMc population. We surprisingly extremely rarely found Lin"’Sca-
1%c-Kit" cells among the MMc cell pool in the fetal liver, hinting towards the migration of stem and
progenitor cells with long-term potential. Evidence from human studies indicates that MMc could be
replenished during adult life from microchimeric HSC residing in the offspring’s tissues since
pregnancy (Hall et al., 1995, Jonsson et al., 2008, Sunku Cuddapah et al., 2010). In mice, maternal
DNA was present among Lin"*%c-Kit" HSC in the bone marrow and heart of 6 — 8-week-old mice (Dutta
and Burlingham, 2009, Dutta and Burlingham, 2010). These intriguing observations certainly require
further experimental proofs.

Among the committed lineages, we found minor percentages of CD11c” dendritic cells and NK
cells in the fetal bone marrow, liver and spleen. This indicates the establishment of antigen-presenting
cell (APC) MMc during gestation, matching the detection of maternal antigens among CD11c¢" and
MHC class II" cell populations in the fetal peripheral blood and spleen of young adult mice, suggesting
that a portion of persisting MMc cells could belong to the APC compartment (Dutta and Burlingham,
2009, Dutta and Burlingham, 2011, Nijagal et al., 2011). Also MMc NK cells were found before in fetal,
neonatal and adult lymphoid organs and peripheral blood (Nijagal et al., 2011, Vernochet et al., 2005).

We found myeloid MMc to be rare in the late gestational fetal BM, while it was more frequent in the
fetal liver. Isolated from adult bone marrow and spleen, maternal-specific DNA was identified ex vivo
and in vitro among CD11b" myeloid cells (Dutta and Burlingham, 2009, Dutta and Burlingham, 2010,
Dutta and Burlingham, 2011). Even in a non-lymphoid tissue, the heart, maternal DNA has been
shown to be present among cardiac macrophages scattered across the tissue (Dutta and Burlingham,
20009).

Further, B cells were the main immune cell type among MMc in the fetal liver. B cells were found in
fetal, neonatal and adult lymphoid organs and peripheral blood (Nijagal et al., 2011, Vernochet et al.,
2005). Interestingly, in offspring genetically deficient in B cells, MMc cells were a source of IgG-
secreting cells (Arvola et al., 2000), providing evidence for the capacity of MMc cells to substitute
functionally for offspring’s immune deficiencies.

Overall, the presence of different immune cells among the MMc population in the fetus and adult
suggests a variety of functions that these cells could adopt in the various tissues they home to and
reside in. Our data complement the earlier notion of a potential selectivity of MMc cell transfer,
showing that the phenotype of the MMc cells in the fetal circulation differed from the maternal
peripheral blood composition (Nijagal et al.,, 2011). While we observe the fetal liver MMc cell
composition to resemble its source, possibly due to the placental blood flow draining into the fetal liver,
the MMc population composition in the fetal bone marrow strongly diverged from the one in the
maternal peripheral blood, especially with regard to the high frequency of T cells. Mechanisms guiding

the targeted homing of different MMc cell types remain unknown.

4.4 MMc T cells in the offspring

Furthermore, we here report the pre-dominant existence of MMc T cells among MMc cells in the fetal
bone marrow during late gestation. Several previous studies focused on MMc T cells (Leveque et al.,
2014, Roy et al., 2011, Vernochet et al., 2005, Wan et al., 2002) owing to their relative longevity,
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capacity to specifically recognize non-self-antigens, and the central role they play in adaptive immune
responses. In mice, MMc T cells were found in fetal and neonatal lymphoid organs (Leveque et al.,
2014, Nijagal et al., 2011, Vernochet et al., 2005) and endured until adult life, when both CD4"and
CD8" T cells could be identified (Dutta and Burlingham, 2009, Dutta and Burlingham, 2011).
Interestingly, MMc CD4" T cells were also found in non-lymphoid organs, such as the skin and small
intestine of neonates and also in the small intestine of adult animals (Leveque et al., 2014). In
humans, maternal MMc T cells have been identified as early as in fetal organs of the 2" trimester
(Jonsson et al., 2008) and in cord blood of male neonates (Hall et al., 1995). Their life-long
persistence is evident in peripheral blood of infants, adolescents (Kowalzick et al., 2005, Reed et al.,
2004), and adult women (Loubiere et al., 2006).

Whilst the functionality of these cells was not directly assessed in the murine models mentioned
above, MMc T cells significantly influenced the offspring’s immunity, triggering either tolerance to
foreign antigens (Fujii and Yamaguchi, 1992, Wan et al., 2002) or the loss of tolerance and
subsequent inflammation when MMc cells were highly allo-reactive toward the offspring’s antigens
(Leveque et al., 2014, Roy et al., 2011). In addition to allo-antigen presentation, MMc may contribute
to the protection of the organism from foreign challenges during early life. For example, in a mouse
model of in utero hematopoietic cell transplantation (IUHCTX) the engraftment was limited by MMc T
cells (Nijagal et al., 2011). In humans suffering from severe combined immunodeficiency (SCID),
maternal T cells engraft in the fetus and are capable of expansion in the infant (Liu et al., 2016, Touzot
et al., 2012).

In summary, MMc T cells can fulfil specific functions in the offspring, underlining their potential

meaning for immune development when residing in the fetal bone marrow.

45 MMc T cells in the fetal bone marrow

MMc cell migration takes place in parallel with the egress of fetal HSC from the fetal liver and their
circulation and homing to the fetal bone marrow to there establish the definitive hematopoietic activity.
Fetal liver HSCs circulate and migrate into the fetal bone marrow in response to stromal cell-derived
factor (SDF)-1a which binds to its receptor CXCR4 (Christensen et al., 2004). This interaction remains
important for maintenance of the HSC in the bone marrow niche, a specialized microenvironment
supporting HSC survival and function. This niche is found in the perivascular region of sinusoids and
arterioles and contains osteoblasts, osteoclasts, endothelial cells, adipocytes, and
mesenchymal/stromal cells, which control HSC through secretion of not only SDF-1a (Ding and
Morrison, 2013), but also stem cell factor (SCF) (Ding et al., 2012), as well as angiopoietin-1 (Riether
et al., 2015). Additionally, cell-to-cell contact between VCAM-1 and its binding integrin VLA-4 is a key
signal for niche retention of HSC (Mendez-Ferrer et al., 2010). VCAM-1 is constitutively expressed in
the adult bone marrow microenvironment by endothelial (Zhao et al., 2012) and mesenchymal cells
(Chow et al., 2013). Notably, VCAM-1/VLA-4 interaction is re-inforced by CXCR4 engagement
(Hidalgo et al., 2001, Petty et al., 2009). In the fetal bone marrow, VCAM-1 expression starts around
gd 16.5 and after gd 18.5, the area of VCAM-1 expression spreads throughout the hematopoietic
compartment (Tada et al., 2006).
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The majority of MMc cells homing to the fetal bone marrow were T cells, which expressed mainly
VLA-4 enabling them to bind to VCAM-1, suggesting similar mechanisms of homing to and retention in
the bone marrow may apply as for HSCs. In reductionist studies, a4 integrins (VLA-4 is assembled
from a4 and B1 integrins) have been shown to be involved in interactions of immune cell precursors
with the bone marrow stromal cells in the peripartal period (Arroyo et al., 1996). Also, the bone marrow
microenvironment provides an appropriate support for extrathymic T cell development in infant mice
(Dejbakhsh-Jones et al., 1995), suggesting that the fetal bone marrow may display structural and
functional features of a lymphoid organ appreciated by immune cells, especially T cells.

MMc T cells also expressed PSGL-1, enabling them to bind to P-Selectin expressed in the bone
marrow vasculature and stroma (Zhao et al., 2012), although on a lower level as compared to the
maternal peripheral blood. Its expression level was more comparable to the expression of CAML
observed in the maternal uterus draining lymph nodes (data not shown), suggesting that BM-homed T
cells might adapt their integrin surface localization to the local secondary lymphoid organ-like
environment provided by the bone marrow.

We found the MMc T cells in the fetal bone marrow to show a specific phenotype of VLA-
expression, while PSGL-1 was expressed to a lower extent and LFA-1 was almost completely absent.
LFA-1 not only functions as an adhesion molecule but is at the same time involved in the dendritic cell-
T cell immunological synapse for promoting early T cell activation. Binding is stimulated at very low
antigen concentrations and is initially weak until a TCR-signal enhances the cell contact leading to T
cell proliferation in response to antigen presentation (Bachmann et al., 1997, Li et al., 2009, Mueller et
al.,, 2004). The suspicious absence which might be due to downregulation or surface dislocation of
LFA-1 on MMc T cells might render these T cell less responsive towards antigen presentation. This
could be a mechanism to avoiding recognition of semi-allogeneic fetal antigens presented by fetal
APCs thereby preventing activation and ensuring their survival in the host. Additionally, this phenotype
underlines a function of these cells which might be different from being effectors in an (auto-)immune
response.

T cells with this phenotype were extremely rare among the maternal peripheral blood cells. At this
point of the study, there is no conclusion possible whether this specific T cell adhesion molecule
signature is necessary to migrate transplacentally or whether it is acquired during homing to and
required for residency in the fetal bone marrow. A proportion of fetal T cells present in the fetal bone
marrow expressed the same phenotype (data not shown), suggesting it might be specific to bone
marrow T cells. A next experimental approach would need to interfere with MMc migration by
antibody-mediated blocking of VLA-4 using a Natalizumab analogon, injected into the mother from gd
12.5 onwards. The expected observation of a depletion of MMc in the fetus would then support the
hypothesis of the essential requirement of VLA-4 for transplacental MMc migration.

In the adult stem cell niche, cells of the innate and adaptive immune system are known to
contribute to regulation of HSPC during homeostasis, inflammation and infection. Various mature
immune cells including T and B cells, plasma cells, NKT cells, dendritic cells, neutrophils,
macrophages, and myeloid-derived suppressor cells are described to reside in the bone marrow (Zhao
et al., 2012, Mercier et al., 2012). In addition to CD3" T cells, we here report the migration of adult

maternal microchimeric CD11b" myeloid cells and B220" B cells into the fetal bone marrow. At least in
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the adult, the bone marrow serves as a reservoir for mature myeloid cells and supports naive B as well
as antibody-secreting plasma cells (Mercier et al., 2012), which home back to the bone marrow after
peripheral antigen-exposure and there maintain their longevity in specialized microenvironments, thus
ensuring long-term immunity (Zhao et al., 2012). As for the MMc T cells, expression of cell adhesion
molecules on the microchimeric myeloid and B cells might enable their lodging into their respective
niches.

4.6 MMc cells promote fetal hematopoiesis in vitro

We here observe maternal microchimeric cells to promote hematopoiesis derived from late gestational
fetal HSPC in vitro. As shown previously in morphological studies during late gestation, MMc cells
presented to be scattered across the bone marrow, localizing next to hematopoietic cavities
(Piotrowski and Croy, 1996), which in turn express VCAM-1 during late gestation (Tada et al., 2006).

The process of hematopoiesis is hierarchically regulated, as depicted in Figure 18.
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Figure 18: Hierarchical structure of hematopoiesis. Rarely dividing hematopoietic stem cells (HSC) with
unlimited self-renewal capacity, defined as Lin"Y (negative for surface marker expression of the committed
myeloid or lymphoid lineages) Sca-1"c-Kit", give rise to multipotent progenitors (MPP) which have limited or lost
long-term self-renewal potential. MPPs differentiate into lineage-restricted oligopotent progenitors consisting of
common lymphoid precursors (CLP) and common myeloid precursors (CMP), the latter in turn giving rise to
erythroid precursors (EPs), and granulocyte/macrophage precursors (GMP). In response to specific factors of the
hematopoietic niche (Interleukin (IL)- 2 and -7 for lymphoid lineage, IL-3, -6, and granulocyte macrophage colony-
stimulating factor (GM-CSF) for the myeloid lineage, macrophage colony-stimulating factor (M-CSF) for
monocyte, and thrombopoietin (TPO) for megakaryocyte differentiation), these progenitors proliferate intensely
and produce all mature blood cell types of the erythroid, myeloid and lymphoid lineages, such as megakaryocyte
progenitors of platelets (P) and erythrocytes (E); monocytes/macrophages (M) and granulocytes (G), as well as
pro-T, pro-B, pro-dendritic and Natural Killer (NK) cells. Lineage-restricted progenitors undergo additional
maturation, selection, and specification to become mature effector cells, capable of migrating into peripheral and
secondary lymphoid tissues (modified from (Riether et al., 2015)).

This role in increasing hematopoietic cell humbers suggests MMc cells to equipping the fetal
immune system for the anti- and pathogenic challenges during birth and in the early neonatal life. In

the adult, during high pathogenic load such as infections, innate immune cells need to be rapidly

51



Discussion

replenished from BM HSPC, when immune effector cells are heavily consumed at inflammatory sites.
In the bone marrow, the cellular composition of the microenvironment as well as the cytokine milieu
change fundamentally to meet the requirements for this so-called demand-adapted hematopoiesis
(Takizawa et al., 2012). MMc could be a mechanism to stimulate the maturation of the fetal innate
immune capacity shortly before birth, since HSPC differentiation was skewed towards maturation of
pro-monocytes and mature macrophages, thus myelopoiesis, in the presence of MMc cells.

While data of a direct role of fetal immune cells in prenatal hematopoiesis are elusive, such
relations are recognized for regulation of adult stem cells by cells of the immune system. Macrophages
in the adult murine BM secrete soluble factors that, besides being involved in erythropoiesis, indirectly
regulate hematopoiesis by stimulating mesenchymal cells to produce HSC retention factors (Chow et
al., 2013, Ludin et al., 2012). Bone marrow resident B cells secrete considerable amounts of IL-6 and
Transforming growth factor (TGF)-3, contributing to a myelopoietic balance (Tokoyoda et al., 2004).

The T cells among the MMc cells migrating into the fetal bone marrow reside next to a population
of fetal T cells, which in the present study make up less than 0.1% of all cells present in the fetal bone
marrow on gd 18.5. The adult mouse bone marrow contains 1% — 5% CD3" T cells among the
mononuclear cells, including both CD4" and CD8" T cells (Zhao et al., 2012). A significant proportion
of CD4" T cells are CD4'CD25" Treg cells, which have been described to confer immune-privilege to
the BM HSC niche (Fujisaki et al., 2011). These cells are rather suppressive to colony formation and
myeloid differentiation of HSPC (Urbieta et al., 2010). In contrast, CD4" T cells with a memory
phenotype have been shown to reside in the adult bone marrow in close association with VCAM-1
expressing stromal cells (Tokoyoda et al., 2009), and it is these cells, and not CD8" T cells, that
secrete hematopoiesis-promoting cytokines such as IL-3 and Granulocyte macrophage colony-
stimulating factor (GM-CSF) (Monteiro et al., 2005, Sharara et al., 1997). Another cytokine, interferon
(IFN)-gamma, secreted by activated T cells, exerts its effects on hematopoiesis rather indirectly:
mesenchymal cells are stimulated to secrete IL-6, which in turn induces the proliferation of multipotent
progenitors and myeloid differentiation (de Bruin et al., 2012, Schurch et al., 2014). Lastly, CD40L,
prominently expressed by T cells, has been determined to promote myelopoiesis from human CD34"
progenitors isolated from cord blood in vitro. This, again, is indirectly mediated via upregulation of SCF
and thrombopoietin production by stromal cells (Solanilla et al., 2000).

It is rather speculative to translate the involvement of adult (human) T cells in adult hematopoiesis
to the fetal situation. Fetal and adult hematopoietic progenitors are distinct populations (Perdiguero
and Geissmann, 2016) that give rise to immune effector cells specific to the developmental needs of
the organism (Burt, 2013). It can be assumed that these cells in consequence also react to different
cues for homeostasis and differentiation. Still, some evidence suggests the involvement of CD3" T
cells in HSPC regulation during the fetal period:

Fetal CD3"TER-119™ cells, isolated from the fetal liver Lin™ fraction on gd 15.5, have been shown
to stimulate the expansion of fetal liver HSC (Lin"%Sca-1"c-Kit"). This was due to their production of
different growth factors, among them angiopoietin-like protein 2 and Insulin like growth factor (IGF-2),
the latter binding to and increasing the in vivo long-term repopulation potential of fetal HSC
transplanted into irradiated mice (Zhang and Lodish, 2004). Further analyses confirmed the

significance of IGF-2 in promoting the expansion of long-term-HSC from the mouse adult bone marrow
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ex vivo (Zhang and Lodish, 2005). Interestingly, these effects on the in vivo repopulation capacity of
gd 15.5 fetal HSC were observed after a three day co-culture period at a ratio of 1 HSC to 1
CD3'TER-119™° (Zhang and Lodish, 2004). In our setting on gd 18.5, an even lower ratio of 10 HSPC
to 1 MMc cell was sufficient to reveal a hematopoiesis-promoting effect after 5 days of co-culture. This
indicates that HSPC maintenance and proliferation is strongly influenced by mid-gestational fetal liver
CD3" and late-gestational fetal BM MMc cells, both very rare populations among all cells in the
hematopoietic organs at the respective gestational age.

During experimental establishment of the fetal HSPC culture, initially, primary fetal CD45™° BM
stromal cells were taken as feeder layer to cultivate fetal HSPC. Pilot data revealed the same results
with regard to HSPC differentiation as presented in this thesis, however, heterogeneity of the feeder
layer resulting in fluctuating proliferation rates was inherent to the primary cell stock. To overcome this
influencing factor we employed the commercially available cell line OP9, which is derived from
newborn bone marrow stromal cells (Nakano et al., 1994). This ensured reproducibility of co-culture
results and excluded the possibility that the allologous stroma would nebulize the effect of the small
guantities of co-cultured MMc cells. In addition, OP9 cells are devoid of Macrophage colony-
stimulating factor (M-CSF) expression due to a mutation in its gene (op/op) (Yoshida et al., 1990). As
determined in knock-out studies, M-CSF is a major factor responsible for embryonic macrophage
development from monoblasts and pro-monocytes (Pollard, 2009). The absence of stromal M-CSF
implies to allocate responsibility for the enhanced differentiation of pro-monocytes and mature
macrophages in fetal HSPC-MMc cell co-culture directly to the MMc cells, at least with regard to the

potential secretion of this specific hematopoietic cytokine.

In summary, at least in the adult, the bone marrow has been described to function as secondary
lymphoid organ which harbors mature, resident immune cells which, in concert with the stromal niche,
are involved in regulation of hematopoiesis. During the establishment of the fetal bone marrow as the
definite site of hematopoiesis during late gestation, MMc cells could serve to support this process. It
remains to be investigated whether MMc secrete hematopoiesis-promoting factors that specifically
induce myeloid lineage differentiation thereby equipping the fetus with appropriate amounts of innate
cells during the perinatal period. Future analyses will aim to identifying IL-3, IL-6, GM-CSF, and M-

CSF in co-culture supernatants.

4.7 Prenatal stress challenge and the modulation of MMc

We here tested the influence of a maternal stress challenge during pregnancy on the frequency
and phenotype of prenatal MMc in the fetal bone marrow and observed a strong tendency towards a
decreased frequency, which was due to a reduction in MMc T cell numbers. MMc presents with an
inherent disparity in frequencies between individuals due to modulating factors such as materno-fetal
histo(in)compatibility in humans (Berry et al., 2004) and mice (Kaplan and Land, 2005, Lopez-Guisa et
al., 2011, Marleau et al., 2003, Piotrowski and Croy, 1996, Vernochet et al., 2005, Nijagal et al., 2011,
Wegorzewska et al., 2014, Wienecke et al., 2012), variations in fetal immunocompetence (Piotrowski
and Croy, 1996, Zhou et al., 2000), and states of fetal injury and inflammation (Nijagal et al., 2011,
Saadai et al., 2012, Wegorzewska et al., 2014, Wienecke et al., 2012). Maternal stress perception has

been associated with a pro-inflammatory environment at the materno-fetal interface, leading us to
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hypothesize this could be mirrored in a pro-inflammatory MMc footprint that migrates into the fetus. In
previous studies of states of fetal injury and inflammation, such as intrauterine non-specific tissue
injury (Nijagal et al., 2011, Wegorzewska et al., 2014), human prenatal surgery (Saadai et al., 2012),
or pertussis toxin-induced asymptomatic systemic inflammation in pregnant dams (Wienecke et al.,
2012) enhanced MMc migration was shown. In contrast, we here observe a trend towards reduced
numbers of MMc cells in the bone marrow.

The observed trend could be due to a decreased overall migration, decreased homing to this
specific fetal tissue, egress from the bone marrow after initial homing, or a reduced expansion or
survival. Of note, since we did not distinguish fetal samples by gender, we cannot rule out a possible
sex difference in MMc frequency between male and female fetuses. The reduction we observe here is
due to the significantly reduced proportion of fetuses with a high frequency of MMc cells upon a stress
challenge in comparison to the control group. Morphological assessments of fetal BM MMc cells
revealed their potential selective proliferation, as demonstrated by an increased quantity and
estimated diameter from gd 16.5 until gd 18.5 — 19.5 in unchallenged fetuses (Marleau et al., 2003,
Piotrowski and Croy, 1996) which could argue for a disturbed expansion or survival upon a prenatal
stress challenge. Other than that, (1) their re-distribution into different tissues to patrol the periphery
after sensing a stressed fetal environment, (2) their reduced local expansion or (3) an overall reduced
level of MMc migration could be of reason. In all cases, lower numbers of fetal BM-resident MMc cells
could result in a less efficient stimulation of myeloid hematopoiesis in stress-challenged pregnancies.

A re-distribution of MMc T cells (1) into fetal peripheral or other lymphoid tissues seems plausible
on the one hand when considering evidence for the presence of MMc hematopoietic cells in addition
to lymphoid organs in non-lymphoid organs such as lung and heart of both mouse (Piotrowski and
Croy, 1996, Unno et al., 2010) and human fetuses (Jonsson et al., 2008) and human fetal kidney,
adrenal gland, pancreas, brain, ovary, and testis (Jonsson et al., 2008). This implies that they could
participate in peripheral immune monitoring. Earlier reports strongly suggest a role in the surveillance
of the offspring’s developing system under adverse conditions. MMc immune cells have been shown
to protect the offspring’s organism from foreign challenges and compensate for immature immune
function, such as the MMc T cell-mediated limitation of in utero transplant engraftment in mice (Nijagal
et al.,, 2011) and MMc T cell engraftment in human infants suffering from SCID (Liu et al., 2016,
Touzot et al., 2012). In line with this, IL-2-deficient offspring acquired IL-2-expressing cells in the
thymus and spleen, probably via materno-fetal transmigration (Wrenshall et al., 2007).

On the other hand, the peripheral presence of MMc cells has been suggested to play a role in the
pathogenesis of auto-immune diseases (Lopez-Guisa et al., 2011). Their semi-allogenicity may
provoke an offspring’s immune response in the long term, or, dependent on the MMc cell phenotype,
they may themselves be reactive toward the offspring’s antigen, thereby initiating inflammation and
predisposing to auto-immunity (Leveque and Khosrotehrani, 2011). In mice, a model of juvenile type |
diabetes showed that MMc T cells with an ovalbumin (OVA)-specific T cell receptor in offspring that
expressed OVA in the pancreatic B cells triggered peri-insulitis in the young adult offspring (Roy et al.,
2011). In a similar transgenic approach, highly allo-reactive MMc T cells induced inflammation in the
small intestines of 6 - 8-week-old offspring (Leveque et al., 2014). It has been suggested that antigen-

specific MMc T cells may educate the offspring’s immune cells to elicit an immune response against
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self-antigens through a shift of antigen-presenting cells (APC) toward an immunogenic phenotype
(Roy et al.,, 2011) and skew immunity toward auto-reactivity by suppressing the fetal regulatory
compartment (Leveque et al., 2014).

A reduced local expansion (2) or their overall reduced level of migration (3) into the fetus upon
stress would result in a reduced exposure of the fetus to tolerance-inducing benefits of MMc.

Semi-allogeneic MMc cells express NIMA, which are foreign to the offspring’s immune system and
shape the offspring’s immune ontogeny with consequences for its postnatal life. During late gestation,
CD8" T cell tolerance toward NIMA was shown to be achieved in the thymus (Akiyama et al., 2011). In
the periphery, gestational NIMA exposure induces the activation and expansion of specific
CD4'CD25'FoxP3" Treg cells in young adults (Akiyama et al., 2011, Matsuoka et al., 2006, Molitor-
Dart et al.,, 2007). Here, Tregs possessed a NIMA-specific suppressive function (Dutta and
Burlingham, 2009, Matsuoka et al., 2006, Molitor-Dart et al., 2007), which correlated with the level of
MMc found in immune and non-lymphoid tissues of the animals analyzed (Dutta and Burlingham,
2009). Further, MMc induces the suppression of murine cytotoxic T cell responses (Akiyama et al.,
2011, Bonilla et al., 2006). Parallel oberservations were made in human fetuses, where maternal
alloantigen exposure induced the maturation of allo-antigen-specific fetal Tregs (Mold et al., 2008).

MMc introduces antigens to the fetus, which can result in long-lasting tolerance towards these
antigens. MMc may not only display maternal alloantigens to the fetus. It has been suggested that
MMc cells could also expose it to foreign material such as food and bacterial antigens in preparation
for postnatal immune challenges (Mold et al., 2008). In a process referred to as de novo allo-antigen
acquisition, professional APCs of the offspring could internalize and re-present maternal antigen at the
offspring’s periphery (Bracamonte-Baran and Burlingham, 2014, Dutta and Burlingham, 2009, Dutta
and Burlingham, 2011). Indeed, there is evidence that such a mechanism could play a role in the case
of asthma, where it has recently been suggested that the presence of MMc might confer protection
against development of the allergic disease (Thompson et al., 2013). This may be due to the migration
of allergen-specific MMc T cells that might introduce the offspring to this specific allergen, a

mechanism proposed from studies in mice (Fujii and Yamaguchi, 1992, Wan et al., 2002).

In conclusion, the modulated MMc cell frequency in the fetal bone marrow can be assumed to be
only one of the alterations in the MMc footprint that occurs upon a maternal stress challenge. MMc
cells originating in a stressed maternal environment might be skewed from exerting beneficial
functions such as the published observations of immune monitoring and tolerance induction, or, as we
report here for the first time, promotion of hematopoiesis, towards rather detrimental signal
transduction, representing a “stressed” phenotype. To further advance our understanding of a role of
MMc for the offspring’s immune system, a deeper characterization of the naturally occurring MMc T
cell phenotype and its modulation upon a stress challenge could provide hints for functional
involvements. Elucidating an effector memory (either CD4 or CD8) or innate-like (yd T cell) phenotype
could indicate a potential role in the pathogenesis of auto-immunity, e.g. in case of the expression of

MHC class Il molecules necessary for antigen presentation to fetal APCs, B and T cells.
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4.8 Prenatal stress and consequences for the offspring’s immune function

Adverse maternal conditions during stress perception are accompanied by changes in the immune
function of the offspring. In human cord blood samples, prenatal stress resulted in altered pro-
inflammatory cytokine profiles, such as higher levels of interleukin (IL)-1, 4, 5, 6 (Andersson et al.,
2016b, O'Connor et al.,, 2013) and 8 (Andersson et al.,, 2016b, Wright et al., 2010), higher
Immunoglobulin (Ig)E antibody levels (Lin et al., 2004, Peters et al., 2012) and inhibited adaptive
immunity in response to mitogen stimulation (O'Connor et al., 2013). This cytokine profile indicates a
bias towards a T helper (Th) 2-skewed immune response, which is also observed in mice (Iwakabe et
al., 1998, Pincus-Knackstedt et al., 2006) and persists in adolescent (Veru et al.,, 2015) and adult
prenatally stressed humans (Entringer et al., 2008). Experimental studies aiming to elucidate
persistent stress-induced alterations in more detail gained inconsistent results regarding IL-6, IL-2, and
Interferon (IFN)-y secretion, probably due to differences in species, stress type, duration and time
point between studies (Coe et al., 2002, Collier et al., 2011, lwakabe et al., 1998, Pincus-Knackstedt
et al., 2006, Vanbesien-Mailliot et al., 2007). Still, secretion of the Th1 cytokine Tumor necrosis factor
(TNF)-a was decreased in young monkeys (Coe et al., 2002) and murine offspring (Collier et al., 2011,
Pincus-Knackstedt et al., 2006) of stressed mothers.

Adult adaptive and innate immune responses were shown to be affected when the offspring was
stressed during the period of maturation of HSC in the fetal liver and colonization of the bone marrow
by HSC, corresponding to mid-to-late gestation (gd 12.5 — birth) in mice (Veru et al., 2014). Adultrat T
cell populations were found to be decreased with regard to CD4" T cells (Gotz et al., 2007) or
modulated in case of CD8" T cells frequencies (Llorente et al., 2002, Vanbesien-Mailliot et al., 2007).
A weakened Thl type immunity in response to challenges such as skin allograft transplantation or a
model of induced arthritis was apparent in prenatally stressed rats (Gorczynski, 1992, Sobrian et al.,
1997). Pokeweed mitogen-induced proliferation of B cells was decreased in prenatally stressed adult
and adolescent rats (Gotz and Stefanski, 2007, Gotz et al., 2007, Kay et al., 1998).

The collection of all these snapshot examples of immune shifts in adult prenatally stressed
offspring substantiate the influence early environmental conditions have on the outcome of an
individual's immunity.

The prenatal stress challenge employed in this study resulted in a reduced overall number of
CD45" leukocytes in the fetal bone marrow during late gestation. Reduced numbers of whole
leukocyte counts were shown to persist until adulthood of prenatally stressed adult offspring in rat and
swine (Couret et al., 2009, Gotz and Stefanski, 2007). The decrease we observed here was due to a
decrease in innate CD11b" myeloid cell frequency. As is the case in adult mice, CD11b" cells,
including granulocytes, monocytes and mature macrophages, play a key role in the innate response to
pathogens. They constitute the primary host defense in the mouse embryo. Their reduced number in
the fetal bone marrow in response to stress might be due to a decrease in hematopoietic output,
possibly in part due to lower levels of myelopoiesis-promoting MMc cells or a disturbed functionality of
MMc cells derived from stressed pregnancies. Alternatively, CD11b" cells could have been migrated
into the periphery of the stressed fetus. Published experimental evidence shows that innate immune
cell subsets are able to react towards stressors e.g. social stress. Adult innate immune cells were

mobilized by stress and a reduction in bone marrow glucocorticoid-insensitive CD11b" cell frequencies
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was reported due to their re-distribution into the circulation and spleen (Engler et al., 2004, Engler et
al., 2005). Similarly, macrophages were specifically recruited from the bone marrow to the perivascular
spaces in the brain, accompanied by increased circulating monocyte levels, and were involved in
anxiety-like behavior in adult socially stressed mice (Wohleb et al., 2013). Also functionally, adult
monocytes were primed by stressors like social defeat, resulting in an increased pro-inflammatory
cytokine production (Bailey et al., 2009, Wohleb et al., 2011) and glucocorticoid insensitivity (Stark et
al.,, 2001). Similarly, prenatal stressors, e.g. endotoxin-mediated pro-inflammatory conditions, were
observed to result in a reduced innate response in the adult and senescent rat offspring (Hodyl et al.,
2007). More specifically, macrophage activity in offspring of murine dams stressed during late
gestation was hampered with regards to phagocytosis and spreading (Fonseca et al., 2005, Palermo
Neto et al., 2001), indicating the susceptibility of the myeloid lineage to programming during the
prenatal period. Thus, reduced frequencies of CD11b" cells in the fetal bone marrow after a
midgestational stress challenge might be due to their mobilization into the periphery and could be
accompanied by functional alterations.

Apart from the long-term consequences on innate immunity, the acute reduction of monocytic cells
might threat fetal development. Evidence for the importance of macrophages during fetal development
shows their involvement in ductal branching, neuronal networking, angiogenesis, lung development as
well as bone morphogenesis (Jones and Ricardo, 2013, Pollard, 2009). Decreased numbers or an
impaired function of myeloid cells might thus not only hamper proper immune responses in case of
perinatal infections but could program fetal lung organogenesis (Jones et al., 2013) and bone marrow
niche formation with consequences for hematopoietic capacity (Begg et al., 1993, Pollard, 2009).

Ultimately, cells of the myeloid lineage are short-lived cells. Long-lasting consequences on the
offspring’s immunity would be expected to be primed in fetal HSPC that possess long-term potential
presumably via epigenetic mechanisms. Different methylation patterns have been observed between
fetal liver and young postnatal HSCs (Beerman et al., 2013), suggesting a potential susceptibility to
challenges during this fetal-to-adult transition which is ongoing during murine late gestation. In the
context of stress perception, glucocorticoid effects on HSC differentiation need to be considered. The
methylation of genes involved in glucocorticoid receptor signaling pathways is altered when HSC
commit to common myeloid and megakaryocyte-erythrocyte progenitors (Bartholdy et al., 2014)
suggesting the responsiveness of hematopoietic progenitors to glucocorticoid signals. Further,
glucocorticoids might play a role in the perinatal bone marrow niche, as suggested by their promotion
of osteoblast proliferation in vitro and increased levels of CXCL12 expression on osteoblasts (Kollet et
al., 2013). CXCL12 is an important factor in HSC chemotaxis and quiescence, again indicating that
glucocorticoids could indirectly influencing hematopoietic capacity and alter the developing
environment fetal HSC home to and will reside in throughout life. A potential involvement of MMc cells
in providing epigenetic cues towards the dynamic regulation of HSC in the perinatal period remains to

be investigated.
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4.9 Scientific significance and outlook

The data presented in this thesis provides support for a role of MMc cells as materno-fetal
messengers during pregnancy, which are functionally involved in fetal immune development and
susceptible to modulation by a maternal stress challenge (Figure 19). These observations add
knowledge to our understanding of MMc being a beneficial signal for the fetus, while at the same time
implying the strong potential of detrimental consequences for the fetal recipient via direct cell-to-cell
signaling, in case of adverse maternal pregnancy conditions.

An immediate question deriving from this data is whether a maternal stress-induced reduced fetal
myelopoiesis and the concomitant lower frequency of available innate immune cells results in higher
susceptibility towards perinatal infection. In fact, neonatal mice, like newborn humans, are intrinsically
susceptible to infection. This has been shown to be due to a suppressive population of CD71"
erythroid cells which at the expense of high infection susceptibility allow for commensal microbial
colonization in neonatal mice by suppression of aberrant immune activation (Elahi et al., 2013). As an
example for the developing neonatal immune function in contrast to the adult one, it has been reported
that the neonatal myelopoietic response during induced murine sepsis is less efficient in comparison to
adult myelopoiesis (Cuenca et al., 2015). It is tempting to speculate that persisting MMc cells, whose
presence is enforced by lactational transfer after birth (Arvola et al., 2000, Dutta and Burlingham,
2009, Dutta and Burlingham, 2010), could participate in demand-adapted hematopoiesis and promote
myelopoiesis centrally in the BM which possesses primary hematopoietic function to counter-balance
peripheral immune suppression during the peripartal period.

While we here report comprehensive ex vivo and in vitro data derived from our mouse model of
detection of naturally occurring MMc, our results require to be complemented by reductionist
approaches. Therefore, a next approach will investigate fetal immune development in a mouse model
devoid of MMc. To this end, blastocysts derived from CD45.1" BALB/c (H-2D%)-mated CD45.2*
C57BL/6 (H-2D") females will be transferred into RAG-2°"*' (C57BL6 background) pseudo-pregnant
female mice, which lack T and B lymphocytes due to a deletion of the RAG-2 protein coding region.
Blastocysts transferred into wildtype C57BL6 female mice will serve as controls. Based on our current
results, we expect the absence of lymphoid MMc to be accompanied by reductions in hematopoietic
capacity. Subsequently, the susceptibility towards immediate perinatal infection and a long-term
impact on fetal immunity e.g. upon an allergic airway sensitization, will be investigated hypothesizing
that a lack of MMc results in an increased vulnerability to infectious challenges and immune disease
development.

We here elucidate a hematopoietic function of MMc cells for fetal immune development besides
tolerance induction at gd 18.5 in murine gestation. MMc cells could have a similar role in humans,
since, with regard to immune development of the fetus, this gestational age corresponds to the late
first and second trimester in human embryos (Veru et al., 2014), at which time human MMc has
already been detected (Jonsson et al., 2008). The physiological significance of MMc and its
susceptibility to modulation described in this thesis together with the life-long persistence of these cells
in the offspring strongly suggests novel trans-generational immune regulatory pathways engrained
within development and reproduction. Indeed, persisting MMc has been shown to enhance

reproductive fitness of female offspring in subsequent pregnancies (Kinder et al., 2015a). While limited
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access to human tissue material restricts tracking of MMc cells in the infant, adolescent and adult
human in tissues other than the blood, we envision that future endeavors in mouse model research will
allow the functional characteristics of MMc to be thoroughly investigated in the context of the
offspring’s physiology and pathology, e.g. auto-immunity, by comprehensive analyses of the MMc cell
transcriptome using e.g. single-cell RNA sequencing.

In the context of the concept of developmental origins of health and disease, vertical transfer of
cells from mother to child can be considered a part of the mechanisms connecting the maternal and
fetal (immune) systems during pregnancy with possible long-term implications for the offspring’s

postnatal health.
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Figure 19: Graphical summary. Maternal microchimerism (MMc) as a mechanism of materno-fetal
immune communication during pregnancy. Maternal cells are detected in various fetal tissues during late
murine gestation (gestational day (gd) 18.5). The fetal bone marrow is a main site of MMc. Among the MMc
population, CD3" T cells are the most abundant subset, expressing the cell adhesion molecule ligands VLA-4 and
PSGL-1, while LFA-1 expression is largely absent. This might enable them to cross the placental trophoblast-
endothelial barrier which in turn expresses VCAM-1 and P-Selectin. During normal development, MMc cells have
a functional role in supporting differentiation of fetal hematopoietic stem and progenitor cells (HSPC) in vitro and
favor the differentiation of lineage-committed immune cells toward myeloid monocytes/macrophages (M). This
could be mediated by the secretion of hematopoietic factors by MMc T cells. In contrast, upon a mid-gestational
stress challenge, a strong trend towards a reduced number of MMc cells is observed, which is due to a reduction
of CD3" T cells and might be accompanied by a limited promotion of hematopoiesis. This, in turn, could partially
mediate the observed decrease in fetal CD11b" myeloid cells in the fetal bone marrow via several potential
mechanisms, such as a reduced secretion of hematopoietic factors, impaired MMc cell proliferation, reduced
migration into or egress from the bone marrow, or a stress-altered MMc cell phenotype. Overall, MMc cells
directly influence immune development by promotion of hematopoiesis prior to birth, hereby shaping the
offspring’s immune system for its perinatal life with, if challenged, potential consequences for its susceptibility to
diseases later in life.
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5 Abstract

Early life conditions and the onset of (immune) diseases later in life have been shown to be linked in
epidemiological and experimental studies, a concept termed developmental origins of health and
disease. A healthy prenatal development of the fetus is critically dependent on its nourishing and
immunologically tolerant mother. Challenges to maternal immune adaptation to pregnancy, such as a
prenatal stress perception, have been linked with an increased risk to develop diseases in the
postnatal life of the child, including allergies and asthma. We here propose maternal microchimerism
(MMc) as a potential mediating mechanism. MMc describes the presence of a small amount of
maternal cells in fetal tissues, which establishes during pregnancy and has been shown to persist until
both human and murine adulthood. We aimed to investigate MMc during late murine gestation and its
modulation upon a prenatal maternal stress challenge in order to test the hypothesis that MMc is a
mechanism of materno-fetal communication involved in fetal immune development with, if challenged,
possible consequences for the child’s peri- and postnatal immunity.

To this end, an allogeneic mouse model was established to detect MMc cells, identified as
CD45.1™%CD45.2" and H-2D"°YH-2D", in offspring derived from CD45.1"BALB/c(H-2D%)-mated
CD45.2+C57BL/6(H-2Db) females by flow cytometry on gestational day (gd) 18.5. Pregnant females
were challenged by sound stress exposure on gd 10.5, 12.5 and 14.5.

Among the various fetal organs in which MMc was detected, the fetal bone marrow (BM) was a main
site of MMc (<1000 MMc/10° fetal cells). Among this MMc population, CD3" T cells are the most
abundant immune cell subset, expressing the cell adhesion molecule ligands Very late antigen (VLA)-
4 und P-Selectin glycoprotein ligand (PSGL)-1, while Lymphocyte function-associated antigen (LFA)-1
expression is largely absent. The adhesion molecule expression might enable them to cross the
placental trophoblast-endothelial barrier which in turn expresses the corresponding cell adhesion
molecules VCAM-1 and P-Selectin in the placental labyrinth during mid- to late gestation (gd 13.5 and
18.5). In contrast, CD3" T cells among maternal peripheral blood leukocytes, the presumptive source
of MMc, expressed virtually all three CAML, whilst their overall frequency among all blood leukocytes
was significantly lower compared to the one among MMc cells, suggesting a preferential migration of
MMc T cells into the fetal bone marrow. A prenatal stress challenge resulted in a strong trend towards
a reduced number of MMc cells in the fetal bone marrow on gd 18.5, specifically due to a reduction in
CD3" MMc T cells. To test their functional role in this hematopoietic organ, co-cultures of MMc cells
with fetal hematopoietic stem and progenitor cells (HSPC) showed their support of stem cell
differentiation in vitro, while they favored the maturation of lineage-committed immune cells toward
myeloid monocytes/macrophages over granulocyte differentiation. Strikingly, a mid-gestational stress
challenge mediated a decreased frequency of fetal CD11b" myeloid cells in the fetal bone marrow on
gd 18.5.

In conclusion, hematopoietic MMc cells are distributed across fetal organs during late gestation and
have a functional role in directly supporting immune development prior to birth by promoting
hematopoiesis in the fetal BM, hereby playing a role in shaping the offspring’s immune system for its
perinatal life. Adverse conditions, e.g. maternal stress perception, have immediate consequences for
fetal innate immune ontogeny, possibly mediated by a limited support of HSPC differentiation by a
smaller or functionally impaired MMc population, thus a modulated materno-fetal MMc signal. This
could have a long-term impact on the child’s susceptibility to develop diseases later in life.
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6 Zusammenfassung

Das Konzept des ,Entwicklungsursprungs von Gesundheit und Krankheit® umfasst Beobachtungen
aus epidemiologischen und experimentellen Studien, die Umweltbedingungen im pranatalen
Lebensalter und das Auftreten von (Immun)erkrankungen im spateren Leben miteinander in
Verbindung bringen. Eine gesunde vorgeburtliche Entwicklung des Fo6tus ist entscheidend
angewiesen auf Nahrstoffzufuhr durch die aus immunologischer Sicht gegeniber ihrem Kind tolerante
Mutter. Stérungen der maternalen immunologischen Anpassung an die Schwangerschaft, wie etwa
eine pranatale Stresshelastung der Mutter, stehen in Zusammenhang mit einem erhdhten Risiko des
Kindes im Laufe seines Lebens Krankheiten wie z.B. Allergien und Asthma zu entwickeln. Mitterlicher
Mikrochiméarismus (MMc) kénnte ein potentieller vermittelnder Mechanismus sein. MMc beschreibt die
Anwesenheit einer geringen Anzahl mutterlicher Zellen in fétalen Geweben, ein Phdnomen, das sich
wahrend der Schwangerschaft etabliert und bis ins menschliche und murine Erwachsenenalter
erhalten bleibt. In der vorliegenden Arbeit geht es darum, MMc wahrend der spaten murinen
Schwangerschaft und seine Modulation durch eine miitterliche Stressbelastung zu untersuchen. Es
gilt der Hypothese nachzugehen, inwiefern MMc ein Mechanismus der maternal-fotalen
Kommunikation sein kann, der in die fétale Immunentwicklung involviert ist und, wenn gestort,
moglicherweise Auswirkungen auf die peri- und postnatale Immunkapazitat des Kindes hat.

Zu diesem Zweck wurde ein allogenes Mausmodell entwickelt, um mutterliche Zellen, identifiziert als
CD45.1™%CD45.2" und H-2D"°9H-2D°, in Nachwuchs aus CD45.1°BALB/c(H-2D%-verpaarten
CD45.2+C57BL/6(H—2Db) Weibchen mit Hilfe von Durchflusszytometrie an Gestationstag (gd) 18.5 zu
detektieren. Tragende Weibchen wurden an gd 10.5, 12.5 und 14.5 einer Stressbelastung durch Larm
ausgesetzt.

Unter den verschiedenen fétalen Geweben, in denen MMc Zellen detektiert werden konnten, wurde
das Knochenmark als Hauptort fir MMc ermittelt (<1000 MMc/10° fotaler Zellen). Innerhalb dieser
MMc Population sind CD3" T Zellen die gréRte Immunzellpopulation. Diese Zellen exprimieren die
Zelladhasionsmolekilliganden Very late antigen (VLA)-4 und P-Selectin glycoprotein ligand (PSGL)-1,
die es den Zellen ermdglichen kdnnen, Uber die Trophoblast-Endothel-Barriere im plazentalen
Labyrinth zu migrieren, die ihrerseits die zugehorigen Zelladhésionsmolekille Vascular cell adhesion
molecule (VCAM)-1 und P-Selectin in der mittleren bis spaten Gestationsperiode (gd 13.5 und 18.5)
exprimiert. Eine pranatale Stressbelastung der Mutter resultiert in einem starken Trend zu einer
verminderten Anzahl von MMc Zellen im fétalen Knochenmark an gd 18.5, und hier im speziellen von
CD3" MMc T Zellen. Um einer funktionellen Rolle der MMc Zellen im Knochenmark nachzugehen,
wurden MMc Zellen mit fotalen hematopoietischen Stamm- und Vorlauferzellen co-kultiviert. Es konnte
gezeigt werden, dass MMc Zellen die Stammzelldifferenzierung unterstiitzen und die Reifung von
Jlineage-committed Immunzellen in Richtung von Monozyten und Makrophagen beglnstigen.
Interessanterweise liel3 sich im fotalen Knochenmark an gd 18.5 eine stress-vermittelte verminderte
Frequenz von fétalen CD11b" myeloiden Zellen beobachten.

In dieser Arbeit konnte die Prasenz von hematopoietischen MMc Zellen in fétalen Organen in der
spaten murinen Schwangerschaft gezeigt werden. Speziell im Knochenmark tibernehmen diese Zellen
eine direkte Funktion fur die Immunentwicklung kurz vor der Geburt, indem sie die fotale
Hematopoiese unterstiitzen. Sie sind somit an der Pragung des Immunsystems des Nachwuchses fir
das perinatale Leben beteiligt. Unglinstige Umweltbedingungen, wie eine pranatale Stressbelastung
der Mutter, haben unmittelbare Konsequenzen auf die fétale Entwicklung des angeborenen
Immunsystems. Mdoglicherweise hangt dies mit einer eingeschrénkten Unterstiitzung der
Stammzelldifferenzierung durch eine kleinere oder funktionell eingeschrankte MMc Zellpopulation,
also ein moduliertes maternal-fétales MMc Signal, zusammen. Dies kdnnte mit einer langfristigen
Auswirkung auf die Anfalligkeit des Kindes einhergehen, in spateren Lebensphasen Erkrankungen zu
entwickeln.
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7 Abbreviations

(qQ)PCR (quantitative) Polymerase chain reaction
7-AAD 7-Aminoactinomycin D

pm Micrometer

ul Microliter

APC Allophycocyanin

APC Antigen-presenting cell

B B cell

BM Bone marrow

BSA Bovine serum albumin

BV Brilliant Violet

CAM Cell adhesion molecule

CAML Cell adhesion molecule ligand

CD Cluster of differentiation

CLP Common lymphoid precursor

CMP Common myeloid precursor

CpG 5'—Cytosine—phosphate—Guanine—3'
CTB Cell tracker blue

CXCL Chemokine (C-X-C motif) ligand
CXCR CXC chemokine receptor

D Decidua

DMSO Dimethyl sulfoxide

DNA Deoxyribonucleic acid

E Erythrocyte

EDTA Ethylenediaminetetraacetic acid
eGFP enhanced Green fluorescent protein
EMP Erythroid-myeloid progenitor

EP Erythroid precursor

FACS Fluorescence activated cell sorting
FCS Fetal calf serum

FISH Fluorescence in situ hybridization
FITC Fluorescein isothiocyanate

FMO Fluorescence minus one control
FSC Forward scatter

G Granulocyte

gd Gestational day

GM-CSF Granulocyte macrophage colony-stimulating factor
GMP Granulocyte/macrophage precursor
GR Glucocorticoid receptor

hCG human chorionic gonadotropin

HLA Human leukocyte antigen

HPA Hypothalamic-pituitary-adrenocortical axis
HRP Horse reddish peroxidase

HSC Hematopoietic stem cell

HSPC Hematopoietic stem and progenitor cell
ICAM-1 Intercellular adhesion molecule-1
IFN Interferon

Ig Immunoglobulin

IGF-2 Insulin-like growth factor-2

IHC Immunohistochemistry

IL Interleukin
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JAM-B
Jz
KIR

LFA-1
Lin
LSK

M-CSF
MEM
MHC
ml

mM
MMc
MMc cell
MPP
MR

na
NIMA
NIPA
NK
NRS
PBMC
PBS

PE
PerCP
pnd
PSGL-1
RBC
RNA
rpm
RPMI
RT
SCID
SD
SEM
SCF
SSC

Th

TPO
TNF
Treg

uv
VCAM-1
VLA-4
XEM

Junctional Adhesion Molecule-B
placental junctional zone

Killer-cell immunoglobulin-like
placental labyrinth

Lymphocyte function-associated antigen-1
Lineage antibody cocktail
Lineage™“Sca-1"c-Kit"” hematopoietic stem cell
Monocyte/macrophage

Macrophage colony-stimulating factor
Minimum essential medium

Major histocompatibility complex
Milliliter

Millimolar

maternal microchimerism

maternal microchimeric cell
Multipotent progenitor
Mineralocorticoid receptor

not applicable

Non-inherited maternal antigen
Non-inherited paternal antigen
Natural Killer cell

Normal rat serum

Peripheral blood mononuclear cell
Phosphate-buffered saline

Platelet

Phycoerythrin
Peridinin-Chlorophyll-Protein
Postnatal day

P-selectin glycoprotein ligand-1

Red blood cell

Ribonucleic acid

revolutions per minute

Roswell Park Memorial Institute medium
Room temperature

Severe combined immunodeficiency
Standard deviation

Standard error of the mean

Stem cell factor

Sideward scatter

T cell

T helper cell

Thrombopoietin

Tumor necrosis factor

regulatory T cell

Ultraviolet light

Vascular cell adhesion molecule-1
Very late antigen-4 (a4f1 integrin)
Xylol replacement medium
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