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Abstract

Background: Upon antigen exposure, cord blood derived T cells respond to ubiquitous environmental antigens by high
proliferation. To date it remains unclear whether these “excessive” responses relate to different regulatory properties of the
putative T regulatory cell (Treg) compartment or even expansion of the Treg compartment itself. Methods: Cord blood (>37
week of gestation) and peripheral blood (healthy controls) were obtained and different Treg cell subsets were isolated. The
suppressive potential of Treg populations after antigen exposure was evaluated via functional inhibition assays
(*HIthymidine incorporation assay and CFSE staining) with or without allergen stimulation. The frequency and markers of
CD4'CD25"9"FoxP3* T cells were characterized by mRNA analysis and flow cytometry. Results: Cord blood derived
CD4*CD25M"9" cells did not show substantial suppressor capacity upon TCR activation, in contrast to CD4*CD25M9" cells
freshly purified from adult blood. This could not be explained by a lower frequency of FoxP3"CD4"CD25"9 cells or FOXP3
mRNA expression. However, after antigen-specific stimulation in vitro, these cells showed strong proliferation and
expansion and gained potent suppressive properties. The efficiency of their suppressive capacity can be enhanced in the
presence of endotoxins. If T-cells were sorted according to their CD127 expression, a tiny subset of Treg cells

small subset of CD4*CD25™
suppressive Tregs.
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Conclusion: Cord blood harbors a very

Introduction

Allergic disease in infancy has dramatically increased in the past
decades [1,2] and preventive strategies have become of rising
interest. It is assumed that immune dysregulation is an early event
which is measurable in the perinatal period, which is directly
linked to the maturation of the immune system [3,4,5]. There are
three time points to implement preventive strategies: before
sensitization, after sensitization (but before disease) and at the
onset of disease.

It has been considered a long time that the neonate is
immunologically naive and the development of specific immune
responses is restricted to the period after birth. However, i utero
exposure to environmental antigens has been documented in cord
blood [6,7,8,9] and amniotic fluid [10] which suggest that an
intrauterine sensitization to allergens is possible. An increased
proliferation and cytokine production of cord blood mononuclear
cells in response to nutritive allergens, when the mother has been
exposed, such as bovine beta-lactoglobulin (BLG) and aero-
allergens has been described [4,11,12,13]. The mechanisms that
regulate the development of allergen-specific immune responses in
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the fetus and their relevance in protection or disease development
have not been completely understood. In general, a linkage to
intrauterine exposure with resulting T cell priming is assumed
[12,14,15,16].

Cord blood T cells are considered antigen-inexperienced cells of
naive phenotype (90% of CD3" T cells express CD45RA™Y.
Despite this naive phenotype, responses to allergens do occur in
cord blood and seem to be more pronounced than in peripheral
blood [17]. Moreover, immune response of cord blood mononu-
clear cells differs markedly from peripheral blood mononuclear
cells later in life and is accompanied by apoptosis. Reasons for this
altered response to allergens in cord blood, could relate to a
functionally immature state of the putative regulatory T cell (Treg)
compartment or recent thymic emigrants [18]. Naturally occur-
ring subpopulation of Treg cells maintain self-tolerance and
prevent autoimmunity, inhibit rejection of transplants, prevent the
induction of anti-tumor responses, play a role in allergen tolerance
and regulate the immune response to infectious disease [19]. In
adults, the peripheral Treg cell compartment consists of thymus-
derived Treg cells [19] and inducible Treg cells [20]. Both subsets
of Treg cells have been primarily defined as CD4" T cells that
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express high levels of CD25 (IL-2Rar) and FoxP3, a Forkhead box
P3 gene product. Functional suppressive studies in humans have
revealed that the brightest expression of CD25 (CD4*CD25™¢" T
cells) possess inhibitory potential [21]. Treg cells possess a T cell
receptor (TCR) repertoire as broad as CD25 ™ T cells [22] and it is
known that Tregs become suppressive after stimulation via the
TCR. Once activated, they suppress in an antigen non-specific
manner [23]. Similarly, FoxP3, a characteristic marker of
regulatory activity might also be transiently expressed by effector
T cells during activation. There is no highly specific Treg marker
defined so far [24,25]. Recent studies have demonstrated that
down regulation of CDI127, a specific receptor for IL-7 can
distinguish Tregs from activated T cells [26,27,28].

In this study, we demonstrate that cord blood derived Treg
possess the ability to become highly suppressive upon antigen
exposure. Based on these results we hypothesize that early
exposure to innocuous antigens is vital to develop T cell tolerance
and is enhanced by innate immune response triggering environ-
mental factors.

Materials and Methods

Ethics statement

The protocol was approved by the local ethical committee of the
Medical University of Vienna and written informed consent was
obtained from all participants of the study (protocol no EK 619/
2006).

Cell culture

Human umbilical cord blood from randomly chosen full term
healthy infants (>37 wecks of gestation) was obtained by
venopuncture of the umbilical vein immediately after delivery
and placed in sterile sodium heparin tubes. Adult volunteers with
no history of food allergy and no sensitization (specific IgE
<0.35 kU/L, skin prick test negative) were used as controls.
Heparinized blood was drawn over Ficoll-Paque (Pharmacia,
Uppsala, Sweden). Mononuclear cells were isolated by density-
gradient centrifugation as described [29]. All allergens used were
tested for their endotoxin content present by using limulus
amoeboid lysate assay (Cambrex Bio Science, Walkersville, MD,
USA; limit of detection 0.035 EU/mL) [17], to get rid of possible
confounders. The following BLG preparations were used as
explained in detail in Eiwegger et al. (2008) [17]: BLG L-0130
(BLG [NP], Sigma Sciences, St Louis, MO, USA) were
contaminated with endotoxins (118 EU/mL, >90% BLG) and
LPS-free BLG (BLG [LF], PSDI-2400, produced from bovine
whey protein isolate, Arla Food, Arhus, Denmark, >95% BLG]
contained 0.96 EU. Purified, endotoxin-free Ara h 1, was
provided by Dr E. N. Mills, (IFR Norwich, UK, <0.035 EU/
mL). All assays were performed in serum-free Ultra Culture
Medium (UCC, Biowhittaker, Walkersville, MD, USA) supple-
mented with 2 mM L-glutamine and 170 mg/L gentamycine-
sulphate (Sigma Sciences) in 96-well round-bottom microplates in
triplicates.

In vitro proliferation assays

Proliferation was assessed via [3m-thymidine Incorporation assay
and CFSE staining. The cells were cultured for 3 and 7 days and
pulsed with [*H]-thymidine (["H]TdR; 0.5 uCi [0.0185 MBq] per
well; Amersham, U.K.) for the last 16 h of the culture. According to
literature, a Stimulation index (SI) >2 was considered positive [30].
Cells were cultured either alone (control) or stimulated for 72 hours
with 250 ng/mL plate-bound anti-CD3 (UCTHI1 clone, Dako,
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Glostrup, Denmark) or 7 days with B-lactoglobulin (BLG [NP] or
BLG [LF)).

Purification of regulatory T cells. The regulatory T cell
subset (CD47CD25" cells) was generated via magnetic cell sorting
(MACS®;Miltenyi Biotec, Auburn, CA, USA). CD4 T cells were
negatively enriched using Miltenyi CD4 T cell isolation kit II
(Miltenyi Biotec) according to the manufacturer’s instruction. The
CD25" fraction was collected by eluting the cells two times through
magnetic separation (MS) column to further enrich CD25™¢" cells.
The CD4"CD25™ fraction was additionally purified over a LD
column.

To investigate the relevance of CD127"" cells on the inhibitory
capacity, CD4" cells were negatively sorted via MACS® as described
above and the respective subpopulations were isolated via a FACS
sorter (Becton Dickinson, San José, CA, USA; FACSAria™; Purity
>99.5%).

Inhibition assay. To assess the suppressive capacity of
unprimed CD4"CD25" T cells, increasing numbers of
CD4TCD25" T cells (2.5%10°-2.5%10* cells/well) were co-
cultured with CD4"CD25~ T cells (2.5x10* cells/well). Cells
were stimulated with 250 ng/mL plate-bound anti-CD3 (UCTH1
clone, Dako) or BLG [NP] [50 ng/mL] in the presence of irradiated
autologous CBMCs or PBMCs (5x10* cells/well; 3,000 rad). The
cells were cultured for 3 or 6 days and pulsed with [*H]-thymidine
for the last 16 h of the culture. The inhibitory potential is expressed
as relative proliferation compared to the CD4"CD25™ cells.

Priming assay. CD4'CD25 " T cells were MACS-sorted
and frozen on day 0. CBMCs were first stimulated for 6 days in the
presence of LPS-free-BLG [LF] [50 pg/mL] or BLG [NP]
([50 ug/mL]; in a 25 ecm? culture flask (BD Falcon).

Flow Cytometric analysis

Four color fluorescence staining was performed using anti-CD3
(PerCP, APC), anti-CD8 (PE, PerCP), anti-CD25 (APC), anti-
CD45RA (PE), anti-CD45RO (PE, APC), anti-CD45RB (PE),
anti-CD69 (PE), anti-CD103 (PE), anti-CD127 (PE), anti-HLA-
DR (PE) and anti-CTLA-4 (PE), as well as regarding isotype
controls (all from Becton Dickinson) and anti-CD25 (PE) (Miltenyi
Biotec, Bergisch Gladbach), CD127 (APC) (R&D, McKinley
Place, MN, USA), GARP (Alexis Corporation, Farmingdale, NY,
USA) and a PE anti-mouse/rat FoxP3 Staining Set (e-Biosciences,
San Diego, CA) and were used according to the manufacturer’s
instructions.

To define dividing cells, purified cell fractions were stained with
carboxyfluorescein diacetate succinimidyl ester (CFSE, Sigma-
Aldrich) as explained recently [17].

Cord blood derived CD4"CD25" and CD4"CD25™ cells were
isolated with the Treg isolation kit (Miltenyi Biotec) stained with
CFSE according to the manufacturer’s protocol. CD4"CD25"
cells alone and CD4"CD25 ™ cells alone as well as a combination
of CD4'CD25" and CD4'CD25~ where always only one
population was CFSE stained, was incubated with different stimuli
(BLG [NP], BLG [LF]) and medium control for 7 days in a COq
incubator. On day 7, cells were analyzed via a cytometer and
proliferation was measured.

All cytometric measurements were performed with a FACS
Calibur and evaluated with CellQuest software (Becton Dick-
mson).

PCR

Total RNA was extracted from freshly isolated CBMCs or
PBMCs using the GenElute Mammalian Total RNA Miniprep
Kit (Sigma Sciences). The RNA was reverse-transcribed applying
“iScript ¢cDNA Synthesis Kit” from Bio-Rad (Hercules, USA)
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according to the manufacturer’s instructions. Real-time polymer-
ase chain reaction (RT-PCR) amplification was performed in
triplicate on CIX96 (Bio-Rad) using a cycling profile of 2 min at
95°C followed by a total of 40 temperature cycles with 15 sec at
95°C and 1 min at 60°C. All experiments were run in triplicates
with the same thermal-cycling parameters. Expression of FOXP3,
IL-10, TGF-B, GARP (FOXP3 FW 5'-ATG GCC CAG CGG
ATG AG-3', RV 5'- GAA ACA GCA CAT TCC CAG AGT TC
-3', IL10 FW 5'- GTG ATG CCC CAA GCT GAG A -3', RV
5- CAC GGC CTT GCT CTT GTT TT -3', GARP FW 5'-
GCC CTG TAA GAT GGT GGA CAA G -3', RV 5'-CAG
ATA GAT CAA GGG TCT CAG TGT CT -3’ and rl8S
(housekeeping gene) were measured using QuantiTect primers
(Qiagen, Hilden, Germany). Melting-curve analysis was used to
assess the specificity of the assay. To compare expression of genes
between patient groups the calculation was as follows: The sample
with the lowest amount of the respective gene was set as internal

standard to one and relative expression was calculated as follows:
2*(ACt sample of interest—ACt lowest sample)

Statistical analysis

Statistical analysis was performed with SPSS software (version
16 for Windows; SPSS, Inc, Chicago, III). Groups were compared
using the Mann-Whitney U test for (non-parametric) unpaired
responses. The Wilcoxon matched-pairs signed-rank test was used
to examine paired data. When Gaussian distribution was given,
the Student t-test for independent samples or matched pairs t-test
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was performed. A p-value of less than 0.05 was considered
statistically significant for all analyses.

Results

Comparable Treg-related transcription factor and marker
expression in cord and peripheral blood

Cord blood varies from PB due to a differential surface
expression. In CB, about 90% *8.5 (Mean=SD) T helper cells are
CD45RA" whereas only 54% =3.5 of the PB derived T cells show
a naive phenotype. In addition, the CD127 pattern is also different
in the PB compartment. A higher amount of CD127* T cells
(6.5%*1.6 vs 2.7%2.4) but a similar amount of CD127°*CD25"
T cells was observed (6.3+1.4 vs 8.2%+1.8); Figure 1A).

Moreover, FoxP3-expression, the most important transcription
factor in Tregs has been examined by intracellular staining and
flow cytometry. Gating strategy was performed according to
several published approaches but no significant differences could
be detected (supporting information, Figure S1).

Messenger RNA expression of a panel of Treg-associated
transcription factors and Treg-associated cytokines was measured in
the CD25 positive and negative fraction in cord blood and peripheral
blood. GARP, RUNXI, RUNX3, TGF-B, IL-10 mRNAs were
determined. There was a strong up-regulation of these markers in the
CD25 positive fraction, however there were no significant differences
with regard to the relative up-regulation of these Treg-specific
markers between cord blood and peripheral blood (Figure 1B).
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Figure 1. Comparable Treg-related transcription factor and marker expression in CB and PB on day 0. (A) Cord and peripheral blood
derived mononuclear cells were analyzed via flow cytometry on day 0 without prior stimulation. Surface and intracellular staining was performed and
one out of three representative experiments is shown. (B) Real-time PCR analysis was performed to quantify the gene expression of Treg-related
markers (FOXP3, GARP, TGF-B, RUNX 1, RUNX 3, and IL-10). Results are representative for three independent experiments showing the normalized
expression. CD4"CD25™ T cells are displayed with white and CD4*CD25" T cells with black squares.

doi:10.1371/journal.pone.0029355.g001

@ PLoS ONE | www.plosone.org

January 2012 | Volume 7 | Issue 1 | 29355



Cord Blood Derived Tregs Become Functional

A

BLG + LPS BLG negative control

10°

10

o
] ==
- E!
=
3 == =
] = 4 C z 3 -
L o L B 1L SR 3 S L ] N ILLLLLLLL P SRR B B AL S AL

LRSS 3 1) e e R AL B R L
4

10? 10 10 ( )240 10 10" 10t 10 (C)2 0 10 10° 10 10

CD25

oo FOXP3

1000

a-CD3 BLG e
2004 2004 QO w
=

c
o
)]
c
17
2 1501 1501 o
PB & . TGF-p
| 100{ =
% 100 = E * 2 T
<]
O 504 ] * 50- * S
R ¥ [] * [v4
01— ; ‘ X [
CD25- 110 11 CD25+ CD25- 110 11  CD25+ o, L |
CD25+ CD25- Ratio CD25+ CD25- Ratio 3
200+ 200 T IL-10
s Em
= 150 1507 S 1w i
© L] c
CB L 100 = , oof = . w D
< , L]
o 50 ] 50 * ——
O\O CD25 neg. high
0 . . . ‘! cD127 | high | low | low | high
CD25- 110 11 CD25+ CD25- , 1:10  1:1 , CD25+ Fracton|CD25-| F1 | F2 | F3
CD25+ CD25- Ratio CD25+ CD25- Ratio

BLG

5.

CD25- 1:10 1:2 F1
e e p——
. CD25+ CD25- Ratio

% Proliferation
8 3

b

ST

CD25- 1:10 1:2 F2
CD25+ CD25- Ratio

CD127 X
i1
%$ation
3 8

8

N~
|  » N
I A CcD25 a

CD25

»

CD3 cD25

% Proliferation

od
CD25-  1:10 1:2 F3
CD25+ CD25- Ratio

@ PLoS ONE | www.plosone.org 4 January 2012 | Volume 7 | Issue 1 | 29355



Cord Blood Derived Tregs Become Functional

Figure 2. CB-derived CD4"'CD25" T cells are deficient with regard to their regulatory function harboring a subset with limited net
suppressive effects. (A) Specificity of proliferation to BLG and BLG+LPS is displayed via CFSE labeling experiments. (B) Inhibition experiments were
performed using and increasing amount of MACS-sorted CD4*CD25" T cells to the CD4*CD25~ fraction in presence of irradiated APCs. The inhibitory
potential is expressed as relative proliferation compared to the CD4"CD25™ cells. Graphs indicate the means of 5-8 independent experiments with
means +/— SEM. Wilcoxon sign rank test was applied. P-values of less than 0.05 were considered significant. (C) CBMCs were separated via FACS on
day 0 accordinaq to their CD25 and CD127 expression. Four subgroups (CD4*CD25M9"CD127'°" (F1), CD4*CD25™e™mediatecp127'o% (F2),
CD4*CD25termediatecy1y7Migh (£3) and CD4*CD25~ T cells (CD257)) were obtained. An inhibition assay was performed with the first three
fractions using the CD47CD25™ T cells as effector cells. The inhibitory potential is expressed as relative proliferation compared to the CD4*CD25~
subgroup. Graphs indicate the means of 4 independent experiments and SEM. (D) Real-time PCR analysis was performed to analyze the FOXP3, TGF-
B, and IL-10 expression for further examination of the four fractions. Data represents three independent experiments showing the normalized

expression of means +/— SEM.
doi:10.1371/journal.pone.0029355.9g002

Increased T cell proliferative responses to BLG in cord
blood is due to a significantly reduced suppressive
capacity of CD4*CD25" cells

Higher T cell proliferation has been observed in cord blood-
derived mononuclear cells compared to peripheral blood-derived
cells in response to one of the major milk allergens BLG [17]. To
assess whether the reasons for this altered responses in cord blood
could be explained by differences in regulatory T cells in cord
blood, the inhibitory capacity of CB derived Tregs were compared
to those from adult blood. The unprimed PB-derived CD4"CD25"
fraction from adults (Figure 2A) and children under the age of
four (supporting information, Figure S2) possessed dose-depen-
dent inhibitory properties, whereas CB-derived CD4*CD25" T-
cells were hypoproliferative but significantly less potent.

The CD257CD127'°% compartment of CD4" T cells
harbors a regulatory T cell subset with limited net
suppressive effect

No or low CDI127 expression has been described to be an
excellent marker for Treg characterization [31]. Recently, the
suppressive capacity of CD4*CD25*CD127°"~ Tregs in cord
blood has been linked to the development of food allergy [32]. The
CD127°" fraction was purified by means of FACS-sorting from
the CD25"¢" and CD25™ fraction to investigate the suppressive
capacity of low CD127 expressing Treg cells in cord blood.

Subsets with low CD127 expression (CD47CD25"8"CD127"
(Figure 2B; F1) and CD4*CD25"™CDI127°" (Figure 2B; F2)
possessed suppressive potential, whereas the CD4*CD25™CD127"&"
subset (Figure 2B; I'3) was associated with proliferation upon BLG
stimulation. The same effect has been observed upon stimulation
with the allergens Ara h 1 and OVA (supporting information,
Figure S3). TGF-B or IL-10 mRNA levels were not substantially
up-regulated whereas FOXP3 was increased in the respective
subsets (Figure 2C).

Cord blood-derived CD4"CD25" T cells become highly
suppressive

Based on the fact, that tolerance development after birth has to
take place within a short period of time the role of environmental
antigens to prime this procedure was investigated [33]. CBMCs
were exposed for six days to BLG in the presence or absence of
LPS (Figure 3A). CD4"CD25" cells were isolated and their
suppressive potential on anti-CD3- and BLG-induced proliferation
of autologous CD4"CD25~ cells was investigated, and an
mhibition of 53% and 83%, respectively, was observed. The same
regulatory subset that did not show any inhibitory function in the
experiments on day 0 gained inhibitory potential after stimulation
with BLG. FOXP3 and GARP expression was strongly up
regulated in Tregs when compared to CD4"CD25™ T cells. BLG
exposed cells displayed relatively higher amounts FOXP3 and
GARP. The expression pattern of RUNX 1 and RUNX 3,
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however, is less clear. A trend towards a higher expression of
RUNX 1 and RUNX 3 is observed in cord blood mononuclear
cells (Figure 3B).

Evidence for activation and expansion of Tregs in cord
blood upon exposure to allergens

In wvitro, allergen stimulated CBMC displayed potent suppressive
functions. Thus, it was of interest to elucidate whether this is due
to the switch and generation of new or expansion of pre-existing
antigen-specific regulatory T cells. Initially, CD4*CD25" and
CD4"CD25™ from CB were MACS-sorted, CFSE-labeled on day
0 and then were stimulated with BLG (middle), or BLG+LPS
(right) (Figure 4A). As anticipated the CD4"CD25" fraction was
hypoproliferative as compared to the CD4'CD25" fraction.
However, in cord blood the CD25  fraction down regulated
CD#4 as descried in apoptotic, cord blood derived CD4" T-cells.

Thereafter, cells were cultured with the allergen and sorted
according to their CFSE intensity and CD25 expression on day 6
as indicated in Figure S4 (supporting information). Again,
inhibition assays were performed (Figure 4B). Importantly both,
the dividing and the non-dividing fractions emerging from the
CD4"CD25" cell population, possessed equal suppressive capacity
after the allergen exposure

Discussion

The allergen specific immune response in CB is poorly
understood and specificity of allergen proliferation regarding the
detection of clinically relevant effector T cells is still questioned.
We could recently demonstrate that CB derived mononuclear cells
are more sensitive than mononuclear cells from adults in terms of
proliferative responses to both, purified allergens and allergens
plus endotoxin [17,34]. As human CB mainly harbors naive T
cells they represent a perfect model system for a naive human
system to assess the impact of allergens.

Allergen-specific proliferative responses in CB vs. adult blood
cells were significantly higher quantitatively and qualitatively
(supporting information, Figure 85). We provide evidence that
freshly isolated CB derived Tregs share many phenotypic
characteristics with their PB derived counterpart. They lack
however potent suppression of CD4"CD25~ T cells, in contrast
to PB derived Tregs. This is observed both for TCR-cross-linking
and allergen-specific stimulation. Although our finding are
consistent with  findings of many different groups
[18,35,36,37,38,39] the herein provided data is focusing on the
antigen specific subsets. Although some studies demonstrated a
strong suppressive potential of CB derived Tregs, at a closer look
this was obtained after pre-activation with polyclonal stimuli
[40,41]. This was also observed in our hands upon expansion of
CD4*CD25" T cells via GCD3CD28 beads in the presence of IL-2.
The reasons for this reduced functionality remains to be
speculative. Several points can be ruled out by our experiments.
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CD4*CD25™ (frozen on day 0, without prior antigen exposure) and stimulated with a-CD3 or BLG. The inhibitory potential is expressed as relative
proliferation compared to the CD4*CD25 cells. Results are representative for 6-9 independent experiments. Wilcoxon signed rank test was applied. P-
values of less than 0.05 were considered significant (¥); p<<0.005 (**); p<<0.001 (***). (B) Real-time PCR analysis was performed to quantify the gene
expression of Treg-related markers (FOXP3, GARP, RUNX 1, and RUNX 3) after allergen exposure. Results are representative for three independent
experiments showing the normalized expression. CD4"CD25~ T cells are displayed with white and CD4*CD25" T cells with black squares.
doi:10.1371/journal.pone.0029355.9g003

First, no significantly lower FoxP3*CD4"CD25™¢" T cells numbers CD45RATCD45RO™CD62L " phenotype whereas the adult
are observed in cord blood. Second, the regulatory T cell fraction CD4" T cells exhibit a memory phenotype (CD45RA™CD45RO™)
CD4TCD25"CD127°" possessed inhibitory capacity without pre- [21,42]. So it is conceivable that freshly isolated CB CD4"CD25" T
activation as indicated but does not explain the cord blood related cells are less suppressive due to their phenotypic immaturity.

differences. Third, CB and PB derived mononuclear cells mainly Based on numerous studies performed with Tregs, it is possible
differ in their percentage of naive T cells that express a that a specific subset of naive CB CD4"CD25 ™ can be “educated”
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Figure 4. Evidence for activation and expansion of Tregs in cord blood upon exposure to allergens. (A) CD4'CD25" and CD4"CD25™ T
cells were isolated via MACS on day 0, stained with CFSE and stimulated for 7 days in the presence of medium alone (left), BLG (middle), and BLG+LPS
(right). Cells were gated on CD3"CD4" cells and proliferation was measured by rating the CFSE distribution. For every stimulus a scatter dot-plot (left)
and a histogram (right) is displayed. Data represents one out of four independent experiments. Cord blood derived CD4"CD25" T cells do proliferate
upon BLG+LPS stimulation (22.65%), and to a lesser extent when stimulated with BLG (3.37%). In contrast, CD4"CD25 T cells strongly proliferate
upon stimulation with BLG+LPS (64.79%). (B) After a six-day priming with BLG, cells were FACS sorted according to their CFSE intensity and CD25
expression. Inhibition assays were performed with CFSE®YCD25" and CFSE"9"CD25" T cells representing the regulatory fraction and with antigen-
inexperienced CD4"CD25" in the presence of BLG. The relative inhibition and the counts per minute are displayed.
doi:10.1371/journal.pone.0029355.9004
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and expanded to become suppressive CD25FoxP3" Tregs as also
suggested by Zelenay et al [43]. Our study demonstrates the
inhibitory potential of the regulatory T cell subset after stimulation
in vitro with allergens. The newly generated Tregs were highly
suppressive in an antigen-nonspecific manner. This corresponds
with the observation in other studies as CD25" Tregs need antigen
specific stimulation via the TCR to become suppressive, but once
activated, they suppress antigen-unspecifically [23]. Thornton et
al. (2004) also posted that the CD4"S"CD25" population is a
surviving population in cord blood. We focused in particular on
these populations.

Based on our findings, we hypothesize that endotoxins and also
allergen contact directly after birth are pivotal to gain allergen
specific suppressive regulatory functions upon re-exposure result-
ing in tolerance to environmental antigens. This is in line with shift
in the paradigm from allergen avoidance direction exposure in
order to achieve tolerance. In fact no association between the level
of environmental exposure and the extent of allergen-induced
proliferation could be found [44]. The exposure is also not related
to an increased sensitization [45]. The mechanism to acquire
tolerance is not clear yet but regarding our mRNA data we can say
that it cannot be explained due to TGF-f or IL-10 related effects.
The extent of TGF-f or IL-10 up-regulation however is by far less
than for FOXP3.

In summary, we have shown that cord blood derived Tregs
need to be pre-activated before becoming highly suppressive.
Regulatory subsets are generated by both, functional maturation
and clonal expansion.
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Figure S1 FoxP3 expression was analyzed comparing
two gating strategies. For the Gating strategy 1 the
percentages of CD3*CD4"CD25"FoxP3" cells are included
whereas for the Gating strategy 2 the top 2% of the CD4"CD25*
T cells are gated to visualize the FoxP3 expression (CB = white
bars; PB =black bars; mean+/—SEM). CFSE stained CBMCs
were incubated in a culture flask (25 cm?) for 6 days in the
presence of BLG+LPS, BLG, and with medium alone (negative
control). The CFSE and CD25 expression was analyzed via flow
cytometry.

DOCX)

References
1. Downs SH, Marks GB, Mitakakis TZ, Leuppi JD, Car NG, et al. (2001) Having

lived on a farm and protection against allergic diseases in Australia. Clin Exp
Allergy 31: 570-575.

2. Heinrich J, Hoelscher B, Frye C, Meyer I, Wjst M, et al. (2002) Trends in
prevalence of atopic diseases and allergic sensitization in children in Eastern
Germany. Eur Respir J 19: 1040-1046.

3. Martinez FD, Stern DA, Wright AL, Holberg CJ, Taussig LM, et al. (1995)
Association of interleukin-2 and interferon-gamma production by blood
mononuclear cells in infancy with parental allergy skin tests and with subsequent
development of atopy. J Allergy Clin Immunol 96: 652-660.

4. Kondo N, Kobayashi Y, Shinoda S, Takenaka R, Teramoto T, et al. (1998)
Reduced interferon gamma production by antigen-stimulated cord blood
mononuclear cells is a risk factor of allergic disorders—6-year follow-up study.
Clin Exp Allergy 28: 1340-1344.

5. Neaville WA, Tisler C, Bhattacharya A, Anklam K, Gilbertson-White S, et al.
(2003) Developmental cytokine response profiles and the clinical and
immunologic expression of atopy during the first year of life. J Allergy Clin
Immunol 112: 740-746.

6. Holt PG (2008) Prenatal versus postnatal priming of allergen specific
immunologic memory: the debate continues. J Allergy Clin Immunol 122:
717-718.

7. Prescott SL, Holt PG, Jenmalm M, Bjorksten B (2000) Effects of maternal
allergen-specific IgG in cord blood on early postnatal development of allergen-
specific T-cell immunity. Allergy 55: 470-475.

8. Hong X, Tsai HJ, Liu X, Arguelles L, Kumar R, et al. (2010) Does genetic
regulation of IgE begin in utero? Evidence from T(H)I/T(H)2 gene

@ PLoS ONE | www.plosone.org

Cord Blood Derived Tregs Become Functional

Figure S2 PBMCs of children with a mean age of four
years were obtained on day 0 and the putative Treg
fraction (CD4'CD25" T cells) was isolated via MACS.
Inhibition experiments were performed and the inhibitory
potential is expressed as relative proliferation compared to
CD4"CD25 cells. Graphs indicate the means of 18 independent
experiments and SEM. Wilcoxon sign rank test was applied. P-
values of less than 0.05 were considered significant.

(DOCX)

Figure S3 CBMCs were FACS sorted on day 0 according
to their CD25 and CD127 expression. Four subgroups
(CD4*CD25™$"CD127" (F1), CD4*CD25™ermediaecpo7ow
(F2), CD4*CD25™ ™™ CD127™¢" (F3), and CD4"CD25~ T
cells (CD25 7)) were obtained. An inhibition assay was performed
with the three fractions using the CD4"CD25™ T cells as effector
cells in the presence of the peanut allergen Ara h 1 and the egg
allergen Ovalbumin (OVA). The inhibitory potential is expressed
as relative proliferation compared to the CD4*CD25™. Graphs
indicate the means of 2-4 independent experiments and SEM.

(DOCX)

Figure S4 After a six-day stimulation with BLG, cells
were FACS-sorted according to their CFSE intensity and
CD25 expression.

DOCX)

Figure S5 Proliferative response of CBMCs (Cord blood
mononuclear cells) to BLG is significantly increased on
day seven compared to peripheral blood derived
mononuclear cells (PBMCs) of adult individuals. (cord
blood: n = 17; peripheral blood: n = 10). Graph indicates the mean
and the standard error of the mean. Mann Whitney U-Test was
applied. P-values of less than 0.05 were considered significant.

(DOCX)

Author Contributions

Conceived and designed the experiments: EM TE. Performed the
experiments: EM CB SK TE AS. Analyzed the data: EM TE CB SG.
Contributed reagents/materials/analysis tools: CA ZS TE. Wrote the
paper: EM CB CA TE.

polymorphisms and cord blood total IgE. J Allergy Clin Immunol 126: 1059~
1067, 1067 e1051.

9. Warner JA, Warner JO (2000) Early life events in allergic sensitisation. Br Med
Bull 56: 883-893.

10. Holloway JA, Warner JO, Vance GH, Diaper ND, Warner JA, et al. (2000)
Detection of house-dust-mite allergen in amniotic fluid and umbilical-cord
blood. Lancet 356: 1900-1902.

11. Piastra M, Stabile A, Fioravanti G, Castagnola M, Pani G, et al. (1994) Cord
blood mononuclear cell responsiveness to beta-lactoglobulin: T-cell activity in
‘atopy-prone’ and ‘non-atopy-prone’ newborns. Int Arch Allergy Immunol 104:
358-365.

12. Szepfalusi Z, Nentwich I, Gerstmayr M, Jost E, Todoran L, et al. (1997) Prenatal
allergen contact with milk proteins. Clin Exp Allergy 27: 28-35.

13. Prescott SL, Macaubas C, Holt BJ, Smallacombe TB, Loh R, et al. (1998)
Transplacental priming of the human immune system to environmental
allergens: universal skewing of initial T cell responses toward the Th2 cytokine
profile. J Immunol 160: 4730-4737.

14. Piccinni MP, Mecacci F, Sampognaro S, Manetti R, Parronchi P, et al. (1993)
Acroallergen sensitization can occur during fetal life. Int Arch Allergy Immunol
102: 301-303.

15. Loibichler C, Pichler J, Gerstmayr M, Bohle B, Kisst H, et al. (2002) Materno-
fetal passage of nutritive and inhalant allergens across placentas of term and pre-
term deliveries perfused in vitro. Clin Exp Allergy 32: 1546-1551.

16. Szepfalusi Z, Loibichler C, Hanel-Dekan S, Dehlink E, Gerstmayr M, et al.
(2006) Most of diaplacentally transferred allergen is retained in the placenta.
Clin Exp Allergy 36: 1130-1137.

January 2012 | Volume 7 | Issue 1 | 29355



20.

21.

22.

24.

27.

28.

29.

30.

31.

. Eiwegger T, Mayer E, Brix S, Schabussova I, Dehlink E, et al. (2008) Allergen

specific responses in cord and adult blood are differentially modulated in the
presence of endotoxins. Clin Exp Allergy 38: 1627-1634.

. Thornton CA, Upham JW, Wikstrom ME, Holt BJ, White GP, et al. (2004)

Functional maturation of CD4+CD25+CTLA4+CD45RA+ T regulatory cells in
human neonatal T cell responses to environmental antigens/allergens.
J Immunol 173: 3084-3092.

Sakaguchi S (2004) Naturally arising CD4+ regulatory t cells for immunologic
self-tolerance and negative control of immune responses. Annu Rev Immunol
22: 531-562.

Akdis M, Akdis CA (2009) Therapeutic manipulation of immune tolerance in
allergic disease. Nat Rev Drug Discov 8: 645-660.

Jonuleit H, Schmitt E, Stassen M, Tuettenberg A, Knop ], et al. (2001)
Identification and functional characterization of human CD4(+)CD25(+) T cells
with regulatory properties isolated from peripheral blood. J Exp Med 193:
1285-1294.

Kasow KA, Chen X, Knowles J, Wichlan D, Handgretinger R, et al. (2004)
Human CD4+CD25+ regulatory T cells share equally complex and comparable
repertoires with CD4+CD25- counterparts. J Immunol 172: 6123-6128.

Thornton AM, Shevach EM (2000) Suppressor effector function of

CD4+CD25+ immunoregulatory T cells is antigen nonspecific. J Immunol
164: 183-190.

Edinger M, Hoffmann P, Ermann J, Drago K, Fathman CG, et al. (2003)
CD4+CD25+ regulatory T cells preserve graft-versus-tumor activity while
inhibiting graft-versus-host disease after bone marrow transplantation. Nat Med
9: 1144-1150.

Shevach EM (2006) From vanilla to 28 flavors: multiple varieties of T regulatory
cells. Immunity 25: 195-201.

Sakaguchi S, Ono M, Setoguchi R, Yagi H, Hori S, et al. (2006) Foxp3+ CD25+
CD4+ natural regulatory T cells in dominant self-tolerance and autoimmune
disease. Immunol Rev 212: 8-27.

Liu W, Putnam AL, Xu-Yu Z, Szot GL, Lee MR, et al. (2006) CD127
expression inversely correlates with FoxP3 and suppressive function of human
CD4+ T reg cells. J Exp Med 203: 1701-1711.

Seddiki N, Santner-Nanan B, Tangye SG, Alexander SI, Solomon M, et al.
(2006) Persistence of naive CD45RA+ regulatory T cells in adult life. Blood 107:
2830-2838.

Szepfalusi Z, Loibichler C, Pichler J, Reisenberger K, Ebner C, et al. (2000)
Direct evidence for transplacental allergen transfer. Pediatr Res 48: 404-407.
Szepfalusi Z, Pichler J, Elsasser S, van Duren K, Ebner C, et al. (2000)
Transplacental priming of the human immune system with environmental
allergens can occur early in gestation. J Allergy Clin Immunol 106: 530-536.
Seddiki N, Santner-Nanan B, Martinson J, Zaunders J, Sasson S, et al. (2006)
Expression of interleukin (IL)-2 and IL-7 receptors discriminates between human

regulatory and activated T cells. J Exp Med 203: 1693-1700.

@ PLoS ONE | www.plosone.org

32.

33.

34.

36.

38.

39.

40.

41.

42,

43.

44,

45.

Cord Blood Derived Tregs Become Functional

Smith M, Tourigny MR, Noakes P, Thornton CA, Tulic MK, et al. (2008) Children
with egg allergy have evidence of reduced neonatal CD4(+)CD25(+)CD127(lo/-)
regulatory T cell function. J Allergy Clin Immunol 121: 14601466, 1466 1461
1467.

Riedler J, Braun-Fahrlander C, Eder W, Schreuer M, Waser M, et al. (2001)
Exposure to farming in early life and development of asthma and allergy: a cross-
sectional survey. Lancet 358: 1129-1133.

Szepfalusi Z, Nentwich I, Jost E, Gerstmayr M, Ebner C, et al. (1998) Cord
blood mononuclear cells and milk-specific T-cell clones are tools to evaluate the
residual immunogenicity of hydrolyzed milk formulas. J Allergy Clin Immunol

101: 514-520.

. Chang CC, Satwani P, Oberfield N, Vlad G, Simpson LL, et al. (2005)

Increased induction of allogeneic-specific cord blood CD4+CD25+ regulatory T
(Treg) cells: a comparative study of naive and antigenic-specific cord blood Treg
cells. Exp Hematol 33: 1508-1520.

Wing K, Ekmark A, Karlsson H, Rudin A, Suri-Payer E (2002) Characterization
of human CD25+ CD4+ T cells in thymus, cord and adult blood. Immunology
106: 190-199.

. Wing K, Larsson P, Sandstrom K, Lundin SB, Suri-Payer E, et al. (2005) CD4+

CD25+ FOXP3+ regulatory T cells from human thymus and cord blood
suppress antigen-specific T cell responses. Immunology 115: 516-525.

Wing K, Lindgren S, Kollberg G, Lundgren A, Harris RA, et al. (2003) CD4 T
cell activation by myelin oligodendrocyte glycoprotein is suppressed by adult but
not cord blood CD25+ T cells. Eur J Immunol 33: 579-587.

Ng WF, Duggan PJ, Ponchel F, Matarese G, Lombardi G, et al. (2001) Human
CD4(+)CD25(+) cells: a naturally occurring population of regulatory T cells.
Blood 98: 2736-2744.

Godfrey WR, Spoden DJ, Ge YG, Baker SR, Liu B, et al. (2005) Cord blood
CD4(+)CD25(+)-derived T regulatory cell lines express FoxP3 protein and
manifest potent suppressor function. Blood 105: 750-758.

Porter SB, Liu B, Rogosheske J, Levine BL, June CH, et al. (2006) Suppressor
function of umbilical cord blood-derived CD4+CD25+ T-regulatory cells
exposed to graft-versus-host disease drugs. Transplantation 82: 23-29.
Dieckmann D, Plottner H, Berchtold S, Berger T, Schuler G (2001) Ex vivo
isolation and characterization of CD4(+)CD25(+) T cells with regulatory
properties from human blood. J Exp Med 193: 1303-1310.

Zelenay S, Lopes-Carvalho T, Caramalho I, Moraes-Fontes MF, Rebelo M,
et al. (2005) Foxp3+ CD25— CD4 T cells constitute a reservoir of committed
regulatory cells that regain CD25 expression upon homeostatic expansion. Proc
Natl Acad Sci U S A 102: 4091-4096.

Smillie FI, Elderfield AJ, Patel F, Cain G, Tavenier G, et al. (2001)
Lymphoproliferative responses in cord blood and at one year: no evidence for
the effect of in utero exposure to dust mite allergens. Clin Exp Allergy 31:
1194-1204.

Allan MJ, Armus HL (1983) Effect of avoidance-avoidance conflict on
magnitude of startle: reduced fear during conflict. Psychol Rep 53: 43-48.

January 2012 | Volume 7 | Issue 1 | 29355



