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Abstract

Interleukin-7 (IL-7) is required for T cell development and for maintaining and restoring 

homeostasis of mature T cells. IL-7 is a limiting resource under normal conditions, but it 

accumulates during lymphopaenia, leading to increased T cell proliferation. The administration of 

recombinant human IL-7 to normal or lymphopenic mice, non-human primates and humans results 

in widespread T cell proliferation, increased T cell numbers, modulation of peripheral T cell 

subsets and increased T cell receptor repertoire diversity. These effects raise the prospect that IL-7 

could mediate therapeutic benefits in several clinical settings. This Review summarizes the 

biology of IL-7 and the results of its clinical use that are available so far to provide a perspective 

on the opportunities for clinical application of this cytokine.

The designation of interleukin-7 (IL-7) as an interleukin is a misnomer, as non-

haematopoietic stromal cells, rather than leukocytes, are the main producers of this cytokine. 

T cells, B cells and natural killer (NK) cells do not produce IL-7, although small amounts of 

the cytokine are produced by dendritic cells (DCs)1. IL-7 signals through the IL-7 receptor 

(IL-7R) — a heterodimer comprised of IL-7Rα (also known as CD127) and the common 

cytokine receptor γ-chain (γc; also known as CD132) — and mediates anti-apoptotic and 

co-stimulatory proliferative signals through the activation of phosphoinositide 3-kinase 

(PI3K) and the Janus kinase–signal transducer and activator of transcription pathway (JAK–

STAT pathway), downregulation of the cyclin-dependent kinase inhibitor p27 (also known as 

p27Kip1) and modulation of members of the B cell lymphoma 2 (BCL-2) family (FIG. 1). 

IL-7 also represses expression of Casitas B-lineage lymphoma B (CBL-B), which probably 

contributes to its co-stimulatory effects, and antagonizes transforming growth factor-β 
(TGFβ)-mediated signalling through the induction of expression of SMAD ubiquitylation 

regulatory factor 2 (SMURF2)2.

In contrast to other members of the γc cytokine family, for which T cell activation and/or 

cytokine signalling increase expression of the respective cytokine receptor by T cells, 

IL-7Rα is expressed by most resting T cells and is downregulated following IL-7-mediated 
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signalling and/or T cell activation3,4. Rather than provide a comprehensive review of IL-7 

biology, which can be found elsewhere5,6, this Review briefly summarizes the biology of 

IL-7, with an emphasis on recent findings, and focuses on those properties that are most 

relevant to the use of IL-7 as a therapeutic agent.

IL-7 and lymphocytes

Effects on development.

IL-7 is absolutely required for human T cell development as illustrated by the absence of T 

cells in humans with severe combined immunodeficiency (SCID) owing to mutations in the 

IL-7Rα or γc chains7,8. IL-7R expression is tightly controlled during thymopoiesis (FIG. 2), 

being present on double-negative thymocytes, absent on double-positive thymocytes then re-

expressed by single-positive thymocytes, and remaining present on most mature T cells 

(reviewed in REF. 9). IL-7 provides trophic and proliferative signals to double-negative 

thymocytes and also directly instructs recombination of the T cell receptor γ-chain (TCRγ) 

locus. As a result, αβ T cell development can be partly restored in IL-7-deficient hosts by 

overexpression of the anti-apoptotic molecules BCL-2 or myeloid cell leukaemia sequence 1 

(MCL1), or loss of pro-apoptotic molecules, whereas γδ T cell development cannot be 

restored by this approach5,10–13. Some of the effects of IL-7 on T cell development can be 

substituted for by thymic stromal lymphopoietin (TSLP), which signals through IL-7Rα 
complexed with TSLP receptor (TSLPR); this finding explains the more severe 

immunodeficiency that is present in IL-7Rα-deficient mice compared with IL-7-deficient 

mice14. Recent studies have shown that IL-2 is the main factor driving the development of 

natural regulatory T (TReg) cells; however, either IL-7 or TSLP can mediate intrathymic 

TReg cell development in the absence of IL-2 (REFS 15–17).

Patients with SCID due to IL-7Rα or γc mutations generate B cells8, which shows that IL-7 

is not absolutely required for primary B cell development (reviewed in REF. 18) in humans. 

However, recent data from an in vitro culture system comparing adult bone marrow cells 

with umbilical cord blood stem cells indicate that IL-7-independent B cell development in 

humans might be restricted to fetal life and that IL-7 is required for B cell development 

postnatally19. Interestingly, IL-7-dependent B cells seem to be important for the generation 

of antibody responses to T cell-independent polysaccharide antigens, a finding that could 

explain the poor responsiveness to T cell-independent antigens that is observed in infants20. 

Despite these caveats, IL-7 probably has an important role in normal human B cell 

development. IL-7R expression is tightly regulated during B cell development, being 

expressed by common lymphoid progenitors and by B cell progenitors through the pro-B 

cell stage, then downregulated on pre-B cells (FIG. 2). Unlike mature T cells, IL-7R is not 

re-expressed by mature B cells. IL-7-mediated signalling induces the expression of 

transcription factors involved in B cell lineage commitment21 and contributes to the ordering 

of immunoglobulin gene rearrangements by repressing Igκ transcription during pro-B cell 

development22–24. In vitro studies show that IL-7 drives the clonal expansion and survival of 

immature B cells25; the dependence on IL-7 to drive the clonal expansion of immature B 

cells increases when adult bone marrow is used as the source of B cell progenitors compared 

with cord blood19. Furthermore, the expansion of early B cell progenitors is observed in 
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patients who are treated with recombinant human IL-7 (rhIL-7; described below). IL-7 has 

also been implicated as a mediator of survival and proliferation of malignant pre-B cells26. 

Although genetic alterations of IL-7Rα have not been reported in B cell malignancy, 

mutations in TSLPR (also known as CLRF2) occur in 15% of cases of human pre-B cell 

acute lymphoblastic leukaemia (ALL), which indicates that signalling mediated by the 

IL-7Rα axis can contribute to leukaemogenesis27.

IL-7Rα is also expressed by DCs, in which signalling mediated by TSLP has an important 

role in activating DCs that direct the differentiation of T helper 2 (TH2) cells and contribute 

to allergic inflammation28. However, IL-7-mediated signalling has also recently been 

implicated in DC development29 and in regulating CD4+ T cell proliferation during 

lymphopaenia1. Disruption of IL-7-mediated signalling in DCs in mice leads to increased 

homeostatic T cell proliferation, in particular of CD4+ T cells, thus implicating IL-7-

mediated signalling in DCs in a regulatory axis that controls T cell proliferation in response 

to self antigens, and potentially providing a mechanism by which IL-7 can potentiate self 

antigen-driven T cell proliferation during lymphopaenia while avoiding autoimmunity.

With regard to NK cells, IL-15, but not IL-7, is essential for NK cell development in the 

bone marrow. However, IL-7 has recently been implicated in the development of IL-7Rα
+CD11b−Ly49low thymic NK cells in mice, which function mainly in the secretion of 

cytokines rather than in cell killing30,31. Thymic NK cells have not been formally described 

in humans. Recent studies have also identified an essential role for IL-7 in the development 

of lymphoid tissue inducer (LTi) cells (BOX 1). Briefly, mouse LTi cells are 

CD4+CD3−IL-7Rα+ cells that are present in large numbers in the lymph node and Peyer’s 

patch anlagen of fetal mice. LTi cells express the nuclear hormone receptor retinoic acid 

receptor-related orphan receptor-γt (RORγt). They interact with lymphotoxin receptor-

expressing mesenchymal cells in the developing lymph nodes through IL-7-mediated 

production of lymphotoxin α1β2, which presumably initiates lymph node development32,33. 

The number of LTi-like cells is markedly decreased in mice lacking IL-7Rα34 but these cells 

are present in IL-7-deficient mice and TSLPR-deficient mice, which indicates that IL-7 and 

TSLP have redundant roles in the maintenance and/or development of LTi cells. Although 

LTi cells are rare after birth, Il7-transgenic mice have an increased number of LTi cells, 

increased numbers of Peyer’s patches and ectopic (tertiary) lymphoid tissue development, 

which demonstrates the postnatal activity of IL-7-responsive LTi cells35,36. IL-7-regulated 

LTi-like cells in adult mice seem to be important for regulating tissue-associated immune 

responses37–39 and they can also mediate the development of tertiary lymphoid structures in 

the setting of chronic inflammation40. Human LTi cells are CD4−CD3−IL-7Rα+RORγt+ NK 

cell precursors that produce IL-17 and IL-22 (REFS 41,42). These RORγt+ IL-22-producing 

cells are absent in humans who lack IL-7Rα43. Human IL-22-producing NK cells proliferate 

in response to IL-7 (REF. 44), which implicates IL-7 in the biology of LTi cells in humans. 

Interestingly, NK cell receptor-expressing LTi-like cells can differentiate into innate effector 

cells that can contribute to autoimmunity, a process that might be mitigated by IL-7-

mediated signalling43.

In summary, IL-7 is a non-redundant cytokine that is essential for primary T cell 

development and probably has an important role in normal B cell development. IL-7 can 
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also contribute to the development of some DC subsets, and IL-7-mediated signalling in 

DCs has been implicated as a regulator of peripheral CD4+ T cell homeostasis. Although 

IL-7 has no significant role in the development of bone marrow-derived NK cells, it is 

required for the development of thymic NK cells and recent work has identified IL-7Rα 
expression on NK cell receptor-expressing cells with properties of LTi cells, some of which 

mediate innate immune responses.

Effects on peripheral T cell homeostasis.

The homeostatic effects of IL-7 on peripheral T cells45 can be conceptualized by 

emphasizing that IL-7 is distinct from typical ‘activation’ cytokines (FIG. 3). IL-2 can be 

considered a prototypical ‘activation’ cytokine in that it does not signal in resting naive T 

cells but does signal in activated effector T cells following cytokine production and receptor 

upregulation, and has limited effects on resting memory T cells. By contrast, IL-7 is 

continuously available in secondary lymphoid organs (SLOs) as a result of stromal cell 

production46, and IL-7R expression is maintained on resting T cells by the transcription 

factors forkhead box protein O1 (FOXO1)47 and ETS1 (REF. 48). T cells also probably 

encounter IL-7 outside of SLOs, as IL-7 can be detected in human plasma and is produced 

by keratinocytes, gut epithelial cells, other parenchymal cells and DCs1,49–52. Continuous 

IL-7-mediated signalling induces anti-apoptotic and co-stimulatory responses that are 

essential for the survival of naive T cells. However, when T cells become activated, the 

expression of IL-7Rα is downregulated, which prevents these cells from responding to IL-7. 

An exception to this rule occurs during primary immune responses, when IL-7Rα is 

selectively expressed on a small minority of effector T cells that are destined to enter the 

central memory T cell pool, thus implicating IL-7 as a modulator of the effector to memory 

cell transition53. IL-7Rα is re-expressed by resting memory T cells, but its expression is 

downregulated on terminally differentiated, senescent T cells. IL-15 provides homeostatic 

signals that are required for the maintenance of memory T cells, but IL-7 can substitute for 

IL-15 in this regard during lymphopaenia54,55.

Beyond these general principles, several details regarding the role of IL-7 in peripheral T 

cell homeostasis deserve consideration. Although a wide array of mature T cells express 

IL-7R, IL-7 has preferential effects on specific T cell subsets, the biology of which is not 

fully understood. For example, the effects of IL-7 are most potent on recent thymic 

emigrants (RTEs), in which IL-7-mediated signalling can induce proliferation in the absence 

of TCR signalling56,57. IL-7 also has potent co-stimulatory effects on naive non-RTE T cell 

populations, and IL-7-mediated induction of T cell proliferation in response to low-affinity, 

self antigens is essential for the homeostatic proliferative response observed during 

lymphopaenia58,59. Both RTEs and naive T cells express high levels of IL-7Rα, and it 

remains unclear why IL-7 induces TCR-independent proliferation of RTEs but not naive T 

cell subsets. Similarly, IL-7R is expressed at similar levels by CD4+ and CD8+ T cells — 

with the exception of senescent terminally differentiated IL-7Rα− T cells, which make up a 

sizable fraction of the CD8+ T cell pool in humans but are rare in the peripheral CD4+ T cell 

pool60. Despite this, IL-7 generally has more potent effects on CD8+ T cells than it does on 

CD4+ T cells, a feature of its biology that remains poorly understood. IL-7Rα expression is 

notably low on FOXP3+ TReg cells compared with non-regulatory T cell subsets, such that 
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cells with a CD4+CD25hiIL-7Rαlow phenotype are highly enriched for TReg cells61,62. 

Interestingly, however, activated FOXP3+ TReg cells have recently been shown to upregulate 

expression of IL-7R, which is the inverse of the pattern of IL-7R expression that is found on 

non-TReg cell populations of T cells63.

Although IL-7 is continuously available in SLOs, the level of IL-7 has an essential role in 

modulating T cell homeostasis. A model of T cell homeostasis that emphasizes IL-7 as a 

limiting resource3 has been assembled from data showing that many T cells compete for 

access to IL-7 at any given time, that IL-7 signalling leads to downregulation of IL-7Rα 
expression and that increasing the availability of IL-7 through exogenous administration 

increases the size of the T cell pool. However, when T cell populations are decreased in size, 

circulating and tissue levels of IL-7 increase, resulting in a strong inverse correlation 

between circulating levels of IL-7 and the numbers of CD4+ T cells64–66. Increases in the 

circulating level of IL-7 can be readily measured in lymphopenic humans, who typically 

have peak elevations that generally do not exceed 60 pg of IL-7 per ml of plasma but that are 

substantially above normal levels of 2–8 pg per ml. Increased IL-7 levels during 

lymphopaenia result from decreased use, and the production of IL-7 actually decreases in 

this setting as a result of a regulatory feedback loop mediated by IL-7Rα1. Depending on the 

cause of lymphopaenia, IL-7 levels can remain increased for months to years, but they 

readily decrease after the recovery of CD4+ T cell populations, which leads to receptor-

mediated clearance of IL-7 and a return to homeostatic levels of IL-7. This pattern of 

regulation is similar to that of hormone–receptor interactions, and it mirrors the relationships 

seen between circulating levels of erythropoietin and red blood cell counts67, circulating 

thrombopoietin levels and platelet counts68 and circulating granulocyte colony-stimulating 

factor (G-CSF) levels and neutrophil counts69. The physiological changes in T cell biology 

that occur during lymphopaenia include increased proliferative rates of both naive and 

memory T cell populations, and increased proliferative responses to low-affinity antigens. 

As described below, the administration of IL-7 in mice, non-human primates and humans 

largely replicates the lymphopenic physiology, thus implicating IL-7 as an important 

mediator of altered T cell reactivity during lymphopaenia.

IL-7 therapy

Preclinical data supporting therapeutic development.

Following a lymphopaenia-inducing insult, humans typically experience prolonged T cell 

depletion, with the most profound effects being on CD4+ T cells70. This is a result of 

impaired thymic function in most clinical scenarios that are associated with lymphopaenia, 

as thymic-independent homeostatic proliferation of peripheral CD4+ T cells is not efficiently 

supported by physiological increases in IL-7 levels1. Although the total number of CD8+ T 

cells often recovers quickly, the naive CD8+ T cell subset and TCR repertoire diversity 

remain abnormal for months to years71. Numerous animal studies have shown that IL-7 

administration augments immune reconstitution, both in the context of stem cell 

transplantation and after intensive chemotherapy72–76. Although this might seem counter-

intuitive as physiological increases in the level of IL-7 are already present during 

lymphopaenia, the circulating levels of IL-7 obtained after pharmacological administration 
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are far greater than those that are present in lymphopenic hosts. Levels of IL-7 have not been 

measured in the tissues, but it is reasonable to presume that the tissue levels of IL-7 achieved 

with IL-7 therapy are also substantially greater than those which accumulate as a result of 

lymphopaenia. The main pathway by which IL-7 enhances immune reconstitution is the 

thymus-independent homeostatic expansion of peripheral T cell populations, although some 

reports have shown that IL-7 can also increase thymopoiesis77–79. Several other cytokines, 

including keratinocyte growth factor80,81, IL-15 (REF. 82) and FMS-related tyrosine kinase 

3 ligand (FLT3L)83, have immunorestorative properties, but none has been shown to have 

such potent effects as IL-7 in as many model systems. Together, the limited thymic reserve 

in most lymphodepleted humans and the robust capacity of IL-7 to enhance immune 

reconstitution of both CD4+ and CD8+ T cells through thymic-independent pathways make 

IL-7 an attractive candidate for clinical development as an immunorestorative factor.

IL-7 therapy also augments antigen-specific T cell responses after vaccination, viral 

infection and adoptive cell therapy2,84–88. Vaccination and viral infection studies in mice 

show that the transient administration of IL-7 around the time of vaccination or initial viral 

infection increases the size of antigen-specific effector and memory T cell populations and 

has long-lasting effects on the memory T cell pool2,84,88,89. IL-7 enhances CD4+ and CD8+ 

effector T cell responses and CD8+ memory T cell responses after vaccination, with the 

greatest effect being on T cell responses specific for subdominant antigens; this suggests that 

the administration of IL-7 with tumour vaccines could increase immunity towards weak 

tumour antigens. The effectiveness of IL-7 as a vaccine adjuvant depends on the timing of 

administration, as durable effects of IL-7 on the memory T cell pool were only observed 

when IL-7 was administered during the contraction phase of the CD8+ T cell response89. 

Importantly, in a model in which a viral infection induced a primary immune response that 

mediated antitumour effects, IL-7 did not enhance the antitumour immune response in the 

absence of concomitant viral infection, which shows that the adjuvant effects of IL-7 require 

concomitant innate immune activation and are not simply the result of homeostatic T cell 

proliferation2. In this model, IL-7 increased the number of antigen-specific CD4+ and CD8+ 

T cells in the draining lymph nodes of the inflamed pancreas, which is consistent with the 

known capacity of IL-7 to augment the number of antigen-specific effector T cells during an 

acute immune response. However, IL-7 also induced marked qualitative effects in the 

immune milieu, including the increased production of pro-inflammatory cytokines and the 

induction of antigen-specific TH17 cells. Antigen-specific T cells in virus-infected mice 

treated with IL-7 also became more potent on a per cell basis. They were resistant to the 

suppressive effects of TGFβ and TReg cells; this resistance was associated with IL-7-

mediated upregulation of expression of SMURF2 (an E3 ubiquitin protein ligase that targets 

TGFβ receptor II and SMAD2 for degradation) and of NEDD4 (an E3 ubiquitin protein 

ligase that targets CBL-B for degradation). A more recent report showed that therapy with 

rhIL-7 also enhances viral clearance in mice during chronic infection with lymphocytic 

choriomeningitis virus, which mimics chronic viral infections in humans such as with HIV 

or hepatitis C virus. Here, the effects of IL-7 involved the downregulation of expression of 

programmed cell death 1 (PD1) and of suppressor of cytokine signalling 3 (SOCS3) in T 

cells, together with increased IL-22 production, mediated in part through the suppression of 

FOXO transcription factors90. However, in a similar study using the same chronic viral 
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infection model, although IL-7 therapy enhanced T cell-mediated viral clearance, the effect 

was mediated by increased numbers of virus-specific T cells through increased proliferation 

and attenuated contraction of the T cell response, associated with increased BCL-2 

expression but without any change in the expression of CBL-B or PD1 (REF 91). So, in 

addition to increasing the number of antigen-specific T cells by modulating T cell reactivity, 

IL-7 seems to antagonize several inhibitory networks in the setting of acute and chronic viral 

infection2,90.

IL-7 has also recently been implicated in mediating protective effects in the setting of sepsis. 

Recent literature has shown that sepsis is more severe in T cell-deficient mice and that the 

pathophysiology of sepsis involves a decrease in the number of T cells and 

hypofunctionality of the remaining T cells. Following caecal ligation and puncture, IL-7 

therapy: blocked T cell apoptosis through the upregulation of BCL-2 expression and 

decreased expression of PUMA (p53-upregulated modulator of apoptosis); prevented the 

loss of delayed-type hypersensitivity (DTH) responses; and increased leukocyte trafficking 

to sites of infection through increased expression of the integrin molecules lymphocyte 

function-associated antigen 1 (LFA1) and very late antigen 4 (VLA4), which resulted in a 

concomitant decrease in bacterial load92. The beneficial effects of IL-7 in sepsis seem to 

involve increased production of interferon-γ (IFNγ) and CXC-chemokine ligand 10 

(CXCL10), and the generation of IL-17-producing γδ T cells, all of which increase the 

recruitment of neutrophils.

Clinical studies.

IL-7 has been produced for human administration using recombinant technology. The first 

studies in humans were carried out with rhIL-7 produced in Escherichia coli (designated 

CYT99007 (Cythersis, Inc.)); current trials use rhIL-7 produced in eukaryotic cells 

(designated CYT107 (Cythersis, Inc.)), which replicates the glycosylation profiles found in 

the native protein and might decrease the risk of immunogenicity. So far, 15 clinical trials 

have been registered worldwide that incorporate the administration of rhIL-7 (TABLE 1) for 

treating patients with cancer, idiopathic CD4+ T cell lymphocytopaenia and chronic viral 

infections, including HIV, hepatitis B virus and hepatitis C virus infections, and for use after 

haematopoietic stem cell (HSC) transplantation. All of the trials have administered rhIL-7 

subcutaneously, with a dose range of 3–60 μg per kg of body weight and administration 

schedules ranging from a single dose of rhIL-7 to administration every other day for 8 doses, 

to weekly or every other week for 3–4 doses, in some cases repeated after a treatment-free 

interval of several months. So far, rhIL-7 has been well tolerated, with consistent biological 

effects seen at doses that are associated with limited toxicity in patients with advanced 

malignancy or HIV infection. The most common side effects observed have been low-grade 

fever, malaise, transient increases in liver enzyme levels, and erythema and induration at the 

site of administration. No significant capillary leak or acute toxicity has been observed so far 

after rhIL-7 therapy, and the drug has mainly been administered in the outpatient setting.

In the first study in humans, rhIL-7 (CYT99007) was administered every other day for a 

total of 14 days to 16 patients with refractory cancer93,94. IL-7 induced a transient decrease 

in the number of circulating lymphocytes 1–2 days after administration, presumably related 
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to the trafficking of T cells to the tissues; this effect is also observed after administration of 

recombinant simian IL-7 to macaques95 and might be related to the known effects of IL-7 on 

integrin activation96. This was followed by substantial dose-dependent increases in the 

numbers of circulating CD4+ and CD8+ T cells, which peaked on day 21 after the start of 

IL-7 administration and were sustained for at least 8 weeks. Doses of 30–60 μg of IL-7 per 

kg induced 3–4-fold increases in the numbers of circulating CD4+ and CD8+ T cells, often 

resulting in supranormal values for these cell counts. It is important to note that the effects of 

therapeutic administration of rhIL-7 were not limited to circulating T cells, which could be 

confounded by changes in T cell trafficking, but also correlated with increases in the size of 

SLOs, including the spleen and lymph nodes, as well as evidence of increased metabolic 

activity in these sites.

The measured half-life of rhIL-7 in this study was 6–10 hours, but the biological effects 

persisted well beyond the time when circulating levels of IL-7 returned to baseline94. As 

IL-7 is known to bind to components of the extracellular matrix, the long-lasting effects of 

therapy with rhIL-7 could result from saturation of this tissue compartment followed by the 

slow release of IL-7 such that it is not readily detectable in the serum, and/or from 

pharmacodynamic changes in lymphocyte proliferation and/or apoptosis that persist beyond 

the period of exposure to rhIL-7. Significant increases in the cell cycle rates of both CD4+ 

and CD8+ T cells and increased expression of BCL-2 by T cells were observed after therapy 

with rhIL-7. T cell proliferation rates were tightly correlated with IL-7Rα expression, both 

of which decreased markedly by day 7 after the start of therapy despite continued rhIL-7 

administration until day 14. These results indicate that modulation of IL-7Rα expression 

potently regulates the T cell proliferative effects induced by IL-7 therapy, providing a ‘built-

in’ safety valve to prevent uncontrolled IL-7-induced lymphoproliferation. Interestingly, 

BCL-2 expression levels remained high until day 14, despite the downregulation of IL-7Rα 
expression.

The effects of rhIL-7 were selective with regard to T cell subsets. CD8+ T cell populations 

were expanded to a greater extent than were CD4+ T cells, and FOXP3+CD4+ TReg cells had 

lower rates of proliferation after rhIL-7 therapy compared with CD4+FOXP3− T cell subsets, 

resulting in a decreased frequency of TReg cells after rhIL-7 therapy. Similar findings were 

seen when rhIL-7 was administered to patients with melanoma97 and to HIV-infected 

patients98. Notable selectivity was seen with regard to the effects of IL-7 on naive versus 

non-naive T cells (FIG. 4). Although naive T cells rarely proliferate, rhIL-7 therapy 

preferentially induced the proliferation of this subset, which induced a marked increase in 

the relative proportion of naive T cell populations present. This was not the result of clonal 

expansion or altered T cell phenotypes and, as a result, patients treated with a short course of 

rhIL-7 had marked broadening of TCR repertoire diversity. Such findings had previously 

only been shown coincident with increased thymopoiesis99, but the effects of IL-7 on 

thymopoiesis seemed to be marginal or nonexistent in this study. Rather, rhIL-7 therapy 

increased TCR repertoire diversity by modulating the subset composition of the peripheral T 

cell pool such that the more diverse components made up a greater proportion of the total 

population. Although patient numbers were small in this study, the preferential expansion of 

naive CD4+ and CD8+ T cell populations by rhIL-7 was age independent93. Similar effects 

have been observed after IL-7 therapy in mice100.
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rhIL-7 (CYT99007) was also administered as a single dose, in the context of a placebo-

controlled trial, to 18 patients with HIV infection98. This study confirmed that rhIL-7 

induced early lymphopaenia, followed by a significant increase in the rate of T cell cycling 

on day 4 after IL-7 administration and increases in circulating CD4+ and CD8+ T cell counts 

that persisted for at least 14 days after rhIL-7 administration. Given that serum rhIL-7 levels 

peaked at 4 hours after the dose was administered, that the half-life of IL-7 was 7–23 hours 

and that circulating IL-7 levels had returned to baseline by 72 hours after therapy, the results 

also clearly show that the biological effects of rhIL-7 continue well after serum cytokine 

levels return to baseline. In this study of patients with HIV infection, increases in the 

numbers of central memory CD4+ and CD8+ T cells were most prominent, but naive CD4+ 

and CD8+ T cells also increased in number, whereas no increase in the number of effector 

memory CD8+ T cells was observed. No detectable effects on the frequency or cell cycle 

rates of T cells specific for HIV, Epstein–Barr virus, cytomegalovirus (CMV) or influenza 

virus were observed in this single-dose study. In a second study that administered 8 doses of 

rhIL-7 every other day in 14 patients infected with HIV, similar increases in the total number 

of T cells and similar expansion of naive and central memory T cell populations were 

observed101. Despite transient increases in HIV replication, the production of IL-2 and IFNγ 
in response to CMV and HIV antigens in vitro was increased in four subjects after rhIL-7 

therapy, which might indicate improved antiviral immunity. Similarly, a recent case report 

described early immune reconstitution in one patient treated with rhIL-7 as part of an 

antiviral regimen for progressive multifocal leukoencephalopathy associated with idiopathic 

CD4+ T cell leukopaenia102. So, rhIL-7 administration consistently results in patterns of 

immune reconstitution in various settings associated with lymphopaenia, and preliminary 

data indicate that IL-7 might augment virus-specific immune responses, which could provide 

clinical benefit for immunosuppressed individuals.

These clinical studies have also provided insight into the effects of IL-7 on human B cell 

lymphopoiesis. Administration of rhIL-7 had minimal effects on circulating mature B cells; 

however, transient increases in the numbers of circulating immature/transitional B cells after 

rhIL-7 administration were noted in two studies94,98. Examination of the bone marrow in 

some patients showed marked expansion of the lymphoid compartment, which was mainly 

comprised of early pre-B cells at various stages of differentiation. Molecular studies showed 

no evidence for clonal dominance of B cell populations, and in all patients the bone marrow 

morphology normalized following cessation of rhIL-7 therapy94. So, rhIL-7 can induce 

marked early B cell proliferation in the bone marrow, which is consistent with the 

appearance of haematogones; these cells are often observed following recovery from dose-

intensive chemotherapy but can be confused with malignant cells by light microscopy. These 

results show the direct effects of IL-7 on human B cell development and illustrate why long-

term, uninterrupted IL-7 exposure at high levels might predispose to lymphoproliferation; 

extreme caution is therefore warranted with regard to the use of rhIL-7 in patients with B 

cell malignancies, which often express IL-7R.

Promise, challenges and notes of caution

The published clinical experience with the use of rhIL-7 therapy so far is modest, but there is 

consistent evidence that rhIL-7 is safe, is bioactive and has a unique capacity to expand 
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naive T cell populations and augment immune reconstitution with TCR repertoire 

diversification. So, the clinical development of rhIL-7 is compelling for several conditions 

associated with T cell immunodeficiency, in which impaired immune reconstitution 

contributes to morbidity or mortality (TABLE 2). These include some rare diseases such as 

idiopathic CD4+ T cell lymphocytopaenia and congenital immunodeficiencies, as well as 

more common conditions such as the immunodeficiency that results after chemotherapy for 

cancer, HIV infection or HSC transplantation. The ability of IL-7 to increase TCR repertoire 

diversity might also provide a clinical benefit for the largest subset of the human population 

with progressive immune deficiencies, namely aged individuals. As thymus activity 

decreases with age, the frequency of naive T cells originating from the thymus decreases. 

The decreasing proportion of naive cells in the total T cell population contributes to a 

progressively restricted, oligoclonal TCR repertoire as effector T cell populations, which are 

skewed in their TCR specificity, increase in frequency. Such TCR skewing is particularly 

marked for CD8+ T cells. The administration of rhIL-7 would be predicted to reverse the 

decreased representation of naive T cells over time in elderly individuals and restore TCR 

repertoire diversity. It is not known whether this TCR diversity would result in a functional 

improvement in T cell responses in elderly individuals.

In a clinical scenario in which T cell immunodeficiency is the main barrier to cure or to 

improved clinical outcome, it seems probable that rhIL-7 could have therapeutic benefit. In 

reality, however, such clinical scenarios are by their nature complex and showing that the 

effects of rhIL-7 on immune homeostasis will translate to an improved clinical outcome 

remains a challenge (TABLE 2). For example, in settings of acquired immune deficiency 

such as HIV infection, after HSC transplantation or idiopathic CD4+ T cell 

lymphocytopaenia, it remains to be seen whether rhIL-7-mediated increases in the numbers 

of CD4+ T cells will directly improve survival rates or the length of disease-free intervals. 

For example, previous work had shown that rhIL-2 increased CD4+ T cell counts in HIV 

infected individuals, but two large randomized studies failed to show a survival benefit after 

rhIL-2 administration despite increases in the CD4+ T cell counts103. As rhIL-2 

preferentially expands TReg cell populations, whereas rhIL-7 expands non-regulatory T cell 

populations and increases TCR repertoire diversity, the overall results with rhIL-7 might be 

different. However, carefully controlled clinical trials targeting those patients who are most 

at risk for opportunistic complications are essential to determine whether the biological 

effects of rhIL-7 will translate into improved survival or decreased morbidity of patients. 

Similarly, it seems probable that rhIL-7 would enhance immune reconstitution after HSC 

transplantation, but care will be needed to identify patient populations for whom this effect 

is most likely to result in clinical benefit without potential adverse effects, such as graft-

versus-host disease (GVHD). Indeed, polymorphisms in the gene encoding IL-7Rα are 

associated with the risk of mortality after allogeneic HSC transplantation104, serum levels of 

IL-7 have been shown to correlate with the development of GVHD in humans105,106 and 

IL-7 administration exacerbates GVHD in mice107.

IL-7 is also a potent vaccine adjuvant and it increases the effectiveness of adoptive transfer 

therapies, properties that it shares with IL-15, IL-21 and, in some cases, IL-2 (REF. 108). It 

remains possible that IL-7 will have a therapeutic role on the basis of its capacity to augment 

antigen-specific immune responses, either in the context of preventative or therapeutic 
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vaccines or in the setting of chronic viral infection. Animal models indicate that IL-7 is a 

potent agent in this regard, and several clinical trials incorporating rhIL-7 with antiviral 

agents, tumour vaccines and/or adoptive cell therapy are underway. Finally, the recent data 

implicating IL-7 as an agent that can decrease mortality associated with sepsis add a new 

dimension to the therapeutic potential of rhIL-7 (REFS 92,109).

The potent effects of IL-7 on T cell development and homeostasis provide ample 

opportunities for clinical translation. However, such diverse and potent effects of IL-7 on the 

immune system could also have adverse consequences, particularly in high-risk individuals 

or during chronic administration. Indeed, the evidence that IL-7 therapy potently expands 

early B cell and T cell progenitor populations means that IL-7 is contraindicated for patients 

with lymphoid malignancies and/or lymphoproliferation. As profoundly lymphopenic 

individuals are predisposed to lymphoproliferation, mainly as a result of virus-induced 

effects, the very patient population who could potentially benefit most from IL-7 therapy 

might also have an increased risk of adverse effects from this therapy.

Studies in mouse models indicate that the effects of IL-7 on T cell cycling probably involve 

enhanced proliferative responses to self antigens58,59, raising the possibility that rhIL-7 

therapy might predispose to autoimmune disease. Indeed, Il7-transgenic mice, which 

constitutively express high levels of IL-7, develop severe immune-mediated dermatitis110, 

and polymorphisms in the sixth exon of the gene encoding IL-7Rα modulate susceptibility 

to multiple sclerosis, which implicates the IL-7-mediated signalling axis in predisposition to 

autoimmunity111,112. IL-7 also has a role in the immunobiology of rheumatoid arthritis113 

and blocking signalling through IL-7Rα can decrease the severity of joint inflammation in 

mouse models114. In mouse models of colitis, IL-7 produced by human intestinal epithelial 

cells51 contributes to the development of intestinal inflammation115. Adoptive transfer of 

mucosal T cells expressing high levels of IL-7Rα induces colitis in recipient mice and toxin-

conjugated depletion of IL-7Rα-expressing cells can abrogate established colitis116. So, 

IL-7 has been implicated in the pathophysiology of multiple autoimmune diseases, which is 

consistent with its known capacity to induce T cell proliferation in response to low-affinity 

antigens and self antigens during lymphopaenia. In the context of cancer therapy, the 

capacity of IL-7 to break tolerance to self antigens might be a desirable effect if the toxicity 

is tolerable and treatable, as observed with cytotoxic T lymphocyte antigen 4 (CTLA4)-

targeted therapy117. But such an analysis will require substantial clinical experience with 

rhIL-7 and will vary depending on the nature and severity of the underlying disease. Finally, 

although neutralizing antibodies specific for rhIL-7 have not been reported so far, it remains 

possible that rhIL-7 therapy could induce the production of crossreactive neutralizing 

antibodies that could adversely affect endogenous levels of IL-7 and paradoxically worsen 

lymphopaenia, a scenario that has been reported in the context of erythropoietin 

administration118.

Concluding remarks

Preclinical data generated from numerous model systems over the past two decades have 

shown that IL-7 has potent immunorestorative effects, as well as vaccine adjuvant effects 

and beneficial effects in the setting of adoptive cell therapy. Several other cytokines have 
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immunorestorative properties, but no other single agent has the same potency and breadth of 

effects on immune reconstitution as IL-7. Because several clinical scenarios of 

immunodeficiency are associated with substantial morbidity and mortality, the 

immunorestorative properties of IL-7 have led to interest regarding its therapeutic 

translation. Several clinical trials are ongoing (TABLE 1) in settings of acquired 

immunodeficiency, chronic viral infection and cancer. The clinical experience obtained so 

far, in a relatively small number of patients, shows that rhIL-7 therapy is safe, is well 

tolerated and results in potent immunorestorative effects. Therapy with rhIL-7 increases T 

cell mass, both circulating and in SLOs, and its effects persist following clearance of the 

agent. Despite the proven importance of IL-7 in thymopoiesis, the beneficial effects of IL-7 

on TCR repertoire diversification occur mainly as a result of the preferential post-thymic 

proliferation of naive T cells. rhIL-7 therapy also leads to a relative decrease in the 

frequency of TReg cells in the peripheral T cell pool and induces the expansion of immature 

B cell populations in the bone marrow in some patients. Despite the impressive biological 

effects of IL-7 on T cell populations, the essential issue regarding clinical development is the 

need to show that the biological effects of rhIL-7 translate to improved clinical outcomes 

such as prolonged survival or cure. Such proof of concept can only be obtained by carrying 

out careful clinical trials in targeted populations who are at greatest risk owing to T cell 

immunodeficiency and/or in clinical scenarios where the adjuvant effects of IL-7 markedly 

increase the potency of a multi-agent immunotherapeutic regimen. As with all clinical 

agents, the ultimate value of rhIL-7 therapy will be determined based on its therapeutic 

index, which is a measure of the relative benefits versus relative risks for each individual 

patient.
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Glossary

Janus kinase–signal transducer and activator of transcription pathway (JAK–STAT pathway)
An evolutionarily conserved signalling pathway that is associated with type I and type II 

cytokines. Receptor ligation by these cytokines leads to a series of events that includes the 

recruitment and activation of JAKs and the phosphorylation of various STATs, which in turn 

translocate to the nucleus where they transactivate various genes involved in cell 

differentiation, survival, apoptosis and proliferation

Severe combined immunodeficiency (SCID)
A primary (inherited) immunodeficiency characterized by defects in cell-mediated and 

humoral immune responses. Affected infants commonly die within the first year of life 

owing to recurrent infections. Mutations in approximately ten different genes have been 

described to cause this condition, but defects in the common cytokine receptor γ-chain (γc) 

are the most common and result in X-linked SCID. Other genes that are mutated in patients 

with SCID include those encoding Janus kinase 3 (JAK3), recombination activating gene 1 

(RAG1) and RAG2, IL-7 receptor α-chain (IL-7Rα) and adenosine deaminase
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pro-B cell
A cell at the earliest stage of B cell development in the bone marrow. These cells are 

characterized by incomplete immunoglobulin heavy-chain gene rearrangement and are 

defined as being CD19+ cytoplasmic IgM− or, sometimes, as B220+CD43+ (by the Hardy 

classification scheme)

pre-B cell
A cell at a stage of B cell development in the bone marrow that is characterized by complete 

immunoglobulin heavy-chain gene rearrangement in the absence of immunoglobulin light-

chain gene rearrangement. These cells, express the pre-B cell receptor, which comprises a 

pseudo light chain and a heavy chain. They are phenotypically CD19+ cytoplasmic IgM+ or 

are sometimes defined as being B220+CD43−cell surface IgM− (by the Hardy classification 

scheme)

Sepsis
A systemic response to severe infection or tissue damage, leading to a hyperactive and 

unbalanced network of pro-inflammatory mediators. Vascular permeability, cardiac function 

and metabolic balance are affected, resulting in tissue necrosis, multi-organ failure and death

Delayed-type hypersensitivity (DTH)
A cellular immune response to antigen that develops over ~24–72 hours with the infiltration 

of T cells and monocytes, and is dependent on the production of T helper 1 cell-specific 

cytokines
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Box 1 |

Lymphoid tissue inducer cells

Lymph node development in fetal mice depends on mesenchymal cells that express 

vascular cell adhesion molecule 1 (VCAM1) and intercellular adhesion molecule 1 

(ICAM1), which are known as stromal organizer cells, and on CD4+ interleukin-7 

receptor-α (IL-7Rα)+ lymphoid tissue inducer (LTi) cells, the development of which 

requires the transcription factor retinoic acid receptor-related orphan receptor-γt 

(RORγt)32,119. LTi cells are derived from a lymphoid precursor cell that can generate B 

cells, T cells, natural killer (NK) cells and dendritic cells120; commitment to the LTi cell 

lineage is controlled by the helix–loop–helix protein inhibitor of DNA binding 2 

(ID2)121. The number of LTi cells is increased in Il7-transgenic mice, resulting in 

increases in the number and size of Peyer’s patches, as well as the development of 

ectopic (tertiary) lymphoid tissue35. Although lymphoid tissue development occurs 

mainly in the fetus, IL-7-regulated LTi-like cells can also be identified in adult mice36. 

These cells seem to be important for the generation of gut lymphoid tissue and for 

immune responses in the gut37,38. Linder the control of these cells, tertiary lymphoid 

structures can also develop in inflammatory conditions40 and contribute to the generation 

of productive immune responses39,122,123 and autoimmunity124 in non-lymphoid tissues. 

Interestingly, the attraction of LTi cells to tumours by CC-chemokine ligand 21 (CCL21) 

results in the development of a tertiary lymphoid structure-like environment and 

contributes to tumour development by inducing tolerance125. In mice and humans, a 

subset of IL-22-producing NK cell receptor-expressing cells have also been identified as 

having LTi cell-like properties41,44,126–128. Recently, using fate-mapping experiments in 

reporter mice in which enhanced green fluorescent protein is expressed under the control 

of the Rorc locus (which encodes RORγt), these cells have been shown to be derived 

from RORγt-expressing LTi cell precursors ratherthan from NK cells43. Interestingly, 

NK cell receptor-expressing LTi-like cells in mice can differentiate into RORγt− innate 

effector cells that can contribute to colitis, a process that is blocked by IL-7. It is not 

known whether the human NK cell receptor-expressing IL-22-producing cells have a 

similar origin and properties, but these cells are absent in humans with severe combined 

immunodeficiency due to IL-7Rα mutation43.

Mackall et al. Page 21

Nat Rev Immunol. Author manuscript; available in PMC 2020 July 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1 |. IL-7-mediated signalling pathways.
Interleukin-7 (IL-7) signals through the IL-7 receptor (IL-7R), a heterodimer comprised of 

IL-7Rα (also known as CD127) and the common cytokine receptor γ-chain (γc; also known 

as CD132). During T cell development in the thymus, IL-7-mediated signalling participates 

in T cell receptor (TCR) gene rearrangement through DNA demethylation and histone 

acetylation. In all T cells, IL-7-mediated signalling initiates downstream signalling pathways 

through Janus kinase 1 (JAK1), JAK3 and phosphoinositide 3-kinase (PI3K), resulting in the 

phosphorylation and activation of signal transducer and activator of transcription 5 (STAT5). 

This results in changes in the expression of B cell lymphoma 2 (BCL-2) family members, 

such as increased expression of the anti-apoptotic molecules BCL-2 and MCL1 (myeloid 

cell leukaemia seguence 1) and decreased expression of the pro-apoptotic molecules BAX 

(BCL-2-associated X protein), BIM (BCL-2-interacting mediator of cell death) and BAD 

(BCL-2 antagonist of cell death). IL-7-mediated signalling also leads to decreased levels of 

the cyclin-dependent kinase inhibitor p27 (also known as p27Kip1), increased levels of 

CDC25A (cell division cycle 25 homologue A) and changes in the expression of TCR 

modulators such as Casitas B-lineage lymphoma B (CBL-B).The result of IL-7-mediated 

signalling is increased T cell survival, increased proliferation, augmented TCR signals and, 

for recent thymic emigrants,TCR-independent proliferation.
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Figure 2 |. IL-7R expression by lymphocytes.
Because expression of the common cytokine receptor γ-chain (γc) is ubiquitous on 

developing and mature T cells and B cells, interleukin-7 receptor (IL-7R) expression is 

mainly determined by the presence or absence of IL-7Rα. IL-7Rα expression is tightly 

regulated throughout T cell and B cell lymphopoiesis. IL-7Rα is not expressed by 

haematopoietic stem cells (HSCs). During B cell development, IL-7Rα is expressed by 

common lymphoid progenitor (CLP) cells in the bone marrow and by pro-B cell and large 

pre-B cell progenitors; IL-7Rα expression is then downregulated on more mature B cell 

populations. During T cell development, IL-7Rα expression is absent from early T cell 

lineage progenitor (ETP) cells found in the thymus, a population of cells that is probably 

derived directly from HSCs but with some evidence indicating that these cells are derived 

from CLPs. In the thymus, IL-7Rα is expressed by double-negative (DN) thymocytes, then 

downregulated on double-positive (DP) thymocytes and re-expressed by single-positive (SP) 

thymocytes and recent thymic emigrants (not shown). During post-thymic T cell 

differentiation, the expression of IL-7Rα is also tightly regulated. It is expressed by naive T 

cells, but receptor expression is lost on most effector T cells after activation. A small 

population of effector T cells probably retain expression of IL-7Rα, which marks them to 

become long-lived memory T cells. Non-T cells, including lymphoid tissue inducer (LTi) 

cells and some dendritic cell (DC) subsets, also express IL-7Rα, although the expression of 

γc is more variable on these subsets. Importantly, IL-7 is not produced by lymphocytes but 

rather by stromal cells in lymphoid organs. BCR, B cell receptor; TCR, T cell receptor; TReg 

cell, regulatory T cell.
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Figure 3 |. Distinctions between a prototypical activation cytokine (IL-2) and a prototypical 
homeostatic cytokine (IL-7).
a | Interleukin-2 (IL-2) does not mediate signals for resting naive or memory T cells, but it is 

a crucial growth factor for activated effector T cells and is produced by activated 

lymphocytes, b | By contrast, IL-7 is a stromal cell-derived cytokine that provides 

continuous signals to resting naive and memory T cells, but does not signal to most activated 

effector T cells. Effector T cells that are destined to enter the memory cell pool are an 

exception to this rule, as they upregulate expression of interleukin-7 receptor-α (IL-7Rα) 

before the transition53 (not shown).
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Figure 4 |. Recombinant human IL-7 diversifies the TCR repertoire by preferential expansion of 
naive T cell populations and recent thymic emigrants.
Recombinant human interleukin-7 (rhIL-7) therapy inducesthe proliferation of mature T cell 

populations, with differential effects on various subsets. For both CD4+ and CD8+T cells, 

rhIL-7 induces greater proliferation of the more diverse recent thymic emigrant and naive T 

cell subsets as compared with the less diverse, effector T cell subsets. This results in a 

preferential increase in the size of T cell populations that have a diverse T cell receptor 

(TCR) repertoire in the peripheral T cell pool and a net increase in TCR repertoire diversity 

overall. This effect seems to be age independent and does not reguire increased 

thymopoiesis, although a thymopoietic effect of rhIL-7, if it were to occur, would be 

predicted to enhance the potency of the overall TCR repertoire diversification.
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