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Summary

During pregnancy, maternal regulatory T cells (Tregs) are important in establishing immune 

tolerance to invading fetal extravillous trophoblasts (EVTs). CD25HIFOXP3+ Tregs are 

found at high levels in decidual tissues and have been shown to suppress fetus-specific 

and non-specific responses. However, limited data are available on additional decidual 

Treg types and the mechanisms by which they are induced. This study investigated three 

distinct decidual CD4+ Treg types in healthy pregnancies with a regulatory phenotype 

and the ability to suppress T cell responses: CD25HIFOXP3+, PD1HIIL-10+, and TIGIT+

FOXP3dim. Moreover, co-culture of HLA-G+ EVTs or decidual macrophages with blood 

CD4+ T cells directly increased the proportions of CD25HIFOXP3+ Tregs compared to 

T cells cultured alone. EVTs also increased PD1HI Tregs that could be inhibited by HLA-C and 

CD3 antibodies, suggesting an antigen-specific induction. The presence of distinct Treg 

types may allow for the modulation of a variety of inflammatory responses in the placenta.
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Introduction

During pregnancy, CD4+CD25HIFOXP3+ regulatory T cells (Tregs) are found at high 

levels in decidual tissue and have the ability to suppress fetus-specific and non-specific 

responses (1, 2). Most interestingly, HLA-C mismatched pregnancies (where the fetus and 

extravillous trophoblasts (EVTs) express an HLA-C allotype that the mother does not have) 

had increased levels of functional CD4+CD25HI Tregs in decidua, compared to HLA-C 

matched pregnancies (3). Furthermore, in vitro co-culture of naive CD4+ T cells with 

EVTs directly increased the proportion of CD4+FOXP3+ Tregs, compared to CD4+ T cells 

cultured alone (4, 5, 6). This suggests that maternal T cells may specifically recognize 

fetal HLA-C, but its expression on EVTs promotes immune tolerance. The importance 

of maternal immune tolerance for fetal HLA-C is further illustrated by a recent study 

suggesting that HLA-C antibodies may contribute to the etiology of miscarriage (7). The 

proportion of circulating FOXP3+ Tregs was shown to be diminished in maternal blood 

obtained after spontaneous preterm birth (SPTB) (8, 9, 10), preeclampsia (PE) (11, 12) and 

in decidual tissue obtained after recurrent spontaneous miscarriage (13, 14). Furthermore, 

clonally expanded CD4+ CD25HICD127–CD45RA– Treg populations were observed in 

healthy term pregnancy decidua, and failure of this clonal expansion may be related to 

development of preeclampsia (15). The importance of Tregs was also demonstrated in 

murine pregnancy models (16, 17, 18, 19). Depletion of CD25+ Tregs during allogeneic 

matings, but not syngeneic matings, resulted in an increased resorption rate (16). Besides 

highlighting the role for Tregs, this also demonstrated that in the absence of Tregs, effector 

cells cause immunologic rejection of allogeneic fetal or placental tissues. A more recent 

murine study demonstrated that FOXP3+ Tregs with specificity to paternal antigens were 

generated extrathymically and accumulated in the placenta. In this study, females with 

impaired ability for extrathymic Treg induction showed increased fetal resorption rates 

and had increased influx of immune cells to the placenta in allogeneic matings, but not 

syngeneic matings (20). Other pathways and molecules have been demonstrated to 

play a role in Treg induction during pregnancy, including the blockade of the PD1-PDL1 

pathway that led to reduced decidual CD25+FOXP3+ Treg numbers and increased embryo 

resorption in mice, which could be abrogated by adoptive CD25+FOXP3+ Treg 

transfer (21). This demonstrates the importance of PD1-PDL1 for decidual Treg 

induction. However, specific factors that contribute to diminished decidual Treg numbers or 

function during pregnancy complications have not been identified in human pregnancy. 

Thus far, research on the role of Tregs in human pregnancy has mainly focused on FOXP3+ 

Tregs (22, 13, 14, 8, 9, 23, 25, 10, 2,15), while other types of FOXP3- Tregs have not been 

studied in as much detail. Most importantly, only a handful of studies provide functional 

analysis of peripheral blood (11, 12) and decidual Tregs (2, 3) during human pregnancy. 

FOXP3, in combination with high expression of CD25 and HELIOS and the absence of 
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CD127 expression, primarily identifies natural Tregs (nTregs), although whether HELIOS 

is a defining marker for human nTregs remains controversial. The nTregs are generated 

in the thymus, are specific for self-antigens, and are responsible for preventing anti-self 

(autoimmune) responses (26, 27). In contrast, induced Tregs (iTregs) are generated in the 

periphery and can be specific for a large variety of antigens, including allo-antigens and 

viral-antigens (28, 29, 30). A well-characterized type of iTregs are Tr1 cells that secrete high 

levels of IL-10; express PD1; co-express CD49b and LAG3, but do not express FOXP3; and 

are important in the control of alloimmune responses (31, 32). Other iTregs include TIGIT+ 

cells that modulate antigen-presenting cells (APC) through interaction with CD155 on APCs 

and Tr35 cells that function through secretion of IL-35, an immune suppressive cytokine (33, 

34). A large variety of other markers have been used to identify distinct iTreg populations 

(including but not limited to FOXP3, CD25, GITR, TIM3, CD39, LRRC32 (also known as 

GARP), LAP, and CCR8) (35, 36, 37, 38). None of these markers are truly specific for iTregs, 

as they can also be expressed on activated T cells. Thus, to identify iTregs, functional 

assays are required to demonstrate their capacity to suppress immune responses such as 

proliferation, cytokine secretion, and cytotoxicity (39, 30). In this study, we provide 

extensive phenotypic and functional characterization of three types of decidual CD4+ 

Tregs in uncomplicated human pregnancies and investigate the ability of HLA-G+ HLA-C+ 

EVTs and decidual macrophages, the main APCs at the maternal-fetal interface, to increase 

Treg proportions.

Results

Distinct CD4+ T cell types with a regulatory phenotype are present in decidual tissue

FACS analysis on freshly isolated peripheral blood CD4+ T cells (CD4+ pTs) and 

decidual CD4+ T cells (CD4+ dTs) isolated from first-trimester decidua (gestational age 6–12 

weeks) and term placenta decidua basalis (d.basalis) and decidua parietalis (d.parietalis) 

(gestational age > 37 weeks) was performed to determine cell surface expression of 

CD45, CD4, CD25, PD1, TIGIT, CD127, CD45RA, CD49b, and LAG3 and intracellular 

expression of FOXP3 and HELIOS. A clear population of activated nTregs was identified 

in all tissues based on the high expression of CD25, FOXP3, and HELIOS and the lack of 

CD45RA and CD127 (Fig. 1; Fig. S1A-S1D) (26). While the percentage of FOXP3+ and 

HELIOS+ cells within this CD25HI population significantly decreased in term pregnancy 

decidua, the proportion of HELIOS+ cells within CD25HIFOXP3+ cells remained relatively 

stable (Fig. 1D, right panel). A second T cell population was identified based on the high 

expression of PD1, the lack of FOXP3 and HELIOS, and low CD25. LAG3 and CD49b were 

not expressed by CD4+ dTs. While both CD25HI and PD1HI cells co-expressed high levels 

of TIGIT, a third population of CD4+ dTs also expressed high levels of TIGIT and low levels 

of FOXP3, HELIOS, PD1, and CD25 (Fig. 1; Fig. S1A-S1D). FOXP3 expression in TIGIT+ 

cells was significantly lower than in CD25HI cells (Fig. S1E). The t-Distributed Stochastic 

Neighbor Embedding (t-SNE) analysis confirmed the separation of these three T cell 
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Figure 1. Three distinct CD4+ T cell populations express Treg-associated markers. 
(A and B) Representative FACS plots (A) and percentages (B) of CD25HI, PD1HI, and TIGIT+ cells within CD4+ 
T cells in blood, decidua 6–12 weeks, d.basalis >37 weeks, and d.parietalis >37 weeks. (C and D) Representative 
FACS plots (C) and percentages (D) of FOXP3+ and HELIOS+ cells within the four CD4+ T cell types and HELIOS+ 
cells within CD25HIFOXP3+ cells in blood, decidua 6–12 weeks, d.basalis >37 weeks, and d.parietalis >37 weeks 
(n = 8–10). Bars represent median and interquartile range; *p < 0.05, **p < 0.01 and ***p < 0.001. 
See also Figures S1-S3.
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populations (Fig. S2) that hereafter will be named (1) CD25HIFOXP3+, (2) PD1HI, and (3) 

TIGIT+. These three CD4+ T cell types were purified by FACS sort and analyzed for their 

ability to produce the pro- and anti-inflammatory cytokines IFNɣ, IL-2, and IL-10 

upon phorbol 12-myristate 13-acetate (PMA)/Ionomycin stimulation. PD1HI T cells from 

all tissues expressed the highest levels of IL-10 and coexpressed IFNɣ (Fig. S3), 

suggesting a resemblance to Tr1 cells (31). CD25HIFOXP3+ cells of all tissue 

compartments expressed the lowest levels of IL-10, IFNɣ, and IL-2, whereas 

TIGIT+ cells expressed high levels of IFNɣ and IL-2 and low levels of IL-10. 

A limitation of this study is the lack of clinical information on the blood and tissues used 

for experiments that may have impacts on Treg phenotypes and contribute to the observed 

variation in Treg proportions. However, a previous report did not find an influence of 

clinical variables such as mode of delivery and fetal sex on the presence of CD4+

CD25dim activated T cells and CD4+CD25HIFOXP3+ Tregs in decidual tissues of term 

pregnancy (3).

CD25HIFOXP3+, PD1HI, and TIGIT+ suppress proliferation of CD4+ and CD8+ Teff cells

To determine the capacity of CD25HIFOXP3+, PD1HI, and TIGIT+ T cells to suppress 

proliferation of effector T cells (Teffs), carboxyfluorescein succinimidyl ester (CFSE)-

labeled CD4+ or CD8+ Teffs were stimulated with anti-CD3 and -CD28 beads in the 

presence or absence of sample-matched Tregs for 4 days in a 1:2 Treg to Teff ratio. 

CFSE profiles were analyzed to determine the percentage of undivided cell (generation 0) 

and the average number of divisions per cell (division index) within the CD4+ and CD8+ 

Teffs cultured with and without Tregs (Fig. 2A). All three CD4+ Treg types in decidual 

samples of 6–12 weeks suppressed proliferation of CD4+ Teffs. This is illustrated by the 

significant increase in the percentage of undivided cells (Fig. 2B), and a significant 

decrease of the division index (Fig. 2E) upon co-culture of Tregs and Teffs, compared to 

stimulated Teff cultured alone. Additionally, purified PD1dim cells from 6-12 week decidual 

tissues did not suppress proliferation of CD4+ T cells (Fig. S4A). CD25HI FOXP3+ T cells 

also suppressed proliferation of sample-matched CD8+ Teffs, whereas PD1HI and TIGIT+ 

cells did not consistently reduce CD8+ Teff proliferation (Fig. 2C and 2F). Analysis of the 

three T cell populations from term placenta d.parietalis demonstrated that these cells 

had a reduced capacity to suppress CD4+ Teff proliferation, compared to their first-trimester 

counterparts (Fig. 2D and 2G), whereas peripheral blood CD25HI and PD1HI, but not 

TIGIT+ cells, suppressed proliferation of CD8+ Teffs (Fig. S4B-S4D). To determine if IL-10 

secretion by PD1HI Tregs is their predominant mechanism to suppress proliferation of CD4+ 

Teffs, as was previously shown for Tr1 cells (31, 32), anti-IL-10R blocking antibodies or 

immunoglobulin G (IgG) control  antibodies were added to anti-CD3 and -CD28 stimulated 

CFSE labeled CD4+ Teffs cultured alone or with sample-matched CD25HI or PD1HI cells. 

Indeed, addition of IL-10R antibodies abrogated the suppressive capacity of PD1HI cells 

but not of the CD25HI cells that were added in parallel control cultures (Fig. 2H).
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Figure 2. Decidual Tregs suppress proliferation of Teffs.
(A) CFSE dilution of 6-12-week decidual CD4+ Teffs (upper panel) and CD8+ Teffs (lower panel) stimulated 
with anti-CD3/28 and co-cultured with or without CD25HI, PD1HI, or TIGIT+ Tregs during 4 days in a 1:2, Treg:
Teff ratio. Percentages of the undivided Teffs are shown. (B–G) Fold change (FC) in the percentage of 
undivided cells (B–D) and in the division index (E–G) after the addition of CD25HI, PD1HI, or TIGIT+ Tregs, compared 
to CD4+ Teffs 6–12 weeks (B and E), CD8+ Teffs 6–12 weeks (C and F), and CD4+ Teffs >37 weeks (D and G) 
cultured alone. (H) Addition of IL-10R blocking antibodies to Teffs +PD1HI but not Teffs + CD25HI cultures inhibit 
suppression of proliferation, measured by FC in percentage of undivided cells, compared to isotype control 
cultures. Bars represent median and interquartile range; In (B)–(G): n = 7–11; (H): n = 3–4; *p < 0.05, 
**p < 0.01 and ***p < 0.001; values > 1 for FC % undivided cells and < 1 for FC division index represent 
suppression of proliferation. Division index reflects the number of divisions per cell as calculated in FlowJO v7.6.5. 
See also Figure S4.
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CD25HIFOXP3+ and PD1HI Tregs influence cytokine production of CD4+ and CD8+ Teffs

Next, the capacity of decidual CD25HIFOXP3+, PD1HI, and TIGIT+ Tregs to influence 

production of pro- and anti-inflammatory cytokines by CD4+ and CD8+ Teffs was 

investigated. CFSE-labeled CD4+ Teffs and CD45-Alexa700 labeled CD8+ Teffs were 

cultured with or without sample matched Tregs in a 1:1:1 CD4 Teff: CD8 Teff: Treg ratio and 

stimulated with anti-CD3 and -CD28. At day three, the cells were restimulated with PMA and 

Ionomycin for 6h in the presence of GolgiStop for the last 4h. CD4+ Teffs, CD8+ Teffs, and 

Tregs were identified (Fig. S5A) and analyzed for the presence of intracellular cytokines 

IFN-ɣ, TNF-αγ, and IL-10 (Fig. S5B). Addition of CD25HI cells significantly decreased the 

percentage of IFN-ɣ+ and TNF-αγ+ CD4+ and IFN-ɣ+ CD8+ Teffs (Fig. 3A, 3B, and 3D). 

Addition of PD1HI cells significantly increased the percentage of IL-10+ CD4+ and CD8+ 

Teffs (Fig. 3C and 3F) but also increased the percentage of IFN-ɣ + CD8+ Teffs (Fig. 3D). 

Figure 3. Decidual Tregs influence cytokine production by CD4+ and CD8+ Teffs.
(A–F) Graphs depict absolute change (D) in percentage of IFN-ɣ+ (A and D), TNF-αγγ+ (B and E), and IL-10+ (C and 
F) decidual CD4+ Teffs (top panels) and decidual CD8+ Teffs (bottom panels) upon addition of sample-matched 
CD25HI, PD1HI, or TIGIT+ T cells, compared to CD4+ Teffs and CD8+ Teffs cultured alone. Bars represent median and 
interquartile range; n = 4–5; *p < 0.05, **p < 0.01. See also Figure S5.
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TIGIT+ cells did not consistently change the production of cytokines by CD4+ or CD8+ 

Teffs (Fig. 3). Analysis of cytokine production by Tregs themselves confirmed the overall 

low expression of cytokines by CD25HI cells and high expression of IL-10 by PD1HI cells  

(Fig. S5C). Thus, besides suppressing Teff proliferation, both CD25HI and PD1HI Tregs also 

modulated the production of cytokines by Teffs.

CD25HIFOXP3+, PD1HI, and TIGIT+ Tregs from decidua and blood express distinct 

transcriptional profiles

To further investigate the molecular mechanisms the three Treg types may utilize to 

modulate T cell proliferation and cytokine production, RNA was isolated from CD25HI 

FOXP3+, PD1HI, and TIGIT+ Tregs purified from peripheral blood, first-trimester decidua 

(6–12 weeks), and term pregnancy d.parietalis (>37 weeks). The BioMark Fluidigm 96x96 

QPCR chip was used to detect gene expression. Sixty-six primer pairs had detectable 

CT values and melting curves (gene and primer list are included in Table S1). CT values 

were normalized against GAPDH (ΔCT), and the fold change (FC) was calculated 

relative to the median ΔCT of the blood CD4+ Teffs. Expression levels of CD25, FOXP3, PD1, 

and TIGIT confirmed the purity of the Treg fractions (Fig. S6A). K-means cluster analysis 

of gene expression in the four T cell populations visualized two separate gene clusters 

in blood and decidua. Cluster I identified a set of genes, including CD25, FOXP3, TIGIT, 

CD39, LRRC32 (GARP), ST2, BATF, and CCR8, which are highly expressed by CD25HI 

FOXP3+, low in PD1HI, and intermediate in TIGIT+Tregs (Fig. 4A). Cluster II identified a set 

of genes, including PD1, IFNɣ, IL-10, CCR5, and CXCR3, that are upregulated by PD1HI 

Tregs (Fig. 4B). Heatmaps depicting the differentially expressed genes identified in 

these clusters are shown (Fig. 4C-4E). These data further support that CD25HI 

FOXP3+, PD1HI, and TIGIT+ are separate Treg types that may utilize distinct molecular 

mechanisms of immune modulation. Additional K-means cluster analysis revealed 

several key regulatory genes that differ throughout gestation and between decidual 

and blood Tregs (Fig. S6B and S6C). Decidual CD25HIFOXP3+ Tregs show increased 

expression of CCR5, ST2, CD25, BATF, IL10, GITR, LRRC32 (GARP), and CCR8, 

compared to blood CD25HIFOXP3+ Tregs, while decidual PD1HI Tregs had increased 

expression of IL-10, IFNɣ, and CCR5, compared to blood PD1HI Tregs. Interestingly, first 

trimester decidual TIGIT+ Tregs increased expression of IL-10, IFNɣ, LRRC32, and GZMA, 

while term pregnancy TIGIT+ Tregs had increased expression of, for example, VEGFA, 

IFNɣ, GITR, and CD39 (Fig. S6B and S6C). Flow cytometric analysis of freshly isolated 

Tregs from all tissues confirmed differential protein expression of key mRNAs identified 

here (Fig. S7). The increased expression of a variety of cytokines (e.g., IL-10, IFNɣ), 

chemokines (e.g., CCR5, CCR8), activation markers (e.g., HLA-DR, GZMA), and co-

inhibitory genes and molecules (e.g., CD39, TIM3, LRRC32) on decidual Tregs may 

suggest increased Treg activation and suppressive function in decidual tissue to 

regulate inflammatory responses at the maternal fetal interface. 
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Figure 4. Gene expression profiles of CD4+ Tregs and Teffs.
(A and B) K-means clustering identified two clusters of genes (A and B) that significantly correlate their mRNA 
expression pattern among CD25HI, PD1HI, TIGIT+, and Teffs. Blood (left panels), decidua 6–12 weeks (middle panels), 
and d.parietalis >37 weeks (right panels) are depicted. (C–E) Heatmaps depict differentially expressed genes 
identified in these clusters in blood (C), decidua 6–12 weeks (D), and d.parietalis >37 weeks (E). n = 4 for all T cell types. 
See also Figures S6 and S7.
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EVTs and decidual macrophages increase Treg proportions during co-culture

Previous studies demonstrated that EVTs directly increased FOXP3 levels in CD4+

CD25HI Tregs during co-culture (5, 6) and that decidual macrophages favored Treg 

differentiation (39). To investigate the capacity of EVTs and decidual macrophages to 

increase the three Treg types, EVTs and decidual macrophages isolated from first-trimester 

placental tissue were cocultured with naive CD4+ pTs for 3 days as described 

previously (6). Co-culture of EVTs or decidual macrophages with CD4+ pTs significantly 

increased the proportion of FOXP3+ and HELIOS+ Tregs (Fig. 5A). EVTs, but not decidual 

macrophages, also increased the proportion of PD1HI Tregs, while neither EVTs nor decidual 

macrophages changed the TIGIT+ population (Fig. 5A). To determine whether EVTs and 

decidual macrophages increased Treg proportions through cell-cell contact or by secretion 

of soluble factors, EVTs or decidual macrophages and CD4+ pTs were co-cultured in a 

transwell system. Separation of EVTs or decidual macrophages from CD4+ pTs by a 

transwell membrane resulted in a small but not significant decrease in the induction of 

FOXP3+ and HELIOS+ cells by EVTs and decidual macrophages (Fig. 5B and 5C), 

suggesting that both cell-cell contact and soluble factors may play a role in the induction 

of FOXP3+ cells by EVTs and decidual macrophages. In contrast, when EVTs and CD4+ 

pTs were separated by a transwell membrane, the increase in the proportion of PD1HI cells 

was abrogated, demonstrating that cell-cell contact is required here (Fig. 5B). To further 

investigate the mechanisms by which EVTs and decidual macrophages increase Treg 

proportions, additional cell cultures were established where EVTs or decidual 

macrophages were co-incubated with CD4+ pTs in the presence of IgG controls and blocking 

antibodies for a panel of co-inhibitory molecules and anti-inflammatory cytokines. 

The increase in FOXP3+ cells was not reversed by addition of any of the blocking 

antibodies tested in EVT co-cultures (TCR coreceptor CD3; HLA-C; HLA-G receptor ILT2; 

HLA-G; coinhibitory molecule PDL1; and the immune modulatory cytokine TGFβ) 

(Fig. 5D) and decidual macrophage co-cultures (ILT2, HLA-DR, PDL1, TGFβ, IL-10 

receptor (IL-10R)) (Fig. 5E). Interestingly, addition of HLA-C and CD3 antibodies significantly 

inhibited the induction of PD1HI cells by EVTs (Fig. 5F), while blocking HLA-G 

interactions resulted in a small but not significant reduction. Blocking ILT2, PDL1, and TGFβ 

in the EVTs and CD4+ T cell co-cultures did not significantly affect induction of PD1HI cells

by EVTs (Fig. 5F). The question of whether placental viral infections alter Treg induction 

or Treg stability and thereby exacerbate placental inflammation is clinically important. 

EVTs were infected with human cytomegaloviruses (HCMVs), the most common 

pathogen to infect the placenta and a major cause of congenital disease (41). Interestingly, no 

differences were observed in the capacity of healthy or HCMV-infected EVTs to increase 

CD25HIFOXP3+ and PD1HI Treg proportions (Fig. 5G). Collectively, these results suggest 

that Tregs can locally be induced by EVTs and decidual macrophages and that antigen-

specificity may be involved.
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Figure 5. EVTs and decidual macrophages increase Treg proportions.
(A) CD4+ T cells were cultured alone or in the presence of EVTs or decidual macrophages for 3 days. Cells were 
analyzed for the percentage of FOXP3+, HELIOS+, PD1HI, and TIGIT+ cells as described in Figures S1A and 
S1B. (B) CD4+ T cells were cultured alone, with EVTs, or with EVTs separated by a transwell membrane for 3 days 
and analyzed for the percentage of FOXP3+, HELIOS+, and PD1HI cells. (C) CD4+ T cells were cultured alone, 
with decidual macrophages, or with decidual macrophages separated by a transwell membrane for 3 days 
and analyzed for the percentage of FOXP3+ cells. (D–F) CD4+ T cells were cultured alone or with EVTs or 
decidual macrophages in the presence of IgG, or blocking antibodies for CD3, HLA-C, ILT2, HLA-G, PDL1, 
TGFb, and IL-10R and analyzed for the percentage of FOXP3+  (D and E) and PD1HI (F) cells. (G) CD4+ T cells were 
cultured alone or with EVTs or HCMV-infected EVTs and analyzed for the percentage of FOXP3+ and PD1HI cells. 
Bars represent median and interquartile range; n = 8–14; *p < 0.05; **p < 0.01; ***p < 0.005.
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Discussion

Modulation of co-inhibitory molecules and Tregs function has exceptional 

therapeutic potential for treatment of a wide variety of inflammatory disorders, including 

cancer, chronic infection, autoimmune disease, and pregnancy complications. This study 

has refined our view of Treg populations at the maternal-fetal interface by presenting 

phenotypic and functional data of three Treg populations, CD25HI FOXP3+, 

PD1HIFOXP3-IL-10+, and TIGIT+FOXP3dim Tregs, found in decidual tissues of human 

first-trimester and term pregnancy. Functional suppression assays confirmed that decidual 

CD25HIFOXP3+ Tregs suppress proliferation and production of IFNɣ and TNFαγ by CD4+ 

and CD8+ Teffs. Decidual PD1HI Tregs were shown to suppress proliferation of CD4+ (but 

not CD8+) Teffs in an IL-10-dependent manner. PD1HI Tregs also increased expression 

of IL-10 in Teffs, possibly resulting in a positive feedback loop sustaining Teff suppres-

sion while inducing additional IL-10 secreting Tregs. Decidual TIGIT+ cells significantly 

inhibited CD4+ T cell proliferation but did not influence CD8+ Teff proliferation or cytokine 

production, suggesting TIGIT+ Tregs only have limited capacity to suppress T cells, but 

their ability to suppress other cell types (e. g. APCs) was not investigated here. Further 

analysis of gene and protein expression of all Treg types in blood and decidua clearly 

separated the three Treg types and revealed that many immune regulatory molecules 

(e. g. CTLA4, ST2, LRRC32, GITR, IFNɣ, and IL-10) have increased expression in decidua 

compared to blood. Thus, decidual Tregs are highly activated and have the potential to 

influence immune responses through a variety of molecular pathways and cellular targets. 

Of importance here is further investigation into the contribution of decidual Treg types 

on the modulation of decidual CD8+ effector-memory T cells, which were shown to have 

signatures of T cell activation and dysfunction (42). 

Most interesting here is the discovery of the role of HLA-C in the induction 

of PD1HI Tregs by EVT. EVTs, but not decidual macrophages, have the capacity to direct-

ly increase PD1HI  Tregs through cell-cell contact. Blocking of the TCR co-receptor CD3 

or HLA-C in these EVT and CD4 T cell co-cultures significantly reduced this increase, 

suggesting that antigen-specificity may be involved. Although it is well established that 

CD4+ T cells recognize major histocompatibility complex (MHC) class II molecules, MHC 

class I restricted CD4+ T cells have been reported (42). Decidual PD1HI Tregs somewhat 

resemble Tr1 cells that have been extensively characterized in murine tissues (44) and 

human peripheral blood (31, 45). Their similarities include the high expression of PD1, 

IL-10, IFNɣ, and granzymes and the lack of FOXP3 expression. In contrast to Tr1 cells 

that were shown to depend on the ILT2-HLA-G pathway for their induction (46), induction 

of PD1HI cells by EVTs induction was not dependent on the HLA-G receptor ILT2, while 

directly blocking HLA-G during the EVT and CD4 T cell co-culture resulted in a small but not 

significant decrease of PD1HI Tregs induction. Tr1 cells were also shown to be induced 

by DC-10 through IL-10 secretion and interaction of HLA-G and ILT4 (47). Thus, other 
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decidual cell types such as HLA-G+ DC-10, that are found in decidual tissues may 

contribute to induction of the PD1HI Tregs described here (48). The main mechanisms of Tr1-

mediated suppression are the secretion of IL-10 and killing of APCs by granzyme B (49). 

The expression of perforin and granzymes in first-trimester decidua PD1HI Tregs may 

suggest they can also diminish APC activity using this pathway. Tr1 cells were identified in 

HLA-mismatched fetal liver hematopoietic stem cell transplant (HSCT) patients and were 

shown to suppress allogeneic responses in transplant patients and prevent autoimmune 

responses (50,  32). While the specificity of decidual PD1HI Tregs remains unknown, the 

requirement for direct cell-cell contact with EVTs for their induction, as well as the role for 

the TCR co-receptor CD3, may provoke speculation that decidual PD1HIIL-10 Tregs have 

specificity for fetal allo-antigens expressed by EVTs (e.g., HLA-C). In comparison with 

decidual PD1HI Tregs, decidual CD25HIFOXP3+ Tregs had an increased capacity to 

suppress proliferation and a more potent capacity to suppress IFNɣ and TNFαγ production 

by CD4+ and CD8+ Teffs. Thus, the mechanisms of suppression utilized by CD25HIFOXP3+ 

Tregs and PD1HI Tregs as well as the effects on their cellular targets are inherently different. 

The increased levels of co-inhibitory proteins and/or mRNAs (e.g., CTLA-4, GITR, CD39, 

ST2, LRRC32) expressed by decidual CD25HIFOXP3+ Tregs compared to blood CD25HI 

FOXP3+ Tregs suggests increased Treg activation and suppressive function in decidual 

tissue to regulate inflammation at the maternal-fetal interface. Furthermore, it demonstrates 

that decidual Tregs may utilize distinct molecular mechanisms of immune modulation 

against a variety of cellular targets beyond the inhibition of CD4+ and CD8+ Teff responses. 

The question of whether decidual Tregs are nTregs generated in the thymus with specificity 

for self-antigens or iTregs generated in the periphery with specificity for paternal antigens is 

immunologically interesting and of clinical relevance. It was previously reported that HELIOS 

is a marker of thymic-derived Tregs, while HELIOSneg Tregs were induced from FOXP3neg 

T cells in the periphery (51). HELIOS and FOXP3 double-positive Tregs had increased 

suppressive capacity, more stable FOXP3 expression, and dissimilar TCR repertoire 

compared to HELIOSnegFOXP3+ Tregs (52, 53). Instability of HELIOS-deficient Tregs 

was also associated with conversion to a T-effector phenotype and enhanced antitumor 

immunity (54), and HELIOS was shown to control certain aspects of Treg- suppressive 

function, differentiation, and survival (52). However, the lack of HELIOS expression does 

not exclusively identify human iTregs (55). Here, we demonstrate that human decidual 

CD25HIFOXP3+ Tregs have a high expression of HELIOS, which reduces in term pregnancy 

decidua as well as in cases of miscarriage, as was shown previously (13). Furthermore, 

we demonstrate that co-culture of CD4+ T cells with EVTs or decidual macrophages 

both significantly increased the expression of FOXP3 and HELIOS, advocating for either 

a local expansion of FOXP3+ and HELIOS+ nTregs or a possible de novo induction of 

FOXP3+ and HELIOS+ iTregs. The increased suppressive capacity of first-trimester CD25HI 

Tregs compared to term pregnancy CD25HI cells aligns with the observation that HELIOS  
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expression increases and/or stabilizes Treg function. Clonally expanded CD4+

CD25HICD127–CD45RA– Treg populations were observed in term pregnancy decidua (15), 

and preferential recruitment of fetus-specific CD25HIFOXP3+ Tregs from the maternal 

peripheral blood to the maternal-fetal interface has been suggested to occur in human 

pregnancy (2). Furthermore, CD4+CD25HI Tregs had increased suppressive function when 

they were isolated from decidual tissue with a maternal-fetal HLA-C mismatch compared 

to an HLA-C match (2). In neither of these studies was HELIOS expression investigated, 

but an explanation to align these observations may be that CD25HIFOXP3+ Tregs are a 

mixed population of self-specific nTregs and fetus-specific iTregs. Another explanation may 

suggest that an increased induction of other iTreg types (e.g., PD1HI Tregs) induced in 

response to fetal allo-antigens may indirectly increase or enhance CD25HIFOXP3+ Tregs 

stability and/or function through secretion of immune-suppressive IL-10 and/or other 

factors. Because of the intracellular nature of HELIOS and the lack of other markers to 

distinguish CD25HIFOXP3+ nTregs from iTregs, it is technically not possible to investigate 

functional differences between these cells from human tissues. A further focus on the 

mechanisms by which both CD25HIFOXP3+ and PD1HIIL-10 Tregs are induced by EVTs and 

decidual macrophages at the maternal-fetal interface as well as the effects of their mutual 

interactions will contribute to answering burning questions on their origin and antigen 

specificity. 

In contrast to our expectations, infection of EVTs with HCMVs did not diminish the 

ability of EVTs to increase CD25HIFOXP3+ and PD1HI Tregs, suggesting that HCMV infection 

does not alter the capacity of EVTs to promote immune tolerance. This is in line with a 

previous observation that decidual natural killer (NK) cells degranulated in response to 

HCMV-infected maternal decidual stromal cells, but not in response to HCMV-infected EVTs, 

suggesting that immune tolerance is maintained at the expense of efficient clearance of 

HCMV infection (41). Relevance of the distinct Treg populations should be addressed by 

studying their presence and functionality in cases of pregnancy complications. Decreased 

proportions of decidual CD4+CD25HI FOXP3+ and HELIOS+ Tregs were associated with 

spontaneous recurrent miscarriage (13,14) and preeclampsia (11, 12, 56). The detailed 

phenotypic characterization, combined with gene expression and extensive functional 

analysis of multiple Treg populations as presented here, provides a strong platform for 

guiding analysis of altered Tregs in clinical conditions for which no systematic 

functional Treg characterization has been performed. 

This study provides strong evidence that multiple types of decidual Tregs, including 

nTregs and iTregs, play a key role in maintaining maternal-fetal immune tolerance during 

pregnancy. Moreover, the decidual micro environment contains cell types, particularly 

EVTs and decidual macrophages, which have mechanisms to stabilize and expand Treg 

populations. Of importance here is the data demonstrating that blocking the TCR 

co-receptor CD3 as well as HLA-C during EVT-CD4 T cell co-cultures inhibited the increase 

in PD1HI Tregs, suggesting antigen-specificity. Further, characterization of decidual Tregs 
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and Teffs in placental materials obtained after spontaneous preterm birth, preeclampsia, 
and intrauterine infections will accelerate discovery of therapeutic targets to prevent and 
cure these severe pregnancy complications, as is underway for treatment of many types of 
cancer and autoimmune diseases.

Materials and Methods

Discarded human placental and decidual materials (gestational age 6-12 weeks) 

were obtained from women undergoing elective pregnancy termination at a local 

reproductive health clinic. Term placental tissues (gestational age > 37 weeks) were 

obtained from healthy women after uncomplicated pregnancy at term delivered by elective 

cesarean section or uncomplicated spontaneous vaginal delivery at Tufts Medical Center. 

All tissues were visually inspected for signs of excessive inflammation (including 

discoloration, large infarctions and foul odor) and only healthy tissues were used for further 

processing. Peripheral blood leukocytes were isolated from discarded leukopacks from 

healthy volunteer blood donors at the Massachusetts General Hospital in Boston, MA. 

All human tissue used for this research was de-identified, discarded clinical material. 

No clinical information including the fetal sex and sex of blood donors was available for 

analysis. The Committee on the Use of Human Subjects (the Harvard IRB) determined 

that this use of placental and decidual material is Not Human Subjects Research. Term 

placental tissue was collected under a protocol approved by Tufts Health Sciences IRB. 

All procedures to process these human blood and tissues materials are described in 

method details.

Isolation of T cells and decidual macrophages

The procedures to isolate lymphocytes and EVT have recently been described 

(6) and are also described in detail hereafter. To isolate 1st trimester decidual 

lymphocytes, villous and decidual tissues from elective pregnancy terminations were 

macroscopically identified and separated. Decidua parietalis from term pregnancy was 

collected by removing the amnion and delicately scraping the decidua parietalis from the 

chorion. Decidua basalis was macroscopically dissected from the maternal side of the 

placenta. Collected decidual tissues were washed with PBS, minced and thereafter 

digested with 0.1% collagenase type IV and 0.01% DNase I (Sigma-Aldrich) gently shaking 

in a water bath for 75 min at 37ºC. After digestion, released lymphocytes from 1st trimester 

and term placenta decidua were washed with RPMI 1640 (Life technologies) containing 10% 

FBS (Atlanta Biologicals) for 8 min at 1800 rpm and filtered through 100 mm, 70 mm and 

40 mm sieves (BD, Labware; NJ). Lymphocytes were dissolved in 20 mL 1.023 g/ml Percoll 

(GE Healthcare) and layered on a Percoll gradient (10 mL 1.080 g/ml; 15ml 1.053 g/ml) 

for density gradient centrifugation (25min, 2000rpm). Decidual lymphocytes were isolated 

from the 1.080 – 1.053 g/ml interface, and decidual macrophages were isolated from the 

1.053 – 1.023 g/ml interface. Cells were washed twice with RPMI and directly stained 
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for flow cytometric analysis on a BD LSR-II or for FACS sort on a BD FACS ARIA-II. 

Peripheral blood CD4+ T cells were isolated using a RosetteSep human CD4+ 

enrichment cocktail (Stem Cell Technologies) followed by Ficoll (GE Healthcare) density 

gradient centrifugation (20 min, 2000 rpm).

Flow Cytometry

Antibodies used for flow cytometry are listed in the Key Resources Table. For surface 

staining, cells were stained for 30 min on ice in PBS 1% NCS. For intracellular staining, cells 

were fixed and permeabilized using the eBioscience FOXP3 staining kit (eBiosciences). For 

detection of intracellular cytokines, CD4+ T cells were stimulated for 6 hours with phorbol 

12-myristate 13-acetate (PMA; 1 mg/ml; Sigma) and Ionomycin (1 mg/ml; Sigma), and 

Golgistop was added for the last 4 hours (1 ml/ml; BD Biosciences). Cells were fixed 

and permeabilized using the BD CytoFix/CytoPerm kit (BV Biosciences). Acquisition and 

analysis was performed on a LSR-II (BD) using FACS Diva software. t-SNE analysis was 

performed using FlowJo 10 software.

Suppression of T cell proliferation assay

Purified decidual or peripheral blood CD4+ T cells were sorted on a BD FACS Aria into 

four fractions (CD4+CD25HI, CD4+PD1HI, CD4+TIGIT+ and CD4+ Teff) according to the 

gating strategy described in Figure S1. Decidual CD8+ T cells were obtained from the 

same decidual sample. For CFSE labeling CD4+ Teff and CD8+ cells were resuspended

in PBS at a concentration of 0.2 -1.0 x106 cells per ml. CFSE (Invitrogen) was added in 

a 1:2500 dilution and cells were incubated for 5 min in a water bath at 37ºC. Cells were 

washed with X-VIVO 10 supplemented with 50U IL-2 and 5% human AB serum (Corning) for 

8 min at 1800 rpm. Cells were resuspended at 0.4 x106 cells per ml in X-VIVO 10 

supplemented with 50U IL-2 and 5% human AB serum. Treg were cultured with the CFSE-

labeled Teff in a 1:2 ratio of 20.000 Treg: 40.000 Teff cells, with the addition of Dynabeads 

Human T-Activator CD3/CD28 (1 ml/ml). After four days, cells were collected and stained 

for CD4-PerCP, CD8-Alexa700 and CD45-PacificOrange. CFSE dilution of CD4+Teff and 

CD8+ T cells was analyzed using the proliferation analysis tool of FlowJo v7.6.5 software. 

The percentage of undivided cells (generation 0) was calculated based on the total 

number of cells. The division index was calculated by FlowJo software and reflects the 

average number of divisions per cell. Suppression of T cell cytokine production assay 

Purified decidual CD4+CD25HI, CD4+PD1HI, CD4+TIGIT+, CD4+ Teff and CD8+ T cells 

were obtained as described above (Fig. S1). CD4+ Teff cells were labeled with CFSE 

(Invitrogen) and CD8+ cells were labeled with CD45-Alexa700. Treg were cultured with 

CD4+ and CD8+ Teff in a 1:1:1 ratio (20.000 Treg: 20.000 CFSE+ CD4+ Teff: 20.000 Alexa 

700+ CD8+ Teff). Control cultures without Treg contained CD4+ and CD8+ Teff in a 1:1 

ratio (30.000 CFSE+ CD4+ Teff: 30.000 Alexa700+ CD8+ Teff). CD3/CD28 Dynabeads

(1 ml/ml) were added to all cultures and after three days, cells were re-stimulated with 2.5 
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ng/mL PMA in combination with 0.1 mg/mL ionomycin for 6h in the presence of 1 mg/mL 

GolgiStop (BD Bioscience). Cells were collected and stained for cell surface 

expression of CD4-PerCP, CD8-Alexa700, CD45-Pacific Orange and intracellular 

expression of IL-10, IFNg and TNFa upon fixation and permeabilization (CytoFix/Cyto

PermTM Plus kit (BD)). Acquisition was performed on an LSR-II (BD) using FACS Diva 

software for analysis following the gating strategy shown in (Fig. S4).

RNA isolation and QPCR chip analysis

Purified CD4+ T cells from four samples of blood, decidua 6-12wk and d.parietalis >37wk 

(Fig. S1A) were resorted into four types CD4+CD25HI, CD4+PD1HI, CD4+TIGIT+ and 

CD4+ Teff (Fig. S1B) and collected directly into 600 mL Trizol reagent (Life technologies) 

supplemented with 0.5 mL glycogen (20mg/ml; Affymetrix) and stored at 80ºC until 

RNA isolation. Total RNA was isolated using  the RNAeasy Micro Kit (QIAGEN) per 

manufacturer’s instruction. RNA was analyzed on a Nanodrop to determine RNA yield 

and integrity. RNA quality of all samples was further confirmed by performing a QPCR 

analysis for GAPDH and FOXP3 expression. In short: RNA was reverse transcribed with 

Stratagene’s AffinityScript QPCR. cDNA Synthesis Kit and amplification of specific PCR 

products for FOXP3 and GAPDH were detected using the PerfeCTa SYBR Green 

Super Mix with Low ROX (QuantaBio) in duplicates. Subsequently, high quality  

samples were run in duplicate on the BioMark Fluidigm QPCR 96.96 chip. 1.25ml DNA 

was pre-amplified in a 96-well plate using the Fluidigm PreAmp Master mix combined 

with 500nM forward and reverse primer of each primer pair (2min at 95ºC, 10 thermal 

cycles of 15sec at 95 ºC and 4min at 60º C)(primers are listed in Table S1). Exonuclease 

treatment to remove unincorporated primers was carried out using the Exonuclease I 

at 40U/ml (New England BioLabs). 2 ml of the Exonuclease I dilution was added to each 

pre-amplification reaction and incubated in a thermal cycler for 30min at 37ºC and 15min 

80ºC. A 5-fold dilution was prepared in TE buffer (10mM Tris-HCl, 1.0mM EDTA, TEKnova, 

PN T0224). Sample pre-mix for the 48 samples was prepared using 2ml of the prepared 

cDNA with 20X DNA binding dye sample loading reagent (Fluidigm) and 2X SsoFast 

EvaGreen supermix with low ROX (Bio-Rad). The assay mix was prepared in a separate 

96-well plate consisting of 2X assay loading reagent, 1X DNA suspension buffer and 

100mM of mixed forward and reverse primers. Chips were primed, loaded with both 

assay and sample mix and run on BioMark readout instruments as described by the 

manufacturer, at Harvard University’s core facility. Biomark data were processed using 

Fluidigm Biomark software. Quality control was based on EvaGreen reagent allowing for 

detection of unspecific PCR product and formation of primer dimers using the BioMark 

software. Samples of failed reactions were automatically excluded by the software. The 

resulting values for 66 primers of 48 samples were normalized by subtracting CT values 

for GAPDH (ΔCT) and subsequent conversion into fold-change values relative to the 

median peripheral blood Teff (2ΔΔCT). K-means cluster analysis was performed using the 
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fold-change values of the 66 genes in Express Cluster V1.3 in Genepattern https://cloud. 

genepattern.org/gp. Differential expression of significantly correlating genes was based on

K-means with a minimum of a 1.5-fold change.

Isolation of EVT

Isolation of EVT and co-culture with CD4+ T cells was performed as described 

previously (6) and are also described in detail hereafter. 1st trimester villous tissue was 

gently scraped from the basal membrane and the tissue was digested for 8 min at 37ºC with 

a trypsin (0.2%) EDTA (0.02%) solution. Trypsin was quenched with DMEM/F12 medium 

containing 10% Newborn Calf Serum (NCS) and1%Pen/Strep (all from GIBCO) and filtered 

over a gauze mesh. Filtrate was washed once and layered on Ficoll (GE Healthcare) for 

density gradient centrifugation (20 min, 2000 rpm). Cells were collected, washed once and 

incubated for 20 min at 37ºC in a 30mm tissue culture dish for removal of 

macrophages. To establish untouched (free of antibody staining) EVT cultures, for each 

sample the percentage CD45-HLA-G+ EVT was determined by FACS analysis for EGFR1, 

HLA-G and CD45. Samples with > 8% CD45-HLA-G+ cells were stained for CD45 and 

sorted for viable CD45- large trophoblast cells. 50.000 CD45-HLA-G+ EVT (calculated 

based on percentage HLA-G+ cells and total cell number) were plated in 48 well cell 

culture plates (Costar) pre-coated with fibronectin (100 mL 20ng/ml 45min, BD), in DMEM/

F12 (GIBCO) supplemented with 10% NCS, pen/strep and glutamine, insulin, transferrin, 

selenium (GIBCO), 5ng/ml EGF (Peprotech) and 400 units human gonadotropic hormone 

(Sigma). Trophoblasts were incubated for 2h at 37 ºC and thereafter washed 3 times to 

remove all non-adherent VT. Cultures resulted in 50%–80% HLA-G+ EVT.

Co-culture of EVT, decidual macrophages and CD4+ T cells

50.000 EVT or decidual macrophages were co-incubated with 100.000 CD4+ pT from 

unrelated blood donors in X-Vivo10 medium (Lonza), supplemented with 5% human 

AB serum and 50 units/ml IL-2 (Biolegend). For blocking experiments, LEAF-purified 

anti- HLA-G (MoAb 87G; 20 mg/ml), anti-ILT2 (MoAb GHI/75; 20 mg/ml), anti-PDL1 

(MoAb 29E.2A3; 20 mg/ml), anti-TGFβ (MoAb 19D8; 25 mg/ml), anti-IL-10R (MoAb 3F9; 

20 mg/ml), anti-HLA-DR (MoAb L243; 20 mg/ml), purified anti-HLA-C (MoAb DT-9; 10 

mg/ml) and IgG controls (all from Biolegend), or anti-CD3 (MoAb SPV-T3b; 25 mg/ml) 

(ThermoFisher Scientific) were added 30 min before addition of CD4+ T cells. For transwell 

assays, 100.000 EVT or decidual macrophages were plated in 24 well cell culture plates 

pre-coated with fibronectin, non-adherent EVT were removed and 200.000 CD4+ pT were 

added directly to the EVT and decidual macrophage cultures or were added on top of 

the membrane after insertion of a 0.4 mM trans well membrane (Costar). CD4+ pT were 

harvested after 60 hours and analyzed by Flow cytometry for CD45, CD4, CD25, PD1, 

TIGIT and intracellular FOXP3 and HELIOS.
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HCMV Infection of EVT

High titer virus stocks of HCMV-AD169-GFP (IE-1-GFP) (a gift from Prof. Donald Coen at 

Harvard Medical School) was obtained by infecting Human Foreskin Fibroblasts (HFF) 

(ATCC) and collecting supernatants after 7 days. Supernatants were aliquoted and snap 

frozen in liquid nitrogen until use. Primary EVT were infected with HCMV at an MOI of 2-4 

for 12 hours (41). Infected cells were imaged in a Nikon EclipseTi fluorescence microscope 

at 20x magnification. HCMV infection of EVT reached > 80% at day 2, and no cytopathic 

effects on EVT were visible after HCMV (41). For co-culture assays, HCMV infected cells 

were washed twice after 12 hours of infection and 100.000 CD4+ pT were added. CD4+ pT 

were harvested after 48 hours and analyzed by Flow cytometry for CD45, CD4, CD25, PD1, 

TIGIT and intracellular FOXP3.

Quantification and statistical analysis

All data was analyzed using GraphPad Prism version 6.07 software. To determine 

differences between 2 paired groups a non-parametric Wilcoxon Signed Rank test 

was performed (Fig. S1E). To determine differences among more than 2 unpaired groups, 

a nonparametric Kruskal-Wallis test with Dunn’s multiple comparison post-test was 

performed (Fig. 1, 2, 3, and 5; Fig. S3, S4, and S7). For the Dunn’s post-test the mean 

ranks were compared to control column A (Fig. 2B 2G and 3; Fig. S4 and S7), column B 

(Fig. 5D-5F) or with the mean rank of every column (Fig. 1, 5A-5C, and 5G; Fig. S3). P values 

< 0.05 were considered to denote significant differences. *p < 0.05; **p < 0.01; *** p < 0.005 

are indicated within each figure. Sample size indicates biological replicates of individual 

placental of blood cell isolates and are indicated indicted in each figure legend. 

Sample sizes were not determined beforehand.

Acknowledgements

We thank Joyce Lavecchio and Silvia Ionescu for help with cell sorting; Donald 

Coen, Harvard Medical School, Boston, MA, for providing HCMV-AD169-GFP; 

Ada Taymoori and the research team at Tufts Medical Center for all efforts collecting 

placental materials; and Frans Claas, Daniela Cipolletta, and all past and current lab 

members for their helpful discussions. This work was supported by Strominger Lab 

departmental funds and the March of Dimes grant 6-FY14-453. M.B. was supported by the 

Radboud University Honors Academy, Nora Baart Stichting, and a Radboud Institute for 

Molecular Life Sciences grant.



Three types of functional regulatory T cells control T cell responses 

49

02

References

1. Erlebacher, A. Immunology of the maternal-fetal interface. Annu. Rev. Immunol 31:387–411, 2013.

2. Tilburgs, T., Roelen, D.L., van der Mast, B.J., de Groot-Swings, G.M., Kleijburg, C., Scherjon, S.A., and Claas, F.H. 
Evidence for a selective migration of fetus-specific CD4+CD25bright regulatory T cells from the peripheral blood to 
the decidua in human pregnancy. J. Immunol 180:5737– 5745, 2008.

3. Tilburgs, T., Scherjon, S.A., van der Mast, B.J., Haasnoot, G.W., Versteeg-V D Voort-Maarschalk, M., Roelen, D.L., 
van Rood, J.J., and Claas, F.H. Fetal-maternal HLA-C mismatch is associated with decidual T cell activation and 
induction of functional T regulatory cells. J. Reprod. Immunol 82:148–157, 2009.

4. Du, M.R., Guo, P.F., Piao, H.L., Wang, S.C., Sun, C., Jin, L.P., Tao, Y., Li, Y.H., Zhang, D., Zhu, R., et al. Embryonic 
trophoblasts induce decidual regulatory T cell differentiation and maternal-fetal tolerance through thymic stromal 
lymphopoietin instructing dendritic cells. J. Immunol 192:1502–1511, 2014.

5. Svensson-Arvelund, J., Mehta, R.B., Lindau, R., Mirrasekhian, E., Rodriguez-Martinez, H., Berg, G., Lash, G.E., 
Jenmalm, M.C., and Ernerudh, J. The human fetal placenta promotes tolerance against the semiallogeneic fetus by 
inducing regulatory T cells and homeostatic M2 macrophages. J. Immunol 194:1534–1544, 2015.

6. Tilburgs, T., Crespo, A.C., van der Zwan, A., Rybalov, B., Raj, T., Stranger, B., Gardner, L., Moffett, A., and 
Strominger, J.L. Human HLA-G+ extravillous trophoblasts: Immune-activating cells that interact with decidual 
leukocytes. Proc. Natl. Acad. Sci. USA 112:7219–7224, 2015.

7. Meuleman, T., van Beelen, E., Kaaja, R.J., van Lith, J.M., Claas, F.H., and Bloemenkamp, K.W. HLA-C antibodies 
in women with recurrent miscarriage suggests that antibody mediated rejection is one of the mechanisms leading to 
recurrent miscarriage. J. Reprod. Immunol 116:28–34, 2016.

8. Kisielewicz, A., Schaier, M., Schmitt, E., Hug, F., Haensch, G.M., Meuer, S., Zeier, M., Sohn, C., and Steinborn, A. A 
distinct subset of HLA-DR+- regulatory T cells is involved in the induction of preterm labor during pregnancy and in 
the induction of organ rejection after transplantation. Clin. Immunol 137:209–220, 2010.

9. Koucký , M., Malícková , K., Cindrová -Davies, T., Germanova´ , A., Parízek, A., Kalousová , M., Hájek, Z., and Zima, 
T. Low levels of circulating T-regulatory lymphocytes and short cervical length are associated with preterm labor. 
J. Reprod. Immunol 106:110–117, 2014.

10. Schober, L., Radnai, D., Schmitt, E., Mahnke, K., Sohn, C., and Steinborn, A. Term and preterm labor: decreased 
suppressive activity and changes in composition of the regulatory T-cell pool. Immunol. Cell Biol 90:935–944, 2012.

11. Steinborn, A., Haensch, G.M., Mahnke, K., Schmitt, E., Toermer, A., Meuer, S., and Sohn, C. Distinct subsets of 
regulatory T cells during pregnancy: is the imbalance of these subsets involved in the pathogenesis of preeclampsia? 
Clin. Immunol 129:401–412, 2008.

12. Wagner, M.I., Jöst, M., Spratte, J., Schaier, M., Mahnke, K., Meuer, S., Zeier, M., and Steinborn, A. Differentiation 
of ICOS+ and ICOS- recent thymic emigrant regulatory T cells (RTE T regs) during normal pregnancy, preeclampsia 
and HELLP syndrome. Clin. Exp. Immunol 183:129–142, 2016.

13. Inada, K., Shima, T., Ito, M., Ushijima, A., and Saito, S. Helios-positive functional regulatory T cells are decreased 
in decidua of miscarriage cases with normal fetal chromosomal content. J. Reprod. Immunol 107:10–19, 2015.

14. Inada, K., Shima, T., Nakashima, A., Aoki, K., Ito, M., and Saito, S. Characterization of regulatory T cells in decidua 
of miscarriage cases with abnormal or normal fetal chromosomal content. J. Reprod. Immunol 97:104–111, 2013.

15. Tsuda, S., Zhang, X., Hamana, H., Shima, T., Ushijima, A., Tsuda, K., Muraguchi, A., Kishi, H., and Saito, S. 
Clonally Expanded Decidual Effector Regulatory T Cells Increase in Late Gestation of Normal Pregnancy, but Not in 
Preeclampsia, in Humans. Front. Immunol 9:1934, 2018.

16. Aluvihare, V.R., Kallikourdis, M., and Betz, A.G. Regulatory T cells mediate maternal tolerance to the fetus. Nat. 
Immunol 5:266–271, 2004.

17. Moldenhauer, L.M., Diener, K.R., Thring, D.M., Brown, M.P., Hayball, J.D., and Robertson, S.A. Cross-presentation 
of male seminal fluid antigens elicits T cell activation to initiate the female immune response to pregnancy.J. Immunol 
182:8080–8093, 2009.

18. Xin, L., Ertelt, J.M., Rowe, J.H., Jiang, T.T., Kinder, J.M., Chaturvedi, V., Elahi, S., and Way, S.S. Cutting edge: 
committed Th1 CD4+ T cell differentiation blocks pregnancy-induced Foxp3 expression with antigen-specific 
fetal loss. J. Immunol 192:2970–2974, 2014.



Chapter 02

50

19. Zenclussen, A.C., Gerlof, K., Zenclussen, M.L., Sollwedel, A., Bertoja, A.Z., Ritter, T., Kotsch, K., Leber, J., 
and Volk, H.D. Abnormal T-cell reactivity against paternal antigens in spontaneous abortion: adoptive transfer of 
pregnancy-induced CD4+CD25+ T regulatory cells prevents fetal rejection in a murine abortion model. Am. J. Pathol 
166:811–822, 2005.

20. Samstein, R.M., Josefowicz, S.Z., Arvey, A., Treuting, P.M., and Rudensky, A.Y. Extrathymic generation of 
regulatory T cells in placental mammals mitigates maternal-fetal conflict. Cell 150:29–38, 2012.

21. D’Addio, F., Riella, L.V., Mfarrej, B.G., Chabtini, L., Adams, L.T., Yeung, M., Yagita, H., Azuma, M., Sayegh, M.H., 
and Guleria, I. The link between the PDL1 costimulatory pathway and Th17 in fetomaternal tolerance. J. Immunol 
187:4530–4541, 2011.

22. Dimova, T., Nagaeva, O., Stenqvist, A.C., Hedlund, M., Kjellberg, L., Strand, M., Dehlin, E., and Mincheva-
Nilsson, L. Maternal Foxp3 expressing CD4+ CD25+ and CD4+ CD25- regulatory T-cell populations are enriched in 
human early normal pregnancy decidua: a phenotypic study of paired decidual and peripheral blood samples. Am. J. 
Reprod. Immunol 66 (Suppl 1):44–56, 2011.

23. Mjösberg, J., Berg, G., Jenmalm, M.C., and Ernerudh, J. FOXP3+ regulatory T cells and T helper 1, T helper 2, 
and T helper 17 cells in human early pregnancy decidua. Biol. Reprod 82:698–705, 2010.

24. Nadkarni, S., Smith, J., Sferruzzi-Perri, A.N., Ledwozyw, A., Kishore, M., Haas, R., Mauro, C., Williams, D.J., 
Farsky, S.H., Marelli-Berg, F.M., and Perretti, M. Neutrophils induce proangiogenic T cells with a regulatory phenotype
in pregnancy. Proc. Natl. Acad. Sci. USA 113:E8415–E8424, 2016.

25. Schober, L., Radnai, D., Schmitt, E., Mahnke, K., Sohn, C., and Steinborn, A. Term and preterm labor: decreased 
suppressive activity and changes in composition of the regulatory T-cell pool. Immunol. Cell Biol 90:935–944, 2012.

26. Miyara, M., Yoshioka, Y., Kitoh, A., Shima, T., Wing, K., Niwa, A., Parizot, C., Taflin, C., Heike, T., Valeyre, D., et al. 
Functional delineation and differentiation dynamics of human CD4+ T cells expressing the FoxP3 transcription factor. 
Immunity 30:899–911, 2009.

27. Sakaguchi, S., Sakaguchi, N., Shimizu, J., Yamazaki, S., Sakihama, T., Itoh, M., Kuniyasu, Y., Nomura, T., Toda, 
M., and Takahashi, T. Immunologic tolerance maintained by CD25+ CD4+ regulatory T cells: their common role in
controlling autoimmunity, tumor immunity, and transplantation tolerance. Immunol. Rev 182:18–32, 2001.

28. Belkaid, Y. Regulatory T cells and infection: a dangerous necessity. Nat. Rev. Immunol. 7:875–888, 2007.

29. Chong, A.S., and Alegre, M.L. Transplantation tolerance and its outcome during infections and inflammation. 
Immunol. Rev 258:80–101, 2014.

30. Vignali, D.A., Collison, L.W., and Workman, C.J. How regulatory T cells work. Nat. Rev. Immunol 8:523–532, 2008.

31. Gagliani, N., Magnani, C.F., Huber, S., Gianolini, M.E., Pala, M., Licona-Limon, P., Guo, B., Herbert, D.R., Bulfone, 
A., Trentini, F., et al. Coexpression of CD49b and LAG-3 identifies human and mouse T regulatory type 1 cells. Nat. 
Med 19:739–746, 2013.

32. Roncarolo, M.G., and Battaglia, M. Regulatory T-cell immunotherapy for tolerance to self antigens and allo-
antigens in humans. Nat. Rev. Immunol 7:585–598, 2007.

33. Collison, L.W., Workman, C.J., Kuo, T.T., Boyd, K., Wang, Y., Vignali, K.M.,Cross, R., Sehy, D., Blumberg, R.S., 
and Vignali, D.A. The inhibitory cytokine IL-35 contributes to regulatory T-cell function. Nature 450:566–569, 2007.

34. Joller, N., Lozano, E., Burkett, P.R., Patel, B., Xiao, S., Zhu, C., Xia, J., Tan, T.G., Sefik, E., Yajnik, V., et al. Treg cells 
expressing the coinhibitory molecule TIGIT selectively inhibit proinflammatory Th1 and Th17 cell responses. Immunity 
40:569–581, 2014.

35. Anderson, A.C., Joller, N., and Kuchroo, V.K. Lag-3, Tim-3, and TIGIT: Co-inhibitory receptors with specialized 
functions in immune regulation. Immunity 44:989–1004, 2016.

36. Collison, L.W., Chaturvedi, V., Henderson, A.L., Giacomin, P.R., Guy, C., Bankoti, J., Finkelstein, D., Forbes, K., 
Workman, C.J., Brown, S.A., et al. IL-35-mediated induction of a potent regulatory T cell population. Nat. Immunol. 
11:1093–1101, 2010).

37. Deaglio, S., Dwyer, K.M., Gao, W., Friedman, D., Usheva, A., Erat, A., Chen, J.F., Enjyoji, K., Linden, J., Oukka, 
M., et al. Adenosine generation catalyzed by CD39 and CD73 expressed on regulatory T cells mediates immune
suppression. J. Exp. Med 204:1257–1265, 2007.

38. Shevach, E.M., and Thornton, A.M. tTregs, pTregs, and iTregs: similarities and differences. Immunol. Rev 
259:88–102, 2014.



Three types of functional regulatory T cells control T cell responses 

51

02

39. Meng, X., Yang, J., Dong, M., Zhang, K., Tu, E., Gao, Q., Chen, W., Zhang, C., and Zhang, Y. Regulatory T cells in 
cardiovascular diseases. Nat. Rev. Cardiol 13:167–179, 2016.

40. Wang, H., He, M., Hou, Y., Chen, S., Zhang, X., Zhang, M., and Ji, X. Role of decidual CD14(+) macrophages 
in the homeostasis of maternal-fetal interface and the differentiation capacity of the cells during pregnancy and 
parturition. Placenta 38:76–83, 2016.

41. Crespo, A.C., Strominger, J.L., and Tilburgs, T. Expression of KIR2DS1 by decidual natural killer cells increases 
their ability to control placental HCMV infection. Proc. Natl. Acad. Sci. USA 113:15072–15077, 2016.

42. van der Zwan, A., Bi, K., Norwitz, E.R., Crespo, A.C., Claas, F.H.J., Strominger, J.L., and Tilburgs, T. Mixed 
signature of activation and dysfunction allows human decidual CD8+ T cells to provide both tolerance and immunity.
Proc. Natl. Acad. Sci. USA 115:385–390, 2018.

43. Boyle, L.H., Goodall, J.C., and Gaston, J.S. Major histocompatibility complex class I-restricted alloreactive CD4+ 
T cells. Immunology 112:54–63, 2004.

44. Yu, H., Gagliani, N., Ishigame, H., Huber, S., Zhu, S., Esplugues, E., Herold, K.C., Wen, L., and Flavell, R.A. 
Intestinal type 1 regulatory T cells migrate to periphery to suppress diabetogenic T cells and prevent diabetes 
development. Proc. Natl. Acad. Sci. USA 114:10443–10448, 2017.

45. Kunicki, M.A., Amaya Hernandez, L.C., Davis, K.L., Bacchetta, R., and Roncarolo, M.G. Identity and Diversity of 
Human Peripheral Th and T Regulatory Cells Defined by Single-Cell Mass Cytometry. J. Immunol 200:336–346, 2018.

46. Gregori, S., Magnani, C.F., and Roncarolo, M.G. Role of human leukocyte antigen-G in the induction of adaptive 
type 1 regulatory T cells. Hum. Immunol 70:966–969, 2009.

47. Gregori, S., Tomasoni, D., Pacciani, V., Scirpoli, M., Battaglia, M., Magnani, C.F., Hauben, E., and Roncarolo, 
M.G. Differentiation of type 1 T regulatory cells (Tr1) by tolerogenic DC-10 requires the IL-10-dependent ILT4/ HLA-G 
pathway. Blood 116:935–944, 2010.

48. Amodio, G., Mugione, A., Sanchez, A.M., Viganò , P., Candiani, M., Somigliana, E., Roncarolo, M.G., Panina-
Bordignon, P., and Gregori, S. HLA-G expressing DC-10 and CD4(+) T cells accumulate in human decidua during 
pregnancy. Hum. Immunol 74:406–411, 2013.

49. Passerini, L., Di Nunzio, S., Gregori, S., Gambineri, E., Cecconi, M., Seidel, M.G., Cazzola, G., Perroni, L., 
Tommasini, A., Vignola, S., et al. Functional type 1 regulatory T cells develop regardless of FOXP3 mutations in 
patients with IPEX syndrome. Eur. J. Immunol 41:1120–1131, 2011.

50. Pot, C., Apetoh, L., and Kuchroo, V.K. Type 1 regulatory T cells (Tr1) in autoimmunity. Semin. Immunol 23:202–208, 
2011.

51. Thornton, A.M., Korty, P.E., Tran, D.Q., Wohlfert, E.A., Murray, P.E., Belkaid, Y., and Shevach, E.M. Expression of 
Helios, an Ikaros transcription factor family member, differentiates thymic-derived from peripherally induced Foxp3+ 
T regulatory cells. J. Immunol 184:3433–3441, 2010.

52. Sebastian, M., Lopez-Ocasio, M., Metidji, A., Rieder, S.A., Shevach, E.M., and Thornton, A.M. Helios Controls a 
Limited Subset of Regulatory T Cell Functions. J. Immunol 196:144–155, 2016.

53. Thornton, A.M., Lu, J., Korty, P.E., Kim, Y.C., Martens, C., Sun, P.D., and Shevach, E.M. Helios+ and Helios- Treg 
subpopulations are phenotypically and functionally distinct and express dissimilar TCR repertoires. Eur. J. Immunol 
49:398–412, 2019.

54. Nakagawa, H., Sido, J.M., Reyes, E.E., Kiers, V., Cantor, H., and Kim, H.J. Instability of Helios-deficient Tregs is 
associated with conversion to a T-effector phenotype and enhanced antitumor immunity. Proc. Natl. Acad. Sci. USA 
113:6248–6253, 2016.

55. Himmel, M.E., MacDonald, K.G., Garcia, R.V., Steiner, T.S., and Levings, M.K. Helios+ and Helios- cells coexist 
within the natural FOXP3+ T regulatory cell subset in humans. J. Immunol 190:2001–2008, 2013.

56. Zhang, Y., Liu, Z., Tian, M., Hu, X., Wang, L., Ji, J., and Liao, A. The altered PD-1/PD-L1 pathway delivers the 
‘one-two punch’ effects to promote the Treg/Th17 imbalance in pre-eclampsia. Cell. Mol. Immunol 15:710–723, 2018.



Chapter 02

52

Figure S1. FACS gating strategy.
Related to Figure 1. A) CD4+ and CD8+ T cells were identified by selecting live cells 
(R1), duplicates were excluded (R2, R3), and CD45+CD56−CD3+CD4+ (CD4+) and CD45+CD56−CD3+
CD8+ (CD8+) T cells were selected. B) Based on CD25, PD1 and TIGIT expression, CD4+ T cells were further 
separated into CD25HI, PD1HI, TIGIT+ and Teff cells. Representative FACS plots of C) FOXP3, CD45RA and CD127 
expression and D) PD1 and CD25 expression in CD25HI, PD1HI and TIGIT+ cells in a 6-12wk decidual sample. 
E) Graph depicts the expression of FOXP3 (MFI) within CD25HI and TIGIT+ cells in blood, decidua 6-12wk, decidua 
basalis >37wk and d.parietalis >37wk. n=8-10. Bars represent median and interquartile range; n= 8-10; *P<0.05, 
**P<0.01, ***P<0.001.

Supplemental Information

FSC-A

SS
C

-A

FSC-H

FS
C

-W

SSC-H

SS
C

-W

CD45

C
D

14

C
D

56
 

C
D

4 
R1

(55%)

R1

R2
(55%)

R2

R3
(54%)

R3

R4
(47%)

R4 R5
CD4+ (5%)

R5
(11%)

CD8+
(4%)

A

B

C
D

25

TI
G

IT

CD4+ R6

TIGIT
+

CD25HI

PD
1

H
IR6 Teff

PD1 CD4CD45 CD8

CD45RA CD127FOXP3

C

Supplementary Figure S1. FACS gating strategy. Related to Figure 1. A) CD4+ and CD8+ T cells were
identified by selecting live cells (R1), duplicates were excluded (R2, R3), and CD45+CD56−CD3+CD4+
(CD4+) and CD45+CD56−CD3+CD8+ (CD8+) T cells were selected. B) Based on CD25, PD1 and TIGIT
expression, CD4+ T cells were further separated into CD25HI, PD1HI, TIGIT+ and Teff cells.
Representative FACS plots of C) FOXP3, CD45RA and CD127 expression and D) PD1 and CD25
expression in CD25HI, PD1HI and TIGIT+ cells in a 6-12wk decidual sample. E) Graph depicts the
expression of FOXP3 (MFI) within CD25HI and TIGIT+ cells in blood, decidua 6-12wk, decidua basalis
>37wk and d.parietalis >37wk. n=8-10. Bars represent median and interquartile range; n= 8-10; *P<0.05,
**P<0.01, ***P<0.001.

E

TI
G

IT
PD

1
C

D
25

D

PD1

CD25

● CD25HI

● PD1HI

● TIGIT+

M
FI

 F
O

XP
3

0

5 0 0

1 0 0 0

1 5 0 0

2 0 0 0

2 5 0 0

*

***
**

**

TIGIT+
CD25HI

FSC-A

SS
C

-A

FSC-H

FS
C

-W

SSC-H

SS
C

-W

CD45

C
D

14

C
D

56
 

C
D

4 
R1

(55%)

R1

R2
(55%)

R2

R3
(54%)

R3

R4
(47%)

R4 R5
CD4+ (5%)

R5
(11%)

CD8+
(4%)

A

B

C
D

25

TI
G

IT

CD4+ R6

TIGIT
+

CD25HI

PD
1

H
IR6 Teff

PD1 CD4CD45 CD8

CD45RA CD127FOXP3

C

Supplementary Figure S1. FACS gating strategy. Related to Figure 1. A) CD4+ and CD8+ T cells were
identified by selecting live cells (R1), duplicates were excluded (R2, R3), and CD45+CD56−CD3+CD4+
(CD4+) and CD45+CD56−CD3+CD8+ (CD8+) T cells were selected. B) Based on CD25, PD1 and TIGIT
expression, CD4+ T cells were further separated into CD25HI, PD1HI, TIGIT+ and Teff cells.
Representative FACS plots of C) FOXP3, CD45RA and CD127 expression and D) PD1 and CD25
expression in CD25HI, PD1HI and TIGIT+ cells in a 6-12wk decidual sample. E) Graph depicts the
expression of FOXP3 (MFI) within CD25HI and TIGIT+ cells in blood, decidua 6-12wk, decidua basalis
>37wk and d.parietalis >37wk. n=8-10. Bars represent median and interquartile range; n= 8-10; *P<0.05,
**P<0.01, ***P<0.001.

E

TI
G

IT
PD

1
C

D
25

D

PD1

CD25

● CD25HI

● PD1HI

● TIGIT+

M
FI

 F
O

XP
3

0

5 0 0

1 0 0 0

1 5 0 0

2 0 0 0

2 5 0 0

*

***
**

**

TIGIT+
CD25HI



Three types of functional regulatory T cells control T cell responses 

53

02

Figure S2. tSNE analysis of decidual CD4+ T cells.
 Related to Figure 1. Representative tSNE plots of one decidual CD4+ T cell sample (6-12wk), highlighting CD25, FOXP3, 
HELIOS, PD1, CD45RA and TIGIT. Three separate CD4+ T cell populations are identified i) CD25HIFOXP3+HELIOS+, 
ii) PD1HI and iii) CD45RA+. TIGIT is co-expressed by CD25HI and PD1HI cells but not by CD45RA+ cells. TIGIT is also 
expressed by a large proportion of the remaining CD4+ T cells, these TIGIT+ cells are clearly identified in 
Fig 1B bottom panels.

Supplementary Figure S2. tSNE analysis of decidual CD4+ T cells. Related to Figure 1.
Representative tSNE plots of one decidual CD4+ T cell sample (6-12wk), highlighting CD25, FOXP3,
HELIOS, PD1, CD45RA and TIGIT. Three separate CD4+ T cell populations are identified i)
CD25HIFOXP3+HELIOS+, ii) PD1HI and iii) CD45RA+. TIGIT is co-expressed by CD25HI and PD1HI

cells but not by CD45RA+ cells. TIGIT is also expressed by a large proportion of the remaining CD4+
T cells, these TIGIT+ cells are clearly identified in Fig 1B bottom panels.
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Figure S3. IFNγ+, IL-2+ and IL-10+ expression by Treg.
Related to Figure 1. Representative histograms of A) IFNγ, B) IL-10 and C) IL-2 expression by CD4+ T cells in blood, 
decidua 6-12wk and d.parietalis >37wk and in the four T cell subpopulations (CD25HI, PD1HI, TIGIT+ and Teff) in 
decidua 6-12wk. Graphs depict percentage of A) IFNγ+, B) IL-10+ and C) IL-2+ cells within CD4+ T cells (left) and the 
four T cell subtypes (right).  Bars represent median and interquartile range; n= 8-12; *P<0.05, **P<0.01, ***P<0.001. 
Kruskal-Wallis with Dunn’s post-test comparing the mean ranks to the mean rank of every other column (column 
A,B,C) within each of the T cell populations.

Supplementary Figure S3. IFNγ+, IL-2+ and IL-10+ expression by Treg. Related to Figure 1.
Representative histograms of A) IFNγ, B) IL-10 and C) IL-2 expression by CD4+ T cells in blood,
decidua 6-12wk and d.parietalis >37wk and in the four T cell subpopulations (CD25HI, PD1HI,
TIGIT+ and Teff) in decidua 6-12wk. Graphs depict percentage of A) IFNγ+, B) IL-10+ and C) IL-2+
cells within CD4+ T cells (left) and the four T cell subtypes (right). Bars represent median and
interquartile range; n= 8-12; *P<0.05, **P<0.01, ***P<0.001. Kruskal-Wallis with Dunn’s post-test
comparing the mean ranks to the mean rank of every other column (column A,B,C) within each of
the T cell populations.
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Supplementary Figure S4. Treg suppression of T cell proliferation. Related to Figure 2. A) CFSE
dilution of 6-12wk decidual CD4+ Teff cells stimulated with anti-CD3/28 and co-cultured with or without
PD1dim, PD1HI or CD25HI cells and B) CFSE dilution of peripheral blood CD4+ Teff cells (upper panels) and
CD8+ Teff cells (bottom panels) stimulated with anti-CD3/28 and co-cultured with or without CD25HI, PD1HI

or TIGIT+ cells. Cells were cultured for four days in a 1:2, Treg:Teff ratio. Percentages of the undivided Teff
cells are shown. C) Fold Change (FC) in percentage undivided peripheral blood Teff cells and D) FC in
division index after addition of CD25HI, PD1HI or TIGIT+ Treg, compared to CD4+ Teff cells (left panels) and
CD8+ Teff cells (right panels) cultured alone. Bars represent median and interquartile range; n=5-7;
*P<0.05, Kruskal-Wallis with Dunn’s post-test comparing columns B-D to column A was performed. Values
>1 for FC %undivided cells and <1 for FC division index represent suppression of proliferation. Division
index reflects the number of divisions per cell as calculated in FlowJO v7.6.5.
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Supplementary Figure S4. Treg suppression of T cell proliferation. Related to Figure 2. A) CFSE
dilution of 6-12wk decidual CD4+ Teff cells stimulated with anti-CD3/28 and co-cultured with or without
PD1dim, PD1HI or CD25HI cells and B) CFSE dilution of peripheral blood CD4+ Teff cells (upper panels) and
CD8+ Teff cells (bottom panels) stimulated with anti-CD3/28 and co-cultured with or without CD25HI, PD1HI

or TIGIT+ cells. Cells were cultured for four days in a 1:2, Treg:Teff ratio. Percentages of the undivided Teff
cells are shown. C) Fold Change (FC) in percentage undivided peripheral blood Teff cells and D) FC in
division index after addition of CD25HI, PD1HI or TIGIT+ Treg, compared to CD4+ Teff cells (left panels) and
CD8+ Teff cells (right panels) cultured alone. Bars represent median and interquartile range; n=5-7;
*P<0.05, Kruskal-Wallis with Dunn’s post-test comparing columns B-D to column A was performed. Values
>1 for FC %undivided cells and <1 for FC division index represent suppression of proliferation. Division
index reflects the number of divisions per cell as calculated in FlowJO v7.6.5.
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Figure S4. Treg suppression of T cell proliferation.
Related to Figure 2. A) CFSE dilution of 6-12wk decidual CD4+ Teff cells stimulated with anti-CD3/28 and co-cultured 
with or without PD1dim, PD1HI or CD25HI cells and B) CFSE dilution of peripheral blood CD4+ Teff cells (upper panels) 
and CD8+ Teff cells (bottom panels) stimulated with anti-CD3/28 and co-cultured with or without CD25HI, PD1HI or 
TIGIT+ cells. Cells were cultured for four days in a 1:2, Treg:Teff ratio. Percentages of the undivided Teff cells are shown. 
C) Fold Change (FC) in percentage undivided peripheral blood Teff cells and D) FC in division index after addition of 
CD25HI, PD1HI or TIGIT+ Treg, compared to CD4+ Teff cells (left panels) and CD8+ Teff cells (right panels) cultured 
alone. Bars represent median and interquartile range; n=5-7; *P<0.05, Kruskal-Wallis with Dunn’s post-test comparing 
columns B-D to column A was performed. Values >1 for FC %undivided cells and <1 for FC division index represent 
suppression of proliferation. Division index reflects the number of divisions per cell as calculated in FlowJO v7.6.5.
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Figure S5. Decidual Treg influence cytokine production by CD4+ and CD8+ Teff cells.
Related to Figure 3. A) Gating strategy identifies CD45+CFSE+CD4+ T cells (Blue), CD45+CFSE-CD8+ T cells (Red) 
and CD45+CFSE-CD8- Treg (green). B) Representative FACS plots of IFNɣ , TNF-αγ and IL-10 expression in decidual 
CD4+ Teff (Blue) and decidual CD8+ Teff (Red) upon addition of CD25HI, PD1HI or TIGIT+ Treg compared to CD4+ 
Teff and CD8+ Teff cultured alone and IgG controls. C) Representative FACS plots of IFNɣ , TNFγ-α, IL-10 expression 
in decidual CD25HI, PD1HI or TIGIT+ Treg in the same co-cultures. 
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Figure S6. Gene expression profiles of CD4+ Treg.
Related to Figure 4. A) FC mRNA values of CD25, PD1, TIGIT and FOXP3 (n=4). Bars represent median and inter-
quartile range. (B and C) K-means clustering identified two clusters of genes that significantly correlate their mRNA 
expression pattern in blood, decidua 6-12wk and d.parietalis >37wk. CD25HI (left panels), PD1HI (middle panels) and 
TIGIT+ (right panels) are depicted.
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Figure S7. Expression of CTLA-4, GITR and CD39 by Treg.
Related to Figure 4. A) Representative histograms of CTLA-4 (top panels), GITR (middle panels) and CD39 (bottom 
panels) within CD25HI, PD1HI, TIGIT+ and Teff cells of blood, decidua 6-12wk, d.basalis >37wk and d.parietalis 
>37wk. B) Graphs depict percentage of CTLA-4+ (top panels), percentage of GITR+ (middle panels) and Mean 
Fluorescence Intensity (MFI) of CD39 (bottom panels) within the total CD4+ cell population and within CD25HI, PD1HI, 
TIGIT+ and Teff cells of blood, decidua 6-12wk, d.basalis >37wk and d.parietalis >37wk. (n= 8-12) Bars represent 
median and interquartile range. *P<0.05, **P<0.01 and ***P<0.001. Kruskal-Wallis with Dunn’s post-test comparing 
all decidual fractions (columns B-D) to blood (column A) was performed.
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Supplementary Figure S7. Expression of CTLA-4, GITR and CD39 by Treg. Related to Figure 4.
A) Representative histograms of CTLA-4 (top panels), GITR (middle panels) and CD39 (bottom
panels) within CD25HI, PD1HI, TIGIT+ and Teff cells of blood, decidua 6-12wk, d.basalis >37wk and
d.parietalis >37wk. B) Graphs depict percentage of CTLA-4+ (top panels), percentage of GITR+
(middle panels) and Mean Fluorescence Intensity (MFI) of CD39 (bottom panels) within the total
CD4+ cell population and within CD25HI, PD1HI, TIGIT+ and Teff cells of blood, decidua 6-12wk,
d.basalis >37wk and d.parietalis >37wk. (n= 8-12) Bars represent median and interquartile range.
*P<0.05, **P<0.01 and ***P<0.001. Kruskal-Wallis with Dunn’s post-test comparing all decidual
fractions (columns B-D) to blood (column A) was performed.
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