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In contrast to adults, the murine neonatal
CD4� compartment contains a high fre-
quency of recent thymic emigrants
(RTEs). However, the functional capabili-
ties of these cells in neonates are rela-
tively unknown. Moreover, it has not been
determined whether RTEs from neonates
and adults are comparable. Here we have
directly compared neonatal and adult
CD4� RTEs for the first time, using a
transgenic mouse strain that allows for
the identification and purification of RTEs.

Our data demonstrate that RTEs from
murine neonates and adults are pheno-
typically and functionally distinct. In par-
ticular, although the magnitude of RTEs
cytokine responses from both age groups
is dependent on the conditions of activa-
tion, neonatal RTEs always exhibited
higher levels of effector Th1/Th2 cytokine
production than adult RTEs. In addition,
neonatal, but not adult, RTEs showed
early proliferation in response to stimula-
tion with interleukin-7 alone. This was asso-

ciated with faster kinetics of interleukin-7R�

down-regulation and higher levels of
pSTAT5 in neonatal RTEs. These quantita-
tive and qualitative differences in the neo-
natal and adult RTEs populations may at
least partially explain the diverse re-
sponses that are elicited in vivo in neo-
nates in response to different conditions
of antigen exposure. (Blood. 2009;113:
5635-5643)

Introduction

Newborn (� 1-day-old) mice are considered lymphopenic, as their
peripheral lymphoid organs contain only small numbers of cells.1

During early life, the number of cells in the periphery is gradually
increased by the constant output of newly exported T cells from the
thymus, referred to as recent thymic emigrants (RTEs). Although
thymic output is similar in neonates and adults,2 at day 7 of life,
there remains a paucity of T cells in the neonatal lymph nodes
(LNs) and spleen. Because of this reduced number of total cells, a
greater proportion of T cells in the neonatal periphery are RTEs,
compared with adults.2-4 Little is currently known about the characteris-
tics of neonatal RTEs, as the majority of studies examine only adult
RTEs.3,5-9 Because RTEs are more abundant among neonatal T-cell
populations, distinct properties of neonatal RTEs may contribute to the
diverse patterns of neonatal T helper (Th) responses in neonates.1

Moreover, because there has been no direct comparison of purified
RTEs from neonates and adults, it is unknown whether RTEs from these
2 age groups are similar or different.

In adult mice, Bendelac et al5 demonstrated that RTEs are
functionally mature, producing higher levels of both interleukin-4
(IL-4) and interferon-� (IFN-�) than resident cells. Clise-Dwyer et al
also showed that adult RTEs are functionally mature,7 producing
equivalent levels of IL-2, and with the same proliferative capacity as
resident cells. However, a dichotomy exists in the literature, as there is
also evidence that adult RTEs are functionally deficient compared with
resident cells. In these studies, adult RTEs produced less IL-2 and had a
lower proliferative capacity than resident cells.3,6

In contrast to adult RTEs, there are little available data on the
function of neonatal RTEs. Several studies have demonstrated that

neonatal CD4� cord blood (CB) cells, which are enriched in RTEs
by T-cell receptor (TCR) excision circle analysis,10 proliferate in
response to the homeostatic cytokine IL-7 in the absence of
stimulation through the TCR.10,11 In contrast, total adult naive
CD4� peripheral blood cells did not proliferate.10 Importantly,
although these studies did not directly compare purified neonatal
and adult RTEs, the data suggest that they may be functionally
distinct. In this report, we have undertaken the first direct compari-
son of both the phenotype and function of neonatal and adult RTEs.

Although RTEs have traditionally been studied using intrathy-
mic injection of fluorescein isothiocyanate,5,12-15 this method
produces the potentially undesirable complication of surgical
stress. Therefore, for these studies, we have used a transgenic
mouse model developed by Nussenzweig16 that allows for the
identification of RTEs in the peripheral lymphoid organs. These
mice express green fluorescent protein (GFP) under the control of
the Rag2 promoter (RAG2p-GFP). This leads to the expression of
GFP mRNA only where Rag is expressed (thymus and bone
marrow [BM]). However, Boursalian et al demonstrated in adult
RAG2p-GFP mice that high levels of GFP are maintained on
peripheral T cells for at least 7 days after emigration from the
thymus.3 Therefore, this transgenic mouse model provides a useful
tool to directly compare purified CD4�GFPhi RTEs from neonates
and adults, without surgical stress.

Using RAG2p-GFP mice, we demonstrate that neonatal and
adult RTEs are phenotypically and functionally distinct. Impor-
tantly, we observed that the relative Th cytokine responses of CD4�

RTEs and resident cells in both age groups are highly dependent on
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the conditions of activation. Under some conditions, both neonatal
and adult RTEs produced less effector cytokine (IL-4 and IFN-�)
than their resident cell counterparts, but under other conditions,
RTEs produced mature levels. Nevertheless, neonatal RTEs always
exhibited higher levels of effector cytokine production than adult
RTEs, regardless of the activation conditions. We also found that
neonatal RTEs proliferated to IL-7 in the absence of TCR
stimulation, whereas adult RTEs did not. This was associated with
a faster down-regulation of IL-7R� on neonatal RTEs and higher
levels of pSTAT5 activation on exposure to IL-7. Finally, using an
adoptive transfer system, we found that the functional properties of
neonatal RTEs are not solely the result of the developmental age of
the hematopoietic stem cells.

Methods

Mice

RAG2p-GFP (FVB-H-2q; generously provided by M. Nussenzweig, Rock-
efeller University, New York, NY) mice were bred and housed under barrier
conditions at the Division of Veterinary Resources, University of Miami
Miller School of Medicine. All animal procedures were reviewed and
approved by the University of Miami Institutional Animal Care and Use
Committee. The colonies were free of commonly occurring infectious
agents. RAG2p-GFP�/� heterozygous neonatal and adult experimental
animals were generated by mating wild-type RAG2p-GFP�/� mice with
homozygous RAG2p-GFP�/� mice. RAG2p-GFP females from timed
matings were monitored from days 19 to 21 of gestation; the day of birth
was called day 0 of life.

Flow cytometry

Phycoerythrin (PE)–conjugated anti–(�)-CD24 (M1/69), �CD8� (53-6.7),
�-��TCR; biotinylated (BN)–�Qa2 (1-1-2), �IL-7R� (B12-1); Alexa
Fluor 647–conjugated �pSTAT5 (47); cychrome (Cy)–conjugated �CD4
(RM4-5); and strepavidin-Cy were from BD Pharmingen (San Diego, CA).
�CD3-PE (145-2C11) and �-��TCR-BN (21577) were from Invitrogen
(Carlsbad, CA). �CD28-PE (37.51) was from eBioscience (San Diego,
CA). AV-PE was from Jackson ImmunoResearch Laboratories (West
Grove, PA). Samples were analyzed on a Becton Dickinson LSR I using
CellQuest software (BD Biosciences Pharmingen).

Preparation of cells from neonatal and adult
RAG2p-GFP�/� mice

CD4� lymph node cells from neonatal (7-day-old) and adult (6- to 8-week
old) RAG2p-GFP�/� mice were positively selected using the Miltenyi
Biotec MACS system (Auburn, CA). GFPhi RTEs, GFPlo intermediate, and
GFP� resident cells were identified by gating on RAG2p-GFP�/� thymo-
cytes (� 90% GFPhi) and wild-type RAG2p-GFP�/� thymocytes (� 99%
GFP�), and sorted using a BD FACSAria and FACSDiva software (BD
Biosciences, San Jose, CA). For some experiments, total neonatal LN cells
were stained first with �CD4-Cy, then sorted for CD4�GFPhi RTEs,
CD4�GFPlo intermediate, and CD4�GFP� resident cells. Purity of cell
populations was routinely more than 98%. After isolation, all cell popula-
tions were washed and resuspended in culture media.

Culture conditions for cytokine enzyme-linked immunosorbent
spot and enzyme-linked immunosorbent assays

A total of 2 � 105 sorted CD4� RTEs, intermediate, and resident cells were
plated in 200 �L of culture media and activated with 0.5 �g/well plate-
bound (PB) �CD3 (145-2C11) and 0.5 �g/mL soluble �CD28 (37.51; BD
Pharmingen). Culture medium consisted of RPMI 1640 containing 1 mM
sodium pyruvate, 2 mM L-glutamine, 1% penicillin-streptomycin,
5 � 10�2 mM 2-mercaptoethanol (Invitrogen), and 10% heat-inactivated
(56°C, 30 minutes) fetal bovine serum (HyClone Laboratories, Logan, UT).

For the antigen-presenting cell (APC) costimulation experiments, sorted
cells were activated with 0.5 �g/well PB�CD3 in the presence of 4 � 105

splenic APCs. APCs were prepared from naive RAG2p-GFP�/� adults,
using a protocol previously described by Adkins and Hamilton.17 Briefly,
splenocytes were treated with anti–Thy-1 mAb plus complement to deplete
T cells; the remaining cells were used as APCs. For the IL-7 costimulation
experiments, sorted cells were activated with PB�CD3 and �CD28 in the
presence or absence of 10 ng/mL recombinant murine IL-7 (PeproTech,
Rocky Hill, NJ). Supernatants from all experimental conditions were
harvested after 48 or 68 hours, and IFN-� and IL-4 content was assessed
using mouse-specific cytokine enzyme-linked immunosorbent assay (ELISA)
kits (Thermo Fisher Scientific, Waltham, MA), according to the manufac-
turer’s directions. To measure IL-2 production, purified �IL-2 (JES6-1A12)
and �IL-2-BN (JES6-5H4; BD Pharmingen) were substituted into the
ELISA protocol. To determine the frequency of cytokine secretors, cells
were harvested 44 hours after activation, washed, and replated with 10 nM
phorbol-12-myristate-13-acetate and 1 �M ionomycin (Calbiochem, San
Diego, CA) in enzyme-linked immunosorbent spot (ELISPOT) wells. The
cells were then incubated at 37°C, 5% CO2 for an additional 4 hours before
developing as described previously.18

Measurement of proliferation and cell cycle

To measure IL-7–dependent proliferative responses, 2 � 105 sorted RTEs
and intermediate cells from neonates were stimulated for 48 hours with
10 ng/mL IL-7. For adult responses, 2 � 105 sorted RTEs, intermediate,
and resident cells from adults were stimulated with 0 to 100 ng/mL IL-7.
During the last 20 to 24 hours of culture, 3H-thymidine (1 �C/well) was
added to all cultures to measure proliferation. To examine cell-cycle entry,
sorted neonatal RTEs and intermediate cells were stimulated with 10 ng/mL
IL-7 for 72 hours. At each time point, cells were harvested, stained with
propidium iodide (Sigma-Aldrich, St Louis, MO), and the percentages of
cells in S plus G2M were determined as described previously in detail.19

Staining of RAG2p-GFP�/� LN cells for IL-7R�

and pSTAT5 expression

Purified CD4� LN cells were stained with �IL-7R� either directly ex vivo
or after overnight culture in culture medium. Expression of the receptor on
RTEs was then determined by gating on CD4�GFPhi cells. The kinetics of
IL-7R� down-regulation was assayed directly ex vivo on purified CD4�

cells in a similar fashion, after incubation with 10 ng/mL IL-7 for
30 minutes, 60 minutes, or 6 hours at 37°C, 5% CO2. Phospho-STAT5
expression in response to IL-7 was measured on sorted RTEs from
RAG2p-GFP�/� neonates and adults. Sorted cells were cultured overnight
in culture medium and then stimulated with 10 ng/mL IL-7 for 5, 15, or
60 minutes at 37°C, 5% CO2. At the end of each time point, the cells were
fixed with 2% paraformaldehyde at 37°C for 10 minutes. The cells were
then harvested, pelleted, and permeabilized by addition of 90% methanol
with vigorous vortexing. After a 30-minute incubation on ice, the cells were
washed twice with staining buffer (1� phosphate-buffered saline, 0.5%
bovine serum albumin), then stained with �pSTAT5 (0.06 �g per 106 cells)
for 30 minutes at room temperature. After staining, the cells were washed
twice and then fixed in 1% paraformaldehyde. All samples were analyzed
on a BD LSRI, using CellQuest software.

Adoptive transfer of FL and adult BM cells

Liver tissue from RAG2p-GFP�/� fetuses (day 14 of gestation) was
homogenized by passage through fine steel mesh (45 �m). BM was
harvested from the tibia and femur of 6- to 8-week-old RAG2p-GFP�/�

adults. The cells were washed twice in Hank balanced salt solution (HBSS)
(Invitrogen), counted, and resuspended in HBSS for injection. A total of
2 � 107 fetal liver (FL) or BM cells were injected intravenously into the tail
vein of lethally irradiated (900 cGy) wild-type RAG2p-GFP�/� adults
(7-8 weeks old). Six to 7 weeks later, CD4� LN cells were purified
and sorted for RTEs as described in “Preparation of cells from neonatal
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and adult RAG2p-GFP�/� mice.” The cells were then activated with
PB�CD3 and �CD28 for 48 hours to determine cytokine production by
ELISA. In parallel, some cells were stimulated with 10 ng/mL of rIL-7,
and proliferation was assessed by 3H-thymidine incorporation.

Statistical analysis

Statistical analysis was performed using SAS for Windows (Version 9.2;
SAS Institute, Cary, NC). Comparisons between groups were based on the
exact nonparametric tests: the Kruskal-Wallis test was used when there
were more than 2 groups, and the Wilcoxon score test was used when there
were 2 groups. A P value less than or equal to .05 was considered
significant.

Results

RTEs are more abundant in neonates and are phenotypically
distinct from adult RTEs

Using the RAG2p-GFP transgenic mouse model, Boursalian et al3

demonstrated that adult CD4� splenic RTEs undergo a phenotypic
postthymic maturation as they enter the resident cell pool. How-
ever, it is presently unknown whether the expression of maturation
markers on neonatal and adult RTEs is equivalent. As Boursalian et
al demonstrated that phenotypic differences were associated with
functional differences in adults,3 differences in the phenotype of
neonatal and adult RTEs may be indicative of functional differ-
ences. To address this issue, the expression of several markers was
compared on neonatal and adult CD4� LN cells. To optimally
compare with the work reported by Boursalian et al3 using adult
RAG2p-GFP�/� mice, we identified GFPhi RTEs, GFPlo intermedi-
ate, and GFP� resident cell populations in neonatal and adult mice
by gating on double-negative (DN) thymocytes and determining
the expression of GFP (Figure 1A,B). These gates were then used
to determine the percentage of RTEs, intermediate, and resident
cells among CD4� single-positive (SP) thymocytes and LN cells
from both age groups (Figure 1C,D). The percentage of GFPhi cells
among CD4� SP thymocytes was similar in neonates and adults but
differed markedly among CD4� LN cells. Similar to previous
reports on splenic RTEs,3,20 lymph node RTEs were more abundant
(	 8 times) in neonates, and there was a significant GFPlo

intermediate cell population. RTEs and intermediate cells com-
posed approximately 85% of the total CD4� LN cells in neonates,
compared with only approximately 30% in adults. We then
determined phenotypic marker expression on CD4� RTEs, interme-
diate, and resident LN cells (Figure 1E). The pattern of CD24,
��TCR, CD3, CD28, and IL-7R� expression was similar on
neonatal and adult cells, decreasing as GFP expression was lost
(Figure 1E). However, all subsets of neonatal cells, and in
particular RTEs, expressed significantly higher levels of CD24 than
their respective adult subset (Table 1). Neonatal RTEs also
expressed higher levels of CD3 and CD28 than adult RTEs. In
contrast, the expression of Qa2 and ��TCR was significantly lower
on all subsets of neonatal CD4� LN cells, most notably on RTEs
(Figure 1E; Table 1). These data demonstrate that neonatal and
adult RTEs are phenotypically distinct. High-level CD24 expres-
sion and low-level Qa2 expression are indicative of immaturity in
adult T cells.5,14,15 Therefore, these results led to the prediction that
neonatal RTEs will show immature functional properties, com-
pared with adult RTEs.

Neonatal RTEs produce higher levels of Th effector cytokines
than adult RTEs

To directly assess the function of RTEs from both age groups,
CD4� LN RTEs and resident cells from neonatal and adult
RAG2p-GFP�/� mice were sorted, activated with PB�CD3 and
�CD28 for 48 hours, and effector cytokine production was mea-
sured. RTEs from both age groups exhibited similar patterns of
Th1/Th2 cytokine production compared with the resident cell
population, with RTEs producing significantly less IL-4 and IFN-�
than resident cells (Figure 2A). This was accompanied by a 2- to
5-fold decrease in the frequency of cytokine producing cells.
However, contrary to our expectation from the phenotypic analy-
ses, neonatal RTEs produced significantly more of both IL-4 and
IFN-� and had a higher frequency of cytokine-secreting cells than
adult RTEs (Figure 2B). Similar differences in effector cytokine
production by neonatal and adult RTEs were observed after
68 hours of activation (Figure 2C). In contrast to Th1/Th2 cytokine
production, neonatal RTEs produced significantly more IL-2 than
resident cells (Figure 2D) after 24 hours of polyclonal activation.
As previously reported,3 adult RTEs produced significantly less
IL-2 than resident cells at this time point (Figure 2D). However,
when compared, neonatal RTEs produced significantly more IL-2
at 24 hours than adult RTEs (Figure 2E). Together, these findings
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Figure 1. RTEs are more abundant in neonates than adults. Thymocytes from
neonatal (7-day-old) and adult (6- to 8-week-old) RAG2p-GFP�/� mice were stained
for CD4 and CD8. (A) Gates were set on DN and CD4� SP cells. (B) GFP expression
within the gated DN thymocyte population was then used to define GFPhi RTEs,
GFPlo intermediates, and GFP� resident cells. The percentage of RTEs, intermedi-
ate, and resident cells among CD4� SP thymocytes (C) and CD4� LN cells (D) was
then determined based on the gates set on DN thymocytes (B). (E) Using the GFP
gates defined in panel B, the expression of CD24, Qa2, ��TCR, CD3, CD28, and
IL-7R� was determined on CD4� RTEs, intermediate, and resident LN cells from
neonates and adults. Histograms shown are representative of staining profiles from
6 to 14 individual neonates and 6 to 9 individual adults. For IL-7R�, data represent
2 independent experiments, using a pool of LN cells from 14 or 15 neonates and
2 adults per experiment.
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are the first demonstration that neonatal and adult RTEs are
functionally distinct.

Neonatal intermediate cells also produce higher levels of
Th effector cytokines than adult intermediate cells

As discussed in “RTE are more abundant in neonates and are
phenotypically distinct from adult RTE,” previous work using adult
RAG2p-GFP mice demonstrated the presence of a GFPlo intermedi-
ate population, which may be a functional intermediate between
RTEs and resident cells.3 However, the functional abilities of these
cells were not reported. This intermediate population constitutes
30% to 35% of neonatal CD4� LN cells (Figure 1D) and is
therefore potentially of greater overall functional significance in
neonates. To determine their ability to produce Th effector cyto-
kines, we activated sorted RTEs, intermediate, and resident LN
cells (Figure 3A) from neonates and adults with PB�CD3 and
�CD28. As observed with RTEs, intermediate cells from both age
groups produced significantly reduced levels of Th cytokines
compared with resident cell populations (Figure 3B,C). Therefore,
although the intermediate population is phenotypically distinct,
these cells do not appear to be a functional intermediate in either
neonates or adults. Nonetheless, similar to neonatal RTEs, interme-
diate cells from neonates produced significantly higher amounts of
both IL-4 and IFN-� than their adult counterparts (Figure 3D).

The relative Th effector cytokine response of RTEs and
resident cells is dependent on the conditions of activation

Bendelac et al previously reported in adult mice that RTEs produce
higher levels of Th effector cytokines than resident cells.5 In their
study, RTEs were activated with PB�TCR and dendritic cell
(DC)–enriched APCs; consequently, we hypothesized that addi-
tional costimulatory signals provided by APC may boost
cytokine production by RTEs. Accordingly, we activated sorted
RTEs and resident cells from both age groups with PB�CD3 and
adult APC. Under these conditions, adult RTEs produced higher
levels of IL-4 and IFN-� than resident cells (Figure 4B), as
previously reported.5 In contrast, neonatal RTEs produced
higher levels of IFN-�, but not IL-4, than resident cells (Figure
4A). Nevertheless, as observed with PB�CD3 and �CD28,
neonatal RTEs activated with PB�CD3 and APC produced
higher levels of both IL-4 and IFN-� than adult RTEs (Figure
4C). This demonstrates that, even under different activation
conditions, neonatal and adult RTEs are functionally different.

IL-7, which can be produced by DC and LN stromal cells,21-23 is
thought to provide significant costimulation to T cells.24,25 It

Table 1. Differences in phenotypic marker expression by neonatal and adult RTE

CD24 Qa2 ��TCR CD3 CD28 IL-7R�

Neonatal CD4�

GFPhi RTE 148 
 58* 49 
 8* 1158 
 99* 478 
 24* 355 
 35* 114 
 11

GFPlo intermediate 89 
 40* 29 
 5* 893 
 71* 286 
 17 208 
 20* 113 
 6

GFP� resident 62 
 34* 25 
 3* 717 
 61* 114 
 10* 53 
 6 103 
 5

Adult CD4�

GFPhi RTE 74 
 5 76 
 2 1379 
 79 316 
 91 133 
 76 301 
 7

GFPlo intermediate 30 
 1 86 
 2 1175 
 43 226 
 58 76 
 53 262 
 14

GFP� resident 13 
 1 87 
 4 1047 
 45 168 
 56 44 
 26 197 
 8

The average mean fluorescence intensity (MFI) of the cell-surface markers shown in Figure 1E was calculated for neonatal and adult LN cells, and is shown as the mean
plus or minus SD. Where 2 peaks were evident (CD24 and Qa2), the MFI was determined using the larger (main) peak. For all markers except IL-7R�, data represent mean
plus or minus SD of MFI from individual animals. CD24: n � 11 neonates and 9 adults. Qa2: n � 14 neonates and 6 adults. ��TCR, CD3, and CD28: n � 10 neonates and
8 adults. For IL-7R�, data represent 2 independent experiments using a pool of LN cells from 14 or 15 neonates and 2 adults per experiment.

*P � .005, neonatal cell subset versus respective adult cell subset.
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Figure 2. Neonatal RTEs produce higher levels of IL-2 and Th1/Th2 cytokines than
adult RTEs in response to PB�CD3 and �CD28 stimulation. (A) GFPhi RTEs and
GFP� resident cells were sorted from purified neonatal and adult LN CD4� cells, as
described in “Preparation of cells from neonatal and adult RAG2p-GFP�/� mice.” Neonatal
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PB�CD3 and 0.5 �g/mL soluble �CD28 (lower concentrations of PB�CD3, 0.005 or
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mean 
 SEM; n � 35 to 60 neonates and 4 to 6 adults per experiment. (B) The data from
panel A were regraphed to show a direct comparison of neonatal and adult RTEs.
(C) Neonatal and adult RTEs were stimulated with PB�CD3 and �CD28 for
68 hours. Cytokine production was determined by ELISA. Graphs depict pooled
data from 4 experiments; n � 18 to 35 neonates and 2 to 17 adults per experiment.
(D) Sorted RTEs and resident cells from neonates and adults were stimulated with
PB�CD3 and soluble �CD28 as described in panel A for 24 and 48 hours.
Supernatants were harvested at each time point and assayed for IL-2 by ELISA.
Graphs depict pooled data from 4 or 5 experiments; n � 18 to 25 neonates and
2 adults per experiment. (E) The data from panel D were regraphed to show a
comparison of neonatal and adult RTEs.
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seemed possible that IL-7 produced by APC may contribute to the
increased cytokine production by RTEs under these conditions. We
therefore determined whether activation with PB�CD3 and �CD28
in the presence of IL-7 would also affect the relative cytokine
responses of RTEs and resident cells. Activation in the presence of
IL-7 resulted in a significant increase in the production of IL-4 by
both neonatal and adult RTEs to levels that were similar to resident
cell production (Figure 4D,E). IFN-� production by adult RTEs
was increased in the presence of IL-7 but did not reach the level of
adult resident cells (Figure 4E). In contrast, neonatal RTEs
produced significantly more IFN-� when activated in the presence
of IL-7 (Figure 4D) to levels significantly higher than those of
neonatal resident cells. Importantly, neonatal RTEs again produced
greater levels of both IL-4 and IFN-� than adult RTEs (Figure 4F).

Neonatal RTEs proliferate in response to IL-7 in the absence
of stimulation through the TCR

Another potential functional difference between neonatal and adult
RTEs was first described in humans by Hassan and Reen,10 who
reported that naive CB CD4� cells, but not naive adult CD4�

peripheral blood cells, proliferated in response to IL-7 in the
absence of stimulation through the TCR. However, the percentage
of RTEs in the adult naive CD4� population is probably small;
therefore, any proliferation of adult RTEs may have been too small
for detection. Thus, we used the RAG2p-GFP transgenic mouse
model to determine whether proliferative responses to IL-7 were
similar or distinct among neonatal and adult RTEs. When activated
with PB�CD3 and �CD28, RTEs and intermediate cells from both
age groups displayed similar proliferative responses (Figure 5A,B).
However, none of the sorted adult subsets proliferated in response
to IL-7 at this early time point, even at 100 ng/mL IL-7 (Figure 5A
and data not shown). In contrast to adults, RTEs and intermediate
cells from neonates proliferated after 48 hours of stimulation with
IL-7 (Figure 5B). However, the frequency of proliferating cells was
low (	1%-2%) at this early time point (data not shown). After

Figure 4. Relative response of RTEs and resident cells is dependent on the conditions of activation. (A-C) Sorted CD4� LN RTEs and resident cells from
RAG2p-GFP�/� neonates (A) and adults (B) were activated with PB�CD3 and APC for 48 hours. Supernatants were then harvested for cytokine-specific ELISA. (C) The data
from panels A and B were regraphed to show a comparison of neonatal and adult RTEs activated with PB�CD3 and APC. Graphs represent pooled data from 4 independent
experiments and are shown as the mean 
 SEM; n � 34 to 44 neonates and 6 adults per experiment. (D-F) Sorted CD4� LN RTEs and resident cells from neonatal (D) and
adult (E) RAG2p-GFP�/� were activated with PB�CD3 and �CD28 in the presence or absence of 10 ng/mL IL-7 for 48 hours. Supernatants were then harvested for
cytokine-specific ELISA. Graphs represent pooled data from 4 independent experiments and are shown as the mean 
 SEM. (F) The data from panels D and E were regraphed
to show a comparison of neonatal and adult RTEs activated in the presence of IL-7; n � 25 to 35 neonates; n � 4 to 6 adults per experiment.
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Figure 3. Intermediate (GFPlo) cells from neonates also produce greater levels of
cytokine compared with intermediate (GFPlo) cells from adults. (A) CD4� LN cells
from RAG2p-GFP�/� neonates and adults were sorted into RTEs (GFPhi), intermediate
(GFPlo), and resident (GFP�) populations. These purified neonatal (B) and adult (C) cells
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represent pooled data from 4 or 5 independent experiments and are shown as the
mean 
 SEM; n � 35 to 60 neonates and 6 adults per experiment.
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72 hours of IL-7 exposure, approximately 3% of RTEs and
intermediate cells were proliferating (Figure 5C). Interestingly, this
frequency is similar to the frequency of cells that undergo
homeostatic proliferation in neonates.26 These data suggest that the
proliferative responsiveness of RTEs and intermediate cells to IL-7
may represent a mechanism for homeostatic proliferation in
neonates. These results also demonstrate an additional functional
difference between RTEs from neonates and adults.

Neonatal RTEs proliferative responses to IL-7 are associated
with rapid down-regulation of IL-7R� and
higher levels of pSTAT5

IL-7 signals are propagated through the IL-7 receptor (IL-7R).
Ligation of the IL-7R leads to the loss of IL-7R� expression on the
cell surface27 and the activation of both survival and proliferative
pathways.28 As neonatal, but not adult, RTEs proliferate in response
to IL-7, we hypothesized that this functional difference was the
result of differential signaling through the IL-7R. We first hypoth-
esized that neonatal RTEs expressed higher levels of IL-7R�,
which could lead to greater transduction of IL-7 signals. Contrary

to this expectation, when CD4� LN RTEs were stained directly ex
vivo, neonatal RTEs exhibited lower levels of IL-7R� than adult
RTEs (Figures 1E, 6A). However, because IL-7R� levels may be
decreased because of exposure to IL-7 in vivo, we cultured the cells
overnight in complete media to allow for full up-regulation of this
receptor subunit.27 Both neonatal and adult RTEs up-regulated
IL-7R�, although expression on neonatal RTEs remained lower
than that of adult RTEs (Figure 6A). These results demonstrate that
the proliferative responses of neonatal RTEs are not the result of
increased levels of IL-7R�.

We next hypothesized that signaling through the IL-7R was
prolonged in neonatal RTEs because of a longer retention of the
receptor on the cell surface. However, we observed that IL-7R�
was down-regulated on neonatal RTEs within 30 minutes of
exposure to IL-7 but was not lost on adult RTEs until 6 hours
(Figure 6B). These data suggest that the rapid down-regulation of
IL-7R� on exposure to IL-7 may lead to faster and/or stronger
initiation of downstream proliferative signaling pathways in neona-
tal RTEs. In support of this idea, apoptosis of neonatal RTEs is very

Figure 5. Neonatal RTEs, but not adult RTEs, proliferate in response to IL-7.
(A) CD4� RTEs, intermediate, and resident LN cells were sorted from adults and
cultured with increasing concentrations of IL-7 or PB�CD3 and �CD28 for 48 hours.
3H-thymidine was added during the last 20 hours of culture. (B) Neonatal RTEs and
intermediate cells were sorted and cultured in complete media, 10 ng/mL IL-7, or
activated with PB�CD3 and �CD28 for 48 hours. 3H-thymidine was added for the last
20 hours of culture. Graphs represent pooled data from 3 or 4 independent experi-
ments; n � 6 to 8 adults and 28 to 44 neonates per experiment. All data are shown as
the mean 
 SEM. (C) CD4� RTEs and intermediate cells were sorted from neonatal
LN and then cultured in complete media, 10 ng/mL IL-7, or activated with PB�CD3
and �CD28 for 72 hours. The percentage of proliferating cells was determined by
propidium iodide (PI) staining, as described in “Measurement of proliferation and cell
cycle.” Graphs represent pooled data from 3 independent experiments; n � 23 to
56 neonates per experiment. All data are shown as the mean 
 SEM.
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Figure 6. IL-7R� is down-regulated more rapidly on neonatal RTEs than on
adult RTEs after exposure to IL-7 and is associated with higher levels of
pSTAT5. (A) Purified CD4� lymph node cells from RAG2p-GFP�/� neonates and
adults were either stained directly ex vivo with anti–IL-7R� (left panel) or were
cultured overnight in complete media before staining (right panel). IL-7R� expression
on RTEs was determined by gating on CD4�GFPhi cells. (B) Purified CD4� LN cells
from neonatal and adult RAG2p-GFP�/� mice were either stained directly ex vivo
(0 minutes) or cultured with 10 ng/mL IL-7 for 30 minutes, 60 minutes, or 6 hours, and
then stained with anti–IL-7R�. IL-7R� expression on RTEs was determined by gating
on CD4�GFPhi cells. IL-7R� mean fluorescence intensity (MFI) for neonatal (in black)
and adult (in gray) RTEs are shown in each histogram. Histograms represent data
from 2 independent experiments; n � 2 adults and 15 neonates per experiment. In
panels A and B, curves represent 800 to 2000 gated CD4�GFPhi RTEs for adults and
7000 to 13 000 gated CD4�GFPhi RTEs for neonates. (C) Sorted neonatal and adult
RTEs were cultured overnight in complete media. The cells were then stimulated with
IL-7 (10 ng/mL) for 5 to 60 minutes, fixed and permeabilized, and stained intracellu-
larly for pSTAT5. The specificity of the staining was confirmed by competition with an
excess of unlabeled pSTAT5 antibody (data not shown). Points represent pSTAT5
MFI data from 2 independent experiments; n � 40 to 49 neonates and 4 adults per
experiment. 
MFI was calculated by subtracting the MFI of pSTAT5 in the absence of
IL-7 from the pSTAT5 MFI at each time point.
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low (� 1%) after 72 hours of exposure to IL-7 (data not shown).
Moreover, pSTAT5 levels were consistently higher among neonatal
than adult RTEs (Figure 6C). This may lead to differential signaling
through downstream pathways and contribute to the different
proliferative responses observed between neonatal and adult RTEs.

Functional properties of neonatal RTEs do not appear to be
regulated exclusively by the developmental age
of the T-cell precursors

The use of CB cells as a source of stem cells (SCs) for transplanta-
tion is relatively recent. Using CB cells instead of adult BM or SCs
is advantageous, as it allows for greater mismatch between donor
and recipient and results in fewer incidences of severe graft-versus-
host disease.29 However, there are few published data on the
immune status of CB transplantation recipients compared with
adult BM or SC recipients shortly after immune reconstitution.30

Reconstitution of the peripheral lymphoid compartment after SC
transplantation appears to be at least partially dependent on thymic
output and the generation of RTEs.31,32 The data presented here
suggest that the function of RTEs derived from a fetal/neonatal SC
source (CB) may be quite different from those derived from an
adult SC source (BM). As neonatal RTEs may be largely descended
from fetal SC, we adoptively transferred FL and adult BM cells
from RAG2p-GFP�/� mice into lethally irradiated wild-type
RAG2p-GFP�/� adults to test whether the functional properties of
neonatal RTEs are dependent on their developmental origin. Six to
7 weeks later, we compared the production of effector cytokines
and proliferative responses to IL-7. Thymic and peripheral reconsti-
tution was similar in mice transplanted with either FL or BM cells
(Figure 7A). There was no significant difference in the production
of IL-4 or IFN-� by RTEs derived from FL SCs or BM SCs (Figure
7B). Finally, there was no difference in IL-7 responsiveness
between RTEs from either group (Figure 7C). Therefore, the
properties of neonatal RTEs do not appear to be the result of
intrinsic properties of the fetal SC precursors.

Discussion

The data presented in this study provide the first direct comparison
of purified RTE populations from neonates and adults. Using the
RAG2p-GFP transgenic mouse model, we have demonstrated that
neonatal and adult RTEs are phenotypically and functionally
distinct. Neonatal and adult RTEs differed in the expression of most
markers examined, including CD24, Qa2, ��TCR, and CD28.
Neonatal RTEs produced higher levels of IL-2 and Th1/Th2
effector cytokines than adult RTEs. Moreover, neonatal, but not
adult, RTEs proliferated in response to IL-7 alone. Because of their
greater presence in neonatal peripheral lymphoid organs, these data
suggest that neonatal RTEs may contribute more to neonatal
immune responses than adult RTEs, particularly in antigenic
systems where neonatal IFN-� production is greatly enhanced.33-38

Neonatal and adult RTEs responses to IL-7
are functionally distinct

Recently, neonatal CD4� CB cells, but not naive adult CD4�

peripheral blood mononuclear cells (PBMCs), were shown to
proliferate in response to IL-7 in the absence of stimulation through
the TCR.10 Although it was also demonstrated that neonatal
CB cells are enriched in RTEs, the lack of phenotypic RTEs
markers in humans prevented the direct comparison of neonatal

and adult RTEs responses to IL-7 in that study. As RTEs are a rare
cell type in adults, it is possible that any proliferative response of
adult RTEs may have been lost among the total CD4� PMBC
population. However, on direct comparison, we have found that
neonatal, but not adult, RTEs proliferate in response to IL-7 within
72 hours of exposure (Figure 5).

The proliferative response of neonatal RTEs was not the result
of increased levels of IL-7R�. However, the kinetics of IL-7R�
down-regulation in response to IL-7 was different among neonatal
and adult RTEs. Neonatal RTEs rapidly down-regulated IL-7R� on
exposure to IL-7 (30 minutes), but adult RTEs did not do so until

Figure 7. Functional characteristics of neonatal RTEs are not solely the result
of the developmental age of the hematopoietic stem cell. Day 14 FL cells or adult
BM cells from RAG2p-GFP�/� mice were transplanted intravenously into lethally
irradiated wild-type RAG2p-GFP�/� adults. Six to 7 weeks later, LN CD4� cells were
purified and then sorted to obtain GFPhi RTEs. (A) Thymic reconstitution was similar
in mice who received either FL (left panel) or BM cells (right panel). Both groups also
possessed similar levels of GFPhi RTEs in the peripheral LN CD4� compartment.
Purity of sorted RTEs was � 99%. (B) Sorted RTEs were activated with PB�CD3 and
�CD28 for 48 hours. Supernatants were then harvested for cytokine-specific ELISA.
Data represent pooled data from 3 independent experiments and are shown as the
mean 
 SEM; n � 5 or 6 mice per group (FL and BM recipients). (C) Sorted RTEs
were cultured in complete media or stimulated with either 10 ng/mL IL-7 or PB�CD3
and �CD28 for 48 hours. 3H-thymidine was added for the last 24 hours of culture to
measure proliferation. Graphs represent pooled data from 3 independent experi-
ments; n � 5 or 6 mice per group. All data are shown as the mean 
 SEM.
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after 6 hours of stimulation, similar to a previous report using total
adult CD4� cells.27 This suggested that signaling through the IL-7R
was either stronger or faster in neonatal RTEs. Indeed, levels of
pSTAT5 were consistently higher in neonatal RTEs, compared with
adult RTEs (Figure 6C). Evidence from human neonates supports
the hypothesis that increased levels of pSTAT5 may result in
different functional outcomes. Neonatal NKT cells exhibited higher
levels of pSTAT5 than T cells on exposure to IL-7, which was
associated with increased production of both IFN-� and IL-4.39

Therefore, the differences in pSTAT5 activation observed between
neonatal and adult RTEs may be responsible for the differences in
IL-7–induced proliferation. Importantly, the observation that mu-
rine, like human, neonatal RTEs proliferate to IL-7 signals alone
adds to the growing list of similarities between murine and human
neonatal T cells, further substantiating the murine system as a
faithful model of pediatric immunity.

Proliferative responses of neonatal RTEs to IL-7 may be a
mechanism for homeostatic proliferation in neonates

IL-7 is a homeostatic cytokine, and along with self-major histocom-
patibility complex, has been shown to be important in the slow
cycling of naive T cells in the periphery.40-42 It is also important for
driving homeostatic proliferation in lymphopenic conditions (ie,
after BM transplantation regimens).40,43 It is thought that IL-7 is
constitutively expressed by stromal cells within the peripheral
lymphoid organs44 and to be limiting in lympho-replete animals.45

Moreover, in humans, lymphopenia is usually accompanied by
increased levels of circulating IL-7.46 Significantly, murine neo-
nates are considered to be lymphopenic.26 Therefore, it is conceiv-
able that IL-7 levels may be elevated in neonatal mice, which may
then drive the homeostatic proliferation that occurs in normal
neonates.26 In early life, neonatal peripheral lymphoid organs
contain reduced numbers of T cells and are essentially devoid of
antigen-specific memory cells.1 As neonates are exposed to a large
number of antigens shortly after birth, the lack of antigen-
experienced memory cells is a distinct disadvantage. The process
of homeostatic proliferation in neonates may at least partially
overcome this deficit by producing memory-like CD4� T cells26

that are capable of rapidly producing effector cytokines on
activation.47 Because RTEs are a major population in neonates,
their ability to proliferate in response to IL-7 stimulation may
provide an explanation for the increased percentage of neonatal
cells that spontaneously undergo homeostatic proliferation.26 In
support of this idea, the percentage of neonatal RTEs proliferating
to IL-7 in vitro (Figure 5C) was similar to the percentage of
neonatal CD4� cells undergoing homeostatic proliferation in
vivo.26 Moreover, our finding that adult RTEs do not proliferate at
early time points to IL-7 is consistent with Min et al,48 who
demonstrated that the proliferation of adult cells adoptively trans-
ferred into the lymphopenic neonatal environment is largely IL-7
independent. Therefore, the signals regulating homeostatic prolif-
eration may differ for neonatal and adult T cells.

RTEs functional responsiveness can be increased to mature
levels under selected activation conditions

Similar to previous reports on adult RTEs,3,6 we found that
cytokine production by both neonatal and adult RTEs was deficient
compared with resident cells when activated with PB�CD3 and
�CD28 (Figure 2). However, these data conflict with reports that
RTEs are functionally mature.5,7 Notably, these studies used
different activation conditions, which may explain the varied

responses of RTEs compared with resident cells. We first hypoth-
esized that, under activation conditions similar to those used by
Bendelac et al (PB�TCR and DC-enriched APC),5 the relative
response of RTEs and resident cells could be altered. Indeed, in our
system, when adult RTEs were activated with PB�CD3 and APC,
they produced higher levels of both IL-4 and IFN-� than resident
cells (Figure 4B). We also used other activation conditions to
determine whether the relative responses of RTEs and resident cells
could be changed. Polyclonal activation of RTEs in the presence of
IL-7 resulted in increased IL-4 production by both neonatal and
adult RTEs to levels equal to that of resident cells (Figure 4D,E). In
addition, IFN-� production by neonatal RTEs was greatly increased
by the presence of IL-7. Therefore, the reduced cytokine produc-
tion by RTEs when activated with PB�CD3 and �CD28 is not the
result of a functional deficiency. Rather, it appears that the quantity
and quality of neonatal and adult RTEs responses are highly
dependent on the conditions of activation. Under the right condi-
tions, the functional responses of both neonatal and adult RTEs can
be enhanced to those of the resident cells. Importantly, these data
provide a potential explanation for the conflicting reports in the
literature on the function of adult RTEs.

Potential impact of functional differences between RTE
populations on transplantation

Although neonatal and adult RTEs from intact animals are functionally
distinct, the properties of neonatal RTEs do not appear to be the result of
intrinsic properties of fetal/neonatal SC. When transplanted into adult
mice, RTEs derived from FL cells produced levels of effector cytokines
similar to those produced by BM-derived RTEs (Figure 7B). In addition,
there was no difference in proliferation in response to IL-7 stimulation
(Figure 7C). Therefore, these data suggest that, in adult transplantation
settings, once immune reconstitution has been established and thymic
output is restored, RTEs derived from CB cells may be functionally
similar to adult BM-derived RTEs. However, it is possible that different
outcomes may be observed in neonatal/pediatric patients in whom a
neonatal environment may persist. In these young patients, vaccination
and treatment regimens of persons that receive CB transplants may need
to be altered to establish protective immunity after transplant.
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