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Abstract

Regulatory Tcells (Tregs) limit contact between Dendritic cells (DCs) and conventional T cells 

(Tcons), decreasing the formation of aggregates as well as down-modulating the expression of co-

stimulatory molecules by DCs, thus decreasing DC immunogenicity and abrogating T-cell 

activation. Despite the importance of this Treg-cell function, the capacity of Tregs from term and 

preterm neonates to suppress DCs, and the suppressive mechanisms they use, are still undefined. 

We found that, relative to adult Tregs, activated Tregs from human neonates expressed lower 

FOXP3 and CTLA-4, but contained higher levels of cAMP. We developed an in vitro model in 

which Treg function was measured at a physiological ratio of 1 Treg for 10 Tcon and 1 monocyte-

derived DC, as Treg target. Term and preterm Tregs failed to suppress the formation of DC-Tcon 

aggregates, in contrast to naïve and memory Tregs from adults. However, neonatal Tregs 

diminished DC and Tcon activation as well as actin polymerization at the immunological 

synapses. In addition, CTLA-4 and cAMP were the main suppressive molecules used by neonatal 

Treg. Altogether, both preterm and term neonatal Tregs appear less functional than adult Tregs, 

and this defect is consistent with the general impairment of CD4 cell function in newborns.

Introduction

From early development, the fetal immune system learns to tolerate self-antigens as well as 

maternal antigens that are transferred across the placenta. Regulatory T cells (Tregs) are one 

of the critical mediators involved in this process [1, 2]. Tregs mediate their suppressive 

action by acting directly on antigen-presenting cells, such as dendritic cells (DC). Treg 

preferentially localize to DC aggregates to prevent T-cell activation both in vivo and in vitro 

[3, 4]. The formation of Treg-DC conjugates also suggests that DCs are the primary targets 

of Treg suppression [5-7]. Cytotoxic T-lymphocyte antigen-4 (CTLA-4), cyclic adenosine 

monophosphate (cAMP) and membrane-bound transforming growth factor-β (TGF-β) are 
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the major contact-dependent mediators for suppression of conventional T-cell (Tcon) 

activation and DC maturation [8-10]. CTLA-4 and cAMP down-modulate the expression of 

the co-stimulatory molecules CD80 and CD86 by DC, thus decreasing DC immunogenicity 

and abrogating their activation of T cells [3, 10-12]. Likewise, TGF-β decreases the 

differentiation of DCs and their capacity to secrete the Th1-polarizing cytokine IL-12 [13].

Although Tregs from full term and preterm neonates control activation of Tcon [14-19], the 

capacity of neonate Treg to suppress DCs, and the suppressive mechanisms they use, are 

still undefined. Furthermore, the effect of prematurity on this aspect of Treg function has not 

been determined. We are particularly interested in late preterm neonates, a group that has 

been poorly studied. These neonates (32-36 weeks of gestation) have higher morbidities 

particularly those involving inflammation as a major component such as respiratory distress. 

They also have higher rates of hospitalization than term babies [20]. In addition, late 

prematurity is associated with significant increases in persistent asthma [21, 22]. Therefore, 

we asked whether Tregs from term and late preterm neonates could suppress DC function.

Results

Demographic and clinical characteristics of the study subjects

Seventeen full term neonates (“term”) (average 39w of gestational age, GA) and 15 late 

preterm (“preterm”) neonates (35w of GA) were studied (Table 1); in addition, 15 healthy 

adults (>18 years) were included. As expected, term neonates had a larger mean birth weight 

(3,519g) than preterm neonates (2,714g; p=0.0001). Birth weight positively correlated with 

GA in all neonates (p=0.0001, r=0.7). There were no significant differences among the 

groups regarding gender, race or method of delivery.

Treg-cell frequency is decreased and expression of CD45RA is higher in neonates

The frequency of peripheral Treg (CD4+CD25+CD127Low/−) was significantly lower in term 

(median: 2.1%) and preterm neonates (2.8%) compared to adults (4.5%) (p<0.05; 

Supporting Information Fig. 1A-B). Proportion of FOXP3+ cells within the sorted 

populations was similar in adult and neonates (Supporting Information Fig. 1C). Likewise, 

Treg-cell frequencies were lower in term neonates compared to preterm neonates (unpaired t 

test; p=0.04). In all neonates combined, Treg percentages were inversely correlated with GA 

(p=0.04, r=−0.4). As expected, the frequency of naive Treg was increased in term and 

preterm Treg compared to adult Treg, but was similar in both neonate groups (Fig. 1A).

Activated Treg from neonates express lower FOXP3 and CTLA-4 but contain higher levels 
of cAMP

Resting Tregs are poorly suppressive, however, they gain potent suppressive properties after 

activation in vitro [14, 18]. In particular, resting Tregs exhibit lower expression of 

suppressive molecules than Tregs activated in vitro [23, 24]. Likewise, peripheral blood 

Treg express low levels of inhibitory molecules, such as CTLA-4 or GITR are poorly 

suppressive compared to tissue Treg [24, 25]. We therefore pre-activated Tregs before 

performing functional assays. We first evaluated the purity of Treg (CD25+CD127−) after 

sorting by intracellular staining of FOXP3. Purity of the sorted populations was ≥ 90% 

Rueda et al. Page 2

Eur J Immunol. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Supporting Information Fig. 1C). Then, we compared the phenotype of activated Tregs in 

the different groups of subjects. The percentages of Treg expressing CTLA-4 (76%) and 

FOXP3 (78%) were similar in all groups (Fig 1B). While the mean fluorescence intensity 

(MFI) for FOXP3 and CTLA-4 in gated Treg was low for both term and preterm Tregs 

compared to adult Tregs (Fig 1C-1D), the CTLA-4 and FOXP3 expression per cell were 

similar in term and preterm neonatal Tregs. As expected, CTLA-4 MFI positively correlated 

with FOXP3 MFI (p=0.01, r=0.5). The percentages of Treg expressing CD25 and Ki67 were 

not different in neonates and adults (data not shown). As shown in Fig. 1E, intracellular 

cAMP concentration was higher in term and preterm Tregs than in adult Tregs, but similar 

in Tregs from both neonate groups. TGF-β mRNA levels were not different among neonatal 

groups and adults; however, preterm Tregs expressed slightly higher levels of TGF-β mRNA 

than term Tregs (Fig. 1F).

Neonate Treg fail to suppress the formation of DC-Tcon aggregates

Murine Tregs inhibit stable contacts between DC and CD4+ T-cells, or compete with Tcon 

to form aggregates with DC [3]. We thus compared the capacity of Treg from adults and 

neonates to disrupt DC-Tcon aggregates. We used in all assays the same adult allogeneic DC 

as targets, which were cultured with Tcon autologous to Treg. Importantly, the ratio of 

DC:Tcon:Treg (1:10:1) mimics physiological conditions [26]. Tcons were labeled with 

CellTrace™ Violet and HLA-DR expression was used to identify DC. DC:Tcon (HLA-DR+ 

CellTrace™ Violet+) aggregates were identified using imaging flow cytometry (Fig. 2A). 

Initially, we characterized the formation of DC-Tcon aggregates in absence of Tregs and, as 

shown in Fig. 2B, the percentage of DC-Tcon aggregates was similar in the 3 groups of 

subjects (1.7-2.2% of the total events, p=0.4). In adult and term neonate samples, 60 to 66% 

of these DC-Tcon aggregates contained 1 Tcon per aggregate while the percentage of 

aggregates containing 2 and > 3 Tcons was ~27% and ~7% respectively (data not shown). In 

preterm neonates, the percentage of DC-Tcon aggregates containing 1 Tcon was 

significantly higher than in adults (81% vs. 63%, p=0.008), while the fraction of aggregates 

with 2 (17% vs. 30%, p=0.009) and ≥ 3 (2% vs. 7%, p=0.007) Tcons was diminished 

compared to adults.

Adult Tregs significantly decreased the percentage of these DC-Tcon aggregates (see 

Supporting Information Fig. 2A for the gating strategy and Fig 2B left panel for data 

summary), in contrast to Tregs from term and preterm neonates (Fig 2B, middle and right 

panel). To evaluate whether the differences between adult and neonate Tregs were caused by 

the different percentage of naïve or memory Treg in these subsets, we purified adult naïve 

(CD45RA+) and memory (CD45RA−) Tregs and determined their functionality. Purity of 

naïve and memory Treg after sorting was ≥ 90% (Supporting Information Fig. 2B). As 

shown in Supporting Information Figure 3A and Figure 2B, both subsets of adult Tregs were 

able to decrease the formation of DC-Tcon aggregates, in contrast to neonatal Tregs.

In addition to decreasing the number of aggregates, adult Tregs significantly decreased the 

number of Tcon per aggregate, as the percentage of aggregates containing 2, 3 or more 

Tcons per DC diminished, while the percentage of aggregates containing only 1 Tcon per 

DC increased (Fig 2C, left panel). Again, Tregs from term and preterm neonates did not 
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modify the number of Tcon per DC in the aggregates that formed (Fig 2C, middle and right 

panel). Using a fluorescent label (Calcein AM FITC) to track Tregs localization, we 

analyzed whether Tregs preferentially localized within the DC:Tcon aggregates or formed 

aggregates with DC alone. The majority of Treg were found alone (close to 60%), and the 

rest of the Treg were found either in DC:Tcon aggregates, or formed aggregates with DCs or 

Tcons (Fig. 2D). Importantly, similar repartition was found for adult, term and preterm 

Tregs.

Neonatal Treg suppress Tcon activation and DC maturation within the aggregates

Tregs suppress DCs function by down-regulating the expression of CD83, CD80, CD86 and 

CD40 on DC [2, 27]. Likewise, Tregs diminish Tcon proliferation and their expression of 

molecules associated with proliferation/ activation such as CD134 [27-29]. Although 

neonate Tregs did not impede the formation of DC-Tcon aggregates, we next investigated 

whether they might decrease DC and T cell activation in the aggregates. In pilot 

experiments, we found that Tregs consistently down-regulated DC expression of CD83 

following LPS stimulation, whereas the effect of Treg on CD86 and CD40 expression was 

more variable (data not shown). We therefore used CD83 expression as our main read-out of 

DC activation.

In absence of Tregs, Tcons from adult, term and preterm neonates expressed similar levels 

of CD134 when cultured with DCs. As expected, almost all Tcons (adult, term and preterm 

neonates) present in the aggregates expressed CD134 (~85-90%) while Tcons that were not 

in contact with DCs did not (~3-6%), and this was true for adult and neonatal Tcons (% 

CD134 T-cells in aggregates vs. isolated; p= 0.01 for each group). Likewise, in absence of 

Tregs, CD83 expression by DCs was modestly, but significantly increased in aggregates 

with Tcons from adult, term and preterm samples (75-82%), compared to isolated DCs 

(55-62%) (%CD83 DC in aggregates vs. isolated; p= 0.03 for each group).

Next, we analyzed whether Treg suppressed CD134 and CD83 expression in DC:Tcon 

aggregates. Similar to adult Tregs, addition of Tregs from term and preterm neonates 

significantly decreased the percentage of CD134+ Tcons as well as the frequency of CD83+ 

DCs (see Supporting Information Fig. 4A and 4B for gating strategy and representative 

examples, and Fig. 3A-B for data summary). These results were similar when CD134 MFI 

and CD83 MFI were analyzed (data not shown). The amounts by which term and preterm 

Treg reduced CD134 and CD83 expression were similar. Tregs did not suppress expression 

of CD134 and CD83 in isolated Tcons and DCs respectively (data not shown). We also 

analyzed whether purified naïve and memory Tregs from adults were comparable to neonate 

Treg in terms of suppression of Tcon activation and DC maturation within the aggregates. 

As shown in Figure 3A and 3B and Supporting Information Figure 3B and 3C, similar 

suppression was seen in all Treg groups.

Treg from term and preterm neonates decrease actin polymerization in Tcon:DC 
aggregates

We also investigated whether neonate Treg could inhibit the formation of an immunological 

synapse (IS) between Tcon and DC. We quantified polymerized actin at the IS after 
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normalization on the total actin level of each aggregate, as depicted in Supporting 

Information Fig. 4C. Interestingly, Tregs from most of the adult, term and preterm neonates 

decreased actin polymerization (Fig 3C and Supporting Information Fig. 4D). In addition, 

naïve and memory adult Tregs reduced actin polymerization as much as term Tregs did 

((Fig. 3C and Supporting Information Fig. 3D).

Treg from neonates use different mechanisms to suppress Tcon activation and DC 
maturation

Treg control DC interactions with Tcon or CD8+ T-cells through CTLA-4 or cAMP 

mechanisms [30, 31]. We therefore tested the involvement of these molecules, as well as 

that of TGF-β, in Treg suppressive activity by blocking individually or simultaneously these 

three effector molecules. To determine the role of cAMP in Treg suppression, we decreased 

their intracellular levels of cAMP using an adenylyl cyclase inhibitor (ddADA) before co-

culturing them with DC and Tcon. Treatment of Tregs with ddADA significantly decreased 

Treg cAMP content to levels comparable to those in Tcon (Supporting Information Fig. 4A). 

Anti-CTLA-4 and anti-TGF-β blocking antibodies acted on Treg, as they did not alter Tcon 

and DC activation in absence of Tregs (Supporting Information Fig. 4B). Simultaneous 

blockade of CTLA-4, TGF-β and cAMP resulted in a substantial decrease of suppression by 

adult Tregs, inhibiting almost completely Treg suppression of the formation of DC-Tcon 

aggregates (Supporting Information Fig. 5A). These blockades also rescinded the effect Treg 

exerted on the composition of the aggregates (Supporting Information Fig. 5B). Individual 

blockades were not sufficient to significantly decrease adult Tregs suppression in these 

assays (data not shown).

We next studied the mechanisms used by neonate Treg to suppress actin polymerization, and 

the activation and maturation of Tcon and DC in the remaining aggregates. The combined 

blockade of CTLA-4, TGF-β and cAMP significantly inhibited Treg suppression for all 

read-outs (Fig. 4 panels A-C). This simultaneous blockade almost completely inhibited 

suppression of CD134 expression (~85-90%) by both groups of neonate Tregs (Fig. 4A). In 

contrast, Treg suppression of actin polymerization and CD83 expression were significantly 

but only partially inhibited by simultaneous blockade (~50-80%) (Fig. 4B and 4C), 

suggesting that other mechanisms of suppression are also used by neonate Treg to control 

DC activation. Term and preterm Tregs suppressive activity was similarly inhibited by this 

combined blockade.

We next evaluated the contribution of each mechanism, in both groups of neonates. CTLA-4 

and cAMP were critical for preterm Treg to suppress CD83. In contrast, term Tregs 

appeared to need both molecules to suppress CD83, as individual blockades had only a 

minor effect (Fig. 4E, H, K). For actin polymerization, the pattern was similar and individual 

blockade of CTLA-4, cAMP and TGF-β significantly affected preterm Treg function, while 

they did not affect term Treg function (Fig. 4E, H, K). Both term and preterm Treg needed 

CTLA-4 and cAMP to suppress Tcon CD134 expression (Fig. 4D, G, J). Therefore, Tregs 

use different mechanisms to suppress each target. These mechanisms could work 

independently or synergistically and may vary between term and preterm neonates.
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Discussion

Fetal Treg actively promote self-tolerance, as well as tolerance to non-inherited antigens on 

chimeric maternal cells that reside in fetal tissues [1]. Term neonates have a high frequency 

of CD45RA+ Tregs due to the absence of external Ag exposure [17, 32]. After birth, Tregs 

gradually switch from a naïve to a memory phenotype within the first 16-18 months of life 

[32, 33]. Due to the higher expression of homing molecules, memory Tregs are more potent 

than naïve Tregs in vivo; however, in vitro, naïve Tregs appear as potent to suppress Tcon as 

memory Treg [24, 34, 35]. In agreement with these studies, we and other authors have 

reported that Treg from term neonates suppress Tcon proliferation in vitro at levels similar 

to those of adult, which are a mix of naïve/memory cells [14-16]. However, we recently 

reported that Treg from preterm newborns were less suppressive than those from term 

neonates, although the proportion of naïve Treg was similar in both groups [16].

Importantly, although DC are likely the most important target for Treg in vivo [5, 6], the 

capacity and the mechanisms of human term and preterm Treg to suppress DC has not been 

studied, and this was the aim of the present study. Mice Treg suppress DC in vitro by 

inhibiting the initial formation of DC-Tcon aggregates, due to Treg being more mobile and 

out-competing Tcon [3]. In addition, Treg diminish the formation of stable contacts between 

antigen-activated T-cells and DC in vivo [5-7]. In agreement with these models, we found 

that adult Tregs decreased the number of DC-Tcon aggregates and modified their 

composition, thereby decreasing the number of Tcon in contact with DC. Larger numbers of 

clusters were previously reported by Onishi et al, [3]. This discrepancy could be explained 

by several technical differences, such as differing times of analysis and DC-Tcon-Treg 

ratios. Indeed, they used a (1:1:1) DC-Tcon-Treg ratio, whereas we used a more 

physiological ratio of 1:10:1. Additionally, these authors used confocal microscopy, which 

does not allow precise quantification. Of note, we previously quantified the percentage of 

DC-Tcon clusters using flow cytometry and imaging flow cytometry side by side, and found 

similar results for either whatever the technique [27].

In contrast to adult Tregs, preterm and term Tregs did not affect the number or composition 

of DC-Tcon aggregates. Although we did not measure Treg expression of LFA-1 and 

Neuropilin-1, molecules associated with Treg-DC interaction [3, 7], our data do not show a 

difference in localization for neonate Treg compared to adult Treg. Furthermore, neonate T-

cells to express similar levels of LFA-1 as adult T-cells [36-38]. Importantly, naïve adult 

Treg also suppress DC-Tcon aggregates, suggesting that the defect in neonate Treg is not 

solely due to their mainly naïve phenotype. The reason for this intrinsic difference is 

currently unknown, but could be related with the origin of Treg. Early in life, the naïve T 

cell compartment contains a high fraction of recent thymic emigrants (RTE), compared to 

naïve T-cells from adults [39]. Interestingly, studies in different murine models have shown 

that both CD8 and Treg RTE are less functional than their counterparts that have been in the 

periphery for a while, suggesting that complete T cell functionality requires postthymic 

maturation [40, 41]. Furthermore, in adults, the naïve T cell compartment may also include 

antigen-experienced cells that have reverted to a naive phenotype [42].
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Resting Treg from term neonates express lower levels of both FOXP3 and CTLA-4 than in 

adult Treg [24]. CTLA-4 is likely important for adult Treg to suppress the formation of 

DC:Tcon aggregates, although there is redundancy with cAMP and TGF-β, as we showed 

that the combined blockade of all 3 mechanisms was necessary to abrogate adult Treg 

suppression (Supporting Information Fig. 5). Since FOXP3 modulates a multitude of genes, 

it is possible that the low expression of FOXP3 in neonate Tregs is involved in this defect. 

The molecular mechanisms underlying these alterations have not been elucidated. However, 

one mechanism could be the reduced expression of NFAT1 by cord blood T-cells, because 

NFAT1 is a critical transcription factor necessary for up-regulation of multiple molecules 

including CTLA-4 and FOXP3 [43, 44]. Future studies will be needed to clarify these 

differences between adult and neonate Tregs.

Although neonate Tregs failed to suppress the formation of DC:Tcon aggregates, they 

decreased DC and Tcon activation and actin polymerization at the immunological synapse. 

Furthermore, our data demonstrate that cord blood Tregs function is not significantly 

modified by prematurity. However, regarding the mechanism of Treg suppression, a more 

redundant profile was exhibited by preterm Tregs (using CTLA-4 and cAMP, and in some 

case TGF-β) than the more synergistic profile exhibited by term Tregs. Evaluating the 

mechanisms used by neonate Treg in our DC-Tcon model, CTLA-4 interaction with its 

ligands also decreased DC maturation, which is in agreement with previous studies of adult 

Treg [3, 27]. Although the level of CTLA-4 per cell was low in activated term and preterm 

Treg compared to those in adult Treg, blockade of CTLA-4 in neonate Treg abrogated their 

suppressive activity.

cAMP suppresses the cytoskeleton and formation of the immunological synapse through 

direct phosphorylation of some molecules such as monomeric actin [45]. Treg can influx 

cAMP in target cells through gap junctions [46, 47], causing a significant decrease in actin 

polymerization as well as diminished levels of genes involved in cell cycle and cytokine 

secretion [45, 46]. A new finding of our study is that term and late preterm Tregs have 

higher concentrations of cAMP than adult Tregs. This high cAMP content probably helps to 

compensate the low CTLA-4 and FOXP3 levels. High cAMP was reported in resting PBMC 

from term neonates compared to adults, but these previous studies did not specifically 

analyze T-cells or Treg [48, 49]. In murine Tregs, FOXP3 keep the adenylate cyclase 9/

cAMP pathway active [50]. However, since neonatal Tregs have lower expression of 

FOXP3, this suggests that cAMP levels are also regulated by FOXP3-independent pathways. 

In contrast to CTLA-4 and cAMP, our experiments did not suggest that TGF-β suppressed 

DC function. TGF-β expressed on the surface of Treg might inhibit Tcon through a direct 

Treg- Tcon contact within the aggregate [51].

In conclusion, our data demonstrate that neonatal Tregs have reduced capacity to suppress 

DC function, but they are still able to decrease Tcon activation, DC maturation and actin 

polymerization in the aggregates. This defect is consistent with lower CD4 function in 

newborns [52, 53]. Importantly, we also found functional differences between late preterm 

and term neonates, although the percentage of naïve Treg were similar in these two groups. 

These data imply a developmentally regulated maturation of Treg function, and suggest that 

the differences that we found between adult and neonate are not simply due to the increased 
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proportion of naïve Tregs in neonates. Decreased capacity to control DC activation may 

contribute to the exacerbated inflammatory diseases seen in neonates, particularly those 

associated with severe chorioamionitis [54]. Future experiments will be important to clearly 

identify the in vivo functionality of neonatal Tregs.

Methods

The authors acknowledge the recently published Minimum Information about T cell Assays 

(MIATA) Guidelines [55] and have provided detailed information in accordance with 

MIATA.

Patient Recruitment

Mothers who delivered late-preterm infants (320-366 weeks gestation) or term infants 

(390-406 weeks gestation) were consented under a protocol approved by the IRB of Good 

Samaritan Hospital and Cincinnati Children's Hospital Medical Center, Cincinnati, OH. The 

samples are from a subset of a larger study, which enrolled 580 infants. Infants exposed to 

histologic chorioamnionitis and antenatal steroids were excluded. Peripheral blood from 

healthy adults was collected at the Hoxworth Blood Center (Cincinnati, OH).

Collection of umbilical cord blood and adult peripheral blood

Following delivery of the infant and before delivery of the placenta, the umbilical cord vein 

was cannulated. Adult peripheral blood was likewise collected into citrate phosphate 

dextrose pouch. Cord blood mononuclear cells (CBMCs) and adult peripheral blood 

mononuclear cells (PBMCs) were isolated with Ficoll-Hypaque gradients (GE Healthcare, 

Fairfield, CT). Aliquots of PBMC and CBMC were frozen in fetal calf serum (FCS) with 

10% dimethyl sulfide and stored in liquid nitrogen.

Regulatory and conventional T-cells purification and activation

Resting CD4+ T-cells were purified from mononuclear cells by negative selection using 

magnetic beads (Miltenyi-Biotec, Auburn, CA). Purified CD4+ T-cells were stained with 

anti-CD8-FITC (RPT-T8), anti-CD25-allophycocyanin (M-A251) (BD-Biosciences, San 

Jose, CA), anti-CD45RA-PB (MEM-56) (Life technologies, NY) and anti–CD127-PE 

(eBioRDR5; Beckman-Coulter, Fullerton, CA). Treg (CD8−CD25HighCD127Neg) and Tcon 

(CD8−CD25−CD127High) were isolated by cell sorting using a FACSAria cell sorter (BD-

Biosciences). Naïve and memory Tregs from adult were sorted as CD45RA+ and CD45RA− 

respectively. Purified Treg and Tcon were activated for 4 days with anti–CD3/CD28 beads 

(Invitrogen, Grand Island, NY) at a 1:1 bead-cell ratio, in RPMI medium supplemented with 

100 U/mL penicillin, 10 μg/mL streptomycin, 2mM glutamine, 10mM HEPES, 10% FCS 

(Life-Technologies, Grand Island, NY), and 100 U/mL IL-2 (National Institutes of Health 

AIDS Research and Reference Reagent Program, Bethesda, MD).

CTLA-4 and FOXP3 expression in activated Tregs

Activated Tregs were stained with LIVE/DEAD® Fixable Dead Cell Stain kit (Invitrogen, 

Grand Island, NY), anti-CD4-AF700 (RPA-T4) and anti-CD25-allophycocyanin (BD-

Biosciences) for surface marker. Then, cells were stained for intracellular markers using 
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anti-CD152-PE (CTLA-4; 14D3), anti-Ki67-PerCP-Cy5.5 (B56) (BD-Biosciences) and anti-

FOXP3-Pacific Blue (PCH101) (eBioscience). Flow cytometry analysis was performed 

using FACSDiva software version 6.1.2 (BD-Biosciences).

TGF-β expression in activated Tregs

mRNA isolation and cDNA synthesis from activated Tregs were performed using 

μMACS™ and multiMACS™ Kits (Miltenyi-Biotec) respectively. The cDNA was used in 

quantitative RT-PCR reactions using SYBR Green and TGF-β-1 primers (QuantiTect Primer 

Assays, Qiagen, Valencia, CA). Expression levels were normalized by Δct using ubiquitin-

conjugating enzyme as the housekeeping gene.

Intracellular cAMP quantification

Intracellular cAMP levels were quantified in cell lysates of activated T-cells using a 

commercially available assay (cAMP Direct Biotrak EIA; GE Healthcare Biosciences) with 

a sensitivity limit of 12.5 fmol.

Allogeneic DC Suppression assays

To diminish inter-individual variability, the DC used in for all experiments were from a 

single adult healthy donor. CD14+ monocytes were isolated by positive selection (CD14 

microbeads, Miltenyi-Biotec) and cryopreserved in aliquots until differentiation for use as 

target cells in suppression assays. Monocyte-derived DC were generated by culturing 

isolated monocytes for 4 days in complete RPMI medium with 500 U/ml rhIL-4 and 1000 

U/ml rhGM-CSF (Peprotech-Inc, Rocky Hill, NJ).

DC-Tcon Suppression assays

Allogeneic DC were co-cultured for 24h with activated autologous Tcon labeled with 0.5 

uM CellTrace™-Violet (Molecular-Probes) plus anti-CD3 (10ug/ml, UCHT1) in the 

presence or absence of autologous Treg labeled with 0.3 uM Calcein-AM-FITC (Molecular 

Probes). A ratio of 1 DC, 10 Tcon and 1 Treg was used.

Co-cultures were stained with anti-HLA-DR-BV570 (L243, Biolegend, San Diego, CA), 

anti-CD83-PE-Cy7 (HB15e, eBiosciences) and anti-CD134-PerCP/Cy5.5 (OX40, Ber-

ACT35, Biolegend) for 30 minutes at 4°C. Cells were then fixed with 2% methanol-free 

formaldehyde for 30 minutes, washed and stained with Phaloidine AF-647 (Invitrogen) in 

0.3% saponin for 30 min at 4°C. The samples were acquired on the ImageStream and 

analyzed using the IDEAS Software version 5.0 (Seattle, WA). HLA-DR fluorescence 

signal from Treg and Tcon after activation was removed with the software analysis. To 

count the number of Tcon interacting with each DC in each aggregate, the number of 

CellTrace™ Violet+ cells per HLA-DR+ cell were quantified using the Spot count feature. 

To quantify the actin polymerization at the immunological synapse (IS), we used a mask to 

define the specific area of interface in an image and calculated the intensity of actin 

polymerization. Actin intensity at the synapse was normalized based on the total actin 

intensity in the overall aggregate using the following formula-actin intensity at the IS= actin 

at the interface/total actin.
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Blockade of Treg activity

In some experiments, co-cultures were performed in the presence of anti-CTLA-4 (10μg/ml, 

BNI3, Beckman-Coulter) and anti-TGF-β (10μg/ml, 9016.2, Sigma-Aldrich, St. Louis, MO). 

In other experiments, Tregs were pre-treated with 2',5'-dideoxyadenosine (ddADA, 200uM, 

Sigma), an inhibitor of adenylate cyclase, for 24h. In addition, to evaluate if CTLA-4, TGF-

β and cAMP blockade synergized, co-cultures were performed in some experiments in 

presence of all three inhibitors. Combined blockade was compared to individual blockades.

Data analysis

Comparisons among 3 or more groups were analyzed by Kruskal-Wallis and Dunn's test for 

multiple comparisons. Comparison of 2 groups was analyzed by Mann Whitney test or 

Wilcoxon tests using GraphPad Prism, version 5.0 for Windows (La Jolla, CA).
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Figure 1. Activated Tregs from preterm and term neonates express lower FOXP3 and CTLA-4 
than adult Tregs, but contain higher levels of cAMP
Percentage of resting Tregs expressing CD45RA+ within the Treg-cell population 

(CD4+CD25+CD127Low/) was determined by flow cytometry. (A) Percentage of naïve Treg 

cells in peripheral blood from adults (n=7) and cord blood from preterm (n=7) and term 

(n=11) neonates.

(B-F) Tregs from preterm (n=7) and term (n=6) neonates were isolated by cells sorting and 

activated with CD3/CD28 beads. Adults (n=6) were included as control group. (B) 

Intracellular CTLA-4 and FOXP3 expression in Treg was determined by flow cytometry. 

Histogram figures from one representative experiment of four independent experiments 

from each group of donor show the percentage and MFI of CTLA-4 and FOXP3 in Treg 

post-activation. (C) CTLA-4 and (B) FOXP3 expression was quantified by flow cytometry 

in four independent experiments. (E) cAMP concentration was determined by ELISA. Data 

from one experiment performed are shown. (F) TGF-β mRNA level was determined by 

qPCR. Values were normalized to ubiquitin-conjugating enzyme. Data from one experiment 

performed are shown. (A-F) Significant differences between groups were calculated using 

Kruskal-Wallis test. Bars graphs show the median and interquartile range.

Rueda et al. Page 14

Eur J Immunol. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Treg from term and preterm neonates fail to suppress formation of DC-Tcon 
aggregates
(A-D) Activated Tregs from peripheral blood from adults (n=8) and cord blood from 

preterm (n=6) and term (n=8) neonates were added or not to DC:Tcon cultures at a 1:10:1 

(DC:Tcon:Treg) ratio and cultured for 24h. A) Gating strategy: Using imaging flow 

cytometry, 3 populations can be visualized (1) isolated DCs (HLA-DR+ cells), (2) isolated 

Tcons (CellTrace™-Violet+ cells) and (3) DC:Tcon aggregates (CellTraceTM-Violet+ 

HLA−DR+ population). B) Percentage of DC:Tcon aggregates in the total population was 

quantified by flow cytometry as shown in A in presence or absence of Tregs from adults, 

term and preterm babies. Each dot shows represent a single donor. C) The percentage of 

Tcons interacting with each DC in absence and presence of adult and neonate Tregs was 

quantified using the Spot count feature. Bars graphs show the median and interquartile range 

of DC:Tcon frequency from adult, term and preterm neonates cocultures. D) Pie charts show 

the percentage of Tregs interacting with DC:Tcon aggregates, isolated Tcons, or isolated 

DCs, or found alone. (B-D) Results are representative of five independent experiments 

performed. Treg suppression was calculated using Wilcoxon tests.
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Figure 3. Tregs from term and preterm neonates suppress Tcon activation, DC maturation and 
actin polymerization in DC:Tcon aggregates
Activated Tregs from peripheral blood from adults (n=8) and cord blood from preterm (n=6) 

and term (n=8) neonates were added or not to DC:Tcon cultures at a 1:10:1 (DC:Tcon:Treg) 

ratio and cultured for 24h. (A) Percentages of CD134+ Tcon, (B) CD83+ DC in aggregates 

and C) actin polymerization at the IS in presence or absence of Treg were determined by 

imaging flow cytometry. (A-C) Results are representative of five independent experiments 

performed. Each dot shows represent a single donor. Treg suppression was analyzed using 

Wilcoxon tests.
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Figure 4. Tregs mainly use cAMP and CTLA-4 to suppress interactions of DC:Tcon and 
activation of Tcons and DCs
Activated Tregs from from preterm (n=5) and term (n=7) neonates were added or not to 

DC:Tcon cultures at a 1:10:1 (DC:Tcon:Treg) ratio and cultured for 24h. Cultures were 

incubated in presence or absence of blockades (anti-CTLA-4, anti-TGF-β and ddADA). 

Percentage of suppression of CD134+ Tcon (left panels), CD83+ DC (middle panels) and 

actin polymerization (right panels) was determined by imaging flow cytometry and 

calculated as percentage related to untreated Tregs. (A-C) shows the combined blockades. 

(D-L) show individual blockades. (A-L) Results are representative of five independent 

experiments performed. Bars graphs show the median and interquartile range from term and 

preterm cocultures. Treg suppression was analyzed using Wilcoxon tests.
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Table 1

Term (n=17) Preterm (n=15)

Gestational age (Weeks ± SEM) 39±0.8
35±1

*

Birth Weight (grams ± SEM) 3,519±483
2,714±478

*

Sex (% Male) 66 47

Race (% White) 69 60

Delivery mode (% Vaginal) 88 73

Use of antenatal steroids (%) 0 0

*
p=0.0001
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