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Abstract
OBJECTIVE—IL-7 is a multifunctional cytokine and a promising immunotherapeutic agent.
However, since a transient T-cell depletion is an immediate outcome of IL-7 administration at
supraphysiological doses, we investigated the mechanism by which the IL-7 proliferative signal
transduced through Cdc25A, a key activator of cyclin dependent kinases (CDKs), could modulate
lymphocyte movement.

METHODS—Employing novel methods of manipulating Cdc25A gene expression, combined
with in vitro and in vivo evaluation of IL-7 application, we assessed the expression of activation
and homing markers and identified the mechanism by which IL-7 could induce T-cell expansion
and alter lymphocyte motility.

RESULTS—Constitutively active Cdc25A drove T-cell proliferation independently of IL-7 and
resulted in an activated phenotype (CD69hi, CD44hi). Conversely, inhibition of Cdc25A resulted
in decreased proliferation, reduced expression of activation markers and the up regulation of the
lymph node homing molecule, CD62L, which promoted cell adhesion when engaged by ligand.
We found that IL-7 prevented the nuclear translocation of the transcription factor, Foxo1, in a
manner dependent on the activity of Cdc25A, resulting in decreased levels of CD62L. In vivo
administration of IL-7 decreased lymph node cellularity, while treatment with IL-7, premixed with
a neutralizing IL-7 antibody (M25), increased total lymph node cells – with more nuclear Foxo1
detected in cells from mice receiving IL-7 + M25.

CONCLUSION—These results are consistent with the model that IL-7 drives Cdc25A-mediated
T-cell proliferation, which prevents the nuclear translocation of Foxo1, leading to reduced
expression of CD62L and the migration of T-cells into circulation.
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INTRODUCTION
As effective agents of immunity, T-cells transit to widely dispersed areas of the body. To
enter a lymph node from the blood, naïve T-cells must express the adhesion molecule, L-
selectin (CD62L), which binds to its peripheral node addressins on the high endothelial
venules (HEVs) of the lymph nodes [1]. This interaction promotes “rolling” and facilitates
the transmigration of naïve T-cells into the lymph nodes. Antigen encounter and activation
proceeds with T-cells stimulated to undergo massive clonal expansion. During this process,
the newly activated, effector T-cells down regulate CD62L to prevent activated T-cells from
re-entering the lymph nodes and enable migration of activated T-cells to sites of infection.
Hence, CD62L controls the entry or re-entry of T-cells into the lymph nodes, and its
expression is linked, in a manner still to be fully understood, with their activation and
proliferative expansion.

One of the essential cytokines that T-cells encounter upon entering a lymph node is
Interleukin-7 (IL-7), likely presented to them by fibroblastic reticular cells (FRC) which
express detectable levels of IL-7 mRNA [2;3]. IL-7 is an important regulator of T-cell
development as well as the survival of peripheral T-cells and maintenance of long-term
memory T-cells [4;5]. The receptor for IL-7 (IL-7R) is expressed by T-cells and consists of
the IL-7Rα chain and the common cytokine γ chain (γc) [6]. Upon binding of IL-7, the two
receptor chains heterodimerize and initiate signaling events through the JAK/STAT pathway
(reviewed in [5]). Mutations in IL-7, its receptor (IL-7R) or components of its signaling
pathway lead to severe immunodeficiency [7], demonstrating that this cytokine is a potent
mediator of the homeostatic mechanisms that maintain populations of naïve and memory T-
cells in the peripheral immune system [8-10].

The mechanism by which IL-7 supports the expansion of T-cells is partially characterized.
We reported that the activity of the cdk inhibitor p27kip1 and the cdk activating phosphatase,
Cdc25A, was regulated by IL-7[11;12]. Over-expression of p27kip1 induced G1 arrest in the
presence of IL-7 and deletion could partially restore proliferation of T-cells from IL-7-/-

mice[12]. Cdc25A levels declined upon cytokine loss due to p38 MAP kinase (MAPK)-
targeted degradation[11;13]. Expression of a constitutively active form of Cdc25A promoted
cell cycling of lymphocytes in the absence of IL-7, even in the presence of elevated levels of
p27kip1 [11;14]. Hence in the absence of IL-7, expression of Cdc25A could support cell
proliferation, suggesting that Cdc25A is a critical transducer of the IL-7 replicative signal.

Survival, proliferative and metabolic[15] activities have all been ascribed to IL-7, revealing
the potential therapeutic applications of this cytokine. However, the effect of IL-7-mediated
proliferation upon lymphocyte trafficking is poorly understood. To this end, we examined
the functionality of IL-7 under conditions in which proliferative activity was regulated by
genetic manipulation of Cdc25A and detected phenotypic changes that could alter
lymphocyte migration. Specifically, we observed the up regulation of activation markers like
CD69 and the down regulation of adhesion molecules like CD62L on Cdc25A-expressing T-
cells. Expression of constitutively active Cdc25A indicated that proliferation driven through
IL-7 could significantly alter lymphocyte trafficking in the absence of any antigen
stimulation.

MATERIALS AND METHODS
Mice and cell isolation

Bim deficient (Bim-/-) mice, on a C57Bl/6 background, were housed at the National Cancer
Institute, Frederick, Maryland. C57Bl/6 mice were purchased from Jackson Labs. Mice were
housed in the animal facility at the University of Central Florida. Lymph node and spleen
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cells were isolated by gentle crushing through a 70μM pore filter (BD Falcon) and pooled.
Spleen cells were further treated with ACK lysis buffer (Quality Biological, Inc.). T-cells
were enriched by negative selection with the Mouse T-lymphocyte Enrichment kit according
to the manufacturer's protocol (BD Biosciences). For CD62Lhi and CD62Llo enrichment
experiments, T-cells were purified from spleen and enriched for CD62Lhi or CD62Llo cells
with biotinylated anti-CD62L (clone MEL-14; BD Biosciences) according to manufacturer's
protocol.

In vitro culture
Cells were maintained at a density of 3-5×106 cells in complete medium (RPMI 1640
(Invitrogen) supplemented with 10% fetal bovine serum (Hyclone), 2-βmercaptoethanol, and
penicillin/ streptomycin. Recombinant human IL-7 (rhIL-7) (Peprotech) was added at a
concentration of 10 ng/mL or 150 ng/mL, except for IL-7 withdrawal experiments in which
cell cultures were maintained in complete medium.

Plasmids and nucleofection of T-cells
The constitutively active HA-tagged Cdc25A (Cdc25A-DP) plasmid was previously
described [11]. To inhibit Cdc25A activity, a catalytically inactive Cdc25A (Cdc25A-DN)
was generated in the background of the Cdc25A-DP plasmid by targeting the active site
Cys-(X)5-Arg motif [16]. Cys-430 was mutated to serine and Arg436 was mutated to alanine
by site-directed mutagenesis (QuikChange II site directed mutagenesis kit, Stratagene). To
transiently express Cdc25A-DP, Cdc25A-DN, GFP or the empty vector (pcDNA), T-cells
were nucleofected with 4μg of plasmid DNA using the Mouse T-cell Nucleofection kit
(Amaxa) according to the manufacturer's protocol. Based on GFP expression, nucleofection
efficiency was determined to be 30-40%. GFP+ nucleofected cells appear in the FSC/SSC
gate as a separate population of large viable cells. This information was used for gating on
the 30-40% of nucleofected cells in subsequent analyses. In the surface staining
experiments, nucleofected cells were maintained in IL-7 overnight and then washed the next
day and cultured an additional 24 hrs with or without IL-7 prior to analysis. For the BrdU
experiments, nucleofected cells were immediately cultured with or without IL-7 and pulsed
with 10μM BrdU (BD Biosciences) and analyzed 24 hrs later as described above.

Surface phenotyping
Surface expression on T-cells was assessed with PE-conjugated anti-CD4, PerCP-
conjugated anti-CD8, FITC-conjugated anti-CD44, FITC-conjugated anti-CD69, PE-
conjugatedd anti-CCR7 and PE-conjugated anti-L-selectin (CD62L) (BD Biosciences). Cells
were incubated with saturating amounts of the appropriate antibodies for 20 minutes on ice
and analyzed by flow cytometry using the C6 flow cytometer (Accuri). The data was
analyzed using FCS Express software (Ontario, Canada).

Intracellular BrdU labeling
Cells were pulsed with BrdU (10μM) for 48 hours and BrdU incorporation was detected
with a commercially available kit (BD Biosciences) according to the manufacturer's
protocol. Briefly, cells were surface stained as described above, washed, fixed, and
permeabilized prior to incubation with a FITC-conjugated anti-BrdU antibody. Staining with
7AAD was performed following manufacturer's protocol. Cells were analyzed by flow
cytometry using the C6 flow cytometer (Accuri). The data was analyzed using FCS Express
software (Ontario, Canada).
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Intracellular staining of Cdc25A or Foxo1
For detection of intracellular or nuclear Cdc25A or nuclear Foxo1, we used an optimized
protocol designed to enhance detection of these intracellular proteins [17]. Nuclei were
isolated in extraction buffer (320 mM sucrose, 5mM MgCl2, 10mM HEPES, 1% Triton-
X100). Prior to fixation, intact cells or nuclei were stained with Foxo1 antibody (Cell
Signaling) or Cdc25A antibody (Santa Cruz). Cells or nuclei were washed, fixed, and
permeabilized with the Fix & Perm Cell Permeabilization kit (Caltag) following the
manufacturer's protocol. Cells or nuclei were stained with PE-conjugated anti-rabbit
secondary antibody. The secondary antibody alone or isotype matched PE-conjugated
antibodies (BD Biosciences) were used as controls. Cells were analyzed by flow cytometry
using the C6 flow cytometer (Accuri) described above. The data was analyzed using FCS
Express software (Ontario, Canada).

IL-7 injections of mice
C57Bl/6 mice were injected once, intraperitoneally, with 10μg recombinant human IL-7
(rhIL-7, Peprotech), with 100 μg of M25, an anti-IL-7 antibody (a kind gift from Amgen), or
a premixed combination of 10 μg rhIL-7 and 100 μg M25 antibody in 200 μl PBS. Mice
were euthanized after 72 hours and lymphoid organs were harvested for analysis of T-cell
content as previously described.

T-cell movement assay
CD62Lhi lymph node T-cells or CD62Llo spleen T-cells were enriched as previously
described. T-cells were cultured overnight in complete medium supplemented with IL-7
(150 ng/mL), and DMSO (vehicle control) or 10μM of Cdc25 inhibitor I (EMD Biosciences)
on fibronectin plates (BD Biosciences). Next day, cells were resuspended in serum free
medium with IL-7 and DMSO or 10μM Cdc25 inhibitor and T-cell movement was
monitored for 2 hours using the UltraView spinning disc confocal system (Perkin Elmer)
with AxioObserver Z1 (Carl Zeiss) stand and a Plan-Neofluar 10X objective. For the final
hour, 1 μg of PSGL-1/Fc chimera (R & D Systems), the CD62L ligand, was added to the
cultures. Tracking of individual T cell movement and calculation of T cell velocity over the
two hour experimental period was performed with Volocity Workstation software (Perkin
Elmer).

RESULTS
Previously, we reported that the phosphatase, Cdc25A, was an essential transducer of
cytokine-mediated proliferation in lymphocytes [11]. Using cytokine-dependent T and B cell
lines, we found that a constitutively active form of Cdc25A (Cdc25A-DP), lacking the p38
MAPK phosphorylation sites that target the phosphatase for degradation, could promote cell
division even when levels of the cell cycle inhibitor, p27kip1, were elevated [14].

To examine the function of Cdc25A in a biologically relevant scenario, we used primary T-
cells freshly isolated from the lymph nodes of C57Bl/6 mice. Our initial observation, using a
cell culture method that we optimized to expand IL-7 dependent T-cells [18], was that the
dose of IL-7 used for in vitro culture had differential effects upon the T-cell subsets
expanded. We found that culture of lymph node T-cells with high dose IL-7 (150 ng/mL), as
compared to low dose IL-7 (10 ng/mL), for 2 weeks, up regulated the expression of the
CD69 activation marker (a marker typically found increased upon antigen-activation [19])
on CD8 T-cells (28% compared to 13%) (Fig. 1A). The activation and memory marker,
CD44, was also elevated on CD8 T-cells grown with high dose IL-7 (150 ng/mL) (Fig. 1B).
These results confirmed our published findings that CD8 T-cells optimally respond to high
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dose IL-7 [20] and that the expression of activation/ memory markers is also enhanced in
CD8 T-cells cultured with high doses of IL-7 [18].

Next we examined the effect of high and low dose IL-7 on the expression of the adhesion
molecule, CD62L, which, along with CD44, distinguishes memory T-cells from naïve T-
cells. We found that high dose IL-7 (150 ng/mL) supported the growth CD44hiCD62Llo

CD8 T-cells (42%), while low dose IL-7 (10 ng/mL) favored naïve CD8 T-cells that were
CD44loCD62Lhi (70%) (summarized in Table 1). Although not as striking, CD4 T-cells
followed a similar trend (Table 1), indicating that the phenotypic changes observed were not
cell-type specific but dependent on the dose of IL-7 used. Note that CD4 and CD8 T-cells
freshly isolated from murine lymph nodes (Day 0) displayed low levels of CD69 and CD44
and high levels of CD62L, typical of naïve T-cells (Figs. 1A and 1B).

The implication of these findings is that the strength of the IL-7 signal may not only drive
proliferation and up regulation of activation/ memory markers but could also affect T-cell
lymph node homing by altering the expression of CD62L. To determine whether the dose of
IL-7 could alter expression of other important mediators of T-cell movement, we examined
expression levels of the chemokine receptor, CCR7, required for the subsequent steps of
arrest during lymphocyte extravasation. Shown in Figure 1C, are the results revealing that
the levels of CCR7 did not appreciably change under conditions of high or low dose IL-7
cultures. Because the doses of IL-7 being used for testing in human clinical trials are
supraphysiological (> 10μg/kg/dose [21]), we focused our investigation on the mechanisms
by which IL-7 modulates the levels of CD62L using the conditions of high dose IL-7 that
lead to the expansion of CD8 T-cells bearing activation/ memory markers.

We next examined the intracellular levels of Cdc25A in response to IL-7. Figure 2A shows
that lymph node T-cells, isolated from wild type (WT) C57Bl/6 mice and cultured with IL-7,
contained more nuclear Cdc25A when maintained with high dose IL-7 (150 ng/mL)
compared to low dose IL-7 (10 ng/mL) (Fig. 2A, left histogram). These findings showed that
high dose IL-7 was a strong proliferative stimulus. We and others noted, however, that
primary T-cells from WT mice rapidly die in the absence of IL-7 [18;22]. Hence
examination of the effects of IL-7 deprivation is not possible using WT mice. Instead, we
used lymph node T-cells from mice deficient in the pro-apoptotic protein, Bim. Others have
shown that mice deficient in both the IL-7 receptor and Bim displayed partial recovery of T-
cell numbers [23], indicating that T-cells from these mice are resistant to death when
deprived of IL-7 [24]. Use of T-cells from Bim-/- mice enabled us to perform complex
experiments requiring conditions of IL-7 deprivation with minimal T-cell loss due to
apoptosis. Similar to the results achieved with WT T-cells (Fig. 2A, left histogram), we
found that in lymph node T-cells from Bim-/- mice the total levels of Cdc25A were
dependent on IL-7 - elevated in the presence of IL-7 and decreased in the absence of IL-7
(Fig. 2A, right histogram).

It follows that Cdc25A is needed to transduce the IL-7-proliferative signal in dependent T-
cells. We examined this by expressing either a constitutively active form of Cdc25A
(Cdc25A-DP), in which the p38 MAPK target sites (Ser75, Ser123) were mutated to
alanines, or a dominant negative form (Cdc25A-DN) in which, in addition to the Ser75A
and Ser123A mutations, the enzyme active site was mutated, but all activating
phosphorylation sites, were retained. The expectation was that Cdc25A-DP would remain
stable and induce proliferation, while Cdc25A-DN would inhibit proliferation independently
of IL-7. Using Bim-/- lymph node T-cells that were resistant to IL-7-withdrawal induced
death, we employed the method of Nucleofection (Amaxa) to transiently express Cdc25A-
DP or Cdc25A-DN in cells grown either with high dose IL-7 (150 ng/mL) or deprived of
IL-7 (0 ng/mL). Using FSC/SSC analysis guided by GFP expression as described in
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Methods, we gated on the population of cells that were nucleofected. In Figure 2B we
showed that BrdU incorporation was inhibited in IL-7-maintained T-cells upon expression
of Cdc25A-DN, and that BrdU incorporation was induced in IL-7-deprived cells upon
expression of Cdc25A-DP.

Subsequently, we determined whether Cdc25A activity could mimic the effect of IL-7 upon
the levels of activation/ memory markers displayed by T-cells (shown in Fig.1). Figure 3
shows representative experiments in which Bim-/- T-cells (initially expanded in IL-7) were
nucleofected with Cdc25A-DP and cultured without IL-7 (Fig. 3A), or WT T-cells (freshly
isolated) were nucleofected with Cdc25A-DN and cultured with high dose (150 ng/mL)
IL-7. Expression of Cdc25A-DP increased the surface levels of both CD69 and CD44 in T-
cells deprived of IL-7 (Fig. 3A), while expression of Cdc25A-DN decreased CD69 and
CD44 levels in T-cells maintained with high dose IL-7 (Fig. 3B). Note that CD44 levels
were already elevated in Bim-/- T-cells due to initial maintenance in IL-7-containing
medium. Furthermore, we observed a trend towards up regulation of CD62L due to Cdc25A
inhibition through expression of Cdc25A-DN (Fig. 3C). Collectively the results shown in
Figures 2 and 3 indicate that the proliferative and activating effects of high dose IL-7 upon
T-cells can be replicated by inducing Cdc25A or blocked by inhibiting Cdc25A.

We next examined the mechanism by which IL-7 down regulated the expression of CD62L
on T-cells. In Fig 4A we show a representative histogram in which the nuclear levels of the
transcription factor, Foxo1, in 40% of the T-cells examined, increased in the absence of
IL-7. Previous studies showed that Foxo1 controls the expression of CD62L [25;26]. We
inferred, from our findings (Fig. 4A), that IL-7 controlled the nuclear translocation of
Foxo1, retaining the transcription factor in the cytosol when IL-7 engaged its receptor and
enabling nuclear localization in the absence of IL-7 signaling. We then determined whether
the IL-7 signal transduced through Cdc25A was responsible for modulating the intracellular
localization of Foxo1. Because the expression of Cdc25A-DN by nucleofection was limited
to 30-40% of the cells, we examined nuclear Foxo1 levels in WT lymph node T-cells treated
with a Cdc25 pharmacological inhibitor. Figure 4B shows the striking results that nuclear
Foxo1 levels greatly increased in cells maintained with IL-7 when Cdc25 was inhibited.

It follows that the cells, in which Cdc25 inhibition caused an increase in nuclear Foxo1,
would also express higher levels of CD62L. Because T-cells freshly isolated from the lymph
nodes are predominantly CD62Lhi, we used T-cells isolated from the spleen and sorted for
CD62Llo cells. Overnight treatment of these CD62Llo cells with the Cdc25 inhibitor (in the
presence of IL-7) caused a rapid increase in the expression of CD62L that was not observed
upon treatment with the vehicle control (Fig. 4C). These results revealed the mechanism
underlying our initial observation that high dose IL-7 caused down modulation of CD62L.
We demonstrated that it is the dephosphorylating activity of Cdc25A, which activates CDKs
and drives cell cycling, that prevents the nuclear translocation of Foxo1, resulting in
decreased expression of CD62L.

Engagement of CD62L with ligand, such as PSGL-1, is reported to promote cell adhesion
[1]. To determine whether treatment with the Cdc25 inhibitor, in the presence of IL-7, could
promote CD62L expression leading to cell adhesion, we treated CD62Llo T-cells with
PSGL-1. Shown in Figure 4D are the results of time-lapse microscopy tracking the
movement of T-cells on fibronectin plates. We found that CD62Llo cells moved rapidly, as
indicated by the velocity of movement in μm/sec and that treatment with the ligand,
PSGL-1, had no effect (Fig. 4D). This is expected since these cells have low levels of the
receptor for PSGL-1. In contrast, CD62Llo cells, in which inhibition of Cdc25 caused up
regulation of CD62L, reduced their movement by more than half, indicating the receptor
was being engaged by ligand (Fig. 4D). As anticipated, CD62Lhi cells displayed reduced
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movement in presence of PSGL-1 (Fig. 4D). Inhibition of Cdc25, which impairs
proliferation, also reduced the movement of CD62Lhi T-cells more so than that of CD62Llo

cells.

The prediction that stems from the proposed mechanism that IL-7 promotes T-cell
movement by down regulating the expression of CD62L in a Cdc25A-dependent manner
would be that in the lymph nodes of mice, treated with high dose IL-7, decreased T-cell
retention would result. To test this, C57Bl/6 mice were injected intraperitoneally with one
large dose of IL-7 (10 μg). To attenuate the IL-7 signal, we used a neutralizing antibody
against IL-7 (M25). Mice were injected with one dose of IL-7 (10 μg) premixed with anti-
IL-7 antibody (100 μg, M25), or, as control, one dose of M25 (100 μg) alone. We previously
observed that under in vitro culture conditions the M25 antibody inhibited IL-7 signaling but
had little effect in vivo (data not shown). We surmised that while IL-7 alone would provide
the strongest IL-7 signal, treatment with the IL-7 neutralizing antibody, M25, together with
IL-7 could generate conditions of attenuated IL-7 signaling.

We found that treatment with IL-7/M25 resulted in the largest recovery of lymph node T-
cells, while IL-7 alone caused the greatest loss of lymph node T-cells (Fig. 5A, left graph).
This striking loss of cellularity was apparent when examining the actual size of the lymph
nodes recovered from mice injected with IL-7 compared to IL-7/M25 (Fig. 5A). Differences
in splenic cellularity among mice injected with IL-7 compared to IL-7/M25 were not as
significant and no differences were observed in regards to splenic T-cell numbers (Fig. 5A,
right graph). As anticipated, treatment with M25 alone did not have any notable effects and
was similar to the untreated control mice (Fig. 5A).

We next examined the ratio of CD4 to CD8 T-cells recovered from the lymph node and
spleens of mice injected with IL-7, IL-7/M25 or M25 alone. In the lymph nodes, IL-7
treatment decreased CD8 T-cells (10%), while the IL-7/M25 injections resulted in the
opposite trend, with more CD8 T-cells accumulating (22%) (Fig. 5B). CD4 T-cells did not
change appreciably under any of the treatment conditions. In the spleen, we noticed that the
IL-7/M25 treatment caused a loss of both CD4 (9%) and CD8 (3%) T-cells. We also
observed that T-cells remaining in the lymph nodes under all treatment conditions were
CD62Lhi (data not shown).

Results from the injections with IL-7 or IL-7/M25 supported our proposed mechanism by
which IL-7 controls lymphocyte homing to lymph nodes through Foxo1. A strong IL-7
signal (such as that received with IL-7 alone) could cause the down regulation of CD62L,
enabling T-cells to exit the lymph nodes and remain in circulation, accounting for the
decreased number of lymph node T-cells observed in Fig. 5A. An attenuated IL-7 signal
(such as that received with IL-7 pre-treated with the M25 neutralizing antibody) could
maintain the levels of CD62L, retaining cells within the lymph nodes as seen in Figure 5A.
Because we could not detect CD62Llo cells in the lymphoid organs, as these cells would exit
and traffic throughout the body, we examined the levels of Foxo1 in the cells recovered
from the injected mice. In correlation with our prediction that the attenuated IL-7 signal,
delivered by the combination of IL-7/M25, would maintain CD62L expression, we observed
the largest numbers of cells with elevated levels of nuclear Foxo1 (32%) (Fig. 5C). In
contrast, cells with nuclear Foxo1 were decreased in mice receiving IL-7 or M25 alone (Fig.
5C). These in vivo studies provide strong evidence that high dose IL-7 could drive T-cell
proliferation (through the activity of Cdc25A) and also down modulate CD62L through the
cytosolic retention of Foxo1, enabling T-cell movement and exit but not re-entry into the
lymph nodes.
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Results from the in vivo injections of mice with IL-7 were compelling but T-cells which
down regulated CD62L expression could not be recovered for study. To address this
problem and determine whether a strong IL-7 signal causes the down regulation of CD62L,
we performed a series of long term in vitro culture experiments with high dose IL-7 to
determine whether CD62Lhi cells, typically found in lymph nodes, become CD62Llo cells
upon IL-7 treatment.

Using splenic T-cells from Bim-/- mice that were resistant to apoptosis, we sorted for T-cells
that were either CD62Lhi or CD62Llo. These T-cells were cultured in vitro with either low
dose IL-7 (10 ng/mL) or high dose IL-7 (150 ng/mL) for 7 and 14 days. Results in Figure
6A revealed that T-cells that were initially CD62Llo did not increase in cell number in
culture with IL-7. In contrast, cells that started out CD62Lhi rapidly expanded, especially
with high dose IL-7, more than doubling in number after 14 days of culture (Fig. 6A). These
results indicate that CD62Lhi cells would be more sensitive to the effects of Cdc25A
inhibition as we observed in the T-cell movement assay (Fig. 4D). We examined the
phenotype of the T-cells cultured with high dose IL-7 (150 ng/mL), focusing on the
expression of CD62L on CD4 and CD8 T-cells. We observed that T-cells, initially CD62Lhi,
lost CD62L expression and had become predominantly CD62Llo (Fig. 6B). In contrast,
CD62L was not up regulated on T-cells cultured with IL-7 that were initially CD62Llo. We
further examined the proliferative status of T-cells that started out either CD62Llo or
CD62Lhi and found increased BrdU incorporation, indicative of pronounced cell cycling, in
the CD8+ CD62Lhi population. Note that the few remaining CD4 T-cells proliferated
slightly. Thus as a consequence of a strong IL-7 signal, T-cells proliferate through the
Cdc25A-driven activation of CDKs and also down regulate CD62L which promotes T-cell
movement and also prevents lymph node re-entry. In support of this effect of IL-7, we
isolated Bim-/- lymph node T-cells expressing heterogeneous levels of CD62L and placed
them in extended in vitro culture with high dose IL-7. Table 2 shows that after 14 days, most
of the T-cells cultured with IL-7 retained expression of the activation/memory marker CD44
but down regulated CD62L, while a much smaller percent maintained detectable levels of
CD62L. In contrast, cells deprived of IL-7 expressed a naïve phenotype that was CD44lo and
CD62Lhi.

DISCUSSION
In this study we show that Cdc25A is a critical transducer of IL-7-mediated T-cell
proliferative and movement. Secondary to the effects upon cell growth, expression of either
the stable or inhibitory Cdc25A altered the expression of memory and activation markers,
changing the phenotype of T-cells independently of IL-7. We found that inhibition of Cdc25
enabled the translocation of Foxo1 to the nucleus and up regulated the expression of CD62L,
which could promote cell adhesion upon binding to its ligand. Thus Cdc25A is not just a
mediator of proliferation but also could regulates lymph node homing through control of
Foxo1 localization and the Foxo1-driven expression of CD62L. Testing this mechanism
both in vivo and in vitro revealed that high dose IL-7 can deplete the cellularity of lymph
nodes by down regulating the expression of CD62L on responding CD8 T-cells in a Foxo1
dependent manner.

One of the hallmarks of T-cell activation and TCR stimulation is clonal expansion. A strong
proliferative signal, as induced by high dose IL-7, could drive the cell cycle machinery in a
manner similar to antigen stimulation. Specifically, the dephosphorylating activity of
Cdc25A would result in activated CDKs, like CDK2, which can directly phosphorylate
Foxo1 [27;28], causing its cytoplasmic retention and inactivation. In support of this idea, we
found that the inhibition of Cdc25 resulted in the nuclear accumulation of Foxo1 protein and
increased the surface expression of CD62L in the presence of IL-7.
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Of significance, our data also showed that the down regulation of CD62L, as mediated by
IL-7, is most prominent at the highest dose of IL-7 tested, 150 ng/mL. This indicates that
merely receiving a survival signal from IL-7, which occurs at the lower dosage of IL-7
(<10ng/mL), is not sufficient to decrease expression of CD62L. Indeed, the generation of a
memory effector phenotype, involving the down regulation of CD62L, the up regulation of
the activation markers CD69 and CD44, and the acquisition of effector functions, results
when T-cells undergo multiple cell cycles [29]. Our finding with Bim-/- T-cells supports this
idea. We found that multiple rounds of IL-7-driven cell division, over a period of 7 to 14
days, resulted in the accumulation of CD62Llo T-cells, even when starting with CD62Lhi

cells, while IL-7 withdrawal maintained a naïve CD44loCD62Lhi phenotype.

Our results indicate that a strong proliferative signal, as supplied by high dose IL-7 or over
expressed stable Cdc25A, can down regulating CD62L, promoting T-cell movement. We
found that introduction of exogenous IL-7 lead to decreased cellularity of the lymph nodes
and lower T-cell counts. This is most likely an outcome of T-cell redistribution rather than
massive cell apoptosis. Others have shown that injection of IL-7 into rhesus macaques did
not induce cell death but rather the movement of T-cells into various organs [30], and was
linked to their proliferation. Consistent with published reports [31], we found that a
combination of IL-7 and M25 resulted in the highest recovery of cells from the lymph
nodes. Others have attributed this accumulation of T-cells to antibody-mediated stabilization
of the cytokine. However, we propose in our studies that a combination of IL-7 and M25
actually generates an attenuated IL-7 signal, which is consistent with the previously
described IL-7 neutralizing activity of M25 [32]. Hence, an IL-7/M25 signal would produce
a CD62Lhi phenotype, enabling T-cell retention in the lymph nodes. In support, we observed
lymph node T-cells with the highest levels of nuclear Foxo1 from mice injected with IL-7
and M25.

It is difficult to determine whether T-cells in circulation normally encounter increased
amounts of IL-7 comparable to that utilized in our in vitro assays or in vivo injections. The
concentration of IL-7 detected in the serum of healthy individuals is low (0.3-8.4 pg/mL)
[33] and reporter assays for IL-7 production did not detect the cytokine outside of primary
lymphoid organs [34;35]. Other reports, however, indicate that migrating T-cells could
encounter regions of higher levels of IL-7. Following injections of IL-7, increased levels of
the cytokine were detected in non-lymphoid tissues such as the intestines [30]. This could be
explained by the presence of heparin sulfate proteoglycans found on stromal cells within
various organs that could concentrate the cytokine [36], creating localized
microenvironments containing increased IL-7. More significantly, IL-7 production can be
induced upon infection as was shown to occur with liver hepatocytes upon TLR engagement
[37], and increases in circulating levels of IL-7 have been reported following inflammation
[38]. Hence it is possible that physiological conditions exist whereby T-cells encounter
elevated levels of IL-7 in tissues, yet serum levels remain undetectable. From a therapeutic
standpoint, supraphysiological levels of IL-7 are currently being utilized in human clinical
trials. Our findings that the action of Cdc25A upon Foxo1 and CD62L can alter the
movement of T-cells exposed to high dose IL-7 provide a possible explanation for the
observed effects of IL-7 application, such as the transient depletion of circulating T-cells
[39], providing insight for optimizing the therapeutic potential of this essential cytokine.
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Figure 1. High dose IL-7 Promotes Expression of CD69 and CD44 and Down Regulates CD62L
(A). Lymph node T-cells were isolated from wild type (WT) C57Bl/6 mice (Day 0) and
cultured with 150 or 10 ng/mL of IL-7 for 14 days as described in Materials and Methods.
Dot plots display CD69 surface expression on CD8 and CD4 T-cells as determined by
staining with a FITC-conjugated CD69 antibody, a PE-conjugated anti-CD4 antibody or a
PerCP-conjugated anti-CD8 antibody and analyzed by flow cytometry as described in
Materials and Methods. Results shown were acquired from the viable cell gate. Quadrants
were established using control antibodies. (B). Lymph node T-cells were isolated from WT
C57Bl/6 mice (Day 0) and cultured with 150 or 10 ng/mL of IL-7 for 14 days as described
in Materials and Methods. Dot plots display CD44 and CD62L surface expression as
determined by staining with a FITC-conjugated CD44 antibody and a PE-conjugated anti-
CD62L antibody and analyzed by flow cytometry as described in Materials and Methods.
Gating was performed on CD4 or CD8-expressing cells using aPerCP-conjugated anti-CD4
antibody or a PerCP-conjugated anti-CD8 antibody. Results shown were acquired from the
viable cell gate. Quadrants were established using control antibodies. (D) Following the
methodology described above, histograms display the levels of CCR7 observed on CD8 or
CD4 T-cells cultured with 10 or 150 ng/mL IL-7. Representative experiments of six
performed are shown.
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Figure 2. Cdc25A Transduces IL-7 Proliferative Signals
(A). Lymph node T-cells from WT C57BL/6 mice (left histogram) or Bim-/- mice (right
histogram) were isolated and cultured with low dose (10 ng/mL) or high dose (150 ng/mL)
IL-7 (left histogram) or with or without IL-7 (right histogram). Intracellular levels of nuclear
Cdc25A (left histogram) or total Cdc25A (right histogram) were determined by intracellular
staining using a specific Cdc25A antibody followed by a PE-conjugated secondary antibody
and analyzed by flow cytometry as described in Materials and Methods. Percentages shown
represent the population of cells indicated by the marker. CTRL represents use of an isotype
matched PE-conjugated secondary antibody control. (B). Nucleofection was used to
transiently express the cDNA for Cdc25A-DP, Cdc25A-DN or vector only (pcDNA) in
lymph node T-cells from Bim-/- mice that were cultured with (+) or without (-) IL-7 for 24
hours. Cell cycling was assessed by measuring the incorporation of BrdU into replicating
DNA with a FITC-conjugated BrdU antibody and DNA content was measured by 7AAD
staining using flow cytometry as described in Materials and Methods. Quadrants were
established using control antibodies. Percentages in bold indicate cells that had incorporated
BrdU and were in the G2/S/M phases of the cell cycle. A representative experiment of four
performed is shown.
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Figure 3. Expression of Cdc25A Mimics the Effect of High Dose IL-7, Promoting Activated T-
cells that Down Regulate CD62L
(A). Lymph node T-cells were isolated from Bim-/- mice that were expanded with IL-7 (150
ng/mL) for 48 hours. Nucleofection was used to transiently express the cDNA for Cdc25A-
DP or vector only (pcDNA) and T-cells were cultured without (-) IL-7 for 24 hours.
Untransfected cells are also shown for comparison. Dot plots display CD69 or CD44 surface
expression on CD8 T-cells as determined by staining with a FITC-conjugated CD69
antibody and a PerCP-conjugated anti-CD8 antibody and analyzed by flow cytometry as
described in Materials and Methods. (B-C). Lymph node T-cells were isolated from WT
C57BL/6 mice, and nucleofection was used to transiently express the cDNA for Cdc25A-
DN or vector only (pcDNA). WT T-cells were cultured with (+) IL-7 for 24 hours.
Untransfected cells cultured without (-) IL-7 are also shown for comparison. Dot plots
display CD69 or CD44 surface expression on CD8 T-cells as determined by staining with
FITC-conjugated CD69 and CD44 antibodies (B) or PE-conjugated CD62L antibody (C)
and a PerCP-conjugated anti-CD8 antibody and analyzed by flow cytometry as described in
Materials and Methods. A representative experiment of three performed is shown.

Kittipatarin et al. Page 15

Exp Hematol. Author manuscript; available in PMC 2011 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Surface Expression of CD62L depends on the Nuclear Translocation of Foxo1 which is
Inhibited by Cdc25A
(A-B). Lymph node T-cells were isolated from WT C57BL/6 mice and cultured for 24 hours
with 150 ng/mL IL-7 or without IL-7 (A) or with a Cdc25 inhibitor (B). Levels of nuclear
Foxo1 were determined by intracellular staining using a specific Foxo1 antibody followed
by a PE-conjugated secondary antibody and analyzed by flow cytometry as described in
Materials and Methods. CTRL represents use of an isotype matched PE-conjugated
secondary antibody control. Note that the first peak of (-)IL-7 cells appears behind and
overlaps with +IL-7 cells. Percentages in the tables are indicative of the cells delineated by
the markers. (C). Splenic CD62Llo T-cells, isolated from WT C57BL/6 mice, were sorted
using anti-CD62L antibody and magnetic beads as described in Materials and Methods. T-
cells were treated with a vehicle control (DMSO) or the Cdc25 inhibitor for 24 hours and
analyzed for surface expression of CD44 and CD62L using a FITC-conjugated CD44
antibody and a PE-conjugated CD62L antibody by flow cytometry as described in Materials
and Methods. Quadrants were determined using control antibodies. A representative
experiment of four performed is shown. (D). Time-lapse microscopy was used to track the
movement of enriched CD62Llo or CD62Lhi T-cells treated with vehicle (DMSO) or the
Cdc25 inhibitor overnight as described in Materials and Methods. Cell adhesion was
induced in the final hour by treatment with the CD62L ligand, PSGL-1. Tracks of cell
movements are indicated by the white arrows in the images. Live cell images were obtained
using the UltraView (PerkinElmer) spinning disc confocal system. Post-acquisition
processing to determine T-cell velocity was done using Volocity software (PerkinElmer). A
representative experiment of four performed is shown.
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Figure 5. In vivo Administration of IL-7 Drives Expansion of T-cells that Decrease CD62L and
Exit the Lymph Nodes
C57BL/6 mice were injected once, intraperitoneally, with PBS (CTRL), 10 μg rhIL-7 (IL-7),
100 μg M25 antibody (M25) or pre-mixed 10 μg rhIL-7 and 100 μg M25 antibody (IL-7/
M25). Mice were euthanized after 72 hours and lymph nodes and spleen removed for
analysis. (A) T-cell numbers recovered from lymph nodes were determined using the Accuri
flow cytometer and confirmed by microscopic evaluation as described in Materials and
Methods. Images display inguinal lymph nodes removed from representative mice. (B). Dot
plots display ratio of CD8 and CD4 T-cells as determined by staining with a PE-conjugated
anti-CD4 antibody and a PerCP-conjugated anti-CD8 antibody and analyzed by flow
cytometry as described in Materials and Methods. Results shown were acquired from the
viable cell gate. Quadrants were established using control antibodies. (C). Levels of nuclear
Foxo1 were determined by intracellular staining using a specific Foxo1 antibody followed
by a PE-conjugated secondary antibody and analyzed by flow cytometry as described in
Materials and Methods. Percentages shown in the table represent the population of Foxo1hi

cells indicated by the marker. CTRL represents use of an isotype matched PE-conjugated
secondary antibody control. Representative data from four experiments performed is shown.
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Figure 6. In Vitro Culture with High Dose IL-7 Promotes Proliferation and Down regulation of
CD62L on CD8 T-cells
(A-C). Splenic CD62Llo or CD62Lhi T-cells were isolated from Bim-/- mice and sorted
using anti-CD62L antibody and magnetic beads as described in Materials and Methods.
Cells were placed in culture without IL-7 or with 10 or 150 ng/mL of IL-7 and assayed after
7 or 14 days. (A). T-cell numbers from populations of cells that were initially sorted for
CD62Llo or CD62Lhi expression was determined using the Accuri flow cytometer and
confirmed by microscopic evaluation as described in Materials and Methods. (B). Dot plots
display ratio of CD8 and CD4 T-cells and surface levels of CD62L on CD62Llo or CD62Lhi

T-cells after 14 days of culture in 150 ng/mL IL-7. Phenotype was determined by staining
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with a FITC-conjugated anti-CD4 antibody or a PerCP-conjugated anti-CD8 antibody and a
PE-conjugated CD62L antibody and analyzed by flow cytometry as described in Materials
and Methods. Results shown were acquired from the viable cell gate. (C). Cell cycling of
CD62Llo or CD62Lhi T-cells was assessed after 7 days of culture in 150 ng/mL IL-7 by
measuring the incorporation of BrdU into replicating DNA with a FITC-conjugated BrdU
antibody and CD4 or CD8 expression determined as described using flow cytometry (A).
Quadrants were established using control antibodies. Percentages in bold indicate CD4 or
CD8 T-cells that had incorporated BrdU. (D). Unsorted lymph node T-cells were isolated
from Bim-/- mice and placed in culture without IL-7 or with high dose IL-7 (150 ng/mL) for
7 or 14 days. At the indicated time points, cells were stained with antibodies for CD4, CD8,
CD44 and CD62L as described in Materials and Methods. Surface expression was analyzed
by flow cytometry. Table 2 data is gated on CD8 T-cells and is presented as a percentage of
total viable cells expressing the indicated phenotype. Results from a representative
experiment of two experiments performed are shown.
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Table 1

Summary of Data from Dot Plots in Figure 1

Phenotype 150 μg/mL IL-7 10 μg/mL IL-7

Memory-like
CD4 CD44hiCD62Llo 29% 10%

CD8 CD44hiCD62Llo 42% 11%

Naïve-like
CD4 CD44loCD62Lhi 44% 59%

CD8 CD44loCD62Lhi 31% 70%
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