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Abstract

Allergic diseases represent a major issue in clinical and experimental immunology due to

their high and increasing incidence worldwide. Allergy status of the mother remains the best

predictor of an individual’s increased risk of allergy development. Dysregulation of the bal-

ance between different branches of immune response, chiefly excessive polarization

towards Th2, is the underlying cause of allergic diseases. Regulatory T cells (Tregs) play a

pivotal role in the timely establishment of physiological immune polarization and are crucial

for control of allergy. In our study we used flow cytometry to assess Tregs in cord blood of

newborns of healthy (n = 121) and allergic (n = 108) mothers. We observed a higher per-

centage of Tregs (CD4+CD25+CD127lowFoxP3+) in cord blood of children of allergic moth-

ers. However, the percentage of cells expressing extracellular (PD-1, CTLA-4, GITR) and

intracellular (IL-10, TGF-β) markers of function was lower (significantly for PD-1 and IL-10)

within Tregs of these children. Furthermore, Helios- induced Tregs in the cord blood of chil-

dren of allergic mothers were decreased. These results were supported by a decrease in

plasma levels of IL-10 and TGF-β in cord blood of newborns of allergic mothers, implying

lower tolerogenic capacity on the systemic level. Taken together, these findings reflect defi-

cient function of Tregs in the group with higher risk of allergy development. This may be

caused by a lower maturation status of the immune system, specifically Tregs, at birth. Such

immaturity may represent an important mechanism involved in the increased risk of allergy

in children of allergic mothers.

Introduction

Allergic diseases belong to the most common and important medical conditions. Despite

intensive research, the early events leading to the development of allergy in predisposed infants

remain to be conclusively elucidated. The hygiene hypothesis is a major theory, postulating

that lower exposure to microbes typical for the more developed countries may delay the devel-

opment of the immune system and alter the balance among immune response branches (e.g.

Th1, Th2, Treg, Th17), facilitating allergy. Prenatally, T helper type 2 (Th2) response is
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favoured to prevent undesirable reactivity towards maternal antigenic determinants foreign to

the foetus [1]. Beginning after birth, a new physiological balance needs to be established upon

contact with external environment, chiefly upon exposure to microbial stimuli. Persistence of

the Th2 bias predisposes towards allergy development; Th1 and Th17 responses play impor-

tant roles in anti-infectious immunity, but under certain conditions can lead to the develop-

ment of autoimmune diseases. Regulatory T cells (Tregs) are the master T lymphocyte

population overseeing this fine tuning and controlling potential development of pathological

reactions including allergy-associated Th2 responses [2].

Human Tregs represent a population of CD4+ T cells characterised by a typical set of cell

surface markers (CD4+CD25+CD127low) and intracellular markers (FoxP3+, Helios+). FoxP3

can be considered as a master transcription factor of Tregs responsible for their regulatory

functions, and MFI of FoxP3 has been shown to correlate with Treg suppressive function [3].

Another hallmark of Tregs is a high dependence on IL-2. Tregs play an indispensable role in

maintaining immunological reactions within physiological proportions, as evidenced by the

severe autoimmune phenotype seen in FoxP3 deficient patients [4]. They are also essential for

controlling allergy [2] and form the basis of allergen-specific immunotherapy [5]. Tregs exert

their immunosuppressive function in a number of biologically significant ways, both through

direct cell to cell contact (e.g. CTLA-4, LAG-3, PD-1, FasL) and remotely through the secretion

of immunoregulatory cytokines (IL-10, TGF-β, IL-35) [6]. Measurement of these and other

related markers is therefore routinely used to indirectly assess Treg´s suppressive capabilities

and functional status.

Numerous Treg subpopulations differing in the details of their localization and function as

well as expression of markers have been described, making proper identification strategies

vital for data reproducibility [7]. Conventional CD4+CD25+CD127lowFoxP3+ Tregs can be

divided into two broad groups with distinct origin and function: natural Tregs (nTregs) arise

in thymus, possess TCR specificity mainly towards autoantigens and have been described to

express the Ikaros family transcription factor Helios [8–10] and occasionally also neuropilin-1

[11], while Helios- induced Tregs (iTregs) take on Treg phenotype upon interaction with envi-

ronmental or self- antigens within the context of an immunosuppressive cytokine milieu

(mainly TGF-β) on the periphery [12].

Many groups have so far tried to identify early prognostic markers which could be used to

predict increased risk of allergy development, however with little conclusiveness. Maternal

allergy remains the strongest and most reliable universally accepted established risk factor

[13]. Among parameters studied in the cord blood were immunoglobulin (Ig)E levels [14,15],

Th1 and Th2 cytokine proportions in plasma [16,17] as well as responsiveness of cord blood

cells to various modes of stimulation [13,18,19]. Several groups including our own have

reported correlation between proportional and functional characteristics of Tregs in cord

blood and allergy status of the mother [7] or early allergy disorders in infants [20,21]. Our own

observations revealed a lower presence of functional markers (IL-10, TGF-β, MFI of FoxP3) in

Tregs from cord blood of children of allergic mothers as well as increased size of the popula-

tion, possibly due to a compensatory upregulation caused by the dysfunctional nature of these

cells [7]. We postulated that lower overall perinatal maturity of the immune system in children

of allergic mothers may be the underlying cause of this. To further elucidate the relationships

among functional phenotype of Tregs, their maturation status and risk of allergy development,

we analysed Tregs and compared their populations as well as chosen surface (CTLA-4, PD-1,

GITR) and intracellular (IL-10, TGF-β) markers of Tregs in cord blood of new-borns of aller-

gic mothers (children with a relatively high risk of allergy development) and of healthy moth-

ers (low-risk children). Importantly, we also compared the proportions of Helios+ Tregs

(putative nTregs) and Helios- Tregs (putative iTregs), as we postulated that since iTreg arise

Tregs in newborns of healthy and allergic mothers
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mostly due to postnatal exposure to harmless exogenous antigens, their decreased number

may reflect a lower overall maturation status of Tregs even on the level of cord blood.

Materials and methods

Subjects and sample collection

Healthy (n = 121) and allergic (n = 108) mothers with physiological pregnancies who delivered

children vaginally at full term in the Institute for the Care of the Mother and Child in Prague,

Czech Republic, were included for the study. There was no difference in pregnancy length

between the two groups. Allergy status of the mother was determined based on clinical mani-

festation of allergy persisting for at least 24 months; allergy against respiratory and/or food

allergens manifested by various individual combinations of symptoms (e.g. hay fever, conjunc-

tivitis, eczema, bronchitis, asthma etc.), monitoring by an allergist, positive skin prick tests or

positive specific IgE and anti-allergic treatment before pregnancy. The study was approved by

the Ethical Committee of the Institute for the Care of Mother and Child (Prague, Czech

Republic) and was carried out with a signed written informed consent of the mothers.

Cord blood (CB) samples (approx. 5 ml) were collected into sterile heparinized tubes imme-

diately after birth via umbilical vein punction, as described previously [17]. CB plasma was

obtained for cytokine and IgE detection. Mononuclear cell fraction was obtained from whole

cord blood by density gradient centrifugation (Histopaque-1077; Sigma-Aldrich, St. Louis,

MO, USA) for culture assays.

Flow cytometry

Whole blood samples were prepared and stained for flow cytometry as described in our previ-

ous studies [7]. Briefly, samples of whole blood were stained with the following antibodies

against Treg surface markers: CD4 fluorescein isothiocyanate (FITC; clone RPA-T4; Becton

Dickinson, Franklin Lakes, NJ, USA), CD25 peridinin chlorophyll-cyanin 5.5 (PerCP-Cy5.5;

clone MEM-181; Exbio pls., Vestec, Czech Republic), and CD127 phycoerythrin-cyanin 7

(PE-Cy7; clone A019D5; BioLegend, San Diego, CA, USA). Staining and sample preparation

were performed according to manufacturer’s instructions using human regulatory T cell

whole blood staining kit (eBioscience, San Diego, CA, USA). After fixation and permeabiliza-

tion, the samples were stained with antibodies against Treg intracellular markers: FoxP3 phy-

coerythrin (PE; clone PCH101; Thermo Fisher Scientific, Waltham, MA, USA) and Helios

allophycocyanin (APC; clone 22F6; BioLegend). In some experiments, non-stimulated whole

blood samples were stained for the following surface markers associated with Treg function:

CTLA-4 APC (clone L3D10), PD-1 allophycocyanin- cyanin 7 (APC-Cy7; clone EH12.2H7),

GITR PE (clone 621), all from BioLegend. Non-stimulated whole blood samples treated with

BD GolgiPlug (Becton Dickinson) for 6 hours were permeabilized after surface staining for

Tregs and stained for intracellular expression of regulatory cytokines IL-10 PE (clone JES3-

19F1) and TGF-β PerCP-Cy5.5 (clone BG/hLAP), both from BioLegend. Gating strategy used

for estimation of Treg was described in greater detail previously [22]. Briefly, lymphocyte gate

was set based on forward-scatter (FCS) and side-scatter (SSC) characteristics with doublets

exclusion (FCS-A × FCS-H; S1A and S1B Fig). Tregs were gated from the lymphocyte gate as

CD4+CD25+CD127low cells (S1C and S1D Fig) for analyses of Treg surface functional markers

(FMO shown in S1E, S1G and S1I Fig, representative dot plots shown in F, H and J for GITR,

PD-1 and CTLA-4, respectively), iTreg/nTreg ratios (unstained control shown in S1K Fig, rep-

resentative dot plot of FoxP3 and Helios expression shown in L) and intracellular cytokines

(FMO shown in S1M and S1O Fig, representative dot plots shown in N and P for IL-10 and

TGF-β, respectively).

Tregs in newborns of healthy and allergic mothers
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To confirm the validity of using Helios as a marker of nTregs by comparing its expression

with another putative nTreg marker, neuropilin-1 (only several samples were stained), we

stained cells with the following antibodies against surface markers: CD4 FITC (clone MEM-

241, Exbio), CD25 PE (clone MEM-181, Exbio), neuropilin-1 APC/Fire750 (CD304; clone

12C2, BioLegend), followed by intracellular staining for FoxP3 APC (clone 3G3, Exbio) and

Helios PE-Cy7 (clone 22F6, Exbio). TregFlowEx kit (Exbio) was used according to manufac-

turer’s instructions for intracellular staining and preparation of these samples.

CFSE suppression of proliferation assay

A proliferation suppression assay was performed utilising coculture of magnetically isolated

CFSE-stained target cells (non-Treg CD4+CD25-CD127+ cells) with magnetically isolated Treg

(CD4+CD25+CD127low), as described previously [23,24].

EasySep™ Human CD4+CD127lowCD25+ Regulatory T Cell Isolation Kit (StemCell, Van-

couver, BC, Canada) was used to magnetically isolate Tregs and target cells from cord blood

mononuclear cells. The target cells were stained with 5 μM CFSE, plated into 24-well plates

with or without Tregs and cultivated for 72 hours in RPMI medium (Sigma-Aldrich) supple-

mented with 10% FTS (Cambrex), gentamycin (Sigma-Aldrich, 40 mg/L) and L-glutamine

(Sigma-Aldrich, 2mM). 20 ng of recombinant human IL-2 (PeproTech, Rocky Hill, NJ, USA),

1 μg of purified, functional grade human anti-CD3 (clone OKT3; ThermoFisherScientific) and

1 μg of purified, functional grade human anti-CD28 (clone CD28.2; ThermoFisherScientific)

were added per 106 target cells to stimulate proliferation. 0.5×106 cells in total were seeded in

each well. After 72h, cells were stained for CD4 (APC; clone MEM-241; Exbio) and analysed

with flow cytometer.

ELISA

The plasma was stored at -20˚C. Levels of IL-10 and TGF-β were quantified by ELISA while

specific IgE was measured immunoenzymatically by RISA (Ring-Immuno-Sorbent Assay), as

described previously [25].

Data acquisition and statistics

Flow cytometry data were acquired on a BD FACSCanto flow cytometer using BD FACS Diva

version 6.1.2 software (Becton Dickinson) and analysed using FlowJo 7�2.2. (TreeStar, Ash-

land, OR, USA). Results of ELISA and RISA assays were obtained using Genesis software. Sta-

tistical and graphical analysis was performed using GraphPad Prism 6.0 software (GraphPad

Software, La Jolla, CA, USA). Differences between groups were compared using unpaired Stu-

dent’s t-test in case of data with normal distribution (total Treg, iTreg and nTreg ratios; surface

markers of Treg function) and unparametric Mann-Whitney test for the rest of the data (pro-

portions of IL-10+ Tregs and TGF-β+ Tregs, plasma levels of IL-10, TGF-β, sIgE). All results

are presented as box plots with medians, 25th, and 75th percentiles as boxes and 10th and 90th

percentiles as whiskers.

Results

The immunological characteristics of cord blood of children of allergic mothers (children with

high risk of allergy development, n = 108) and healthy mothers (low-risk group, n = 121) were

compared. Chiefly, nTreg and iTreg populations as well as total Treg proportion were assessed.

Tregs were also tested for their surface functional markers (PD-1, CTLA-4, GITR) and intra-

cellular cytokines (IL-10, TGF-β) to reveal possible differences in functional characteristics.

Tregs in newborns of healthy and allergic mothers
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Such variations could contribute to the differential risk of allergy development in the two

groups. Lastly, IL-10 and TGF-β levels in cord blood plasma of children as well as allergen-spe-

cific IgE levels in cord blood plasma of children and peripheral blood plasma of their mothers

were tested.

IgE

As expected, peripheral blood of allergic mothers was found to entail increased titres of IgE

specific for most common food (FX, p = 0.0450) and respiratory (DYNX, p = 0.0015) allergens

(Fig 1A). Increased levels of respiratory (DYNX, p = 0.0026) but not food allergen specific IgE

were also detected in cord blood of children of allergic mothers (Fig 1B). This could most likely

be due to transplacental transport of maternal specific IgE into fetal circulation [26].

Treg population ratios

Using our gating strategy and a combination of surface and intracellular markers, we observed

a significantly increased proportion of CD25+CD127lowFoxP3+ Tregs in CD4+ T cells from the

cord blood of children of allergic mothers (Fig 2A; p = 0.0361). After adding antibodies against

Helios, a transcription factor characteristic for natural but not induced Tregs, we revealed a

higher proportion of FoxP3+Helios+ nTregs (Fig 2B; p = 0.0149) and a lower proportion of

FoxP3+Helios- iTregs (Fig 2C; p = 0.0175) in CD4+CD25+CD127low Tregs of children of aller-

gic mothers. We have tried to stain several samples for neuropilin-1, another putative marker

of nTregs, in addition to Helios. Helios positive fraction of CD25highFoxP3+ Tregs expressed

neuropilin at higher MFI compared with Helios negative cells (S2 Fig). Nevertheless, we also

observed numerous Helios+neuropilin- Treg, suggesting different dynamics and/or roles of

these markers in the context of human regulatory T cells.

Fig 1. Specific IgE in maternal peripheral blood and cord blood. Samples of maternal peripheral blood and children’s cord blood of healthy (H, n = 112) and allergic

(A, n = 98) mothers were collected at the time of birth. Levels of IgE specific for common food (FX) and respiratory (DYNX) allergens were determined

immunoenzymatically by RISA (Ring-Immuno-Sorbent Assay). (A) Specific IgE levels in maternal peripheral blood plasma. (B) Specific IgE levels in cord blood plasma.

p values were calculated using the Mann-Whitney test.

https://doi.org/10.1371/journal.pone.0207998.g001

Tregs in newborns of healthy and allergic mothers
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Treg functional markers

To compare the expression of functional parameters, Treg surface markers of function CTLA-

4, PD-1 and GITR were stained and evaluated as a percentage of CD4+CD25+CD127low Treg

cells. A significantly higher proportion of PD-1+ Tregs was found in cord blood of children of

healthy mothers (Fig 3A; p = 0.0382). A similar trend, albeit not significant, can be seen for

CTLA+ Tregs (Fig 3B) and to a smaller extent also GITR+ Tregs (Fig 3C).

Furthermore, intracellular presence of regulatory cytokines IL-10 and TGF-β was assessed

using intracellular staining. The proportion of IL-10 and TGF-beta positive Tregs was analysed

as described previously [22]. A significantly higher percentage of IL-10+ Tregs was found

in cord blood of children of healthy mothers compared with children of allergic mothers

(Fig 4A; p = 0.0006). The same trend is discernible for TGF-β, although it is not significant

(Fig 4B).

Fig 2. Proportions of total Treg population and nTreg and iTreg subpopulations in cord blood of children of allergic and healthy mothers. Samples of cord blood

of children of healthy (H, n = 112) and allergic (A, n = 98) mothers were stained and analysed by flow cytometry. (A) Flow cytometry analysis showing the proportion of

CD25+CD127lowFoxP3+ Tregs in the cord blood CD4+ T cell population (p = 0.0361). (B) Flow cytometry analysis showing the proportion of FoxP3+Helios+ nTregs

among CD4+CD25+CD127low Tregs in cord blood (p = 0.0149). (C) Flow cytometry analysis showing the proportion of FoxP3+Helios- iTregs among

CD4+CD25+CD127low Tregs in cord blood (p = 0.0175). p values were calculated using unpaired Student’s t-test.

https://doi.org/10.1371/journal.pone.0207998.g002

Tregs in newborns of healthy and allergic mothers
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Treg functional assay

To further assess functional ability of Tregs from cord blood of newborns of allergic and

healthy mothers, proliferation suppression assay based on coculture of CFSE-stained target

cells (non-Treg CD4+CD25-CD127+ cells) with Tregs was performed on several samples

(n = 19). Although the number of samples we were able to include was insufficient for proper

statistical analysis, we observed a trend of impaired ability of Treg isolated from cord blood to

suppress proliferation of target cells in comparison to Treg from peripheral blood of adults

(S3C Fig). The suppressive function was notably less effective in Tregs isolated from cord

blood of children of allergic mothers (S3B Fig) compared to newborns of healthy mothers

(S3A Fig). A summary table with the percentage of proliferating cells and the number of cell

divisions (S1 Table) shows extreme individual variability, which may be related to the inherent

variability of cord blood in different clinical context of an individual pregnancy. Another

Fig 3. Expression of surface markers of Treg function in Tregs from cord blood of children of allergic and healthy mothers. Samples of cord blood of children of

healthy (H, n = 112) and allergic (A, n = 98) mothers were stained and analysed by flow cytometry. (A) Flow cytometry analysis showing the proportion of PD-1+ cells

among CD4+CD25+CD127low Tregs in cord blood (p = 0.0382). (B) Flow cytometry analysis showing the proportion of CTLA-4+ cells among CD4+CD25+CD127low

Tregs in cord blood. (C) Flow cytometry analysis showing the proportion of GITR+ cells among CD4+CD25+CD127low Tregs in cord blood. p values were calculated

using unpaired Student’s t-test.

https://doi.org/10.1371/journal.pone.0207998.g003

Tregs in newborns of healthy and allergic mothers
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factor may be the limited number of samples analysed. Additional studies would be warranted

to confirm if distinct patterns of cord blood cells in the data could be traced by correlation

with subsequent allergy development.

Regulatory cytokine levels in cord blood

In order to verify if the differences of immune regulation extend to the systemic level, IL-10 and

TGF-β concentration in cord blood plasma was determined by ELISA. Significantly higher lev-

els of both IL-10 and TGF-β were found in cord blood of children of healthy mothers than in

the high-risk group of children of allergic mothers (Fig 5; p = 0.0009 and 0.0492, respectively).

Discussion

Regulatory T cells play a key role in establishment and maintenance of balance among differ-

ent branches of the immune system both prenatally and postnatally [19,27]. Nevertheless, the

exact mechanisms of Treg involvement in early stages of sensitization and allergy development

have not been conclusively elucidated.

We found out differences between function-associated parameters and subpopulation char-

acteristics of Tregs from cord blood of children of allergic mothers compared with children of

healthy mothers. The decrease in some of the functional markers (PD-1, IL-10) points to a

lower functional efficacy of Tregs from new-borns of allergic mothers [6]. This could be par-

tially compensated by the increased number of Tregs in comparison with children of healthy

mothers. Lower numbers of Helios-FoxP3+ Tregs, putative iTregs, in cord blood from chil-

dren of allergic mothers may be another sign implying abnormal or delayed Treg development

contributing to the increased risk of allergy development in these children. This seems to be in

accordance with our current findings of decreased cord blood levels of regulatory cytokines

IL-10 and TGF-β as well as higher cord blood levels of specific IgE in children of allergic moth-

ers compared with children of healthy mothers.

Fig 4. Intracellular expression of regulatory cytokines in Tregs from cord blood of children of allergic and healthy mothers. Samples of cord blood of children of

healthy (H, n = 112) and allergic (A, n = 98) mothers were stained and analysed by flow cytometry for intracellular presence of cytokines IL-10 and TGF-β. (A) Flow

cytometry analysis showing the proportion of IL-10+ cells among CD4+CD25+CD127low Tregs in cord blood (p = 0. 0006). (B) Flow cytometry analysis showing the

proportion of TGF-β+ cells among CD4+CD25+CD127low Tregs in cord blood. p values were calculated using the Mann-Whitney test.

https://doi.org/10.1371/journal.pone.0207998.g004

Tregs in newborns of healthy and allergic mothers
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Children of allergic mothers exhibited an increased proportion of CD4+CD25+CD127low-

FoxP3+ Tregs. This finding is consistent with our work published earlier [7] as well as with the

data from some other groups [28,29], while some studies described no significant difference

[30] or even observed an opposite trend [31]. Several factors may account for these discrepan-

cies. Although identification of human Tregs as CD25+CD127lowFoxP3+ population within

CD4+ cells is now more or less commonly accepted, different gating strategies have previously

been used for Treg identification, and slightly different population proportions were thus

obtained based on gating hierarchy and markers used [7,28]. This can be further pronounced

when different monoclonal antibody clones are used in flow cytometry [32]. Another impor-

tant point is that beside bona fide Tregs (CD4+CD25+CD127lowFoxP3+), activated effector T

cells also upregulate CD25 expression [33]. CD25high population (approx. top 2% of expres-

sion) has been shown to correlate better with FoxP3 expression and regulatory phenotype

[34], probably limiting the contamination of studied Treg sample with activated effector cells.

FoxP3 transcription factor, previously thought exclusive for committed Tregs, has been

described to be transiently upregulated upon activation of effector T cells [35]. Moreover, con-

sidering Tregs as only CD4+CD25+ [36] could lead to overestimation of Tregs especially in

the group of newborns of allergic mothers. As we have shown, increased proliferation of cord

blood cells [37] and CD25 is commonly accepted as a marker associated with activation. Epige-

netic markers such as Treg-specific demethylated region (TSDR) are currently being proposed

as better correlating with Treg commitment and functional activity [38].

Tregs are quite a diverse cell population with some degree of plasticity and numerous

described subpopulations with varying functional roles in the context of different clinical set-

tings and tissues [39,40]. The development of these subpopulations as well as regulatory capa-

bilities is influenced by factors both intrinsic and external [19,20], including maternal health

status, lifestyle and in utero exposure to microbial antigens, allergens or other environmental

factors [19]. This could further compromise the comparability of data from different studies,

specifically those carried out in rural [19,27,28] vs. urban environment [29].

Of possible importance in the context of allergy development is the proposed difference

between thymus-derived natural Tregs (nTregs) and a peripheral population of induced Tregs

Fig 5. Regulatory cytokine levels in cord blood of children of allergic and healthy mothers. Samples of cord blood plasma of children of healthy (H, n = 112) and

allergic (A, n = 98) mothers were collected at the time of birth. Levels of IL-10 (A, p = 0.0009) and TGF-β (B, p = 0. 0492) in plasma were analysed by ELISA. p values

were calculated using the Mann-Whitney test.

https://doi.org/10.1371/journal.pone.0207998.g005

Tregs in newborns of healthy and allergic mothers
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(iTregs) [8]. There is some controversy regarding the identification of these populations, and

no reliable, indisputable distinguishing markers have been established so far. Helios, an

Ikaros-family transcription factor, has been proposed as a marker specific for thymic-derived

Tregs, i. e. nTregs, in humans [9] in conjunction with FoxP3 expression. We observed signifi-

cantly higher proportion of FoxP3+ Helios- iTregs in Tregs from cord blood of children of

healthy mothers compared with the allergic group. Children of allergic mothers, in compari-

son, had higher proportion of FoxP3+ Helios+ nTregs in Treg population. Since iTregs are

induced in periphery upon recognition of harmless environmental antigens under tolerogenic

conditions, we assume they may play a vital role in downregulating inappropriate immune

responses towards allergens. The lower percentage of iTregs among Tregs of children of aller-

gic mothers may be a factor compromising early postnatal capacity of the immune system to

establish tolerance to harmless environmental antigens. As these cells mainly arise upon expo-

sure to environmental influences [12], i.e. later in the process of perinatal immune system mat-

uration, we hypothesise that their relatively lower levels might imply a less mature immune

system at birth in the group with higher relative risk of allergy development. To the best of our

knowledge, these findings present the first published data regarding Helios expression in cord

blood Tregs in the context of allergy.

The suitability of Helios as a marker specific for nTregs has been questioned by a number

of studies performed in mice [41,42] as well as several studies involving human subjects

[43,44]. Helios- cells have been found within the population of CD45RA+FoxP3+ Tregs, sug-

gesting that antigen-naïve presumed nTregs may not universally exhibit the Foxp3+ Helios

+ expression pattern [44]. Likewise, Helios expression has been described in induced Tregs

and even FoxP3- CD4+ and CD8+ cells [43]. Different explanations of the role of Helios have

consequently been proposed.

It may be possible that Helios expression rises after exposure of the cell to cognate antigen

and Helios may thus serve as an activation and proliferation marker [43], similar to FoxP3

itself [33]. The higher proportion of Helios+ FoxP3+ cells in unstimulated cord blood of the

children of allergic mothers could then be viewed as a sign of generally higher reactivity of

cells derived from cord blood of this group; these results are consistent with studies previously

published by our group in this context [17,45–47]. This higher reactivity of cells in cord blood

of the high-risk group may signify an immune milieu more prone to inflammation, including

allergy.

Another hypothesis put forward is that Helios may play a role in Treg development and the

establishment of a stable regulatory phenotype [48]. In such case, the higher expression of Helios

we observed may in fact reflect the compensatory expansion of the Treg population brought

about by their compromised function. Alternatively, we hypothesise that the lower maturity of the

immune system of high-risk children at birth might conceivably mean that fewer stable, lineage-

committed Tregs (with no further need of Helios expression) are present at birth. Again, this

could also contribute to the higher risk of allergy development in these children.

To help contend with the challenge inherent in distinguishing iTregs from nTregs, we

introduced staining for neuropilin-1, another proposed marker of nTregs [11]. Although the

number of samples analysed was not sufficient for statistical analysis, we observed a slightly

higher expression of neuropilin-1 expression on Helios+ Tregs, a trend consistent with both

being considered putative nTreg markers [10]. As neuropilin-1 has been described to play a

role in Treg stability maintenance [49], the mechanisms involved in its regulation may also be

similar to those discussed earlier in the case of Helios. The full significance of neuropilin-1

expression on circulating human regulatory T cells is not yet clear, however, since most con-

vincing studies were either performed in mice [11] or concerned with the context of lymph

node resident Tregs [50].
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In performing their regulatory functions, Tregs employ both secreted molecules (chiefly

regulatory cytokines IL-10 and TGF-β) and surface proteins. In our study, we observed a sig-

nificantly lower proportion of PD-1+ Tregs in children of allergic mothers. The same trend is

also hinted at for CTLA-4 and GITR, though the statistical power was insufficient for these

smaller differences to be significant. PD-1 and CTLA-4 are two of the most ubiquitous Treg

functional markers, serving as important coinhibitory molecules involved in cell to cell com-

munication between Tregs and target cells [51], the so called immune checkpoints. They play a

crucial role in regulation of autoimmune diseases [52,53] and allergy [54,55]. CTLA-4 involve-

ment has been reported in food allergy [55] as well as the establishment of Th1 and Th2 bal-

ance [56], while PD-1 expression by Tregs was shown to play a major role in an animal model

of antigen-induced asthma [57].

Targeting these molecules for inhibition also forms the basis of highly effective novel antitu-

mor therapy–the “checkpoint blockade” [58]; the high incidence of immune-related adverse

effects accompanying this treatment modality attests to their pronounced functional relevance

[59]. GITR is likewise generally considered a marker of Treg function [60], albeit less well-

defined functionally and likely serving a negative feedback role in the regulation of Treg

homeostasis [61]. The lower expression of PD-1 and other surface markers in Tregs from cord

blood of children of allergic mothers marks decreased functional ability of these cells, which in

turn could contribute to increased risk of allergy development.

Children of allergic mothers also showed a significantly lower number of IL-10+ Tregs, with

the same trend visible for TGF-β. IL-10 and TGF-β are the two chief regulatory cytokines and

have been proven to play crucial roles in controlling allergy and establishing tolerance to envi-

ronmental antigens [62–64]. IL-10 production critically contributes to in vivo suppressive effi-

cacy of Tregs [6], and IL-10 producing CD4 cells, termed Tr1 cells, are implicated in the

success of allergen-specific immune therapy [5]. TGF-β is essential for establishing and main-

taining tolerance to harmless environmental (e.g. microbial) antigens in the mucosal tissues

[65], iTreg induction in the periphery [12,66] and the fine tuning of the mucosal immune sys-

tem [67,68]. The decrease in intracellular IL-10 as well as lower plasma levels observed in aller-

gic children are in keeping with our previously published observations–higher proliferation

activity of CD4+ T cells [69] and increased activation of dendritic cells [47] isolated from cord

blood of children of allergic mothers.

To assess the suppressive capacity of cord blood Tregs directly, we also performed a prolif-

eration inhibition assay. Although the data is only preliminary so far, we could demonstrate a

notable deficiency of suppressive function of Tregs isolated from cord blood compared with

Tregs isolated from adult peripheral blood. This deficiency was more pronounced in Tregs

from cord blood of a newborn of allergic mother compared with Tregs from cord blood of a

child of a healthy mother. Although these findings need confirmation with further experi-

ments, they could support our proposed hypothesis regarding functional maturity of Tregs of

children of allergy mothers.

Impaired Treg function, evidenced by lower functional marker expression, as well as

smaller number of induced Tregs in these children could compromise the capacity of their

immune systems to correctly set up the immune system balance in early postnatal period. Peri-

natal period is critical for this fine tuning as the organism first encounters numerous environ-

mental factors, including microbial antigens, as well as potential food and respiratory antigens.

Taken together, our results imply that the immune system of children of allergic mothers

tends to be more immature at the time of birth, and therefore more prone to developing dysba-

lance such as allergy. The increased proportion of total Tregs seen in these children is then

likely an attempt of the system to compensate for the lower functional capabilities by upregu-

lating the population size. Nevertheless, several points still need to be addressed. Since the flow
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cytometric analysis of intracellular cytokines and surface markers presents an indirect view of

Treg suppressive efficiency, these observations need to be confirmed by functional assays. Pre-

liminary data shown in the article support positive correlation between impaired production

of immunoregulatory cytokines and lower capacity to limit proliferation of effector CD4+ T

cells. Nevertheless, this needs to be confirmed on a larger scale to bring definitive insight into

the suggested difference of Treg functional capacity between high-risk and low-risk groups. In

addition to that, our data suggest that neonatal Tregs have a lower immunosuppressive capac-

ity in comparison to adult ones. There is also a pressing need of further research into markers

characteristic for natural and induced Tregs. Presently, there are no universally accepted

markers capable of reliably distinguishing the two populations, greatly complicating any analy-

sis of their respective importance in different contexts. The conundrum regarding the role and

function of Helios within the context of nTreg and iTreg subpopulations needs to be resolved

before a conclusive picture of its possible significance for allergy prediction can be drawn.

Lastly, long-term prospective monitoring of children will be necessary for assessment of the

predictive value of individual findings and perinatal Treg insufficiency as a whole for actual

future development of allergy.

Supporting information

S1 Fig. Gating strategy, FMO controls and representative dot plots of surface and intracel-

lular markers. Cord blood samples were stained and analysed by flow cytometry. A-D: Gating

strategy of CD4+CD25+CD127low cells.E-P: FMO controls and representative dot plots of

CD4+CD25+CD127low cells stained for surface (E-J) and intracellular (K-P) markers. E, G, I:

FMO controls for GITR, PD-1 and CTLA-4 staining. F, H, J: Representative dot plots of GITR,

PD-1, CTLA-4. K: Control sample unstained for FoxP3 and Helios. L: Representative dot plot

of intracellular staining for FoxP3 and Helios. M, O: FMO control for intracellular staining of

IL-10 and TGF-β. N, P: Representative dot plot of intracellular staining for IL-10 and TGF-β.

(TIF)

S2 Fig. Representative histograms of staining for neuropilin-1. Several whole blood samples

were stained for CD4, CD25, neuropilin-1, FoxP3 and Helios and analysed by flow cytometry.

A: CD25highFoxP3+ cells were gated into Helios+ and Helios- populations. B: Expression of

neuropilin-1 on Helios+ (blue) and Helios- (red) cells. FMO control for neuropilin-1 shown in

black.

(TIF)

S3 Fig. Suppression of proliferation of CFSE-stained non-Treg cells. CD4+CD25-CD127+

target cells were magnetically isolated from cord blood mononuclear cells (n = 19), stained

with 5 μM CFSE and cocultured with CD4+CD25+CD127low Treg cells at 1:5 Treg:target cell

ratio. After 72 hours, cells were harvested, stained for CD4 and analysed by flow cytometry.

Representative histograms show unstimulated control cells (blue), anti-CD3/CD28 stimulated

control cells (red) and stimulated cells cocultured with Tregs at 1:5 Treg:target ratio (orange).

A: Cells isolated from cord blood of a newborn of a healthy mother. B: Cells isolated from cord

blood of a newborn of an allergic mother. C: Cells isolated from adult peripheral blood.

(TIF)

S1 Table. Summary table of data from CFSE-based suppression assays. CD4+CD25-CD127+

target cells were magnetically isolated from cord blood mononuclear cells (n = 19), stained

with 5 μM CFSE and cocultured with CD4+CD25+CD127low Treg cells at 1:5 Treg:target cell

ratio. After 72 hours, cells were harvested, stained for CD4 and analysed by flow cytometry.

Table shows percentage of cells which went through at least one round of cell division (Divided
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cells), percentage of cells which did not proliferate (Undivided cells) and the number of peaks

representing cell divisions in each sample (Number of generations). For each sample, allergy

status is shown (A–children of allergic mothers, H–children of healthy mothers) and three

conditions are included: Tregs cocultured with target cells at 1:5 Treg:target ratio; target cells

stimulated with CD3 and CD28 monoclonal antibodies and IL-2; and unstimulated target

cells, with only IL-2 added.

(PDF)
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