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Abstract

IL-7 is essential for T-cell survival but its availability is limited in vivo. Consequently, all
peripheral T cells, including recent thymic emigrants (RTESs) are constantly competing for IL-7 to
survive. RTEs are required to replenish TCR diversity and rejuvenate the peripheral T-cell pool.
However, it remains unknown how RTEs successfully compete with resident mature T cells for
IL-7. Moreover, RTEs express low levels of 1L-7 receptors, presumably rendering them even less
competitive. Here, we show that, surprisingly, RTEs are more responsive to IL-7 than mature naive
T cells as demonstrated by markedly increased STATS5 phosphorylation upon IL-7 stimulation.
Nonetheless, adoptive transfer of RTE cells into lymphopenic host mice resulted in slower IL-7-
induced homeostatic proliferation and diminished expansion compared to naive donor T cells.
Mechanistically, we found that IL-7 signaling in RTEs preferentially upregulated expression of
Bcl-2, which is anti-apoptotic but also anti-proliferative. In contrast, naive T cells showed
diminished Bcl-2 induction but greater proliferative response to IL-7. Collectively, these data
indicate that IL-7 responsiveness in RTE is designed to maximize survival at the expense of
reduced proliferation, consistent with RTE serving as a subpopulation of T cells rich in diversity
but not in frequency.
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Introduction

T cells are quintessential effector cells of the adaptive immune system that are generated in
the thymus and then exported to peripheral tissues for immune surveillance [1, 2]. The size
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of the peripheral T-cell pool is controlled by both the influx of newly arriving T cells, known
as recent thymic emigrants (RTESs), and the efflux of preexisting T cells by cell death [3-5].
While both the influx and efflux of T cells can vary with age or immune challenges, the size
of the T-cell pool remains remarkably constant throughout the lifespan of the organism [6].
The mechanism that maintains peripheral T-cell numbers is known as T-cell homeostasis [4,
5], and is thought to be controlled by the availability of a critical survival cytokine for T
cells, namely IL-7 [7-9]. Notably, while IL-7 is a nonredundant survival factor for T cells, T
cells themselves do not produce IL-7 [10-13]. Thus, T cells are dependent on exogenous
IL-7 to survive that is mostly produced by stromal cells in limited amounts so that peripheral
T cells constantly compete for IL-7 [14]. Multiple lines of evidence indicate that IL-7
availability is limited in vivo, and that IL-7 availability constrains peripheral T-cell numbers.
Among others, transgenic IL-7 expression or recombinant IL-7 administration result in
dramatically increased T-cell numbers in mice [15, 16], while increased IL-7 consumption
reduces T-cell numbers in the periphery [17].

Because IL-7 availability is limited, a major question in T-cell homeostasis is to understand
how newly arriving RTESs successfully compete with preexisting mature T cells for IL-7. A
couple of different views have been put forward to explain this conundrum. According to the
classical model [18]. RTEs that enter the periphery occupy a survival niche distinct from
preexisting T cells. In this way, RTEs are provided with a 3-week window for survival and
maturation before they are placed under the same homeostatic constraints as mature T cells
[18]. In support of this idea, thymus engraftment experiments demonstrated a linear increase
of RTE cell numbers with increasing numbers of thymus grafts, but without a compensatory
decrease in mature T-cell numbers [18]. These results suggest that RTE cells can be
maintained independently of IL-7, at least short-term, negating a requirement for IL-7
competition upon initial arrival in peripheral tissues. Alternatively, RTEs were proposed to
be less competitive for IL-7 than naive T cells so that the majority of RTEs would succumb
to apoptosis upon arrival in peripheral tissues [19]. Under this scenario, the peripheral T-cell
compartment is mostly replenished by homeostatic turnover of preexisting T cells. Indeed,
cotransfer of RTE and mature naive T cells into lymphoreplete host mice demonstrated
significantly lower recovery of RTEs from host spleen and LN compared to donor mature
naive T cells [19]. A recent study further suggested that proliferating RTEs preferentially
converted into Foxp3™* regulatory T cells and become dependent on IL-2 for survival,
circumventing their need for IL-7 [20]. However, how much of such conversion contributes
to overall RTE survival is not known.

While these views are not mutually exclusive, these partially conflicting findings also
indicate that our understanding of RTE biology is far from complete. Specifically, it remains
largely unknown if RTES are indeed less competitive than mature T cells for IL-7 signaling.
Moreover, it is also unclear if any proliferation or survival difference between RTE and
mature naive T cells would be due to differences in IL-7 signaling and whether such
differences would still exist under IL-7-sufficient conditions.

To address these questions, here we performed a series of adoptive transfer experiments, and
directly assessed IL-7 signaling in RTE and naive T cells. Surprisingly, we found that RTEs
were more effective in IL-7 signaling than naive T cells, even though RTEs expressed
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significantly lower levels of surface IL-7Ra. Increased STAT5 phosphorylation in RTE by
IL-7, however, did not result in increased proliferation of RTE. In fact, adoptive transfer of
RTE and naive T cells into Rag2-deficient lymphopenic mice demonstrated that naive T
cells proliferated better than RTEs. Thus, even as RTEs responded more efficiently to IL-7,
their proliferative potential was significantly diminished. Mechanistically, we found that
RTEs preferentially interpreted IL-7 signaling as survival signals, which, however, impeded
their proliferative potential. naive T cells, on the other hand, responded to IL-7 signaling
preferentially by proliferation and less by survival. Collectively, distinct IL-7 responses may
provide the molecular basis for enhanced survival of RTE compared to naive T cells, and
thus equip RTES to better survive at the expense of diminished proliferation during T-cell
homeostasis.

Homeostatic proliferation of RTE and naive T cells

To examine the effect of IL-7 signaling in T-cell subpopulations, first we identified RTEs
and naive T cells by Rag2-GFP reporter (Rag2-GFP-TQg) expression [21, 22]. Because Rag2
activity ceases upon positive selection in the thymus (Supporting Information Fig. 1) [23],
the decay of GFP faithfully reports the age of T cells in Rag2-GFP-Tg mice. Not all mature
T cells are naive T cells, and a substantial fraction of GFP-negative T cells correspond to
memory phenotype T cells expressing high levels of CD44. Thus, we first gated on CD44!ow
cells to identify naive T cells, among which T cells that still expressed GFP were considered
as RTEs (Fig. 1A).

To examine if distinct T-cell subsets respond differently to a lymphopenic environment, we
adoptively transferred pooled LN T cells from Rag2-GFP mice into Rag2~'~ host and
recovered donor cells from lymph nodes after 5 days. Before injection, donor T cells were
loaded with cell trace violet (CTV) to monitor proliferation in vivo. CTV works similar to
CFSE and is diluted out upon cell division to report donor T-cell proliferation. Unlike CFSE,
however, CTV has an excitation/emission wavelength that does not overlap with GFP and
thus allows tracking of GFP* cell proliferation. In recovered donor cells, we gated on
CD44NGFP~, CD44!°GFP~, and CD441°GFP* cells to identify memory, naive, and RTE
cells, respectively. naive CD4* T cells were significantly less efficient in lymphopenia-
induced homeostatic proliferation compared to memory CD4* T cells that showed robust
proliferation (Fig. 1B). In CD8" T cells, both naive and memory cells were rapidly
proliferating, demonstrating a difference between CD4" and CD8™ lineage cells in yc
cytokine signaling and lymphopenia-induced homeostatic proliferation [24, 25].
Interestingly, RTE cells were similar to CD4* T naive cells as they fail to undergo
proliferation as demonstrated by the lack of CTV dilution (Fig. 1B).

GFP has a short half-life [22], and also will be diluted out with cell division. Therefore, we
asked whether we failed to identify RTE cells because of loss of GFP expression. To
examine this possibility, we electronically sorted RTEs and naive T cells from Rag2-GFP-Tg
mice and injected them into separate host mice. Purified CD8* RTE cells showed vigorous
proliferation that was accompanied with increase of surface IL-7Ra expression but gradual
dilution of GFP expression (Supporting Information Fig. 2A bottom), indicating that CD8*
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RTEs can undergo lymphopenia-induced proliferation just like CD8* naive T cells (Fig. 1C).
These results indicate that injection of pooled T cells to track proliferation of RTE cells can
be misleading, and that cell proliferation needs to be assessed in purified T-cell subsets.

Importantly, injection of purified T-cell subsets revealed that naive CD8* T cells were
significantly more efficient in proliferation than CD8* RTEs (Fig. 1D), and that CD8" RTEs
undergo cell proliferation at slower rate than naive T cells (Fig. 1D). The difference in
proliferation was presumably due to a difference in IL-7 response, because both RTEs and
naive donor T cells showed minimal proliferation in Rag2/~117"- (Rag2/117-DKO) host
mice (Fig. 1E) or in congenic lymphoreplete mice (Supporting Information Fig. 2B). These
results demonstrate that IL-7 is the primary driver for lymphopenia-induced proliferation
(LIP) in both naive and RTE CD8* T cells, and that CD8" RTE cells are less efficient to
proliferate in response to IL-7.

Increased IL-7 availability accelerates cell proliferation

Because RTEs were less efficient than naive T cells to undergo homeostatic proliferation, we
asked whether RTEs are less effective in accessing IL-7 in vivo. To exclude this possibility,
we utilized osmotic pumps to administer recombinant IL-7 and increase IL-7 bioavailability
in vivo. For both RTEs and naive T cells, we found that T-cell proliferation was dramatically
increased in IL-7 pump installed mice compared to control PBS pump installed mice (Fig.
2A and Supporting Information Fig. 3A). Interestingly, increased IL-7 availability induced
strong proliferation even in naive CD4* T cells, indicating that the inefficient LIP of naive
CD4* T cells could possibly due to limited availability of IL-7. Notably, increased IL-7
availability dramatically increased naive CD8* T-cell proliferation but to a lesser extent the
proliferation of CD8* RTE cells (Fig. 2B). These results demonstrate that inefficient
proliferation of CD8* RTE cells is not necessarily due to limited availability of I1L-7.
Because CD8* RTEs expressed robust levels of IL-7Ra (Fig. 2C), these data also suggest
that RTEs should be as competent as naive T cells for IL-7R signaling. Moreover, we did not
find any significant differences in gene expression of molecules in the JAK/STAT signaling
pathway that would indicate a disadvantage for RTE cells in IL-7R signaling (Supporting
Information Fig. 3B). Nonetheless, CD8" RTEs displayed diminished proliferation upon
IL-7 signaling, so that CD8" naive T cell-derived donor T cells numbers greatly exceeded
CD8* RTE-derived donor T-cell numbers (Fig. 2D).

Competitive advantage of naive T cells over RTE cells

To further examine their differences in proliferative potentials, we sorted RTE cells, mixed
them with CD45.1 congenic naive T cells at 1:1 ratio and injected them into Rag2~/~ host
mice. Five days after injection, we found that donor CD8* T cells had robustly proliferated
while donor CD4* T cells showed minimal proliferation (Fig. 3A). Importantly, coinjected
naive CD8™ T cells still displayed a significantly higher rate of proliferation compared to
coinjected CD8* RTE cells (Fig. 3B), resulting in a significantly increased naive/RTE ratio
(Fig. 3C). This was not only the case when RTEs and naive T cells were coinjected into PBS
pump installed host mice, but also in IL-7 pump installed host mice (Fig. 3C). Altogether,
these results indicate that a cell-intrinsic mechanism impairs RTE cell proliferation,
independent of the in vivo availability of IL-7.
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IL-7 signaling in naive and RTE cells

To test if RTEs are less proliferative because they are less efficient in IL-7 signaling, we
assessed surface IL-7Ra expression on IL-7-signaled RTE and naive T cells. Notably, RTEs
expressed significantly less surface IL-7Ra than naive T cells, whereas -yc expression was
comparable between RTEs and naive T cells (Supporting Information Fig. 4A). IL-7 induces
downregulation of its own receptor [17], so that IL-7 receptor expression is a faithful
indicator of IL-7 signaling. When assessing IL-7Ra expression at the indicated time points
(Fig. 4A), we found that both RTEs and naive T cells rapidly downregulated IL-7Ra upon
IL-7 stimulation (Fig. 4A), suggesting that IL-7R signaling is intact in RTEs. Because IL-7
can also induce IL-7Ra internalization independently of I1L-7 signaling [26, 27], we further
examined IL-7 downstream signals in RTEs and naive T cells. To this end, we stimulated LN
T cells from Rag2GFP-Tg mice with IL-7, and assessed intracellular phospho-STATS
(pSTATS) contents in RTEs and naive T cells. Interestingly, RTEs were significantly more
responsive to IL-7 signaling than naive T cells as demonstrated by increased STAT5-
phosphorylation in both CD4* and CD8" RTE cells (Fig. 4B and 4C). These results establish
that RTEs are more effective in IL-7 signaling than naive T cells.

Differential IL-7 signaling in RTEs and naive T cells

The thymus is a prime source of in vivo IL-7 [10-13]. Thus, presumably, thymus-derived
RTEs have been recently exposed to IL-7 while naive T cells have stayed for a prolonged
time in the IL-7-poor periphery. Because RTEs and naive T cells have a distinct history of
IL-7 signaling in vivo, we considered the possibility that RTE cells are better IL-7
responders because they were most recently stimulated in an IL-7-rich environment in the
thymus. To eliminate differences in prior IL-7 signaling, we prestimulated RTEs and naive T
cells with IL-7 so that all cells were exposed to IL-7 before testing IL-7 signaling. To this
end, first, we prestimulated LN T cells for 4 h with IL-7. Prolonged IL-7 stimulation negated
any difference in IL-7-induced STAT5 phosphorylation between RTEs and naive T cells, and
we observed robust IL-7 signaling in both RTEs and naive T cells to equal levels (Fig. 5A).
Next, we removed exogenous IL-7 by repeated washing and then rested prestimulated T
cells in prewarmed medium for two hours. Finally, we restimulated the cells with IL-7 and
assessed their intracellular pSTATS5 contents (Fig. 5B). Even under these conditions, RTES
were still more effective in IL-7 signaling, displaying significantly increased STAT5
phosphorylation upon restimulation (Fig. 5B). naive T cells, on the other hand, were more
refractory to IL-7 restimulation and remained less effective. Why RTEs can recover more
efficiently from desensitizing IL-7 signaling is not known and remains to be investigated.

To further examine any differences in IL-7 receptor signaling, we also assessed Akt and
mTOR phosphorylation in IL-7-signaled RTEs and mature naive T cells. Surprisingly and in
contrast to IL-7-induced STAT5 phosphorylation, we found that RTEs were significantly less
efficient in Akt and mTOR phosphorylation downstream of IL-7 (Fig. 5C). These results
further illustrate cell intrinsic differences of IL-7R signaling in RTE versus naive T cells.

Anti-apoptotic Bcl-2 promotes survival but dampens proliferation

Because RTEs were highly responsive to IL-7 signaling, we wished to examine if expression
of downstream effector molecules were also increased in RTEs. Bcl-2 is a cytosolic protein
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that protects from programmed cell death and that is induced by IL-7 to maintain naive T-
cell homeostasis [28, 29]. Indeed, we found a significant and selective increase of Bcl-2
protein expression in freshly isolated RTE cells compared to naive T cells, which agrees
with the role of IL-7 in RTE survival (Fig. 6A) [30,31]. Such an increase was specific to
Bcl-2 because expression of other anti-apoptotic genes, such as Mcl-1 and Bcl-x; , were not
affected (Supporting Information Fig. 4B). Moreover, in vitro IL-7 stimulation dramatically
induced Bcl-2 protein expression in RTE cells, while naive T cells upregulated Bcl-2 to a
significantly lesser degree (Fig. 6B and Supporting Information Fig. 4C). Importantly, RTEs
were more resistant to apoptosis and survived even in the absence of exogenous IL-7 (Fig.
6C), suggesting that prior IL-7 signaling in vivo was sufficient to protect RTEs from
programmed cell death during overnight medium culture.

Notably, Bcl-2 is not only anti-apoptotic but also antiproliferative [32—34]. Thus, we asked if
increased Bcl-2 expression could inhibit proliferation in RTE cells. To directly test this, we
adoptively transferred naive T cells from Bcl-2 transgenic mice (Bcl2-Tg) and WT CD45.1
congenic mice into Rag2~'~ host mice. Five days after injection, donor cells were recovered
from LN and assessed for cell recovery and CTV dilution. Strikingly, we found a
significantly skewed and preferential recovery of WT cells over Bcl2-Tg donor T cells
(Supporting Information Fig. 5A) that was associated with reduced proliferation of Bcl2-Tg
cells compared to WT donor T cells (Fig. 6D). Collectively, these results imply that
increased Bcl-2 expression promotes survival but dampens their proliferation. naive T cells,
on the other hand, were less effective in upregulating Bcl-2 by IL-7 signaling, which
however, endowed them with greater proliferative potential.

To directly demonstrate this, we purified RTEs from WT (CD45.1) and Bcl2-Tg (CD45.2)
mice and adoptively transferred them into lymphopenic host mice (Fig. 6E). Strikingly,
increased Bcl-2 expression significantly suppressed proliferation and cell recovery of RTES
from host mice, indicating that Bcl-2 imposes a proliferative disadvantage. Such an effect
was not restricted to RTE but also observed for naive T cells, because cotransfer experiments
with WT and Bcl2-Tg naive T cells also resulted in a preferential proliferation and
accumulation of WT naive T cells compared to Bcl2-Tg naive T cells (Supporting
Information Fig. 5B). Notably, Bcl2-Tg and WT cells expressed comparable levels of
surface yc and IL-7Ra and also showed similar kinetics of cytokine receptor expression
during proliferation (Supporting Information Fig. 6A and B), suggesting that cytokine
receptor expression itself is not the cause for the distinct proliferative outcome of RTE and
naive T cells. Instead, these data suggest that differential response to IL-7 receptor signaling
induces distinct proliferation of RTEs and naive T cells to control T-cell homeostasis.

Discussion

RTEs are critical for T-cell homeostasis as they enrich the T-cell repertoire and ensure clonal
diversity of the peripheral T-cell pool [3]. Importantly, both RTEs and mature naive T cells
require 1L-7 for survival so that they inevitably compete for a single homeostatic cytokine.
But, how these two populations coexist and can be maintained in face of competition has
remained largely unknown. Here, we report previously unappreciated differences in IL-7
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signaling between RTEs and naive T cells that permit sharing of a limited survival resource
to maximize the diversity of the peripheral T-cell pool.

Conventionally, RTEs are considered less efficient than naive T cells in competing for IL-7
in vivo because they express lower levels of 1L-7 receptor than mature naive T cells [3]. If
so, RTEs would be preferentially lost and preexisting mature naive T cells retained, which
however is counterintuitive considering the large efforts of the thymus to generate RTEs [19,
35]. To explain the significant presence of RTEs in peripheral tissues, several models have
been proposed. A continuous influx of RTEs from the thymus into the periphery that
replaces lost RTE cells [36], occupation of distinct survival niches by newly arriving RTES
and pre-existing T cells [18], or IL-7 dependent expansion of RTE [30, 37] represent some
of these possibilities.

Here, we propose an alternative solution to this problem that reconciles contradictory
findings from previous studies. Our model is based on the surprising finding that RTES were
more efficient than naive T cells in IL-7 signaling even as they expressed significantly lower
levels of IL-7Ra than naive T cells. Specifically, IL-7 signaling in RTEs induced
significantly higher levels of STAT5 phosphorylation than in naive T cells. Paradoxically,
RTEs showed diminished IL-7-dependent proliferation upon adoptive transfer into
lymphopenic mice. We found cell intrinsic differences in RTES versus mature naive T cells
in response to IL-7 signaling in that RTEs preferentially induced survival while naive T cells
chose to proliferate. Notably, IL-7 signaling induced high levels of Bcl-2 expression in RTEs
whereas it induced only low levels of Bcl-2 in naive T cells. Thus, RTES are programmed to
survive, whereas naive T cells are programmed to expand upon homeostatic IL-7 signaling.
These results unveil a novel mechanism as to how RTEs and naive T cells can coexist under
homeostatic conditions where IL-7 availability is limited.

The classical concept of homeostasis is fairly limited to the maintenance of a constant
number of cells. However, T cells are clonal and they are comprised of a highly diverse
population with unique TCR specificities [38]. Therefore, T-cell homeostasis not only
requires sustaining normal cell numbers but also the maintenance of a diverse and polyclonal
repertoire. Initially, maintaining the T-cell compartment had been mostly attributed to
proliferation of activated/memory phenotype T cells [39, 40]. However, follow-up studies
revealed that naive T cells underwent phenotypic conversion into activated/memory
phenotype T cells during homeostatic proliferation, demonstrating that the size of the T-cell
pool is controlled by both naive and memory T cells [41-43]. In contrast to naive T cells, the
contribution of RTEs to the peripheral T-cell pools has remained less certain. The classical
“niche” concept proposed that RTEs are exempt from peripheral T-cell homeostasis because
they occupy a different survival niche from preexisting T cells. Engraftment of multiple
thymic lobes induced an increase in total RTE cell numbers that correlated with the number
of lobes and followed a trend predicted by the niche model of homeostasis [44].
Accordingly, initial seeding of RTEs occupy a different niche than preexisting naive T cells.
However, once RTESs become more mature, they will enter the naive T-cell pool and become
subject to IL-7-dependent homeostasis [45]. The identity of the survival niche for RTE,
which is supposed to be distinct from the niche for mature naive T cells, has not been
reported. Our data now propose that RTEs and naive T cells do not differ in their survival
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requirements, and that both cells require IL-7 for survival. However, they effectively share
this limited resource because newly generated RTE cells utilize IL-7 signaling to survive and
preserve the new repertoire, while naive mature T cells utilize 1L-7 signaling to expand and
maintain size of the T-cell pool. Collectively, there is a division of tasks in maintaining the
two aspects of T-cell homeostasis, in that RTES contribute to repertoire diversity while
preexisting mature T cells control cell numbers.

RTEs are functionally and phenotypically distinct from mature naive T cells [3].
Phenotypically, RTEs express higher levels of CD24 and TCR while expressing lower levels
of Qa-2, CD28, and IL-7Ra than mature T cells [3]. Because of their low level of surface
IL-7Ra., RTE have been considered less responsive to IL-7 than naive T cells [3]. The
amount of IL-7Ra., however, is determined by multiple factors and does not necessarily
correlate with IL-7 signaling capability. For example, tonic TCR engagement desensitizes
IL-7 signaling, resulting in increased surface IL-7 receptor expression but reduced IL-7
responsiveness [46, 47]. Activating TCR signals, on the other hand, suppress IL-7Ra
transcription and surface expression [48-50]. Also, cytosolic inhibitory molecules such as
suppressor of cytokine signaling and protein inhibitor of activated STAT can suppress 1L-7
signaling independently of surface IL-7Ra levels [51, 52]. Therefore, IL-7 signaling needs
to be directly assessed in individual cells and should not be presumed to correlate with
IL-7Ra expression levels.

The use of GFP as a molecular clock to identify RTE revolutionized the field of RTE
biology. Using RagZ2-GFP reporter mice, RTE can be identified without surgical
manipulations, administration of dyes or DNA labeling reagents and also at single cell
levels, which was previously not possible with assays such as T-cell receptor excision circle
analysis [53]. Such feature allowed us to establish a protocol that permitted analysis of
intracellular signaling events at single cell levels in RTE. We identified RTE cells by GFP
expression, and IL-7 induced STAT activation was simultaneously assessed by intracellular
staining with anti-pSTAT5 antibodies. The results were unambiguous, and they
demonstrated that in contrast to the prevailing view, RTE cells were more effective in IL-7
signaling than mature naive T cells.

Collectively, the current study unveiled a cell intrinsic mechanism that confers distinct 1L-7
response in RTEs and naive T cells to maximize the use of a homeostatic cytokine that is
only available in limited amount. By selective induction of survival in RTEs and preferential
proliferation of naive T cells, the distinct IL-7 signaling effects in RTE and naive T cells
ensures effective homeostasis of both the size and diversity of the peripheral T-cell pool.

Materials and methods

Mice

C57BL/6 (CD45.2) mice and CD45.1 congenic mice were obtained from the FNLCR,
Frederick, MD. Rag2'~ mice were purchased from Jackson. Bcl-2-transgenic mice and
Rag2”!~ 117"~ mice were provided by Hyun Park, NIH. Rag2-GFP-Tg mice were previously
described [21]. Animal experiments were approved by the NCI Animal Care and Use
Committee, and all mice were cared for in accordance with NIH guidelines.
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Flow cytometry

Cells were harvested from the thymus, spleen, and lymph nodes. Data were acquired using
an LSRII flow cytometer (BD Biosciences) and analyzed using FlowJo. Live cells were
gated using forward scatter exclusion of dead cells stained with propidium iodide. RTE and
naive T-cell subpopulations were electronically sorted using a FACSAria Il (BD
Biosciences) cell sorter, based on their GFP and CD44 expression levels. In brief, single cell
suspensions were stained for TCRB, CD4*, CD8", and CD44 expression and resuspended in
sorting buffer (0.5% BSA in Ca2*/Mg?*-free HBSS) at 20 x 106 cells/mL and filtered
through 0.45 pM nylon meshes before passing through the cell sorter. Collected cells were
washed once in PBS before further processing for tail vein injection or RNA isolation. The
following antibodies were used for staining: TCRP (H57-597), IL-7Ra (A7R34), CD44
(IM7), CD4* (GK1.5), CD8a (53-6-7), and isotype control antibodies (eBioscience or
BioLegend). Intracellular stainings for pAkt and phosphor-mTOR were performed using Kits
from eBioscience following the manufacturer’s instructions.

In vitro IL-7 stimulation

T cells were stimulated with IL-7 as previously described [17]. In brief, single cell
suspensions were adjusted to 5 x 108 cells/mL and stimulated with recombinant IL-7
(PeproTech). pSTAT5 contents were assessed after 30 min upon fixing and permeating cells
with paraformaldehyde and acetone/methanol. Alternatively, cells were stimulated for 4 h
with IL-7 (10 ng/mL), then removed from IL-7 by extensive washing, rested for 2 h in IL-7-
free medium and restimulated with IL-7.

Quantitative RT-PCR and PCR array

Total RNA was isolated from sorted cells using NucleoSpin RNA kits (Machery-Nagel).
RNA was reverse transcribed into cDNA by oligo(dT) priming with the Superscript 111
(Invitrogen). Quantitative RT-PCR (gRT-PCR) was performed with a Bio-Rad CFX Connect
Real-Time PCR machine and the QuantiTect SYBR Green detection system (Qiagen).
Primers sequences are as follows. Hprt (5"-TCATTATGCCGAGGATTTGGA-3"; 5'-
CAGAGGGC CACAATGTGATG-3"), Bcl-2 (5'-TGTAAATTGCCGAGAAGAAGGG-3’;
5 -TCCCCGTTGGCATGAGAT-3"), Bel-x_ (5-GCGGCTGGGAC ACTTTTG-3"; 5'-
ACTTCCGACTGAAGAGTGAGCC-3"), Mcl-1 (5"-AGACGGCCTTCCAGGGC-3"; 5'-
CCAGTCCCGTTTCGTCCTT-3"). Array analysis of 84 key genes involved in the JAK/
STAT signaling pathway was performed with a mouse RT2Profiler™ PCR array system
(PAMM-039Y; Qiagen). PCR Array data were analyzed by the http://
pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php.

CTV labeling and adoptive transfer

Donor cells were electronically sorted from lymphocytes isolated from LN, which were
pooled out of inguinal, axillary, cervical, and mesenteric area. Before injection, donor cells
were loaded with CTV (Invitrogen) as previously described [54]. A total of 10 x 108 cells
were tail-vein injected into Rag2~, Rag2/117-DKO, or lymphoreplete congenic (CD45.1)
host mice. Five days after injection, donor cells were recovered from host lymph nodes for
analysis.
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ALZET osmotic pump installation

Recombinant human IL-7 (Cytheris Inc.) was administered into host mice using ALZET
osmotic pumps (Durect) as previously described [15]. IL-7 was delivered at a rate of 5
pg/day for 5 days.

Active caspase-3 assay

Caspase-3 activity was assessed using sulfo-rhodamine-conjugated DEVD-FMK
(CaspGLOW red, BioVision). For each assay, 5 million LN cells were placed into 24-well
plates in 1 mL complete culture medium with different concentrations of IL-7. Next day,
cells were incubated with fluorescent DEVD-FMK for 45 min, washed and analyzed by flow
cytometry.

Statistical analysis

Statistical tests were performed with Prism (GraphPad). Statistical significance was
determined with Student’s #test. *p < 0.05 was considered significant. **p < 0.01; ***p <
0.001. Two-way ANOVA test was used to compare more than three groups of normally
distributed data. Error bars indicate SEM.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Recent thymic emigrants are less efficient in homeostatic proliferation than na’ive T cells.
(A) Identification of peripheral T-cell subsets. Total CD4* (left) or CD8* T cells (right)
gated on live cells were assessed for CD44 expression to identify CD44!° naive cells. RTE
were identified as GFP-positive cells among CD44!° naive T cells. Results are representative
of four independent experiments. (B) Homeostatic proliferation of donor total T cells from
Rag2-GFP-Tg mice were labeled with CellTrace Violet (CTV) and injected into in Rag2-KO
host mice. After 5 days, donor cells were recovered from LN and assessed for CTV dilution
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in the indicated T-cell subsets. Results are representative of two independent experiments.
(C) Homeostatic proliferation of sorted RTE and naive donor T cells. Electronically sorted
RTE and GFP-negative CD44° naive T cells were labeled with CTV and injected into Rag2-
KO host mice. After 5 days, donor cells were recovered from spleen and assessed for cell
trace violet dilution. Numbers above individual peaks indicate cell division of RTE and
naive CD8" T cells. Histograms are representative of four independent experiments.(D)
Diminished homeostatic proliferation of CD8* RTE compared to naive CD8" T cells. Cell
proliferation in Rag2-KO host mice was determined by assessing percentage of cells in
individual cell trace violet peaks (top). Cells that have undergone no or one division (0, 1)
were considered as resting cells, while cells that have undergone more than two divisions
(>2) were considered as proliferating cells (bottom). Data are shown as mean + SEM (n=8
mice) and represent summary of four independent experiments, p values were determined by
Student’s #test or two-way ANOVA. *p < 0.05, **p < 0.01.(E) Homeostatic proliferation of
sorted RTE and naive donor T cells in Rag2///7-DKO hosts. Cell trace violet labeled RTE
and GFP-negative CD44!° naive T cells were injected into Rag2-KO host mice. After 5 days,
donor cells were recovered from lymph node and assessed for T-cell subset and CTV.
Results are representative of two independent experiments with each two host mice per
experiment and a total of four Rag2-KO host mice.
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Figure2.

A cell intrinsic mechanism dampens IL-7-induced homeostatic proliferation of recent
thymic emigrants. (A) Donor CD4* and CD8* T-cell proliferation in Rag2KO host mice in
the presence or absence of exogenous IL-7. Purified RTEs or naive T cells from Rag2-GFP-
Tg mice were labeled with CTV and injected separately into Rag2-KO host mice. Osmotic
pumps with IL-7 or PBS were installed immediately after injection. After 5 days, donor cells
were recovered from LN and assessed for CTV dilution. Results are representative of three
independent experiments with a total of 12 Rag2-KO host mice. (B) Kinetics of CD8* donor
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RTE and naive T-cell proliferation with or without IL-7 administration. Distribution of
proliferated donor cells per cell division was assessed as % cells for each peak of CTV
dilution. Results show summary of three independent experiments with a total of 12 Rag2-
KO host mice. pvalues were determined by Student’s t-test and two-way ANOVA. < 0.05.
(C) Fold change of IL-7Ra expression on donor RTE and naive CD8" T cells upon
proliferation, with or without IL-7 administration. Fold change was normalized to undivided
cells (O cell division). Results show summary of three independent experiments with a total
of 12 Rag2-KO host mice. p values were determined by two-way ANOVA. *p < 0.05, ***p
p < 0.001. (D) Donor T-cell numbers after 5 days of homeostatic proliferation in the absence
(PBS pump) or presence of IL-7 administration (IL-7 pump). p values were determined by
Student’s t-test. *p < 0.05, **p < 0.01.
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Competitive advantage of naive T cells over RTEs during lymphopenia-induced homeostatic
proliferation. (A) Donor RTE and naive T-cell proliferation in Rag2-KO host mice. Purified
RTEs from CD45.2 Rag2-GFP-Tg mice or naive T cells from CD45.1 congenic mice were
labeled with CTV, mixed at 1:1 ratio and coinjected into Rag2-KO host mice. After 5 days,
donor cells were recovered from LN and assessed for CTV dilution. Results are
representative of two independent experiments with a total of 2 Rag2-KO host mice. (B)
Proliferation kinetics of CD8* donor RTE and naive T cells. Distribution of proliferated
donor cells per cell division was assessed as % cells for each peak of CTV dilution. Results
show summary of two independent experiments with a total of 2 Rag2-KO host mice, p
values were determined by two-way ANOVA. **p < 0.01. (C) Donor cell ratios before and
after adoptive transfer. Purified RTE from CD45.2 Rag2-GFP-Tg mice or naive T cells from
CD45.1 congenic mice were labeled with CTV and mixed at 1:1 ratio. Donor cells were
injected into Rag2-KO host mice implanted with PBS or IL-7 filled Alzet osmotic pumps.
After 5 days, donor cells were recovered from LN, and donor cells numbers from RTE or
naive cell origin were determined. Ratios show results from three independent experiments,
p values were determined by Student’s #test. *p < 0.05, **p < 0.01.
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Figure 4.

Enhanced IL-7 responsiveness in recent thymic emigrants. (A) Kinetic of IL-7Ra
downregulation on RTE and naive T cells. LN T cells from Rag2-GFP-Tg mice were
stimulated with IL-7 (10 ng/mL) and assessed for surface IL-7Ra downregulation on gated
RTE and naive CD4* and CD8* T cells. Surface IL-7Ra expression was determined in mean
fluorescence intensity (MFI). pvalues were determined by Student’s £test. **p < 0.01. (B)
IL-7 signaling in naive and RTE CD4* T cells. Intracellular pSTAT5 level was determined
after 30 min of IL-7-stimulation (10 ng/mL) in naive and RTE CD4* T cells from Rag2-
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GFP-Tg mice (left) and is shown as fold increase over medium (right). Each circle
represents one independent experiment, pvalues were determined by Student’s #test. *p <
0.05. (C) IL-7 signaling in naive and RTE CD8" T cells. Intracellular pSTATS5 level was
determined after 30 min of IL-7-stimulation (10 ng/mL) in naive and RTE CD8* T cells
from Rag2-GFP-Tg mice (left) and is shown as fold increase over medium (right). Each
circle represents one independent experiment. p values were determined by Student’s #test.
***p< 0.001.
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Differential effects of IL-7 signaling in RTE and naive T cells. (A) Intracellular pSTAT5
level was determined in Rag2-GFP-Tg RTE and naive T cells stimulated continuously for 4
h, and shown as fold increase over medium. Each circle represents one independent
experiment. (B) Intracellular pSTATS level was determined upon IL-7 restimulation in RTE
and naive T cells that had been rested for 2 h after IL-7 prestimulation for 4 h. Each circle
represents one independent experiment. (C) Phosphorylated Akt and mTOR contents were
determined in fixed and permeabilized RTE and naive T cells that were stimulated with I1L-7
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(10 ng/mL) for 16 h. Each circle represents one independent experiment, p values were
determined by Student’s #test. *p < 0.05, **p < 0.01.
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Figure 6.

Increased anti-apoptotic activity in RTE compared to naive T cells upon IL-7 signaling. (A)
Freshly isolated LN T cells from Rag2-GFP-Tg mice were assessed for intracellular Bcl-2
protein expression on RTE and naive T cells. Results are the summary of five independent
experiments. pvalues were determined by Student’s #test. < 0.05, **p < 0.01. (B)
Intracellular Bcl-2 was assessed after overnight stimulation with the indicated concentration
of IL-7 in RTE and naive T cells from Rag2-GFP-Tg mice. Bcl-2 expression was quantified
as MFI and was normalized to levels in medium treated cells, which was set to 1. Results are
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the summary of five independent experiments. p values were determined by two-way
ANOVA. ***p < 0.001. (C) Increased anti-apoptotic activity in RTE cells. Apoptosis was
assessed by caspase-3 activity (CaspGLOW Red) in Rag2-GFP-Tg T cells stimulated
overnight in medium or IL-7 (left). Graph shows decrease in active Caspase-3 content upon
increasing concentration of IL-7 (right). Results are representative of four independent
experiments. pvalues were determined by two-way ANOVA. ***p < 0.001. (D) Bcl-2
impairs donor cells proliferation in Rag2-KO host mice. Distinct kinetics of WT and Bcl2-
Tg donor T-cell proliferation in Rag2-KO host mice as shown by CTV dilution (left).
Distribution of proliferated donor cells per cell division was assessed as % cells for each
peak of CTV dilution (right). Results show summary of three independent experiments with
a total of three host mice. p values were determined by Student’s £test and two-way
ANOVA. *p<0.05, **p < 0.01. (E) Competitive homeostatic proliferation of WT and Bcl2-
Tg RTE cells. Electronically sorted RTE from WT and Bcl2-Tg mice were adoptively
transferred into Rag2-KO host mice and assessed for proliferation. Distribution of
proliferated donor cells per cell division was assessed as % cells for each peak of CTV
dilution (left). Recovery ratio of WT versus Bcl2-Tg donor origin cells were assessed before
and after adoptive transfers (right). Results show summary of four independent experiments
with a total of four host mice. pvalues were determined by Student’s #test and two-way
ANOVA. *p< 0.05, ***p < 0.001.
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