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Abstract

The signaling processes that maintain the homeostatic proliferation of peripheral T-cells and result
intheir self-renewal largely remain to be elucidated. Much focus has been placed on the anti-apoptotic
function of the cytokine, interleukin-7 (IL-7), during T-cell development. But a more critical role
has been ascribed to IL-7 as a mediator of peripheral T-cell maintenance. The biological effects
responsive to IL-7 signaling are transduced through only a few well-known pathways. In this review
we will focus on the signals transduced by IL-7 and similar cytokines, examining how proliferative
signals originate from cytokine receptors, are amplified and eventually alter gene expression. In this
regard we will highlight the crosstalk between pathways that promote survival, drive cell cycle
progression and most importantly provide the needed energy to sustain these critical cellular
activities. Though this review showcases much of what has been learned about IL-7 proliferative
signaling, it also reveals the significant gaps in our knowledge about cytokine signaling in the very
relevant context of peripheral T-cell homeostasis.
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Interleukin-7 (IL-7) is an essential survival factor for lymphocytes, but evidence is
accumulating that IL-7 has indispensable functions that go beyond protection from cell death.
IL-7 was originally discovered as a result of its proliferative activity on immature murine B-
cells in vitro 61. Early work with IL-7 and IL-7 receptor knockout mice revealed the critical
role of this cytokine in T-cell development57;71;95 and demonstrated that loss of I1L-7
signaling is a major cause of severe combined immunodeficiency syndrome (SCID)73,
establishing the importance of IL-7 in T-cell biology. More recently, IL-7 has been recognized
as a mediator of the homeostatic mechanisms that maintain stable numbers of naive and
memory T-cells in the peripheral immune system 77;84;89. Much of what is currently known
about the activity of IL-7 concerns its role preventing T-cell apoptosis and far less is known
about its proliferative function. Notably, it is this proliferative capacity of IL-7 that has the
greatest therapeutic implication in the treatment of clinical conditions such as lymphopenia. It
is widely recognized that the survival activity of IL-7 is dependent upon the regulation of the
BCL-2 family of anti-apoptotic and pro-apoptotic proteins. However, this survival activity is
not sufficient to fully rescue the lymphopenic conditions that result upon ablation of the IL-7
signaling pathway 41. Sustained expression of the anti-apoptotic protein BCL-2 56 or deletion
of the pro-apoptotic proteins BAX 41 or BIM 70, protected dependent cells from death, but
failed, in the long term, to fully reconstitute a functional T-cell compartment. Clearly, in
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addition to its role as a survival factor, IL-7 also acts as a growth stimulus for T-cells. In this
review, we will examine what is currently known about the biology of IL-7, specifically in the
context of T-cell proliferation.

IL-7 Receptor and Signaling for Proliferation

JAK/STAT

IL-7 is not produced by lymphocytes but is generally considered a product of the stromal cells
found in lymphoid tissues as well as the skin and intestinal epithelium (reviewed in 2;33;58).
Binding of IL-7 to its cell surface receptor leads to the activation of a few signaling pathways
that have the potential to drive T-cell proliferation. The IL-7 receptor consists of the IL-7Ra
chain (IL-7R) and the common cytokine y chain (yc) that is also shared by the receptors for
IL-2, IL-4, IL-9, IL-15, and IL-21 46. Upon ligand binding, the two receptor chains
heterodimerize 101, which leads to the activation of the receptor associated tyrosine Janus
kinases, JAK1 (IL-7R) and JAK3 (yc) 85. The activated JAK proteins in turn phosphorylate
specific residues on the IL-7R creating docking sites for signaling molecules that have Src
homology 2 (SH2) domains such as STATS5 (signal transducers and activators of transcription
5) 48 and to a lesser extent STAT1 and STAT3 100. Disruption of any of the components of
the IL-7 signaling pathway leads to a significant loss of both developing and mature T-cells
62;71;99. Work by several groups has been instrumental in identifying key regions in the IL-7R
responsible for mediating the growth promoting activities of this cytokine.

Signals transduced by IL-7 initiate from the intracellular signaling region of the IL-7R. This
region consists of an acidic rich domain, a serine rich domain, and a tyrosine rich domain (T-
domain) which contains three tyrosine (Y) residues (Y401, Y449, and Y456) 72 that are
conserved in mice and humans. An additional domain known as Box1 is located proximal to
the membrane and is thought to be the binding site for JAK1 90. Studies with T-cell lines
expressing mutant IL-4/1L-7 chimeric receptors revealed that loss of Box1 results in rapid cell
death, deletion of the serine rich region has minimal effects, while the Y449F mutation causes
cell cycle arrest that precedes cell death 34. Hence, signals originating from Box1 and Y449
are essential for IL-7 mediated T-cell survival and proliferation 34. This was reinforced in mice
expressing a knock-in mutation (IL-7RaY449F) that displayed defective homeostatic
proliferation of naive CD4 and CD8 T-cells 66. The Y449 site is thus of particular interest
because two critical IL-7 signaling pathways, the JAK/STAT pathway and the
phosphatidylinositol 3-kinase (PI13K)/AKT pathway may originate from this site 68.

The current model for JAK/STAT signaling from the IL-7R is that upon binding to Y449,
STATS proteins, specifically STAT5a and STAT5b, are phosphorylated by JAKS. The
phosphorylated STATs dimerize and translocate to the nucleus where they modulate the
expression of a number of genes involved in cell survival and proliferation such as BCL-XL,
c-myc, and the D-type cyclins 3;22;99. There have also been reports that STATS5 has functions
independent of its transcriptional activities. Within the cytoplasm, STAT5 can, by associating
with the scaffolding protein, Gab2, activate two signaling pathways that are involved in cell
proliferation, the PI3K/AKT and Ras/MAPK pathways63. This was shown in IL-3 dependent
Ba/F3 cells which signal through JAK2. However, the Ras/MAPK pathway, which is activated
by IL-2 and IL-15, does not appear to be activated by IL-7 18;42;74, so it remains to be
determined whether STATS5 association with Gab2 occurs in response to IL-7 in peripheral T-
cells and is a means for the activation of downstream proliferative signaling pathways.

Because JAKs and STATS are critical for transducing the IL-7 growth signal, mutations in
these proteins can contribute to the development of immunodeficiencies as well as lymphomas.
A deficiency in JAK3 is one of the major causes of severe combined immunodeficiency
syndrome (SCID) in humans. Mice completely deficient in STAT5a and STAT5b also develop
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a SCID-like phenotype 64;99. The lymphopenic conditions resulting from loss of these
signaling molecules could be due to defects in T-cell proliferation. However, this is difficult
to prove given the critical role of IL-7 in early T-cell development. Hence, to study the role of
these proteins in the context of T-cell proliferation, cell cycling effects on peripheral T-cells
must be examined.

The role of STATS in cytokine-induced cell cycling has been examined in several murine
models. Peripheral T-cells in STAT5a/b deficient mice fail to proliferate in response to I1L-2
and this was correlated with the loss of expression of the cell cycle proteins, cyclin D2, cyclin
D3, cyclin A, and cdk6 59. T-cells from an IL-7Ra'Y449F knock-in mouse did not activate
STATS5 66, suggesting that signals transduced through Y449 of the 1I-7R regulate STAT5
activity. A link between IL-7 induced proliferation and STATS5 was shown in an elegant study
utilizing STAT5a/b*'~ compound heterozygous mice which express reduced copy numbers of
STAT5aand STAT5b (haploinsufficiency). Inthis study, mice that expressed an IL-7 transgene
rapidly developed lymphomas and died, while STAT5a/b*/~ mice had improved survival rates
and fewer signs of lymphoma developmentl. Hence STATS5 seems to enhance proliferation in
mouse models in which multiple cell lineages are present, but findings differ when evaluating
individual cell lines. A constitutively active STAT5a was able to protect an IL-7 dependent T-
cell line from death due to cytokine-withdrawal but did not promote proliferation 34, while a
constitutively active STAT5a or STAT5b could sustain proliferation in the absence of IL-3 in
a dependent B-cell line but this may have been due to a gain of function mutation 65. It thus
remains unclear whether STATS5 is required solely for survival signaling or also for the
induction of proliferative activity.

One study tried to address a role for STAT5 in T-cell proliferation by assessing the
phosphorylation state of STATS5. In this study it was reported that the level of IL-7 that induced
STATS activation (as measured by tyrosine phosphorylation of STATS5) did not directly
correspond to IL-7-driven T-cell proliferation. That is quiescent T-cells or those undergoing
minimal cell cycle divisions had equivalent levels of STAT5 tyrosine phosphorylation as did
actively proliferating cells87. Yet in another study that measured ex vivo expression of STATS,
increased levels of phosphorylated STATS were detected in freshly isolated CD8 T-cells
recovered from bone marrow12. This was indicative of the increased proliferative capacity of
cells derived from the bone marrow compared to spleen, but these same cells also displayed
decreased expression of the IL-7R (CD127), suggesting that STAT5 phosphorylation was
sustained even after the IL-7 signal was down-regulated. It thus remains to be determined
whether the activation of STATS directly confers cell cycle progression or whether additional
pathways are involved in regulating T-cell proliferation.

The PI3K/AKT pathway is a potential T-cell survival pathway that in many cell types also
regulates diverse cellular functions such as cell cycle progression, transcription, and
metabolism. Mutations in the PI3K/AKT pathway and the tumor suppressor PTEN, an inhibitor
of PI3BK/AKT signaling, are frequent causes of cancer in humans 21;94. PI3K is a lipid kinase
that when activated by growth factors, translocates to the plasma membrane where it
phosphorylates the lipid, PIP2 92. Conversion of PIP2 into PIP3, recruits AKT, the major
effector of PI3K signaling, to the membrane where it becomes activated. AKT is a serine/
threonine kinase and is estimated to have nearly 900 cellular targets 52. In this section, we will
examine several AKT targets that are involved in initiating cell cycle progression that could
be mediators of IL-7’s proliferative activity.

In terms of cell proliferation, two major activities critical for cell cycle progression have been
attributed to PI3K/AKT signaling: metabolism, which will be discussed later, and regulation
of cyclin-dependent kinases (cdks) 26. Previous studies by us and others have shown that in
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the absence of growth signals like IL-7 or IL-3, dependent lymphocytes arrest in the Go/G1
phase of the cell cycle 39;44;45. To exit from this phase, cells must typically activate specific
G1 cdks/cyclins that are required for cell cycle entry as well as down regulate cell cycle
inhibitors such as p27KiPL, PI3K through AKT promotes stability of the cell cycle proteins c-
myc and cyclin D by inactivating glycogen synthase kinase-3p (GSK3p), a negative regulator
of c-myc and cyclin D (reviewed in 94). Using cytokine-dependent cell lines or epithelial-
derived cells, AKT was shown to inactivate the Forkhead family of transcription factors,
preventing the transcription of genes that negatively regulate the cell cycle like p27XiP1 83 ag
well as mediators of apoptosis19. In addition to transcriptional regulation, AKT has also been
shown to directly interact with and phosphorylate p27KiPL in epithelial cells, targeting it for
cytoplasmic localization and degradation 25.

While there is evidence to support a role for IL-7 in the activation of PI3K/AKT signaling,
most of these studies were performed in transformed cell lines, T-acute lymphaoblastic leukemia
(T-ALL) cells 4, or thymocytes 68. Hence, the data obtained from these studies may not be
truly representative of what is occurring in the peripheral T-cell compartment. Interestingly,
one study which did use untransformed mature T-cells found that IL-7 did not activate the
PI3K pathway (as measured by phosphorylation of AKT), even though these cells did
proliferate in response to IL-7 47, and this was supported by a recent study in which IL-7 again
did not induce the phosphorylation of AKT in primary murine T-cells 66. Hence the PI3K/
AKT pathway may not be directly required for T-cell proliferation, at least in response of
primary T-cells to IL-7. Results using cell lines expressing a mutant IL-2 receptor also
suggested that PI3K signaling was not immediately activated in response to cytokine signaling
14;47. However, when the kinetics of PI3K signaling were examined, IL-2 was found to induce
two waves of PI3K activity: one rapid wave occurring within minutes and a second later wave,
occurring within hours, that contributed to T-cell growth 47. More importantly, IL-7 was found
to also induce this later wave of PI3K activity that may be responsible for cell cycling, although
differences in the response of thymocytes versus mature T-cells were noted 47. Hence, the
immediate, early activation of PI3K signaling does not occur in response to IL-7, while the
function of the later wave of activity remains unclear. This is in contrast to the more rapid
induction of STATS5 activity. The PI3K pathway may thus play a lesser role in the maintenance
of the peripheral T-cells by IL-7 and initiating T-cell proliferation through an IL-7 signal may
in fact be dependent on recruiting other signaling pathways.

In an IL-3 dependent B-cell line, induction of DNA synthesis required activation of both the
PI3K/AKT pathway and the Raf/Mek/Erk pathway. Expression of either activated Raf or AKT
alone was unable to stimulate B-cell proliferation in the absence of the cytokine signal 81.
However, the Erk pathway, does not appear to be activated by IL-7 signaling in T-cells 18.
Furthermore, the PI3K signaling pathway in T-cells may be quite different from B-cells. PI3K
signaling in T-cells may be associated with the yc receptor through JAK3 80 and not the IL-7R
34, impacting on the downstream consequences of this signaling pathway. In recent thymic
emigrants (RTE), inhibition of PI3K did impede cell cycling 87, but this could have been due
to the loss of survival or metabolic activities sustained by PI3K, with proliferation dependent
on other signals. Hence, in T-cells, the proliferative signal mediated by IL-7 could involve the
activation of PI3K/AKT in order to support pro-life signals or bioenergetics, but the essential
mediators of cell division activated in response to IL-7 may not be dependent on this pathway
and remain to be identified.

IL-7 Controls Cell Cycling

Studies of IL-7 dose responses can clearly distinguish the survival function of this cytokine
from its proliferative activity by demonstrating that low doses of IL-7 (<1 ng/ml) sustain only
survival, while high doses of IL-7 (>1 ng/ml) promote survival and cell cycling 44;87. Early
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studies suggesting that IL-7 is a proliferative factor 76 have been recently substantiated by the
observation that administration of IL-7 leads to increased T-cell numbers 28. However, these
findings are in contrast with other studies that describe the failure of IL-7 to induce the cell
division of T-cells 75 along with the decrease in thymic numbers observed upon transgenic
expression of IL-7R 60. In fact, one primate study showed that the proliferative response of T-
cells to IL-7 treatment was transient and that the responding T-cells eventually returned to a
quiescent state even in the continued presence of IL-7 7.

One theory that could explain such disparate findings is that transcription and expression of
the IL-7R is negatively regulated by its ligand, IL-7 60;69, perhaps through activation of
transcriptional repressors 69, and that this “altruistic” behavior could modulate the proliferative
response to the cytokine. Down-regulation of the IL-7R was also observed in response to
diverse growth stimuli such as engagement of the T-cell receptor (TCR) 24 and other cytokines
69. Though the significance of this differential expression of the IL-7R remains elusive, it may
play a role in the differentiation of memory T-cells from effector T-cells 37 through
mechanisms poorly understood. IL-7R levels do appear to reflect the IL-7 dose and duration
of signal, with detection of surface IL-7R decreased at higher doses of the cytokine. Thus down-
regulation of the IL-7R occurs not at the lower doses of IL-7 that maintain survival, but at the
higher doses that support cell cycling 87;88. This may suggest that a strong IL-7 signal is
needed to provide an initial proliferative stimulus that is dispensable once a cell begins the
DNA replicative phase. The complex nature of the IL-7 growth signal remains unknown, but
it likely involves regulation of the activity of key components of the cell cycle machinery.

One mechanism by which IL-7 could promote cell proliferation is through the regulation of
proteins which are involved in the G1/S cell cycle transition, for example through substrates
activated by the PISK/AKT pathway as previously discussed. Indeed the activity of cyclin-
dependent kinase 2 (cdk?2), which is required for progression through G1/S, is increased in
lymphocytes isolated from mice that were treated with IL-7 compared to those treated with a
control28. Furthermore, protein levels of cyclin E and phosphorylated retinoblastoma (Rb)
protein were elevated following IL-7 treatment 28. However, in cytokine-dependent
lymphocyte cell lines, although mRNA levels for cdk4 and cyclin D3 were observed to decrease
following cytokine withdrawal, their protein levels were still detectable at a time point when
the cells had already undergone growth arrest 39. This suggest that while a cytokine signal is
required for the transcription of cdks and cyclins 39;43, the presence of the proteins themselves
is not sufficient to sustain cell cycling in the absence of a growth factor signal. Instead, it may
be the control of the activity of two regulatory factors: the cdk inhibitor p27KiP1 and the cdk
activating phosphatase, Cdc25A, which are the primary mechanisms by which IL-7 promotes
T-cell proliferation.

p27KiPL js a member of the CIP/KIP family of cyclin-dependent cell cycle inhibitors (CKIs)
that negatively regulates the G,/S transition 93 but may also promote the assembly of G, cdk/
cyclin D complexes in a manner not well understood (reviewed in 16). p27XiP! binds to and
inhibits cdk2 and its cyclin partner by occupying the kinase’s catalytic cleft, causing
conformational changes that inactivate the kinase/cyclin complex, leading to Gy cell cycle
arrest 82. Levels of p27XiP1 are highest in quiescent cells and must be down-regulated in order
for cells to enter cell cycling 38. Recently, the discovery that p275iP1 is a phosphoprotein
containing 6-8 phosphorylatable residues suggests a mechanism to explain how growth signals
can modulate the CKI’s activity. Phosphorylation of p27KiP1 by tyrosine kinases, such as Src,
inhibited its association with cdk2, leading to the activation of cdk2, which in turn further
phosphorylated p27KiP1, targeting the CKI for degradation 31. Other kinases that could be
involved in the phosphorylation of p27XiP1 include PKC8, shown to regulate p27KiP! stability
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in an IL-7 dependent T-cell line 49, and the PI3K/AKT pathway, shown to regulate
phosphorylation of the transcription factor FoxO3, which induces p27XiP1 expression in 1L-2
dependent T-cells 83. In IL-7 dependent T-cells, the expression of p27KiP1 was sufficient to
cause G arrest in the presence of IL-7. Furthermore, IL-7 withdrawal induced the upregulation
of p27KiPL and arrested cells in G; while siRNA knockout of p27KiP1 enhanced cell cycle
progression compared to control cells 49. However, adoptive transfer of p27KiP! deficient
lymphocytes into IL-7 deficient mice demonstrated that loss of p27KiPL could only partially
compensate for the IL-7 signal needed by T-cells to expand in a lymphopenic environment
49. Hence p27KiP1 may be needed to negatively regulate cdk2 activity, but its absence is not
sufficient to fully induce cell cycling under lymphopenic conditions.

The positive activation of cdk/cyclin complexes needed to promote cell cycle progression is
mediated by the dephosphorylating activity of a family of dual-function protein phosphatases
collectively known as Cdc25. There are three isoforms of Cdc25 in mammalian cells: Cdc25A,
Cdc25B, and Cdc25C. Few studies have examined the activities of these proteins in T-cells.
What is known from examining epithelial-derived cell lines is that Cdc25A has a critical role
in the G4/S transition by activating cdk2, and can also act on cdk1 to promote mitosis 53.
Overexpression of Cdc25A is correlated with accelerated entry into S-phase and a shortened
G110. Hence Cdc25A is the rate limiting factor for S-phase progression 10;79. In contrast,
Cdc25B and Cdc25C have more limited roles which are restricted to the Go/M phases. The
importance of Cdc25B and Cdc25C in cell cycling has been challenged by the finding that cells
from Cdc25B and Cdc25C knockout mice, have normal cell cycling activities 23. Hence, it
has been proposed that Cdc25A may be able to compensate for the activities of both Cdc25B
and Cdc25C. Cdc25A is of particular interest in terms of IL-7 proliferative signaling because
IL-7 withdrawal results in G41/S cell cycle arrest and is correlated with loss of cdk2 activity
28;39, two events regulated by the dephosphorylating activity of Cdc25A.

Cdk activity is negatively regulated through inhibitory phosphorylation mediated by Weel/
Mik1/Mytl kinases 9. This leads to the accumulation of an inactive pool of cdks. In order to
re-activate cdks, like cdk2, the dephosphorylating activity of Cdc25A is required 35. Cdc25A
is in turn negatively regulated by phosphorylation which triggers its degradation through a
ubiquitin-proteasome dependent pathway 8. Two kinase families known to phosphorylate and
regulate the stability of Cdc25A are the MAP kinases (MAPK), specifically p38 MAPK, and
the checkpoint kinases 1 and 2 (CHK1 and CHK?2) 29;32.

In cytokine-dependent lympocytes, p38 MAPK activity has been linked to both proliferative
effects 17 and the induction of apoptosis 42. Such conflicting results, may be explained by
examining the kinetics of p38 MAPK activity, which indicate that cytokine signaling maintains
a basal level of activity that is greatly increased upon cytokine withdrawal 42. Localization
and availability of substrates may also influence the outcome of p38 MAPK activity. Using
IL-3 dependent B-cells, the increase in activity of p38 MAPK, but not CHK1, following
cytokine withdrawal in dependent lymphocytes correlated with a rapid decline in the protein
levels of Cdc25A 39. In epithelial cells, p38 MAPK was found to phosphorylate Cdc25A and
this phosphorylation in turn triggered degradation of the phosphatase 29, resulting in G arrest.
To determine whether Cdc25A could have arole in IL-7 induced proliferation of T-cells, a p38
MAPK-resistant Cdc25A mutant was generated by mutating the two p38 MAPK target sites
on Cdc25A. Once expressed, this Cdc25A mutant protein remained stable during IL-7
withdrawal and was not targeted for degradation by p38 MAPK phosphorylation. Expression
of the Cdc25A mutant in an IL-7-dependent T-cell line as well as in peripheral, primary T-
cells was sufficient to sustain cell survival and promote cell cycling for several days in the
absence of IL-7. This was accompanied by increased phosphorylation of cdk2 and Rb39;44.
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Hence, Cdc25A, like p27KiP1 is responsive to IL-7 proliferative signaling. Interestingly, when
p27KiP1 Jevels were examined in cytokine-deprived lymphocytes expressing the Cdc25A
mutant protein, these were found to be elevated and yet did not interfere with the cell cycling
activity conferred by Cdc25A expression 44. The positive effects of Cdc25A upon cdk activity
can thus overcome the inhibitory action of p27XiP1, Though little is known of the IL-7 receptor
proximal events that control p38 MAPK activity and the stability of Cdc25A, these likely
involve mechanisms that control transcriptional activity (perhaps through STATS5), cycling
controls (perhaps through PI13K) and stress responses through pathways that link survival
signaling with the MAPK pathway. What can be surmised from the current findings is that the
controller of cell cycle progression, Cdc25A, can provide signals that ensure not only
successful DNA replication 44 but may also sustain the necessary metabolic activity required
for mitotic cell division in response to an IL-7 proliferative signal.

IL-7 Controls Metabolism (and cell size)

GLUT1

Maintenance of cell survival and proliferation is dependent upon the ability of cells to acquire
sufficient nutrients to support cellular metabolism. Failure to maintain energy production,
specifically through glucose metabolism, is especially detrimental to actively cycling cells
which have increased energetic demands. Indeed one of the cellular requirements for
progressing from G4 into S-phase is to acquire the appropriate cell size, which is indicative of
cell growth. This was elegantly shown in yeast in which cell cycling stops when cell growth
is delayed 36. However, in mammalian cells, it has been argued that pro-growth extracellular
signals are the main requirement for G1/S progression 15. Yet, as found with yeast, evidence
for cell size controlling mammalian cell division has also been reported. IL-3 dependent cells
from mice deficient in the apoptotic proteins, BAX and BAK, survived in the absence of IL-3
but decreased in size. Re-addition of IL-3 restored cell proliferation but only after the cells had
reached the size of normal cycling cells, suggesting that size control was linked to cytokine-
driven cycling 51;97. As with IL-3 dependent cells, IL-7 dependent cells undergo atrophy or
decrease in cell size when the cytokine is withdrawn 39;75. The control of cell size mediated
by IL-7 was linked to the maintenance of glucose metabolism through signals transduced by
PI3K/AKT 5 and the mammalian target of rapamycin (mTOR) 78, resulting in the regulation
of the expression and activity of glucose transporters.

A function attributed to growth factors like IL-7 is the maintenance of metabolic activity
through the uptake of glucose from the extracellular milieu. How this process occurs in
peripheral T-cells is poorly understood. Mitogen-stimulated thymocytes, for example, are
dependent upon glucose uptake for proliferation, switching from oxidative to glycolytic energy
production during the G1/S transition 30, a trend also observed in cancerous cells (Warburg
effect) 96. We and others have found that IL-7 deprivation caused dependent cells to rapidly
cease glucose transport 40. The main facilitative glucose transporter in peripheral T-cells is
GLUT1 13, which is also the receptor for the human T-cell leukemia virus (HTLV) 54.
Increased GLUT1 expression occurs upon T-cell activation, for example, through engagement
of the TCR55. GLUT1 expression is also upregulated by cytokine signaling. In IL-3 dependent
B cells, GLUT1 translocation to the surface and stimulation of glucose transport was controlled
by the presence or absence of IL-3, a process inhibited by PI3K inhibitors 6 as well as inhibitors
of mTOR 98. Similar findings were made in IL-7 dependent T-ALL cells in which PI3K
signaling was required for maintenance of cell size and GLUT1 expression 4. In recent thymic
emigrants, the PI3K pathway was also responsible for the up-regulation of GLUT1 and
increased glucose uptake that correlated with IL-7 induced proliferation 87. In addition to
GLUT]1, cytokine signaling also maintains expression of other glycolytic enzymes including
hexokinase 2 and phosphofructokinase 1 — enzymes whose activity rapidly declined upon
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growth factor withdrawal 91. In the absence of such growth factor signaling, metabolism ceases
in dependent cells, causing progressive atrophy, as measured by a decrease in cell size, and
ultimately death.

In addition to regulating GLUT1, IL-7 is also linked to the expression of another nutrient
transporter, the transferrin receptor (CD71). High levels of CD71 were observed on cells that
also expressed GLUT1 transporters and in fact characterized a highly proliferative subset of
thymocytes 86;87. Like GLUT1, surface expression of CD71 was blocked by inhibition of
PI3K in the IL-7 responsive T-ALL cells 4. Expression of both GLUT1 and CD71 is thus
associated with high metabolic activity, characteristic of actively cycling cells. Hence,
maintenance of glucose uptake and metabolism is a requirement for active cell cycling as well
as the prevention of apoptosis. But given that very little is known about glucose metabolism
in peripheral T-cells and that the inhibition of PI3K signaling in an IL-7 dependent T-cell line
did not cause cell death in the presence of the cytokine but only accelerated death during IL-7
withdrawal 50, it is possible that in IL-7 dependent mature T-cells, sustained glucose
metabolism and its associated effects upon proliferation and survival also rely upon PI3K-
independent mechanisms that are yet to be discovered.

Conclusions

IL-7 is a multi-potent growth factor known to provide survival signals for T-cells. More
importantly IL-7 sustains lymphocyte development and provides proliferative signals that
maintain the peripheral T-cell compartment. As shown in Figure 1, the current model for the
IL-7 growth signal involves only a small number of known signaling pathways. The JAK/
STAT pathway provides the essential survival and growth signaling, the PI3K/AKT pathway
provides additional survival signals and metabolic activity, and the MAPK pathway initiates
apoptosis and growth arrest. Though much has been learned, many critical questions remained
unresolved. In response to IL-7, does STATS5 directly initiate proliferative signaling and are
there non-transcriptional activities that promote cell survival or does STATS5 indirectly induce
the expression of novel proliferative (X) or survival () factors? What is the importance of
PI13K signaling and how is it initiated — directly by binding the IL-7 receptor or is there an
intermediate step (X), perhaps linked to the JAK/STAT pathway? Are there unknown IL-7-
induced secondary messengers that activate transcription factors (Z) needed for inducing
survival gene products? How is the MAPK pathway regulated — directly from the IL-7 receptor
(X) or via feedback from the JAK/STAT or PI3K/AKT pathways? Lastly, how are these
pathways connected to provide the complex signals that mediate proliferation, survival and
metabolism?

Answers for these questions will require evaluating the I1L-7 signaling pathway for novel
interactions beyond those already known. A few new signal transducers that cooperate with or
substitute for IL-7 have already been discovered. For example the Notch pathway synergizes
with IL-7 signaling to drive the proliferation of thymocytes 27 and the TNF receptor family
member, CD27, has been shown to maintain expression of the IL-7R leading to clonal
expansion of T-cells 11. Glutamate receptors and pH regulators like the sodium hydrogen
exchanger (NHE) (Figure 1) have known roles in T-cell growth 20;67 and links to 1L-7
signaling remain to be established. Clues to novel downstream substrates of the IL-7 signaling
pathway have also come from gene array studies in which cell cycle regulators, like cdc20,
nuclear factors, like ALY, and cell adhesion molecules and intracellular signal transducers
were upregulated by IL-7 43. Future studies may continue to unravel the connections between
the survival, metabolic and proliferative signals mediated by IL-7 in dependent T-cells by
extrapolating from parallel findings in other cell types, such as neurons whose growth factor
dependency in many ways resembles that of immune cells.
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Figure 1. IL-7 Signaling Pathways that Drive Proliferation, Survival and Metabolism

Binding of IL-7 causes dimerization of its receptor chains and activation of the receptor—
associated JAK1 and JAK3. JAKs in turn phosphorylate receptor docking sites for STATS5,
leading to the transcription factor’s phosphorylation, dimerization and nuclear translocation,
perhaps inducing novel gene products that promote survival (X, Y). Other signaling pathways
that may stem directly or indirectly (X) from the IL-7 receptor include the PI3K/AKT pathway
which inhibits apoptotic proteins and the cell cycle inhibitor, p27KiP1, and promotes glucose
uptake through the glucose transporter, GLUT1. Unknown signaling pathways (X) also
regulate the activity of the stress kinase, p38 MAPK. Down-regulation of p38 MAPK leads to
the stable expression of Cdc25A, the activator of cdk/cyclin complexes that promotes
proliferation and gene expression likely through activation of the E2F transcription factors.
Expression of the survival protein, BCL-2, is up-regulated by I1L-7, perhaps through STAT5
activity, but more likely through unknown transcriptional activity (Z). T-cell proliferation in
response to IL-7 thus requires signals that drive cell cycle progression but also provide survival
signals that prevent apoptosis and produce energy to support cell division.
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