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Abstract
The immune system of mammals is subject to continuous development during the postnatal

phase of life. Studies following the longitudinal development of the immune system in

healthy children are limited both by ethical considerations and sample volumes. Horses rep-

resent a particular valuable large animal model for T regulatory (Treg) cells and allergy re-

search. We have recently characterised Treg cells from horses, demonstrated their

regulatory capability and showed both their expansion and induction in vitro. Insect bite
hypersensitivity (IBH) is a common allergy in horses resembling atopic dermatitis and stud-

ies have shown that first exposure to allergens in adult life results in an increased incidence

of IBH. The aim of the present study was to characterize circulating CD4+CD25highFoxP3+-

cells in foals, evaluate their suppressive capability and their in vitro induction compared to

adult horses. 19 foals (age range, 1–5 months), their adult mothers and six one-year-old

horses (yearlings) were included in the study. The proportion of FoxP3+ cells within the cir-

culating CD4+CD25high population was significantly higher in foals (47%) compared to their

mothers (18%) and to yearlings (26%). Treg cells from foals also displayed a higher sup-

pressive capability. Furthermore, CD4+CD25high cells in foals could be induced in vitro from

CD4+CD25− cells in a significantly higher proportion compared to mares. These cells also

displayed a significantly enhanced suppressive capability. In summary these findings sup-

port the notion that exposure of horses to allergens during maturation of the immune system

assists the establishment of induced (i)Treg driven tolerance.

Introduction
The immune system of mammals is subject to continuous changes during life, particularly dur-
ing the postnatal and senescent phases of life. Exposure to a range of stimuli during maturation
of the immune system seems to be required for its physiological development [1, 2]. Accord-
ingly, epidemiologic studies suggest that the risk of allergy development originates in early
childhood [3, 4]. While it is still a matter of debate whether a high exposure to allergens in
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early life has a protective or predisposing role on the development of allergic diseases [5–8], ex-
perimental models suggest that resistance to allergy is driven by environmental allergen expo-
sure [9]. Equine insect bite hypersensitivity (IBH) is a naturally occurring large animal model
of allergy in Europe but does not occur in Iceland due to the absence of biting insects belonging
to the genus Culicoides that cause IBH. However, Icelandic horses exported as adults to main-
land Europe, where Culicoides spp. are present, have a>50% incidence of developing IBH. In
contrast, their progeny born in mainland Europe has a<10% incidence of developing IBH
[10]. Interestingly, a recent study demonstrates that the prevalence of IBH in horses imported
from Iceland is influenced by the age at import that is the first exposure to the allergen [11, 12].
Horses imported as weanlings at an age of 7 to 10 months do not develop IBH more frequently
than Icelandic horses born in Europe. This indicates that early life exposure to the causative al-
lergens is required to prevent the development of IBH.

The composition of the neonatal immune system is heavily biased towards an innate reac-
tion with innate myeloid and lymphoid cells dominating [13]. The changes after birth are par-
ticularly dramatic and exposure to a range of stimuli, such as pathogens, leads to
predominantly adaptive immune reactions over time. Treg cells play a key role in balancing im-
mune responses to maintain tolerance for example against allergens [14]. A recent study in hu-
mans suggests that the relationship between immune-modulatory T cell subsets, allergic
sensitization and eczema is developmentally regulated [4]. Due to the limitations in obtaining
blood samples from babies, relatively little is still known about changes in regulatory immunity
after birth, particularly the generation of inducible Treg (iTreg) cells, which require the en-
counter of antigen [1].

Similar to other species, T cell development and cytokine production in foals depends on
age and type of antigen encountered [15–17]. Previous studies have shown that the response of
PBMC from foals after stimulation with mitogens is characterized by a deficient ability to pro-
duce strong Th1 or Th2 immune responses until around 3 months of age [15–20]. However, in
response to intra-bronchial challenge with virulent Rhodococcus equi, new-born foals were able
to mount a similar IFN-γ response with a decreased IL-4 expression as compared to adult hors-
es [21–23]. Furthermore, a robust IL-10 expression in foals was detected following stimulation
with Lipopolysaccharide (LPS) [24]. This suggests that T-cell responses of healthy foals may be
biased towards regulatory immune responses, which are important for inducing tolerance to
self-antigens as well as environmental antigens such as Culicoides. We have recently demon-
strated that IBH is associated with a reduced regulatory immune response specific for the caus-
ative allergens [25]. Moreover, Treg cells in IBH-affected horses displayed a strongly impaired
ability to suppress Culicoides-stimulated proliferation of cells [26]. These findings together
with the low incidence of IBH in Icelandic horses imported as foals, have led us to hypothesize
that exposure to the allergens during maturation of the immune system is required for estab-
lishing tolerance against IBH. So far, however, no studies have been undertaken to analyse the
presence and function of inducible Treg cells in foals or young animals in other livestock spe-
cies. Here, we characterize circulating Treg cells in juvenile horses, their induction in vitro and
determine their suppressive function compared to adult horses.

Materials and Methods

Study group
Blood samples from 44 clinically healthy horses were obtained by jugular venepuncture and col-
lected into sterile sodium heparin containing vacuette tubes (Greiner Bio-One vacuette GmbH,
St-Gallen, Switzerland) by a veterinarian. The horses belonged to various breeds (Icelandic, Swiss
Warmblood and Franches-Montage horses) and were all born and living in Switzerland. The
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adult horses and yearlings were regularly dewormed and vaccinated. Subgroups of horses were
randomly selected for individual parts of the study as described below. The study was approved
by the animal experimentation ethics committee of the canton of Berne, Switzerland.

Examination of regulatory T cells in freshly isolated and in stimulated
PBMC
Peripheral blood mononuclear cells (PBMC) were isolated by Ficoll gradient centrifugation as
described [27]. Horses included in this experiment were 14 foals (median age 3.5, range 1–5
months), 14 mares (median age 19, range 12–26 years) and 6 yearlings.

4x106 freshly isolated PBMC were examined for the presence of circulating regulatory T
cells. This was performed by measurement of the expression of CD4, CD25 and FoxP3 (S1 and
S2 Figs.) by intracellular staining using flow cytometry as described [28].

4x106 freshly isolated PBMC were cultured in the absence (mock) or presence of a combina-
tion (cocktail) of recombinant human IL-2 (rh.IL-2, Peprotech, London, UK, 100 U / ml), re-
combinant human TGF-β1 (rh.TGF-β1, Peprotech EC, 2ng / ml) and concanavalin A (conA,
Sigma-Aldrich, St. Louis, MO, USA; 5 μg / ml). At day 4, cells were analysed for FoxP3 expres-
sion (S2 Fig.) by different subsets of CD4+ cells as described below.

All cell cultures were performed in RPMI 1640 containing 10% FCS, penicillin (100 IU/ml),
streptomycin (100 μg/ml), nonessential amino acids (1%), MEM vitamins (100 μM), sodium
pyruvate (1 mM) and 2-mercapoethanol (50 μM).

Sorting experiments
Horses included in this experiment were 5 foals (3 females and 2 males; age range 1–2 months)
and 5 mares (median age 15, range 5–17 years). PBMC were isolated as mentioned above. En-
richment of CD4+ cells was performed by positive selection using magnetic antibody cell sepa-
ration (MACS), followed by indirect FITC labelling of CD4 and CD25 staining as described
[28]. Using a BD FACSAria sorter, CD4+CD25−, CD4+CD25dim and CD4+CD25high lympho-
cytes were identified and sorted (S3 Fig.) as described previously [28].

Measurement of T cell proliferation and FoxP3 and IL-10 expressions by
flow cytometry
To study the suppressive function of Treg we used an allogeneic mixed leucocyte reaction
(MLR) as described before [28]. In brief, allogeneic PBMC from another horse than any includ-
ed in our study were used as stimulators of an allogeneic reaction. PBMC were therefore isolat-
ed and irradiated (44 Gy) using a Gammacell 40 research irradiator (Department of Clinical
Research, University of Bern; Switzerland). 5x105 sorted CD4+CD25− responder cells were la-
belled with carboxyfluorescein diacetate succinimidyl ester (CFSE, 5μM, Sigma-Aldrich; http://
www.sigmaaldrich.com). In a 24 well plate (Sarstedt, Nümbrecht, Germany), the labelled cells
were cultured alone or with autologous CD4+CD25dim or CD4+CD25high putative suppressor
cells in a ratio of 1: 0.25, in the presence of 5X105 allogeneic PBMCs At day 4, the cells were
harvested, stained for CD25 followed by intracellular staining for FoxP3 and IL-10 as described
[28]. Cells were analysed using a LSRII flow cytometer (Becton-Dickinson) as described [28].

Data analysis was performed using Flowjo software (TreeStar Inc-Ashland). A first gate was
set around CD4+CFSE+ cells to exclude the stimulator cells and define CD4+CD25− cells. The
percentage proliferation of CFSE-labelled CD4+CD25− cells was determined (S4A Fig.). A sec-
ond further gate was set around CD4+CFSE−CD25high cells defining CD4+CD25high cells. In
case of expanded CD25high cells, only one gate was required. The percentage of FoxP3+ or

Foal CD4+CD25high Treg Cells

PLOS ONE | DOI:10.1371/journal.pone.0120661 March 19, 2015 3 / 18

http://www.sigmaaldrich.com
http://www.sigmaaldrich.com


IL-10+ cells was determined within CD4+CD25high cells (S4B Fig.). Accordingly, the percentage
of FoxP3+IL-10−, IL-10+FoxP3− and FoxP3+IL-10+ expressing cells was determined and the
percentage of these cells within the gated CD25high cell population calculated.

In vitro expansion and induction of CD4+CD25high cells
Horses included in these experiments were the same as those used for the sorting experiments.
For the in vitro expansion of circulating CD4+CD25high cells, these were sorted from freshly
isolated CD4+ T cells as mentioned above. 2.5x105 CD4+CD25high cells were cultured in the ab-
sence (mock) or presence of the cocktail described above for four days. Cell numbers were
counted by haemocytometer before and after culture to determine the expansion of these cells.
The expanded CD4+CD25high cells were stained for CD25, FoxP3 and IL-10 and the percentage
of positive cells was measured by flow cytometry as described above. A representative flow cy-
tometry example is shown in S5 Fig.

For the in vitro induction of CD4+CD25high cells from CD4+CD25− cells, freshly isolated CD4+

T cells were sorted into CD4+CD25− as mentioned above and 1x107 CD4+CD25− cells were cul-
tured with the cocktail. After four days, the cultured cells were stained for CD25 and re-sorted.
The proportion of induced (I) CD4

+CD25high cells was analysed. The ability of ICD4
+CD25high

cells to suppress proliferation of freshly isolated CFSE-labelled CD4+CD25− T cells was deter-
mined in anMLR assay as described above. In addition, the expression of FoxP3 and IL-10 by

ICD4
+CD25high cells was determined by flow cytometry (S6 Fig.) as described above.

Statistical analysis
NCSS 2007 software program (NCSS, Kaysville, Utah 84037, USA) was used for statistical anal-
yses. Descriptive statistics by group were run on the data and Kolmogrov–Smirnov test showed
that the data are not normally distributed. Therefore, non-parametric tests were chosen. On
each occasion, p values� 0.05 were regarded as significant.

The non-parametric ANOVA Kruskal-Wallis multiple-Comparison Z-Value Test was used
to compare the differences in the frequency of the three CD4+ T cell subsets (CD4+CD25−,
CD4+CD25dim, CD4+CD25high) (Fig. 1A) and the expression of FoxP3 by different CD4+ T
cell subsets (Figs. 1B and 2B). This test was also used to compare the expression of FoxP3 by
the different age groups of foals (Fig. 3B). The Bonferroni test was used to correct for
multiple comparisons.

The non-parametric Mann-Witney U test was used to compare the differences in the per-
centage of proliferation (Fig. 4A), frequency of CD4+CD25high cells expressing-FoxP3, IL-10
(Figs. 4B, 5B and 6C), proportion of induced CD4+CD25high cells (Fig. 6A) and percentage of
inhibition by induced CD4+CD25high cells (Fig. 6B) between foals and mares. The non-
parametric Wilcoxon signed-rank paired t-test was used to compare the differences in the fre-
quency of CD4+CD25−, CD4+CD25dim, CD4+CD25high cells (Fig. 2A), the expression of FoxP3
by different CD4+ T cell subsets (Fig. 2B), number of expanded CD4+CD25high cells (Fig. 5A)
and frequency of CD4+CD25high cells expressing-FoxP3, IL-10 (Fig. 5B) between mock and
cocktail within the same horse group.

Results

Circulating CD4+CD25high T cells contain a significantly higher
proportion of FoxP3+ cells in foals compared to adult horses
We had shown previously the presence of circulating CD4+CD25highFoxP3+ T cells in adult
horses [28]. However, studies on the development of these cells in foals were still lacking.

Foal CD4+CD25high Treg Cells
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Fig 1. Proportion of circulating CD4+ T cell subpopulations and expression of FoxP3 in freshly isolated PBMC. 4x106 freshly isolated peripheral
blood mononuclear cells (PBMC) from foals (F, n = 14, age 1–5 months), yearlings (Y, n = 6) and mares (M, n = 14, age 12–26 years) were stained for CD4,
CD25 and FoxP3. The proportion of CD4+CD25−, CD4+CD25dim andCD4+CD25high T cells (A) and expression of FoxP3 (B) within these 3 subpopulations
were determined using flow cytometry. While differences between foals and yearlings do not surmount to more than a trend, it became obvious that there is a
significant shift in T cell populations between foals and adult animals across all subpopulations. While mares have around twice the amount of CD4+CD25high

cells in the blood, foals have around twice the amount of FoxP3+ cells, indicating a shift from nTreg towards activated T cells within this compartment. Results

Foal CD4+CD25high Treg Cells
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Therefore, we first examined the existence of circulating CD4+CD25highFoxP3+ T cells in foals
(age range, 3–12 weeks) and compared it with that from their dams and yearlings. Fig. 1A shows
the presence of CD4+CD25dim and CD4+CD25high cells in freshly isolated PBMC from foals and
yearlings as measured by flow cytometry. Like in mares, the CD4+CD25− cells from foals and
yearlings represent the major subpopulation of T cells. However, the proportion of circulating
CD4+CD25dim and CD4+CD25high cells was significantly higher in mares (median, range; 6,
4–8%) compared to foals (2, 1–4%) and yearlings (3, 2–4%). Conversely, there was a significantly
higher proportion of FoxP3+ cells within CD4+CD25high subpopulation from foals (47, 10–59%)
compared to yearlings (26, 8–35%) and to mares (10, 4–18%) (Fig. 1B), indicating a higher pro-
portion of nTreg cells in this compartment. No significant differences were detected in the num-
ber of FoxP3+ cells within CD4+CD25dim or CD4+CD25− between the 3 groups of horses,
although there was a trend for an increased FoxP3 expression in CD4+CD25dim cells of foals, in-
dicative for the presence of iTreg.

Ability to up-regulate FoxP3+ T cells in vitro is higher in foals compared
to adult horses
We had shown previously in adult horses that FoxP3 expression could be induced in vitro with
a combination of r.IL-2, r.TGF-β1 and conA (cocktail) [28]. Accordingly, it was of interest to
compare the ability to modulate the expression of FoxP3 within PBMC from foals. Therefore,
we have examined the proportion of CD4+ cell subpopulations as well as the FoxP3+ expression
within CD4+CD25+ and CD4+CD25− populations after in vitro stimulation of PBMC with the
cocktail. Fig. 2A shows a significant increase in the proportion of CD4+CD25dim cells from
foals, yearlings and mares upon stimulation with the cocktail compared to un-stimulated cells
(mock). Interestingly, the proportion of CD4+CD25high cells was significantly increased by the
cocktail stimulation in foals and yearlings but not in mares, the latter confirming previous re-
sults in adult horses [20]. Upon in vitro culture, significant differences in the proportion of
CD4+CD25−, CD4+CD25dim and high cells were no longer detected between the 3 groups of
horses (Fig. 2A) compared to freshly isolated cells (Fig. 1A). Furthermore, stimulation with
the cocktail significantly up-regulated the number of FoxP3-expressing cells in the
CD4+CD25− and CD4+CD25high populations from foals (Fig. 2B). In contrast to foals, a signif-
icant up-regulation of FoxP3 in yearlings and mares was only found within CD4+CD25high

cells. Notably, upon stimulation with the cocktail the proportion of FoxP3-expressing
CD4+CD25high cells was significantly higher in foals than in yearlings and mares. Here, the
number of FoxP3-expressing cells by CD4+CD25high cells reached up to 90%.

Significant influence of the age of foals on the expression of FoxP3
We have further examined the influence of age on the expression of FoxP3 within
CD4+CD25high cells in foals during the first 6 months of life. The foals used in the previously
mentioned experiments were grouped into 3 categories: 1–2 months, 2.5–3.5 months and 4–5
months and compared with yearlings. There was a significant influence of age on the propor-
tion of FoxP3+cells within CD4+CD25high in freshly isolated (circulating, P� 0.0001) as well as
stimulated (cocktail, P� 0.002) PBMC.

from all horses examined are presented as box plots, whereby, the centre horizontal line of the box plot marks the median of the sample. The edges of the
box mark the first and third quartiles and the whiskers define the upper adjacent value which is the largest observation that is less than or equal to the 75th

percentile plus 1.5 times the interquartile range (IQR) and the lower adjacent value which is the smallest observation that is greater than or equal to the 25th

percentile minus 1.5 times IQR. Comparisons were performed using Kruskal-Wallis Multiple-Comparison Z value Test with Bonferroni correction. The
asterisk indicates statistical significance differences of p� 0.05.

doi:10.1371/journal.pone.0120661.g001
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Fig 2. Proportion of CD4+ T cell subpopulations and expression of FoxP3 within these subpopulations following stimulation. 4x106 freshly isolated
PBMC from foals (F), yearlings (Y) and frommares (M)were left either un-stimulated (mock) or stimulated with a combination of conA, r.IL-2 and r.TGF-β1

Foal CD4+CD25high Treg Cells
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Fig. 3 shows a significantly higher proportion of circulating CD4+CD25high FoxP3+ in the
age groups of 1–2 months and 2.5–3.5 months compared to the age group 4–5 months and
yearlings. No significant difference was detected between the age group 4–5 months and year-
lings, indicative for a rapid adaptation in the first 6 rather than 12 months. While, there were
no significant differences in the proportions of CD4+CD25high FoxP3+ cells between the 3 age

(cocktail) for four days. Horses included are the same as mentioned in Fig. 1. Proportion of CD4+CD25−, CD4+CD25dim andCD4+CD25high T cells (A) and
expression of FoxP3 (B) within these subpopulations were determined and presented as in Fig. 1. In addition, (*m) indicates a significant difference to mock
within the respective cell subpopulation of the same horse group using non-parametric Wilcoxon signed-rank paired t-test.

doi:10.1371/journal.pone.0120661.g002

Fig 3. Influence of the age of foals on the proportion of CD4+CD25high FoxP3+ cells.Results from foals and yearlings reported in Figs. 1 and 2 were
grouped according to their age into four categories: Foals, 1–2 months (F), 2.5–3.5 months, 4–5 months and yearlings 12 months (Y). The effect of the age
group on the percentage of CD4+CD25high FoxP3+ cells (circulating) in freshly isolated as well as cocktail stimulated (cocktail) PBMCwas examined using
one way ANOVA. Comparisons between the four groups were performed using Kruskal-Wallis Multiple-Comparison Z value Test with Bonferroni correction.
Each data point represents 1 horse, horizontal bars within values denote medians. An asterisk with line indicates statistical significance difference between
the groups of horses. *all indicates significant difference of yearlings to the 3 groups of foals. *p�0.05 was considered significant.

doi:10.1371/journal.pone.0120661.g003
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Fig 4. Suppressive ability of CD4+CD25+ cells and proportion of IL-10+FoxP3+ within CD4+CD25high cells from foals andmares. 5x105 CD4+CD25−

lymphocytes sorted from freshly isolated PBMC of foals (F, n = 5, age 1–2 months) and mares (M, n = 5, 5–17 years) were labelled with carboxyfluorescein
diacetate succinimidyl ester (CFSE) and cultured with 5x105 irradiated allogeneic PBMC alone (CD4+CD25−) or in the presence of CD4+CD25dim

(CD4+CD25− + CD4+CD25dim) or CD4+CD25high (CD4+CD25− + CD4+CD25high) cells in a ratio of 1: 0.25. After 4 days, the cells were harvested and stained

Foal CD4+CD25high Treg Cells
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groups of foals upon PBMC stimulation with the cocktail, there was a significant difference be-
tween them and the yearlings.

CD4+CD25high cells from foals possess an enhanced suppressive
capability and express more IL-10
Since have shown that circulating CD4+CD25high cells from foals between 1 and 2.5 months of
age contain the highest proportion of FoxP3, it was of interest to compare the capability of
these cells to suppress the proliferation of CD4+CD25− T cells with CD4+CD25high cells from
mares. Fig. 4A displays the results of allogeneic MLRs without or with the addition of sorted
CD4+CD25dim or CD4+CD25high cells. In foals and mares, the addition of autologous
CD4+CD25dim or CD4+CD25high cells significantly decreased the proliferation of CD4+CD25−

cells. More so, CD4+CD25high cells from foals showed a significantly higher ability (18, 8–20%
proliferation) for suppression compared to mares (29, 18–38%).

This finding was further investigated by determining the proportion of FoxP3+IL-10, IL-
10+FoxP3− and FoxP3+IL-10+—expressing cells in this compartment after co-cultivation with
allogeneic PBMC. Interestingly, compared to mares foals show a significantly higher propor-
tion of IL-10 expressing cells within CD4+CD25highFoxP3+ cells (Fig. 4B). In contrast,
CD4+CD25high cells from mares showed a significantly higher proportion of FoxP3+IL-10−

cells than foals. No significant differences were detected in the proportion of any of these cell
populations within CD4+CD25dim cells between foals and mares (data not shown).

In vitro expansion of foal CD4+CD25high cells is associated with an
increase in FoxP3+ and IL-10+ cells.
Based on previous studies (17, 20), we have examined the ability to expand circulating
CD4+CD25high cells in vitro. First, the CD4+CD25high cells were counted before and after cul-
ture to verify their expansion (Fig. 5A). While indeed, stimulation with a cocktail of conA, IL-
2 and TGF-β1 resulted in a significant increase (2-fold) in the number of CD4+CD25high cells,
the increase was similar between foals and mares.

Next, the proportion of FoxP3+IL-10−, IL-10+FoxP3− and IL-10+FoxP3+-expressing
CD4+CD25high cells was compared between foals and mares (Fig. 5B). Upon stimulation, there
was a significant increase in the amount of FoxP3+IL-10−, IL10+FoxP3− and FoxP3+IL-10+
—expressing CD4+CD25high cells from foals compared to mock. However, in mares there was a
significant increase only in the proportion of FoxP3+IL-10+-expressing CD4+CD25high cells.
Moreover, the proportion of FoxP3+IL-10−, IL-10+FoxP3− and FoxP3+IL-10+ cells within ex-
panded CD4+CD25high cells was significantly higher in foals compared to mares.

CD4+CD25− cells from foals are skewed to become FoxP3+IL-10+

suppressive cells upon stimulation
We have also examined the ability to induce CD4+CD25high Treg from CD4+CD25− cells in
foals and mares. CD4+CD25− cells sorted from freshly isolated PBMC from foals or mares
were cultured in vitro with cocktail for 4 days. This resulted in the induction of a significantly
higher proportion of ICD4

+CD25high cells (median, range; 34, 10–40%) in foals compared to

for FoxP3 and IL-10. The percentage of proliferation (A) and of single positive FoxP3+IL-10−, single positive IL-10+FoxP3− and double positive IL-10+FoxP3+

(B) was measured by flow cytometry. Results are shown as percentage. Results from all horses examined are presented as box plots. An asterisk with line
indicates statistical significance difference. *n indicates significance difference to CD4+CD25− cells within same group of horses. Comparisons were
performed using non-parametric Mann-Witney U test. *p�0.05 was considered significant.

doi:10.1371/journal.pone.0120661.g004
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Fig 5. Expansion of circulating CD4+CD25high cells from foals andmares. 2.5x105 CD4+CD25high lymphocytes sorted from freshly isolated PBMC of
foals (F, n = 5, age 1–2 months) and mares (M, n = 5, age 5–17 years) were left either un-stimulated (mock) or stimulated with cocktail.A) The cells were
counted before (start) and after culture (mock, cocktail) using a haemocytometer and Trypan blue to exclude dead cells. Results are shown as number of
cells, dots represent individual horses. * Indicates significant differences to mock and start using paired t-test. B) After 4 days, the cells were harvested and

Foal CD4+CD25high Treg Cells

PLOS ONE | DOI:10.1371/journal.pone.0120661 March 19, 2015 11 / 18



mares (ICD4
+CD25high, 8, 5–13%) (Fig. 6A). Furthermore, Fig. 6B shows a significantly in-

creased ability of ICD4
+CD25high (67, 64–87%) cells from foals to suppress proliferation of

CD4+CD25− cells in a MLR. Similar to the expansion, ICD4
+CD25high cells from foals contain

a significantly higher proportion of FoxP3+IL-10+ cells compared to mares (Fig. 6C).

Discussion
In 1953, Billingham and Medawar showed that mice injected with allogeneic splenocytes at
birth were subsequently able to accept skin allografts from the same donor strain [29]. More-
over, dizygotic cattle twins accepted skin grafts from each other [30]. This led to the belief that
the neonatal period represents an ontogenic window for tolerance induction towards self- and
foreign antigens [31]. In mice the immediate post-natal removal of the thymus results in a fail-
ure to induce tolerance, which can be restored through adoptive transfer of T cells [32]. In hu-
mans, the foetal generation of Treg cells is believed to play an important role in suppressing T
cell responses during development, establishing tolerance [33, 34]. Due to the difficulties in ob-
taining samples from healthy subjects, relatively little is known about changes in the regulatory
immunity in humans after birth and most studies compare cord blood cells with adult Treg
cells. It has been suggested in these studies that nTreg cells from cord blood have a reduced
suppressive capacity [35–37], but it needs to be taken into account that CD4+CD25+ cord
blood cells proliferate in response to anti-CD3/CD28 mAb-coated beads [36], which is not a
common feature of Treg cells.

In the present study, we have examined circulating Treg cells in the large animal model of
horses prior to adolescence for the first time. While the significantly lower proportion of circu-
lating CD4+CD25high cells in foals reflects their lack of encountered foreign and dangerous an-
tigens, 47% of these cells were FoxP3+ compared to only 10% in mares (Fig. 1). This is in
accordance with our previous data, demonstrating that CD4+CD25high cells in adult horses are
heterogeneous containing only a minority of FoxP3+ cells [28]. While we have not studied the
immediate post-natal period, we can assume that the circulating FoxP3+ cells in foals in vivo re-
semble the default generation of neonatal regulatory T cells described for mice in vitro [31]. Ac-
cordingly, the default phenotype of circulating CD4+CD25high cells in neonatal foals resembles
Treg cells rather than activated T cells.

Similar to adult animals, the combination of IL-2, TGF-β1 and conA (cocktail) induced a
significantly higher proportion of FoxP3 within CD4+CD25high cells (Fig. 2). More so, the pro-
portion of CD4+CD25high cells was also significantly up-regulated reaching a similar frequency
as in mares. Not unexpectedly the expression of FoxP3 in CD4+CD25+ cells changed inversely
proportional to the age of foals in that the proportion of circulating Treg cells dropped signifi-
cantly by the age of 4–5 months (Fig. 3). However, there were no significant differences be-
tween the age groups of foals, in the proportion of iTreg cells induced upon stimulation with
the cocktail, indicating an increased ability of foals to up-regulate FoxP3 expression compared
to yearlings or adult animals. While this suggests a change from nTreg towards iTreg in the
composition of the regulatory compartment, the immune system of young horses remains
skewed towards tolerance induction.

stained for FoxP3 and IL-10. The percentage of single positive FoxP3+IL-10−, single positive IL-10+FoxP3− and double positive IL-10+FoxP3+ was
measured by flow cytometry. Results are shown as percentages and presented as box plots. An asterisk with line indicates significant difference of cocktail to
mock within the respective cell subpopulation and same horse group using non-parametric Wilcoxon signed-rank paired t-test. ±, ¶, § indicate statistical
significance difference between foals and mares within the respective cell population using non-parametric Mann-Witney U test. *p�0.05 was
considered significant.

doi:10.1371/journal.pone.0120661.g005

Foal CD4+CD25high Treg Cells

PLOS ONE | DOI:10.1371/journal.pone.0120661 March 19, 2015 12 / 18



Foal CD4+CD25high Treg Cells

PLOS ONE | DOI:10.1371/journal.pone.0120661 March 19, 2015 13 / 18



CD4+CD25high cells from the earliest (1–2 months age) foal group exhibit a stronger sup-
pressive capability than those from adult horses (Fig. 4). This was associated with a higher fre-
quency of FoxP3+IL-10+ cells, which is in accordance with our previous results that the
frequency of FoxP3+IL-10+ cells determines the suppressive ability of CD4+CD25high cells in
horses [26]. This is also in agreement with an earlier study that detected an increase number of
IL-10+ cells in foals [24] and indicates a rapid activation of the Treg compartment after birth.

Similar to previous results using adult CD4+CD25high cells we [28], could demonstrate that
these cells from foals can be expanded in vitro (Fig. 5). The degree of expansion was consistent
with studies in other species [38–40].

Importantly, CD4+CD25high Treg cells could also be induced from CD4+CD25− cells in sig-
nificantly higher numbers in foals upon in vitro stimulation by cocktail. This reflects data in
mice, which showed that the frequency of induced CD4+CD25+ cells was increased 6-fold in
neonates [31]. More so, ICD4

+CD2high cells from foals were more suppressive (Fig. 6), which
further underlines that CD4+CD25− cells from foals are initialised to become Treg cells
upon stimulation.

Taken together, the results demonstrate the presence of an increased proportion of functionally
mature FoxP3+ cells within the circulating CD4+CD25high Treg cells in foals during the first three
months of life. The proportion of these FoxP3+ cells diminishes significantly at the age of 1 year.
The circulating CD4+CD25high Treg from foals exhibit a strong suppressive capacity, which can
probably inhibit other cells like Th1 and Th2. This might explain the results of other studies [15–
20], which have shown a deficient ability of foals to produce Th1 and Th2 cytokines until age of 3
months. Strikingly, CD4+CD25− T cells from foals are biased to become CD4+CD25high iTreg
cells, suggesting that this might be the standard reaction of neonatal T cells in response to environ-
mental foreign and self-antigens during the post-natal development of the immune system. Our
study suggests that horses represent a suitable model to study of regulatory immunity in neonates.
Future studies, using Icelandic horses as model population can investigate whether the default
generation of Treg cells early in life is involved in establishing tolerance to Culicoides allergens.

Supporting Information
S1 Fig. Gating strategy of CD4+ CD25+ T cell subpopulations. Freshly isolated peripheral
blood mononuclear cells (PBMC) from foals, yearlings and mares were stained for CD4 and
CD25. The relative amount of CD4+CD25− (N) CD4+CD25dim (dim) and CD4+CD25high

(high) T cells was determined using flow cytometry as described before [28]. A gate was set
around lymphocytes and gated cells were analysed for CD4 expression where another gate was
positioned. CD4+ cells were subsequently analysed for CD25 expression. CD25− cells were first
distinguished from those with a dim fluorescence signal (dim) and additionally from those
with a distinct (>10 fold) brighter fluorescence signal (high). Subsequently, three gates with
small gaps between them were placed, defining the three CD4+ subpopulations.
(TIF)

Fig 6. Induction of CD4+CD25high cells from CD4+CD25− cells from foals andmares. 1x107 CD4+CD25− lymphocytes sorted from freshly isolated PBMC
of foals (F, n = 3, age 1–2 months) and mares (M, n = 3, 5–17 years) were cultured with the cocktail. 4 days later, the cells were harvested, stained for CD25
and resorted for induced CD4+CD25high (ICD4

+CD25high) cells.A) Proportion of ICD4
+CD25high cells from foals and mares were measured using flow

cytometry. 5x105 CD4+CD25− cells sorted from freshly isolated PBMC were labelled with CFSE and cultured with 5x105 irradiated allogeneic PBMC alone
(CD4+CD25−) or in the presence of ICD4

+CD25high (CD4+CD25−+ ICD4
+CD25high) cells in a ratio of 1: 0.25. After 4 days, the cells were harvested and

stained for FoxP3 and IL-10.B) Percentage of proliferation was measured by flow cytometry. Results are shown as percentage inhibition of proliferation of
CD4+CD25− cells by ICD4

+CD25high cells following stimulation with irradiated allogeneic PBMC. C) Percentage of single positive FoxP3+IL-10−, single
positive IL-10+FoxP3− and double positive IL-10+FoxP3+ was measured by flow cytometry. Each data point represents 1 horse horizontal bars within values
denote medians. An asterisk with line indicates statistical significance difference. Comparisons were performed using non-parametric Mann-Witney U test.
*p�0.05 was considered significant.

doi:10.1371/journal.pone.0120661.g006
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S2 Fig. Expression of FoxP3 within CD4+CD25high cells. PBMC freshly isolated (0 h) or cul-
tured for 4 days without (mock) or with the cocktail (cocktail) were stained for CD4, CD25
and FoxP3. The expression of FoxP3 within CD4+CD25high cells is presented. Horses included
are foals, yearlings and mares.
(TIF)

S3 Fig. Purity of the sorted CD4+ subpopulations. After isolation of PBMC, CD4+ cells were
enriched by positive magnetic cell separation (MACS). The CD4+ cells were stained for CD25
as described [28]. CD4+CD25−, CD4+CD25dim and CD4+CD25high T cells were identified and
sorted as previously [28], using a more stringent gating than for phenotyping (S1 Fig.) to avoid
cross contamination. Analysis of the three subpopulations after sorting, demonstrated> 98%
purity for each of the three subpopulations.
(TIF)

S4 Fig. Proliferation of CD4+CD25− cells cultured in the presence and absence of
CD4+CD25high cells (A) and proportion of IL-10+ and FoxP3+ within CD4+CD25high cells
(B) from foals and mares. CD4+CD25− lymphocytes sorted from freshly isolated PBMC of
foals and mares as described in S3 Fig. were labelled with carboxyfluorescein diacetate succini-
midyl ester (CFSE) and cultured without (CD4+CD25− control, top row) or with irradiated al-
logenic PBMC alone (CD4+CD25−, middle row) or in the presence of sorted CD4+CD25high

(CD4+CD25− + CD4+CD25high, bottom row) cells. After 4 days, the cells were harvested and
stained for FoxP3 and IL-10 or the relevant isotype controls. Analysis was performed using
Flowjo software. A) The gated CFSE-labelled CD4+CD25− cells were analysed for percentage
proliferation by setting gates for proliferating (FITC-A, APC-A Subset) and non-proliferating
(FITC-A, APC-A Subset-1) cells. B) The percentages of single positive IL-10+FoxP3− (Q1),
double positive IL-10+FoxP3+ (Q2) and single positive FoxP3+IL-10− (Q3) within
CD4+CD25high cells were measured by flow cytometry.
(TIF)

S5 Fig. Expression of FoxP3 and IL-10 within expanded CD4+CD25high cells.
CD4+CD25high lymphocytes sorted from freshly isolated PBMC of foals and mares were left ei-
ther un-stimulated (mock) or stimulated with cocktail. After 4 days, the cells were harvested
and stained for FoxP3 and IL-10. The percentages of single positive IL-10+FoxP3− (Q1), double
positive IL-10+FoxP3+ (Q2) and single positive FoxP3+IL-10− (Q3) were measured by
flow cytometry.
(TIF)

S6 Fig. Expression of FoxP3 and IL-10 within induced CD4+CD25high cells. CD4+CD25−

lymphocytes sorted from freshly isolated PBMC of foals and mares were cultured with the
cocktail for four days, harvested, stained for CD25 and resorted for induced CD4+CD25high

(ICD4+CD25high) cells. The ICD4+CD25high cells were stained for FoxP3 and IL-10. The per-
centages of single positive IL-10+FoxP3− (Q1), double positive IL-10+FoxP3+ (Q2) and single
positive FoxP3+IL-10− (Q3) were measured.
(TIF)
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