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Abstract

Immune tolerance between the fetus and mother represents an active process by which the 

developing fetus must not mount immune responses to non-inherited antigens on chimeric 

maternal cells that reside in fetal tissue. This is, in part, mediated by the suppressive influence of 

CD4+FoxP3+CD25+ regulatory T cells (Tregs). Fetal secondary lymphoid organs have an 

increased frequency of Tregs and, as compared to adult T cells, fetal naïve CD4+ T cells exhibit a 

strong predisposition to differentiate into Tregs when stimulated. This effect is mediated by the T 

cell receptor (TCR) and TGF-β pathways, and fetal T cells show significantly increased Treg 

differentiation in response to anti-CD3 and TGF-β stimulation. Naïve fetal T cells also exhibit 

increased signaling through the TGF-β pathway, with these cells demonstrating increased 

expression of the signaling mediators TGF-βRI, TGF-βRIII, and SMAD2, and higher levels of 

SMAD2/SMAD3 phosphorylation. Increased fetal Treg differentiation is mediated by the RNA-

binding protein Lin28b, which is overexpressed in fetal T cells as compared to adult cells. When 

Lin28b expression is decreased in naïve fetal T cells, they exhibit decreased Treg differentiation 

that is associated with decreased TGF-β signaling and lowered expression of TGF-βRI, TGF-

βRIII, and SMAD2. Lin28b regulates the maturation of let-7 microRNAs (miRNAs) and these 

TGF-β signaling mediators are let-7 targets. We hypothesize that loss of Lin28b expression in fetal 

T cells leads to increased mature let-7, which causes decreased expression of TGF-βRI, TGF-

βRIII, and SMAD2 proteins. A reduction in TGF-β signaling leads to reduced Treg numbers.
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Introduction

Human gestation represents a fascinating challenge to classical mechanisms of immune 

recognition, tolerance, and rejection. The developing mammalian fetus expresses a set of 

polymorphic major histocompatibility complex (MHC) molecules inherited from both its 

mother and father, meaning that up to half of the fetal MHC molecules may be recognized 

by the maternal immune system as allogeneic foreign tissue. Pregnancy also results in 

immune microchimerism, whereby fetal cells reside in maternal tissues; chimerism also 

occurs in the opposite direction and maternal cells have been found to reside in fetal tissues. 

A large body of research has focused on how the maternal immune system deals with this 

antigen mismatch in order to avoid immune rejection of the developing fetus (1–3). Less 

investigation has gone into the reciprocal problem of how the fetal immune system develops 

in a semi-allogeneic host. While it was previously thought that the fetal adaptive immune 

system avoids rejection of the mother because it is inert or functionally impaired, it is now 

clear that the fetal immune system actively contributes to tolerance of maternal antigens (4, 

5).

Fetal secondary lymphoid immune organs have a significantly increased frequency of 

CD4+FoxP3+CD25+ regulatory T cells (Tregs) as compared to any other time in 

development (4, 6–8). This abundance of Tregs is not reflected in the thymus of equivalent 

gestational age, where the frequency of CD25+FoxP3+ single CD4+ thymocytes is 

comparable to the infant thymus (8). This suggests that a significant portion of fetal Tregs 

are derived from expansion of natural Tregs or are generated from conventional 

CD4+FoxP3- T cells in response to antigen. When fetal naïve CD4+ T cells are isolated and 

stimulated with alloantigen, they exhibit a strong predisposition to differentiate into Tregs, 

as compared to adult naïve CD4+ T cells (5). These Tregs are functional and can mediate 

alloantigen-specific suppression. Further, this effect is dependent on TGF-β, and fetal lymph 

nodes express significantly higher levels of TGF-β family members, as compared to adult 

lymph nodes. Given the likely crucial role that fetal Tregs play in tolerance to maternal 

antigens in utero we sought to determine the mechanism by which fetal naïve CD4+ T cells 

preferentially differentiate into Tregs.

We hypothesized that the RNA-binding protein Lin28b could be involved in fetal T cell 

differentiation. Lin28b is a highly evolutionarily-conserved protein, whose expression is 

associated with undifferentiated cell states in C. elegans, mice, and humans (9–11). Lin28b 

acts as both a negative regulator of let-7 miRNA biogenesis and a post-transcriptional 

regulator of mRNA translation (10, 12, 13). Through direct interactions with mRNAs, 

regulation of numerous splicing factors, and modulation of let-7 activity, Lin28b regulates 

the expression of thousands of genes, many of which are involved in cellular growth, self-

renewal, and proliferation (14–17). Lin28b is highly expressed in human fetal hematopoietic 

tissues, such as fetal liver and thymus, but not in adult bone marrow and thymus (18). 

Further, Lin28b overexpression in mouse adult bone marrow-derived hematopoietic stem 

cells leads to development of a fetal-like immune system, consisting of increased numbers of 

B-1a B cells, gamma/delta T cells, and natural killer T cells. Lin28b can also drive 

expression of fetal hemoglobin when overexpressed in adult erythroblasts (19).

Bronevetsky et al. Page 2

J Immunol. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Based on these observations, we asked whether Lin28b could act as a regulator of human 

fetal T cell differentiation. We knocked down Lin28b expression in naïve fetal CD4+ T cells 

and assessed their differentiation into FoxP3+CD25+ Tregs. In the context of Lin28b 

knockdown, fetal T cells exhibited decreased Treg differentiation, mediated in part through 

regulation of the TGF-β pathway.

Materials and Methods

Isolation and preparation of human T samples

Fetal spleen and mesentery were obtained from 18- to 22-gestational-week specimens 

obtained under the auspices of a protocol approved by the University of California San 

Francisco Committee on Human Research. Fetal samples were obtained after elective 

termination of pregnancy, and samples were excluded in the case of (1) known maternal 

infection, (2) intrauterine fetal demise, and/or (3) known or suspected chromosomal 

abnormality. Fetal tissues were extensively washed with sterile phosphate buffered saline 

(PBS) and incubated with collagenase type IV (0.2 mg/mL, Sigma Aldrich) for one hour at 

37°C. The tissues were dissociated and strained through a 70 um filter. Adult T cells were 

isolated from peripheral blood mononuclear cells (PBMC). Mononuclear cells were isolated 

from fetal spleen and PBMCs by density centrifugation over a Ficoll-Hypaque gradient 

(Amersham Biosciences). All samples, both fetal and adult, were viably cryopreserved and 

thawed prior to use. All methods were carried out in accordance with approved guidelines. 

Informed consent was obtained from all subjects.

T cell stimulation and culture

Naïve CD4+ T cells were isolated from fetal tissues and adult PBMCs using the EasySep™ 

Human Naïve CD4+ T Cell Enrichment Kit (Stem Cell Technologies). 96-welled U-bottom 

plates were pre-incubated with 0.8 ug/mL anti-CD3 (SP34-2, BD Biosciences) in PBS for 

four hours at 37°C. Enriched naïve CD4+ T cells were plated in RPMI 1640 (Sigma 

Aldrich) supplemented with 10% FBS, penicillin, streptomycin, and L-glutamine at 5×105 

cells/mL. Cultures were supplemented with α-CD28 (2 ug/mL, Ebioscience), IL-2 

(20ng/mL, R&D Systems), or varying concentrations of TGF-β (R&D Systems). Fresh 

medium with cytokines was added at days 3 and 5. Cells were cultured for 6–7 days before 

flow cytometric analysis.

Flow cytometry

Mononuclear cell preparations were incubated in fluorescence-activated cell sorting (FACS) 

staining buffer (phosphate-buffered saline with 2% fetal bovine serum and 2 mM EDTA) 

with fluorochrome-conjugated, anti-human surface antibodies. Antibodies used included 

CD3-Alexa Fluor700 (SP34-2, BD Biosciences), CD4-BV605 (RPA-T4, BD Biosciences), 

ICOS-Alexa Fluor647 (BD Biosciences), CTLA4-PE-CF594 (BNI3, BD Biosciences), CD8 

Pe-Cy5 (RPA-T8, BD Biosciences), CD25-PE-Cyanine7 (BC96, eBioscience), TGF-βRII-

APC (25508, R&D Systems) and TGF-βRI-PE (141231, R&D Systems). All cells were 

stained with a live/dead marker (Amine-Aqua/AmCyan, Invitrogen) to exclude dead cells 

from the analysis. Intracellular staining of FoxP3 was performed using the Foxp3/

Transcription Factor Staining Buffer Set (Ebioscience) according to manufacturer’s 
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instructions. Intracellular antibodies included Foxp3-V450 (236A/E7, BD Biosciences). For 

intracellular TGF-β and SMAD staining, cells were first stained with a live/dead marker 

prior to fixation/permeabilization and subsequent SMAD staining according to the 

manufacturer’s protocol (Cytofix Buffer and Permeabilization Buffer III; BD Biosciences). 

For TGF-β receptor and SMAD2 staining, the mean fluorescence intensity (MFI) of species-

matched isotype controls was subtracted from antibody staining. Intracellular antibodies 

included those against SMAD2 (pS465/pS467)/SMAD3 (pS423/pS425)-Alexa647 

(O72-670, BD Biosciences), TGF-βRIII (MM0057-5G9, Abcam), and SMAD2 (D7G7, Cell 

Signaling) as well as rabbit IgG isotype control (DA1E, Cell Signaling), mouse IgG isotype 

control (G3A1, Cell Signaling), goat anti-mouse IgG Alexa Fluor647 (Life Technologies), 

and donkey anti-rabbit Alexa Fluor488 (Life Technologies).

siRNA assays

Naïve CD4+ T cells were isolated from fetal spleen as described above. Cells were plated in 

96-well U-bottom plates at 5×105 cells/mL in Accell Delivery Media (GE Dharmacon) 

supplemented with 2.5% FBS, penicillin, streptomycin, and L-glutamine. Accell siRNAs 

were resuspended in 1× siRNA buffer to a concentration of 100 uM and used at a final 

concentration of 0.1 pmol/1×105 cells. Cells were incubated with siRNA for 3 days, at 

which point they were transferred to 96-well U-bottom plates pre-coated with α-CD3 

antibody and stimulated as described above. Additional siRNA was also added to cultures at 

this time point. siRNAs used were SMARTpool ON-TARGETplus LIN28B (L-028584-01) 

and ON-TARGETplus Non-targeting Control Pool (D-001810-10) (GE Dharmacon).

miRNA mimic transfection

Jurkat cells (clone E6-1) were cultured in RPMI 1640 (Sigma Aldrich) supplemented with 

10% FBS and L-glutamine. Cells were transfected with the Amaxa 4-D Nucleofector system 

using the Amaxa Cell Line Nucleofector Kit V and the manufacturer’s optimized protocol 

for Jurkat cells (Lonza). miRNA mimics used were miRIDIAN microRNA Human hsa-

let-7g-3p mimic (C-301043-01, GE Dharmacon) and mimic Housekeeping Positive Control 

#1 (PPIB, CP-001000-01, GE Dharmacon). Jurkats were cultured for 3 days before qRT-

PCR analysis.

qRT-PCR

Cells were lysed in Trizol reagent (Life Technologies) and RNA was extracted according to 

manufacturer’s protocol. The RNA concentration was quantified on a Nanodrop 2000c 

spectrophotometer (Thermo Scientific). For analysis of mRNA transcripts, reverse 

transcription was performed using the Omniscript RT Kit (Qiagen) on 300–500 ng total 

RNA. cDNA was diluted 10-fold and 1/20th total volume used per qPCR reaction. qPCR was 

performed using TaqMan Gene Expression Master Mix (Life Technologies) and Taqman 

Gene Expression Assays (Life Technologies) with a StepOnePlus Real-Time PCR Systems 

(Life Technologies). Assays used were TGF-βRIII (Hs01114253_m1), SMAD2 

(Hs00183425_m1), and TGF-βRI (Hs00610320_m1). For analysis of mature miRNAs, 

reverse transcription was performed using NCode VILO miRNA cDNA Synthesis Kit (Life 

Technologies). qPCR was performed using PerfeCTa SYBR Green SuperMix with ROX 

(Quanta Biosciences). SYBR primers used are shown in Table 1.
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Results

The fetal T cell compartment is enriched for regulatory T cells

Human fetal Tregs are critical for the suppression of fetal T cell responses to maternal 

alloantigens [7](20). To further characterize fetal Tregs, we phenotyped fetal and adult T 

cells based on the functionally significant Treg proteins, FoxP3, ICOS, and CTLA-4 (21–

23). Compared to adult PBMCs, fetal spleen and lymph nodes were found to contain a 

significantly higher percentage of FoxP3+CD25+ Tregs that expressed a significantly higher 

level of FoxP3 protein (Fig. 1a, b, Supp. Fig. 1). Furthermore, the fetal FoxP3+ Treg 

population harbored a higher percentage cells that were CTLA4+ and ICOS+ (Fig. 1c) and 

these proteins were more highly expressed than in adult FoxP3+ cells (Fig. 1d). Of note, 

increased expression of these three proteins has been associated with increased Treg 

suppressor activity, suggesting that fetal Tregs may be more suppressive than their adult 

counterparts (21, 24–27). It is important to note that these analyses compare T cells derived 

from fetal tissues to adult T cells from peripheral blood. Thus, our findings may reflect both 

immunological differences associated with ontogeny and age, and experimental procedures 

used in isolating cells from these distinct anatomical locations.

Naïve CD4+ T cells isolated from fetal lymphoid organs have an increased propensity to 

differentiate into FoxP3+CD25+ Tregs when stimulated with antigen presenting cells from 

an unrelated donor (5). We wondered if similar effects could be seen when naïve CD4+ T 

cells were stimulated via the T cell receptor (TCR) with anti-CD3 and CD28 antibodies. 

TCR signal strength plays a critical role in driving the differentiation of naïve T cells into 

Tregs. During positive selection in the thymus, Tregs are more dependent on strong TCR 

signals compared with effector T cells (28). In the periphery, however, it has been suggested 

that weaker TCR stimulation is favorable for FoxP3 expression and for the generation of 

induced Tregs (29, 30). These studies have largely been conducted in mice and it is unknown 

which TCR signaling restraints determine Treg differentiation in humans.

Naive fetal T cells have an increased propensity to differentiate into Tregs and exhibit 
enhanced signaling through the TGF-β pathway

We isolated naive CD4+CD45RA+ T cells from fetal lymphoid organs or adult peripheral 

blood and stimulated them with a range of concentrations of anti-CD3 monoclonal antibody 

(Supp. Fig. 2a). While both fetal and adult T cells exhibited increasing percentages of 

FoxP3+CD25+ Tregs with increasing concentrations of anti-CD3, cultures derived from 

naïve fetal T cells exhibited significantly increased percentages of Tregs at each 

concentration of anti-CD3 tested (Fig. 2a). Furthermore, FoxP3+ cells derived from fetal 

naïve T cells had significantly increased expression of FoxP3 protein compared to those 

cells derived from adult naïve T cells (Fig. 2b). These data confirm that fetal naïve T cells, in 

contrast to adult T cells, have a cell-intrinsic propensity to differentiate into Tregs after TCR 

stimulation.

Signaling through TGF-β in CD4+ T cells is absolutely required for the induction of FoxP3 

expression, as CD4+ T cells deficient in TGF-β signaling cannot differentiate into Tregs in 
vitro or in vivo (31–33). Furthermore, human naïve CD4+CD25− cells activated with 
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superantigen or alloantigen along with IL-2 and TGF-β differentiate into FoxP3+CD25+ 

Tregs with potent in vitro suppressive activity (34, 35). Thus, we asked whether fetal CD4+ 

T cells stimulated in the presence of TGF-β have an increased propensity to differentiate 

into Tregs as compared to adult cells. We isolated fetal and adult naïve T cells and 

stimulated them in the presence of increasing concentrations of TGF-β. While we observed 

that exogenous TGF-β enhanced FoxP3+CD25+ Treg differentiation in both fetal and adult 

naïve, fetal T cells exhibited increased Treg frequencies in all conditions (Fig. 2c). Fetal T 

cells also showed significantly increased expression of the FoxP3 protein in all 

concentrations of TGF-β compared to adult cells (Fig. 2d).

Based on the critical role that TGF-β signaling plays in Treg differentiation and our 

observation that fetal T cells exhibit increased Treg differentiation propensity in response to 

TGF-β, fetal and adult naive T cells were interrogated for the expression of key TGF-β 
signaling proteins. Fetal naïve CD4+ T cells expressed significantly higher levels of TGF-

βRI, TGF-βRIII, and SMAD2 proteins (Fig. 2e, g, h). We observed no significant 

differences in the expression of TGF-βRII (Fig. 2f). Based on these findings, we investigated 

whether fetal T cells have alterations in signaling downstream of TGF-β stimulation. We 

observed that SMAD2/SMAD3 phosphorylation was increased in naive fetal CD4+ T cells at 

basal conditions and upon stimulation with TGF-β (Fig. 2i, Supp. Fig. 2b,c). When we 

analyzed the ratio of pSMAD2/3 to total SMAD2 protein, we found no difference between 

fetal and adult cells. Taken together, these results indicate that fetal naïve CD4+ T cells have 

higher expression of TGF-β signaling components and increased activation of downstream 

TGF-β signaling. Fetal lymph nodes have also been shown to express significantly higher 

levels of TGF-β family members, as compared to adults [7]. Interestingly, naïve fetal T cells 

express lower levels of latent TGF-β on their surface as compared to adult cells. (Supp. Fig. 

2d).

Lin28b mediates increased Treg differentiation in fetal T cells

To address the mechanisms underlying these age-dependent differences in TGF-β signaling, 

we investigated a potential role for the evolutionarily conserved RNA-binding protein, 

Lin28b, which has key functions in development, metabolism, differentiation, and 

pluripotency (9, 11, 17, 36).. Lin28b is expressed in undifferentiated cells in C. elegans, 

mice, and humans (9–11) and in fetal hematopoietic tissues in mice and humans [18], and its 

overexpression in mouse hematopoietic progenitors redirects them towards fetal-like 

lymphopoiesis (18, 19). Lin28b functions through binding and directly regulating thousands 

of mRNAs, and by blocking the biogenesis of let-7 family miRNAs (13–15, 17, 37). Based 

on the importance of Lin28b in fetal hematopoiesis, we wondered if Lin28b could play a 

role in human fetal Treg differentiation. We measured Lin28b expression in fetal and adult 

naïve CD4+ T cells and, in accordance with previous reports, Lin28b mRNA and protein are 

expressed at much higher levels in fetal T cells as compared to adult cells (Fig. 3a, b) (18). 

Because Lin28b functions in part through regulation of let-7 biogenesis, we interrogated the 

expression of let-7 family members in fetal and adult T cells. We observed lower expression 

of most let-7 members in fetal cells, which reached significance in the case of let-7b and 

let-7g (Fig. 3c).
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To determine if Lin28b drives increased Treg differentiation in fetal T cells, we knocked 

down Lin28b in naïve fetal CD4+ T cells and assayed resulting Treg frequencies after 

differentiation in vitro. Cells treated with siRNAs targeting Lin28b (siLin28b) had 

significantly decreased expression of Lin28b mRNA and increased expression of let-7 

members compared to cells treated with non-targeting siRNA cells (siCtrl) (Fig. 3d, e). 

Furthermore, cultures of siLin28b-treated cells had significantly decreased frequencies of 

FoxP3+CD25+ Tregs and decreased expression of FoxP3 protein upon stimulation (Fig. 3f, 
g).

Lin28b regulates TGFβ signaling in fetal T cells through regulation of let-7

Given that fetal T cells have increased expression of TGF-βRI, TGF-βRIII, and SMAD2, we 

wondered if siLin28b cells would similarly show decreased expression of these mediators of 

TGF-β signaling. We observed that cells treated with siLin28b exhibited significantly lower 

expression of TGF-βRI, TGF-βRIII, and SMAD2 proteins (Fig. 4a, b, c) and that SMAD2/

SMAD3 phosphorylation was also impaired in the setting of Lin28b knockdown (Fig. 4d). 

Finally, we asked if increased let-7 biogenesis underlies the phenotypes observed in the 

setting of Lin28 knockdown. Because TGF-βRI, TGF-βRIII, and SMAD2 are targets of 

let-7, we tested whether their expression was effected by let-7. When let-7g was introduced 

into the Jurkat human T cell line, we observed significantly decreased expression of TGF-

βRI, TGF-βRIII, and SMAD2 (Fig. 4e)(38–40). This observation indicates that Lin28b may 

regulate fetal Treg differentiation through let-7-mediated repression of TGF-β signaling 

mediators (see model in Supp. Fig. 3).

Discussion

Human fetal secondary lymphoid organs are enriched for regulatory T cells and fetal naïve 

CD4+ T cells are predisposed to differentiate into FoxP3+ Tregs upon stimulation. The data 

presented here demonstrate that the RNA-binding protein Lin28b is involved in Treg 

differentiation in fetal T cells. Naïve fetal T cells exhibit increased expression of key 

molecules involved in TGF-β signaling, including TGF-βRI, TGF-βRIII, and SMAD2, and 

show increased phosphorylation of SMAD2/3 upon stimulation with TGF-β. Fetal T cells 

further show increased differentiation into FoxP3+CD25+ cells across a titration of TCR 

stimulation and TGF-β concentrations. Lin28b is highly expressed in naïve fetal T cells, as 

compared to adult cells, and is associated with decreased levels of let-7 family miRNAs. 

When Lin28b is knocked down in fetal T cells, let-7 miRNAs are upregulated and 

differentiation into FoxP3+CD25+ cells is significantly decreased. Lin28b knockdown is 

further associated with decreased expression of TGF-βRI, TGF-βRIII, and SMAD2, and 

impaired phosphorylation of SMAD2/3 at basal conditions and upon stimulation with TGF-

β. These effects may be caused by let-7-mediated repression of TGF-βRI, TGF-βRIII, and 

SMAD2 expression. Collectively our data support a model in which high expression of 

Lin28b in fetal CD4+ T cells mediates increased signaling through the TGF-β pathway and 

differentiation into Tregs.

The predisposition of fetal T cells to differentiate into Tregs is a dominant feature of fetal 

and neonatal immune responses, and may contribute to susceptibility to infections and poor 
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vaccine responsiveness. Cellular immunity to vaccination is generally less effective in 

infants as compared to older children and adults, and is characterized by anti-inflammatory 

responses (41–43). Based on our finding highlighting Lin28b as a key mediator of the 

tolerogenic fetal T cell program, it is possible that modulation of Lin28b activity in infants 

could polarize the neonatal immune response to become more immunoreactive; if so, 

strategies may be developed to enhance vaccine responsiveness in this age group and confer 

increased protection. Furthermore, successful pregnancy requires maintenance of immune 

tolerance between the mother and her fetus, and failure to do so may lead to pregnancy 

complications such as fetal loss, preterm labor, and preeclampsia (44). Since maternal cells 

can migrate across the placenta and maternal antigen-specific Tregs are required for 

prevention of fetal anti-maternal immune activation, modulation of the Lin28b-regulated 

fetal Treg differentiation pathway may also have impact on outcomes in perinatal medicine 

(20, 45).

Because of the extreme difficulty in obtaining adult secondary lymphoid organ and fetal 

peripheral blood samples, these studies compared T cells derived from fetal lymph nodes 

and spleen to adult T cells from peripheral blood. Thus, our findings may reflect both 

immunological differences associated with ontogeny and age, and experimental procedures 

used in isolating cells from these distinct anatomical locations. Future experiments will be 

required to discriminate between these possibilities. It is further notable that the 

CD4+CD45RA+ population in adults may contain a small number of TEMRA cells, which 

may confound our analysis (46).

A number of key questions remain to be addressed. Though we have shown that naïve fetal 

T cells are predisposed to differentiate into FoxP3+CD25+ cells that also express the key 

Treg markers, CTLA4 and ICOs, and that such cells have suppressive activity in vitro(20), it 

will also be important to determine the functional consequences of Lin28b knockdown in 

fetal T cells. Thus, our data show that loss of Lin28b is associated with decreased 

differentiation into FoxP3+CD25+ cells and it will be interesting to determine if these cells 

are also less suppressive. Furthermore, it will be critical to understand whether they instead 

upregulate proinflammatory cytokines like IFN-γ or IL-2. It has recently been shown that a 

converse relationship exists wherein TGF-β promotes the transcription of Lin28b (47). Fetal 

T cells do not exhibit increased expression of TGF-β, thus arguing against a paracrine 

mechanism wherein fetal Tregs themselves promote SMAD phosphorylation, but fetal 

lymph nodes do show increased mRNA for numerous TGF-β family cytokines and this may 

be a mechanism that promotes increased Lin28b transcription in fetal T cells (20).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The fetal T cell compartment is enriched for regulatory T cells
a. Flow cytometry analysis of staining for intracellular FoxP3 and surface CD25 on fetal and 

adult CD4+ T cells. Bar graph shows the percentage of FoxP3+CD25+ cells within the CD4+ 

population. b. Flow cytometry analysis of staining for intracellular FoxP3 on fetal and adult 

FoxP3+CD4+ T cells. Bar graph shows the mean fluorescence intensity (MFI) of FoxP3 

within the FoxP3 population. c. Flow cytometry analysis of staining for ICOS and CTLA4 

on fetal and adult FoxP3+CD4+ T cells. Bar graph shows the percentage of ICOS+CTLA4+ 

cells within the FoxP3+ population. d. Flow cytometry analysis of staining for ICOS and 

CTLA4 on fetal and adult FoxP3+CD4+ T cells. Bar graph shows the MFI of ICOS and 

CTLA4 within the FoxP3 population. All plots are pre-gated on cell size, live, 

CD3+CD8−CD4+ (see Supp. Fig. 1). The data are representative of results from 8 fetal and 8 

adult individuals in 3 independent experiments. Statistics refer to Mann-Whitney test. *** 

p<.001, ** p<.01, * p<.05
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Figure 2. Naive fetal T cells have an increased propensity to differentiate into Tregs and exhibit 
enhanced signaling through the TGF-β pathway
a. Flow cytometry analysis of staining for intracellular FoxP3 and surface CD25 on fetal and 

adult CD4+ T cells stimulated with 0.8 μg/mL α-CD3. Graph shows percentage of 

FoxP3+CD25+ cells within the CD4+ population following stimulation across a range of α-

CD3 concentrations. b. Flow cytometry analysis of staining for intracellular FoxP3 on fetal 

and adult FoxP3+CD4+ T cells following stimulation as above. Graph shows FoxP3 MFI 

within the FoxP3+CD4+ population following stimulation. c. Flow cytometry analysis of 

staining for intracellular FoxP3 and surface CD25 on fetal and adult CD4+ T cells stimulated 

with 0.8 μg/mL anti-CD3 in the presence of 8 ng TGF-β. Graph shows percentage of 

FoxP3+CD25+ cells within the CD4+ population following stimulation across a range of 

TGF-β concentrations. d. Flow cytometry analysis of staining for intracellular FoxP3 on 

fetal and adult FoxP3+CD4+ T cells stimulated with 0.8 μg/mL anti-CD3 in the presence of 

TGF-β. Graph shows FoxP3 MFI within the FoxP3+CD4+ population following stimulation, 

as above. e–h. Flow cytometry analysis of staining for TGF-βRI, TGF-βRII, TGF-βRIII, and 

SMAD2 on fetal and adult naïve CD4+ T cells. Bar graphs show percentage of TGF-βRI+ 

cells and MFI of TGF-βRII, TGF-βRIII, and SMAD2 within the naïve CD4+ population. i. 
Flow cytometry analysis of staining for intracellular phosphorylated SMAD2/SMAD3 on 

fetal and adult naïve CD4+ T cells in the presence of 2 ng TGF-β. Bar graph shows 

phosphorylated SMAD2/SMAD3 MFI within the naïve CD4+ population. Panels a–d are 

pre-gated on cell size, live, CD3+CD8−CD4+ (see Supp. Fig. 1). Panels e–i are pre-gated on 

cell size, live, CD3+CD8−CD4+CD45RA+ (see Supp. Fig. 2). The data are representative of 
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results from 8 fetal and 8 adult individuals in 3 independent experiments. Statistics refer to 

Mann-Whitney test. *** p<.001, ** p<.01, * p<.05
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Figure 3. Lin28b mediates increased Treg differentiation in fetal T cells
a. qRT-PCR analysis of Lin28b mRNA expression in fetal and adult naïve CD4+ T cells. 

Lin28b expression is shown relative to expression of β-actin. b. Western blot analysis of 

Lin28b protein in fetal and adult naïve CD4+ T cells. GAPDH is shown as a loading control. 

Blot is cropped and both analyses were performed on the same blot. c. qRT-PCR analysis of 

let-7 family mature miRNAs (a–g) expression in fetal and adult naïve CD4+ T cells. Let-7 

expression is shown relative to expression of 5.8S ribosomal RNA. d. qRT-PCR analysis of 

Lin28b mRNA expression in fetal CD4+ T cells 3 days following treatment with non-

targeting control siRNA (siCtrl) or siRNA targeting Lin28b (siLin28b). Lin28b expression is 

shown relative to expression of β-actin. e. qRT-PCR analysis of let-7 family mature miRNAs 

expression in siCtrl or siLin28b fetal CD4+ T cells. Let-7 expression is shown relative to 

expression of 5.8S ribosomal RNA. f. Flow cytometry analysis of staining for intracellular 

FoxP3 and surface CD25 on siCtrl and siLin28b fetal CD4+ T cells following 3 days 

incubation with siRNA and 4 days in vitro Treg differentiation. Graph shows the percentage 

of FoxP3+CD25+ cells within the CD4+ population. g. Flow cytometry analysis of staining 

for intracellular FoxP3 on siCtrl and siLin28b FoxP3+CD4+ T cells. Graph shows FoxP3 

MFI within the FoxP3 population. The data are representative of results from 8 fetal and 8 

adult individuals in 3 independent experiments. Statistics refer to Wilcoxon test. *** p<.001, 

** p<.01, * p<.05
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Figure 4. Lin28b regulates TGFβ signaling in fetal T cells through regulation of let-7
a–c. Flow cytometry analysis of staining for TGF-βRI, TGF-βRIII, and SMAD2 on siCtrl- 

and siLin28b-treated fetal CD4+ T cells. Graphs show MFI of TGF-βRI, TGF-βRIII, and 

SMAD2 on siCtrl- and siLin28b-treated CD4+ T cells. d. Flow cytometry analysis of 

staining for intracellular phosphorylated SMAD2/SMAD3 on siCtrl- and siLin28b-treated 

CD4+ T cells in the presence of 2 ng TGF-β. Bar graph shows phosphorylated SMAD2/

SMAD3 MFI within the CD4+ population. e. qRT-PCR analysis of TGF-βRI, TGF-βRIII, 

and SMAD2 mRNA expression in Jurkat cells transfected with control or let-7g miRNA. 

The data are representative of results from 8 fetal and 8 adult individuals in 3 independent 

experiments. Statistics refer to Wilcoxon test. *** p<.001, ** p<.01, * p<.05
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Table 1

qPCR Primers used for SYBR Green detection of mature miRNAs.

miRNA SYBR primers

gene sequence

hsa-let7-a TGAGGTAGTAGGTTGTATAGTT

hsa-let7-b TGAGGTAGTAGGTTGTGTGGTT

hsa-let7-c TGAGGTAGTAGGTTGTATGGTT

hsa-let7-d AGAGGTAGTAGGTTGCATAGTT

hsa-let7-e TGAGGTAGGAGGTTGTATAGTT

hsa-let7-f TGAGGTAGTAGATTGTATAGTT

hsa-let7-g TGAGGTAGTAGTTTGTACAGTT

5.8S ATCGTAGGCACCGCTACGCCTGTCTG
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