
Natural killer T cells constitutively expressing the interleukin-2
receptor a chain early in life are primed to respond

to lower antigenic stimulation

Introduction

Invariant CD1d-restricted natural killer T (i.e. iNKT) cells

are phenotypically distinct from ab T lymphocytes

because of the expression of structurally limited T-cell

receptors (TCRs) specific to non-classical CD1d-bound

glycolipid antigens.1 Most notably, iNKT cells dramati-

cally impact adaptive immune responses through special-

ized interactions with innate and CD4/CD25-expressing

regulatory T (Treg) cells, suggesting that they may be

instrumental for therapeutic modulation in autoimmune

diseases and human malignancies.2

Much remains to be known about the development

of human iNKT cells early in life. In mice, iNKT cells

develop after birth whereas in humans, iNKT cells can

be detected earlier, during gestation, and already com-

prise about 0�1% of blood CD3-positive (CD3+) lym-

phocytes at birth.3–5 Human peripheral iNKT cells

display two main CD4+ and CD4– subsets functionally

differing in their helper cytokine expression profiles and

homeostatic requirements.6,7 The CD4+ iNKT cells domi-

nate in fetal and neonatal blood (> 90% iNKT popula-

tion) and their proportion decreases with age. Evidence

also suggests that CD4+ iNKT cells directly expand from

the thymus, whereas peripheral expansion of CD4– iNKT

cells may be mainly driven through homeostatic proli-

feration.8 The relatively stringent antigenic receptor

combinatorial rearrangement, resulting in a bottle-

neck effect on thymic output, implies the potential exis-

tence of mechanisms to maintain iNKT-cell repertoire

diversity upon repeated antigen-driven cell proli-

feration.1,3,9
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Summary

Invariant natural killer T (iNKT) cells are known to constitutively express

the high affinity interlukin-2 receptor a chain (CD25) in neonates, but

the functional consequence of this phenotype is unknown. Here, we show

that high numbers of CD25-expressing iNKT cells are present early in ges-

tation and represent a significant proportion of the developing immune

system. Despite their activated phenotype, neonatal iNKT cells express

high levels of the Krüppel-like factor-2, a transcription factor associated

with quiescent T cells, and require de novo T-cell receptor and CD28

co-stimulation to proliferate. In contrast to bona fide CD4/CD25-express-

ing regulatory T cells, neonatal iNKT cells do not suppress T-cell

responses, indicating that they do not represent an immunosuppressive

cell subset. Evidence that neonatal iNKT cells respond to dramatically

reduced amounts of CD1d-restricted antigen compared with adult iNKT

cells or T cells, and that their proliferation can be induced in the absence

of early interleukin-2 suggest that constitutive expression of CD25

‘primes’ neonatal iNKT cells to respond rapidly to low amounts of anti-

gen. This unique phenotype, which is distinct from adult iNKT cells, as

well as other CD25-expressing activated T or regulatory T cells, may be

important to ensure stability of a structurally limited peripheral iNKT-cell

repertoire early in life.

Keywords: cord blood; interleukin-2 receptor a chain; invariant natural

killer T cells; T-cell proliferation
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Unlike the vast majority of fetal or neonatal T cells,

both neonatal and adult iNKT cells predominantly

express the CD45RO isoform memory T-cell marker.10–12

However, neonatal iNKT cells display a specific and

unique phenotype compared with their adult counterpart.

Indeed, freshly isolated ex vivo human neonatal iNKT

cells constitutively express CD25, the high affinity inter-

leukin-2 (IL-2) receptor a chain. This characteristic was

initially interpreted to be the result of antenatal recogni-

tion of a yet unidentified endogenous CD1d-ligand.10,11

However, constitutive CD25 expression may also reflect a

discrete developmental stage that plays an important role

in immunity in early life. The notion that neonatal

CD25-expressing iNKT cells are not simply activated cells,

but rather represent a developmentally distinct subset is

supported by the absence of other markers of recent

T-cell activation including CD69 and HLA-DR.10,13 Fur-

thermore, even though it has long been recognized that

neonatal iNKT cells express CD25, the functional con-

sequence of this constitutive CD25 expression and its

precise significance in neonatal NKT cell physiology

remain unclear. In normal circumstances, CD25 is only

expressed by resting or activated regulatory T (Treg) cells,

or transiently following activation of conventional T

cells.10,11 CD25 is necessary for signalling through the

IL-2 receptor complex, which also includes the b and

common c chains.14 In activated T cells, TCR and CD28

co-stimulation triggers the expression of both IL-2 and

CD25,15,16 CD25 expression is further driven by an IL-2-

mediated positive regulatory loop. As a result, sustained

interaction between IL-2 and CD25 is important to drive

T cells through cell cycle progression following activa-

tion.17 Whether the constitutive expression of CD25

confers any proliferative advantage on neonatal iNKT

cells is unknown.

In this study, we investigated the functional conse-

quences of constitutive expression of CD25 on neonatal

iNKT-cell responses. We demonstrate that neonatal iNKT

cells have a substantially reduced proliferation threshold

compared with adult iNKT, conventional neonatal T or

adult T cells. This lower proliferation threshold is inde-

pendent of CD4 expression, intrinsic to neonatal iNKT

cells and is most dramatic upon stimulation with low

potency CD1d ligation, implying that this heightened

proliferative capacity may critically help to maintain TCR

diversity in the iNKT-cell compartment in limiting anti-

genic conditions. Finally, IL-2 blocking experiments sug-

gest an important role for de novo IL-2 receptor a chain

expression in bypassing the initial requirement for IL-2 in

driving CD25 expression and lowering the proliferation

threshold following activation. In light of these data, we

propose a potential role for the constitutive expression of

the high-affinity IL-2 receptor a chain in ensuring sur-

vival, stability and expansion of a structurally diverse

antigenic receptor iNKT-cell repertoire early in life.

Materials and methods

Cells, reagents and antibodies

Blood samples were obtained following written informed

consent from cord blood of neonates delivered at Chil-

dren’s & Women’s Health Centre of BC (Vancouver,

Canada) or from healthy adult peripheral control subjects.

All cord or peripheral adult blood samples were collected

in sodium heparin anti-coagulated Vacutainers� (Becton

Dickinson, Mississauga, ON, Canada) and processed

within 1 hr of collection. Placental histology was reviewed

for clinical signs of chorioamnionitis by our institutional

clinical pathologist. This study protocol was approved by

the University of British Columbia Clinical Research Ethic

Board.

Flow cytometry staining antibodies against human

CD3, CD19, CD45RO, CD62L, HLA-DR, CD25, CD69,

CD122, CD127, CD4 and CD161 were purchased from

BD Biosciences (Mississauga, ON, Canada). Flow cytome-

try antibodies against human FOXP3 and CD132 were

purchased from eBioscience (San Diego, CA). OCH, and

allophycocyanin- (APC) or phycoerythrin-conjugated,

PBS57-loaded or unloaded CD1d MHC tetramers were

supplied through a non-commercial contractual agree-

ment with the National Institute of Health Tetramer

Facility. a-Galactosylceramide (alpha-GC) was provided

by Dr Peter van den Elzen (Child & Family Research

Institute, Canada) and OKT3 (stimulating anti-CD3 anti-

body) was produced from hybridoma cells by the Univer-

sity of British Columbia antibody core facility. The

concentration of PBS57-loaded CD1d-tetramers used for

staining of iNKT cells was regularly determined to obtain

maximal specific mean fluorescence intensity signal over

background when comparing with an unloaded CD1d-tet-

ramer molecule and was stable throughout the study per-

iod. The CD1d-transfected K562 myelogenous leukaemia

cell line was generously supplied by Dr D. Branch Moody

(Brigham and Women’s Hospital, Boston, MA; unpub-

lished data).

Mononuclear, T-cell and iNKT-cell purification

Cord blood or peripheral blood mononuclear cells were

extracted from whole blood by Ficoll–Paque (Amersham,

Baie d’Urfe, QC, Canada) gradient centrifugation. When

excessive, the higher density cord blood reticulocytes

remaining following the Ficoll–Paque gradient centrifuga-

tion were negatively depleted using CD235a (glycophorin

A) microbeads (Miltenyi Biotech). Purified T cells were

obtained by cell sorting on CD3+ cells from adult periph-

eral or cord blood mononuclear cells, using flow cytome-

try. The iNKT cells were obtained by magnetic bead

separation (positive extraction on magnetic antibody

cell sorting columns; Miltenyi Biotech, Auburn, CA) of
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APC-CD1d-PBS57-loaded tetramer-labelled mononuclear

cells using anti-APC microbeads and subsequent cell sort-

ing according to a CD3+ PBS57-loaded CD1d-tetramer+

surface expression using flow cytometry. All cultures were

carried out in RPMI-1640 medium (Invitrogen, Burling-

ton, ON, Canada) containing 10% heat-inactivated fetal

bovine serum (FBS; Fisher Scientific, Ottawa, ON,

Canada), 100 units/ml penicillin and 100 mg/ml strepto-

mycin (Invitrogen).

Activation and proliferation experiments

For CFSE proliferation experiments, mononuclear cells

were stained with 2–10 lM carboxyfluorescein diacetate

succinimidyl ester (CFSE; Sigma-Aldrich, Oakville, ON,

Canada) for 5 min in phosphate-buffered saline (PBS)/5%

FBS at 37� as described elsewhere.18 For antigen-presenting

cell-free stimulation experiments, 1 · 105 T cells were cul-

tured with (plate-bound) stimulating anti-CD3 (OKT3) ±

anti-CD28 (BD Biosciences) ± recombinant IL-2 (eBios-

cience) ± anti-human IL-2 (clone MQ1-17H12; BD

Biosciences) ± anti-CD25 (clone M-A251; BD Biosciences)

as specified. Unless otherwise mentioned, the concentration

of OKT3 used for these experiments was sub-saturating, as

determined by proliferation among several neonatal and

human donors, and to avoid excessive TCR down-regula-

tion interfering with detection of cells (not shown). For

T-cell suppression experiments, 5 · 104 T cells were

stimulated with anti-CD3 (1 lg/ml) in the presence of

5 · 104 irradiated allogeneic feeder cells ± purified

iNKT cells ± specified ratios of sorted CD19– CD25high

CD4+CD3+ Treg cells as specified. Stimulation with CD1d-

transfected K562 cells was carried out using 2�5 · 104 K562

cells cultured with 1 · 105 purified T cells in the presence

of anti-human CD28 (2 lg/ml). For IL-2 inhibition

experiments, 1 · 105 T cells were cultured with an excess of

anti-human IL-2 antibody (corresponding to a fivefold

greater concentration than required to completely inhibit

detectable T-cell and neonatal iNKT-cell proliferation using

CFSE) in the presence of anti-CD3, anti-CD28 ± recombi-

nant IL-2 or anti-human IL-2 for the specified period of

time. Following stimulation, cells were washed three times

in Dulbecco’s Phosphate Buffered Saline/2% FBS to

remove excess antibody and re-cultured in the presence of

anti-CD3, anti-CD28 and recombinant IL-2 at the same

concentrations. After stimulation, cell viability was

assessed by propidium iodide (PI) uptake in parallel

experiments. Flow cytometry data acquisition was carried

out on LSRII and FACSCalibur. Cell sorting was carried

out on a FACSAria instruments (Becton Dickinson). Data

were analysed using FLOWJO (Tree Star Inc., Ashland, OR).

CFSE time–courses were analysed as described.19 [3H]Thy-

midine incorporation was measured in similar prolifera-

tion conditions and was added in the final 12–18 hr of a

72-hr culture.

Polymerase chain reaction quantification of messenger
RNA expression

For messenger RNA (mRNA) expression procedures were

carried out at 4� and cells were collected in RNAprotect

(Qiagen, Mississauga, ON, Canada) to minimize RNA

degradation. Total mRNA was extracted using TRIzol

(Invitrogen), from adult (resting) CD19– CD14– CD3+

CD25 T cells, neonatal or adult (CD19– CD14– CD3+

CD1d-PBS57-tetramer+) iNKT cells purified by cell sort-

ing (> 98% purity), adult CD45RO+ CD25– memory T

cells or sorted adult T cells activated using phytohaemag-

glutinin for 72 hr or using staphylococcal enterotoxin B

for 5 days. Complementary DNA reverse transcription

was carried out using the Superscript VILO cDNA syn-

thesis kit (Invitrogen). Quantitative polymerase chain

reaction (PCR) analyses were performed in triplicates

using Express SYBR GreenER qPCR supermix (Invitro-

gen) according to the manufacturer’s protocol on a 7300

real-time PCR instrument (Applied Biosystems Inc.,

Carlsbad, CA). Gene expression was normalized over

expression of the housekeeping b-actin gene using the Li-

vak method.20 The oligonucleotide sequences used for

PCR amplification are provided in supplementary

Table S1.

Results

Neonatal iNKT cells are highly abundant early in
gestation and display a quiescent CD25+ memory
T-cell phenotype

As previous studies addressing the phenotype and abun-

dance of iNKT cells in cord blood were based on a lim-

ited number of human subjects,10,11 we first confirmed

the frequency of iNKT cells at term, as well as earlier in

gestation in mononuclear cells ex vivo (Fig. 1a). Invariant

NKT cells were identified by flow cytometry using fluo-

rescent antigen-loaded PBS57-CD1d-tetramers to detect

cells within CD19– CD3+ cells. The proportion of neo-

natal iNKT cells in human neonatal (cord blood) mono-

nuclear cells was 0�12% (95% confidence interval

0�10–0�15%; geometric mean; n = 53). Furthermore, by

comparing a large number of donors in each age group,

we found that this proportion was significantly higher in

cord blood obtained from infants born after < 28 weeks

of gestation and decreased towards the term of gestation

and in adulthood, even more so in male compared with

female subjects (P < 0�0004 by Kruskal–Wallis). CD25

expression was also detectable on iNKT cells much earlier

in gestation, as indicated by staining cord blood mononu-

clear cells from preterm infants born early in the third

trimester of pregnancy (< 28 weeks of gestation; Fig. 1b).

Previous investigators showed that both neonatal and

adult iNKT cells express the CD45RO isoform, indicating
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a memory T-cell phenotype.10,11 Data with regard to the

expression of CD62 ligand (CD62L), which is also gener-

ally expressed on naive T cells, however, were conflict-

ing.10–12,21 As the identification of iNKT cells requires at

least three phenotypic surface markers in flow cytometry,

potential for spectral cross-interference between fluores-

cent detectors may confound the determination of a posi-

tive surface expression. To address the question of CD62L

expression on neonatal iNKT cells, cord blood cells were

stained fresh ex vivo using antibodies against CD62L and

CD45RO labelled with fluorescent markers having mini-

mal emission overlap with one another (i.e. fluorescein

isothiocyanate and phycoerythrin–Cy7, respectively) and

no emission overlap with identification markers of other

iNKT cells (i.e. APC-labelled CD1d-tetramer and Pacific

Blue-labelled staining anti-CD3 antibody). Our results

clearly demonstrate that neonatal iNKT cells expressed

variable, but generally higher, levels of CD62L compared

with adult iNKT cells (supplementary Fig. S1 and see

Fig. 3 for more representative datasets out of 10 subjects

tested). We also confirmed that neonatal iNKT cells

express the IL-2 receptor common c chain CD132

(Fig. 1c), normally expressed on resting T cells and neces-

sary for IL-2 receptor signalling.22 On the other hand,

expression of the IL-2 receptor b chain CD122 was unde-

tectable in flow cytometry (Fig. 1c), even though the

CD122 mRNA was detected by real-time PCR (not

shown).

As the pattern of expression of surface markers,

including CD69 and HLA-DR,10,13 on neonatal iNKT

cells is indicative of a resting rather than activated

T-cell memory phenotype, we tested whether they

expressed KLF-2, a transcription factor highly expressed

in quiescent, non-proliferating T cells and down-regu-

lated following activation.23 Pure (> 98%) populations

of T or iNKT cells were obtained by flow cytometry cell

sorting and mRNA expression was measured by real-

time PCR. Neonatal iNKT cells clearly expressed ex vivo

KLF-2 mRNA levels comparable to resting T (CD3+

CD25–) cells or resting memory (CD45+ CD25–) T cells.

In contrast, T cells activated following exposure to phy-

tohaemagglutinin or staphylococcal enterotoxin B and

sorted by positive expression of CD25 expressed sub-

stantially less KLF-2 mRNA (Fig. 1d), consistent with

previous reports.23 Altogether, our results demonstrate

that iNKT cells are abundant earlier in gestation and

display a quiescent, rather than activated memory T-cell

phenotype.
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Figure 1. Phenotype of invariant natural killer T (iNKT) cells in adults and in neonates born at term and before the term of gestation. (a) Pro-

portion of CD1d-restricted iNKT cells in preterm (born below 28 weeks of gestation), term cord blood or adult (F: female; M: male) peripheral

mononuclear percentages are, based on the number of CD19– CD1d-tetramer+ cells among CD3+ cells. Decrease with aging was statistically sig-

nificant (P < 0.001 by Kruskal–Wallis test). (b) Expression of CD25 in neonatal iNKT cells from preterm neonates (representative from three

donors tested). (c) Expression of interleukin-2 (IL-2) receptor components (CD122: b chain and CD132: common c chain) (clear area) on neo-

natal iNKT cells from infants born at term. Fluorescence-minus-one negative staining controls (grey area) yielded results similar to isotype con-

trols (not shown). (d) Krüppel-like factor 2 (KLF-2) and CD25 messenger RNA expression (real-time polymerase chain reaction) in T cells

activated either with phytohaemagglutinin (PHA) or staphylococcal enterotoxin B (SEB) and sorted for positive CD25 expression, neonatal iNKT,

adult resting memory (CD45RO+ CD25–) T cells and adult iNKT cells (error bars indicate SEM among up to three different donors tested per

condition). Messenger RNA expression was normalized on levels measured in adult naive (CD25–) T cells.
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Expression of CD25 on neonatal iNKT cells is
observed earlier in gestation and is not the result of
activation from labour

Invariant NKT cells are highly abundant at the materno–

fetal placental interface and are potentially involved in the

induction of labour.24,25 To exclude the possibility that

expression of a memory T-cell phenotype could be the con-

sequence of recent activation by labour, we analysed cord

blood mononuclear cells collected from women undergoing

elective ‘cold’ Caesarean section deliveries in the absence of

clinically detectable labour. As shown in Fig. 2, iNKT cells

from three representative donors in each group reproduc-

ibly expressed CD45RO, CD62L and CD25. Importantly,

expression of CD45RO and CD25 on neonatal iNKT cells

was comparable between neonates born by vaginal delivery

following normal labour and neonates who were delivered

by Caesarean section without labour and in the absence of

documented placental infection (i.e. chorioamnionitis;

Fig. 2). These results confirm that expression of CD25 is

not the result of a recent activation by labour.

CD25+ neonatal iNKT cells are not functionally
suppressive cells

Constitutive expression of CD25 on CD4+ T cells is cor-

related with immunoregulatory functions and expression

of the transcriptional regulator FOXP3.26 We therefore

investigated whether neonatal iNKT cells may share other

phenotypic markers in common with Treg cells and sup-

press immune responses. CD25-expressing neonatal iNKT

cells did not express FOXP3, normally highly expressed in

Treg cells (Fig. 3a), but did express high levels of CD127

(the IL-7 receptor a chain), which is absent on Treg cells

and also characteristic of naive T cells.27,28 To formally

exclude the possibility that CD25-expressing neonatal

iNKT cells are suppressive, CD3+ CD1d-tetramer+ neona-

tal iNKT cells were sorted and compared with different

proportions of CD4+ CD25high Treg cells for their ability

to suppress polyclonal T-cell responses. As shown in

Fig. 3(b,c), even at a 1 : 1 ratio, neonatal iNKT cells did

not suppress T-cell proliferation, but rather resulted in a

15-fold increase in proliferation. As expected, addition of

Treg cells suppressed T-cell proliferation (Fig. 3b).

Enhanced proliferation threshold in neonatal iNKT
cells

Immunological activation can be defined as a state of

heightened capacity to proliferate and mediate effector

functions. We tested whether CD25-expressing neonatal

iNKT cells display a heightened proliferative capacity. To

this end, we activated mononuclear cells with two proto-

typic CD1d glycolipid antigens: a-GC and OCH, which is

less potent structural derivative of a-GC [29], and mea-

sured expression of CD69, used here as an early indicator

of activation (Fig. 4a and supplementary Fig. S2a for a

representative dataset), as well as late proliferation events

detected using CFSE dilution (Fig. 4b and supplementary

Fig. S2b for a representative dataset). When compared

among donors, activation thresholds were similar between

neonatal and adult iNKT cells (Fig. 4c). However, sub-

stantially lower amounts of agonists were required to trig-

ger proliferation in neonatal iNKT cells compared with

adult iNKT cells (Fig. 4d). As shown in Fig. 4(d), this dif-

ference was even more remarkable with OCH. Importantly,

proliferation thresholds were comparable in both CD4+

and CD4– adult iNKT cells (Fig. 4e).

Term

iNKT cells T cells

Labour

CD25

CD45RO

C
D

62
L

No labour

Figure 2. Phenotype of neonatal invariant natural killer T (iNKT) cells in the absence or presence of labour. Surface marker (clear area) and flu-

orescence-minus-one negative control staining (shaded area) for CD45RO, CD62L and CD25 expression on iNKT (expression in T cells shown as

control) shown for three representative, out of five tested term neonates delivered naturally (labour) or by Caesarean section in absence of labour

(no labour).
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Differences in iNKT-cell proliferation threshold were

not the result of enhanced CD1d-restricted presentation

by neonatal antigen-presenting cells or of a differential

requirement for CD28 co-stimulation, as demonstrated

using purified T cells from either neonatal or adult

donors exposed to a-GC presented by a common MHC-

negative, CD1d-transfected K562 myelogenous leukaemia

cell line. Indeed, a substantially lower proliferation thresh-

old was again seen in neonatal iNKT cells stimulated by

a-GC in the presence of a soluble anti-CD28 antibody,

when compared with their adult counterparts (Fig. 4f,g).

A similar difference in proliferation threshold was also

obtained in the absence of exogenous anti-CD28 co-stim-

ulation, although proliferation was generally lower in

both age groups (not shown).

Neonatal iNKT cells require de novo TCR/CD28 co-
stimulation to proliferate

Substantial inter-donor variability was observed in

iNKT-cell activation and proliferation thresholds

(Fig. 4a–d), presumably because of intrinsic differences

in avidity for CD1d-restricted antigens. To obviate some

of this potential variability, we used an ‘antigen-present-

ing cell-independent’ assay. We reasoned that this system

would allow better evaluation of whether this heightened

proliferation threshold is ‘intrinsic’ to neonatal iNKT

cells. Sorted T cells (including iNKT cells) were stimu-

lated with plate-bound stimulating anti-CD3 (i.e. OKT3)

and soluble anti-CD28, in the presence of an excess of

recombinant IL-2 (50 U/ml) to avoid the effects of lim-

iting IL-2 concentrations in the cell culture (Fig. 5a–d).

In this system, we confirmed the strict requirement for

TCR and CD28 co-stimulation in both neonatal and

adult iNKT cells (Fig. 5a). Activated T cells express

CD25 and readily proliferate in the presence of IL-2.30

We therefore investigated whether this may also hold

true for neonatal iNKT cells. Addition of IL-2, however,

did not stimulate neonatal iNKT cell proliferation

(Fig. 5a). Notably, iNKT cell proliferation was strictly

dependent on CD25, as shown by a complete inhibition

of proliferation in cells stimulated in the presence of a

blocking anti-human CD25 antibody (Fig. 5a). Using

CFSE-time series models,19,31 we detected no statistically
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Figure 3. Neonatal and adult invariant natural killer T (iNKT) cell CD127 and FOXP3 expression, and lack of suppressing effect of neonatal iNKT

cells on polyclonal T-cell responses. (a) Expression of Foxp3, CD127 (IL-7 receptor a chain) in CD1d-tetramer+ CD3+ iNKT or T cells (middle four

panels are gated according to upper left panel). Expression of CD25 in FOXP3/CD127-gated populations (right histograms). (b) Suppression of

proliferation (measured by [3H]thymidine incorporation) in T cells stimulated by anti-CD3 in the presence of irradiated allogeneic antigen-present-

ing cells plus either a 1 : 1 ratio of neonatal iNKT cells or different ratios of regulatory T (Treg) : T cells. (c) Proliferation (CFSE dilution measured

at 120 hr) in unstimulated T cells (shaded area; results were identical to T cells stimulated in presence of a 1 : 1 ratio of Treg cells) or in T cells

stimulated by anti-CD3 in the presence of irradiated allogeneic antigen-presenting cells plus an equal ratio of neonatal iNKT cells (clear area).
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significant difference in the time of initiation of the first

cell division or rate of subsequent divisions (P > 0�05

between trend lines, by linear regression) between neo-

natal iNKT, adult iNKT and T cells (Fig. 5b). However,

a significantly greater proportion of neonatal iNKT cells

reproducibly progressed into cell cycle in comparison

with adult T, iNKT or neonatal T cells (Fig. 5c; results

are representative of five donors tested in each age

group). Notably, we also confirmed the substantially

greater proliferation in neonatal iNKT compared to

adult iNKT, neonatal T or adult T cells by measuring

thymidine incorporation in purified cell sub-populations

(Fig. 5d).

‘Priming’ of neonatal iNKT cells due to de novo
CD25 expression

Antigen-driven activation and proliferation of T cells

generally occurs in two IL-2-dependent steps. First,

continuous engagement of the TCR and CD28 molecules

is required to drive the production of both IL-2 and

CD25 expression (referred to here as the early induction

phase of proliferation). Second, continuous exposure to

IL-2 interacting with the IL-2 receptor complex (inclusive

of CD25 molecule), drives T cells through the cell

cycle – referred to herein as the maintenance phase of

proliferation; see ref.14 In the early induction phase of

proliferation, IL-2 is also critical in driving CD25 expres-

sion, therefore acting as a positive-regulator of prolifera-

tion.32 To test whether de novo CD25 expression on

neonatal iNKT cells could obviate the early requirement

for IL-2 in driving cells into cell cycle, we stimulated T

cells with plate-bound anti-CD3 and soluble anti-CD28

and measured the effect of early versus late IL-2 inhibi-

tion on the induction phase of proliferation. Expression

of CD25 increased in both neonatal and adult iNKT in

response to CD3/CD28 co-stimulation and was partially

blocked by an anti-IL-2 blocking antibody added at the
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time of stimulation (Fig. 6a). As expected, we only

detected proliferation (i.e. CFSE dilution) in CD25-

expressing cells (not shown).

More importantly, proliferation could be completely

inhibited by IL-2 blockade in neonatal iNKT cells as well

as in T and adult iNKT-cell cultures (Fig. 6c, bottom

panels), confirming the importance of IL-2 in driving T

cells into cell cycle during the induction phase of prolifer-

ation. Remarkably, blocking of IL-2 only during the

induction phase of proliferation (i.e. by washing out the

IL-2 blocking antibody after a specific time period, fol-

lowed by exposure to recombinant IL-2) completely

inhibited proliferation in T and adult iNKT cells, but not

in neonatal iNKT cells (Fig. 6c). These data, which are

representative of four donors tested in each age group,

confirmed that IL-2 is required early in the induction

phase of proliferation in both T and adult iNKT cells, but

not in neonatal iNKT cells.

Discussion

Natural killer T cells play an important immune regula-

tory role in autoimmune diseases and malignancies,

although their ontogeny in humans is insufficiently

understood. In this study, we expand on previous find-

ings that neonatal NKT cells constitutively express the

high-affinity IL-2 receptor a chain CD25. However, in

these earlier studies authors have not elucidated the func-

tional impact of this CD25-expressing phenotype and in

the absence of this important data, may have precipi-

tously concluded that this phenotype simply reflected

activation from a previous encounter with an undefined

endogenous ligand in utero.10,11 CD1d is expressed on

human fetal trophoblastic placental cells and iNKT cells

are abundant at the decidual materno–fetal interface,

comprising about 0�5% of T cells.24 Stimulation of iNKT

cells by a-GC during pregnancy triggers cytokine-medi-

Unstim

(a) (b) (d)

(c)

Neonate Adult

8 200

175

125

75

25

150

100

50

M
ea

n 
di

vi
si

on
 n

um
be

r

T iN
K

T

T iN
K

T

7

6

5

4

3

2

1

0
0 24 48 72 96

IL-2 – +
120 144

Time (hr)

Neo T Adult T Adult iNKTNeo iNKT

15 % 6 % 76 % 10 %

CFSE CFSE

CD3

IL-2 only

CD3/CD28

CD3/CD28
+IL-2

CD3/CD28
+anti-CD25

Figure 5. T-cell receptor/CD28 co-stimulation requirements and comparison of proliferation in neonatal invariant natural killer T (iNKT), adult

iNKT and T cells. (a) T cells obtained from either a neonate or an adult were cultured (120 hr) in the absence of stimulation (unstim) or

exposed to anti-CD3, interleukin-2 (IL-2) only, anti-CD3 and anti-CD28 stimulation ± an excess recombinant IL-2 (50 U/ml) or anti-CD3 and

anti-CD28 stimulation in the presence of a blocking anti-CD25 antibody (gated on iNKT cells). (b) Time of initiation (intercept of line of best

fit at mean division one) and rate of cell division (slope of line of best fit) in neonatal iNKT (dark grey circles), adult iNKT (light grey circles),

neonatal T (dark grey squares) or adult T (light gray squares) cells. (c) Proportion of proliferating (CFSElow) iNKT cells or T cells (at 72 hr) fol-

lowing stimulation with anti-CD3 and anti-CD28. Results of panel (a), (b) and (c) are representative of five donors in each age group. (d)

[3H]Thymidine incorporation (72 hr) in sorted neonatal (dark bars) and adult (grey bars) iNKT or T cells stimulated by anti-CD3 and anti-

CD28 in the presence or absence of IL-2. Cells (5000/condition) were tested in duplicates (bars represent SEM). Results of (d) are representative

of two independent experiments.

296 � 2010 The Authors. Immunology � 2010 Blackwell Publishing Ltd, Immunology, 131, 289–299

M. Ladd et al.



ated CD1d-dependent fetal abortion in C57BL/6J mice.25

Although the role of iNKT cells in the physiology of nor-

mal labour is not entirely elucidated, the possibility that

CD25 expression on neonatal iNKT could be related to

activation in this context needed to be addressed. Alterna-

tively, iNKT-cell activation might have also been the

result of activation by ascending intrauterine micro-

organisms, which are well-reported to be associated with

labour.25,33 CD25 expression in neonatal iNKT cells, how-

ever, is clearly not the result of labour or placental infec-

tion, as evidenced by a consistent expression in cord

blood samples obtained from either preterm or full-term

placenta without evidence of labour or detectable inflam-

mation in the mother.

We demonstrate that neonatal NKT cells, in fact, are

not activated in spite of their constitutive CD25 expres-

sion. It is not clear what drives the constitutive expression

of CD25 on neonatal iNKT cells. Nonetheless, neonatal

iNKT cells present several features that make their pheno-

type clearly distinct from other CD25-expressing activated

T cells and Treg cells. These features include the absence

of detectable proliferation upon exposure to IL-2 alone, a

strict requirement for co-stimulation of the TCR and

CD28 for activation and proliferation de novo, the expres-

sion of other quiescent T-cell markers CD127, CD62L

and the transcription factor KLF-2, the absence of other

markers of recent activation, such as CD69 and HLA-

DR10,13 and finally, the lack of suppression of polyclonal

T-cell responses. Altogether, these findings are more con-

sistent with the theory that expression of CD25 by iNKT

cells reflects a distinct early life developmental stage.

Despite this non-activated state, CD25-expressing neo-

natal iNKT cells proliferate with substantially lower anti-

genic stimulation following activation, thereby attenuating

avidity differences observed among adult iNKT cells. Cord

blood T cells are largely naive and generally require

greater antigenic stimulation to proliferate compared with

adult peripheral blood T cells.34,35 Therefore, the height-

ened proliferation threshold in neonatal iNKT clearly

distinguishes them from other cord blood T cells. Both

antigenic receptor affinity maturation and structural reor-

ganization of the antigenic receptor mechanism contrib-

ute to lowering the activation threshold in (secondary)

memory T-cell responses.36 However, the heightened

proliferation threshold in neonatal iNKT is also clearly

independent of their CD45RO-expressing memory T-cell

phenotype.

The biological impact of the heightened proliferation

threshold in neonatal iNKT cells is not clear. Neonatal

iNKT cells display a more plastic cytokine programme at
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birth and generally show a diverse antigenic receptor

repertoire.10,12,37 In the presence of limiting antigen stim-

ulation, this mechanism may be particularly important in

a rapidly growing fetus or neonate in humans to facilitate

the expansion of lower affinity iNKT-cell clones and

ensure stability in the iNKT antigenic repertoire upon

repeated antigenic challenge. Also, it is not known

whether a certain degree of diversity in the iNKT-cell

repertoire is required for maintaining immunological

function, although there is evidence for increased relapses

of multiple sclerosis in subjects with a more limited

iNKT-cell repertoire.38

Our findings that both neonatal and adult iNKT cells dis-

play similar activation thresholds, but that a greater pro-

portion of neonatal iNKT cells proliferate following

activation is in keeping with the existing role for early, sus-

tained IL-2/CD25 interactions in the induction of T-cell

proliferation. Although we cannot completely exclude that

other unidentified factors might contribute to lowering the

proliferation threshold in neonatal iNKT cells, our findings

are highly indicative that their increased antigenic sensitiv-

ity is primarily the result of a constitutive CD25 expression.

The importance of sustained exposure to IL-2 in the early

phase of proliferation is further demonstrated in vitro in

models showing a lower proportion of precursor cells

undergoing cell cycle and a slower rate of subsequent divi-

sions in the presence of limiting IL-2 concentrations.17 In

humans, CD25 expression is also critical to T-cell prolifera-

tion in vivo, as evidenced by markedly reduced polyclonal

T-cell responses in CD25-deficient patients.39,40 Following

induction of proliferation, high levels of CD25 are detect-

able in both neonatal and adult iNKT cells, likely explain-

ing why we did not detect significant differences in division

rates after initiation of the cell cycle.

High levels of CD25 expression were comparably

detectable in both CD4+ and CD4– neonatal iNKT cells

(data not shown), implying a similarly low threshold for

proliferation between the two iNKT subsets. Because of

the very low abundance of CD4– iNKT cells in cord

blood, we were not able to accurately determine prolifera-

tion thresholds in neonatal CD4– iNKT cells, although we

clearly demonstrate that both adult CD4+ and CD4–

iNKT-cell subsets displayed comparable proliferation

thresholds, as also reported by others.8 Therefore the

heightened proliferation threshold we report is indepen-

dent of a CD4-expressing phenotype and is not the result

of an age-related decline in CD4+ : CD4– iNKT-cell

ratios. Given a structurally restricted combinatorial iNKT-

cell receptor rearrangement, CD25 expression may be

important for repertoire stability, particularly in the CD4–

iNKT-cell subset and which appears to primarily expand

through peripheral homeostatic proliferation.

Remarkably, CD25 expression has also been detected in

a high proportion of circulating fetal T cells, suggesting

that this phenotype may predominate in other early life

T-cell subsets.41,42 Parallels can be drawn with a recently

identified subset of polyclonal CD25+ CD45RO+ CD8+

memory T cells presumably constituting a peripheral reser-

voir of antigenic receptor diversity in aging individuals

with reduced thymic output.43,44 However, a major pheno-

typic difference with neonatal iNKT cells is the fact that

the latter do not spontaneously divide in the presence of

IL-2 alone.44 This lack of spontaneous response to IL-2 in

the absence of TCR stimulation may reflect a low IL-2R b
chain expression which is essential for IL-2 receptor signal-

ling.14 Alternatively, IL-2 receptor signalling may be func-

tionally silenced in resting neonatal iNKT cells.

In conclusion, we demonstrate that CD25-expressing

neonatal iNKT cells are able to proliferate with a remark-

ably reduced antigenic threshold following activation. Our

experiments further indicate a role for the constitutive

CD25 expression in priming neonatal iNKT cells to side-

step the initial IL-2 requirement and proliferate with

remarkably greater sensitivity following TCR activation.

Further studies are required to clarify the role of this

unique phenotype in iNKT-cell ontogeny and its signifi-

cance in human health and diseases.
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inducible natural killer T (iNKT), neonatal T or iNKT

cells. Expression of both markers were compared to stain-

ing controls using the same combination of fluorescently

labelled antibodies except for inclusion of isotype controls

(fluorescent-minus one plus isotype control).

Figure S2. Representative data set used to calculate

thresholds for CD69 induction or proliferation (using

CFSE dilution) in inducible natural killer T (iNKT) cells.

Peripheral or cord blood mononuclear cells were stimu-

lated with graded concentration of a-galactosylceramide or

OCH. The proportion of (a) CD69-expressing or (b) prolif-

erating cells in each division from a normal fit of data were

determined using FLOWJO (Tree Star, Inc., Ashland, OR).
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