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SUMMARY
Well-timed interaction of correctly functioning maternal immune cells is essential to facilitate healthy
placenta formation, because the uterine immune environment has to tolerate the semi-allogeneic fetus
and allow adequate trophoblast invasion. Here, we assess the uterine immune signature before and during
pregnancy. Extensive supervised and unsupervised flow cytometry clustering strategies not only show a
general increase in immune memory throughout pregnancy but also reveal the continuous presence of B
cells. Contrary to the belief that B cells are merely a consequence of uterine pathology, decidual B cells pro-
duce IL-10 and are found to be localized in clusters, together with Foxp3pos T cells. Our findings therefore
suggest a role for B cells in healthy pregnancy.
INTRODUCTION

The uterus is a highly dynamic compartment. Each cycle, in

preparation of pregnancy, the endometrium undergoes decidu-

alization, a complex process of mucosal differentiation and influx

of immune cells dictated by changing hormone levels. During the

early stages of pregnancy, the well-timed presence of correctly

functioning maternal immune cells contributing to both correct

trophoblast invasion of semi-allogeneic fetal cells and spiral ar-

tery remodeling is essential (Dimitriadis et al., 2005; Mor et al.,

2011; Robertson et al., 2011; Robertson and Moldenhauer,

2014). Impairment in the recruitment, induction, or activation of

immune components at the fetal-maternal interface can be

harmful for mother and/or child. Depending on the nature and

timing of the erroneous interactions, (recurrent) miscarriages,

preeclampsia (PE), intra-uterine growth restriction, or pre-term

labor (PTL) may occur (Mor et al., 2011; Redman and Sargent,

2010; Smith, 2010).

After the initial challenge of implantation, the uterine immune

environment faces the task of maintaining an anti-inflammatory

state (Mor et al., 2011). Maternal uterine immune cells have to

regulate the response to local or systemic infections, counteract-

ing threats tomaternal and fetal health while preventing a harmful
Ce
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inflammatory cascade. Any disbalance in the local immune

response during this crucial window of development may affect

the unborn child, with possible long-term effects on immunity

(Hsu and Nanan, 2014; Lasala and Zhou, 2007) or cognitive func-

tion (Ashdown et al., 2006; Ratnayake et al., 2013). In the last

stage of pregnancy, proinflammatory signaling facilitates physi-

ological uterine contractions through infiltration of leucocytes

into the decidua and myometrium and stimulation of cytokine

secretion (Shynlova et al., 2013a). In addition, these adaptations

may prepare for wound healing and tissue remodeling processes

after parturition (Mitchell and Taggart, 2009; Shynlova et al.,

2013b).

Although knowledge about the chronology of the systemic im-

mune states during pregnancy has advanced in recent years,

studies on gestational uterine immune cell fluxes are scarce

(Aghaeepour et al., 2017; Han et al., 2019). Here, we examined

local immune cell dynamics throughout human gestation using

endometrial lymphocytes derived from menstrual blood along-

side decidual tissue from 1st- and 2nd-trimester and term

decidua from uncomplicated pregnancies. We provide an over-

view of lymphocytes present within the uterus throughout gesta-

tion, with a focus on B cells with interleukin-10 (IL-10)-secreting

capacities.
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RESULTS

The Uterus Is a Highly Dynamic Immune Compartment
Onset and maintenance of pregnancy elicit both short-term and

long-term adaptations of local immunity to facilitate healthy

pregnancy. Thus, we assessed the immune cell composition in

human uterine tissues (menstrual blood and decidua) from the

non-pregnant phase, to the 1st and 2nd trimesters, and up to

term pregnancy using high-dimensional immunophenotyping

(Figure 1A). We first examined the abundance of the major

lymphocyte cell types in the uterine mucosa over time, using su-

pervised flowcytometric analysis. For menstrual blood mononu-

clear cells (MMCs), we observed that the natural killer (NK) cell

abundance (CD45posCD3negCD56pos) was relatively higher than

in peripheral blood (Figure 1B), as previously shown (Feyaerts

et al., 2017; Hosseini et al., 2014). NK cell levels were high in

1st-trimester decidua, stayed at that level in the 2nd trimester,

and dropped toward term (Figure 1B). Independent of the time

point of gestation, most decidual NK cells were negative for

CD16 and showed high expression of CD56 (NKbright, Fig-

ure S1C). Compared with peripheral blood, lower T cell

(CD45posCD3posCD56neg) frequencies were seen in MMCs,

decreased further in 1st- and 2nd-trimester decidua (Figure 1C),

and increased again toward term. In MMCs, the distribution of

CD4pos and CD8pos cells within the total CD3pos T cell population

was similar to that in peripheral blood (Figure S1D). After initiation

of pregnancy, within CD3pos T cells, the frequency of CD8pos

cells increased locally and remained at that level throughout

pregnancy. CD4pos T cell frequency decreased in 1st-trimester

decidua (Figure S1D). Overall abundance of CD4pos T cells within

all CD3pos T cells remained relatively low over the course

of pregnancy compared with MMCs or peripheral blood. Previ-

ously, the percentage of naive CD4pos (CD45RAposCCR7pos)

T cells was shown to decrease over the course of pregnancy

(Feyaerts et al., 2017). Here, we observed that this switch from

naive toward a memory/effector phenotype already takes place

at the earliest stage of pregnancy in 1st-trimester decidua

(Figures S1E and S1F). A slight drop in CCR4negCCR6neg

CXCR3posCD4pos T cells (T helper [Th] 1) was observed

in 2nd-trimester samples (Figure S1G). CCR4posCCR6pos

CXCR3negCD4pos (Th17) decreased from 1st trimester to term

(Figure S1G). A prominent role in the delicate balance of immu-

nity versus tolerance at the fetal-maternal interface is ascribed

to regulatory T (Treg) cells (Tsuda et al., 2019). Compared

with peripheral blood (CD4posFoxp3posHeliosposCD25Hi

CD127low/neg, Figure S1H), Treg cell levels in MMCs were low.

In pregnancy, levels rose gradually from 1st trimester to 2nd

trimester and then remained at this level up to parturition (Fig-

ure 1D). Although levels of natural killer T (NKT) cells

(CD45posCD3posCD56pos) in MMCs were similar to those in pe-

ripheral blood, their abundance in decidual tissue was highest

at term (Figure S1I). Samples of all gestational ages contained

a small CD3negCD19posHLA-DRpos B cell population (Figures

1E and 1F).

To further explore phenotypic features of the different cell pop-

ulations, we employed an unsupervised approach, using the

CITRUS (cluster identification, characterization, and regression)

tool on the Cytobank platform. This hierarchical clustering
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method stratifies cell subtypes based on similar descriptive fea-

tures (i.e., marker expression) that correlate with the assigned

sample type—in this case, gestational age (Bruggner et al.,

2014). The six most stratifying clusters to predict gestational

age are shown in Figures 1G and 1H. The most predictive

clusters were CD4pos T cells (cluster A, CD45posCD3posCD4pos

CD8neg), followed by NKbright (cluster B, CD45posCD3negCD56pos

CD16neg) cells, CD8pos T cells (cluster E, CD45posCD3pos

CD4negCD8pos), and Treg cells (cluster F, CD45posCD4pos

CD25HiHLAnegDRpos). In line with supervised analysis, T cell

clusters A, C, E, and F decreased in frequency of overall lympho-

cytes fromMMCs to 1st-trimester decidua and increased toward

term, whereas NK cell clusters B and D showed the reverse

pattern. Decidual NK cells expressing CD25 (cluster D,

CD45posCD3negCD56posCD25posCD16neg), an NK cell subtype

suspected to be upregulated because of trophoblast contact

at the fetal-maternal interface (Tao et al., 2015), was detected.

A cluster representing CD45posCD3negCD19posHLA-DRpos B

cells was present in both MMCs and decidual tissue at all gesta-

tional ages (Figure 1G).

Pregnancy Is Accompanied by a Gain in Decidual B Cell
Memory
Having established that B cells are present in decidua

throughout pregnancy, we investigated their phenotype in

more detail. Little is known on their phenotype within the uterine

mucosa. Supervised analysis revealed that similar to peripheral

blood, MMC-derived B cells were mainly naive (IgDposCD27neg,

Figure 2A). Their frequency was lower upon initiation of preg-

nancy and dropped further toward the 2nd trimester (Figure 2B).

Switched memory B cells (IgDnegCD27pos) increased from

MMCs throughout gestation (Figure 2C). Abundance of non-

switched memory B cells (IgDposCD27pos) was comparable

to that in peripheral blood and remained steady during

gestation (Figure 2D). The frequency of plasmablasts

(CD27posCD38pos/hiIgDneg) was low in MMCs and 1st-trimester

decidua compared with peripheral blood (Figure 2E). Plasma-

blast abundance increased from MMCs to 2nd-trimester and

term decidua. The overall frequency of B cells positive for

CD27, a memory marker, increased upon pregnancy (Figure 2F)

(Klein et al., 1998; Sanz et al., 2008).

Decidual B Cells Are Distinct from Peripheral Blood B
Cells
Recent studies emphasize the diversity in B cell subsets,

including populations with regulatory capacities (regulatory B

[Breg] cells), especially when comparing systemic to tissue-spe-

cific immunity (Hasan et al., 2019; Simon et al., 2016). To gain

more in-depth insight into B cell subsets in decidual tissues

versus peripheral blood, we employed aCITRUS-based,multidi-

mensional, unsupervised clustering analysis. While considered a

common B cell marker (Pavlasova and Mraz, 2020), we included

CD20 in our clustering analysis for assessment of its possible dif-

ferential expression. The decidual B cell population contained

four subsets that were absent from peripheral blood (clusters

I–IV, Figure 3A; marker expression, Figures 3C and 3D): cluster

I, comprising CD24hiCD27posCD38neg cells, and cluster II,

comprising CD24posCD27posCD38pos cells (cells of both clusters
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Figure 1. The Dynamic Immune Environment of Mucosal Tissue from Menstrual Blood to Term Decidua

(A) Representation of samples chosen and workflow to study decidual lymphocytes of varying time points in absence of, and during, pregnancy.

(B–D) Frequencies of NK cells (B), T cells (C), and Treg cells (D) in single-cell suspensions. Gating strategies are shown in Figures S1A and S1B. Peripheral blood

(PB), n = 20; menstrual blood (MMCs), n = 20; 1st trimester, n = 16; 2nd trimester, n = 11; term pregnancy, n = 9.

(E and F) CD19pos HLA-DRpos B cells could be found in MMCs and 1st-trimester, 2nd-trimester, and term decidua.

(G and H) Stratification of menstrual-blood-derived cells and decidual lymphocytes based on hierarchical clustering using CD3, CD4, CD8, CD14, CD16, CD19,

CD25, CD56, and HLA-DR to identify populations of similar marker expression and their abundance using the CITRUS tool by Cytobank. 5,000 events (gating

strategy, Figure S2A) were sampled per file, and prediction analysis for microarrays (PAM) clustering was applied to identify clusters contributing to gestational-

age-dependent, stratifying signatures (model error rate is shown in Figure S2B). The color scale illustrates the relative marker expression per cluster, whereas the

size of each node represents event frequency. As an example, CD56 expression is shown (G), and super-clusters indicate the frequency of each marker per

cluster (Figures S2C and S2D). Relative frequency of clusters compared with total lymphocyte count identified as most stratifying is shown for menstrual blood

and 1st-trimester, 2nd-trimester, and term decidua samples and ordered from A to F as they decrease in their contribution to stratification (H). Samples of <5,000

lymphocytes were excluded from analysis. MMCs, n = 20; 1st trimester, n = 40; 2nd trimester, n = 16; term pregnancy, n = 9.

p̂ < 0.05, ^̂p < 0.01, ^̂ p̂ < 0.001, Kruskal-Wallis and post hoc Dunn’s multiple-comparison tests to assess differences between mucosa and PB; *p < 0.05,

**p < 0.01, ***p < 0.001, Kruskal-Wallis test to compare MMCs with 1st-trimester, 2nd-trimester, and term decidua. Data are represented as mean ± SEM.
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were further characterized as IgDlowIgMlowCD20pos); cluster III,

comprising IgDnegIgMlowCD20negCD24hiCD27negCD38hi cells;

and cluster IV, comprising IgDposIgMlowCD20posCD24pos

CD27negCD38pos cells (Figure 3A). Cluster III was not observed

in term decidua. Two additional clusters were more
abundant in peripheral blood: cluster V, resembling

plasmablasts (IgDnegIgMlowCD20negCD24negCD27hiCD38hi

cells), and cluster VI (IgDposIgMposCD20posCD24low CD27low

CD38low cells) (Figure 3B; marker expression, Figures 3C

and 3D).
Cell Reports 32, 108204, September 29, 2020 3
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Figure 2. Differential Expression of B Cell Subsets in Samples of Decidua

(A–D) Gating strategy (A) for characterization of naive (B) and switched memory (C) and non-switched memory (D) B cells based on immunoglobulin (Ig) D and

CD27 expression (within B cells) (gating strategy, Figure S3A) in PB (n = 25), menstrual blood (MMCs, n = 11), and 1st (n = 39) and 2nd (n = 17) trimesters, as well as

term decidua (n = 8).

(E) CD27posIgDneg cells were further classified as plasmablasts in case of additional CD38 staining.

(F) CD27 positivity of CD19pos B cells.

p̂ < 0.05, ^̂p < 0.01, ^̂ p̂ < 0.001, Kruskal-Wallis and Dunn’s multiple-comparison tests to assess differences between isolated mucosal tissues and PB; *p < 0.05,

**p < 0.01, ***p < 0.001 to compare MMCs and 1st-trimester, 2nd-trimester, and term decidua. Data are shown as mean ± SEM.
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Decidual B Cells Have In Vitro IL-10-Producing Capacity
and Are Found in Clusters
Mouse studies revealed a role for Breg cells in healthy pregnancy

(Guzman-Genuino and Diener, 2017; Guzman-Genuino et al.,

2019b; Slawek et al., 2020). For human B cells, regulatory prop-

erties have been ascribed to several phenotypically distinct B

cell subsets, united in their ability to produce IL-10 (Sarvaria

et al., 2017). To examine the presence of possible Breg cells in

the different decidual tissues, we performed in vitro stimulation

of decidual and peripheral blood mononuclear cells (PBMCs) in

the absence or presence of CpG (TLR9 activation) and CD40L

(mimicking T cell-dependent triggering of CD40) (Daien et al.,

2014; Iwata et al., 2011). Upon stimulation, higher frequencies

of decidua-derived IL-10-expressing B cells compared with pe-

ripheral-blood-derived ones were found (Figures 4A and 4B). In

the absence of additional CpG and CD40L stimulation, 1st- and

2nd-trimester decidua-derived B cells already expressed IL-10

(Figure 4C).

Information on decidual B cell localization is scarce. Immuno-

histochemical analysis on 1st- and 2nd-trimester decidua re-

vealed that B cells were located close to T cells (Figure 4D).

Because several studies in humans and mice have pointed out

the importance of IL-10-secreting B cells for Treg cell induction

(Busse et al., 2019; Carter et al., 2011; Flores-Borja et al.,

2013; Xing et al., 2015), we investigated whether these decidual

lymphocyte clusters also harbored Treg cells. Additional staining

of Foxp3, a key transcription factor of Treg cells, showed the

presence of Foxp3posCD3pos T cells close to the B cells (Figures

4E and S3C).
4 Cell Reports 32, 108204, September 29, 2020
DISCUSSION

Pregnancy poses an immunological challenge, because semi-

allogeneic fetal cells have to invade maternal tissue for correct

placenta formation. Here, we provide an overview of the dy-

namic changes in lymphocyte subsets, shaping the gestational

immune environment. We highlight a possible role for decidual

B cells, whose potential contribution to healthy pregnancy is

starting to be considered. Our data reveal that B cells undergo

phenotypic adaptations in the decidual tissues over time, which

may be regarded as a physiological component of healthy

pregnancy.

The possible relevance of B cells for healthy pregnancy is gain-

ing attention (Dutta et al., 2019). In mice, it was shown that the

lack of mature B cells is associated with reduced litter size,

decreased size of the embryos, and higher susceptibility to pre-

natal infections (Busse et al., 2019). In women with common var-

iable immunodeficiency, a condition associated with reduced

frequencies of switched memory B cells in peripheral blood

(Bright et al., 2013), an elevated risk for preterm birth or other

pregnancy complications, such as PE, stillbirth, or vaginal

bleeding, was observed (Kralickova et al., 2015). Recurrent

miscarriage (Carbone et al., 2016; Ota et al., 2014) and PE

(Zeng et al., 2013) were linked to alterations in the induction of

B cell memory. Although there is no consensus regarding fre-

quencies of systemic B cell subsets in pregnant women, healthy

pregnancy, especially in its final stages, was consistently shown

to be marked by a decrease in absolute numbers of circulating B

cells (Bhat et al., 1995; Delgado et al., 1994; Kraus et al., 2012;
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Figure 3. Unsupervised Clustering of B Cell Subsets in Decidua

(A and B) Decidual B cells (n = 33) were stratified by automatic clustering based on IgD, IgM, CD20, CD24, CD27, and CD38 expression using the CITRUS tool by

Cytobank and compared with PB (n = 25). 246 B cells, as gated in Figure S3A for each sample, were used as input. A minimum cluster size of 2% was handled.

Clusters of significantly higher expression (clusters I–IV, A) or lower expression (clusters V and VI, B) in decidua comparedwith PB are shown, and abundance was

separated into the individual gestational time points. Abundance depicts the number of cells within a cluster divided by the total number of cells per sample.

Samples of <200 B cells were excluded. 1st trimester, n = 16; 2nd trimester, n = 13; term, n = 4.

(C) Clustering tree depicting the relationships of identified clusters. The color scale illustrates relative marker expression per cluster, whereas the size of each

node represents event frequency. As an example, CD38 expression is shown (remaining markers, Figure S3B).

(D) Marker expression of each subset in relation to overall expression.

p̂ < 0.05, ^̂p < 0.01, ^̂ p̂ < 0.001, Kruskal-Wallis and Dunn’s multiple-comparison tests; *p < 0.05, **p < 0.01 to compare 1st-trimester, 2nd-trimester, and term

decidua. Data are represented as mean ± SEM.

Report
ll

OPEN ACCESS
Lima et al., 2016; Watanabe et al., 1997). This may be explained

by a decrease in B cell lymphopoiesis, aswas shown inmice dur-

ing gestation (Medina et al., 1993; Muzzio et al., 2014), but it may

also result from distribution to local sites. Our observation that

naive B cells in early decidual tissues increase in abundance
and switch to a memory phenotype could be an indication that

redistribution occurs.

The question is, what purpose do these decidual B cells

serve? Although there are indications that B cells may contribute

to the inflammation required for the onset of labor (Gomez-Lopez
Cell Reports 32, 108204, September 29, 2020 5
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Figure 4. B Cells in Decidua Secrete IL-10

(A) Representative gating strategy for assessment of intracellular IL-10 in PB and decidual B cells. Live CD19pos events were selected. For each IL-10

assessment, a fluorescent-minus-one (FMO) strategy (using a staining mix excluding IL-10) was applied to cells subjected to the identical conditions for correct

positioning of the gate selecting IL-10-positive cells.

(B) 50,000 mononuclear cells were stimulated for 24 h with 5 mg/mL of CpG and 1 mg/mL of CD40L or (C) in absence of stimulation. PB, n = 7; 1st trimester, n = 15;

2nd trimester, n = 9.

(D) Representative immunohistochemistry of 10-week decidua stained for CD19 (brown) and CD3 (red) of decidual lymphocyte clusters (n = 8 in 3 biological

replicates, 9–14.5 weeks). Original magnification 340, scale bar (black) indicating 200 mm.

(E) Representative 4-color multiplex staining of 10-week decidua. Original magnification 320, scale bar (white) indicating 50 mm.

(F) Schematic representation summarizing colocalization of B and T cells. Decidual B cells are able to secrete IL-10, with a possible impact on Treg cell

maintenance and thus healthy pregnancy.

PIB, phorbol-12-myristate-13-acetate + ionomycin + brefeldin A. **p < 0.01 Kruskal-Wallis and Dunn’s multiple-comparison tests for comparison of PB and 1st-

trimester and 2nd-trimester decidua. Data are shown as mean ± SEM.
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et al., 2011), decidual B cells may serve an additional purpose.

Through supervised and unsupervised analysis, we observed

high frequencies of CD24hiCD27pos (cluster I) and CD24hiCD38hi

(cluster III) B cells in 1st- and 2nd-trimester decidua, cell types

associated with capacity for producing IL-10, a cytokine

involved in immune regulation (Hasan et al., 2019). In our hands,

decidual B cells produced IL-10 more than peripheral blood B
6 Cell Reports 32, 108204, September 29, 2020
cells, even without prior in vitro stimulation. The latter may sug-

gest that decidual B cells already received the necessary activa-

tion in utero. Unsupervised analysis revealed that these cell clus-

ters, together with two additional clusters expressing CD24 and

CD38 (clusters II and IV), are unique for decidua and not present

in peripheral blood. These cells might represent a specialized tis-

sue-resident B cell subset, or they may be induced de novo
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through local interaction with fetal cells. Indeed, recent in vitro

experiments point out that trophoblast cells have the capacity

to upregulate IL-10 in B cells, underlining the impact of fetal cells

on B cell stimulation during the peri-implantation period (Guz-

man-Genuino et al., 2019a). Likewise, upon in vitro stimulation,

B cells derived from 1st-trimester decidua produced IL-10. This

might support the notion that B cell-mediated IL-10 production

is induced relatively early in gestation, shortly after the primary

encounter with invading fetal trophoblast cells. So far, there is

only scant availability of data regarding decidual IL-10 expres-

sion in vivo (Hanna et al., 2000). Accordingly, by using immuno-

histochemistry, we found that in vivo IL-10-producing B cells

were not readily detectable. IL-10 staining in tissues poses a

technical challenge: IL-10 has a short half-life, it is rapidly

secreted, and secreted levels in vivo in the local microenviron-

ment, although functionally relevant, may likely be too low to

yield positive staining results (Kamanaka et al., 2006). Although

unsupervised clustering of decidual B cells did not show signifi-

cant differences in subsets between the 1st and the 2nd trimes-

ters, less IL-10 production upon in vitro stimulation of decidual

immune cells was observed in the 2nd trimester. It may be

possible that the potency of IL-10 production declines indepen-

dent of the unchanged phenotype.

CD20 is a well-known marker expressed by multiple B cell

subsets, among which are B cells with regulatory function (Blair

et al., 2010). Unsupervised analysis showed that the most abun-

dantly expressed B cell populations lacked CD20. Hasan and

colleagues showed the diverse heterogeneity of marker expres-

sion by Breg cells, but unfortunately, they did not include CD20 in

their study (Hasan et al., 2019). Although the biological function

of CD20 remains poorly understood, future studies might benefit

from considering CD20 as a differentially expressed marker.

We found that decidual B cells colocalized with T cells, similar

to what has been described for non-pregnant endometrium

(Yeaman et al., 1997). This colocalization supports the possibility

of a functional interaction that may go both ways: T cell-derived

cytokines may facilitate the induction of Breg cells (Rosser et al.,

2014), whereas through the production of IL-10, Breg cells may

contribute to the induction of Foxp3pos Treg cells (Blair et al.,

2010; Flores-Borja et al., 2013; Rosser and Mauri, 2015). In

decidua, we detected Foxp3pos T cells in clusters of lympho-

cytes located close to B cells. In healthy individuals, peripheral

blood Breg cells convert effector T cells to Treg cells through

IL-10 production and inhibit development of naive T cells toward

Th1 or Th17 cells (Flores-Borja et al., 2013), thereby mediating

suppression in case of a local inflammatory reaction (Rosser

and Mauri, 2015). It is thus tempting to speculate that the IL-10

secreted by nearby B cells contributes to placental Treg cell in-

duction and maintenance; these latter cells are well recognized

for their contribution to successful pregnancy (Aluvihare et al.,

2004; Saito et al., 2010). So, besides the idea that colocalization

of decidual T and B cells is a phenomenon exclusive to pathol-

ogies (Novak et al., 1988), the interaction between Breg and

T cells may just as well contribute to the required homeostasis

and the tight regulation needed for healthy placentation while

preserving immune competence at the fetal-maternal interface.

Unfortunately, the low number of B cells that can be isolated

per sample restricts experimental possibilities to assess their
suppressive capacity on T cells. Even though their contribution

in numbers within decidual lymphocytes is small, we propose

that their effect might be amplified through proximity and effect

on T cells and possible Treg cell induction (Figure 4E).

In conclusion, the current study highlights the complex dy-

namics of the human uterine immune landscape, including B

cells with the potential to contribute to the immune-regulatory

environment of the uterus during pregnancy.
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Antibodies

AE1/3, opal650; AE1/AE3 + 5D3 Abcam RRID:AB_1067432, Cat #ab86734

CD3, AP-red; F7.2.38 Abcam RRID:AB_302587, Cat #ab17143

CD3, PB; UCHT1 Beckman Coulter Cat #B49204

CD3, PE; UCHT1 Beckman Coulter Cat #A07747

CD3, ECD; UCHT1 Beckman Coulter Cat #A07748

CD3, opal520, sp7 ThermoFisher RRID:AB_1956722, Cat #MA1-90582

CD4, PE-Cy5.5; 13B8.2 Beckman Coulter Cat #B16491

CD4, PB; 13B8.2 Beckman Coulter Cat #B49197

CD4, AF700; RPA-T4 eBioscience RRID:AB_11219085, Cat #56-0049-42

CD5, APC-AF700; BL1a Beckman Coulter Cat #A78835

CD8, APC-AF700; B9.11 Beckman Coulter Cat #B49181

CD8, APC-AF750; B9.11 Beckman Coulter Cat #A94683

CD8, ECD; SFCI21Thy2D3 Beckman Coulter RRID:AB_2751015, Cat #737659

CD8, opal690; C8/144B Dako RRID:AB_1280806, Cat #ab75129

CD14, ECD; RMO52 Beckman Coulter Cat #IM2707U

CD16, FITC; DJ130c Beckman Coulter Cat #B49215

CD19, APC-AF750; J3-119 Beckman Coulter RRID:AB_2833030, Cat #A94681

CD19, DAB; EPR5906 Abcam RRID:AB_2801636, Cat #ab134114

CD19, opal570; EPR5906 Abcam RRID:AB_2801636, Cat # ab134114

CD20, PB; B9E9 Beckman Coulter Cat #A74777

CD24, APC; ALB9 Beckman Coulter Cat #A87785

CD25, PC7; M-A251 BD RRID:AB_396847, Cat #557741

CD25, APC; M-A251 BD RRID:AB_2819021, Cat #340907

CD27, PE-Cy5.5; BC96 Beckman Coulter Cat #B21444

CD38, PC7; LS198-4-3 Beckman Coulter Cat #B49198

CD45, KO; J33 Beckman Coulter RRID:AB_2833027, Cat #B36294

CD45, ECD; J33 Beckman Coulter Cat #A07784

CD45RA, FITC; ALB11 Beckman Coulter Cat #A07786

CD45RA, ECD; 2H4LDH11LDB9 Beckman Coulter Cat #B49193

CD56, APC; N901(NKH-1) Beckman Coulter RRID:AB_130791, Cat #IM2474

CD56, opal620; MRQ-42 Cell Marque Cat #156R-94

CD127, APC-750; R34.34 Beckman Coulter Cat #A71116

CD183, PerCp5.5; G025H7 Biolegend RRID:AB_10962908, Cat #353714

CD194, PE-Cy7; 1G1 BD RRID:AB_396907, Cat #557864

CD195, APC-Cy7; 2D7 BD RRID:AB_396861, Cat #557755

CD196, PE; 11A9 BD RRID:AB_397273, Cat #559562

CD197, BV421; G043H7 Biolegend RRID:AB_11203894, Cat #353208

Foxp3, e450; PCH101 eBiocience RRID:AB_1834364, Cat #48-4776-42

Foxp3, opal540; 236A/E7 eBioscience/Affymetrix RRID:AB_467556, Cat #14-4777-82

Helios, AF647; 22F6 Biolegend RRID:AB_10660750, Cat #137218

HLA-DR, PE; Immu-357 Beckman Coulter Cat #IM1639U

IgD, FITC; IADB6 Beckman Coulter Cat #735993

IgM, PE; SA-DA4 Beckman Coulter Cat #735951

(Continued on next page)

e1 Cell Reports 32, 108204, September 29, 2020



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

IL-10, PE; JES3-19F1 Biolegend RRID:AB_315454, Cat #506804

KI67, AF488; B56 BD RRID:AB_10611866, Cat #561165

FixViab, eFluor 780 eBioscience Cat #65-0865-14

Biological Samples

Human decidual and placental tissue (from

4.7-17.3 week gestation elective terminations)

Local reproductive health clinic N/A

Human term placental tissue (> 37weeks gestation;

from planned cesarean section following

uncomplicated pregnancy)

Radboud University Medical Center N/A

Healthy donor peripheral blood and menstrual

blood

donations

Radboud University Medical Center N/A

Chemicals, Peptides, and Recombinant Proteins

Accutase GIBCO Cat #A11105-01

Brefeldin A Sigma-Aldrich Cat #B7651

Collagenase type IV GIBCO Life Technologies Cat #C5138

DNase I Roche Diagnostics Cat #DN25

Ionomycin Sigma Aldrich Cat # 10634

Ficoll Lymphoprep Axis-Shield Cat# 07861

Percoll GE Healthcare Cat #17-0891-01

phorbol-12-myristate-13-acetate Sigma Aldrich Cat #16561-29-8

Recombinant human CD40L Shenandoah Biotechnology SHBT100-25AF

Critical Commercial Assays

CytoFix/CytoPerm intracellular staining kit eBioscience Cat #00-5523-00

Fluoromount-G SouthernBiotech Cat #0100-01

gentleMACS dissociation system Miltenyi Biotec GmbH https://www.miltenyibiotec.com/US-en/products/

Human granulocyte depletion cocktail RosetteSep Stemcell technologies Inc Cat #15624

Opal seven-color IHC Kit Akoya Biosciences Cat #NEL797B001KT

Oligonucleotides

ODN 2006 CpG Hycult Biotech Cat #HC4039

Software and Algorithms

Cytobank Cytobank https://www.cytobank.org/

GraphPad Prism 5 GraphPad Prism https://www.graphpad.com/

scientific-software/prism/

inForm software (Version 2.4.8) Akoya Biosciences https://akoyabio.helpdocs.com/phenoptics-

software-updates/inform-248

Kaluza (Version 1.3 and 2.1) Beckman Coulter https://www.mybeckman.nl/flow-cytometry/

software/kaluza

R plugin for Kaluza fcs export Beckman Coulter Benoit Dupont
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Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Renate

van der Molen (renate.vandermolen@radboudumc.nl).

Materials Availability
This study did not generate new unique reagents.

Data and Code Availability
The published article includes all datasets generated during this study. Raw flow cytometry data are available upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Peripheral bloodwas collected from 36 healthy female volunteers (mean age 22.8 years ± 3.4 years). Exclusion criteria were smoking,

chronic disease, medication, carrier of an infectious disease and pregnancy. Menstrual blood was provided by 28 healthy women

(exclusion criteria: known fertility disorder, potential carrier of an infectious disease, auto-immune disease, drug abuse, or use of hor-

monal or intra-uterine device contraceptives) with regular menstrual cycle. First and 2nd trimester material was obtained from dis-

carded placental and decidual tissue upon elective pregnancy termination of healthy women at a local reproductive health clinic.

No additional data other than gestational age at time point of termination was acquired. Exclusion criteria were carrier of an infectious

disease (active systemic infection), suspected to be a potential carrier of an infectious disease or an increased risk for infection (HIV,

Hep B/C, HTLV or similar), auto-immune diseases, drug abuse, intoxication with heavy metals or pesticides. Term placental tissue

(> 37weeks gestation) was collected from planned cesarean section following uncomplicated pregnancy. Exclusion criteria were

gestational age < 37 weeks, use of immunosuppressive drugs, biological or antidepressants, HIV positivity, active infection during

caesarean section, signs of infection (maternal fever or signs of intrauterine infection), use of antibiotics prior to caesarean section.

All gestational samples were assessed visually and excluded for processing in case of signs of infection (discoloration) or excessive

blood clots. Written informed consent was obtained for all volunteers donating blood or tissue for this study in accordance with the

Dutch Medical Research Involving Human Subject Act (WMO). The study was approved by the local review board (Commissie

Mensgebonden Onderzoek region Arnhem-Nijmegen, 42561.091.12, 2017-3253, 2014-232, 2009/004). An overview of all study par-

ticipants is given in Table S1. The amount of individual participants included per experiment is indicated in the according legend as

the amount of cells isolated per sample limited the number of experiments carried out simultaneously.

METHOD DETAILS

Sample collection
Peripheral blood was collected using EDTA tubes. For menstrual blood, women were asked to use a menstrual cup (Femmecup Ltd,

London, UK) and collect its content every 12h during the first 36h after initiation of menstruation. Contents of the cupwere poured in a

30 mL tube containing 10 mL of supplemented RPMI 1640 medium (1 mM pyruvate, 2 mM glutamax, 100 U/ml penicillin, 100 mg/ml

streptomycin (all Thermo Fisher Scientific Waltham, USA) 0.3% v/v sodium citrate (Merck Darmstadt, Germany) 10% v/v human

pooled serum; HPS, manufactured in-house) for storage at room temperature until processing. After collection, menstrual blood

samples were transferred to the lab immediately to undergo processing within max. 24h. First and second trimester tissue was trans-

ported to the lab at room temperature and processed immediately upon arrival.

Cell isolation
Flow cytometry staining was performed on either whole blood or, for Treg staining, on isolatedmononuclear cell populations. Periph-

eral blood mononuclear cells were isolated from whole blood based on density gradient separation (1.077 ± 0.001 g/ml, 290 ±

15mOsm, Lymphoprep, Axis-Shield, Oslo, Norway). Menstrual blood mononuclear cells were isolated following an established pro-

tocol (Feyaerts et al., 2018; Gamliel et al., 2018). This protocol typically results in cell viability of�96%. In brief, menstrual blood was

washed with PBS (Braun, Melsungen, Germany) and filtered (70 mm cell strainer Falcon�, Corning Inc., NY, USA) to remove clots or

excess mucus. A granulocyte depletion cocktail RosetteSep (Stemcell technologies Inc, Vancouver, Canada) was used according to

manufacturer’s instructions. After sterile density gradient centrifugation (Lymphoprep), menstrual blood mononuclear cells (MMC)

were collected. First and 2nd trimester decidual leucocytes were isolated from maternal mucosal tissue that was carefully selected

during visual assessment of the individual tissue pieces. Villous tissue, blood clots, glands and areas of blood infiltration were dis-

carded. At these early stages of gestation, the selected pieces of membrane do not contain fused fetal membranes yet. Tissue pieces

were minced mechanically using scissors and washed in PBS until the supernatant became transparent. For cells used for pheno-

typing, tissue was transferred to c-tubes (gentleMACS system) for additional mechanic processing using a MACS dissociator

(Miltenyi Biotec GmbH, Bergisch Gladbach, Germany) prior to incubation with Accutase (Stempro, GIBCO Life Technologies,

Waltham, USA) in a 1:2 tissue to enzyme ratio; a gentle dissociation method to preserve marker expression (Xu et al., 2015). For

B cell assays, washed tissue was digested using 0.2% collagenase (GIBCO Life Technologies, Waltham, USA) and 0.04% DNase

(Roche Diagnostics, Risch-Rotkreuz, Switzerland). Tissue digestion was performed in a shaking water bath at 37�C for 45 minutes.

After digestion, the solution was filtered through 100 mm, 70 mm and 40 mm cell strainers consecutively. Lymphocytes were obtained

through density gradient centrifugation by diluting the washed filtrate in 20 mL 1.023 g/ml Percoll (GE Healthcare, Little Chalfont, UK)

to be layered on gradient of 10 mL 1.080 g/ml and 15ml 1.053 g/ml Percoll (centrifugation for 25min at 2000rpm). Large cells

accumulating at the 1.053 – 1.023 g/ml interface were discarded and decidual leucocytes were isolated from the 1.080 – 1.053 g/

ml interface. Leucocytes were washed twice in RPMI before further use. For term decidua, decidua parietalis was separated from

the two fetal layers. The amnion was removed prior to scraping decidua parietalis from the chorionic membrane. After this, the isola-

tion procedure was identical to that of 1st and 2nd trimester.
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Flow cytometry staining and analysis
For whole blood staining, 25ml red blood cell lysis buffer [NH4CL + KHCO3/ Na4EDTA (Merck, Darmstadt, Germany) diluted in H2O

(Versol, Lyon, France)] was added to 1ml of peripheral blood for 10 min, and washed 3times with PBS. A minimum of 200.000 cells

was used for staining with fluorochrome-conjugated monoclonal antibodies (moAbs) of interest for 20 min at RT in the dark. For Treg

subset characterization and chemokine markers assessment a minimum of 500.000 mononuclear cells were used; 50.000 for intra-

cellular cytokine assessment. For intracellular staining, fixation and permeabilization was carried out according to manufacturer’s

instructions (eBioscience, San Diego, USA). IL-10 detection was preceded by incubation with Fixable Viability Dye-eFluor 780/Krome

Orange (eBioscience) in PBS for 30min at 4�C in the dark. Samples weremeasured using a 10-color Navios flow cytometer (Beckman

Coulter, Fullerton, CA, USA). For manual gating, data were analyzed using Kaluza V2.1 (Beckman Coulter). Gates were set based on

isotype controls and a fluorescent-minus-one strategy. Locations of gates were fixed except for CD3/CD56 based selection of NK

cells as shown in Figure S1. A detailed gating strategy for the various cell subsets and tissue types is shown in Figure S1B.

CITRUS clustering
For unsupervised analysis, manually gated lymphocytes (Figure 1) or CD3 negative lymphocytes (for B cell analysis in Figure 3) were

extracted (plug in provided by Beckman Coulter) before further processing using the web-based analysis platform Cytobank (http://

cytobank.org/) (Kotecha et al., 2010). Lymphocytes and CD19pos B cells, respectively, were chosen as input population. Files were

assigned to the appropriate gestational-age group, i.e., menstrual blood, 1st trimester, 2nd trimester and term. Unsupervised clus-

tering of lymphocyte and B cell frequencies was performed using the CITRUS tool. Clustering was performed based on abundance

with a minimum cluster size of 2% of total cells and a false discovery rate of 1%. For B cell clustering, samples of less than 200 B cell

events were excluded from analysis (lowest amount of events included was 246). Clustering was analyzedwith prediction analysis for

microarrays (PAM), a predictive model to identify features determining gestational age-dependent variation. Statistics associated

with all identified clusters related to Figure 3 are shown in Data S1.

B cell stimulation assays
50.000 peripheral blood mononuclear cells or decidual lymphocytes were cultured in the presence or absence of CpG (5mg/ml) and

CD40L (1mg/ml) stimulation, in 10% HPS culture media (RPMI 1640 medium supplemented with 1 mM pyruvate, 2 mM glutamax,

100 U/ml penicillin, and 100 mg/ml streptomycin) in a 96-well U-bottom plate for 24h at 37�C in a humidified 5%CO2 incubator. Phor-

bol-12-myristate-13-acetate (PMA, 50 ng/ml) and ionomycin (1 ug/ml) were added for the final 5h and brefeldin A (5mg/ml; Sigma-

Aldrich, St. Louis, USA) for the final 2h of incubation. IL-10 expression of viable B cells wasmeasured by flow cytometry as described.

Immunohistochemistry
Tissue samples were fixed in neutral buffered 4% formalin (Mallinckrodt Baker Inc, Deventer, the Netherlands) for 4h, transferred to

70% ethanol before preparation in a Tissue-Tek VIP tissue processor for embedding in paraffin. Slides were deparaffinized in xylene

before rehydration, washing in tap water and boiling in Tris-EDTA buffer (pH 9, Klinipath). 6 mm sections were stained for either IHC or

IF staining. For IHC staining, antibody bindingwas visualized by diaminobenzidine (Thermo Scientific) or Poly-HRP-goat-anti-mouse/

rabbit/rat IgG (BrightVision, Duiven, the Netherlands) with permanent red. IHC staining was assessed microscopically (AxioImager

M2; Zeiss, Sliedrecht, the Netherlands) and sections were photographed using a high resolution color camera for bright field micro-

scopy (AxioCam 105 color, Zeiss). Images were assessed using ZEN blue edition version 2.3 (Zeiss). For IF staining, visualization was

performed using the Opal seven-color IHC Kit (Akoya Biosciences) on the BOND RX IHC & ISH Research Platform (Leica Bio-

systems). All staining cycles contained heating steps in between cycles. Tissue sectionswere counterstainedwith DAPI andmounted

in Fluoromount-G (SouthernBiotech). Images of stained slides were acquired using the Vectra (Vectra 3.0.4, PerkinElmer) and ex-

ported with inForm software (Version 2.4.8, Akoya Biosciences).

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analysis was performed using GraphPad Prism 5 (La Jolla, CA, USA). All values represent mean percentages ± SEM

(error bars). Kruskal-Wallis and post hoc Dunn’s multiple comparison test (non-parametric) were performed to assess differences

between mucosal isolates compared to peripheral blood as well as when assessing differences between mucosal tissues. Details

on sample size and statistical outcomes can be found in the respective figure legends.
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