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Introduction

Interleukin-7 (IL-7) was initially isolated more than 10 years
ago.1-4 Nevertheless, the complete set of physiologic roles for
this cytokine, especially those involving lymphocyte homeosta-
sis, have only recently been elucidated. After the initial descrip-
tions of effects on B-cell precursors, recognition that IL-7 also
has marked activity on immature5-7 and mature8 T cells soon
followed. Information from gene-deleted mice showed IL-7 is a
nonredundant cytokine for murine T and B lymphopoiesis.9,10

Mutations in the � chain of the IL-7 receptor in patients with
severe combined immunodeficiency (SCID) confirmed that IL-7
is indispensable for T-cell development in humans. However,
the presence of B cells in these individuals suggests important
differences between the role of IL-7 in murine and human
lymphocyte development.11 IL-7 also has potent effects on
mature T cells. Recent work has shown that IL-7 is a critical
modulator of low-affinity peptide-induced proliferation, which
is a central feature of the homeostatic regulation of T-cell
populations.12,13 Furthermore, circulating levels of IL-7 increase
in response to T-cell depletion, suggesting a role in T-cell
regeneration.14-16 Importantly, the primary sources of IL-7 are
non–marrow-derived stromal and epithelial cells. Thus, IL-7 is a
pleiotropic cytokine with central roles in modulating T- and
B-cell development and T-cell homeostasis. The potency and
breadth of effects suggest that IL-7 administration or neutraliza-
tion of IL-7 may allow the modulation of immune function in
patients with lymphocyte depletion, vaccine administration, or
autoimmunity.

Genetics and structure

The gene for human IL-7 is located on chromosome 8q12-13,17

spans 6 exons, and has open-reading frame of 534 base pairs (177
amino acids), including a 25-amino acid signal peptide18 (Figure
1). Homology between the human and the murine IL-7 sequence is
81% in the coding regions and approximately 60% to 70% in the 5�
and 3� noncoding regions. Although human IL-7 has activity in
murine cells, murine IL-7 fails to stimulate human pre-B cells. The
sequence of human IL-7 predicts a molecular weight of 17.4 kd, but
glycosylation results in an active protein of 25 kd. IL-7 is classified
as a type 1 short-chain cytokine of the hematopoietin family, a
group that also includes IL-2, IL-3, IL-4, IL-5, granulocyte
macrophage–colony-stimulating factor (GM-CSF), IL-9, IL-13,
IL-15, M-CSF, and stem cell factor (SCF).

Sites and regulation of production

Production of IL-7 has been detected from multiple stromal tissues,
including epithelial cells in thymus and bone marrow.19,20 Within
the thymus, the predominant cell responsible for IL-7 production
appears to be a major histocompatibility complex (MHC) class II�
epithelial cell that likely represents a cortical epithelial cell.21

Additional sites of IL-7 production include intestinal epithelium,22

keratinocytes,23 fetal liver,24 adult liver,25 dendritic cells,26,27 and
follicular dendritic cells.28 Importantly, IL-7 mRNA has not been
detected in normal lymphocytes, though production by Epstein-
Barr virus (EBV)–transformed lymphocytes has been reported.29

Thus, IL-7 is essentially a tissue-derived cytokine, with the primary
sources stromal and epithelial cells in various locations, whereas
bone marrow–derived dendritic cells appear to be relatively minor
sources of IL-7. IL-7 has been shown to bind extensively to the
extracellular matrix-associated glycosaminoglycan, heparan sul-
fate, and fibronectin—a feature that is likely to play an important
role in the regulation of local tissue availability and IL-7–induced
signaling within the microenvironment.30-32

Transforming growth factor-� (TGF-�) and IL-7 share a
reciprocal relationship wherein each is capable of down-regulating
the expression of the other. Indeed, the ability of TGF-� to inhibit
IL-7–induced proliferation of pre-B cells was recognized soon after
IL-7 was identified.33 In addition, TGF-� has been shown to
down-regulate IL-7 mRNA and protein secretion from human bone
marrow stromal cells.34 Interestingly, IL-7 has also been shown to
down-regulate TGF-� production.35,36 Thus IL-7 shares an antago-
nistic relationship with TGF-� wherein TGF-� can down-regulate
IL-7 production by stromal cells and IL-7 can down-regulate the
production of TGF-�. Although the mechanisms and implications
of this relationship are yet to be elucidated, the potency of both
agents on a breadth of immune populations suggests that this
represents an important level of immune regulation.

IL-7 receptor and signaling

IL-7 is a member of the family of cytokines that signal through the
common cytokine gamma chain (�c) (Figure 2).37-39 A recent
addition to this family is IL-21.40-42 IL-7 also uses a second
component, the IL-7 receptor alpha chain (IL-7R�) (CD127).
Signaling through the IL-7R requires both IL-7R� and the �c
component. Because �c is expressed ubiquitously on lymphoid
cells, the identification of IL-7R� implies that IL-7 binding and
subsequent signaling could occur. In general, IL-7R� can be
identified on immature B cells through the early pre-B stage, on
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thymocytes, and on most mature T cells with transient down-
regulation upon activation.43,44

IL-7R� is also used by thymic stromal-derived lymphopoietin
(TSLP) as part of a complex that contains a second receptor chain
that, thus far, appears to be used solely by TSLP.45-49 Indeed, the
myriad subtle but significant differential effects observed in
IL-7�/� versus IL-7R��/� mice may be attributed to the ablation of
the effect of IL-7 alone in the IL-7�/� mice, whereas IL-7R��/�

mice are deficient in IL-7 and in TSLP signals.
Like other members of the hematopoietin receptor family,

IL-7R� is a type 1 membrane glycoprotein folded to accommodate
the binding of alpha helical cytokines. The 220–amino acid
extracellular domain contains major regions of homology with
other members of this family. In addition, there is a single
25–amino acid transmembrane region and a 195–amino acid
cytoplasmic tail important in recruiting intracellular signaling
molecules (reviewed in He and Malek50). Recruitment of kinases is
required for signal transduction because the intracellular portion of
IL-7R� does not contain intrinsic tyrosine kinase activity.

IL-7 signaling involves a number of nonreceptor tyrosine kinase
pathways that associate with the cytoplasmic tail of the receptor.
These include the Janus kinase/signal transducer and activator of
transcription (Jak/STAT) pathway, phosphatidylinositol 3-kinase
(PI3-kinase), and Src family tyrosine kinases. Details of IL-7
signaling have been comprehensively reviewed elsewhere.51 Of
note, IL-7 shares intracellular signaling molecules with a number

of other cytokines, and the exact mechanisms responsible for
signaling specificity remain unclear.

In humans, mutations in �c52 and Jak353,54 result in a SCID
syndrome with defective T- and natural killer (NK)–cell generation
similar to that observed in �c-deficient mice. Recently, patients
with deficiencies in T cells, dysfunctional B cells, and normal to
increased NK cells were identified as having mutations in IL-
7R�.11 Thus, whereas IL-7 is required for B-cell development in
mice, it is not absolutely required in humans. It should be noted,
however, that B-cell function remains severely impaired in these
patients, and the mechanisms responsible for this immune dysfunc-
tion are not well understood. Table 1 shows the phenotype of
relevant knockout mice and corresponding human correlates from
spontaneous mutations.

Based on the information available, the following model for
IL-7–mediated signaling can be put forth (Figure 2). First, IL-7 binds to
IL-7R�, leading to dimerization with �c, which also has binding sites
for IL-7.55 Jak3, associated with �c, phosphorylates tyrosine residues in
the cytoplasmic portion of IL-7R�, leading to recruitment of Jak1 and of
STAT molecules. Although a number of cytokines use the components
involved, specificity in signaling may be achieved by specific docking
sites for particular STAT molecules or through the use of additional
kinases as described above. It is important to point out that though the �c
component is required for IL-7 signal transduction,39 this requirement
appears to be based solely on the lack of intrinsic tyrosine kinase activity
in IL-7R� and the need for Jak3 to “trigger” phosphorylation of

Figure 1. Structure of the human and murine IL-7
genes. Human IL-7 locus consists of 6 exons and 9
introns with extensive 3� and 5� untranslated regions. The
gene is located on chromosome 8q12-13. IL-7�4 variant,
which lacks exon 4, has been found in multiple tissues
and lacks biologic activity. Whether this variant has any
biologic significance is unknown. The murine IL-7 gene
has approximately 80% homology to the human gene in
the coding regions but lacks the 54–base pair (bp)
exon 5.

Figure 2. IL-7 shares the common cyto-
kine �c with IL-2, IL-4, IL-9, IL-15, and
IL-21 and the IL-7R� chain with TSLP.
Binding of IL-7 to the IL-7R� chain and �c
leads to heterodimerization of these compo-
nents and to juxtaposition of the intracellular
signaling molecules Jak 3 and Jak 1. Phos-
phorylation of tyrosine residues within the
cytoplasmic domain of the IL-7R� chain and
the Jak 1 molecule results in the activation of
multiple downstream signaling pathways, in-
cluding STAT5a and STAT5b, PI3-kinase
(PI3K), and src kinases. In addition IL-7
signaling alters bcl-2 family member expres-
sion and localization, resulting in cell
survival signals.
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IL-7R�–associated proteins.56 Indeed, in a chimeric receptor system, an
erythropoietin receptor containing Jak2 can substitute for �c-associated
Jak3.57 Thus, IL-7R� appears to function as the driver of signaling once
activated by dimerization with an appropriate receptor containing a
trigger, which in the native setting involves �c.

B cells

B-cell development can be divided into distinct phases in mice that
can be characterized by surface phenotype (Figure 3).58 IL-7 was
first identified based on its capacity to induce the growth of
immature B lymphocytes.1-3 The generation of IL-7–deficient10 and
IL-7R�–deficient mice9 and monoclonal antibody blocking experi-
ments59 confirmed the requirement of IL-7 for B-cell development
in mice. In IL-7�/� mice, a block in B-cell development occurs at
the pro–B-cell to the pre–B-cell transition.10 Interestingly, in
IL-7R��/� mice, the block in B-cell development occurs earlier, at
the pre–pro–B-cell stage.9 This indicates the presence of a second
molecule (such as TSLP) that uses IL-7R� and regulates B-cell
development at the pre–pro–B-cell stage.49 Transgenic IL-7 expres-
sion in lymphoid cells using an immunoglobulin promoter results
in the dramatic expansion of immature and mature B cells.60 Mice
that express IL-7 under an MHC class II promoter develop an
expansion of immature B cells in the spleen, lymph nodes, and
bone marrow with the eventual development of lymphoprolifera-
tive disorders bearing immature B-cell markers.61-63 Furthermore,
the administration of exogenous IL-7 to normal mice leads to

significant expansion of pre-B cells and mature B cells in normal
and lymphocyte-depleted mice.64-66

Although there is no doubt that supraphysiologic levels of IL-7
potently expand B-cell progenitors in mice, leading to the expan-
sion of the entire B-cell compartment, several questions remain
regarding the exact physiologic role for IL-7 in regulating the
proliferation, survival, and differentiation of developing B cells in
normal mice. In particular, developing murine B cells show
significant changes in the capacity and threshold for IL-7–induced
proliferation, depending on the exact stage in B-cell development.
Pre–pro-B cells display a high threshold for IL-7–induced prolifera-
tion, followed by a diminished threshold at the pro–B-cell stage
with a return of a higher threshold at the pre–B-cell stage.67

Furthermore, IL-7–induced proliferation of pre-pro B cells (before
immunoglobulin rearrangement) requires stromal contact,58,68

whereas IL-7 induces the proliferation of pro-B cells (D-J rear-
ranged) in a contact-independent manner.33,69 One potential expla-
nation for the stromal cell requirement in pre–pro-B cells was
provided by the recent description of a heterodimeric “hybrid
cytokine” formed by IL-7 and the � chain of hepatocyte growth
factor termed pre–pro–B-cell growth-stimulating factor (PPBSF).70

PPBSF stimulates the proliferation and differentiation of pre-pro B
cells in vitro, thus inducing receptivity to proliferation induced by
monomeric IL-7 alone as the cells enter the pro–B-cell stage.
Although a true low-affinity receptor on pre–pro-B cells has not yet
been defined, it is postulated that PPBSF can signal through a
low-affinity receptor on pre–pro-B cells, thus leading to the

Table 1. Lymphoid phenotype of relevant knockout mice and SCID syndromes associated with human mutations

Knockout mouse Affected cytokine Phenotype Human correlate

�c, Jak 3 IL-2, IL-4, IL-7, IL-9, IL-15, IL-21 Impaired T- and B-cell development; absent NK cells;

normal thymic architecture

T�, NK�, B� SCID

�c, c-kit IL-2, IL-4, IL-7, IL-9, IL-15, IL-21, SCF Similar to �c but complete lack of thymic development None

IL-7 IL-7 Impaired T- and B-cell development; normal NK; �� T

cells nearly absent

Unknown

IL-7R� IL-7, TSLP More severe impairment of T- and B-cell development

than IL-7 knockout; no �� T cells

T�, NK�, B� SCID

Figure 3. Schematic of B-cell development in relation
to IL-7R� expression and IL-7 responsiveness. B-cell
development proceeds from a common lymphoid progeni-
tor (not shown) that is characterized by the expression of
IL-7R� and c-kit but that lacks lineage-specific markers
(eg, B220). The first identifiable progenitor committed to
the B lineage is the pre–pro-B cell expressing B220 and
low levels of heat stable antigen. Transition to the pro–B-
cell stage involves a period of proliferation, probably in
response to factors other than monomeric IL-7, and the
beginning of immunoglobulin heavy chain rearrange-
ment. Heavy chain rearrangement is completed at the
early pre–B-cell stage. This stage also involves the
expansion of successfully rearranged cells in response to
IL-7 and other factors. By the late pre–B-cell stage,
IL-7R� expression ceases. Fractions listed correspond to
those described by Hardy et al58 in the mouse.
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up-regulation of a high-affinity receptor and subsequent responsive-
ness to monomeric IL-7 on pro-B cells. In addition, TSLP may
suffice for pre–pro-B cell proliferation because IL-7�/� mice
generate pro-B cells whereas IL-7R��/� mice do not.

It was recently shown that assembly of the B-cell antigen
receptor (BCR) complex regulates IL-7–induced proliferation
because pro-B cells from RAG2�/� mice, which lack a pre–B-cell
receptor, have an increased threshold for IL-7 responsiveness at the
pro–B-cell stage and a failure to shut down IL-7 responsiveness at
the pre-B cell stage.67,71 Thus, developing B cells appear to become
transiently susceptible to IL-7–induced proliferative and trophic
effects at the pre–B-cell stage associated with BCR rearrangement.
However, subsequent to this point, tight control of IL-7–induced
effects occurs by increasing the IL-7 signaling threshold in the
presence of the BCR.

Whether IL-7 acts directly to induce BCR rearrangement or
facilitates antigen receptor rearrangement indirectly by acting as a
trophic factor that enhances the survival of cells undergoing BCR
gene rearrangement has been a controversial area in B-cell
development. Corcoran et al72 found impaired immunoglobulin
gene rearrangements in IL-7R��/� mice, but D-J and V-D-J
rearrangements of the heavy chain locus were detectable in IL-7�/�

mice.73 However, the expression of cytoplasmic � was reduced in
IL-7�/�, �c�/�, and Jak3�/� mice, suggesting that IL-7 may be
involved in cytoplasmic � expression after rearrangement. A
possible explanation for this discrepancy was that the lack of
signaling of another putative factor that uses IL-7R� was respon-
sible for the impaired gene rearrangement in IL-7R��/� mice.
Indeed, using an in vitro system, Corcoran et al74 demonstrated a
direct role for IL-7R� in promoting immunoglobulin gene rearrange-
ment. By transferring mutated forms of the gene for IL-7R� into
IL-7R��/� mice, they identified a tyrosine residue on the IL-7R�
cytoplasmic domain that is required for PI3-kinase signaling.
Mutations at this site abrogated proliferation but retained the ability
to mediate immunoglobulin gene rearrangement as measured by �
protein expression. Therefore, it appears that signaling through
IL-7R� may play a mechanistic role in immunoglobulin rearrange-
ment, and it remains possible that TSLP or another yet to be
identified molecule can induce these effects in IL-7�/� mice.
Furthermore, these studies demonstrated that at least 2 distinct
IL-7R�–mediated signaling pathways differentially regulate the
proliferation of developing B cells and the mechanistic effects on
BCR rearrangement.

In a number of cell types, including developing B cells, IL-7 can
act as a trophic factor. Thus, in addition to the proliferative effect of
IL-7 on developing B cells, IL-7 can maintain developing B cells
by providing a survival signal. This effect appears to involve the
modulation of bcl-2 family members, a group of intracellular,
membrane-associated proteins that includes both proapoptotic and
antiapoptotic members.75 Although this mechanism has been well
established for T cells (as will be discussed later), the role of this
pathway in developing B cells remains less clear. Transgenic
expression of the antiapoptotic molecule bcl-2 was unable to
restore B lymphopoiesis in �c�/� mice76 or IL-7R��/�.77 However,
analysis of IL-7�/� mice indicated that the absence of IL-7 results
in decreases in bcl-2, increases in bax, and increased apoptosis in
developing B cells.78 Thus, the physiologic role of IL-7 as a trophic
factor for developing B cells through the modulation of bcl-2
family members has not yet been determined definitively.

IL-7 synergizes with stromal-derived factor 1 (SDF-1)79 and
SCF80 in inducing the proliferation of developing B cells, and the
combination of IL-7 and flt3 ligand induces dramatic expansions of

B cells in vitro.81 Furthermore, IL-7 and flt3 ligand can support
B-cell generation within the thymus.82 Thus, in the physiologic
setting, it is likely that factors such as SDF-1, SCF, and flt3 ligand
work in concert with IL-7 to regulate B-cell development. In
summary, it appears as if the proliferative effect of IL-7 on pro- and
pre-B cells is tightly regulated within the marrow environment by a
complex interaction between antigen receptor assembly, responsive-
ness to IL-7, and action of other B-cell growth factors.

Mature B cells are generally incapable of responding to IL-7.
However, recent work has demonstrated that a least a subset of
peripheral B cells can become transiently IL-7 responsive. B-cell
receptor antigen diversity is generated during development by
immunoglobulin gene rearrangements mediated by recombinase-
activating (RAG) genes. However, secondary rearrangements,
termed receptor editing, can occur in IgM�IgD� immature B cells
in vitro.83-85 Isotype switching, somatic hypermutation, and affinity
maturation occur within germinal centers and result in modifica-
tions in antibody affinity, but because RAG expression was thought
to cease in peripheral B cells, it was originally assumed that further
immunoglobulin rearrangements did not occur. However, it is now
known that the immunization of mice results in the re-expression of
RAG genes in B cells in lymphoid germinal centers and can result
in functional V-D-J recombination in vitro and in vivo.86,87 Hikida
et al88 showed that that IL-7R� is also re-expressed in germinal
center B cells and that IL-7 could induce RAG re-expression.
Furthermore, the administration of an IL-7R � blocking antibody
suppressed V-D-J recombination in the germinal centers of immu-
nized mice. Therefore, IL-7 can act to restore the plasticity of
B-cell antigen receptor specificity in mature B cells, implying that
IL-7 may play a direct role in immunoglobulin rearrangement.

As discussed earlier, humans with SCID caused by IL-7R�
mutations show normal numbers of B cells.11 Furthermore, in an in
vitro system, the generation of immature B cells from bone
marrow–derived stem cells did not require the presence of IL-7.89

Nonetheless, there is abundant evidence that IL-7 can modulate
B-cell development in humans. In the initial report on human IL-7,
effects on human B cells derived from normal marrow were
described.2 In one report, pro-B cells responded to IL-7 in the
presence of stromal cells, whereas pre-B cells did not proliferate
despite comparable IL-7R� expression.90 Thus, although human
B-cell development does not appear to require IL-7, immature
human B cells do proliferate in response to IL-7, and IL-7 treatment
in mice leads to the expansion of immature B cells. Thus, it appears
likely that pharmacologic doses or increased availability of endog-
enous IL-7 may affect B-cell generation in humans.

Developing T cells

The development of T cells within the thymus proceeds through a
complex series of stages (Figure 4). The first stage is represented by
CD3�CD4�CD8� triple-negative (TN) immature thymocytes, fol-
lowed by a CD4�CD8� double-positive (DP) stage and, finally a
CD4� or CD8� single-positive (SP) stage containing mature T
cells. The TN, DP, and SP stages represent 5%, 80%, and 15% of
the thymocyte pool, respectively. A complete description of thymic
T-cell development can be found elsewhere.91 Because most (98%)
T cells are lost to apoptosis during positive and negative selection,
substantial numbers of T-cell progenitors are needed to generate a
diverse repertoire of T-cell receptor (TCR) specificities in
sufficient quantities.
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The process of T-cell development occurs within a relatively
poorly understood microenvironment. Anatomically, TN precur-
sors enter the thymus in or migrate to the subcapsular zone, then, as
they mature, proceed centrally through the cortex to the medulla
from which mature SP T cells emigrate to the peripheral circula-
tion. Figure 5 shows the anatomic locations within the thymus in
the context of T-cell developmental stages. The supporting cells
within the thymus include epithelial cells, dendritic cells, fibro-

blasts, and a variety of other cell types. These cells provide a
network of growth factors and other molecules that are critical for
T-cell development. IL-7 can be identified within the thymus of
13-day murine embryos coincident with the first wave of thymo-
cyte expansion.19 The production of IL-7 has been identified in a
subset of MHC class II� epithelial cells21 that also express SCF,
another important growth factor for early thymocytes.92 Interest-
ingly, SCF synergizes with IL-7 in thymocyte proliferation, but it

Figure 4. Schematic of T-cell development. The earliest T-lineage cell is the TN CD44�CD25� pro-T1 thymocyte. This cell can also give rise to B cells, NK cells, and
dendritic cells. The next stage is a CD44�CD25� pro-T2 cell, which can give rise to T cells and probably dendritic cells. This stage involves proliferation in response to IL-7 and
SCF. Rearrangement of the �, �, and � TCR chains begins at the end of this stage and is associated with diminished proliferation. The CD44�CD25� and CD44�CD25� stages
are characterized by the completion of rearrangement and the death of thymocytes that fail to undergo successful rearrangement, followed by a period of expansion.
Thymus-derived �� T cells arise from the CD44�CD25� and possibly the CD44�CD25� stages. IL-7R� chain is expressed throughout the TN stage, contributing to
proliferation, survival, and rearrangement (at least for the � locus) as described in more detail in “Developing T cells.” TN thymocytes comprise approximately 5% of the
thymocyte fraction. Positive selection occurs during the DP stage, resulting in the death of most thymocytes and in self-MHC restriction. IL-7R� expression is down-regulated
during this stage. Rearrangement of the TCR-� component takes place during the DP stage. Clonal deletion of thymocytes expressing self-reactive TCRs begins toward the
end of the DP stage and probably continues through the early SP stage. IL-7R� chain is re-expressed at the SP stage and remains, at some level, throughout the life of a mature
T cell. Eighty percent of thymocytes are DP, and 15% are SP.

Figure 5. T-cell development stages in relation to
thymic architecture. Differentiation of TN thymocytes
occurs within the subcapsular zone of the thymus. This
region contains a network of epithelial reticular cells. At
the DP stage, thymocytes migrate to the cortex, where
they encounter cortical epithelial cells with long pro-
cesses, fibroblasts, and macrophages. These cells are
important for MHC class restriction and negative selec-
tion. Thymocytes then migrate to the medulla, where CD4
or CD8 lineage commitment occurs. This region contains
medullary epithelial cells with shorter processes, den-
dritic cells, and macrophages. Mature T cells exit the
thymus from the medullary region and enter the periph-
eral circulation.
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also acts at an earlier stage to up-regulate CD25 followed by IL-7–
and SCF-mediated proliferation,93 suggestive of the massive prolif-
eration of CD44�CD25� thymocytes that is known to occur in
vivo. Thus, the orderly development and selection of mature T cells
occurs within the complex thymic microenvironment containing a
variety of critical factors, including IL-7.

Soon after the identification of IL-7 as a growth factor for
developing B cells, it was recognized that IL-7 also could induce
the survival and proliferation of immature thymocytes in culture.94

As in B-cell development, differences in T-cell phenotype between
IL-7�/� and IL-7R��/� mice has suggested that other molecules
using the IL-7R� chain are also important for early T-cell
development. In IL-7�/� mice, thymic cellularity is decreased
20-fold. Analysis of thymocyte subsets showed a partial inhibition
in TN differentiation with a relative accumulation of TN thymo-
cytes.95 In IL-7R��/� mice, thymic cellularity is reduced to 0.01%
to 10% of normal.9 Development of �� T cells occurs in a subset of
IL-7R��/� mice, but these cells do not function normally. Anti–
IL-7 monoclonal antibody treatment for 12 weeks resulted in a
greater than 99% decrease in thymic cellularity and an interruption
before the CD44�CD25� stage similar to that in IL-7�/� mice.96

Proportionally, there was an increase in the CD4�CD8� compart-
ment because of an accumulation of CD3�CD4�CD8���� cells.

Expression of IL-7 under an immunoglobulin 	 light chain
promoter resulted in increases in all mature T-cell subsets but no
increase in pro-T cells.60 In a second transgenic line with an IL-7
transgene fused to an immunoglobulin heavy chain enhancer and
promoter, there was a perturbation in thymic development with a
profound decrease in DP thymocytes but a marked increase in
mature T cells.97 Expression of the same IL-7 transgene in nude
mice led to the restoration of mature T-cell numbers,98 though it
was not possible to distinguish between enhanced T-cell develop-
ment and expansion of the small numbers of mature T cells in these
mice. Finally, the expression of IL-7 under an MHC class II promoter
resulted in a 30-fold increase in mature T cells, but thymic development
was intact.99 Despite these conflicting reports, it appears that the
overexpression of IL-7 results in increases in T-cell numbers attributed,
at least in part, to increased thymic output.

The administration of IL-7 following T-cell depletion has been
evaluated in murine models as a potential modulator of immune
reconstitution. In a report by Abdul-Hai et al,100 IL-7 administered
after syngeneic bone marrow transplantation (BMT) resulted in a
12-fold increase in thymic cellularity. In addition, RAG-1 expres-
sion and V-D-J recombination were increased in IL-7–treated
animals. Bolotin et al101 showed that the administration of IL-7
after BMT resulted in a more rapid normalization in thymic
cellularity and thymic subsets. Furthermore, increased numbers of
thymus-derived mature T cells were seen following BMT with IL-7
treatment.102 Thus, exogenous IL-7 enhances thymopoiesis after
radiation-induced lymphopenia.

The effects of IL-7 on developing thymocytes are multiple.
Initial experiments using the fetal thymic organ culture system
revealed that IL-7 could enhance the viability of thymocytes
independent of a proliferative effect.103,104 von Freeden-Jeffry et
al105 showed that bcl-2 protein is markedly decreased in
CD44�CD25� thymocytes from IL-7�/� mice, resulting in in-
creased apoptosis. In addition, bcl-2 transgene expression in
IL-7R��/� mice increased thymocyte numbers with substantial
increases in peripheral T cells and restored mature T-cell func-
tion.77,106 The antiapoptotic effects of IL-7 also involve bax, a
proapoptotic family member.107 This is further supported by the
phenotype of bax-deficient mice that develop marked increases in

thymocyte numbers.108 These results suggest that a substantial
component of IL-7 action within the thymus involves a modulation
of apoptosis through alterations in bcl-2 family members.

Thus, IL-7 maintains the survival of early thymocytes during
the TN stage of development through the modulation of bcl-2
family members. In addition, in concert with other growth factors
such as SCF, IL-7 contributes to the expansion of T-cell precursors.
The end result is that sufficient numbers of T-cell precursors
undergo TCR rearrangement before the massive cell loss that
occurs during positive and negative selection. A lack of IL-7R�
signaling severely curtails this process, leading to a subsequent
reduction in T-cell export.

IL-7 is absolutely critical for the development of �� T cells. In 2
separate strains of IL-7R��/� mice, �� T cells cannot be detected.109,110

Although the thymus is the predominant site of T-cell development, it
has been suggested that T cells can also develop within extrathymic
sites, most notably the intestine.111 Expression of an IL-7 transgene in
the intestinal epithelium of IL-7�/� mice using a tissue-specific intesti-
nal fatty acid-binding protein promoter rescued extrathymic T-cell
development.112 Therefore, IL-7 plays an essential role in the generation
and maintenance of thymus-derived �� T cells and T cells derived from
extrathymic pathways.

IL-7 also appears to be directly involved in the induction of
TCR rearrangement. It has been difficult to definitively show
whether IL-7 directly contributes to the process of gene rearrange-
ment or simply maintains the survival of cells undergoing the
rearrangement process because these effects are occur simulta-
neously (reviewed in 113). Recently, it has been demonstrated that
IL-7 regulates accessibility of the TCR � locus by affecting histone
acetylation through STAT5.114,115 Thus, IL-7R�–mediated signals
appear to be important for the rearrangement of the � locus;
however, for the other TCR loci, a mechanistic role for IL-7 in gene
rearrangement is less clear.

Taken together, the information available suggests the follow-
ing role for IL-7 during T-cell development in the thymus. After the
migration of precursor cells to the thymic subcapsular zone, IL-7,
in concert with other factors such as SCF, drives the proliferation
TN precursors. The relative role of IL-7 in relation to other
proliferative signals in vivo remains unclear. With the loss of
CD44, these cells begin to undergo rearrangement of the TCR �, �,
and � genes. During this phase, survival signals (bcl-2 family
members) generated through IL-7R� appear to be important.
However, except for the � chain, direct involvement of IL-7 in gene
TCR rearrangement is less well established. Decreased expression
of the IL-7R� chain on DP thymocytes suggests that IL-7 may
be less important at this stage. At the SP phase, IL-7R� is
re-expressed and is maintained (at least at some level) throughout
the life of the T cell. The role of IL-7 in mature T cells is discussed
in subsequent sections.

Two other reports are noteworthy regarding the role IL-7 plays
in T-cell development. In terms of IL-7 signaling in the thymus, it
was recently demonstrated that PIM1, a proto-oncogene that may
be involved in pre–T-cell differentiation, partially restores thymic
cellularity in IL-7�/� mice.116 Brugnera et al117 examined the role
of IL-7 during the differentiation from DP to SP thymocytes, a step
critical for lineage commitment because it involves the loss of
expression of either the CD4 or the CD8 co-receptor. These authors
suggest that IL-7 mediates the suppression of CD4 transcription in
thymocytes destined to become CD8 SP cells. Thus, our understand-
ing of the role of IL-7 in T-cell development, particularly as it
relates to other developmental signals, continues to evolve and
appears to extend beyond the TN stage.
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IL-7 and thymic aging

Despite continued thymic T-cell development well into adulthood,
there is a marked age-related decline in thymic function.118 The
mechanisms underlying thymic atrophy remain unclear.119 IL-7 has
been investigated in this regard because of its importance in T-cell
development. Knowledge of the relative availability of IL-7 during
the thymic aging process is critical to our general understanding of
human T-cell development. In mice, the action of IL-7 in fetal and
adult thymi may be distinct. Crompton et al120 demonstrated that
the arrest in thymic maturation in IL-7R��/� mice was more
marked in adult than in fetal thymi, suggesting different require-
ments for IL-7R� signaling. Further analysis showed that IL-7R�
is required for proliferation, survival, and RAG expression of adult
thymocytes. In contrast, in fetal thymocytes, IL-7R� signals
remain critical for the proliferation of thymocytes, but RAG
expression and, perhaps, survival can occur in the absence of
IL-7R� signals. In a report by Aspinall,121 some strains of TCR
transgenic mice did not develop age-associated thymic atrophy,
suggesting that a diminished rate of TCR rearrangement plays a
role in the thymic aging process. Based on the effects of IL-7 on
TCR rearrangement, it was hypothesized that IL-7 deficiency may
contribute to age-associated thymic involution. In recent studies,
the treatment of aged mice with IL-7 led to significant increases in
TN thymocytes with no appreciable change in the relative propor-
tion of cells within in each subset.122 Treatment with SCF did not
result in the same effect. However, treatment of very aged mice
with IL-7 does not lead to increases in thymic output (C.L.M.,
unpublished observations, June 1996). Furthermore, analysis of
IL-7 mRNA expression in adult human thymi did not show an
age-associated decline.123 Thus, though IL-7 may be able to
enhance thymic function during aging, it appears unlikely that
isolated IL-7 deficiency is the sole cause of thymic involution
associated with aging.

IL-7 and mature T cells

Although IL-7 is best known for its effects on developing B-cell
and T-cell populations, IL-7 also potently modulates mature T-cell
function.124 First, IL-7 costimulates for T-cell activation by enhanc-
ing proliferation and cytokine production, especially in the setting
of suboptimal TCR triggering. Although some of this effect is IL-2
dependent through the up-regulation of IL-2R� by IL-7, murine
and human studies have shown that at least some of the costimula-
tory effects of IL-7 are IL-2 independent.125,126 Second, although
IL-7 is not generally considered to play a central role in determin-
ing type 1 versus type 2 T-cell differentiation, IL-7 tends to induce
type 1 immune responses because it potently up-regulates inter-
feron-� (IFN-�) and IL-2 production, only weakly induces IL-4
production, and synergizes with IL-12 in inducing T-cell prolifera-
tion and IFN-� production, in part by up-regulating the IL-12R on
mature T cells.124,127,128 IL-7 also enhances expression of the
chemokine receptor CXCR4, which is expressed on a subset of
memory CD4� T cells and may be important in T-cell homing to
lymphoid tissues because of its binding to SDF-1.129

A third major effect of IL-7 on mature T cells is the inhibition of
programmed cell death. Thus, IL-7 acts as a trophic factor for mature T
cells, similar to the effects observed on developing B and T lympho-
cytes—partly through the up-regulation of bcl-2 family molecules130-132

and potentially through the up-regulation of the T-cell survival factor,

lung Kruppel-like factor.133 Not surprisingly then, IL-7 enhances T-cell
survival in long-term cell cultures, and, in some studies, IL-7 was shown
to be superior to IL-2 in this regard.134 The combination of enhanced
costimulation and programmed cell death inhibition by IL-7 is likely
responsible for the role of IL-7 in facilitating memory T-cell differentia-
tion in vivo. Unlike IL-15, which is absolutely required for the
development of memory T-cell populations, the absence of physiologic
levels of IL-7135 leads to a significant reduction in the number of
memory T cells generated following a primary antigenic stimulus in
vivo.13 It is unknown whether supraphysiologic doses administered at
the time of primary antigen exposure can actually increase the number
of long-term memory cells generated in vivo, but such studies will be
important in determining the potential role of IL-7 as a vaccine adjuvant.

The fourth major effect of IL-7 on mature T cells is the direct
enhancement of lytic activity of classical CD8�CD3� cytotoxic T
lymphocytes (CTLs), NK lytic effectors, NKT cells,136,137 and
CD4�CD8� �� T cells.138 T cells maintained in the presence of
IL-7 show enhanced antitumor and antiviral effects when adop-
tively transferred compared with similarly stimulated CTLs grown
in the presence of IL-2 or IL-4.139,140 The mechanisms responsible
for IL-7–induced increases in cytolytic activity of CD8�CD3�

CTLs are not entirely understood but likely involve the induction of
pore-forming proteins and granules and the up-regulation of
cytotoxic molecules such as IFN-�.128,141 In addition, IL-7 also
shows some capacity to induce lymphokine-activated killer (LAK)
activity from resting NK cells, though IL-2 is more potent than IL-7
in this regard.141,142 Indeed, in vivo models suggest that immuno-
modulatory effects of IL-7 are largely independent of any action on
NK cells.66,143 However, when IL-2 and IL-7 are used simulta-
neously, IL-7 potentiates the capacity of IL-2 for inducing NK/
LAK cells, and cells harvested from patients treated with IL-2
show substantial increases in LAK activity following IL-7 treat-
ment in vitro.144 Thus, although IL-7 as a single agent is a relatively
weak inducer of LAK activity compared with IL-2, in the presence
of IL-2, the effects of IL-7 on LAK cell induction and expansion
are potentiated.

IL-7 and dendritic cells

IL-7 effects on the development and function of lymphoid popula-
tions are not limited to B cells and T cells. IL-7 also influences the
development and function of dendritic cell populations and mobi-
lizes myeloid populations.145 Indeed, IL-7 treatment of TN thymo-
cytes induces the development of thymic dendritic cells (DCs)146

and thymic macrophages,147 and when IL-7 production is inhibited,
the generation of thymic DCs is substantially reduced, suggesting
that physiologic levels of IL-7 are important in the development of
thymic DCs.148 Similarly, in mice, IL-7–containing cocktails are
capable of generating thymic DCs from early thymic progenitors,
and the use of IL-7 in such cultures precludes the requirement for
GM-CSF.149 The combination of flt3-ligand and IL-7 are particu-
larly potent at expanding early thymic progenitors and can
dramatically enhance thymic B-cell numbers.82 Therefore, though
it is well recognized that the potent effects of IL-7 on early
thymocyte progenitors play a central role in primary T-cell
development, emerging data also suggest that IL-7 may influence
the development of thymic dendritic cells and potentially thymic B
cells as well.

IL-7 treatment of mice leads to mobilization of hematopoietic
progenitors from the marrow to the spleen, thus increasing splenic
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colony-forming units and diminishing megakaryocytic colony-
forming units.65,150 Spleen and peripheral blood from such IL-7–
mobilized mice can rescue lethally irradiated hosts, providing
evidence that IL-7 is an effective hematopoietic mobilizing agent.151

It is also known that monocytes have receptors for IL-7 and, at high
concentrations of IL-7 (10-100 �g/mL) monocytes, are induced to
produce IL-6, tumor necrosis factor-�, and IL-1 and to become
tumoricidal.152 Furthermore, if monocytes are incubated with
GM-CSF and IL-7, they develop veiled processes and up-regulate
co-stimulatory molecules in a manner similar to that induced by
GM-CSF and IL-4,153 though GM-CSF/IL-7–generated myeloid
DCs uniquely express CD21.153 Thus, IL-7 can be implicated as
a co-factor for lymphoid dendritic cell development in the
thymus and for monocyte dendritic cell development from
myeloid precursors.

In addition to the capacity of IL-7 to induce dendritic cell
development, some populations of normal dendritic cells also
produce IL-7. This is particularly notable given that IL-7 is not
produced by other normal cells of the hematolymphoid system but
rather is produced primarily by stromal and epithelial cells.
Langerhans cells do not produce IL-7,154 but both CD1a� and
CD14-derived dendritic cells, generated from cord blood, show
mRNA for IL-7.26 In addition, analysis of low-density DCs isolated
from human peripheral blood reveals that resting DCs do not
produce IL-7 but that IL-7 is produced following overnight
culture.27 Furthermore, when low DC numbers are used to stimu-
late antigen-specific responses in vitro, IL-7 neutralization inhib-
ited the activation of responding T-cell populations, and IL-7
therapy has been noted to enhance dendritic cell function in vivo.132

Thus, IL-7 production by dendritic cells may contribute a co-
stimulatory effect that may be of physiologic significance when
other co-stimulatory molecules are limiting, such as might occur
with low dendritic cell numbers. Despite evidence that marrow-
derived DCs can produce IL-7, studies evaluating the role of IL-7
in the maintenance of T-cell homeostasis (detailed below) have
shown that a marrow-derived source for IL-7 is not necessary for
the induction of T-cell responses to low-affinity antigens following
T-cell depletion, which is known to require IL-7.13 Thus, the
predominant source for IL-7 appears to be non–marrow-derived
populations, particularly stromal and epithelial cells. Importantly,
follicular dendritic cells, which appear to be important sources for
IL-7 within the lymphoid niche and which play a role in B-cell
isotype switching, are not marrow derived but rather are of a
distinct nonhematopoietic lineage.28,155

Modulation of immune responses in vivo
with IL-7

Based on the myriad effects of IL-7 on mature T cells and
antigen-presenting cell populations noted above, it is not surprising
that IL-7 may serve to modulate immune responses in infectious
disease or tumor models. Indeed, several investigators have shown
that IL-7 is critical for in vitro expansion and maintenance of
human and murine antigen-specific T-cell lines,134,139,140,156-160 and
IL-7 was consistently as effective or more effective than IL-2 for
maintaining these cells ex vivo. Similar effects were also observed
on human cells in a unique model wherein human colon xenografts
were implanted into immunodeficient mice and human allogeneic
T cells were adoptively transferred with IL-7.161

In athymic T-cell–depleted hosts, the systemic administration of
IL-7 dramatically enhances the number of T cells recovered

following adoptive transfer.102,132 When IL-7 is administered in the
context of male skin graft placement on athymic T-cell–depleted
female mice, only 1% of the T-cell repertoire must be transferred to
induce graft rejection, whereas 10% of the repertoire is required for
graft rejection in the absence of IL-7.132 Thus, if the number of
antigen-specific T cells is limiting in vivo, the addition of
supraphysiologic levels of IL-7 can substantially reduce the
required T-cell dose for a given effect. These effects are observed in
athymic mice and require the transfer of mature T cells, thus
illustrating the potent effects of IL-7 as an immune modulator
independent of its effects on developing lymphocytes.

Systemic administration of IL-7 has also been used in the Renca
renal cell carcinoma model in which a 75% reduction in pulmonary
metastases was observed concomitantly with increases in the total
body number of T cells, NK cells, B cells, and macrophages.
Interestingly, this was not associated with an increase in LAK
activity, suggesting that classical CTLs mediated these responses.66

The combination of IL-7–induced effects on mature T cells and
the down-regulation of TGF-� production by IL-7,34-36 detailed
above, raises the prospect that local production of IL-7 within the
tumor microenvironment might augment proliferative and cytolytic
capacity of infiltrating lymphocytes, thus augmenting tumor immu-
nity. Based on this, several investigators have used gene therapy
techniques to increase local production of IL-7 within the tumor
microenvironment. With this approach, Hock143,162 showed the
induction of a CD4-mediated immune response that was capable of
eradicating the J558L plasmacytoma, and CD8-mediated destruc-
tion of an IL-7–producing glioma163 and melanoma36 has been
demonstrated. In these studies, IL-7–induced rejection led to
antitumor immunity that was capable of resisting implantation of
subsequent non–IL-7–transfected tumors.

To improve on these responses, costimulatory molecules have
been co-transfected with IL-7 into tumor cells by Cayeaux et
al.164,165 Here, the combination of B7/IL-7 transduction was shown
to recruit activated CD8�CD28�CD25� cells to the site of
implanted tumors. In a murine lung cancer model, the co-
administration of IL-7 gene-modified tumor and intratumoral
dendritic cell injection induced superior tumor rejection compared
with IL-7 gene modification alone.166 Thus, though IL-7 appears to
enhance the reactivity of intratumoral lymphocytes when produced
in the local tumor microenvironment, it cannot substitute for
co-stimulatory molecule expression. In addition, some investiga-
tors have transduced IL-7 directly into dendritic cells with subse-
quent intra-tumor injection.167 Although reports discussed above
have shown that some dendritic cell populations produce IL-7, this
occurs generally at low levels, and antigen-presenting cell capacity
can be enhanced by high-level production. Indeed, in a murine lung
cancer model, the transduction of dendritic cells with B7- and
IL-7–induced tumor regression, enhanced dendritic cell trafficking
to the lymph nodes and spleen, and led to systemic protection to
rechallenge.168

In summary, the myriad effects of IL-7 on mature T cells and the
down-regulation of TGF-� induced by IL-7 make IL-7 an attractive
molecule for inducing local tumor immunity. Figure 6 illustrates
the various mechanisms by which IL-7 may regulate antitumor
immune responses. Gene therapy techniques that can induce IL-7
production in the tumor microenvironment in the presence of
co-stimulatory molecules may be particularly potent at inducing
antitumor immune responses. Thus far, all these studies have been
performed in mouse models; future studies are indicated to
determine whether these promising results can be translated for use
in humans.
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IL-7 as a regulator of T-cell homeostasis

Physiologic changes in T-cell–depleted hosts

Following T-cell depletion, physiologic changes in the immune
milieu are invoked that exaggerate the peripheral mechanisms of
T-cell homeostatic regulation as a means toward the restoration of
T-cell numbers. Perhaps the most obvious evidence for altered
immunobiology in T-cell depletion is the well-known observation
that T-cell–depleted (TCD) hosts engraft and expand adoptively
transferred T cells to a greater extent than do T-cell–replete
hosts,169-171 a process that has been variably termed peripheral
expansion and peripheral homeostatic expansion. This peripheral
homeostatic expansion of mature T cells is primarily responsible
for the restoration of T-cell homeostasis following T-cell depletion
in athymic mice172 and in many patients with T-cell depletion.173-175

Recent work has shown that antigen drives peripheral homeo-
static expansion, both in TCD and in T-cell–replete hosts.176,177

When high affinity or cognate antigen is supplied, responses are
greatly exaggerated in TCD hosts compared to those observed in
T-cell–replete hosts. However, TCD hosts also expand T cells in
response to low-affinity antigens or self-antigens.12,178 Although
the degree of expansion induced by low-affinity peptide is less than
that induced by high-affinity peptide, it appears that proliferation to
low-affinity antigens plays an important role in maintaining TCR
repertoire diversity in T-cell depletion. When IL-7 is unavailable
following T-cell depletion, proliferation and survival of T cells in
response to low-affinity antigens is absent.12,13 Thus, IL-7 is
required for the proliferation of T cells with TCRs specific for
low-affinity antigens, which occurs in TCD hosts (reviewed in 179).

IL-7 administration increases the rate of T-cell immune reconsti-
tution after bone marrow transplantation or cytotoxic chemo-
therapy in mice.64,150,180 Part of this effect reflects the capacity of
IL-7 for increasing thymopoiesis,101,102 but IL-7 also potently
enhances the thymic-independent peripheral expansion of mature T
cells following T-cell depletion.132 This is because of the combined
effect of IL-7 in enhancing antigen-driven expansion of high-
affinity clones and low-affinity clones in TCD mice treated with
IL-7.102 Indeed IL-7 was the only cytokine tested capable of

increasing homeostatic peripheral expansion in TCD hosts, whereas
IL-2, IL-3, IL-6, and IL-12 were not active in this regard. IL-7 is
also capable of inducing naive T-cell cycling, thus preserving T-cell
repertoire diversity in the absence of cognate antigen.181,182 Further-
more, IL-7 therapy enhanced immune competence in TCD hosts,
rendering them able to reject minor histocompatibility antigen-
mismatched skin grafts despite profound T-cell depletion.132

In summary, IL-7 potently modulates T-cell immune reconstitu-
tion through the combined effects of increasing thymic output and
enhancing homeostatic peripheral T cell expansion (Figure 7).
Furthermore, IL-7 is absolutely required for the recruitment of
low-affinity ligands for peripheral homeostatic expansion, and
supraphysiologic IL-7 levels enhance the magnitude of T-cell
expansion to high-affinity, or cognate, antigens and to low-affinity,
or self, peptides.

Figure 7. Modulation of T-cell regenerative pathways by IL-7. Following T-cell
depletion, regeneration of the peripheral T-cell pool can occur through multiple
mechanisms. Thymic differentiation is the predominant pathway through which new T
cells are generated if thymic capacity is sufficient. However, with diminished thymic
function related to therapy-related toxicity, disease, or age related declines, the
peripheral expansion of remaining mature T cells can substantially regenerate the
T-cell pool. Extrathymic differentiation from bone marrow progenitors is a relatively
minor pathway through which new T cells develop. IL-7 can profoundly increase
thymic differentiation, peripheral expansion and, potentially, extrathymic differentia-
tion pathways to T-cell regeneration.

Figure 6. Potential effects of IL-7 on antitumor im-
mune responses. IL-7, administered systemically or as
a local vaccine adjuvant, can potentially enhance im-
mune responses against tumor through a variety of
mechanisms. In addition to the expansion and mainte-
nance of T cells expressing TCRs with high affinity for
tumor antigens, IL-7 may also recruit low-affinity T cells
clones, potentially broadening the immune response.
This may have important implications for the control of
tumor variants that lose expression of particular antigens.
Enhanced generation of mature monocyte-derived den-
dritic cells by IL-7 combined with other factors, such as
GM-CSF, is another mechanism through which IL-7 may
enhance an antitumor immune response. Furthermore,
IL-7, along with other cytokines, may contribute to the
induction of a type 1 immune response and LAK cells.
Finally, by diminishing TGF-� production, IL-7 can poten-
tially down-regulate one mechanism through which tu-
mors suppress local immune responses.
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IL-7 elevations in patients with T-cell depletion

Studies of circulating IL-7 in TCD populations were initially
performed by Bolotin et al,14 who found substantial elevations in
circulating IL-7 in children after allogeneic BMT. Follow-up
studies in multiple clinical cohorts with T-cell depletion have
shown profound inverse relationships between circulating IL-7, as
measured by a high-sensitivity enzyme-linked immunosorbent
assay, and peripheral CD4 T-cell numbers in children and adults
with T-cell depletion.15,16 In human immunodeficiency virus infec-
tion, elevated IL-7 levels decline as CD4 recovery occurs following
effective antiviral therapy. In one cohort of patients with moderate
total CD4 depletion but with more substantial depletion of the
naive subset of CD4 cells, strong inverse correlations between
circulating IL-7 and CD62L�CD45RA�CD4� cells were observed
that gradually disappeared with the recovery of the naive subset.15

Thus, isolated depletion of either total CD4� T cells or the CD4�

naive subset appears capable of driving elevations in IL-7 levels.
The strongest correlation exists between circulating IL-7 levels and
CD4 counts, with weaker correlations between IL-7 and CD8� T
cells and B cells. It remains unknown whether isolated CD8
depletion might also be sufficient to raise circulating IL-7 levels.
Similar relationships were not observed between circulating lym-
phocyte counts and IL-2, IL-4, IL-6, IL-12, or IL-15, suggesting
that the relationship with IL-7 was unique.15

Inverse relationships were also observed in children and young
adults treated with cytotoxic chemotherapy for cancer in whom
circulating IL-7 increases following chemotherapy induced CD4
depletion and IL-7 levels returned to baseline following CD4�

recovery after the completion of therapy.15 In patients with
idiopathic CD4 lymphopenia, which comprises a heterogeneous
group of patients with CD4 depletion of uncertain etiology,183 less
significant relationships between CD4 counts and circulating IL-7
levels were observed. Here it was observed that, compared with
other patients studied, a subset of patients had inappropriately low
levels of circulating IL-7 for the degree of CD4 depletion present,
suggesting that low IL-7 levels contribute to the development of
CD4 lymphopenia.15 Recently, in HIV infection, subsets of patients
with unexpectedly low levels of circulating IL-7 for the degree of
CD4 depletion have also been identified as having diminished
capacity to restore peripheral CD4� T-cell numbers following

effective antiviral therapy.184 Further studies are necessary to
confirm whether low IL-7 levels in the face of CD4 depletion
correlate with diminished capacity for immune reconstitution and
to identify the reason for low IL-7 levels in some patients with
CD4 depletion.

Much work remains to be done to determine the mechanisms
responsible for increasing circulating IL-7 levels in TCD hosts. It is
not unknown whether IL-7 levels increase because of diminished
adsorption by the reduced number of cells expressing IL-7R as a
result of TCD, whether this reflects an increase in the production of
IL-7, or both. Regardless of the mechanism, the physiologic effects
of chronic IL-7 elevation in T-cell depletion are likely to be
substantial.

In summary, recent studies have shown that IL-7, through its
potent effects on mature T cells, plays a central role in modulating
peripheral T-cell expansion in states of T-cell depletion. In the
emerging model, T-cell depletion results in increased levels of
stromally produced IL-7, which leads to increased T-cell prolifera-
tion in response high-affinity and low-affinity antigens. As a result,
TCD hosts show increased peripheral homeostatic expansion that
not only enhances immune competence to antigens encountered
during this time period but potentially maintains a relatively
diverse repertoire by limiting the contraction that would occur if
responsiveness was limited to only high-affinity antigens. This
potential capacity of IL-7 to break tolerance to low-affinity
antigens might predispose to autoimmunity or lymphoproliferation
in some patients, but it might also prove to be exploitable in the
context of vaccine trials for cancer and other diseases.

Acknowledgments

Because of space limitations, we have tried to focus predominantly
on more recent developments. Thus, we thank the many investiga-
tors who performed important work but who were not referenced.
We thank Scott Durum for his careful review of the manuscript and
his helpful suggestions. The contents of this publication do not
necessarily reflect the views or policies of the Department of
Health and Human Services, nor does mention of trade names,
commercial products, or organizations imply endorsement by the
United States government.

References

1. Namen AE, Schmierer AE, March CJ, et al. B cell
precursor growth-promoting activity: purification
and characterization of a growth factor active on
lymphocyte precursors. J Exp Med. 1988;167:
988-1002.

2. Goodwin RG, Lupton S, Schmierer A, et al. Hu-
man interleukin 7: molecular cloning and growth
factor activity on human and murine B-lineage
cells. Proc Natl Acad Sci U S A. 1989;86:302-306.

3. Namen AE, Lupton S, Hjerrild K, et al. Stimulation
of B-cell progenitors by cloned murine interleu-
kin-7. Nature. 1988;333:571-573.

4. Lee G, Namen AE, Gillis S, Kincade PW. Recom-
binant interleukin-7 supports the growth of normal
B lymphocyte precursors. Curr Top Microbiol Im-
munol. 1988;141:16-18.

5. Takeda S, Gillis S, Palacios R. In vitro effects of
recombinant interleukin 7 on growth and differen-
tiation of bone marrow pro–B- and pro–T-lympho-
cyte clones and fetal thymocyte clones. Proc Natl
Acad Sci U S A. 1989;86:1634-1638.

6. Chantry D, Turner M, Feldmann M. Interleukin 7
(murine pre-B cell growth factor/lymphopoietin 1)
stimulates thymocyte growth: regulation by trans-

forming growth factor beta. Eur J Immunol. 1989;
19:783-786.

7. Murray R, Suda T, Wrighton N, Lee F, Zlotnik A.
IL-7 is a growth and maintenance factor for ma-
ture and immature thymocyte subsets. Int Immu-
nol. 1989;1:526-531.

8. Morrissey PJ, Goodwin RG, Nordan RP, et al.
Recombinant interleukin 7, pre-B cell growth fac-
tor, has costimulatory activity on purified mature T
cells. J Exp Med. 1989;169:707-716.

9. Peschon JJ, Morrissey PJ, Grabstein KH, et al.
Early lymphocyte expansion is severely impaired
in interleukin 7 receptor-deficient mice. J Exp
Med. 1994;180:1955-1960.

10. von Freeden-Jeffry U, Vieira P, Lucian LA, McNeil
T, Burdach SE, Murray R. Lymphopenia in inter-
leukin (IL)-7 gene-deleted mice identifies IL-7 as
a nonredundant cytokine. J Exp Med. 1995;181:
1519-1526.

11. Puel A, Ziegler SF, Buckley RH, Leonard WJ. De-
fective IL7R expression in T(�)B(�)NK(�) se-
vere combined immunodeficiency. Nat Genet.
1998;20:394-397.

12. Tan JT, Dudl E, LeRoy E, et al. IL-7 is critical for ho-

meostatic proliferation and survival of naive T cells.
Proc Natl Acad Sci U S A. 2001;98:8732-8737.

13. Schluns KS, Kieper WC, Jameson SC, Lefrancois
L. Interleukin-7 mediates the homeostasis of na-
ive and memory CD8 T cells in vivo. Nat Immu-
nol. 2000;1:426-432.

14. Bolotin E, Annett G, Parkman R, Weinberg K. Se-
rum levels of IL-7 in bone marrow transplant re-
cipients: relationship to clinical characteristics
and lymphocyte count. Bone Marrow Transplant.
1999;23:783-788.

15. Fry TJ, Connick E, Falloon J, et al. A potential role
for interleukin-7 in T-cell homeostasis. Blood.
2001;97:2983-2990.

16. Napolitano LA, Grant RM, Deeks SG, et al. In-
creased production of IL-7 accompanies HIV-1–
mediated T-cell depletion: implications for T-cell
homeostasis. Nat Med. 2001;7:73-79.

17. Sutherland GR, Baker E, Fernandez KE, et al.
The gene for human interleukin 7 (IL7) is at
8q12–13. Hum Genet. 1989;82:371-372.

18. Lupton SD, Gimpel S, Jerzy R, et al. Character-
ization of the human and murine IL-7 genes. J Im-
munol. 1990;144:3592-3601.

IL-7: FROM BENCH TO CLINIC 3901BLOOD, 1 JUNE 2002 � VOLUME 99, NUMBER 11

For personal use only.on February 18, 2016. by guest  www.bloodjournal.orgFrom 

http://www.bloodjournal.org/
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml


19. Wiles MV, Ruiz P, Imhof BA. Interleukin-7 expres-
sion during mouse thymus development. Eur
J Immunol. 1992;22:1037-1042.

20. Sakata T, Iwagami S, Tsuruta Y, et al. Constitutive
expression of interleukin-7 mRNA and production
of IL-7 by a cloned murine thymic stromal cell
line. J Leukoc Biol. 1990;48:205-212.

21. Oosterwegel MA, Haks MC, Jeffry U, Murray R,
Kruisbeek AM. Induction of TCR gene rearrange-
ments in uncommitted stem cells by a subset of
IL-7 producing, MHC class-II-expressing thymic
stromal cells. Immunity. 1997;6:351-360.

22. Madrigal-Estebas L, McManus R, Byrne B, et al.
Human small intestinal epithelial cells secrete
interleukin-7 and differentially express two differ-
ent interleukin-7 mRNA transcripts: implications
for extrathymic T-cell differentiation. Hum Immu-
nol. 1997;58:83-90.

23. Heufler C, Topar G, Grasseger A, et al. Interleukin
7 is produced by murine and human keratino-
cytes. J Exp Med. 1993;178:1109-1114.

24. Gutierrez-Ramos JC, Olsson C, Palacios R. Inter-
leukin (IL1 to IL7) gene expression in fetal liver
and bone marrow stromal clones: cytokine-
mediated positive and negative regulation. Exp
Hematol. 1992;20:986-990.

25. Golden-Mason L, Kelly AM, Traynor O, et al. Ex-
pression of interleukin 7 (IL-7) mRNA and protein
in the normal adult human liver: implications for
extrathymic T cell development. Cytokine. 2001;
14:143-151.

26. de Saint-Vis B, Fugier-Vivier I, Massacrier C, et
al. The cytokine profile expressed by human den-
dritic cells is dependent on cell subtype and mode
of activation. J Immunol. 1998;160:1666-1676.

27. Sorg RV, McLellan AD, Hock BD, Fearnley DB,
Hart DN. Human dendritic cells express func-
tional interleukin-7. Immunobiology. 1998;198:
514-526.

28. Kroncke R, Loppnow H, Flad HD, Gerdes J. Hu-
man follicular dendritic cells and vascular cells
produce interleukin-7: a potential role for interleu-
kin-7 in the germinal center reaction. Eur J Immu-
nol. 1996;26:2541-2544.

29. Benjamin D, Sharma V, Knobloch TJ, Armitage RJ,
Dayton MA, Goodwin RG. B cell IL-7: human B cell
lines constitutively secrete IL-7 and express IL-7 re-
ceptors. J Immunol. 1994;152:4749-4757.

30. Ariel A, Hershkoviz R, Cahalon L, et al. Induction
of T cell adhesion to extracellular matrix or endo-
thelial cell ligands by soluble or matrix-bound
interleukin-7. Eur J Immunol. 1997;27:2562-2570.

31. Clarke D, Katoh O, Gibbs RV, Griffiths SD, Gor-
don MY. Interaction of interleukin 7 (IL-7) with gly-
cosaminoglycans and its biological relevance.
Cytokine. 1995;7:325-330.

32. Kimura K, Matsubara H, Sogoh S, et al. Role of gly-
cosaminoglycans in the regulation of T cell prolifera-
tion induced by thymic stroma-derived T cell growth
factor. J Immunol. 1991;146:2618-2624.

33. Lee G, Namen AE, Gillis S, Ellingsworth LR, Kin-
cade PW. Normal B cell precursors responsive to
recombinant murine IL-7 and inhibition of IL-7
activity by transforming growth factor-beta. J Im-
munol. 1989;142:3875-3883.

34. Tang J, Nuccie BL, Ritterman I, Liesveld JL, Ab-
boud CN, Ryan DH. TGF-beta down-regulates
stromal IL-7 secretion and inhibits proliferation of
human B cell precursors. J Immunol. 1997;159:
117-125.

35. Dubinett SM, Huang M, Dhanani S, et al. Down-
regulation of murine fibrosarcoma transforming
growth factor-beta 1 expression by interleukin 7.
J Natl Cancer Inst. 1995;87:593-597.

36. Miller AR, McBride WH, Dubinett SM, et al. Trans-
duction of human melanoma cell lines with the
human interleukin-7 gene using retroviral-
mediated gene transfer: comparison of immuno-
logic properties with interleukin-2. Blood. 1993;
82:3686-3694.

37. Kondo M, Takeshita T, Higuchi M, et al. Func-

tional participation of the IL-2 receptor gamma
chain in IL-7 receptor complexes. Science. 1994;
263:1453-1454.

38. Noguchi M, Nakamura Y, Russell SM, et al. Inter-
leukin-2 receptor gamma chain: a functional com-
ponent of the interleukin-7 receptor. Science.
1993;262:1877-1880.

39. Ziegler SE, Morella KK, Anderson D, et al. Re-
constitution of a functional interleukin (IL)-7 re-
ceptor demonstrates that the IL-2 receptor
gamma chain is required for IL-7 signal transduc-
tion. Eur J Immunol. 1995;25:399-404.

40. Parrish-Novak J, Dillon SR, Nelson A, et al. Inter-
leukin 21 and its receptor are involved in NK cell
expansion and regulation of lymphocyte function.
Nature. 2000;408:57-63.

41. Ozaki K, Kikly K, Michalovich D, Young PR, Leo-
nard WJ. Cloning of a type I cytokine receptor
most related to the IL-2 receptor beta chain. Proc
Natl Acad Sci U S A. 2000;97:11439-11444.

42. Asao H, Okuyama C, Kumaki S, et al. Cutting
edge: the common gamma-chain is an indispens-
able subunit of the IL-21 receptor complex. J Im-
munol. 2001;167:1-5.

43. Sudo T, Nishikawa S, Ohno N, Akiyama N, Tama-
koshi M, Yoshida H. Expression and function of
the interleukin 7 receptor in murine lymphocytes.
Proc Natl Acad Sci U S A. 1993;90:9125-9129.

44. Armitage RJ, Ziegler SF, Beckmann MP, Idzerda
RL, Park LS, Fanslow WC. Expression of recep-
tors for interleukin 4 and interleukin 7 on human T
cells. Adv Exp Med Biol. 1991;292:121-130.

45. Friend SL, Hosier S, Nelson A, Foxworthe D, Wil-
liams DE, Farr A. A thymic stromal cell line supports
in vitro development of surface IgM� B cells and
produces a novel growth factor affecting B and T lin-
eage cells. Exp Hematol. 1994;22:321-328.

46. Sims JE, Williams DE, Morrissey PJ, et al. Mo-
lecular cloning and biological characterization of
a novel murine lymphoid growth factor. J Exp
Med. 2000;192:671-680.

47. Pandey A, Ozaki K, Baumann H, et al. Cloning of a
receptor subunit required for signaling by thymic stro-
mal lymphopoietin. Nat Immunol. 2000;1:59-64.

48. Park LS, Martin U, Garka K, et al. Cloning of the
murine thymic stromal lymphopoietin (TSLP) re-
ceptor: formation of a functional heteromeric
complex requires interleukin 7 receptor. J Exp
Med. 2000;192:659-670.

49. Ray RJ, Furlonger C, Williams DE, Paige CJ.
Characterization of thymic stromal-derived lym-
phopoietin (TSLP) in murine B cell development
in vitro. Eur J Immunol. 1996;26:10-16.

50. He YW, Malek TR. The structure and function of
gamma c-dependent cytokines and receptors:
regulation of T lymphocyte development and ho-
meostasis. Crit Rev Immunol. 1998;18:503-524.

51. Hofmeister R, Khaled AR, Benbernou N, Raj-
navolgyi E, Muegge K, Durum SK. Interleukin-7:
physiological roles and mechanisms of action.
Cytokine Growth Factor Rev. 1999;10:41-60.

52. Buckley RH, Schiff RI, Schiff SE, et al. Human
severe combined immunodeficiency: genetic,
phenotypic, and functional diversity in one hun-
dred eight infants. J Pediatr. 1997;130:378-387.

53. Macchi P, Villa A, Giliani S, et al. Mutations of
Jak-3 gene in patients with autosomal severe
combined immune deficiency (SCID). Nature.
1995;377:65-68.

54. Russell SM, Tayebi N, Nakajima H, et al. Mutation
of Jak3 in a patient with SCID: essential role of
Jak3 in lymphoid development. Science. 1995;
270:797-800.

55. Olosz F, Malek TR. Three loops of the common
gamma chain ectodomain required for the binding
of interleukin-2 and interleukin-7. J Biol Chem.
2000;275:30100-30105.

56. Lai SY, Xu W, Gaffen SL, et al. The molecular role
of the common gamma c subunit in signal trans-
duction reveals functional asymmetry within mul-

timeric cytokine receptor complexes. Proc Natl
Acad Sci U S A. 1996;93:231-235.

57. Lai SY, Molden J, Goldsmith MA. Shared gamma(c)
subunit within the human interleukin-7 receptor com-
plex: a molecular basis for the pathogenesis of X-
linked severe combined immunodeficiency. J Clin
Invest. 1997;99:169-177.

58. Hardy RR, Carmack CE, Shinton SA, Kemp JD,
Hayakawa K. Resolution and characterization of
pro-B and pre-pro-B cell stages in normal mouse
bone marrow. J Exp Med. 1991;173:1213-1225.

59. Grabstein KH, Waldschmidt TJ, Finkelman FD, et
al. Inhibition of murine B and T lymphopoiesis in
vivo by an anti-interleukin 7 monoclonal antibody.
J Exp Med. 1993;178:257-264.

60. Samaridis J, Casorati G, Traunecker A, et al. De-
velopment of lymphocytes in interleukin 7-trans-
genic mice. Eur J Immunol. 1991;21:453-460.

61. Mertsching E, Meyer V, Linares J, Lombard-Platet
S, Ceredig R. Interleukin-7, a nonredundant po-
tent cytokine whose over-expression massively
perturbs B-lymphopoiesis. Int Rev Immunol.
1998;16:285-308.

62. Valenzona HO, Pointer R, Ceredig R, Osmond
DG. Prelymphomatous B cell hyperplasia in the
bone marrow of interleukin-7 transgenic mice:
precursor B cell dynamics, microenvironmental
organization and osteolysis. Exp Hematol. 1996;
24:1521-1529.

63. Fisher AG, Burdet C, Bunce C, Merkenschlager
M, Ceredig T. Lymphoproliferative disorders in
IL-7 transgenic mice: expansion of immature B
cells which retain macrophage potential. Int Im-
munol. 1995;7:415-423.

64. Morrissey PJ, Conlon P, Braddy S, Williams DE,
Namen AE, Mochizuki DY. Administration of IL-7
to mice with cyclophosphamide-induced lym-
phopenia accelerates lymphocyte repopulation.
J Immunol. 1991;146:1547-1552.

65. Damia G, Komschlies KL, Faltynek CR, Ruscetti
FW, Wiltrout RH. Administration of recombinant
human interleukin-7 alters the frequency and
number of myeloid progenitor cells in the bone
marrow and spleen of mice. Blood. 1992;79:
1121-1129.

66. Komschlies KL, Gregorio TA, Gruys ME, Back
TC, Faltynek CR, Wiltrout RH. Administration of
recombinant human IL-7 to mice alters the com-
position of B-lineage cells and T cell subsets, en-
hances T cell function, and induces regression of
established metastases. J Immunol. 1994;152:
5776-5784.

67. Marshall AJ, Fleming HE, Wu GE, Paige CJ.
Modulation of the IL-7 dose-response threshold
during pro-B cell differentiation is dependent on
pre-B cell receptor expression. J Immunol. 1998;
161:6038-6045.

68. Hayashi S, Kunisada T, Ogawa M, et al. Stepwise
progression of B lineage differentiation supported
by interleukin 7 and other stromal cell molecules.
J Exp Med. 1990;171:1683-1695.

69. Sudo T, Ito M, Ogawa Y, et al. Interleukin 7 pro-
duction and function in stromal cell-dependent B
cell development. J Exp Med. 1989;170:333-338.

70. Lai L, Goldschneider I. Cutting edge: identifica-
tion of a hybrid cytokine consisting of IL-7 and the
beta-chain of the hepatocyte growth factor/scatter
factor. J Immunol. 2001;167:3550-3554.

71. Smart FM, Venkitaraman AR. Inhibition of inter-
leukin 7 receptor signaling by antigen receptor
assembly. J Exp Med. 2000;191:737-742.

72. Corcoran AE, Riddell A, Krooshoop D, Venkitara-
man AR. Impaired immunoglobulin gene rear-
rangement in mice lacking the IL-7 receptor. Na-
ture. 1998;391:904-907.

73. Wei C, Zeff R, Goldschneider I. Murine pro-B
cells require IL-7 and its receptor complex to up-
regulate IL-7R alpha, terminal deoxynucleotidyl-
transferase, and c mu expression. J Immunol.
2000;164:1961-1970.

74. Corcoran AE, Smart FM, Cowling RJ, Crompton T,

3902 FRY and MACKALL BLOOD, 1 JUNE 2002 � VOLUME 99, NUMBER 11

For personal use only.on February 18, 2016. by guest  www.bloodjournal.orgFrom 

http://www.bloodjournal.org/
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml


Owen MJ, Venkitaraman AR. The interleukin-7
receptor alpha chain transmits distinct signals for
proliferation and differentiation during B lympho-
poiesis. EMBO J. 1996;15:1924-1932.

75. Chao DT, Korsmeyer SJ. BCL-2 family: regulators of
cell death. Annu Rev Immunol. 1998;16:395-419.

76. Kondo M, Akashi K, Domen J, Sugamura K,
Weissman IL. Bcl-2 rescues T lymphopoiesis, but
not B or NK cell development, in common gamma
chain-deficient mice. Immunity. 1997;7:155-162.

77. Maraskovsky E, O’Reilly LA, Teepe M, Corcoran
LM, Peschon JJ, Strasser A. Bcl-2 can rescue T
lymphocyte development in interleukin-7
receptor-deficient mice but not in mutant rag-1�/�

mice. Cell. 1997;89:1011-1019.

78. Lu L, Chaudhury P, Osmond DG. Regulation of
cell survival during B lymphopoiesis: apoptosis
and Bcl-2/Bax content of precursor B cells in
bone marrow of mice with altered expression of
IL-7 and recombinase-activating gene-2. J Immu-
nol. 1999;162:1931-1940.

79. Nagasawa T, Kikutani H, Kishimoto T. Molecular
cloning and structure of a pre-B-cell growth-
stimulating factor. Proc Natl Acad Sci U S A.
1994;91:2305-2309.

80. McNiece IK, Langley KE, Zsebo KM. The role of
recombinant stem cell factor in early B cell devel-
opment: synergistic interaction with IL-7. J Immu-
nol. 1991;146:3785-3790.

81. Namikawa R, Muench MO, de Vries JE, Roncarolo
MG. The FLK2/FLT3 ligand synergizes with
interleukin-7 in promoting stromal cell-independent
expansion and differentiation of human fetal pro-B
cells in vitro. Blood. 1996;87:1881-1890.

82. McKenna HJ, Morrissey PJ. Flt3 ligand plus IL-7
supports the expansion of murine thymic B cell
progenitors that can mature intrathymically. J Im-
munol. 1998;160:4801-4809.

83. Ghia P, Gratwohl A, Signer E, Winkler TH,
Melchers F, Rolink AG. Immature B cells from hu-
man and mouse bone marrow can change their
surface light chain expression. Eur J Immunol.
1995;25:3108-3114.

84. Rolink A, Grawunder U, Haasner D, Strasser A,
Melchers F. Immature surface Ig� B cells can
continue to rearrange kappa and lambda L chain
gene loci. J Exp Med. 1993;178:1263-1270.

85. Hertz M, Nemazee D. BCR ligation induces re-
ceptor editing in IgM�IgD� bone marrow B cells
in vitro. Immunity. 1997;6:429-436.

86. Han S, Dillon SR, Zheng B, Shimoda M, Schlissel
MS, Kelsoe G. V(D)J recombinase activity in a
subset of germinal center B lymphocytes. Sci-
ence. 1997;278:301-305.

87. Papavasiliou F, Casellas R, Suh H, et al. V(D)J
recombination in mature B cells: a mechanism for
altering antibody responses. Science. 1997;278:
298-301.

88. Hikida M, Nakayama Y, Yamashita Y, Kumazawa
Y, Nishikawa SI, Ohmori H. Expression of recom-
bination activating genes in germinal center B
cells: involvement of interleukin 7 (IL-7) and the
IL-7 receptor. J Exp Med. 1998;188:365-372.

89. Prieyl JA, LeBien TW. Interleukin 7 independent
development of human B cells. Proc Natl Acad
Sci U S A. 1996;93:10348-10353.

90. Dittel BN, LeBien TW. The growth response to
IL-7 during normal human B cell ontogeny is re-
stricted to B-lineage cells expressing CD34. J Im-
munol. 1995;154:58-67.

91. Rodewald HR, Fehling HJ. Molecular and cellular
events in early thymocyte development. Adv Im-
munol. 1998;69:1-112.

92. Rodewald HR, Kretzschmar K, Swat W, Takeda
S. Intrathymically expressed c-kit ligand (stem
cell factor) is a major factor driving expansion of
very immature thymocytes in vivo. Immunity.
1995;3:313-319.

93. Morrissey PJ, McKenna H, Widmer MB, et al.
Steel factor (c-kit ligand) stimulates the in vitro

growth of immature CD3�/CD4�/CD8� thymo-
cytes: synergy with IL-7. Cell Immunol. 1994;157:
118-131.

94. Conlon PJ, Morrissey PJ, Nordan RP, et al. Mu-
rine thymocytes proliferate in direct response to
interleukin-7. Blood. 1989;74:1368-1373.

95. Moore TA, von Freeden-Jeffry U, Murray R, Zlot-
nik A. Inhibition of gamma delta T cell develop-
ment and early thymocyte maturation in IL-7 �/�

mice. J Immunol. 1996;157:2366-2373.

96. Bhatia SK, Tygrett LT, Grabstein KH, Waldschmidt
TJ. The effect of in vivo IL-7 deprivation on T cell
maturation. J Exp Med. 1995;181:1399-1409.

97. Rich BE, Campos-Torres J, Tepper RI, Moreadith
RW, Leder P. Cutaneous lymphoproliferation and
lymphomas in interleukin-7 transgenic mice. J
Exp Med. 1993;177:305-316.

98. Rich BE, Leder P. Transgenic expression of inter-
leukin 7 restores T cell populations in nude mice.
J Exp Med. 1995;181:1223-1228.

99. Mertsching E, Burdet C, Ceredig R. IL-7 trans-
genic mice: analysis of the role of IL-7 in the dif-
ferentiation of thymocytes in vivo and in vitro. Int
Immunol. 1995;7:401-414.

100. Abdul-Hai A, Or R, Slavin S, et al. Stimulation of
immune reconstitution by interleukin-7 after syn-
geneic bone marrow transplantation in mice. Exp
Hematol. 1996;24:1416-1422.

101. Bolotin E, Smogorzewska M, Smith S, Widmer M,
Weinberg K. Enhancement of thymopoiesis after
bone marrow transplant by in vivo interleukin-7.
Blood. 1996;88:1887-1894.

102. Mackall CL, Fry TJ, Bare C, Morgan P, Galbraith
A, Gress RE. IL-7 increases both thymic-
dependent and thymic-independent T-cell regen-
eration after bone marrow transplantation. Blood.
2001;97:1491-1497.

103. Watson JD, Morrissey PJ, Namen AE, Conlon PJ,
Widmer MB. Effect of IL-7 on the growth of fetal
thymocytes in culture. J Immunol. 1989;143:
1215-1222.

104. Suda T, Zlotnik A. IL-7 maintains the T cell precur-
sor potential of CD3�CD4�CD8� thymocytes.
J Immunol. 1991;146:3068-3073.

105. von Freeden-Jeffry U, Solvason N, Howard M,
Murray R. The earliest T lineage-committed cells
depend on IL-7 for Bcl-2 expression and normal
cell cycle progression. Immunity. 1997;7:147-154.

106. Akashi K, Kondo M, von Freeden-Jeffry U, Mur-
ray R, Weissman IL. Bcl-2 rescues T lymphopoi-
esis in interleukin-7 receptor-deficient mice. Cell.
1997;89:1033-1041.

107. Kim K, Lee CK, Sayers TJ, Muegge K, Durum
SK. The trophic action of IL-7 on pro-T cells: inhi-
bition of apoptosis of pro-T1, -T2, and -T3 cells
correlates with Bcl-2 and Bax levels and is inde-
pendent of Fas and p53 pathways. J Immunol.
1998;160:5735-5741.

108. Knudson CM, Tung KS, Tourtellotte WG, Brown
GA, Korsmeyer SJ. Bax-deficient mice with lym-
phoid hyperplasia and male germ cell death. Sci-
ence. 1995;270:96-99.

109. He YW, Malek TR. Interleukin-7 receptor alpha is
essential for the development of gamma delta �
T cells, but not natural killer cells. J Exp Med.
1996;184:289-293.

110. Maki K, Sunaga S, Komagata Y, et al. Interleukin 7
receptor-deficient mice lack gammadelta T cells.
Proc Natl Acad Sci U S A. 1996;93:7172-7177.

111. Lefrancois L, Puddington L. Extrathymic intestinal
T-cell development: virtual reality? Immunol To-
day. 1995;16:16-21.

112. Laky K, Lefrancois L, Lingenheld EG, et al. En-
terocyte expression of interleukin 7 induces de-
velopment of �� T cells and Peyer’s patches. J
Exp Med. 2000;191:1569-1580.

113. Candeias S, Muegge K, Durum SK. IL-7 receptor
and VDJ recombination: trophic versus mecha-
nistic actions. Immunity. 1997;6:501-508.

114. Huang J, Durum SK, Muegge K. Cutting edge:

histone acetylation and recombination at the
TCR� locus follows IL-7 induction. J Immunol.
2001;167:6073-6077.

115. Ye SK, Agata Y, Lee HC, et al. The IL-7 receptor
controls the accessibility of the TCR� locus by
Stat5 and histone acetylation. Immunity. 2001;15:
813-823.

116. Schmidt T, Karsunky H, Rodel B, Zevnik B, El-
sasser HP, Moroy T. Evidence implicating Gfi-1
and Pim-1 in pre–T-cell differentiation steps asso-
ciated with beta-selection. EMBO J. 1998;17:
5349-5359.

117. Brugnera E, Bhandoola A, Cibotti R, et al. Core-
ceptor reversal in the thymus: signaled CD4�8�
thymocytes initially terminate CD8 transcription
even when differentiating into CD8� T cells. Im-
munity. 2000;13:59-71.

118. Mackall CL, Gress RE. Thymic aging and T-cell
regeneration. Immunol Rev. 1997;160:91-102.

119. Fry TJ, Mackall CL. Current concepts of thymic
aging. In: Springer Seminars in Immunopathol-
ogy. 2001;22:546-571.

120. Crompton T, Outram SV, Buckland J, Owen MJ.
Distinct roles of the interleukin-7 receptor alpha
chain in fetal and adult thymocyte development
revealed by analysis of interleukin-7 receptor al-
pha-deficient mice. Eur J Immunol. 1998;28:
1859-1866.

121. Aspinall R. Age-associated thymic atrophy in the
mouse is due to a deficiency affecting rearrange-
ment of the TCR during intrathymic T cell devel-
opment. J Immunol. 1997;158:3037-3045.

122. Andrew D, Aspinall R. Il-7 and not stem cell factor
reverses both the increase in apoptosis and the
decline in thymopoiesis seen in aged mice. J Im-
munol. 2001;166:1524-1530.

123. Sempowski GD, Hale LP, Sundy JS, et al. Leuke-
mia inhibitory factor, oncostatin M, IL-6, and stem
cell factor mRNA expression in human thymus
increases with age and is associated with thymic
atrophy. J Immunol. 2000;164:2180-2187.

124. Gringhuis SI, de Leij LF, Verschuren EW, Borger
P, Vellenga E. Interleukin-7 upregulates the
interleukin-2-gene expression in activated human
T lymphocytes at the transcriptional level by en-
hancing the DNA binding activities of both nuclear
factor of activated T cells and activator protein-1.
Blood. 1997;90:2690-2700.

125. Chazen GD, Pereira GM, LeGros G, Gillis S, She-
vach EM. Interleukin 7 is a T-cell growth factor. Proc
Natl Acad Sci U S A. 1989;86:5923-5927.

126. Costello R, Brailly H, Mallet F, Mawas C, Olive D.
Interleukin-7 is a potent co-stimulus of the adhe-
sion pathway involving CD2 and CD28 mol-
ecules. Immunology. 1993;80:451-457.

127. Mehrotra PT, Grant AJ, Siegel JP. Synergistic ef-
fects of IL-7 and IL-12 on human T cell activation.
J Immunol. 1995;154:5093-5102.

128. Borger P, Kauffman HF, Postma DS, Vellenga E. IL-7
differentially modulates the expression of IFN-
gamma and IL-4 in activated human T lymphocytes
by transcriptional and post-transcriptional mecha-
nisms. J Immunol. 1996;156:1333-1338.

129. Jourdan P, Vendrell JP, Huguet MF, et al. Cytokines
and cell surface molecules independently induce
CXCR4 expression on CD4� CCR7� human
memory T cells. J Immunol. 2000;165:716-724.

130. Vella AT, Dow S, Potter TA, Kappler J, Marrack P.
Cytokine-induced survival of activated T cells in
vitro and in vivo. Proc Natl Acad Sci U S A. 1998;
95:3810-3815.

131. Boise LH, Minn AJ, June CH, Lindsten T, Thomp-
son CB. Growth factors can enhance lymphocyte
survival without committing the cell to undergo
cell division. Proc Natl Acad Sci U S A. 1995;92:
5491-5495.

132. Fry TJ, Christensen BL, Komschlies KL, Gress
RE, Mackall CL. Interleukin-7 restores immunity
in athymic T-cell–depleted hosts. Blood. 2001;97:
1525-1533.

IL-7: FROM BENCH TO CLINIC 3903BLOOD, 1 JUNE 2002 � VOLUME 99, NUMBER 11

For personal use only.on February 18, 2016. by guest  www.bloodjournal.orgFrom 

http://www.bloodjournal.org/
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml


133. Schober SL, Kuo CT, Schluns KS, Lefrancois L,
Leiden JM, Jameson SC. Expression of the tran-
scription factor lung Kruppel-like factor is regu-
lated by cytokines and correlates with survival of
memory T cells in vitro and in vivo. J Immunol.
1999;163:3662-3667.

134. Lynch DH, Miller RE. Interleukin 7 promotes long-
term in vitro growth of antitumor cytotoxic T lym-
phocytes with immunotherapeutic efficacy in vivo.
J Exp Med. 1994;179:31-42.

135. Ku CC, Murakami M, Sakamoto A, Kappler J,
Marrack P. Control of homeostasis of CD8�
memory T cells by opposing cytokines. Science.
2000;288:675-678.

136. van der Vliet HJ, Nishi N, Koezuka Y, et al. Potent
expansion of human natural killer T cells using
alpha-galactosylceramide (KRN7000)–loaded
monocyte-derived dendritic cells, cultured in the
presence of IL-7 and IL-15. J Immunol Methods.
2001;247:61-72.

137. Boesteanu A, Silva AD, Nakajima H, Leonard WJ,
Peschon JJ, Joyce S. Distinct roles for signals
relayed through the common cytokine receptor
gamma chain and interleukin 7 receptor alpha
chain in natural T cell development. J Exp Med.
1997;186:331-336.

138. Matsue H, Bergstresser PR, Takashima A.
Keratinocyte-derived IL-7 serves as a growth fac-
tor for dendritic epidermal T cells in mice. J Immu-
nol. 1993;151:6012-6019.

139. Lynch DH, Namen AE, Miller RE. In vivo evalua-
tion of the effects of interleukins 2, 4 and 7 on en-
hancing the immunotherapeutic efficacy of anti-
tumor cytotoxic T lymphocytes. Eur J Immunol.
1991;21:2977-2985.

140. Wiryana P, Bui T, Faltynek CR, Ho RJ. Augmenta-
tion of cell-mediated immunotherapy against her-
pes simplex virus by interleukins: comparison of
in vivo effects of IL-2 and IL-7 on adoptively trans-
ferred T cells. Vaccine. 1997;15:561-563.

141. Smyth MJ, Norihisa Y, Gerard JR, Young HA, Or-
taldo JR. IL-7 regulation of cytotoxic lymphocytes:
pore-forming protein gene expression, interferon-
gamma production, and cytotoxicity of human
peripheral blood lymphocytes subsets. Cell Im-
munol. 1991;138:390-403.

142. Pavletic Z, Benyunes MC, Thompson JA, et al.
Induction by interleukin-7 of lymphokine-activated
killer activity in lymphocytes from autologous and
syngeneic marrow transplant recipients before
and after systemic interleukin-2 therapy. Exp He-
matol. 1993;21:1371-1378.

143. Hock H, Dorsch M, Kunzendorf U, Qin Z, Dia-
mantstein T, Blankenstein T. Mechanisms of re-
jection induced by tumor cell-targeted gene trans-
fer of interleukin 2, interleukin 4, interleukin 7,
tumor necrosis factor, or interferon gamma. Proc
Natl Acad Sci U S A. 1993;90:2774-2778.

144. Kondo M, Nonomura N, Miki T, et al. Enhance-
ment of interleukin-2–induced lymphokine-
activated killer activity by interleukin 7 against
autologous human renal cell carcinoma. Oncol-
ogy. 1998;55:588-593.

145. Emile JF, Durandy A, Le Deist F, Fischer A,
Brousse N. Epidermal Langerhans’ cells in chil-
dren with primary T-cell immune deficiencies.
J Pathol. 1997;183:70-74.

146. Marquez C, Trigueros C, Fernandez E, Toribio
ML. The development of T and non-T cell lin-
eages from CD34� human thymic precursors
can be traced by the differential expression of
CD44. J Exp Med. 1995;181:475-483.

147. Lee CK, Kim JK, Kim Y, et al. Generation of mac-
rophages from early T progenitors in vitro. J Im-
munol. 2001;166:5964-5969.

148. Varas A, Vicente A, Sacedon R, Zapata AG. Inter-
leukin-7 influences the development of thymic
dendritic cells. Blood. 1998;92:93-100.

149. Saunders D, Lucas K, Ismaili J, et al. Dendritic

cell development in culture from thymic precursor
cells in the absence of granulocyte/macrophage
colony-stimulating factor. J Exp Med. 1996;184:
2185-2196.

150. Boerman OC, Gregorio TA, Grzegorzewski KJ, et
al. Recombinant human IL-7 administration in
mice affects colony-forming units-spleen and lym-
phoid precursor cell localization and accelerates
engraftment of bone marrow transplants. J Leu-
koc Biol. 1995;58:151-158.

151. Grzegorzewski KJ, Komschlies KL, Jacobsen SE,
Ruscetti FW, Keller JR, Wiltrout RH. Mobilization
of long-term reconstituting hematopoietic stem
cells in mice by recombinant human interleukin 7.
J Exp Med. 1995;181:369-374.

152. Alderson MR, Tough TW, Ziegler SF, Grabstein
KH. Interleukin 7 induces cytokine secretion and
tumoricidal activity by human peripheral blood
monocytes. J Exp Med. 1991;173:923-930.

153. Takahashi K, Honeyman MC, Harrison LC. Den-
dritic cells generated from human blood in granu-
locyte macrophage-colony stimulating factor and
interleukin-7. Hum Immunol. 1997;55:103-116.

154. Egeler RM, Favara BE, van Meurs M, Laman JD,
Claassen E. Differential in situ cytokine profiles of
Langerhans-like cells and T cells in Langerhans
cell histiocytosis: abundant expression of cyto-
kines relevant to disease and treatment. Blood.
1999;94:4195-4201.

155. Jeannin P, Delneste Y, Lecoanet-Henchoz S,
Gretener D, Bonnefoy JY. Interleukin-7 (IL-7) en-
hances class switching to IgE and IgG4 in the
presence of T cells via IL-9 and sCD23. Blood.
1998;91:1355-1361.

156. Cohen PA, Kim H, Fowler DH, et al. Use of
interleukin-7, interleukin-2, and interferon-gamma
to propagate CD4� T cells in culture with main-
tained antigen specificity. J Immunother. 1993;14:
242-252.

157. Alderson MR, Sassenfeld HM, Widmer MB. Inter-
leukin 7 enhances cytolytic T lymphocyte genera-
tion and induces lymphokine-activated killer cells
from human peripheral blood. J Exp Med. 1990;
172:577-587.

158. Jicha DL, Schwarz S, Mule JJ, Rosenberg SA.
Interleukin-7 mediates the generation and expan-
sion of murine allosensitized and antitumor CTL.
Cell Immunol. 1992;141:71-83.

159. Ferrari G, King K, Rathbun K, et al. IL-7 enhance-
ment of antigen-driven activation/expansion of
HIV-1–specific cytotoxic T lymphocyte precursors
(CTLp). Clin Exp Immunol. 1995;101:239-248.

160. Jicha DL, Mule JJ, Rosenberg SA. Interleukin 7
generates antitumor cytotoxic T lymphocytes
against murine sarcomas with efficacy in cellular
adoptive immunotherapy. J Exp Med. 1991;174:
1511-1515.

161. Murphy WJ, Back TC, Conlon KC, et al. Antitumor
effects of interleukin-7 and adoptive immuno-
therapy on human colon carcinoma xenografts.
J Clin Invest. 1993;92:1918-1924.

162. Hock H, Dorsch M, Diamantstein T, Blankenstein
T. Interleukin 7 induces CD4� T cell-dependent
tumor rejection. J Exp Med. 1991;174:1291-1298.

163. Appasamy PM. IL-7–induced T cell receptor-gamma
gene expression by pre-T cells in murine fetal liver
cultures. J Immunol. 1992;149:1649-1656.

164. Cayeux S, Beck C, Aicher A, Dorken B, Blanken-
stein T. Tumor cells cotransfected with interleu-
kin-7 and B7.1 genes induce CD25 and CD28 on
tumor-infiltrating T lymphocytes and are strong
vaccines. Eur J Immunol. 1995;25:2325-2331.

165. Cayeux S, Richter G, Noffz G, Dorken B, Blan-
kenstein T. Influence of gene-modified (IL-7, IL-4,
and B7) tumor cell vaccines on tumor antigen
presentation. J Immunol. 1997;158:2834-2841.

166. Sharma S, Miller PW, Stolina M, et al. Multicompo-
nent gene therapy vaccines for lung cancer: effective
eradication of established murine tumors in vivo with

interleukin-7/herpes simplex thymidine kinase-
transduced autologous tumor and ex vivo activated
dendritic cells. Gene Ther. 1997;4:1361-1370.

167. Westermann J, Aicher A, Qin Z, et al. Retroviral
interleukin-7 gene transfer into human dendritic
cells enhances T cell activation. Gene Ther.
1998;5:264-271.

168. Miller PW, Sharma S, Stolina M, et al. Intratu-
moral administration of adenoviral interleukin 7
gene-modified dendritic cells augments specific
antitumor immunity and achieves tumor eradica-
tion. Hum Gene Ther. 2000;11:53-65.

169. Stutman O. Postthymic T cell development. Im-
munol Rev. 1986;91:159-194.

170. Bell EB, Sparshott SM, Drayson MT, Ford WL.
The stable and permanent expansion of func-
tional T lymphocytes in athymic nude rats after a
single injection of mature T cells. J Immunol.
1987;139:1379-1384.

171. Miller RA, Stutman O. T cell repopulation from
functionally restricted splenic progenitors: 10,000
fold expansion documented by using limiting dilu-
tion analysis. J Immunol. 1984;133:2925-2931.

172. Mackall CL, Granger L, Sheard MA, Cepeda R,
Gress RE. T cell regeneration after bone marrow
transplantation: differential CD45 isoform expres-
sion on thymic-derived versus thymic-
independent progeny. Blood. 1993;82:2585-2594.

173. de Gast GC, Verdonck LF, Middeldorp JM, et al.
Recovery of T cell subsets after autologous bone
marrow transplantation is mainly due to prolifera-
tion of mature T cells in the graft. Blood. 1985;66:
428-431.

174. Walker RE, Carter CS, Muul L, et al. Peripheral
expansion of pre-existing mature T cells is an im-
portant means of CD4� T-cell regeneration HIV-
infected adults. Nat Med. 1998;4:852-856.

175. Hakim FT, Cepeda R, Kaimei S, et al. Constraints
on CD4 recovery post chemotherapy in adults:
thymic insufficiency and apoptotic decline of ex-
panded peripheral CD4 cells. Blood. 1997;90:
3789-3798.

176. Rocha B, von Boehmer H. Peripheral selection of the
T cell repertoire. Science. 1991;251:1225-1228.

177. Mackall CL, Bare CV, Titus JA, Sharrow SO,
Granger LA, Gress RE. Thymic-independent T
cell regeneration occurs via antigen driven ex-
pansion of peripheral T cells resulting in a reper-
toire that is limited in diversity and prone to skew-
ing. J Immunol. 1996;156:4609-4616.

178. Goldrath AW, Bevan MJ. Low-affinity ligands for the
TCR drive proliferation of mature CD8� T cells in
lymphopenic hosts. Immunity. 1999;11:183-190.

179. Fry TJ, Mackall CL. Interleukin-7: master regula-
tor of peripheral T-cell homeostasis? Trends Im-
munol. 2001;22:564-571.

180. Mackall CL, Fleisher TA, Brown MR, et al. Age,
thymopoiesis and CD4� T lymphocyte regenera-
tion after intensive chemotherapy. N Engl J Med.
1995;332:143-149.

181. Soares MV, Borthwick NJ, Maini MK, Janossy G,
Salmon M, Akbar AN. IL-7–dependent extrathy-
mic expansion of CD45RA� T cells enables pres-
ervation of a naive repertoire. J Immunol. 1998;
161:5909-5917.

182. Webb LM, Foxwell BM, Feldmann M. Putative
role for interleukin-7 in the maintenance of the
recirculating naive CD4� T-cell pool. Immunol-
ogy. 1999;98:400-405.

183. Smith DK, Neal JJ, Holmberg SD. Unexplained op-
portunistic infections and CD4� T-lymphocytopenia
without HIV infection: an investigation of cases
in the United States: the Centers for Disease
Control Idiopathic CD4� T-lymphocytopenia
Task Force. N Engl J Med. 1993;328:373-379.

184. Teixeira L, Valdez H, McCune JM, et al. Poor
CD4� T-cell restoration after suppression of
HIV-1 replication may reflect lower thymic func-
tion. AIDS. 2001;15:1749-1756.

3904 FRY and MACKALL BLOOD, 1 JUNE 2002 � VOLUME 99, NUMBER 11

For personal use only.on February 18, 2016. by guest  www.bloodjournal.orgFrom 

http://www.bloodjournal.org/
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml


doi:10.1182/blood.V99.11.3892
2002 99: 3892-3904
 
 

Terry J. Fry and Crystal L. Mackall
 
Interleukin-7: from bench to clinic
 

http://www.bloodjournal.org/content/99/11/3892.full.html
Updated information and services can be found at:

 (618 articles)Review Articles    
 (5364 articles)Immunobiology    

 (3358 articles)Hematopoiesis and Stem Cells    
Articles on similar topics can be found in the following Blood collections

http://www.bloodjournal.org/site/misc/rights.xhtml#repub_requests
Information about reproducing this article in parts or in its entirety may be found online at:

http://www.bloodjournal.org/site/misc/rights.xhtml#reprints
Information about ordering reprints may be found online at:

http://www.bloodjournal.org/site/subscriptions/index.xhtml
Information about subscriptions and ASH membership may be found online at:

  
Copyright 2011 by The American Society of Hematology; all rights reserved.
Hematology, 2021 L St, NW, Suite 900, Washington DC 20036.
Blood (print ISSN 0006-4971, online ISSN 1528-0020), is published weekly by the American Society of

For personal use only.on February 18, 2016. by guest  www.bloodjournal.orgFrom 

http://www.bloodjournal.org/content/99/11/3892.full.html
http://www.bloodjournal.org/cgi/collection/hematopoiesis_and_stem_cells
http://www.bloodjournal.org/cgi/collection/immunobiology
http://www.bloodjournal.org/cgi/collection/review_articles
http://www.bloodjournal.org/site/misc/rights.xhtml#repub_requests
http://www.bloodjournal.org/site/misc/rights.xhtml#reprints
http://www.bloodjournal.org/site/subscriptions/index.xhtml
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml
http://www.bloodjournal.org/
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml

