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Summarising Discussion 

1. A dynamic network of maternal immune cells at the maternal-fetal interface

Pregnancy is unique in that despite a natural immunogenetic conflict between two 

individuals (mother and baby), who have a distinct HLA make-up, the outcome is 

predominantly successful. A network of (immune) mechanisms is at play to maintain 

mutual tolerance at the maternal-fetal interface. Numerous studies, in both mice and 

humans, have investigated fragments of this network to get a better understanding of the 

tolerance mechanisms and cell types involved. Our still incomplete understanding of 

healthy human pregnancy has hampered our comprehension of complicated pregnancies. 

In this thesis, several players of the maternal immune system were investigated during 

healthy pregnancy, with a specific focus on the functionality and specificity of decidual 

CD4+ and CD8+ T cells. 

The presence of a heterogenous group of myeloid subsets in early pregnancy as described 

in Chapter 7 suggests an important role for antigen-presentation at the beginning of 

pregnancy, likely resulting in priming, activation and instruction of other decidual immune 

cells to ensure their proper functioning throughout pregnancy. Induction of Treg by 

decidual macrophages is an example of one such instruction provided by antigen-

presenting cells (APC) (Chapter 2). Innate lymphoid cells (ILCs), primarily decidual NK 

cells (dNK), are the most predominant immune cell type in early pregnancy where they 

play a role in vascularization by remodeling of the spiral arteries, promoting migration of 

extravillous trophoblasts (EVT) and providing immunity to invading pathogens. dNK can 

interact with HLA-G and HLA-C expressed by EVT and several subsets of ILCs have been 

identified in the decidua (1, 2) (Chapter 7). Crosstalk between dNK and decidual CD14+ 

myeloid cells results in the induction of Treg (3). In addition, Treg can be induced by EVT 

(Chapter 2), decidual stromal cells (DSC), and granulocytic myeloid-derived suppressor 

cells (4, 5). Peripheral blood neutrophils exposed to pregnancy hormones are also capable 

of inducing T cells with a regulatory phenotype (6). Distinct induction mechanisms result 

in a diverse population of Treg. Apart from the classical CD4+CD25+FOXP3+ Treg that 

have been widely characterized in healthy and complicated pregnancies, we identified 

two additional functional Treg subtypes with distinct gene expression profiles that control 

T cell responses at the maternal-fetal interface. Of interest here are the PD1HI Treg that 

suppress T cell proliferation in an IL-10 dependent manner and whose induction by EVT 

may involve antigen-specificity for HLA-C. This Treg subtype resembles Tr1 cells with 

the exception of lacking co-expression of the markers CD49b and LAG-3 (Chapter 2) 
(7). The complexity within the Treg compartment however appears more extensive as is 

illustrated in Chapter 7. A population of CD4+CD25+ T cells co-expressing FOXP3, Helios, 

and co-inhibitory receptors, conceivably nTreg, accompanied by cell types expressing 

the co-inhibitory receptors CD39, ICOS, TIGIT and PD-1 but lacking FOXP3 expression, 
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conceivably iTreg, advocates for a mixture of (self-specific) nTreg and (fetus-specific) 

iTreg at the maternal-fetal interface. A decrease of nTreg and increase of iTreg throughout 

gestation is suggested by diminished expression of FOXP3 and Helios in term parietalis, 

as is shown in Chapter 2. An interesting Treg-like subset with high expression of CD25 

and no CD127, FOXP3 and Helios expression was observed in the flow cytometry data 

in Chapter 7. Along with the other identified Treg-like subsets, this subset requires further 

investigation into its suppressive capacity and its presence and function in relation to 

complicated pregnancies and is a focus for future studies. CD4+CD25+FOXP3+ Treg were 

able to suppress both CD4+ and CD8+ effector T cells, whereas PD1HI and TIGIT+ Treg 

subtypes only revealed suppression of CD4+ effector T cells. The mechanisms of induction, 

means of suppression, and thereby cellular targets of distinct Treg subtypes are inherently 

different and a balance between the Treg subtypes appears necessary to maintain healthy 

pregnancy. An imbalance between nTreg and iTreg with a failure of iTreg induction and 

non-affected nTreg has been described in pre-eclampsia (PE) and may also play a role in 

other pregnancy complications (8). 

Treg suppress among others the effector functions of CD4+ T cells that have been 

initiated by their interaction with APC. In Chapter 7, mass cytometry revealed previously 

unexplored heterogeneity within the effector and memory decidual CD4+ T cell (CD4+ dT) 

compartment. Distinct CD4+ dT populations differed not only between early and term 

pregnancy, but also between term basalis and parietalis. Knowledge on the pro-inflammatory 

(Th1 phenotype) and anti-inflammatory (Th2 phenotype) profiles of these CD4+ dT 

cell subsets needs to be broadened, also to relate their dynamics and functions 

throughout gestation to the hypothesis of a Th1-Th2 shift in pregnancy (9, 10). An important 

observation that requires further exploration is the increase of activated effector 

CD4+CD25+CD127+ T cells complemented by an increase in regulatory-like 

CD4+CD25+CD127- T cells towards the end of pregnancy, mostly apparent in term 

parietalis. Strengthening this observation is an increase in CD4+CD25bright T cells from 

second trimester to term decidua parietalis that has previously been shown by Tilburgs et 

al. (11). Interestingly, several CD4+CD25+CD127+ T cell subsets were positive for FOXP3, 

a marker that has not only been described for CD4+ Treg, but also as an activation-induced 

marker on effector CD4+ T cells in humans (12, 13). This expression of FOXP3 is transient 

and protects conventional T cells from restimulation-induced cell death during activation-

induced proliferation (14). 

We hypothesize that activated CD4+ dT may partake in the inflammatory processes 

towards the end of pregnancy that are associated with parturition. To ensure that these 

activated CD4+ dT are kept under control, CD4+ Treg also increase in numbers towards the 

end of pregnancy. Therefore, an imbalance between activated CD4+ dT and CD4+ Treg, 

especially in term pregnancy, may trigger pregnancy complications such as pre-term birth 

and their interactions require further investigation. Of interest are also the CD4+ NKT-like 
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cells that were predominantly observed in early pregnancy and distinct CD8+ NKT-like cell 

subsets observed in early and term pregnancy (Chapter 7). Increased numbers of NKT 

cells were observed in women with unexplained recurrent miscarriage (15), implying that 

these cells may be targets of Treg for their regulation. 

Another significant cell type at the maternal-fetal interface that needs to be kept under 

control are the decidual CD8+ T cells (CD8+ dT). On the one hand, their effector 

functions appear to be reduced by their expression of gene signatures associated with T 

cell dysfunction together with increased protein expression of co-inhibitory receptors such 

as PD-1, TIGIT, and CD39, and low expression of the cytolytic molecule perforin. On the 

other hand, CD8+ dT appear to simultaneously express gene signatures of T cell activation 

together with increased protein expression of stimulatory receptors such as CD69, ICOS, 

and HLA-DR and have the ability to upregulate perforin and granzyme B expression, secrete 

pro-inflammatory cytokines, proliferate, and degranulate upon stimulation. The possible 

role that posttranscriptional modifications mediated by miRNAs may play in this increase 

of cytolytic capacity upon stimulation requires further exploration. This ‘strategic’ mixed 

state that CD8+ dT appear to reside in suggests that they are capable of remaining 

dysfunctional towards the semi-allogeneic fetus yet can be simultaneously activated in 

order to respond to invading pathogens (Chapter 3 and Chapter 7). Not all CD8+ dT 

simultaneously express co-inhibitory and stimulatory receptors and it remains to be 

investigated how the different CD8+ dT cell subsets are in balance with each other, whether 

they have distinct functions and antigen-specificity, and the role that Treg play in this dual 

function of CD8+ dT. For example, tissue-resident memory CD8+ dT were more frequent 

in early pregnancy and also showed co-expression of stimulatory and inhibitory receptors. 

Their function in early pregnancy may be taken over by different subsets of CD8+ dT in term 

pregnancy. Investigation into the proliferative and self-renewal potential of CD8+ dT, as 

hypothesized by the high expression of CD27 and co-expression of CD45RO and CD45RA, 

will be valuable in understanding the role of CD8+ dT during pregnancy (Chapter 7). 

Recently, the focus on the contribution of CD4+ Treg subtypes in the maintenance of self-

tolerance and prevention of auto-immune disease has expanded to an additional 

contribution of CD8+ Treg. Suppressive CD8+CD25+FOXP3+ regulatory T cells have been 

identified in both mice and humans and they are involved in infectious diseases, reveal 

reduced levels and function in auto-immune diseases, contribute to immune response 

evasion against tumors, and reduce the risk of transplant rejection in solid organ 

transplantation and graft-versus-host disease in hematopoietic stem cell transplantation 

(16, 17). It remains to be determined whether functional CD8+ Treg are present in mPBMC 

and decidua during healthy pregnancy and whether their levels are different during 

complicated pregnancies.



Chapter 08

188

Other cell types that are present at the maternal-fetal interface, and that have mostly 

been phenotypically described with little functional data, are B cells, TCRγδγδ T cells, NKT 

cells and MAIT cells. A role for anti-HLA-C antibodies, relevant for the local placental 

environment, has been suggested in recurrent miscarriages [18]. This observation, 

accompanied by the presence of several decidual CD20+ B cell subsets, suggests a 

(indirect) role for B cells at the maternal-fetal interface. Moreover, as contributions of 

TCRγδγδ T cells to transplantation outcomes and their role in HIV controllers (19, 20) have 

been described, further studies into the functionality, antigen-presentation, and interactions 

of these heterogenous cell types (Chapter 7) with other maternal immune cells and EVT 

during the course of pregnancy is essential. 

Maternal immune cells cannot be seen separate from EVT given how intermixed 

they are at the three maternal-fetal interfaces. Their interaction is crucial for the 

maintenance of immune tolerance and inconsistency in their combined efforts can result in a 

disadvantageous outcome. Besides a heterogenous population of maternal immune cell 

subsets, several subtypes of trophoblasts (cytotrophoblasts and EVT) and patterns of 

differentiation have recently been identified with single-cell RNA sequencing (RNA-seq) of 

placental cells obtained from first, second, and third trimester (21, 22). It remains unknown 

whether distinct trophoblast subtypes are established by an intrinsic differentiation program 

of the placenta, influence of the decidual microenvironment or a combination of both (23).

2. Migration and differentiation of maternal immune cells 

The relationship between two components of maternal immunity during pregnancy that 

are nearly impossible to study in humans are the local, decidual immune compartment 

and the systemic, peripheral blood immune compartment. t-SNE analyses exemplified in 

Chapter 7 showed clear separation between the decidual and peripheral blood immune 

cell subsets, yet their functions are likely not independent from each other. CDR3 spectra

typing fragment analysis of the CD4+ T cell TCRVββ repertoire revealed a more oligoclonal 

TCRVββ repertoire in CD4+ dT when compared to peripheral blood CD4+ T cells. This 

restricted CDR3 length distribution suggests local, clonal expansion of memory CD4+ dT 

by locally presented antigens, as has recently also been shown for decidual Treg (24). Here, 

a lack of clonal expansion by Treg was associated with PE. The presence of distinct subsets 

of myeloid cells, CD4+ T cells, CD8+ T cells, and ILCs in term basalis and parietalis also 

supports the concept of local expansion and differentiation of maternal immune cell 

subsets dependent on antigen availability and recognition in the different anatomical 

placental locations.

In addition to local expansion, influx of immune cells from the peripheral blood into the 

decidua may occur simultaneously. Before implantation, contact with seminal fluid 

induces immune cell recruitment into the endometrial stroma with consequences for the 

receptivity of the blastocyst and the decidual response (25). After implantation and 
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during early pregnancy, factors produced by the embryo and trophoblasts, such as 

progesterone and human chorionic gonadotropin (hCG), induce migration of circulating 

NK cells and Treg to decidual tissues (26, 27, 28). Furthermore, increasing numbers of 

circulating neutrophils during pregnancy (29) result in an influx of granulocytes into the 

placenta towards the end of pregnancy (Chapter 7), where they likely play a role in 

parturition. The CDR3 spectratyping fragment analysis also revealed overlap of a few 

CD4+ T cell TCRVββ subfamilies between mPBMC and decidua, reflecting a maternal 

origin of these clonally expanded cells in the decidua. Despite epigenetic chemokine gene 

silencing that is suggested to prevent the influx of T cells into the decidua in healthy murine 

pregnancies (30), placental infections may reduce this barrier to allow recruitment of T cells 

to the maternal fetal interface (31, 32) (Chapter 5). Other possibilities are the differentiation 

of immune cells from CD34+ hematopoietic progenitors present in the decidua or from 

precursor cells present in the uterine mucosa, as has been described for dNK (33, 34). 

Another aspect of cell migration is microchimerism where the interaction between mother 

and fetus during gestation remains visible years after pregnancy. This microchimerism 

involves the prolonged persistence of fetal progenitor cells and cell-free DNA in maternal 

blood and persistence of maternal cells in offspring well into adult life (35, 36). There is 

controversy about whether microchimerism has advantageous, such as clearing of tumors, 

or disadvantageous, such as auto-immunity, outcomes. To get closer to a consensus on 

this matter, it will be important for future studies to determine what cell types traffic between 

mother and child and what their function and specificity is.

3. Placental infections

T cells get activated by non-self antigens, such as viral and bacterial antigens, 

presented as peptides in self HLA. The most common congenital infection is human 

cytomegalo-virus (HCMV). HCMV sero-positive woman were shown to have a 1.5-fold 

increased risk to develop PE (37). Furthermore, clinical associations have been found 

between bacterial infections and pre-term birth (38). We have shown that primary EVT can 

get infected with HCMV in vitro (Chapter 2, 3) (39). In addition, EVT are susceptible to 

infection with Zika virus (ZIKV), Listeria monocytogenes, Toxoplasma gondii, and human 

immunodeficiency virus (HIV) (40, 41). Viral infections can alter the dynamics of peripheral 

blood CD8+ T cells during pregnancy (42), yet little evidence exists for a role of CD8+ 

dT to clear infections. HLA-A and -B-restricted virus-specific CD8+ T cells are present 

at higher percentages in the decidua compared to peripheral blood (43) and the ratio 

of perforin and granzyme B expression is significantly different between HCMV-specific 

CD8+ dT and peripheral blood CD8+ T cells. The data presented in Chapter 3 imply 

a general suppression of perforin protein expression in all CD8+ dT, including virus-

specific CD8+ dT, that may be overcome by T cell activation during viral infections 

of the placenta. During placental infections, EVT can only present pathogen-derived 
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antigens to T cells in the context of HLA-C. The presence of decidual HLA-C-restricted 

pathogen-specific CD8+ T cells has yet to be determined. Given that HLA-C-restricted 

cytotoxic CD8+ T cell responses comprise 54% of the total CD8+ T cell response in 

peripheral blood during HIV and HCMV infections (44, 45), it is crucial for future studies 

into the development and thereby clearance of pathogen-induced placental pathology 

to include investigation into HLA-C-restricted pathogen-specific CD8+ T cell responses 

(Chapter 5). 

CD8+ T cells are not the only players present at the maternal-fetal interface that 

may be involved in the clearance of placental infections. NK cells may provide 

protection where their killing of a target cell depends on the balance between 

activating ligands on infected cells binding to activating KIR resulting in cytotoxicity and 

the presence of MHC molecules that provide inhibitory signals resulting in tolerance. 

A skewing of KIR expression by dNK towards recognition of HLA-C is suggested in 

pregnancy (46) (Chapter 5). dNK are able to clear HCMV-infected DSC but fail to clear 

HCMV-infected EVT (47, 39). The expression of activating KIR2DS1 by dNK, but not pNK, 

enhanced the clearance of HCMV-infected HLA-C2-expressing DSC (39). dNK may utilize 

degranulation-independent mechanisms such as the secretion of the anti-microbial 

peptide granulysin to provide immunity to placental infections, yet at the same time 

maintain immune tolerance to invading trophoblasts (48, 49). Furthermore, HCMV-

infected EVT can induce CD25HIFOXP3+ and PD-1HI Treg to the same extent as non-

infected EVT, suggesting that under infectious conditions EVT are capable of 

maintaining immune tolerance (Chapter 2). The protective mechanisms utilized by EVT 

are also apparent under non-infectious conditions, where T cells do not degranulate

(Chapter 3) and produce IFN-γ γ in response to EVT. In addition, decidual macrophages 

show no alterations in cytokine secretion when co-cultured with EVT (50). How EVT are able 

to prevent their own killing by decidual NK and T cells, even upon infection with a virus 

or bacteria, resulting in immune tolerance at the possible expense of clearing pathogens 

is work for future studies and hints may lay in the escape mechanisms used by tumor cells.  

Placental infections provide a pro-inflammatory environment that may alter the stability, 

activation and function of Treg, dNK and CD8+ dT. While dNK have an abundance of 

intracellular granules containing cytolytic molecules, they fail to polarize these granules 

to the immune synapse with their target cells in the absence of pro-inflammatory signals. 

Decidual CD8+ T cells reveal suppressed expression of perforin yet are fully functional 

upon activation. What signals are required to activate dNK and CD8+ dT at the maternal-

fetal interface in case of placental infections, the interplay between these signals, and 

whether a threshold is in place to regulate this conflict between fetal and maternal responses 

to prevent allo-reactivity are important questions that need to be addressed to understand 

the maternal immune response against infections during pregnancy and how this may 
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lead to complications. Lastly, the controversial subject of whether the placenta is a sterile organ 

or not should be considered when investigating placental infections (51, 52). If microbiota 

are indeed present in the placenta, interactions between trophoblasts and placental 

microbiota may contribute to tissue homeostasis and alterations in their relationship may 

result in a pro-inflammatory environment involving maternal immune cells, as is proposed 

in pre-term birth (53). 

4. Fetal antigen-specificity

The fetus expresses inherited paternal antigens and is hereby considered a semi-

allogeneic graft that is immunologically foreign to the mother. T cells can get activated by 

the presence and recognition of non-self (allogeneic) HLA molecules. To maintain immune 

homeostasis during pregnancy and prevent a response against the semi-allogeneic 

fetus, T cell-mediated immune responses need to be tightly regulated. 

In pregnancy research, a lot of focus has been on the immune-modulatory HLA-G molecule 

[54]. This thesis has shed further light on the importance of HLA-C, the only polymorphic 

classical HLA class I molecule expressed by EVT. HLA-C molecules are major ligands for 

the KIR expressed by NK cells and the interactions between dNK and fetal HLA-C and 

its role in pregnancy complications have been described in several studies (46, 55, 39).

The presence of differentiated effector-memory CD8+ T cells at the maternal-fetal 

interface (Chapter 3) are an indication that CD8+ dT may recognize fetal antigens, 

such as paternal HLA-C or minor histocompatibility antigens (mHags). CD8+ dT 

proliferate in response to fetal tissues and HLA-A and -B-restricted CD8+ T cells 

specific for the mHags HY, HA-1 and HA-2 are present in mPBMC and decidua. 

Furthermore, paternal HLA antigens that had induced HLA-specific antibodies in 

mothers gave rise to elevated cytotoxic CD8+ T cell frequencies when compared with the 

response to third party antigens (56, 57, 58, 59, 32). Whether the recognition of placental 

and fetal antigens by CD8+ T cells is via direct recognition of foreign HLA molecules or 

occurs via “indirect” antigen presentation where T cell engagement requires the uptake of 

placental/fetal antigen by maternal APC, as has been described in mice, remains to be 

determined (60). Thus, future studies should focus on investigating whether HLA-C-

restricted CD8+ dT with specificity for paternal HLA-C exist at the maternal-fetal 

interface. We partly addressed this question in Chapter 4 by determining the cross-

reactive potential of virus-specific CD8+ T cells against allo-HLA-C. Cross-reactivity was 

observed for an HLA-B∗*08:01-restricted EBV-specific T cell clone against HLA-C∗*01:02, 

and HLA-C*06:02-restricted HCMV-specific T cell lines and clones displayed cross-

reactivity against HLA-C*∗03:02. 

We concluded that cross-reactivity against allo-HLA-C can occur and this potential 

is more common in HLA-C-restricted virus-specific T cells compared to HLA-A and 

-B-restricted virus-specific T cells. A crucial follow-up step is to determine whether 
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cross-reactivity against primary EVT expressing allo-HLA-C also occurs, or whether EVT 

possess protective mechanisms. 

CD4+ dT also revealed fetus-specific proliferation (56) and in Chapter 2 we observed 

a possible involvement of HLA-C specificity when PD1HI Treg are induced by EVT. 

Evidence for aberrant expression of HLA-DR in syncytiotrophoblasts in PE (61) 

together with possible specificity for fetal HLA-C addresses the importance of 

including examination into heterologous immunity in CD4+ dT against MHC class I and II

in future studies. An experiment that would complement the work presented in Chapter 2 
and 3 is to perform single-cell TCR sequencing of the effector-memory CD8+ and CD4+ 

T cell populations, and CD4+ Treg subsets to better map T cell dynamics and clonotypes. 

When combined with single-cell RNA-seq this can provide valuable information on the 

association between transcriptional signatures and the diversity of the T cell response 

repertoire in order to understand the extent of clonal overlap between T cell subsets, 

possible TCR selection due to exposure to similar antigens and thereby T cell plasticity 

at the maternal-fetal interface. Insights into the possible clonal relationships between 

T cell subsets may provide indirect information into whether memory CD4+ dT and 

CD4+ Treg subsets experienced similar antigen-specific interactions. 

To identify the exact antigens that are recognized, the above-mentioned experiment 

could be combined with a very recent described genome-wide method for the 

systematic discovery of T cell epitopes, named T-Scan (62). Kula et al. describe a platform 

where target cells express a library of lentivirally-delivered candidate antigens that are 

processed and presented endogenously on MHC molecules. These target cells are 

subsequently co-cultured with T cells of interest, and target cells that are functionally 

recognized by T cells are isolated using a reporter for granzyme B activity, and the antigens 

mediating recognition are identified by next-generation sequencing. Bulk memory CD8+ 

T cells isolated from the decidua could be expanded, followed by a screening of a 

genome-wide and/or virome-wide library of peptides in target cells only expressing HLA-C. 

This approach may aid in the discovery of virus-specific and self-specific T cell epitopes 

at the maternal-fetal interface.

EVT do not only express HLA-G and HLA-C, but also the non-polymorphic HLA-E molecule. 

HLA-E was first described as the ligand for CD94/NKG2A (inhibitory) and CD94/NKG2C 

(activating) NK cell receptors. It binds nonameric leader peptides of the signal sequences 

of HLA-A, -B (not relevant for trophoblast recognition), -C and -G molecules. dNK express 

high levels of CD94/NKG2A and their interaction with HLA-E on EVT may have essential 

implications on placental implantation (63). Emerging evidence reveals that HLA-E can 

also be recognized by the TCR of CD8+ T cells. HLA-E-restricted CD8+ T cells may have 

a role in infectious diseases, cancer and auto-immune diseases, and may present as an 

additional player in the decidua (64, 65).
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5. Future prospects: systems biology

The work presented in this thesis contributes an immunological part to a whole system 

where the placenta is the key player during pregnancy. Important, but often forgotten, 

when studying decidual immune cells is that hormones, such as estrogens, progesterone 

and hCG are known drivers of immune changes during pregnancy. Crosstalk between 

the immune system and hormones contributes to the outcome of pregnancy (66). To 

gain further insight into the mechanisms involved in healthy pregnancy and thereby 

comprehension of how even minor modifications in this system may result in an aberrant 

outcome, I advocate for the field of reproductive immunology to move towards systems 

biology. Systems biology is a holistic approach that is based on the understanding that 

the whole is greater than the sum of its parts. Up until now, researchers in the field have 

put in immense efforts to take apart the placental system and study the individual parts, 

thereby significantly increasing our understanding of the immunological paradox of 

pregnancy and some of the complications that may arise from it. However, when studying 

a complex, dynamic system such as the placental system during pregnancy and aspiring 

to predict trophoblast invasion, immune and stromal cell behavior and the possible role 

of pathogens and a microbiome in order to development diagnostic tools and 

therapeutic strategies in the future, it is not sufficient to understand only the individual parts. 

The missing link is to put all these parts together into one system. Moving forward, the data 

obtained from our mass cytometry study (Chapter 7) with in addition data obtained from 

pre-eclampsia, recurrent miscarriage and pre-term birth samples must be integrated 

with data from other technologies such as single-cell RNA-seq, single-cell 

TCR seq, the use of peptide-MHC tetramers to determine T cell antigen-specificity 

for epitopes (67), algorithms to predict ligand-receptor interactions (2), and imaging mass 

cytometry to define the cellular anatomical locations followed by neighborhood analysis 

to predict patterns in adjacent cells (Fig. 1) (68, 69). Subsequently, differential findings 

between healthy and complicated pregnancy samples should lead the way for functional 

analyses in vitro, into cytokine release, proliferation, and differentiation potential of the cell 

types involved. 

An approach where cell biology (both fetal and maternal cells), cell signaling, genomics, 

transcriptomics, proteomics, the influence of hormones, initial priming of cells by seminal 

fluid, and microbiota come together will form a platform to gain further insight into how this 

placental network functions, how cells interact with each and whether plasticity between 

cell types occurs, under healthy and pathological conditions. Although, decidual and 

peripheral blood immune cells cluster completely separate in t-SNE analyses (Chapter 
7), trafficking of cells between these two entities almost certainly occurs. In pregnancy 

complications both systems should be studied in parallel as the occurrence of certain cell 

subsets in the blood may predict what takes place locally in the decidua and may thereby 

as biomarkers to predict whether complications will occur. 



Chapter 08

194

It is challenging to study all parts of this dynamic network simultaneously without an in 

vivo model. Pregnancies in rodents are not representative of human pregnancies and for 

obvious ethical reasons it is impossible to study human pregnancy in vivo. An attempt may 

involve the use of trophoblast organoids and their co-culture with maternal immune cells 

with the addition of hormones and microbiota to understand how these entities talk to 

each other (70). Another way of mimicking this network is the development of a placenta-

on-a-chip where fetal and maternal cells interact, and a fluidics system mimics the trafficking 

of cells to and from the peripheral blood (71). These techniques will also be suitable for 

the investigation into placental infections and how pathogens are able to cross the 

placental barrier. 

Lastly, implementation of systems biology requires collaboration between cross-

disciplinary teams such as clinicians, immunologists, computational biologists, bioin-

formaticians and physicists. Collaborations with other fields that share immunological 

commonalities with reproductive immunology, such as cancer immunology, transplanta-

tion and auto-immunity, where a balance between tolerance and rejection is also at play, 

will further enhance our understanding of the placental ecosystem and aid in improving 

the development of immune-based therapies. In cancer for example, the escape of tumor 

cells from the host’s immune system and the ‘escape’ of the semi-allogeneic fetus from the 

maternal immune system may involve similar mechanisms (Fig. 2). 

Important to consider in systems biology and the use of multiple novel single-cell 

technologies, is the computational analysis that accompanies it. We as researchers 

Figure 1. Imaging mass cytometry on human decidual tissue. 
A third (term) trimester decidua basalis sample from a healthy pregnancy is visualized. This preliminary data reveals 
how spatial information on the decidual architecture can be gained with imaging mass cytometry. Colors 
represent the markers CD14 (lime), CD4 (red), CD8a (blue), CD31 (endothelial cells; white), and PD-L1 (cyan). 
Adapted from J. Krop. 2019.
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increasingly rely on automatic tools to interpret ‘big data’, thereby creating a gap between 

the computational output and the raw data. This gap can be minimalized by incorporating 

extensive quality control measures to ensure reproducibility and reliable interpretation of 

the data (Chapter 6).

6. Conclusion

Insights into the mechanisms that control uterine immune cells, their involvement in 

placental development and the progression of gestation resulting in a healthy 

pregnancy are essential to decipher pathological conditions such as pre-eclampsia, 

recurrent miscarriages, and pre-term birth. At present, the only treatment for 

pre-eclampsia is birth of the fetus and placenta, and clinical management is focused on 

postponing delivery and monitoring maternal blood pressure. Women who have suffered 

from pre-eclampsia have an increased risk for developing kidney and cardiovascular 

disease later in life (72). In recurrent miscarriages, interest in the use of corticosteroids 

and treatment with intravenous immunoglobulin (IVIG) to reduce pro-inflammatory 

activity by immune cells, as well as the administration of progesterone, aspirin, and 

heparin has not resulted in clear beneficial effects (73, 74, 75, 76). The maternal immune

system appears to play an important role in these placental disorders and potential for new

treatment options lies in strategies that target the maternal immune compartment in 

concert with the factors that influences it, such as priming by seminal fluid, hormones and 

interactions with trophoblasts, DSC, and the microbiome. 

In this thesis, several parameters involved in the maternal immune response during 

Figure 2. Similarities between the maternal-fetal interface and tumor microenvironment.
Both trophoblasts (left) and cancer cells (right) have the capacity to invade normal tissues and create a tolerant 
microenvironment, thereby also supporting angiogenesis. Adapted from Holtan et al. Mayo.Clin.Proc. 2009.
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pregnancy are discussed. T cell responses at the maternal-fetal interface are controlled 

by at least three subtypes of CD4+ Treg, though additional subtypes likely play a role. EVT 

and decidual macrophages directly increase Treg populations and antigen-specificity for 

HLA-C may be involved. Decidual CD8+ T cells seem to not only be controlled by Treg 

but exhibit a mixed transcriptional profile of activation and dysfunction enabling them to 

provide both tolerance and immunity. Regulation of the cytotoxicity of CD8+ dT is 

particularly important for virus-specific CD8+ T cells as they have the capacity to cross-

react against allo-HLA-C and thereby may have detrimental consequences for 

pregnancy outcome. Even though EVT maintain protective mechanisms against an attack 

from maternal immune cells, the pro-inflammatory milieu created by placental infections or 

any other factors directing an imbalance between CD4+ Treg subtypes, their induction and/

or their numbers (77, 78), a reduction in the number and/or an imbalance in the activation 

state of CD8+ dT and CD4+ dT (79, 80), and the expansion and/or recruitment of virus-

specific T cells (shown in mice) (81) that could lead to cross-reactivity, may ultimately 

affect maternal tolerance resulting in pregnancy complications. Nonetheless, cell clusters 

from both innate and adaptive immune cell lineages are correlated to each other in 

gestational-specific networks (Chapter 7) and in this integrated placental system is seems 

unlikely that pregnancy complications are caused by the aberrant function of one cell 

subset, but by an imbalance between several cell subsets. Future challenges therefore 

need to unravel which parameters derail this unique dynamic placental microenvironment 

in order to identify diagnostic markers that will aid in the development of novel therapies to 

treat pregnancy complications (Fig. 3). 

Figure 3. Systems biology in pregnancy.
Multiomics modeling, single-cell sequencing, imaging, and functional characterization of the placental micro-
environment during healthy and complicated human pregnancy.
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