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1 Introduction 

1.1 Pregnancy – between tolerance and protection 

Pregnancy forms an immunological paradox as first famously stated by the Oxford’s 

immunologist Peter Medawar.1 During his studies of graft rejection, Medawar pointed out that 

although the immune system constantly patrols the body for non-self-antigens and rapidly 

clears them upon immune activation, pregnancy creates a state in which the mother tolerates 

the genetically foreign fetus.2 Even though his attempts in explaining this contradicting 

observation by postulating immunological immaturity of the fetus or a general 

immunosuppression of the mother were not accurate, his idea of the placenta as barrier at the 

feto-maternal interface should prove to be true.  

Today, it is broadly accepted that in order to maintain a functioning immune system, pregnancy 

is not accompanied by a general immunosuppression. Pregnancy rather forms a unique 

immunological status characterized by a delicate immunological adaption to the growing fetus. 

This adaptation is not static but highly dynamic depending on the state of pregnancy. Whereas 

the onset of pregnancy is characterized by a state of inflammation in order to enable the 

successful implantation of the blastocyst into the uterine endometrium, pregnancy 

maintenance is achieved by generating an anti-inflammatory state at the feto-maternal 

interface.3,4 This includes the remodelling of the local immunological niche. The cytotoxicity of 

uterine natural killer cells, the most abundant immune cell population in the endometrium, is 

down-regulated. Concurrently, regulatory T cells, a subgroup of CD4+ T cells, are locally 

enriched, which modulate the immune response towards tolerance of the foreign fetus.5 These 

local adaptations are accompanied by extensive systemic changes. The complement system 

is activated and hormone levels are modified, e.g., levels of estradiol increase drastically, 

affecting the ratio of pro-inflammatory and anti-inflammatory T helper cells.6-8 These changes 

are accompanied by a uniquely reorganized presentation of foreign fetal antigens to the 

maternal immune system, which results in limited T cell priming favouring fetal tolerance.9 

Towards the end of pregnancy, again a pro-inflammatory environment is created in order to 

induce labour. 

Despite the constant immunological adaptations, the mother still needs to be protected against 

foreign pathogens. Especially at the mucosal surfaces, an inflammatory status needs to be 

maintained in order to prevent invasion of harmful microbes.10 This is of particular relevance 

since pregnant women are at increased risk to develop more severe infections by common 

pathogens including influenza virus and herpes simplex virus.11-13 Several maternal infections 

are associated with risks for the developing fetus since specific pathogens are able to colonize 

the placenta or even infect the fetus in-utero.13-15 Hence, an infection with the food-born 

pathogen Listeria monocytogenes can lead to vertical transmission to the fetus resulting in 

congenital diseases, miscarriage, stillbirths or fetal death.16-18 However, even during the 
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absence of placental or fetal colonization and no increased initial susceptibility of pregnant 

individuals, maternal infection poses a significant threat to the successful course of pregnancy 

as observed during the recent SARS-CoV-2 pandemic.19 It became evident that maternal 

SARS-CoV-2 infection has been associated with increased risk for adverse pregnancy 

outcome, e.g., preeclampsia, preterm birth and stillbirth.20-22 

1.2 The formation of immunological memory 

Considering the permanent confrontation of the immune system with foreign and potentially 

harmful microbes, the immune system of pregnant women and non-pregnant individuals alike 

performs a tremendous task in preventing infections. This is possible due to coordinated 

engagement of various immunological defence mechanisms which are classically separated 

in the innate and adaptive immunity. Whereas the innate immunity mediates a rapid response 

upon pathogen encounter, the adaptive immunity has the potential to orchestrate a tailored 

immune response specific to the pathogenic threat.23 One key factor is the vast repertoire of 

the T cell receptor, which is a result of somatic recombination in the thymus.24 Although the 

actual diversity of T cells within the human body is finite due to the size of immunological niches 

and limited resources for T cell development, there is the potential of forming 1012 to 1015 

different T cell receptors.24-26 Equally compelling, each naïve T cell population specific for a 

unique antigen constitutes of just 100–10.000 cells.24,27,28 Most pre-existing T cells never 

encounter their respective antigen. However, after contact of the naïve T cell population with 

their matching foreign antigen within the secondary lymphoid organs, they selectively 

proliferate forming clones of their original parent cell – a process referred to as clonal 

selection.25 Thus, high specificity and rapid proliferation of T cells equips the immune system 

with the ability to precisely react to different pathogenic threats. 

Another essential hallmark of the adaptive immune system is the potential to establish 

immunological memory. Immunological memory is defined by the ability of the immune system 

to rapidly respond to pathogenic threats that have been encountered before.29 A premise for a 

secondary memory response is the existence of a clonally expanded population of antigen-

specific memory lymphocytes formed after initial pathogen encounter.30 Classically, one 

distinguishes between humoral and cellular immunological memory formation. If circulating 

antibodies do not suffice in neutralization of the pathogen, memory B cells, arisen from naïve 

B cells after initial antigen contact, are activated in the peripheral lymphoid organs.31,32 They 

give rise to plasma cells that produce immunoglobulin G (IgG) antibodies with high affinity for 

the antigen forming the humoral immune response.33 The cellular secondary immune response 

is mediated by memory T cell subsets that belong to both the CD4+ and CD8+ T cell lineage. 

They can be differentiated in distinct subpopulation by their surface markers and their cytokine 

profile that ultimately dictate their function. After initial priming by foreign antigens, CD8+ T cells 

either form central memory T cells (TCM) that home to the secondary lymphoid organs forming 
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a reservoir that proliferates upon recurrent antigen contact or effector memory T cells (TEM). 

TEM patrol the body trough lymphoid organs and non-lymphoid tissues.34-36 Although their initial 

formation is well described, TEM cells constitute a heterogeneous subset with various effector 

functions. Pioneered by the studies of Lefrancois and Masopust, it became evident that 

antigen-experienced CD8+ TEM cells have the capacity to home to peripheral tissue, where they 

occupy stable immunological niches and form local populations of immune memory.36,37 The 

number and characteristics of these by now resident memory T cells (TRM) vary between 

tissues but they share the ability to locally react to pathogenic threats.38,39 Although opposing 

the idea of terminal residency, recent studies provide evidence for the capability of TRM to re-

join the circulation.40,41 Still, the exact mechanism that dictates their fate as resident cell and 

even allows their release from the tissue are a matter of ongoing discussion. 

1.3 The placenta and the transfer of memory 

The placenta forms the central barrier tissue at the feto-maternal interface. Although the human 

hemochorial placenta assures the direct contact of fetal chorionic villi with maternal blood, the 

placental border is lined by a unique cell layer named syncytiotrophoblast, which, as Medawar 

correctly stated, protects the fetus from maternal infections. Still, the placenta is highly 

selective in regulating the adequate transfer of nutrients and hormones as well as the 

exchange of gases to guarantee fetal growth. In addition to passive diffusion, the placenta 

possesses active transport mechanism that regulate the transplacental transfer of antibodies 

to the fetus. 

1.3.1 Antibodies 

After birth and during the first months of life newborns are not yet equipped with a functioning 

immune system, leaving them highly susceptible to infections. Early-life infections, e.g., 

respiratory infections, therefore pose a significant risk to the health of the newborn. This 

immunological vulnerability is evolutionarily met by the active transport of antibodies from the 

mother to the fetus across the placenta.42 Transplacental transfer of antibodies is limited to IgG 

antibodies, which are taken up by syncytiotrophoblasts cells and then bind to the neonatal Fc 

receptor within the endosomal compartment. The antibodies are then released to the fetal 

circulation after fusion of the endosome with the basolateral side of the cell.43 The in-utero 

transfer of antibodies is amended by the transfer of IgA antibodies via the breast milk. Here, 

the IgA antibody binds to the Ig-receptor at the surface of the mammary gland epithelium, 

which is then internalized by the cells. The endosome, containing the IgA-receptor complex, 

fusions with the apical membrane of the mammary gland epithelium and releases the IgA 

antibody into the lumen of the mammary gland.44 The number of transferred antibodies strongly 

depends on the concentration of maternal antibodies, which is influenced by the maternal 

infection history and by the current vaccination status of the mother.43 
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1.3.2 Maternal microchimerism 

Beside antibodies, small numbers of cells cross the placenta. This bidirectional exchange of 

cells, from mother to the fetus and vice versa, is referred to as pregnancy-induced 

microchimerism.45,46 Accordingly, maternal cells found in the fetus are termed maternal 

microchimeric cells (MMc).45 Although being genetically foreign, MMc seem to be tolerated by 

the offspring’s immune system and thus can be detected years after birth up until 

adulthood.46,47 This observation even sparked the concept of a “microchiome”, meaning the 

transfer of MMc across multiple generations.48,49 This idea was recently supported by the 

detection of grandmaternal cells in the cord blood of neonates.50 The transfer of MMc is tightly 

linked with the maturation of the placenta. In humans, MMc can be detected in the offspring 

with the beginning of the second trimester after placentation is established.51,52 Similarly, MMc 

in rodents are transferred around mid-gestation, in which their number increases towards 

birth.53,54 There is further evidence that the number of MMc decreases with recurrent 

pregnancies, indicating a possible effect of fetal antigens from former pregnancies on 

transplacental cell transfer.55 In addition to a transmission in-utero, MMc can be transferred 

during lactation.56 

Interestingly, once transferred MMc seed into lymphatic and non-lymphatic tissues and are 

comprised of different cell types mirroring the cellular heterogeneity of the maternal 

organism.54,57-59 Since MMc transfer requires a connection of blood circulation between mother 

and fetus, the origin of MMc has been assumed to be hematopoietic.59,60 However, the 

identification of non-hematopoietic maternal cells found in the murine liver, pancreas, lung, 

kidney, and skin challenge this hypothesis.61-63 The diversity of cell types among the MMc 

subset indicates their multifactorial function in health and disease. Several studies link MMc 

with adverse consequences for offspring’s health, such as the increased frequency of 

microchimeric cytotoxic CD8+ T cells in graft-versus-host disease in mice. MMs are further 

associated with inflammatory bowel disease, juvenile dermatomyositis, neonatal lupus 

syndrome and lead to an increased risk for autoimmune diseases such as diabetes type 1 in 

humans or as demonstrated in transgenic mouse models of the disease.62,64-68 However, the 

risk of diabetes type 1 seems not to be associated with the number of MMc found in the cord 

blood of patients.69 

On the contrary, a high MMc count protects from the development of asthma as shown in 

children. Moreover, MMc contribute to establishing immune tolerance by transferring non-

inherited maternal antigens to the offspring.70,71 The immunological properties in educating the 

offspring’s immune response go in line with a recent study conducted in our group. Stelzer et 

al. demonstrated that MMc seed to the fetal bone marrow, where they skew the 

haematopoiesis towards the formation of myeloid immune cells, which results in decreased 

susceptibility to early-life infections of neonatal mice. Similar observations were made in 
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human male neonates, who show improved protection against respiratory infections in 

association with a higher number of MMc.72  

The multifactorial function of MMc depend on their tissue microenvironment. In the murine 

brain, MMc have been shown to cluster in the prefrontal cortex of fetal mice, which is 

responsible in shaping attention and cognitive performance. MMc were demonstrated to 

execute regulatory functions in the developing brain of neonates.73 More specifically, as 

recently shown by Schepanski et al., MMc in the murine brain guarantee microglia homeostasis 

by impeding excessive microglia activation and phagocytosis. Accordingly, as demonstrated 

in in vitro experiments, an absence of MMc leads to reduced neuronal branching and growth. 

By using animal models in which the number of MMc is greatly diminished, the overshooting 

presynaptic elimination by microglia cells in the fetal brain results in dysfunction of the 

prefrontal neuronal network leading to reduced cognitive abilities and emotional dysregulation 

of neonates.73 To further evaluate whether the presence of MMc in the fetal brain has further 

consequences for the tissue homeostasis, ex vivo approaches could be used to obtain insights 

on the molecular properties of the tissue, e. g. by relying on spectroscopic techniques. 

Despite the effort in characterizing local MMc populations, we still lack a general understanding 

on fundamental aspects of MMc transfer and function. One highly relevant aspect is the 

question of cellular memory transfer from the mother to the child. Since the mother was 

exposed to various infections during her life and received several vaccinations prior to 

pregnancy, it can be hypothesized that microchimeric T cells also include antigen-experienced 

immune cells. This idea is supported by the fact that MMc encompass high frequencies of T 

cells, e.g., in the fetal bone marrow, and that MMc are more prevalent among memory T cells 

compared to naïve T cells of cord blood mononuclear cells.72,74,75 Two case report underpin 

this notion, as maternal CD8+ T cells specific for human cytomegalovirus (CMV) or Epstein-

Barr virus (EBV) could be identified in two 3-months old patients both suffering from severe 

combined immunodeficiency. In vitro analysis revealed that these cells exerted antiviral 

function by producing inflammatory cytokines in response to viral antigens.76,77 The transfer of 

antigen-specific immune cells could provide antigen-specific protection of the neonate, which 

– given the longevity of T cells – could exceed the protection conveyed by maternal IgG 

antibodies.50,78 This is especially relevant during the first months of life, before the 

recommended vaccination schemes are initiated.  

Another poorly studied aspect of MMc biology is the regulation of MMc transfer. Quantitative 

analysis of MMc in human cord blood revealed a high variation in the number of transferred 

MMc, with some newborns having high MMc counts and some having few to none.72,79 Similar 

variability has been observed measuring cord blood antibody titers.43 Although cell and 

antibody transfer are differentially mediated, for both the transplacental transfer is highly 

dependent on the status of the placental tissue. Recent findings indicate that a maternal 
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immune activation leads to a dysregulation of placental tissue which correlates with altered 

transplacental transfer.80,81 Despite the central role of the placenta in regulating cellular 

transfer, little is known regarding the properties of the placental tissue which favour or impair 

transplacental transfer. This is mainly due to the limited tools available to investigate placental 

function during an ongoing pregnancy. 

1.4 Extracellular vesicles – mirrors of the host tissue 

Extracellular vesicles (EV) serve as an umbrella term that summarizes a variety of lipid-

bilayered particles, which are naturally released by essentially every cell type into the blood 

stream. EV can be classified based on whether they originate from the endosomal 

compartment and are released by the host cell after fusion of multivesicular bodies with the 

plasma membrane (exosomes) or are formed via outward blebbing of the plasma membrane 

(ectosomes).82 Ectosomes comprise microparticles, oncosomes and microvesicles.82 

However, to date no general markers are established to reliably categorize EV based on their 

site of origin. Thus, EV are mainly classified based on their size as small EV (sEV, < 200 nm) 

or large EV (lEV > 200 nm).83 sEV are further characterized by the presence or absence of 

tetraspanins, namely CD63, CD81 and CD9, which are transmembrane proteins involved in 

the synthesis of EV.84,85 Despite their classification, all EV carry a multitude of different proteins 

and lipids on their surface, which reflect the expression profile of the host cell membrane.85 

Additionally, EV contain cargo molecules such as DNA, RNA and proteins, which allows to 

deduce information on their target tissue and their functional properties exerted both locally or 

after transfer to distant target tissues.86-88 EV can be isolated from virtually all biofluids, e.g., 

serum, amniotic fluid, or bronchoalveolar lavage fluid.89-91 For now, analysis of EV is still in its 

infancy but has high potential for a better understanding of cellular communication, for 

diagnostics and even for therapeutics.  

1.4.1 Placenta-derived extracellular vesicles in the maternal organism 

Placental growth and blood flow are routinely measured in the clinics via ultrasound 

assessment forming the gold standard of placental evaluation. Still, ultrasound assessment 

does not suffice to provide information on transplacental transfer of antibodies and cells. A 

novel tool to fill this blind spot in pregnancy care might be the analyses of placenta-derived EV 

present in the in the peripheral blood of the pregnant women (Fig. 1). The placenta is a highly 

perfused organ and releases high amounts of EV during the course of pregnancy. EV are shed 

from different placental cell types, e.g., extravillous trophoblasts, syncytiotrophoblasts and 

cytotrophoblast, and flushed into the maternal circulation via the uterine veins.92 EV released 

by different trophoblast cell types will be further summarized as placenta-derived EV. 

Formation of placenta-derived EV starts in the sixth week of pregnancy and increases with 

gestational age reaching the highest concentration directly before birth.93,94 Placenta-derived 
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EV are commonly identified by staining for the placental surface protein placental alkaline 

phosphatase (PLAP).95 PLAP belongs to a gene family encoding for four alkaline phosphatase 

isoenzymes, in which PLAP is the only family member specific for the placenta.96 Despite 

PLAP, placenta-derived EV carry other placenta-specific molecules such as placental growth 

factor and human leukocyte antigen G.97,98 Increased number of placenta-derived EV have 

been associated with pregnancy complications such as preeclampsia and gestational diabetes 

mellitus.93,99-101 

 

 

In healthy pregnancies, placenta-derived EV mediate feto-maternal communication both 

locally and systemically by transporting various cargo materials such as proteins, including 

growth factors and cytokines, DNA and RNA molecules.102-105 Locally at the feto-maternal 

interface, placenta-derived EV interact with maternal leukocytes and decidual cells to create 

an inflammatory environment that supports embryo implantation, induces angiogenesis and 

mediates invasion of the trophoblast.106-108 Further, they are speculated to assist with the 

transfer of maternal IgG to the fetus at the placenta surface.109 Once circulating in the maternal 

organism, placenta-derived EV are not cleared from the maternal blood. Instead, they have to 

be shown to target regional or distant tissues, where placenta-derived EV execute a broad 

variety of functions by interacting with fibroblasts and endothelial cells.110,111 In contrast to their 

Figure 1. Placenta-derived EV as indicator for placental transfer. 
Placental-derived EV released into the maternal circulation can be isolated for placental tissue 
evaluation to gain insights on the transplacental transfer of maternal cells and antibodies to the fetus. 
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pro-inflammatory effect at the beginning of pregnancy, placenta-derived EV also execute 

immune suppressive functions. sEV released by the placenta contain Fas-Ligand and further 

apoptosis-inducing ligands that promote death of peripheral blood mononuclear cells, T cells 

and other leukocytes in vitro; a mechanism that could contribute to the reduced severity of 

autoimmune diseases during pregnancy.112-114 However, despite their systemic and local 

effects, placenta-derived EV are ultimately a mirror of their origin tissue with both their surface 

markers and cargo material. Thus, characterization of placenta-derived EV provides an 

opportunity to gain novel insights into placental tissue modulation and to placental transfer 

function. 

1.5 Objectives 

The aim of this thesis is to investigate the function of MMc in the fetus and to gain insight into 

the maternofetal transfer of cells. 

I sought to investigate the hypothesis that among the leukocyte subset of MMc, antigen-

specific T cells are transferred from mother to the fetus where they protect the neonate from 

infection. Further, I conducted a follow-up experiment to elucidate the modulation of the murine 

brain tissue by MMc. Also, I aimed to investigate the potential of EV as indicator for placental 

MMc transfer in healthy and SARS-CoV-2-infected pregnant women. 

This thesis is separated in three sections, which address the aforementioned aspects based 

on the following objectives: 

- Maternofetal transfer of antigen-specific T cells 

i. Identify antigen-specific MMc in the murine fetus after preconceptual infection 

of the mother. 

ii. Evaluate the protective capacities of antigen-specific MMc upon neonatal 

infection. 

- Modulation of brain tissue by MMc 

Investigate the effects of MMc on the neonatal murine prefrontal cortex using 

Fourier-transform infrared spectroscopy.  

- Placenta-derived EV as indicator for placental MMc transfer 

i. Analyse placenta-derived EV from serum samples of healthy and SARS-CoV-

2 infected pregnant women. 

ii. Assess placenta-derived EV as indicators for transplacental transfer of MMc in 

pregnant women. 
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2 Material and Methods 

2.1 Material 

Table 1. Antibodies 

Murine antibodies 

Antigen Clone 
Conjugated 
fluorochrome 

Company 

B220 RA3-6B2 APC Becton Dickinson, Franklin 
Lakes, NJ, USA 

B220 RA3-6B2 BV650 BioLegend, San Diego, CA, 
USA 

CD11b M1/70 PE-Cy7 Becton Dickinson, Franklin 
Lakes, NJ, USA 

CD11c N418 BV785 BioLegend, San Diego, CA, 
USA 

CD3 145-2C11 PerCP-Cy5-5 eBioscience/Thermo Fisher 
Scientific, Waltham, MA, USA 

CD4 RM4-5 FITC Becton Dickinson, Franklin 
Lakes, NJ, USA 

CD44 IM7 PE Becton Dickinson, Franklin 
Lakes, NJ, USA 

CD45 30-F11 APC-Cy-7 Becton Dickinson, Franklin 
Lakes, NJ, USA 

CD45.1 A20 FITC BioLegend, San Diego, CA, 
USA 

CD45.2 104 APC-Cy7 BioLegend, San Diego, CA, 
USA 

CD62L MEL-14 BV711 BioLegend, San Diego, CA, 
USA 

CD8 53-6.7 BV650 BioLegend, San Diego, CA, 
USA 

Class I MHC OVA 
Tetramer 

N/A Pacific Blue provided by the National 
Institutes of Health Tetramer 
Core Facility, Atlanta, GA, 
USA 

Fixable viability dye 
eFluor™ 

N/A V500 Invitrogen, Waltham, MA, USA 

H2-Db KH95 PE BioLegend, San Diego, CA, 
USA 

H2-Dd 34-1-2S APC BioLegend, San Diego, CA, 
USA 

MACS® MicroBeads 
against APC 

N/A N/A Miltenyi Biotec, Bergisch 
Gladbach, Germany 

TruStain fcX (anti-
mouse CD16/32) 

N/A N/A BioLegend, San Diego, CA, 
USA 

Human antibodies 

Antigen Clone 
Conjugated 
fluorochrome 

Company 

CD63 H5C6 Pacific Blue BioLegend, San Diego, CA, 
USA 

CD81 5A6 Pacific Blue BioLegend, San Diego, CA, 
USA 
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CD81 5A6 FITC BioLegend, San Diego, CA, 
USA 

CD9 MM2/57 Pacific Blue BioRad, Hercules, CA, USA 

CD9 HI9a PE BioLegend, San Diego, CA, 
USA 

MACS® 
MicroBeads against 
FITC 

N/A N/A Miltenyi Biotec, Bergisch 
Gladbach, Germany 

PLAP N/A FITC LifeSpan BioScience, Shirley, 
MA, USA 

 
Table 2. Bacterial stocks 

Ovalbumin recombinant Listeria 
monocytogenes (LmOVA) 

Provided by Dr. Dietmar Zehn, Technical 
University of Munich 

Attenuated ovalbumin recombinant Listeria 
monocytogenes strain deleted for actA 
(LmOVA ΔactA) 

 
Table 3. Buffers and solutions 

Cell lysis buffer 0.1% TEAB, 1% SDC in ddH20 

ImageStream 
Buffer 

2% exofree FCS in particle-free PBS 

MACS Buffer 
(500ml) 

2,5 mg BSA, 2mM EDTA in PBS 

Percoll-HBSS-
Solution 

100 U/ml Heparin, 40% Percoll-Working-Solution, 60% HBSS 
 

Percoll-
Working-
Solution (100 
ml) 

92,5 ml Percoll, 7,2 ml 10xPBS, 1.2 ml 7,5% NaHCo3-Solution in ddH20 

For EV experiments all reagents were either purchased exosome-depleted or manually 0.2 µm 

filtrated and can be therefore considered particle free. 

 
Table 4. Chemicals 

Dulbecco’s Phosphate Buffered Saline (PBS) 
Buffer 

Invitrogen, Carlsbad, CA, USA 
Gibco/Thermo Fisher Scientific, Waltham, 
MA, USA 

Accutase® Stemcell Technologies, Vancouver, 
Canada 

Ampicillin Ratiopharm, Ulm, Germany 

Bovine serum albumin (BSA) Sigma-Aldrich Chemie GmbH, Munich, 
Germany 

Collagenase IV Roche Holding AG, Basel, Switzerland 

EDTA Sigma-Aldrich Chemie GmbH, Munich, 
Germany 

Exosome-depleted Fetal calf serum (FCS) Gibco/Thermo Fisher Scientific, Waltham, 
MA, USA 

FCS Gibco/Thermo Fisher Scientific, Waltham, 
MA, USA 

Formaldehyde solution Sigma-Aldrich Chemie GmbH, Munich, 
Germany 
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Hanks´ Balanced Salt Solution (HBSS) Sigma-Aldrich Chemie GmbH, Munich, 
Germany 

HEPES Buffer Solution (1M) Sigma-Aldrich Chemie GmbH, Munich, 
Germany 

Hyaluronidase Sigma-Aldrich Chemie GmbH, Munich, 
Germany 

Normal rat serum (NRS) Jackson Immuno Research, 
Cambridgeshire UK 

OptiPrep™ Density Gradient Medium Sigma-Aldrich Chemie GmbH, Munich, 
Germany 

Paraformaldehyde (PFA) Biochemica, Billingham, UK 

Percoll® GE Healthcare, Chicago, IL, USA 

Red blood cell lysis buffer Invitrogen, Carlsbad, CA, USA 

RPMI Medium 1640 Gibco/Thermo Fisher Scientific, Waltham, 
MA, USA 

Triton-X-100 Merck Millipore, Darmstadt, Germany 

Trypan Blue Stain (0.4%) Gibco/Thermo Fisher Scientific, Waltham, 
MA, USA 

 
Table 5. Instruments 

CellDrop™ Automated Cell Counter DeNovix, Wilmington, DE, USA 

Dionex Ultimate 3000 UPLC system Thermo Fisher Scientific, Waltham, MA, 
USA 

DynaMeg™-2 Thermo Fisher Scientific, Waltham, MA, 
USA 

FACS LSR/Fortessa Becton Dickinson, Franklin Lakes, NJ, 
USA 

FACS Symphony™ A3 Becton Dickinson, Franklin Lakes, NJ, 
USA 

ImageStream® Mk II Luminex Corporation, Austin, TX, USA 

NanoSight LM10 NanoSight, Malvern, United Kingdom 

Orbitrap Fusion Thermo Fisher Scientific, Waltham, MA, 
USA 

 
Table 6. Plastic materials 

The routine laboratory plastic materials were purchased from 

B. Braun, Melsungen, Germany 

BD Bioscience, Heidelberg, Germany 

Beckman Coulter, Brea, CA, USA 

Corning Incorporated, Corning, NY, USA 

Eppendorf AG, Hamburg, Germany 

Greiner Bio-One International GmbH, Kremsmünster, Austria 

Sarstedt AG & Co., Nürmbrecht, Germany 

Th. Geyer GmbH & Co. KG, Renningen, Germany 

Thermo Fisher Scientific, Waltham, MA, USA 

 
Table 7. Software 

Adobe Illustrator 2023 Adobe, San José, CA, USA 

FACSDiva™ Software Becton Dickinson, Franklin Lakes, NJ, 
USA 
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Table 8. Webservices 

DAVID Bioinformational Database Frederick National Laboratory for Cancer 
Research, Frederick, MD, USA 

Reactome Ontario Institute for Cancer Research, 
Toronto, Canada 
NYU Langone Health, New York City, NY, 
USA 
EMBL’s European Bioinformatics Institute, 
Hinxton, United Kingdom 
Oregon Health & Science University, 
Portland, OR, USA 

UniProt/Swiss-Prot SIB Swiss Institute of Bioinformatics, 
Lausanne, Switzerland 
EMBL’s European Bioinformatics Institute, 
Hinxton, United Kingdom 
Protein Information Resource, Newark, 
DE, USA 

 

2.2 Methods 

2.2.1 Mice 

Animal care and experimental procedures were conducted based on the mandatory 

requirements in accordance with the German Animal Welfare Act and institutional guidelines 

of the University Medical Centre Hamburg-Eppendorf. The ethical approvals (Germany, 

approval numbers N125/19, G010/17) were issued by the State Authority of Hamburg. 

C57BL/6J (CD45.2, H-2Db) and Balb/c CD45.1 (CD45.1, H-2Dd, CByJ.SJL(B6)-Ptprca/J) were 

purchased from The Jackson Laboratory (Bar Harbour, ME) and C57BL/6J Rag2−/−IL-2rγc−/− 

(B6.129-Rag2tm1CgnIl2rgtm1Cgn) were obtained from the animal breeding facility of University 

Medical Centre Hamburg-Eppendorf. Female mice were housed in groups, whereas male mice 

were situated separately in the animal facility of the University Medical Centre Hamburg-

Eppendorf. Adequate housing was ensured at a room temperature of 21°C and humidity at 

43% in a 12-hour light/12-hour dark cycle. Mice were provided with chow and water ad libitum. 

For experiments female mice were used at 8-10 weeks of age and male mice were used 

starting from fertile age up until 1 year of age. 

FlowJO Version 10.8.1 Becton Dickinson, Franklin Lakes, NJ, 
USA 

GraphPad Prism Version 9 Insight Partners, New York City, NY, USA 

NanoSight NTA 3.0 NanoSight, Malvern, United Kingdom 

Orange (Quasar) 1.7.0 University of Ljubljana, Slovenia 

Proteome Discoverer software 3.0 Thermo Fisher Scientific, Waltham, MA, 
USA 

ZEN 3.3 Carl Zeiss AG, Jena, Germany 
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2.2.2 Listeria monocytogenes infection 

Female mice aged 8-10 weeks were infected with 1×104 colony forming units (CFU) of 

ovalbumin recombinant L. monocytogenes (LmOVA) in 100 µl sterile PBS via the lateral tail 

vein. Control mice were injected accordingly with 100 µl sterile PBS. One week after injection, 

both groups were treated with ampicillin in the drinking water (1 g/l) for seven days and mice 

were given an additional week of regeneration. For the evaluation of non-specific fetal immune 

activation, preconceptually infected female mice were re-infected during pregnancy at 

gestation day (gd) 17.5 with 1×104 CFU of LmOVA. For neonatal infection at day seven after 

being born, 1×104 CFU of the attenuated ovalbumin recombinant L. monocytogenes strain 

deleted for actA (LmOVA ΔactA) in 100 µl sterile PBS were injected intraperitoneally. Control 

neonates were injected with 100 µl sterile PBS. Concentration of inocula used for infection 

experiments were verified by plating serial dilutions on TSB agar plates. 

2.2.3 Pregnancy mouse experiment design 

To exclude environmental factors on housing and pregnancy maintenance, non-litter mates of 

female mice of all groups were kept and mated in the same animal facility. All experiments 

were independently repeated at least three times and data from individual fetuses derived from 

at least three separate litters were used. Mating of 12-13 weeks old females with one male 

were started at 3 to 5 p.m. for a maximum of 5 consecutive days. Overnight insemination was 

verified by the presence of a vaginal plug at 8 to 10 a.m. at the subsequent day and defined 

as gd 0.5. Body weight measurement at gd 10.5 was used to confirm successful pregnancy 

(10–15% body weight increase relative to gd 0.5). Fetal loss rate was calculated as the 

percentage of abortions among implantation sites. For experiments with MMclow neonates, 

male offspring was excluded due to hemizygosity of the γc gene. 

2.2.4 Tissue-collection and processing 

For infection experiments, fetal tissue was collected by decapitating fetuses on gd 18.5. To 

sustain homogeneity in fetal size, offspring were exclusively used from mothers giving birth to 

at least 8 up to 11 neonates. Pregnancies and tissue harvesting were stringently timed to 

minimize differences in fetal age. Collected fetal tissues (bone marrow from femur and tibia, 

spleen, liver) and maternal tissues (uterus, liver, spleen and uterus-draining lymph nodes) 

were mechanically minced and washed through a filter to obtain single-cell suspensions. Fetal 

bone marrow samples were pooled to guarantee adequate cell numbers for subsequent 

analysis. A similar approach was chosen for fetal spleen samples. For maternal spleen 

samples, erythrocyte lysis was required. Maternal uterus samples were digested with 

Accutase®. Maternal blood was collected by retroorbital puncture in an EDTA-coated 

microvette. Liver and spleen of neonates were selected for further analysis due to being the 

primary infection site of L. monocytogenes infection. Neonatal tissues (liver and spleen) were 
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collected at day 14 after birth by decapitating neonatal mice and processed as described. 

Neonatal spleen samples were pooled to guarantee adequate cell numbers. Neonatal liver 

cells were additionally purified using Percoll gradient. 

2.2.5 Enrichment of MMc by magnetic-activated cell sorting 

To allow reliable characterization of MMc, MMc within the bone-marrow, spleen and liver 

samples were enriched based on their lack of H-2Dd expression by magnetic-activated cell 

sorting (MACS) following published protocols for low frequency cell subsets 115. In detail, two 

fetal spleens of litter mates were pooled to ensure a sufficient amount of fetal cells. Similarly, 

cells from fetal hind and front leg bones originated from two litter mates were pooled. Fetal 

livers were individually processed. Harvested cells were incubated for 30 minutes at 4°C with 

normal rat serum and anti-mouse CD16/32 in order to block unspecific FcγRII/III binding. To 

separate fetal from maternal cells, fetal cells were stained with APC-conjugated anti-H-2Dd 

antibody for 30 minutes at 4°C in the dark. Subsequent incubation with magnetically labelled 

anti-APC MicroBeads for 15 minutes at 4°C, enabled separation through MACS columns. 

While unlabelled MMc (H2-Dd negative and H2-Db positive) were passing the column and were 

collected in the flow-through fraction, fetal cells (H2-Dd positive and H2-Db negative) were 

retained within the column and later eluted (Fig. 2). 

 

Figure 2. MACS Enrichment of MMc 

Representative dot plots of column bound ‘non-MMc’ fraction (left) and ‘MMc-enriched’ flow-through 
fraction (right) after negative selection of MMc via antibody labelling of paternal H-2Dd and magnetic-
activated cell sorting (MACS) gated on CD45.2+ CD45.1- cells. 

2.2.6 Flow cytometry 

Cells were incubated with normal rat serum and anti-mouse CD16/32 in order to block 

unspecific FcγRII/III binding. Fluorochrome-conjugated antibodies, staining for cell viability and 

H-2Kb chicken ovalbumin amino acid 257-264 (SIINFEKL) tetramers conjugated to Brilliant 

Violet 421 were added to the cell suspension and incubated for 30 min at 4°C in the dark. 

Effector memory CD8+ T cells were identified based on their expression of CD44 and CD62L 

(Fig. 3). 
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Figure 3. Gating strategy of CD8+ T effector/effector memory cells. 
Blood of pregnant mice at gd 18.5 after preconceptual infection. 

 

To identify MMc among fetal cells, CD45 and MHC class I (H-2D) expression was evaluated. 

Maternal origin of cells was verified by CD45.2 expression by concurrent absence of CD45.1. 

Subsequent determination of H-2Db expression and H-2Dd absence was used to refine the 

gating strategy. After identification, MMc were further characterized based on specific lineage 

marker (Fig. 4). Samples were acquired using a Fortessa and A3 flow cytometer using 1×106 

cells per fetal bone marrow, fetal liver and neonatal samples and 0.2×106 cells for fetal spleen 

if possible. Absolute MMc number was calculated depending on their relative abundance 

among fetal cells. Doublets and dead cells were excluded in the gating process. To control for 

adequate gating of cell populations, fluorescence minus one controls (FMO) containing all 

antibodies of a staining panel except one were used. 

 

Figure 4. Gating strategy of ‘MMc-enriched’ flow-through. 

Bone marrow of fetal mice at gd 18.5 born to a preconceptually infected mother. 

2.2.7 Placenta histology 

For each litter, two placentas from male and female offspring were collected at gd 18.5, fixed 

in 4% formaldehyde solution and embedded in paraffin. Placentas were then cut in 4 µm 

sections at the mid sagittal plate. To perform histomorphological evaluation of placental areas, 

placental tissue was processed using Masson-Goldner trichrome staining. Placental labyrinth 
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(L) and junctional zone (JZ) were quantified and placental ratio (L/JZ) was calculated. 

Quantification was conducted by two independent individuals. 

2.2.8 Perfusion and brain sectioning 

Male murine neonates were intraperitoneally anesthetized at day 8 after being born using 10% 

ketamine / 2% xylazine in 0.9 NaCl solution. Neonates were then transcardially perfused for 

10 minutes with 4% paraformaldehyde in 0.1 M phosphate buffer. After decapitation, fixated 

brains were isolated and immediately post-fixed in 4% paraformaldehyde in 0.1 M phosphate 

buffer for 4 hours at 4°C. Brains were cryoprotected with 30% sucrose solution in 0.1 M 

phosphate buffer for 48 hours at 4°C, subsequently frozen in 2-methylbutane and stored at -

80°C as published by Sanchez-Molina et al.116 Frozen brain samples were coronally sectioned 

with a thickness of 8 µm and applied to barium fluoride (BaF2) optical windows. Samples were 

air-dried at room-temperature and stored protected from light until use. 

2.2.9 Fourier Transform Infrared Microspectroscopy 

Fourier Transform Infrared Microspectroscopy (µFTIR) based on synchrotron radiation was 

carried out at the MIRAS beamline of ALBA synchrotron light source (Catalonia, Spain). For 

measurements a Hyperion 3000 microscope equipped with a 36x magnification objective and 

coupled to a Vertex 70 spectrometer was used. Collection of spectra was performed in 

transmission mode. In order to detect regional differences with high spatial resolution of the 

tissue, samples of the prelimbic cortex were mapped with 650 spectra using an aperture size 

of 10 µm x 10 µm and a step size of 4 µm x 4 µm. Whole brain mapping was performed 

overnight with an aperture size of 20 µm x 20 µm and a step size of 4 µm x 4 µm resulting in 

11.500 spectra for each sample. During measurements, background spectra were regularly 

collected from a clean are of the BaF2 window every 10 minutes. A mercury cadmium telluride 

detector was used, and both the microscope and spectrometer were continuously purged with 

a flow of dried air. Spectral processing was performed after the second derivatives were 

calculated and unit vector normalization was performed. Results were generated by integrating 

the area underneath the curve (IAUC) of the functional groups of interest (Table 9). Obtained 

values were normalized to the IAUC of the Amid I band (1649-1664 cm-1). 

 
Table 9. µFTIR spectroscopy functional groups of interest 

Band assignment Analysed spectral 
range (cm-1) 

Descriptiona,b 

Lipid I 2954-2968 vas(CH3) 

Lipid II 2915-2935 vas(CH2) 

Lipid III 2869-2880 vs(CH3) 

Lipid IV 2845-2859 vs(CH2) 

Ester formation 1733-1750 vs(C=O) 
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Protein conformation I 1650-1662 α-helix structure 

Amid I 1649-1664 v(C=O) 

Protein conformation II 1629-1641 β-sheet structure 

Amid II 1535-1556 δ(N-H) 

Tyrosin 1509-1522 δ(C-H) of phenyl rings 

Carbohydrates I 1128-1148 v(C-OH)  

Carbohydrates II 1101-1113 v(C-O), v(C-C) ring in polysaccharides 

Nucleic acid I 1083-1101 vs(PO2
-) in RNA and DNA 

Carbohydrates III 1039-1061 vs(CO-O-C) in RNA and DNA 

Nucleic acid II 1015-1032 v(CH2OH) 

Carbohydrates IV 982-1006 v(C-C) and v(C-O) of deoxyribose 

Nucleic acid III 929-946 Z-type helix DNA 

Nucleic acid IV 880-895 A/B-type helix DNA 

av=stretching vibrations, δ=bending vibrations, s=symmetric vibrations, as=asymmetric vibrations 

bDetailed review for reference from FTIR spectroscopy imaging studies of biological tissues117 

2.2.10 Patient samples 

Patient samples were kindly provided by the PRINCE (Prenatal Identification of Children's 

Health) and PRINCE-COVID study. The PRINCE study and the PRINCE-COVID study were 

initiated in 2011 and respectively in 2020 at the Department of Obstetrics and Prenatal 

Medicine of the University Medical Centre Hamburg-Eppendorf. Both are prospective 

longitudinal pregnancy studies that included women at an age ≥18 with a viable pregnancy at 

12–14 weeks of gestation. Women with chronic infections, known drug or alcohol abuse, 

multiple pregnancies or pregnancies induced by assisted reproductive technology were 

excluded. Further details of the PRINCE study have been described elsewhere.118 The 

PRINCE-COVID study solely included women that suffered from SARS-CoV-2 infection during 

pregnancy.119 

2.2.11 EV-Isolation 

Human serum samples were diluted with particle-free PBS and layered on top of 40% 

iodixanol-PBS stained with phenolred. After ultracentrifugation, the EV were enriched at the 

top of the of the iodixanol-PBS layer forming a visible interface, whereas other serum 

components were concentrated at the bottom of the tube. By puncturing the tube with a 

syringe, the interface containing the EV was extracted and transferred to a new tube, which 

underwent a second ultracentrifugation step leading to accumulation of the EV at the bottom 

of the tube. The EV were resuspended and a small aliquot was stored for Nanoparticle-

Tracking-Analysis, whereas the rest was stored at -80°C for Imaging Flow Cytometry and 

proteome analysis.  
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2.2.12 Nanoparticle Tracking Analysis 

Aliquots containing EV were diluted and analysed via real-time microscopic visualization. 

According to the Brownian motion of the particles, their size and concentration were calculated 

based on five separate videos recordings. 

2.2.13 Imaging Flow Cytometry 

Isolated EV were treated with exosome-depleted FCS in order to block unspecific FcγRII/III 

binding. After-blocking, EV were stained with fluorochrome-conjugated antibodies against 

tetraspanins (CD63, CD81, CD9), which are considered to be EV-specific surface markers, 

and antibodies against PLAP, a specific marker for placental trophoblast cells. For each 

measured sample, 30.000 particle were recorded using the ImageStream. Imaging Flow 

Cytometry enables individual visual evaluation of EV and provides information on 

concentration, purity and size distribution. 

2.2.14 Enrichment of EV by magnetic-activated sorting 

Placenta-derived EV were stained with FITC-conjugated antibodies against PLAP. In a next 

step magnetically labelled anti-FITC MicroBeads were added and incubated for 15 minutes at 

4°C. Magnetically labelled placenta-derived EV were enriched at the side of the reaction tube, 

whereas the supernatant containing the non-enriched particles was discarded. The magnet 

was removed and the enriched PLAP+ EV were resuspended in particle-free PBS. Enrichment 

was verified by Imagestream Flow Cytometry analysis of the ‘non-enriched’ supernatant and 

the tube bound ‘PLAP+ enriched’ fraction. 

2.2.15 Proteomic analysis 

Proteomic analysis of EV was performed by the staff personnel of the in-house Core Facility 

Mass Spectrometric Proteomics of the University Medical Centre Hamburg-Eppendorf under 

the direction of Prof. Hartmut Schlüter. 

Placenta-derived EV, as well as a reference cell line, were resuspended in cell lysis buffer and 

heated for protein extraction. Samples were sonicated using a sonication probe to remove 

interfering DNA. Extracted proteins were tryptically digested, as described by Hughes at al.120 

Tryptic peptides were dried and stored at -20°C until further usage. Liquid chromatography–

tandem mass spectrometer (LC–MS/MS) measurements were performed on a quadrupole-

ion-trap-orbitrap MS coupled to a nano-UPLC. Tryptic peptides were injected to the LC system 

via an autosampler, purified and desalted by using a reverse phase trapping column and 

thereafter separated with a reverse phase column. Eluting peptides were ionized by using a 

nano-electrospray ionization source with a spray voltage of 1800 V, transferred into the MS 

and analysed in data dependent acquisition mode. Data acquisition was performed as 

described in Kement et al.121 
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LC-MS/MS raw spectra were searched with a combined workflow, including the CHIMERYS 

and SEQUEST algorithm integrated in the Proteome Discoverer software against a reviewed 

human Swissprot database, obtained in December 2022, containing 20.300 entries. A strict 

cut-off (false discovery rate <0.01) was set for peptide and protein identification. Protein 

quantification was carried out using the Minora algorithm implemented in Proteome 

Discoverer. At the peptide level, no normalization was performed. Scaling was disabled. 

Protein abundances were log2 transformed and median normalized across columns for protein 

level normalization. Prior to statistical analyses and normalization, the cell line reference was 

removed. DAVID Bioinformational Database was used for gene ontology analysis and the 

Reactome software was applied for pathway analysis. 

2.2.16 Statistical analysis 

Statistical parameters including biological replicates n (if not specified otherwise), precision 

measures (mean ± SEM), and statistical significance are reported in the figures and figure 

legends. Data was tested for normal distribution and the hypothesis judged to be non-zero with 

statistical significance when p<0.05 by unpaired Student’s T-Test, Mann-Whitney-U test, 

Ordinary one-way ANOVA or Kruskal–Wallis test. In figures, asterisks denote statistical 

significance (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001). Outliers were removed by using 

outlier removal function in GraphPad PRISM 9 with a false discovery rate of 1%. Statistical 

analysis was performed in GraphPad PRISM 9. 

To identify similarities and differences between individual proteomes of EV samples, principal 

component analysis (PCA) was applied in the Orange Software. To identify differentially 

expressed proteins (DEPs) Student´s t-test with p<0.05 was applied. For the validation of 

significantly changed proteins, an additional cut-off value for the log2-fold change was applied 

(the protein must be at least 1.5 times higher abundant in one group). 
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3 Results 

3.1  Transfer of antigen-specific MMc 

3.1.1 Preconceptual infection with LmOVA leads to the enrichment of CD4+ and CD8+ 

cells in the uterus. 

By analysing maternal tissues after preconceptual infection with LmOVA I aimed to 

demonstrate the formation and persistence of OVA-specific T cells and assign them to a 

subpopulation of CD8+ T cells.  

Mice infected with LmOVA generate a CD8+ T cell response to L. monocytogenes 

characterized by the formation of specific memory T cell subset against the immunodominant 

peptide ovalbumin257-264 (SIINFEKL). C57BL/6 female adult mice were preconceptually 

infected with LmOVA, following a treatment with ampicillin 7 days after infection to ensure 

complete clearance of the pathogen. Females were then allogenically mated to Balb/c males 

(Fig. 5A). On gd 18.5 and 5 weeks post infection with LmOVA overall CD45+ leukocyte 

numbers in the uteri did not differ between infected and control mice (Fig. 5B). However, a 

significant increase of CD4+ and CD8+ T cells in the pregnant uterus of mice could be detected 

when compared to non-infected females (Fig. 5C, D).  

 

Figure 5. Preconceptual infection with LmOVA leads to the enrichment of CD4+ and CD8+ cells in 
the uterus. 

(A) Infection and mating strategy. (B) Number of CD45+ cells in106 uterine cells on gd 18.5 after 
preconceptual infection of mothers in comparison with naïve mothers (n=7 each). (C, D) Numbers of 
CD4+ (C) and CD8+ (D) in 106 uterine cells on gd 18.5 after preconceptual infection of the mother in 
comparison with non-infected mothers (n=7, n=9). T cells were identified as CD45+ CD3+ and either 
CD4+ or CD8+ cells. (B-D) Scatter-plots represent mean ±SEM. Asterisks indicate significance level of 
unpaired Student’s t-test or Mann-Whitney-U test after testing for normal distribution. 
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Next, the phenotype of CD8+ T cells was further characterized in in the blood, uterus-draining 

lymph nodes, spleen and uterus. Hereby, CD8+ T cells were sub-classified based on their 

expression of CD44 and CD62L, in which naïve T cells were defined as CD62L+CD44-, central 

memory (CM) T cells as CD62L+CD44+ and effector/effector memory (EM) T cells as 

CD44+CD62L- (Fig. 6A). Higher frequencies of EM T cells within the CD8+ T cell compartment 

were detected in the peripheral blood and spleen of preconceptually infected females, whereas 

no differences could be shown in the uterus-draining lymph nodes compared to control mice 

(Fig. 6B-E). In the blood, lymph node, and spleen naïve T cells form the major subset of CD8+ 

T cells in both preconceptually infected and control mice (Fig. 6F-H). In the uterus, EM T cells 

comprised the major CD8+ T cell compartment, which was further expanded after infection with 

LmOVA (Fig. 6I).  
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Figure 6. Preconceptual infection with LmOVA increases the percentage of CD8+ effector 
memory T cells. 

(A) Representative dot plots of CD8+ T cells from peripheral blood divided in CD44+ CD62L- 
effector/effector memory (EM), CD44+ CD62L+ central memory (CM), and CD44- CD62L+ naïve 
subpopulations. Left: non-infected pregnant control mouse, right: previously infected pregnant mouse. 
(B-E) percentage of EM T cells (CD44+, CD62L-) among CD8+ T cells; (F) peripheral blood (n=6, n=9), 
(G) uterus-draining lymph nodes (n=6, n=9), (H) spleen (n=7, n=8), (I) uterus (n=7 each). (B-E) Scatter-
plots represent mean ±SEM. (F-I) Stacked bar plots represent mean. Asterisks indicate significance 
level of unpaired Student’s t-test or Mann-Whitney-U test after testing for normal distribution. 

 

When assessing the percentage of ovalbumin-specific T cells within the CD8+ EM T cells by 

using H-2Kb ovalbumin257-264 tetramers (OVA tetramers) (Fig. 7A), it could be demonstrated 

that preconceptual infection with LmOVA results in up to 10% of CD8+ EM T cells in blood, 

uterus-draining lymph nodes, spleen and uterus specific for ovalbumin (Fig. 7B-E). 

Preconceptual infection of female mice with LmOVA resulted in the enrichment of CD4+ and 

CD8+ T cells in the uterus of which EM CD8+ T cells formed the major fraction. OVA-specific 

CD8+ EM were identified in the blood, secondary lymphoid organs and the uterus. 

 

 

Figure 7. Accumulation of OVA-specific CD8+ EM T cells in different organs after preconceptual 
infection. 

(A) Representative dot plots of ovalbumin-specific CD8+ EM T cells stained with H-2Kb ovalbumin257-264 

tetramers (OVA tetramers) from peripheral blood. Left: non-infected pregnant control mouse, right: 
previously infected pregnant mouse. (B-E) Percentage of ovalbumin-specific CD8+ EM T cells; (B) 
peripheral blood (n=7, n=9), (C) uterus-draining lymph nodes (n=7, n=9), (D) spleen (n=8 each), (E) 
uterus (n=6, n=9). (B-E) Scatter-plots represent mean ±SEM. Asterisks indicate significance level of 
unpaired Student’s t-test or Mann-Whitney-U test after testing for normal distribution. 
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3.1.2 Transfer of OVA-specific MMc from mother to fetus 

In order to investigate the intrauterine transfer of antigen-specific MMc from the mother to the 

fetus, OVA tetramers were used to specifically stain OVA-specific cells among microchimeric 

T cells. 

In order to exclude possible confounders that might have an impact on the offspring’s immune 

response, e.g., microbial colonization at birth, or the number of MMc due to breastfeeding, fetal 

mice were analysed one day before birth at gd. 18.5. First, pregnancy outcome parameters 

were evaluated, which showed no differences in fetal loss rate, number of implantations and 

male/female fetal sex ratio between preconceptually infected mothers and non-infected 

controls (Fig. 8A-C). However, fetuses born to previously infected mothers had a significantly 

lower body weight at gd. 18.5 (Fig. 8D). Infection of the mother did not affect placental 

morphology as evaluated by placental histology. No differences between placental tissue were 

detected regarding the size of placental compartments and calculated placental ratio (Fig. 8E-

H).  

 

Figure 8. No differences in pregnancy outcome following preconceptual infection. 

(A) Percentage of fetal loss rate (n=8, n=9). (B) Number of implantations on gd 18.5 (n=7, n=9). (C) 
Male/female ratio of offspring (n=6, n=7). (D) Fetal weight on gd 18.5 (n=54, n=55). (E) Area of placental 
labyrinth (L) (n=12 each). (F) Area of placental junctional zone (JZ) (n=12-13). (G) Ratio of placental 
labyrinth to the junctional zone (L/JZ ratio) as an indicator for placental function on gd 18.5 (n=12 each). 
(H) Representative depiction of murine placenta assessment, highlighted for labyrinth (L, white) and 
labyrinth + junctional zone (black). Bar=1000 µm. (A-G) Scatter-plots represent mean ±SEM. Asterisks 
indicate significance level of unpaired Student’s t-test or Mann-Whitney-U test after testing for normal 
distribution. 
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To identify MMc in the fetal tissue, MMc were detected based on the expression of CD45 

variants and the H-2D haplotype.72 For this, an established allogenic mating model was used, 

in which leukocytes from female mice were homozygous for CD45.2 and H-2Db, whereas those 

of males were homozygous for CD45.1 and H-2Dd. Consequently, MMc can be detected by 

selecting for CD45.2+CD45.1- and H-2Db+H-2Dd- cells among CD45.1+CD45.2+ and H-2Db+ 

H-2Db+ fetal cells (Fig. 9A). Since MMc number are sparse among fetal cells, enrichment of 

MMc via magnetic-activated sorting subsequently to tissue-processing was performed.72 Fetal 

cells expressing the paternal markers CD45.1 and H-2Dd were labelled with magnetic beads 

and retained in the column by applying a magnetic field, whereas CD45.1- and H-2Dd- MMc 

were enriched in the flow-through. No differences in MMc number in bone marrow, spleen and 

liver were observed between fetuses of preconceptually infected mothers and controls (Fig. 

9B-D). Similarly, the percentage of microchimeric CD3+ T cells in bone marrow, spleen and 

liver were comparable between groups (Fig 9E-G). In the fetal bone marrow and the spleen, 

the frequencies of CD3+ B220+ MMc were higher in fetuses of preconceptually infected 

mothers, whereas frequencies of myeloid MMc were decreased compared to controls. Further 

microchimeric dendritic cells were lower in the bone marrow and liver of fetuses born to 

infected mice (Fig. 9E-G). Staining of MMc with OVA tetramers revealed OVA-specific CD3+ T 

cells in the fetal bone marrow, spleen and liver of fetuses of preconceptually infected mothers, 

providing evidence for an intergenerational transfer of OVA-specific T cells from the mother to 

the fetus during pregnancy (Fig. 9H). Comparable percentages of OVA-specific T cells were 

found in all three investigated fetal organs, suggesting non-organ specific distribution of cells 

in the fetus (Fig. 9I-K).  
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Figure 9. Transfer of OVA-specific MMc from mother to fetus. 

(A) Infection, mating and identification strategy for maternal microchimeric cells (MMc) in offspring of 
CD45.2+H-2Db+ C57BL/6 females mated with CD45.1+H-2Dd+ Balb/c males. (B-D) Numbers of MMc in 
106 fetal cells on gd 18.5; (B) bone marrow (n=14, n=13), (C) spleen (n=14, n=12), (D) liver (n=13, 
n=12). (E-G) Percentages of MMc subtypes characterized by expression of CD3, B220, CD11b and 
CD11c of CD3+ T cells of total MMc; (E) fetal bone marrow (n=13-14), (F) fetal spleen (n=12-13), (G) 
fetal liver (n=13-14). (H) Representative dot plots for OVA-tetramer staining of CD3+ MMc from spleens 
of fetuses of previously infected or non-infected mothers. (I-K) percentage of OVA-specific MMc stained 
with OVA tetramers among CD3+ T cell MMc; (I) bone marrow (n=13 each), (J) spleen (n=12 each), (K) 
liver (n=11, n=12). (B-G, I-K) Scatter-plots represent mean ±SEM. Asterisks indicate significance level 
of unpaired Student’s t-test or Mann-Whitney-U test after testing for normal distribution. 

3.1.3 Neonates born to preconceptually infected mothers show a higher robustness 

against infection. 

In order to investigate the consequence of OVA-specific MMc for the immune response of the 

neonates, neonates born to preconceptually infected mothers and control mice were infected 

with L. monocytogenes and analysed indicators of neonatal fitness as well as MMc numbers. 

Neonates were infected with an LmOVA strain deficient for the actA gene (LmOVA ΔactA) at 

day 7 after birth (Fig. 10A). LmOVA ΔactA induces a profound immune response without killing 

the neonate due to deficiency of the actin polymerizing ActA protein required for transcellular 

dissemination of the pathogen within the host.122 Starting with the day of infection, neonatal 

weight as a surrogate for overall fitness was monitored at 4 different time points (Fig. 10B). 

Neonates born to previously infected mothers show a higher body weight at postnatal day 14 

– 7 days after infection with LmOVA ΔactA – when compared to infected offspring born to 

control mothers indicating a higher robustness of neonates to homologous infection (Fig. 10C-

F). 
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Figure 10. Higher robustness to infection of offspring born to preconceptually infected mothers. 

(A) Mating strategy and infection of neonates. (B) Neonatal body weight development in mg after 
infection of neonates at postnatal day 7. (C-F) Body weight gain in mg starting at day of infection with 
LmOVA ΔactA (n=20-55); (C) pnd 7 (day of infection), (D) pnd 9, (E) pnd 12, (F) pnd 14. (C-F) Scatter-
plots represent mean ±SEM. Asterisks indicate significance level of Ordinary one-way ANOVA or 
Kruskal-Wallis test after testing for normal distribution. pnd: postnatal day.  
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3.1.4 OVA-specific MMc are associated with an activated phenotype of CD3+ T cells 

following neonatal infection. 

Since a higher robustness of neonates born to preconceptually infected mothers was 

observed, in a next step the expansion of OVA-specific MMc and the neonatal immune 

response against infection were investigated. 

At day 14 after birth and 7 days after infection with LmOVA ΔactA, MMc could be still detected 

in the neonatal spleen and liver (Fig. 11A, B) and CD3+ T cell frequencies within the MMc 

subset were comparable between neonates born to preconceptually infected mothers and 

control mothers (Fig 11C, D). Within the CD3+ T cell compartment, only background levels of 

OVA-specific T cells in the spleen and liver of neonates born to preconceptually infected 

mothers were detected (Fig. 11E-F). Thus, infection of the neonates with LmOVA ΔactA did 

not result in the expansion of OVA-specific T cell MMc. However, infection with LmOVA ΔactA 

induced an immune response in the neonates as indicated by elevated offspring CD3+ T cells 

number and the formation of OVA-specific offspring CD3+ T cells in the spleens of infected 

neonates (Fig. 11G, H). Further, infection with LmOVA ΔactA led to activation of neonatal CD3+ 

T cells indicated by expression of CD11b+ and CD11c+ which was more pronounced in 

neonates born to previously infected mothers (Fig. 11I, J). 

OVA-specific MMc were not expanding upon homologous infection of neonates. Instead a 

more pronounced activated phenotype of T cells in neonates born to preconceptually infected 

mothers compared to controls was identified indicating a function of OVA-specific MMc other 

than pathogen-clearance. 
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Figure 11. Transfer of OVA-specific MMc is associated with increased activation of neonatal T 
cells. 

(A, B) Number of MMc in 106 fetal cells on day 7 after infection; (A) spleen (n=6-14), (B) liver (n=6-11). 
(C, D) Percentage of CD3+ T cells among MMc; (C) spleen (n=6-13), (D) liver (n=6-12). (E, F) 
Percentages of OVA tetramer+ cells among CD3+ MMc (percentages of OVA tetramer+ among CD3+ 
MMc at gd 18.5 [Fig. 9J, K] are included for direct comparison); (E) spleen (n=5-10), (F) liver (n=5-10). 
(G-J) Neonatal T cell response. (G) Percentage of CD3+ T cells of CD45+ spleen cells (n=6-14). (H) 
Percentage of OVA-specific cells of CD3+ T cells from spleens (n=6-14). (I) Percentage of CD11b+ of 
CD3+ T cells (n=6-14). (J) Percentage of CD11c+ of CD3+ T cells (n=6-14). (A-J) Scatter-plots represent 
mean ±SEM. Asterisks indicate significance level of Ordinary one-way ANOVA or Kruskal-Wallis test 
after testing for normal distribution.  
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3.2 Modulation of brain tissue by MMc 

For this section, I conducted a follow up project to the findings reported in Schepanski et al., 

which highlights the role of MMc in the developing murine brain by maintaining microglia 

homeostasis.73 MMc were shown to cluster in the prefrontal cortex, where they impede 

excessive microglia phagocytosis of neuronal branches. Accordingly, the absence of MMc in 

murine brains leads to increased presynaptic elimination, which manifest in neurocognitive 

impairments of neonates. For my project, I aimed to use an ex vivo method that provides 

information on the effects of MMc depletion on the surrounding brain tissue. For this, I 

established a cooperation with the ALBA synchrotron in Catalonia, Spain, to perform 

synchrotron-based µFTIR on brain section of MMclow mice. Spectroscopy techniques such as 

FTIR spectroscopy are widely established for optical analysis of biomaterials. They provide 

spectral phenotyping of single (living) cells or tissues based on their biochemical properties. 

FTIR has the advantage of being labelling free, nondestructive to the tissue, and that it requires 

a minimum of sample preparation. However, it provides information on a molecular level by 

giving insights on functional groups and molecular conformations of biomolecules.117,123 In 

short, based on the vibrational frequency of molecules present within a substance, infrared 

radiation is absorbed resulting in a characteristic spectral profile of the sample. A coupling of 

FTIR spectroscopy and microscopy allows the focus of the infrared laser on a distinct point on 

the sample instead of providing an averaged signal from the whole sample.124 Sections of the 

prefrontal cortex of neonatal mice were analyzed to gain insights on the biochemical profile in 

the presence or absence of MMc. 

3.2.1 Mapping of the prelimbic cortex and whole brain sections of MMclow and control 

mice 

To analyse the effects of MMc on their surrounding tissue a mouse model was used in which 

MMc were experimentally reduced. For this Rag2−/−IL-2rγc−/− female mice were mated with 

wildtype males. Rag2−/−IL-2rγc−/− lack T and B cells and have reduced numbers of innate 

lymphoid cells leaving them immunodeficient. The offspring of this mating combination are 

immocompetent but are deprived of the respective microchimeric immune cell populations and 

are therefore referred to as MMclow (Fig. 12A). 

In order to visualize the infrared profile of the prefrontal cortex in MMclow and control mice, five 

brain sections of each group were prepared (Fig. 12B). Since clustering of MMc was 

demonstrated in the prelimbic cortex, responsible for decision making processes and working 

memory, this area was closely mapped by µFTIR resulting in 1 raw infrared spectrum per 

measurement point and 650 spectra for the whole target area (Fig. 12C). After normalization, 

all spectra of each MMclow or control group sample (650 spectra each) were averaged. The 

averaged spectra provide insights on the functional groups of the tissue section based on their 

characteristic spectral profiles (Fig. 12D).  
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In addition to the high-resolution mapping of the prelimbic cortex, I further performed mapping 

of whole brain sections, to generate overviews on the dominant functional groups across the 

tissue. The whole section of the brain was scanned overnight in high resolution resulting in 

over 11.500 spectra. By calculating the ratio of specific functional groups for each 

measurement point, a detailed map can be generated that shows the local differences within 

the brain areas. As an example the ratio of lipids and amids for the control group is shown (Fig. 

12E). 
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Figure 12. Processing of biochemical spectra derived neonatal murine brain prelimbic cortex 
and whole brain sections. 

(A) Mating strategy of Rag2-/- IL-2rγc-/- and wiltype Balb/c males to generate male offspring with reduced 
levels of MMc (MMclow) (B) Coronal brain section of neonatal murine brain. Detailed depiction of the 
prefrontal cortex with the cingulate area (Cg1), prelimbic cortex (PL) and infralimibic cortex (IL). Zoomed 
in illustration of the target are within the prelimbic cortex mapped via µFTIR. (C) Exemplary depiction of 
100 raw spectra obtained from mapping the prelimbic cortex; each spectra represents the biochemical 
profile of an 10 µm x 10 µm. (D) Normalized and averaged biological spectra of the prelimbic cortex of 
control and MMclow mice depicted for the wavenumber of 3100-800 cm-1. Spectra shadowing indicates 
standard deviation (n=5 for each group; average spectra calculated based on 650 spectra of each 
sample). Exemplary peak assignments for their respective functional group are depicted, where 
v=stretching vibrations, δ=bending vibrations, s=symmetric vibrations, as=asymmetric vibrations. (E) 
Exemplary depiction of the lipid/amid ratio of a control neonatal murine brain.  

3.2.2 Carbohydrate properties prelimbic cortex differ between control and MMclow mice 

To enable statistical analysis of peaks as representative of various functional groups and their 

biochemical properties, the second derivation of the normalized, averaged spectra was 

calculated (Fig. 13A). Infrared spectra were analysed for differences in the lipid, protein, 

carbohydrate and nucleic acid region as listed in Table 9.  Significant differences between 

groups of mice were found within the region of carbohydrates highlighted in grey (Fig. 13A) 

and depicted in detail based on variation of the average spectra between groups (Fig. 13B). 

To quantify the difference of carbohydrates in the prelimbic cortex of neonatal murine brains, 

ratios of the respective infrared wavenumber absorptions after the second derivative were 

performed. For carbohydrates, stretching vibrations of hydroxyl (C-OH), ester (CO-O-C), 

unsaturated olefinic (C=C), and carbonyl (C-O) groups normalized to the Amid I band were 

quantified. Our results show that the prelimbic cortex of MMclow neonates contain more 

hydroxyl (Fig. 13C), ester (Fig. 13D), and unsaturated olefinic/carbonyl (Fig. 13E) groups 

compared to control group. This indicates that MMc shape their local microenvironment and 

depletion of MMc results in alteration of the biochemical properties of their respective tissue. 

These alterations are especially affecting functional groups related to carbohydrates. 
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Figure 13. Differences in carbohydrates in the prelimbic cortex of control and MMclow mice. 

(A) Averaged biological spectra after the second derivatives were calculated and unit vector 
normalization was performed. Grey area depicts spectral regions with significant differences between 
control and MMclow mice; a.u.=arbitrary units (B) Zoomed in grey region highlighted in A. Peaks for 
defined chemical profiles characteristic for carbohydrates (see Table 9) are highlighted in grey and are 
statistically analysed for differences. (C-E) Graphs represent absorbance second derivate (d2) ratios of 
carbohydrate functional normalized to the Amid I band (1649-1664 cm-1). Left: Measurements of 5 
independent brain sections for each group – control and MMclow mice – are depicted, where each dot 
represents one of 650 obtained spectra. Scatter-plots represent mean ±SEM. Asterisks indicate 
significance level of nested T-test. Right: Each dot indicates the mean of 650 infrared measurements 
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from one murine brain section (n=5). Scatter-plots represent mean ±SEM. Asterisks indicate significance 
level of unpaired Student’s t-test. 

 

3.3  Placenta-derived EV as indicator for cellular placental transfer 

MMc need to trespass the placental barrier to reach the fetal tissue. Although, it can be 

assumed that the placenta plays a pivotal role in the regulation of MMc transfer, little is known 

regarding the properties of the placental tissue that promote or impair MMc transfer. This is 

partly due to the limited options for the evaluation of placenta function during an ongoing 

pregnancy, which is currently restricted to ultrasound assessments. In the clinics, ultrasound 

assessments are well established but they provide no information on the placental transfer 

rate. I sought to analyse placenta-derived EV isolated from maternal blood samples as a proxy 

for the placental tissue, since their proteomic profile mirrors that of the placenta. Placenta-

derived EV were assessed in healthy pregnant women that participated in the PRINCE study 

and pregnant women that suffered from SARS-CoV-2 infection during pregnancy that 

participated in the PRINCE-COVID study. 

3.3.1 COVID-19 infection during pregnancy alters placental cellular transfer and the 

formation of placenta-derived EV 

Screening for maternal microchimerism in the cord blood was performed as described in 

Stelzer at al.72 Assessment of MMc in the cord blood of healthy mothers of the PRINCE study 

revealed a high variation in the number of MMc (Fig. 14A). Pregnancy-associated SARS-CoV-

2 infection impaired the transfer capacity of the placenta by strongly reducing the transfer of 

MMc from the mother to the fetus as demonstrated for the PRINCE-COVID cohort (Fig. 14A). 

EV were isolated from serum samples of pregnant women by using cushion-ultracentrifugation 

(Fig. 14B). Analysis of EV by imaging flow cytometry showed no differences in the total number 

of tetraspanin+ EV between non-pregnant controls, the women of the PRINCE cohort and 

women of the PRINCE-COVID cohort (Fig. 14C). However, evaluation of placental-derived EV 

by using the placenta-specific antibody PLAP demonstrate a higher percentage of placenta-

derived EV in women of the PRINCE-COVID cohort (Fig. 14D).  
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Figure 14. SARS-CoV-2 infection during pregnancy increases the percentage of placenta-derived 
EV. 

(A) Number of MMc in 106 cord blood mononuclear blood cells (CMBC) (PRINCE: n=123, PRINCE-
COVID: n=51). (B) Isolation of EV via cushion ultracentrifugation from maternal 3rd trimester serum 
samples. (C) Number of tetraspanin+ EV per ml serum measured via Imaging Flow Cytometry (n=9-36). 
(D) Percentage of PLAP+ EV among tetraspanin+ EV (n=10-34). (A, C, D) Scatter-plots represent mean 
±SEM. Asterisks indicate significance level of (A) Mann-Whitney-U test, (C, D) Ordinary one-way 
ANOVA or Kruskal-Wallis test after testing for normal distribution. 

3.3.2 Sex-specific differences in the dysregulation of MMc transfer and EV formation 

In order to directly link the transfer of MMc to the formation of EV, they were either correlated 

with the total number of tetraspanin+ EV or placenta-derived EV. Comparison between 

participants of the PRINCE and the PRINCE-COVID study revealed sex-specific differences 

between groups. Within the PRINCE study, the number of tetraspanin+ EV was positively 

correlated with the number of MMc found in the cord blood of female neonates (Fig. 15A). This 

correlation was reversed for female neonates born to SARS-CoV-2 infected mothers of the 

PRINCE-COVID study (Fig. 15B). In male neonates, no correlation was observed (Fig. 18A, 

B, Supplement) Similarly, the number of PLAP+ EV was positively correlated with the number 

of MMc found in the cord blood of female neonates (Fig. 15C). This correlation was absent in 

female neonates born to participants of PRINCE-COVID study (Fig. 15D). In male neonates of 

the PRINCE study, no positive correlation of PLAP+ EV with MMc numbers was observed (Fig. 

18C, D, Supplement). 
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Figure 15. Maternal immune activation by SARS-CoV-2 infection abrogates the correlation of EV 
and MMc. 

Correlation of tetraspanin+ EV with the number of MMc in 106 cord blood mononuclear blood cells 
(CMBC) from female neonates born to mothers that participated in the (A) PRINCE study or (B) 
PRINCE-COVID study. Correlation of PLAP+ EV with the number of MMc in 106 CMBC from female 
neonates born to mothers that participated in the (C) PRINCE study or (D) PRINCE-COVID study. 

3.3.3 Placenta-derived EV share a common proteomic profile according to the 

placental transfer of MMc 

In order to investigate whether placenta-derived EV provide information on the placental 

cellular transfer, proteomic profiling of PLAP+ EV derived from the PRINCE cohort was 

conducted. 

In order to increase the purity of PLAP+ EV for proteomic analysis of healthy PRINCE, they 

were specifically coupled to magnetic beads that bind to the PLAP-conjugated fluorophore and 

subsequent enriched by applying a magnetic field. As shown by the fold increase, PLAP+ EV 

(before enrichment ≈10%) were significantly enriched in the tube bound fraction compared to 

the supernatant (Fig. 16A). In order to identify possible differences in the protein profile of 

enriched PLAP+ EV according to the cellular transfer capacity of the respective placenta, nine 

PLAP+ EV samples were selected that originate from women with no transferred MMc up to 

women with very high transfer numbers of MMc as detected in their cord blood. Using 

proteomic analysis 1955 proteins could be quantified. Principal component analysis of the 

proteomic data revealed clustering of samples based on the number of MMc in found in the 



37 
 

cord blood. In order to form groups for statistical analysis, they were manually assigned to 

MMclow, MMcmid and MMchigh groups (Fig. 16B). Comparison of differentially expressed proteins 

(DEPs) (n=103) between MMclow and MMchigh samples based on their p-value and the log2-

fold change of individual proteins revealed clear differences between groups as depicted as 

the normalized log2 intensity in a heat map (Fig. 16C). The MMcmid sample was integrated as 

a control for the transition of MMclow to MMchigh. DEPs were separated in proteins that were 

up-regulated in samples belonging to the MMclow and MMchigh group of PRINCE study 

participants. This revealed that placenta-derived EV from pregnant women who transfer low 

numbers of MMc are characterized by a unique protein fingerprint (84 proteins with higher 

expression), whereas substantially less proteins were up-regulated in the samples of mother 

that transfer high numbers of MMc (19 proteins with higher expression) (Fig 16D). Full names 

of DEPs depicted in Fig. 16C and D together with their respective p-value and log2 fold change 

are listed in Table 10 within the supplement section. As shown based on their log2-fold change, 

some proteins are particularly differently expressed between groups, e.g., FLOT1, HMGA2, 

HMGN1 in MMclow. 
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Figure 16. EV samples from MMclow and MMchigh study participants cluster and show a distinct 
proteomic profile. 

(A) Fold increase of PLAP+ EV among tetraspanin+ EV in the enriched and non-enriched fraction after 
magnetic activated sorting (n=14). (B) PCA of the proteomic data derived from enriched PLAP+ EV 
samples of mothers that participated in the PRINCE study selected based on their MMc transfer. Each 
dot represents one biological replicate. Clustering allows manual categorization into groups of MMclow, 
MMcmid and MMchigh. (C) Heat map of DEPs between MMclow and MMchigh samples (n=103) depicted as 
normalized log2 intensity. (D) Individual up-regulated DEPs (MMchigh n=84 and MMclow n=19) in enriched 
PLAP+ EV from samples of PRINCE study participants. The circle size depicts the log2-fold change and 
the circle color the p-value. (A) Asterisks indicate significance level of Mann-Whitney-U test. 
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3.3.4 Placentas that transfer low numbers of MMc share a unique EV fingerprint 

strongly related to RNA binding 

Functional gene ontology analysis of DEPs using the DAVID Bioinformational Database 

revealed that they are mostly comprised of proteins located in the nucleoplasm and the cellular 

nucleus but also encompass proteins from the cytosol (Fig 17A). The vast majority of proteins 

are functionally involved in binding of RNA and protein. Accordingly, DAVID functional GO 

analysis further indicate that the identified proteins are biological processes associated with 

mRNA splicing and transcription (Fig 17A). This is further substantiated by the Pathway 

analysis using the Reactome Database. DEPs were mainly associated with mRNA splicing 

and processing (Fig. 17B). Further, they are linked to the formation of senescence-associated 

heterochromatin foci, indicating a senescent status of the placenta tissue which is reflected by 

the protein profile of their EV. 
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Figure 17. Placenta-derived EV samples have a unique proteomic profile associated with RNA 
binding and processing. 

(A) DAVID functional GO analysis of DEPs between MMclow and MMchigh samples depicting the protein 
count identified in DAVID-assigned terms (left) and their corresponding p-value (right). (B) Reactome 
pathway analysis based on DEPs between MMclow and MMchigh samples depicting the Combined Score 
(created by the Reactome software based on the protein count, p-value and odds ratio). Superscript text 
indicate the exact pathway as listed in the Reactome data base. *SRP-dependent cotranslational protein 
targeting to membrane. 
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4 Discussion 

This thesis aims to elucidate the function of MMc in the offspring and to contribute to the 

understanding of maternofetal transfer of cells. To comprehensively address these objectives, 

this work is structured in three different sections that cover the memory transfer by MMc, their 

relevance for the fetal brain tissue and the underlying regulation of MMc transfer. Each aspect 

contributes to the understanding of the overall relevance of MMc for the mother-child pair. 

4.1 Maternofetal transfer of antigen-specific T cell 

The first part of my dissertation provides first evidence for the intrauterine transfer of immune 

memory cells in the mouse model. Infection of female mice with LmOVA leads to the 

accumulation of CD4+ and CD8+ T cells in the uterus that include long-lasting OVA-specific 

CD8+ EM T cells. During pregnancy OVA-specific cells were transferred to the fetus in which 

they colonize distant fetal organs. Offspring equipped with OVA-specific T cells exhibit a higher 

robustness to neonatal infection and show an increased activation of neonatal T cells. 

Murine infection with listeria results in the preferential colonization of the liver and the spleen. 

Infection leads to a profound immune response that includes CD4+ and CD8+ T cells. After 

activation, CD4+ and CD8+ T cells accumulate in nonlymphoid tissues.36,37,125 This includes the 

different compartments of the female reproductive tract, e.g., the ovary, vagina, cervix and the 

uterus.39,126  

The properties of activated T cells in peripheral organs are altered by the usage of laboratory 

mice, which are reared in strictly controlled animal facilities. Through the lack of contact with 

pathogens and commensal they possess naïve peripheral organs lacking cell heterogeneity 

and a diverse microbiome, which affects the interaction with activated T cells.127,128 Although 

immunologically naïve laboratory animals are highly advantageous for studying infection 

responses, there is valid doubt whether immunological findings provide sufficient external 

validity outside the laboratory context. Thus, it has been postulated to amend studies 

conducted in traditional laboratory animals with wild-derived mouse models, to reflect the 

reality of an experienced immune system.128-130 

The enrichment of CD8+ in the murine uterus following LmOVA infection is mainly comprised 

of EM T cells that have been shown to be partly OVA-specific. Accumulation of T cells in the 

uterus is not limited to listeria infection as it has been equally demonstrated in mice and 

humans after viral infection with HIV-1, HSV-2, CMV and EBV131-133 or bacterial infection with 

chlamydia.126,12 

Given the fact that the overall number of CD4+ and CD8+ T cells and the percentage of EM 

CD8+ T cells remain elevated even after weeks following initial infection, they may have formed 

a tissue-resident T cell subset.134,135 Although for my study this needs to be verified by using 

CD69 as marker for tissue-residency or CD103 as a marker for resident T cells within mucosal 
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tissues, parabiosis experiments conducted in mice infected with LCMV demonstrated the 

resident phenotype of memory T cells in the female reproductive tract.39 

By focusing on gd 18.5, I analyzed the transfer of MMc after the end of the third trimester. It 

has been shown that MMc transfer starts with the successful placentation at the beginning of 

the second trimester in humans and around gd 10.5 in mice.53,54,136,137 It is intriguing to 

speculate on the initial distribution of MMc, as they might colonize a specific organ at earlier 

time points in pregnancy and further spread or being relocated among other tissues. To answer 

this question a comprehensive study on MMc transfer and distribution is urgently needed. 

On the maternal side, it is interesting to hypothesize on the origin of MMc that are transferred 

to the fetus. To date it is not entirely clear how MMc transfer is mediated and whether MMc 

are a result of placental leakage or whether specific cells are actively recruited to the feto-

maternal interface. In this context, authors of a similar study postulate that the feto-maternal 

barrier favours the enrichment antigen-experienced T cells. They provide evidence for higher 

frequencies of OVA-specific CD8+ T cells in the decidua after re-infection of pregnant mice with 

LmOVA following preconceptual infection.138 This local enrichment might benefit the 

intrauterine transfer of antigen-specific MMc.  

Similarly, one might speculate on how exactly MMc are selected since they are composed of 

various maternal cell types.139 For now, it remains to be shown how the cellular composition of 

MMc is regulated or whether MMc are selected regarding their prevalence in the maternal 

blood circulation. Although my analysis solely focused on leucocytes, it already highlighted the 

cellular heterogeneity of MMc as they consist of T cells, B cells, myeloid cells, and dendritic 

cells. Despite the aforementioned MMc subtypes, I further identified CD3+B220+ MMc which 

were significantly higher in the bone marrow and liver after preconceptual infection of the 

mother compared to the control. Although there are several publications describing cells with 

these phenotype140-142, their function and origin remain highly controversial and a matter of 

ongoing speculation. 

With my study, I provide first evidence for the intrauterine transfer of maternal OVA-specific T 

cells to the fetus. These antigen-specific MMc could be detected in the fetal bone marrow, liver 

and spleen at gd 18.5. The observation of distribution of antigen-specifc MMc across different 

fetal organs matches the results for maternal OVA-specific CD8+ EM T cells that were identified 

in the peripheral blood, lymph nodes, uterus, and spleen. Since MMc have been demonstrated 

to colonize a broad array of fetal tissues including the lung, skin and heart, it can be 

hypothesized that antigen-specific MMc might also be found in other fetal organs in addition to 

those analyzed. Still, in the case of OVA-specific MMc, they might prefere colonizing the fetal 

liver and spleen since they are known as the primary infection side of listeria. 

My data shows high variablity cocerning the percentage of OVA-specifc T cells among total 

MMc. This observation reflects the MMc counts identified in human cord blood samples, which 
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vary drastically between mother-child pairs.72,79 To date, there is no explanation for the 

variation between individuals. By performing histological evaluation of murine placentas, I can 

exclude morphological alterations affecting the size labyrinth zone, which in turn would affect 

contact of trophoblast cells and maternal blood. Further, it has been speculated that the 

activation status of the placental tissue plays an important role in mediating cellular transfer, 

since MMc need to bind to the tissue in order to overcome the placental barrier in a second 

step. It would be interesting to analyse murine placentas for cellular adhesion markers and link 

the results to the number of transferred MMc. 

In a next step, I investigated the relevance of these OVA-specific MMc during infection of the 

offspring. To make sure that neonates are not influenced by the preconceptual infection of the 

mother, non-specific immune activation of the fetal immune system was excluded. Even after 

exposing the pregnant mice to a ‘second-hit’ of listeria infection, no activation of the neonatal 

myleoid immune populations could be detected. Still infection of the neonate indicated a higher 

robustness of offspring equipped with OVA-specific MMc, although no expansion of OVA-

specific MMc could be detected as they were absent 7 days after infection. Still, infection led 

to an activation of neonatal T cells which verifies both the immunogenic properties of the used 

pathogen and the responsiveness of the neonatal immune system. Activaton of neonatal CD3+ 

T cells in response to listeria was associated with an upregulation of the surface proteins 

CD11b and CD11c143,144, which belong to the β2-integrin family and function as adhesion 

molecules for various ligands involved in cellular adhesion and phagocytosis.145,146 Since the 

expression of CD11b and CD11c was significantly higher in neonates born to preconceptually 

infected mothers, antigen-specific MMc are associated with an enhancement of the neonatal 

T cell response during pathogen encounter.  

This observation goes in line with data provided within a recent study, which shows that MMc 

are associated with an improved polyfunctional CD4+ T cell response to Bacillus Calmette-

Guérin vaccination. The authors further propose that MMc are involved in neonatal T cell 

regulation.147,148 Thus, this observation contributes to the proposed concept that antigen-

specific MMc seem to shape/educate the neonatal T cell response, rather than eliminating the 

pathogen directly. 

This interpretation is challenged by a recent study on immunity against listeria. Typically, 

protection against intracellular pathogens is mediated through cellular immunity rather humoral 

protection.149-151 However, this study conducted in mice now provides evidence that pregnancy 

creats an environment in which antibodies against listeria are differently glycosylated.152 Their 

vertical transfer to the fetus and subsequent binding to regulatory B cells results in decreased 

IL-10 production and, as a consequence, a boosted immune response against neonatal 

infection with listeria. Although the finding of pregnancy as a unique state of antibody 

modification is exciting, it remains to be seen whether this mechanism is transferable to 
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different experimental settings. I used a low infection dosage of a virulent listeria strain in my 

experimental approach which contrasts to the high dosage of an attenuated listeria strain in 

the published study. Additionally, female mice underwent a strict antibiotic treatment, which 

might as well affect the formation of antibodies. Thus, I only detected marginal anti-listeria 

antibody titers in either the mother or the fetus. Consequently, I would argue that the increased 

neonatal T cell activation is associated with the antigen-specific MMc rather than an antibody 

transfer. However, as both mechanisms lead to a boosted T cell activity, it might be possible 

that they equally contribute to shaping the neonatal immune response. 

Further, our experimental approach does not address the transfer of MMc via breast milk.56 

However, the absence of OVA-specific MMc at day 14 after birth suggest that their transfer 

mainly occurs intrauterine. Still, this needs to be validated by cross-fostering experiments. 

Our findings raise question for the consequences of preconceptual or prenatal infection in 

women and the possible transfer of antigen-specific MMc in the womb. Since I used a well-

established but artificial infection model, by utilizing an ovalbumin recombinant listeria strain 

to generate OVA-specific T cells, it will be interesting if the transfer of antigen-specific MMc 

can demonstrated for other pathogens as well. Also, it remains to be seen, if such transfer 

occurs during human pregnancy. If confirmed, e.g., in human cord blood samples, this might 

as well add another aspect to our understanding of vaccination strategies for pregnant women. 

The transfer of antigen-specific MMc broadens our understanding on the transfer of 

immunological memory. Lining up with the well-known transport of antibodies through the 

placenta, MMc add a cellular component to the concept of maternal passive immunity. 
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4.2 Modulation of brain tissue by MMc 

The second part of my dissertation covers a follow up project to the work published by 

Schepanski et al.73 I investigated how MMc in the brain shape their surrounding tissue. 

By applying µFTIR spectroscopy on brain tissue samples derived from murine neonates, 

alterations in the carbohydrate profile of the brain tissue in neonates deprived from MMc were 

detected. This observation contributes to our understanding of the direct effects of MMc on 

their surrounding tissue. 

I was able to detect alterations in the biochemical profile of the brain parenchyma in MMclow 

neonates. Spectral analysis provided evidence for changes in functional groups of 

carbohydrates (980-1200 cm-1). The increase in hydroxyl, ester and carbonyl groups in MMclow 

samples compared to the control group might reflect aberrations in carbohydrate 

macromolecules such as glycogen or within the glycocalyx on the cell surface. Since 

deoxyribose and ribose form the backbone of the DNA or respectively the RNA, they might as 

well be attributed to alterations on the genomic structure.  

In tissue samples of patients suffering of Parkinson’s disease, alterations in a similar spectral 

region (1000-1380 cm-1) were demonstrated between pathological and control neurons. The 

authors conclude that diseased nerve cells show alterations in their biochemical profile that 

occurs before they exhibit morphological differences.153 In accordance with this notion, MMclow 

neonates appear visually healthy but show cognitive impairments such as altered learning 

behaviour. This might be attributed to changes in the biochemical composition of the prefrontal 

cortex. Interestingly, a study conducted in homogenates of rat brain tissue could demonstrate 

that altered learning behaviour is reflected by changes in their FTIR spectra.154 As proposed, 

the biochemical differences observed in the brain of MMclow neonates might be attributed to 

alterations in nucleic acids. Nucleic acid damage detection in DNA and RNA using FTIR has 

been demonstrated in various studies with comparable alterations in the spectral profile of 

samples.155-157 The activation of microglia cells and the subsequent elimination of synaptic 

connections in MMclow neonates might lead to nucleic acid damage and release during high 

rates of phagocytosis. This goes in line with the downregulation of anti-inflammatory markers 

of fetal microglia cells as reported by Schepanski et al., which might result in a latent 

inflammatory environment within the prefrontal cortex. Nucleic acid damage might be an 

additional damage signal in the neonatal brain. 

Despite the increase in carbohydrate-associated functional groups, I could not identify 

differences in spectral regions representative for lipids or amids. A main finding by Schepanksi 

et al. is the excessive synaptic pruning and since neuronal branches are mainly composed of 

myelin, it could have been expected to find differences in lipids between MMclow and MMchigh 

samples. One possible explanation why I could not detect differences in myelin between 

groups might be the focus prefrontal cortex which is located in the grey matter of the brain. 
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Alterations of lipids might be more like to be identified in the white matter of the brain, in which 

myelin-coated neural axons are primarily located.116 The loss of myelination has been 

measured using µFTIR in demyelinating diseases such as multiple sclerosis.158,159 Instead, 

grey matter of the brain is characterized by a high density of neural cell bodies, which aligns 

with my observation of nucleic acid damage in MMclow neonates. 

The interpretation of our findings is limited by the difficulty to attribute the various peaks of the 

derived infrared spectra to their functional group. Beside the masking of peaks derived from 

low abundant functional groups by other more frequent biomolecules, the reference literature 

on FTIR spectroscopy is based on various biomaterials measured under different conditions 

and treatments. For instance, most publications that investigate the usage of FTIR in the 

identification of nucleic acid damage are based on either cancer cell lines and ex vivo cancer 

samples or even after the application of DNA damaging factors such as mutagenic chemicals, 

UV-light or ionizing radiation.155 The transferability of the findings to healthy tissue is to be used 

with caution.  

The analysis of the spectra derived from our samples is further impaired by the usage of 

sucrose for conservation of the murine brains during the sample preparation. The distinct 

infrared profile of sucrose overlays the spectral region in which differences between MMclow 

and control animals have been identified. Although sample preparation of both groups has 

been consistent, the alterations in carbohydrates and nucleic acids need to be confirmed. For 

this, Raman spectroscopy, another technique that relies on the acquisition of visual spectra of 

biological samples, could be used.160 Raman spectroscopy requires even less sample 

preparation and can, in contrast to FTIR, also be used with aqueous samples which would 

make the conservation of tissues with sucrose redundant. Hence, a recent publication used 

Raman spectroscopy to confirm the grading of brain tumours slides based on their 

glycosylation signature.161 

Despite the depicted limitations of this work, our analysis serves as a proof-of-concept study 

to the functional readout by Schepanski et al. Our ex vivo approach in working with whole 

tissue samples provides a deeper understanding of the functional relevance of MMc in the 

brain tissue and contributes to our knowledge on the consequences of MMc transfer.  
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4.3 Placenta-derived extracellular vesicles as indicator for placental MMc transfer 

As outlined above, our knowledge regarding the regulation of MMc transfer and the contribution 

of the placenta is fragmentary at best. The third part of my dissertation addresses this issue 

by investigating how the status of the placental tissue influence the transfer rate of MMc. Since 

the accessibility of the human placenta during pregnancy is limited, this study relies on 

placenta-derived EV isolated from maternal serum samples as fingerprints of the placental 

tissue. Proteomic analysis revealed that placenta-derived EV possess a distinct protein 

composition that is indicative for the efficiency of MMc transfer. Interestingly, especially 

placenta-derived EV that originate from mothers who transfer very low numbers of MMc to 

their offspring carry a unique proteomic profile. 

Analyses of human cord blood samples show high variety of transferred MMc among healthy 

individuals, which is in accordance with similar studies. Although it is hypothesized that the 

placenta plays an important role in regulating this transfer, there is currently no study that 

addresses this theory conclusively. Interestingly, the transfer of MMc is strongly reduced in 

women that were infected with SARS-CoV-2 during pregnancy. Despite individual cases, there 

is now consensus that SARS-CoV-2 does not infect the placenta.19 Nevertheless, even though 

the pregnant women included in our study only report light to moderate COVID-19 infection 

symptoms and no SARS-CoV-2 associated pregnancy adversities, infection with SARS-CoV-

2 leads to an immune activation of the mother accompanied by a cytokine storm that equally 

affects the placental tissue.20,162 The quantification of placenta-derived EV reflects this 

dysregulation as their number is significantly increased compared to healthy pregnant 

individuals. Similarly, upregulation of placenta-derived EV is known to be associated with 

pregnancy adversities such as preeclampsia.100,163 Here, impaired spiral artery remodelling 

and utero-placental malperfusion leads to increased placental EV production, which might 

contribute to the systemic manifestation of the disease.163-165 I did not expect the relatively low 

frequency of PLAP+ EV in healthy mothers. However, comparable studies on their number in 

the maternal blood remain inconclusive. Whereas some studies postulate the increase of 

placenta-derived EV during pregnancy progression, other studies highlight their decrease in 

the third trimester.93,94,166 This discrepancy might be as well attributable to differences in the 

techniques used for EV isolation. Although general guidelines are permanently updated, so far 

there is no gold standard in EV isolation.83,89,167 Given the high amount of variability in EV size, 

concentration and purity based on the particular isolation method, comparability between 

studies is at least partly limited.89,168,169 Another factor that is relevant for the relatively low 

frequency of PLAP+ EV within the PRINCE cohort might be, as outlined above, their increase 

in pregnancy adversities. Since the PRINCE cohort is only comprised of healthy mothers, it 

would be interesting to obtain the frequency of PLAP+ EV from other pregnancy cohorts that 

encompass cardiovascular diseases or cases of obesity.  
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In healthy mothers placenta-derived EV have been demonstrated to be vastly distributed in the 

maternal circulation reaching a broad array of distant organs and tissues.170 Further, they 

critically contribute to feto-maternal communication by binding to various cell types, e.g., 

endothelial and immune cells.171 With my results, I provide first evidence, that percentages of 

total and placenta-derived EV correlate with MMc numbers from cord blood of female fetuses. 

Interestingly, no such positive correlation can be observed for women prenatally infected with 

SARS-CoV-2, which aligns with the interpretation regarding immune dysregulation following 

infection that affects the placental tissue. 

To further answer the question if placenta-derived EV provide direct information on the 

placental function regarding their capacity to transfer MMc to the offspring, I aimed to analyse 

their proteomic profile in healthy pregnant women using LC–MS/MS. To do so PLAP+ EV were 

specifically enriched using magnetic beads with resulted in a 2-to 3-fold increase in the 

concentration of PLAP+ EV within the enriched sample. I conducted proteomic analysis of 9 

maternal serum samples that correspond to different MMc numbers found in the neonatal cord 

blood. Using LC–MS/MS I was able to quantify 1955 proteins. The total number of proteins 

identified aligns with numbers reported in similar studies that use proteomic analysis of 

placenta-derived EV.98,172 Interestingly, principal component analysis revealed a clear 

clustering of samples that belong to mothers who transferred low or no MMc (MMclow) and 

clustering of samples with high numbers of MMc found in the neonatal cord blood (MMchigh) 

with one sample (MMcmid) located in between. To generate in-depth information on the 

difference between PLAP+ EV from MMclow and MMchigh samples, statistical analysis revealed 

103 DEPs between groups. Depiction of DEPs as heat map shows a clear distinction between 

groups and further demonstrate that MMclow samples are characterized by a higher number of 

up-regulated proteins compared to MMchigh. Since the MMcmid sample was not considered for 

the calculation of DEPs, it’s integration in the heat map verifies the connection of DEPs and 

the MMc number as it marks the transition between the groups. Visualization of the single 

DEPs further underlines that placenta-derived EV of MMclow samples are characterized by a 

multitude of up-regulated proteins, whereas in placenta-derived EV of MMchigh sample show a 

comparably low number of up-regulated proteins. Additionally, there is a high variation on the 

expression level of the proteins and their corresponding p-value.  

Some proteins seem to be highly differently expressed between groups compared to others. 

HMGN1 (High mobility group nucleosome binding domain 1) stands out particularly as it is 

highly expressed in MMclow samples in contrast to those of the MMchigh group. HMGN1 belongs 

to the “high mobility group” (HMG) protein family, which are highly evolutionarily conserved 

and are generally located in the nucleus. Beside the role of HMGN1 in regulating chromatin 

structure and histone modifications, it has been described as alarmin that recruits dendritic 
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cells promotes a pro-inflammatory milieu.173 During a cellular stress response, e.g., to infection 

or tissue damage, HMG proteins can shuttle to the cytoplasm and even be secreted on EV.174 

Thus, EV artificially modified with the N-terminal domain of HMGN1 have been used to activate 

DCs which is tested as novel cancer treatment as it could increase antitumor immunity or could 

improve vaccine efficiency.175,176 Despite HMGN1, HMGA1 and HMGA2 were also identified 

to be up-regulated in PLAP+ EV of MMclow samples. The presence of several members of the 

HMG family emphasizes their presence on placenta-derived EV as an indicator for a stress 

response of the placental tissue. Interestingly, a recent publication postulates that HMGB1, 

another member of the HMG protein family, on fetal EV contributes to induce preterm birth 

which underlines its role as alarmin in pregnancy.177 Such a stress response at the feto-

maternal interface might impair the transfer of MMc. This hypothesis is further supported by 

the upregulation of Interleukin-18 (IL-18) in placenta-derived EV of MMclow participants. IL-18 

is a pro-inflammatory cytokine that targets Th1 CD4+ helper T cells and natural killer cells and 

induces the production of interferon-γ. Taken together, IL-18 and proteins of the HMG family 

might be associated with placental tissue activation during an acute stress response which 

affects the transfer of MMc.178,179 

Pathway analysis of DEPs associates the presence of HMGA1 and HMGA2 together with 

specific histone proteins (H1-0, H2BC12, H2BC11) with DNA damage/telomere stress induced 

senescence. This culminates in the formation of senescence-associated heterochromatin foci 

typically formed in senescent cells.180 Senescence describes a state of terminal cell cycle 

arrest and is closely interrelated with cellular aging. During pregnancy progression the placenta 

naturally ages until birth when the placenta ultimately fulfilled its function. On a cellular stage, 

fusion of cells to form the syncytiotrophoblasts is closely related to their senescence in order 

to halt excessive proliferation of cells.181,182 This study relies on samples from the third 

trimester. It might be conceivable that placentas of MMclow study participants enter the natural 

state of placental aging and senescence more rapidly than those belonging to the MMchigh 

group. This might result in an impairment of MMc transfer, which normally increases with 

pregnancy progression. Senescence is accompanied by shifting to a pro-inflammatory 

phenotype of cells, which results in a characteristic senescence-associated secretory 

phenotype of cells.183 Recently it became evident that EV execute a crucial role the secretome 

of senescent cells, which might include the sorting of HMG and histone proteins of aging 

trophoblast cells in placenta-derived EV.184,185 

Another aspect that results from the proteomic analysis of placenta-derived EV is the high 

abundance of proteins relevant for RNA binding and processing as indicated by DAVID 

functional GO analysis. Among the family of RNA binding proteins (RBPs) several proteins 

were up-regulated in MMclow samples, e.g., FUS, SRP14, SRP19, IGF2BP1 and various 

hnRNPs, which aligns with comparable proteomic analysis of EV.186,187 EV are known to 
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transport various subtypes of RNA as cargo material. The RNA found in EV differs greatly from 

RNA detected in the host cell, which indicates a specific sorting mechanism during EV 

synthesis. RBPs are responsible for the packing and sorting of different types of RNA in EV, 

which are comprised of both coding (mRNA) and noncoding (miRNA, circRNA, lncRNA, tRNA, 

snRNA) RNAs. Although the presence of specific RBPs does not necessarily require the 

enrichment of their associated RNAs, it is likely that placenta-derived EV of MMclow samples 

possess a unique RNA profile that have been sorted by their respective RBPs.187 Thus, in order 

to gain insight into their cargo, in a next step RNA isolation and sequencing should be applied. 

As already discussed for the frequency and purity of EV, the isolation approach is equally 

critical for the results of proteomic analysis. Especially nuclear proteins – e.g., HMG protein 

family, SERBP1, EIF3E – vary strongly depending on the isolation method used.188 

This study confirms the suitability of placenta-derived EV obtained from serum samples as 

direct indicators of placental functionality in healthy. Their proteomic profile can be directly 

linked to the transplacental transfer of MMc by providing information on the status of the 

placental tissue. 
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4.4 Scientific significance and outlook 

Over the last decades, substantial efforts have been made to unearth the function of MMc for 

the fetal and neonatal development. Still, many open questions in the field of MMc research 

remain to be answered. My thesis tries to address this knowledge gap by providing novel 

insights on MMc antigen-specificity, their effect on local tissue microenvironment and how MMc 

transfer is regulated by the placenta in the first place. 

The evidence of antigen-specificity among microchimeric T cells following bacterial infection 

adds another aspect to our concept of maternal passive immunity. My study provides a first 

proof-of-concept in the mouse model for the transfer antigen-specific MMc and their 

association of with a higher neonatal robustness to infection. In a next step, it needs to be 

addressed whether the detection of antigen-specific MMc is only possible in a highly artificial 

setting using a genetically modified listeria strain or whether the presence of these cells can 

be also identified in human pregnancy. If confirmed, e.g., in cord blood samples of neonates 

after maternal SARS-CoV-2 infection, this would result in major follow-up questions for the 

mother-child pair. Firstly, it needs to be addressed how they interact with the fetal and neonatal 

immune system and whether they provide protection against infection. Secondly, their 

relevance for maternal infection and especially vaccination schemes before or during 

pregnancy needs to be clarified. Together with our established understanding of pregnancy-

associated antibody transfer, antigen-specific MMc add another aspect to the intergenerational 

transfer of immunological memory. 

My follow-up study to the work published by Schepanski et al. supports the relevance of MMc 

transfer for the tissue homeostasis of the neonatal brain. The observed increase in 

carbohydrates following MMc depletion and their interpretation as nucleic acid damage 

emphasizes the vast consequences of MMc depletion for their microenvironment. Given the 

limitations of my study, these results need to be validated by additional experiments and 

corresponding methods. Since the DESY synchrotron is located in Hamburg, a cooperation to 

conduct additional measurements with a different sample preparation technique using µFTIR 

or RAMAN spectroscopy would be well-suited. It should also be mentioned that the approach 

to use µFTIR spectroscopy on murine brain samples at the infrared beamline MIRAS of the 

ALBA synchrotron was established by Sanchez-Molina et al. In accordance with their study, 

my experiments were mainly focuses on a specific region within the brain to obtain quantifiable 

data. However, by analysing brain tissue sections over night, I was able to establish the 

mapping of whole-brain samples, which was a first at the MIRAS beamline. This approach 

allows the visualization of different functional groups associated with their respective 

macromolecules for the whole brain. As demonstrated for the lipid/amid ratio, one can generate 

complete maps of the brain tissue and gain insights on regional differences with exciting 

possibilities for further measurements. 
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Finally, analyses of placenta-derived EV have been shown to be an eligible tool to gain insights 

on the status of the placental tissue at the time of the blood draw. Furthermore, placenta-

derived EV provide information on the placental proteins associated with the MMc transfer to 

the fetus. It can be speculated that placental aging and early senescence might have an impact 

on the cellular transfer function. Given the high abundancy of RNA binding proteins identified 

on placenta-derived EV, RNA isolation and sequencing might provide additional information 

on their function and target tissue. By refining and harmonizing EV isolation protocols and 

techniques for functional analysis, comparability between studies will be increases further. This 

might establish placenta-derived EV as a novel indicator for placental health that can be 

accessed during an ongoing pregnancy. With the rapid progress in understanding EV 

synthesis, trafficking and function, I am firmly convinced that future EV research will contribute 

to improve our understanding of feto-maternal communication. 
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5 Abstract 

During pregnancy maternal cells are transferred across the placenta to the fetus and seed into 

fetal organs. These cells are referred to as maternal microchimeric cells (MMc) and have the 

potential to persist in the offspring for decades.  

MMc reflect the cellular heterogeneity of the mother and thus encompass a large fraction of 

leukocytes, among which T cells are highly abundant. In the first part of this thesis, I addressed 

the hypothesis, that the mother transfers antigen-specific T cells to the fetus, which might 

protect the offspring from infection. To test this, I preconceptually infected female mice with 

ovalbumin (OVA) recombinant L. monocytogenens leading to the formation of OVA-specific 

effector memory T cells. During pregnancy, OVA-specific T cells are transferred in-utero and 

colonize the fetal bone marrow, spleen and liver. The transfer of OVA-specific T cells is 

associated with a higher robustness of neonates born to preconceptually infected mothers 

against infection and an activated phenotype of neonatal T cells compared to controls. Using 

a mouse model, this work provides first evidence that MMc have the potential to transfer 

memory between generations. 

Besides their antigen-specificity, MMc exert a variety of functions within the developing fetus. 

As recently shown, MMc contribute to brain development by limiting microglia activity and 

thereby the excessive pruning of neurons in the murine prefrontal cortex. 

By preparing ex vivo brain section of neonatal mice deprived of MMc, I investigated the effects 

of MMc depletion on the tissue-homeostasis using Fourier Transform Infrared 

Microspectroscopy. A lack of MMc altered the local tissue microenvironment of the prefrontal 

cortex leading to a higher abundance of functional groups attributed to carbohydrates typically 

found in nucleic acids. Increased phagocytosis by microglia cells might damage neurons, 

resulting in the release of nucleic acids and subsequent inflammation of the tissue. My 

experiment serves as a proof-of-concept study highlighting the relevance of MMc for tissue 

homeostasis. 

Despite the recent progress in understanding the relevance of MMc for the development of the 

fetus and the neonate, little is known regarding the transfer of MMc and the specific role of the 

placenta as central barrier at the maternofetal interface. The third part of my dissertation 

addresses this knowledge gap by investigating placenta-derived extracellular vesicles (EV) as 

fingerprints of the placental tissue. 

Placenta-derived EV were isolated from third trimester serum samples derived from healthy 

pregnant women and women that were infected with SARS-CoV-2 during pregnancy. Using 

imaging flow cytometry, overall numbers of EV as well as the percentage of placenta-derived 

EV were quantified. Their excessive production in SARS-CoV-2 infected women indicated an 

activation of the placental tissue as a consequence of infection. Percentages of placenta-
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derived EV derived from healthy pregnant were shown to positively correlate with the number 

of MMc found in the cord blood of the respective women. This correlation was reversed in 

SARS-CoV-2 infected women. After enrichment of placenta-derived EV from healthy pregnant 

participants, proteomic analysis revealed a unique fingerprint of samples derived from mothers 

that transfer no or very low numbers of MMc, which was absent in mothers transferring high 

numbers of MMc to their offspring. In-depth analyses indicate a senescence-like phenotype of 

the placental tissue that might impair MMc transfer. This thesis provides first evidence that 

placenta-derived EV can be used as indicators of the placental transfer capacity during an 

ongoing pregnancy.  
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6 Zusammenfassung 

Während einer Schwangerschaft treten mütterliche Zellen über die Plazenta in den Fetus über 

und reichern sich in den fetalen Organen an. Diese Zellen werden als mütterliche 

mikrochimärische Zellen (MMc) bezeichnet und haben das Potenzial, für Jahre in den 

Nachkommen zu verbleiben. 

MMc spiegeln die zelluläre Heterogenität der Mutter wieder und umfassen somit auch 

Leukozyten, die sich wiederum zu großen Teilen aus T-Zellen zusammensetzen. Der erste 

Teil meiner Doktorarbeit widmet sich daher der Hypothese, dass die Mutter Antigen-

spezifische T-Zellen auf den Fetus überträgt, die wiederum das Potenzial besitzen, 

Nachkommen vor Infektionen zu schützen. Weibliche Mäuse wurden vor Beginn der 

Schwangerschaft mit Ovalbumin (OVA)-rekombinanten L. monocytogenes infiziert, was zur 

Bildung von OVA-spezifischen Effektor-Gedächtnis-T-Zellen führt. Während der 

Schwangerschaft treten diese Zellen in-utero auf den Fetus über, wo sie im Knochenmark, der 

Milz und der Leber nachgewiesen werden konnten. Der Transfer dieser Zellen war mit einer 

erhöhten Fitness der Neonaten gegenüber Infektionen und einem aktivierten Phänotyp der 

neonatalen T Zellen assoziiert. Der Transfer von MMc im Mausmodel umfasst somit auch den 

Transfer eines immunologischen Gedächtnisses von der Mutter auf die Nachkommen. 

Neben ihrer Antigen-Spezifizität übernehmen MMc weitere Funktionen innerhalb des sich 

entwickelnden Fetus. Wie kürzlich gezeigt wurde, tragen MMc zur Entwicklung des Gehirns 

bei, indem sie die Aktivität von Mikrogliazellen und damit den übermäßigen Untergang von 

Neuronen im Präfrontalen Cortex begrenzen. 

Unter Nutzung von ex-vivo-Gehirnschnitten neonataler Mäuse, die eine stark verminderte 

Population an MMc aufweisen, wurde die Auswirkung des Fehlens von MMc auf die 

Gewebehomöostase mittels Fourier-Transformations-Infrarot-Mikrospektroskopie untersucht. 

Das Fehlen von MMc im präfrontalen Cortex beeinflusste das lokale Gewebe, was zu einer 

höheren Abundanz von funktionellen Gruppen führte, die Zuckerstrukturen zugeordnet 

werden, wie sie typischerweise in Nukleinsäuren vorkommen. Die Freisetzung von 

Nukleinsäuren könnte eine Folge der verstärkten Phagozytose durch Mikrogliazellen und ein 

Indikator für eine lokale Entzündung des Gewebes darstellen. Mein Experiment dient somit als 

Proof-of-Concept-Studie, die die Bedeutung von MMc für ihr umliegendes Gewebe 

unterstreicht. 

Trotz der Fortschritte im Verständnis der funktionalen Bedeutung von MMc für die Entwicklung 

des Fetus und des Neugeborenen ist wenig über die eigentliche Übertragung von MMc 

bekannt und welche Rolle dabei der Plazenta als zentrale Schnittstelle zwischen Mutter und 

Fetus zukommt. Der dritte Teil meiner Dissertation adressiert diese Wissenslücke durch die 
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Untersuchung von Plazenta-spezifischen Extrazellulären Vesikeln (EV), die von der Plazenta 

in die mütterliche Blutbahn freigesetzt werden. 

Plazenta-spezifische EV wurden aus Serumproben des dritten Trimesters isoliert, die sowohl 

von gesunden schwangeren Frauen, als auch von Frauen stammen, die während der 

Schwangerschaft mit SARS-CoV-2 infiziert waren. Mit Hilfe der bildgebenden 

Durchflusszytometrie wurde die Zahl der EV sowie der Prozentsatz der Plazenta-spezifischen 

EV quantifiziert. Ihre übermäßige Produktion bei SARS-CoV-2-infizierten Frauen deutete dabei 

auf eine Aktivierung des Plazentagewebes als Folge der Infektion hin. Es zeigte sich, dass der 

prozentuale Anteil der aus der Plazenta stammenden EV von gesunden Schwangeren positiv 

mit der Anzahl der im Nabelschnurblut der jeweiligen Frauen gefundenen MMc korrelierte. 

Keine solche positive Korrelation konnte bei SARS-CoV-2-infizierten Frauen beobachtet 

werden. Nach Anreicherung der Plazenta-spezifischen EV von gesunden schwangeren 

Frauen, ergab die Analyse des Proteoms einen einzigartigen Fingerabdruck solcher Proben, 

die von Müttern stammten, die keine oder nur eine sehr geringe Anzahl von MMc übertragen. 

Ein solch charakteristischer Fingerabdruck konnte jedoch nicht bei Müttern festgestellt werden, 

die eine hohe Anzahl von MMc auf ihre Nachkommen übertragen. Eine tiefergehende Analyse 

des Proteoms deutete auf einen Seneszenz-ähnlichen Phänotyp des Plazentagewebes hin, 

der die MMc-Übertragung beeinträchtigen könnte. Diese Arbeit zeigt, dass Plazenta-

spezifische EV als Indikatoren für die Transferkapazität der Plazenta im Zuge einer laufenden 

Schwangerschaft genutzt werden können. 



V 
 

 

7 Abbreviations 

µFTIR   Fourier Transform Infrared Microspectroscopy 

BaF2   Barium fluoride 

BSA   Bovine serum albumin 

CFU   Colony forming units 

Cg1   Cingulate area 

circRNA   Circular RNA 

CMBC   Cord blood mononuclear blood cells 

CMV   Cytomegalovirus 

COVID-19   Coronavirus disease 2019 

DAVID   Database for Annotation, Visualization, Integrated Discovery 

DEPs   Differentially expressed proteins 

DNA   Deoxyribonucleic acid 

EBV   Epstein-Barr virus 

EDTA   Ethylenediaminetetraacetic acid 

EV   Extracellular vesicles 

FCS   Fetal calf serum 

FMO   Fluorescence minus one 

gd   Gestation day 

HBSS   Hanks' balanced salt solution 

HIV   Human immunodeficiency viruses 

HMG   High mobility group 

HMGN1   High mobility group nucleosome binding domain 1 

HSV-2   Herpes simplex virus 

IAUC   Area underneath the curve 

Ig   Immunoglobulin 

IL   Infralimibic cortex 

JZ   Junctional zone 

L   Interleukin, Placental labyrinth 

LC–MS/MS   Liquid chromatography–tandem mass spectrometer 

LCMV   Lymphocytic choriomeningitis 

lEV   Large extracellular vesicles 

LmOVA   Ovalbumin recombinant Listeria monocytogenes 

LmOVA ΔactA   Attenuated LmOVA strain deleted for actA 

lncRNA   Long non-conding RNA  
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MACS   Magnetic activated cell sorting 

miRNA   Micro RNA 

MMc   Maternal microchimeric cells 

mRNA   Messenger RNA 

NaCl   Sodium chloride 

NRS   Normal rat serum 

PBS   Dulbecco’s Phosphate Buffered Saline 

PCA   Principal component analysis 

PFA   Paraformaldehyde 

PL   Prelimbic cortex 

PLAP   Placental alkaline phosphatase 

pnd   Postnatal day 

PRINCE   Prenatal Identification of Children's Health 

Rag2   Recombination activating gene 2 protein 

RBPs   RNA binding proteins 

RNA   Ribonucleic acid 

RPMI   Roswell park memorial institute 

SARS-CoV-2   Severe acute respiratory syndrome coronavirus type 2 

SDC   Sodium deoxycholate 

SEM   Standard error of the mean 

sEV   Small extracellular vesicles 

snRNA   Small nuclear RNA 

TCM   Central memory T cells 

TEAB  T riethylammonium bicarbonate buffer 

TEM   Effector memory T cells 

TRM   Resident memory T cells 

tRNA   Transfer RNA 

TSB   Tryptic Soy Broth 

UPLC   Ultra Performance Liquid Chromatography 
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9 Supplement 

Table 10. DEPs of placenta-derived EV after proteomic analysis 

Upregulated in MMchigh 

Gene Symbol 
UniProt 
Accession 

Name p-value 
Log2 fold 
change 

PAFAH1B3 Q15102 Platelet-activating factor 
acetylhydrolase IB subunit alpha1  

0.0007 -1.5542 

PSME2 Q9UL46 Proteasome activator complex 
subunit 2  

0.0011 -2.4238 

LETM1 O95202 Mitochondrial proton/calcium 
exchanger protein  

0.0021 -1.3673 

TCEA1 P23193 Transcription elongation factor A 
protein 1  

0.0046 -2.1513 

H1-3 P16402 Histone H1.3  0.0128 -2.0399 

CAPN7 Q9Y6W3 Calpain-7  0.0133 -1.3508 

EIF3E P60228 Eukaryotic translation initiation factor 
3 subunit E  

0.0150 -1.9918 

WDR1 O75083 WD repeat-containing protein 1  0.0152 -2.0252 

KNDC1 Q76NI1 Kinase non-catalytic C-lobe domain-
containing protein 1  

0.0153 -1.1456 

ITIH4 Q14624 Inter-alpha-trypsin inhibitor heavy 
chain H4  

0.0154 -1.7389 

SUPT5H O00267 Transcription elongation factor SPT5  0.0162 -1.0145 

XPOT O43592 Exportin-T  0.0207 -1.8769 

GOLGA3 Q08378 Golgin subfamily A member 3  0.0226 -1.0409 

NUSAP1 Q9BXS6 Nucleolar and spindle-associated 
protein 1  

0.0245 -1.8114 

MTMR9 Q96QG7 Myotubularin-related protein 9  0.0259 -0.9409 

C9 P02748 Complement component C9  0.0281 -2.1851 

LMNB2 Q03252 Lamin-B2  0.0379 -1.0563 

CYP11B2 P19099 Cytochrome P450 11B2, 
mitochondrial  

0.0386 -0.7688 

PRSS3 P35030 Trypsin-3  0.0474 -1.6265 

Upregulated in MMclow 

Gene Symbol UniProt 
Accession 

Name p-value Log2 fold 
change 

ADSS2 P30520 Adenylosuccinate synthetase 
isozyme 2  

0.0272 1.1822 

ANAPC1 Q9H1A4 Anaphase-promoting complex 
subunit 1  

0.0328 0.9186 

ATP5IF1 Q9UII2 ATPase inhibitor, mitochondrial  0.0121 1.1117 

CALML5 Q9NZT1 Calmodulin-like protein 5  0.0170 1.4816 

CAPG P40121 Macrophage-capping protein  0.0075 0.6011 

CBR1 P16152 Carbonyl reductase [NADPH] 1  0.0355 1.3456 

CCAR1 Q8IX12 Cell division cycle and apoptosis 
regulator protein 1  

0.0019 0.6371 

CCDC124 Q96CT7 Coiled-coil domain-containing 
protein 124  

0.0051 0.8484 
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CD59 P13987 CD59 glycoprotein  0.0176 1.5024 

CPSF6 Q16630 Cleavage and polyadenylation 
specificity factor subunit 6  

0.0176 0.7006 

CPSF7 Q8N684 Cleavage and polyadenylation 
specificity factor subunit 7  

0.0051 1.0702 

CROCC Q5TZA2 Rootletin  0.0223 0.6356 

CWC15 Q9P013 Spliceosome-associated protein 
CWC15 homolog  

0.0176 1.0349 

DBT P11182 Lipoamide acyltransferase 
component of branched-chain alpha-
keto acid dehydrogenase complex, 
mitochondrial  

0.0498 0.9465 

DCTN2 Q13561 Dynactin subunit 2  0.0331 0.7705 

EDF1 O60869 Endothelial differentiation-related 
factor 1  

0.0301 0.8705 

EIF4B P23588 Eukaryotic translation initiation factor 
4B  

0.0338 0.9932 

FAM120A Q9NZB2 Constitutive coactivator of PPAR-
gamma-like protein 1  

0.0140 1.2441 

FGA P02671 Fibrinogen alpha chain  0.0072 0.6008 

FLOT1 O75955 Flotillin-1  0.0252 2.0152 

FUS P35637 RNA-binding protein FUS  0.0155 1.1608 

GNL3 Q9BVP2 Guanine nucleotide-binding protein-
like 3  

0.0109 0.9216 

H1-0 P07305 Histone H1.0  0.0033 1.3316 

H2BC11 P06899 Histone H2B type 1-J  0.0406 0.8034 

H2BC12 O60814 Histone H2B type 1-K  0.0231 1.2630 

HDGF P51858 Hepatoma-derived growth factor  0.0146 0.9196 

HDGFL2 Q7Z4V5 Hepatoma-derived growth factor-
related protein 2  

0.0259 0.7038 

HMGA1 P17096 High mobility group protein HMG-
I/HMG-Y  

0.0091 0.5866 

HMGA2 P52926 High mobility group protein HMGI-C  0.0061 1.7244 

HMGN1 P05114 Non-histone chromosomal protein 
HMG-14  

0.0014 4.1850 

HNRNPA0 Q13151 Heterogeneous nuclear 
ribonucleoprotein A0  

0.0009 0.7124 

HNRNPUL2 Q1KMD3 Heterogeneous nuclear 
ribonucleoprotein U-like protein 2  

0.0191 0.6196 

HP1BP3 Q5SSJ5 Heterochromatin protein 1-binding 
protein 3  

0.0023 0.5966 

HSPB1 P04792 Heat shock protein beta-1  0.0156 0.6502 

IGF2BP1 Q9NZI8 Insulin-like growth factor 2 mRNA-
binding protein 1  

0.0158 0.7770 

IL18 Q14116 Interleukin-18  0.0078 0.7216 

KTN1 Q86UP2 Kinectin  0.0065 0.6605 

LEMD2 Q8NC56 LEM domain-containing protein 2  0.0481 0.6176 

MRPS31 Q92665 28S ribosomal protein S31, 
mitochondrial  

0.0001 0.7562 

MYBBP1A Q9BQG0 Myb-binding protein 1A  0.0360 0.6526 
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NAP1L1 P55209 Nucleosome assembly protein 1-like 
1  

0.0331 0.7964 

NIFK Q9BYG3 MKI67 FHA domain-interacting 
nucleolar phosphoprotein  

0.0325 1.1978 

NUMA1 Q14980 Nuclear mitotic apparatus protein 1  0.0294 0.7621 

NUP214 P35658 Nuclear pore complex protein 
Nup214  

0.0032 0.8667 

PAK2 Q13177 Serine/threonine-protein kinase PAK 
2  

0.0340 0.8281 

PDE3A Q14432 cGMP-inhibited 3',5'-cyclic 
phosphodiesterase 3A  

0.0212 0.8640 

PDIA4 P13667 Protein disulfide-isomerase A4  0.0019 0.7473 

PFDN1 O60925 Prefoldin subunit 1  0.0241 0.5936 

PHF5A Q7RTV0 PHD finger-like domain-containing 
protein 5A  

0.0057 0.7348 

PLRG1 O43660 Pleiotropic regulator 1  0.0449 0.6164 

POLR2E P19388 DNA-directed RNA polymerases I, II, 
and III subunit RPABC1  

0.0240 0.7142 

POLR2K P53803 DNA-directed RNA polymerases I, II, 
and III subunit RPABC4  

0.0021 0.6466 

PSAP P07602 Prosaposin  0.0368 1.0582 

PTPA Q15257 Serine/threonine-protein 
phosphatase 2A activator  

0.0172 1.0713 

PYM1 Q9BRP8 Partner of Y14 and mago  0.0259 0.7718 

RABEP2 Q9H5N1 Rab GTPase-binding effector protein 
2  

0.0248 0.5837 

RALY Q9UKM9 RNA-binding protein Raly  0.0057 0.9864 

RBBP5 Q15291 Retinoblastoma-binding protein 5  0.0336 1.6050 

RBM10 P98175 RNA-binding protein 10  0.0269 1.1278 

RPL31 P62899 60S ribosomal protein L31  0.0271 1.3304 

RPL4 P36578 60S ribosomal protein L4  0.0124 0.6792 

RPL6 Q02878 60S ribosomal protein L6  0.0218 0.6144 

RPS24 P62847 40S ribosomal protein S24  0.0184 1.2006 

RRP1 P56182 Ribosomal RNA processing protein 1 
homolog A  

0.0036 0.8449 

RSL1D1 O76021 Ribosomal L1 domain-containing 
protein 1  

0.0041 0.8318 

SERBP1 Q8NC51 Plasminogen activator inhibitor 1 
RNA-binding protein  

0.0131 0.8024 

SERPINB6 P35237 Serpin B6  0.0054 0.6841 

SLC25A24 Q6NUK1 Calcium-binding mitochondrial 
carrier protein SCaMC-1  

0.0007 0.7554 

SNRNP70 P08621 U1 small nuclear ribonucleoprotein 
70 kDa  

0.0040 0.8498 

SNRPB2 P08579 U2 small nuclear ribonucleoprotein 
B''  

0.0253 0.6918 

SRP14 P37108 Signal recognition particle 14 kDa 
protein  

0.0003 0.7456 

SRP19 P09132 Signal recognition particle 19 kDa 
protein  

0.0136 1.2708 

SRP72 O76094 Signal recognition particle subunit 
SRP72  

0.0199 0.8718 
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SRRM2 Q9UQ35 Serine/arginine repetitive matrix 
protein 2  

0.0284 0.6525 

SRSF2 Q01130 Serine/arginine-rich splicing factor 2  0.0265 0.9813 

SRSF3 P84103 Serine/arginine-rich splicing factor 3  0.0067 0.8216 

SRSF4 Q08170 Serine/arginine-rich splicing factor 4  0.0476 0.7761 

TBCA O75347 Tubulin-specific chaperone A  0.0015 0.7408 

TIMM9 Q9Y5J7 Mitochondrial import inner 
membrane translocase subunit Tim9  

0.0475 1.1584 

TOP2A P11388 DNA topoisomerase 2-alpha  0.0092 0.5967 

TRNT1 Q96Q11 CCA tRNA nucleotidyltransferase 1, 
mitochondrial  

0.0307 0.6585 

U2AF1 Q01081 Splicing factor U2AF 35 kDa subunit  0.0474 0.7371 

VIM P08670 Vimentin  0.0095 0.7035 

XPO7 Q9UIA9 Exportin-7  0.0045 1.6497 

 

 
Figure 18. No correlation of EV and MMc for mothers pregnant giving birth to male neonates. 

Correlation of tetraspanin+ EV with the number of MMc in 106 cord blood mononuclear blood cells 
(CMBC) from male neonates born to mothers that participated in the (A) PRINCE study or (B) PRINCE-
COVID study. Correlation of PLAP+ EV with the number of MMc in 106 CMBC from male neonates born 
to mothers that participated in the (C) PRINCE study or (D) PRINCE-COVID study. 

 

   



XXII 
 

10 Acknowledgements 

entfällt aus datenschutzrechtlichen Gründen  



XXIII 
 

11 Curriculum vitae 

entfällt aus datenschutzrechtlichen Gründen 
  



XXIV 
 

entfällt aus datenschutzrechtlichen Gründen  



XXV 
 

entfällt aus datenschutzrechtlichen Gründen 

 

  



XXVI 
 

12 Publications 

Research articles 

Yüzen DI et al. (accepted, 2023) Pregnancy-induced transfer of pathogen-specific T cells 

from mother to fetus in mice. EMBO Reports. 

 

Yüzen DI & Graf I (2023) Increased late preterm birth risk and altered uterine blood flow 

upon exposure to heat stress. eBioMedicine. doi: 10.1016/j.ebiom.2023.104651. 

 

 

Review articles 

Yüzen DI & Graf I et al. (2023) Climate change and pregnancy complication: from hormones 

to the immune response. Front. Endocrinol. 14. doi: 10.3389/fendo.2023.1149284. 

 

Yüzen DI et al. (2022) Tissue-resident immunity in the female and male reproductive tract. 

Semin. Immunopathol. 44, 785-799. doi: 10.1007/s00281-022-00934-8.  



XXVII 
 

13 Affidavit 

Ich versichere ausdrücklich, dass ich die Arbeit selbständig und ohne fremde Hilfe verfasst, 

andere als die von mir angegebenen Quellen und Hilfsmittel nicht benutzt und die aus den 

benutzten Werken wörtlich oder inhaltlich entnommenen Stellen einzeln nach Ausgabe 

(Auflage und Jahr des Erscheinens), Band und Seite des benutzten Werkes kenntlich gemacht 

habe. Teilergebnisse der vorliegenden Arbeit – die in 3.1 beschriebenen Ergebnisse und der 

entsprechende Methodenabschnitt – wurden zur Veröffentlichung in EMBO Reports 

angenommen (Juli 2023). Teile der in 3.3 beschriebenen Ergebnisse und des entsprechenden 

Methodenabschnitts sind Teil der medizinischen Dissertation von Isabel Graf. Etablierung der 

Tests sowie Analysen wurden gemeinsam durchgeführt. 

Ferner versichere ich, dass ich die Dissertation bisher nicht einem Fachvertreter an einer 

anderen Hochschule zur Überprüfung vorgelegt oder mich anderweitig um Zulassung zur 

Promotion beworben habe. 

Ich erkläre mich einverstanden, dass meine Dissertation vom Dekanat der Medizinischen 

Fakultät mit einer gängigen Software zur Erkennung von Plagiaten überprüft werden kann. 

 

 

Unterschrift: ......................................................... 

Dennis Yüzen, Hamburg im August 2023  

 


