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Immune deficiency — a decrease in the number or
function of immune cells — leads to a significant
increase in the incidence and severity of infections, the
occurrence and relapse of cancers, and the failure of
immunotherapies, including vaccination. Apart from
genetic causes (such as SEVERE COMBINED IMMUNODEFICIENCY,
SCID) and autoimmune diseases, immunodeficiency is
commonly associated with ageing but can also arise
directly as a result of infections that target the immune
system — most notably, infection with HIV — and as a
consequence of common cancer treatments, such as
myeloablative chemotherapy and radiation. Immuno-
deficiency also occurs through treatment with drugs
that are frequently used to prevent rejection of foreign
cell, tissue or organ transplants. In these situations,
T cells are more suppressed than other immune cells
and are slower to recover. T-cell deficiency is more pro-
nounced in adults as a result of the markedly reduced
function of the thymus, which undergoes atrophy early
in life, particularly from the onset of puberty, lapsing to
less than 10% of its maximum size by the early 20s1.

In this review, we discuss strategies that could
enhance the reconstitution of T cells after an ALLOGENEIC

haematopoietic stem cell (HSC) transplant (HSCT) —
which is associated with a severe deficiency in Tcells, as

discussed later and in BOX 1 — but these strategies have
equal potential to overcome T-cell deficiencies in gen-
eral. The approaches include those that target lymphoid
progenitors and promote thymopoiesis, and those that
use ex vivo culture systems, hormones, growth factors,
cytokines or co-stimulatory molecules (FIG. 1). We have
focused on strategies that are currently being studied in
clinical trials or have realistic potential for clinical use in
the foreseeable future.

Furthermore, in patients with T-cell deficiencies,
adoptive T-cell therapy has resulted in the successful
treatment of Epstein–Barr-virus-induced lymphoprolif-
erative disease and lymphoma, as well as infection with
cytomegalovirus (CMV), and it is now being studied as a
promising therapeutic strategy for the prophylaxis and
treatment of a variety of infections and malignancies.
However, the use of adoptive cell therapy to treat specific
infections or tumours is beyond the scope of this article
and is reviewed in REFS 2,3.

Allogeneic HSC transplantation
Allogeneic HSC transplantation is a potentially cura-
tive therapy for a variety of life-threatening diseases of
lymphohaematopoietic cells and tissues, including
malignancies and diseases characterized by defective
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precursors and are produced in the thymus or possi-
bly in extrathymic sites such as the intestinal mucosa;
non-alloreactive T cells, which derive from mature
donor T cells in the allograft and can undergo homeo-
static proliferation in the lymphopenic host; allo-
reactive T cells, which are transferred in the allograft
and cause GVHD; and residual host T cells, which
have survived the conditioning regimen and can reject
the allograft (BOX 1; FIG. 2). Therefore, any strategy that
affects the T cells of transplant recipients will need to
be tested for its potential risks of enhancing GVHD or
graft rejection and its potential benefits of promoting
thymopoiesis, homeostatic proliferation and T-cell
survival.

Adoptive transfer of lymphoid progenitor cells
The recent identification of common lymphoid prog-
enitors (CLPs) in adult bone marrow (BOX 2; FIG. 3) has
allowed the development of adoptive transfer of
donor lymphoid precursors to recipients of an allo-
geneic HSCT as a strategy to expedite and enhance 
de novo generation of donor T cells and to promote
recovery of T cells. This strategy operates under the
assumption that the addition of committed lymphoid
precursors to the graft will result in an accelerated
(but transient) recovery of the thymus before lym-
phoid precursors derived from the pluripotent donor
HSCs begin their continuing repopulation of the thy-
mus. Adoptive transfer of committed progenitors has
been successfully applied in mouse models to enhance
myeloid reconstitution through the CONGENIC trans-
plantation of common myeloid progenitors (CMPs)

lymphohaematopoiesis. Myeloablative and non-
myeloablative conditioning regimens, which consist of
radiation, chemotherapy and/or immunosuppressive
drugs to enable engraftment of the donor HSCs, specifi-
cally target T cells to prevent graft rejection by T cells of
the host and GRAFT-VERSUS-HOST DISEASE (GVHD) by T cells
of the donor.

In contrast to the relatively early recovery of innate
immunity (mediated by myeloid and natural killer
(NK) cells), all recipients (but especially adult recipi-
ents) of an allogeneic HSCT have post-transplant defi-
ciencies in their reconstitution of B cells and T cells,
and these can exceed the period of lymphocytopaenia
as a result of delays in the recovery of function4,5.
Although children commonly recover T-cell-based
immunity within 6 months of an HSCT following
chemotherapy, adults can require years and, even then,
rarely re-establish a fully competent T-cell repertoire4,6.
This prolonged post-transplant lymphoid deficiency
(in particular of the T-cell lineage) is associated with an
increased risk of infections4,7, relapse of malignancy8

and development of secondary malignancies9, and it
reduces the efficacy of immunotherapeutic strategies,
such as vaccination against microorganisms or
tumours. The risk of opportunistic infections in the
post-transplant period directly correlates with the
recovery of T cells (especially CD4+ T cells)4,5,7.

Particularly in the first weeks after transplantation,
the lymphoid system of recipients of an allogeneic HSCT
contains shifting populations of donor and host T cells,
which include the following: de novo-generated donor
T cells, which originate from donor haematopoietic

SEVERE COMBINED

IMMUNODEFICIENCY 

(SCID). Humans or mice with
this rare genetic disorder lack
functional T and B cells owing 
to a mutation in a gene that is
involved in T-cell and/or B-cell
development; consequently, they
suffer from recurrent infections.
Several forms of SCID have been
described, including mutations
in the common cytokine-
receptor γ-chain of several
interleukin receptors, Janus
activated kinase 3 (JAK3) 
and adenosine deaminase.

ALLOGENEIC 

Allogeneic tissues or cells are
genetically different from the
host and can elicit an immune
response when transplanted,
resulting in rejection or graft-
versus-host disease.

GRAFT-VERSUS-HOST DISEASE 

(GVHD). Tissue damage 
in a recipient of allogeneic
transplanted tissue (usually
bone marrow) that results from
the activity of donor cytotoxic 
T cells that recognize the tissue
of the recipient as foreign.
GVHD varies markedly in
severity, but it can be life
threatening in severe cases 
and, in particular, affects the
intestines, liver and skin.

CONGENIC 

An animal strain that is
genetically identical to another
strain except for one or more
allelic differences that do not
result in an antigen that can
elicit an immunological
response when tissue is
transferred or transplanted 
from one strain to another.

Box 1 | Immune reconstitution after allogeneic haematopoietic stem-cell transplantation

The post-transplant reconstitution of T cells in recipients of an allogeneic haematopoietic stem-cell transplant (HSCT)
involves the clonal expansion of mature donor lymphocytes (both alloreactive and non-alloreactive) that were infused
with the allograft, as well as residual host lymphocytes resistant to the conditioning regimen, and thymic-dependent 
or possibly thymic-independent de novo-generated donor lymphocytes (FIG. 2). In young hosts, the thymus can support
de novo generation of T cells from donor haematopoietic precursor cells. However, the contribution of the thymus to
post-transplant T-cell recovery depends on the following: the extent of thymic damage from conditioning of the
recipient with chemotherapy and/or radiotherapy, the degree of age-associated thymic involution, the engraftment of
donor-derived haematopoietic precursor cells, the occurrence of graft-versus-host disease (GVHD) and the extent of
drug-induced immunosuppression from antibiotics or prophylaxis for GVHD. Studies using thymectomized mice that
have received an HSCT have shown de novo generation of T cells (commonly of non-classical T cells, such as CD4–CD8–

or CD8αα+ T cells) in extrathymic sites, including the mucosa-associated lymphoid tissues in the gut115,116; however,
their contribution to T-cell recovery in euthymic recipients of an HSCT was limited.

Studies of patients who received a T-cell-depleted HSCT have indicated that the deficient T-cell immunity in the
first year after transplantation is not only due to an insufficient number of T cells but also due to an insufficient 
T-cell repertoire117. The restoration of the repertoire probably depends on the repopulation of thymus-derived naive
T cells. Strategies to restore thymic function are therefore a principal aim of immune reconstitution. In addition to
the importance of intact thymic precursors (BOX 2) and thymic function for post-transplant T-cell reconstitution,
de novo-generated T cells (thymic emigrants), as well as mature T cells that are transferred in the allograft, require
extrathymic support for their survival and proliferation. The factors that determine the homeostasis of peripheral 
T cells are beginning to be defined. For example, the process of homeostatic proliferation (BOX 3), which is
particularly relevant in lymphopenic states and involves the cytokines interleukin-7 (IL-7) and IL-15, has been
recognized as an important contributor to post-transplant T-cell reconstitution84,92,93,106. In addition, survival signals
have a crucial role in the reconstitution and homeostasis of T cells after transplantation. Adult recipients of an HSCT
have a 5–10-fold increase in the number of apoptotic peripheral T cells compared with healthy controls, and this is
associated with GVHD, HLA disparity between the donor and the host, time after transplant, and the expression of
FAS (CD95) and B-cell lymphoma 2 (BCL-2)118,119.
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establish functional lymphocyte responses or as a
method for the induction of CENTRAL TOLERANCE following
HSC or solid-organ transplantation.

Early human studies in which human fetal thymic
tissue or cultured thymic epithelium were transplanted
into recipients of an allogeneic HSCT were unsuccess-
ful, but these might have been compromised by the
immunosuppressive therapy that these patients received
to prevent GVHD12. More-recent studies, using trans-
plantation of cultured thymic fragments (in the absence
of an HSCT) to patients with DiGeorge syndrome, have
been more successful13,14. Thymocyte maturation and a
normal thymic microenvironment were observed, and
T-cell responses to mitogens and antigens were
evident13,14. The T-cell receptor (TCR) repertoire of
these patients was initially oligoclonal and then pro-
gressed to being polyclonal, allowing for adequate
immune responses to a wider variety of antigens14.
MIXED LYMPHOCYTE REACTIONS showed tolerance to donor
antigens, and recipients had normal antibody titres
after immunization with tetanus toxoid or Pneumovax
(the polyvalent pneumococcal vaccine)14.

These results in human patients were supported by
similar results obtained using a mouse model of
DiGeorge syndrome (NUDE MICE). Nude mice trans-
planted with cultured thymic fragments (both con-
genic and allogeneic) survived and showed relatively
normal lymphopoiesis15. Antibody responses normal-
ized, and T-cell proliferation and cytotoxicity increased
from 10% of the level of wild-type mice to 100%.
Third-party skin grafts were rejected, and second-party
grafts (from the thymic donor) were accepted or
rejected slowly in both nude mice and mice subjected
to total body irradiation15,16.

Thymic transplants have also been relatively suc-
cessful in large animal models. Several research groups
have shown the acceptance, survival and function of

and granulocyte/monocyte progenitors (GMPs) in
recipients of an HSCT, which resulted in increased
protection against infection with Aspergillus fumigatus
or Pseudomonas aeruginosa10. The addition of CLPs to
the allograft increased the protection of lethally irra-
diated recipients of an HSCT against infection with
murine CMV (MCMV), which requires a complex
immune response involving CD4+ and CD8+

T cells, NK cells and B cells11. However, accelerated
reconstitution was mainly achieved in the B-cell lin-
eage, and only minor effects on thymic cellularity and
peripheral T-cell reconstitution were observed.
Moreover, thymectomized recipients of an HSCT plus
CLPs also had increased protection against infection
with MCMV, which might be explained by an increase
in maturation of extrathymic CD8+ (but not CD4+) 
T cells, as well as early reconstitution of NK cells.
Adoptive transfer of CLPs did not cause GVHD in
allogeneic recipients, indicating that CLP-derived 
T cells with alloreactive potential were adequately
deleted or functionally downregulated in the thymus
and/or periphery.

The relatively modest effects of the transfer of
CLPs on T-cell reconstitution probably result from the
commitment of most CLPs to the B-cell lineage.
Therefore, adoptive-transfer studies using precursors
that preferentially commit to the T-cell lineage, such
as the CD62L+ thymic precursor (BOX 2), are expected
to result in stronger effects on T-cell recovery.

Enhancing thymopoiesis
Thymic grafts. The thymus is the main and most effi-
cient (if not the only) site of T-cell lymphopoiesis (FIG. 3),
and this has resulted in several studies using transplan-
tation of thymic grafts to enhance T-cell recovery.
Thymus transplants have been used in both animal
models and children with SCID or DIGEORGE SYNDROME to

DIGEORGE SYNDROME 

A syndrome characterized by
cardiac malformations, facial
anomalies and hypoplasia of the
parathyroid gland and thymus.
Most cases are the result of a
deletion of the chromosomal
region 22q11.2. Mice deficient
in the homeobox A3 protein
(HOXA3) develop a phenotype
similar to patients with
DiGeorge syndrome.

CENTRAL TOLERANCE 

Lack of self-responsiveness 
that occurs as lymphoid cells
develop. It is associated with 
the deletion of autoreactive
clones. For T cells, this occurs 
in the thymus.

MIXED LYMPHOCYTE REACTION

A tissue-culture technique that
is used for the in vitro testing 
of the proliferative response 
of T cells from one individual 
to lymphocytes from another
individual.

NUDE MICE 

Mice with a mutation in the
forkhead box N1 gene (Foxn1),
which results in hairlessness,
defective formation of the
thymus and a lack of mature 
T cells.

• IL-7
• IL-15
• Superagonistic CD28-
   specific antibodies
• Growth hormone and IGF1
• Oncostatin M

Peripheral T cells
• Thymic graft
• TEC graft
• IL-7
• IL-12

Thymopoiesis

Ex vivo culture

• Sex-steroid inhibition
• Growth hormone
   and IGF1
• KGF

• Lymphoid precursors
• Notch ligand
• IL-7
• Sex-steroid inhibition
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• Notch ligand
• Thymic organoid
• Thymic organ culture

• IL-7
• IL-15
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Mucosal T cells

Figure 1 | Strategies to enhance T-cell reconstitution after allogeneic bone-marrow transplantation. After
transplantation, various immunostimulatory strategies are used to improve reconstitution of T cells. The regions of the body
and/or cell populations that are targeted by these strategies are depicted, and the strategies — which include the administration
of various cells, tissues or factors, and the inhibition of sex steroids — are indicated. These strategies function to increase the
number of lymphoid precursors in the bone marrow, stimulate thymopoiesis, and/or enhance the production of peripheral T cells
and/or mucosal T cells. Some strategies promote T-cell reconstitution by affecting more than one of these areas. IGF1, insulin-
like growth factor 1; IL, interleukin; KGF, keratinocyte growth factor; TEC, thymic epithelial cell.
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recognize a population of primordial TECs was first
proposed by Blackburn et al.21 after they showed that
this antibody stained the thymic remnant of nude mice.

In separate studies, Gill et al.22 and Bennett et al.23

sorted embryonic TECs (from day 15 and day 12.5
embryos, respectively) into two groups: CD45–MTS24–

MHC class II+ and CD45–MTS24+MHC class II+.
Following in vitro reaggregation of a small number (as
few as 500) of these cells, cells from each group were
transplanted under the kidney capsule of recipient mice.
After 3 weeks23 and 8 weeks22, capsulated, vascularized,
ectopic thymi were present in those mice transplanted
with MTS24+ TECs but not in those transplanted with
MTS24– TECs. In these grafts, thymocyte development
— as defined by the expression of CD4 and CD8, as
well as CD25 and CD44 — seemed to be normal22,23.
Immunohistological analysis showed that the thymi that
were produced had a normal architecture and that all of
the main stromal-cell components were present22,23.
Importantly, thymi grafted into nude mice could pro-
duce peripheral T cells. Current strategies are aimed at
more precisely defining the nature of TEC progenitors
in mice as a basis for identifying the equivalent popula-
tion of cells in the human thymus. The rapidly expand-
ing horizons of stem-cell research might also enable the
direct derivation of TEC progenitors from primitive
adult or embryonic stem cells.

Ex vivo culture systems
Several ex vivo culture systems have been developed
to generate T cells from haematopoietic precursors:
precursors are introduced into either a mouse fetal

immunocompetent thymic grafts in miniature
swine17–19, which were rendered tolerant to renal allo-
grafts syngeneic to the grafted thymus18. In addition,
transplantation of composite organs, such as thymo-
kidneys (a kidney with vascularized autologous thymic
tissue under the capsule) and thymohearts, resulted in
improved survival of secondary grafts. That is, trans-
plantation of a thymus of donor origin together with
a solid-organ transplant, such as a kidney or heart,
increases the chance of graft acceptance17,19

.
These

studies highlight that successful long-term acceptance of
tissue grafts (in this case, a kidney or heart) requires a
functioning thymus (donor derived or at least contain-
ing donor antigen-presenting cells, APCs) that can
induce negative selection and/or the development of
regulatory T cells.

Although thymic grafts have been successful in pro-
moting T-cell recovery and tolerance in preclinical and
clinical studies, this strategy is limited by the availability
of thymic tissue.

Thymic epithelial progenitor cells. The monoclonal
antibody MTS24, which was raised against membrane
preparations of mouse thymic stroma20, recognizes a
glycoprotein that is differentially expressed throughout
embryogenesis and adult life by mouse thymic epithe-
lial cells (TECs). In the adult thymus, only isolated cells
in the medulla are recognized by MTS24 (that is,
MTS24+), but during early embryogenesis, the entire
epithelium is MTS24+. Downregulation of expression
of the glycoprotein in the thymus is coincident with
the appearance of T cells. The idea that MTS24 might

Bone marrowHaematopoietic
precursor

T cells

Thymus

Allograft Host

Naive T cells

Homeostatic T-cell
clonal expansion 

Alloreactive T-cell
clonal expansion 

Alloreactive T-cell
clonal expansion 

? ?

Extrathymic sites

T-cell
immunity and
homeostasis

Graft-versus-
host disease

Graft rejection

T-cell precursor

Alloreactive T cells

Non-alloreactive T cells 

Residual host T cells

Figure 2 | T-cell reconstitution after allogeneic haematopoietic stem-cell transplantation. Five different T-cell populations
might be present in recipients of an allogeneic haematopoietic stem-cell transplant (HSCT). Four of these are donor derived:
thymic-dependent, newly generated T cells; non-alloreactive mature T cells that are infused with the allograft; alloreactive T cells
that are also transferred with the allograft; and, possibly, a small population of donor T cells that are newly generated in extrathymic
sites. The fifth population consists of residual host T cells that have survived the conditioning regimen (radiotherapy and/or
chemotherapy) of the HSCT and can cause graft rejection.
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Notch ligand. Signalling through Notch is involved in
various cell-fate decisions during the development of a
multicellular organism, including survival, prolifera-
tion, lineage commitment and tissue architecture. In
mammals, four members of the Notch family (the
receptors Notch-1, -2, -3 and -4) and five ligands
(Jagged-1 and -2, and Delta-like-1, -3 and -4) have been
described. Notch-1 is essential for T-cell lineage com-
mitment: the inhibition of Notch-1 results in a block in
thymocyte differentiation at the DOUBLE-NEGATIVE 1 (DN1)

TO DN2 TRANSITION and the accumulation of B cells in the
thymus, whereas overexpression of constitutively active
Notch-1 in haematopoietic progenitors inhibits B-cell
development and promotes T-cell development up to
the double-positive (DP) stage in the bone marrow.
These and other studies indicate that Notch-1 is impor-
tant for instructing bone-marrow-derived lymphoid
precursors to select a T-cell versus B-cell fate in the thy-
mus, as well as for promoting T-cell differentiation
(reviewed in REF. 29). Consistent with this, Notch ligands
are highly expressed by the thymus and less so by the
bone marrow and fetal liver30. Several recent studies
have shown that the Notch ligand Delta-like-1 can
induce T-cell development from haematopoietic pre-
cursors in vitro31,32. Incubation of mouse bone marrow
with both the extracellular domain of Delta-like-1
fused to the Fc portion of human IgG and growth factors
— stem-cell factor (SCF), interleukin-6 (IL-6), IL-11 and
FLT3 (fms-related tyrosine kinase 3) ligand — inhib-
ited myeloid differentiation and led to an increase in
the number of precursors with short-term lymphoid
and myeloid repopulation potential32. The addition of
IL-7 further enhanced early T-cell development.
Overexpression of Delta-like-1 by the OP9 bone-
marrow stromal cell line (known as OP9-DL1 cells) —
which can support haematolymphopoiesis from
embryonic stem cells, and early haematopoiesis and 
B-cell lymphopoiesis from HSCs — allowed these cells
to support the complete differentiation of fetal liver
stem cells to mature CD8+ αβ and γδ T cells31. At pre-
sent, the OP9-DL1 culture system has two drawbacks: it
does not support the positive selection of functional
CD4+ T cells or natural killer T (NKT) cells, because
OP9-DL1 cells do not express MHC class II or CD1d;
and defective negative selection of self-reactive T-cell
clones could occur, because OP9-DL1 cells probably
have a limited capacity to present self-antigens to devel-
oping T cells33. Additional genetic engineering of the
OP9 stromal cell line to express MHC class II and
CD1d molecules should further optimize this ex vivo
culture system, which has potential for clinical use in
recipients of an HSCT. Cultures could also be depleted
of fully mature T cells before infusion so that only T-cell
precursors are transferred, and these would then
undergo positive and negative selection in the thymus of
the recipient.

Hormones and growth factors
Sex-steroids. The progressive loss of cell-mediated
immunity during ageing can mostly be attributed to age-
related thymic atrophy34, which consists of a decrease in

thymic organ culture24 or a three-dimensional matrix (a
thymic organoid)25, and then co-cultured with monolay-
ers of thymic stroma26, peripheral-blood mononuclear-
cell feeder layers27 or combinations of growth factors
and cytokines28. T cells that are generated in human cul-
ture systems could be administered to patients in addi-
tion to donor HSCs to expedite post-transplant T-cell
recovery. However, most of these in vitro T-cell genera-
tion systems are difficult to establish, have a variable out-
come and yield a small number of mature T cells. There
are also uncertainties regarding whether positive and
negative selection can occur appropriately in these cul-
ture systems. This makes the clinical application of
these systems problematic, at least in the near future,
until considerable improvements are made. One recently
developed promising ex vivo culture system involves
the co-culture of haematopoietic precursor cells with
a Notch ligand (with or without a bone-marrow stro-
mal cell line), resulting in large populations of thymic
precursors and mature T cells.

DOUBLE-NEGATIVE 1 (DN1) 

TO DN2 TRANSITION 

Thymic precursors at the DN1
(CD3–CD4–CD8–CD25–CD44+)
stage lose the ability to generate
B cells, natural killer cells 
and dendritic cells after their
transition to DN2 (CD3–CD4–

CD8–CD25+CD44+)
thymocytes.

Box 2 | Early T-cell lineage progenitors

Sustained thymopoiesis requires continuous seeding of the thymus with bone-marrow
progenitors120. In adult mice, lymphoid precursors enter the thymus periodically
through the postcapillary venules in the corticomedullary junction121,122. The search 
for the elusive T-cell lineage progenitor cells has resulted in several candidates (reviewed
in REF. 123).

Common lymphoid progenitors
Common lymphoid progenitors (CLPs) are defined as being lineage
(Lin)–CD44+cKITlowSCA1lowTHY1lowAA4+ interleukin-7 receptor α-chain (IL-7Rα)+

fms-related tyrosine kinase 3 (FLT3)+, and they constitute 0.02% of adult bone-
marrow cells124. These cells were shown to have short-term (that is, early, rapid 
but not sustainable) reconstitution capability for T cells, B cells, natural killer 
(NK) cells, natural killer T (NKT) cells and dendritic cells (DCs), but they have a
greater potential for lymphopoiesis of B cells than T cells. Also, they have not been
isolated from the adult thymus. However, a cell population known as CLP-2 has
been identified; these cells can be derived in short-term culture from CLPs (now
known as CLP-1s)125. CLP-2s are bipotent precursors of T cells and B cells,
but in contrast to CLP-1s, they are cKIT–B220+ and can be detected in the thymus.

Early T-cell lineage progenitors
Early T-cell lineage progenitors (ETPs) are defined as being Lin–CD25–CD44+cKIThi

SCA1hiIL-7Rαlow/–, and they constitute 0.01% of all thymocytes126.Within 3 weeks 
of being transferred to the thymus, they can undergo a 20,000–50,000-fold expansion.
These ETPs can develop into T cells, B cells, NK cells, NKT cells and DCs, and to a lesser
extent into myeloid cells.

ETPs (but not CLPs) have weak myeloid differentiation potential, whereas 
CLPs have a stronger B-cell differentiation potential. After intrathymic injection,
ETPs produce more double-positive thymocytes for a longer period of time than 
do CLPs. Ikaros-deficient mice (which do not produce B cells but have normal 
T-cell development) have ETPs but lack CLP-1 and CLP-2 populations, which
indicates that ETPs can develop independently from CLPs. These data indicate 
that there are two progenitor populations that exist in parallel, both with B-cell 
and T-cell potential.

This raises the question of whether a common progenitor of ETPs and CLPs 
exists in the bone marrow. CLPs arise from Lin–cKIThiSCA1hiFLT3+ bone-marrow
progenitors, and this process requires FLT3 ligand127. However, the existence of
a common progenitor for both ETPs and CLPs has not been shown, although two
recently identified early lymphoid progenitors — recombination-activating gene 1
(RAG1)+Lin–cKIThiSCA1hiIL-7Rα–FLT3+ cells128 and Lin–cKIThiSCA1hiTHY1–CD62L+

cells129 — would be good candidates.
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administration of LHRH analogues, which are com-
monly used for the treatment of sex-steroid-exacerbated
conditions, such as prostate cancer, breast cancer and
endometriosis. Preliminary data from a phase II trial of
patients with haematological malignancies who
received an HSCT following myeloablative chemother-
apy have revealed evidence of thymic rejuvenation in
those treated with an LHRH agonist that is commonly
used for the treatment of prostate cancer, as indicated
by increased levels of naive CD4+ T cells (R.L.B.,
unpublished observations).

Growth hormone and insulin-like growth factor 1. Apart
from their anabolic effects as hormones involved in the
regulation of metabolism, growth hormone and insulin-
like growth factor 1 (IGF1) can enhance haematopoiesis,
thymopoiesis, and T-cell and B-cell function43. The
mechanisms responsible for the effects of growth hor-
mone and IGF1 on T-cell development and function are
poorly understood and could involve direct effects on 
T cells and their precursors, as well as stimulation of
other cells (such as APCs or stromal cells) that can sup-
port T cells (reviewed in REF. 44). The main source of
growth hormone is the anterior pituitary gland. But
growth hormone is produced by many cells, and its
receptor is also expressed by many cells (including
haematopoietic cells)45. Activation of the growth-
hormone receptor results in downstream activation of
JAK2 (Janus activated kinase 2), STAT1 (signal trans-
ducer and activator of transcription 1), STAT3 and

thymic cellularity, as well as a marked alteration of the
thymic microenvironment35. Thymic atrophy leads to a
decrease in the number of recent thymic emigrants36.
The ratio of naive T cells to memory T cells is decreased
in the peripheral lymphoid tissues, and the TCR reper-
toire is restricted for both CD4+ and CD8+ T-cell subsets,
resulting in diminished peripheral T-cell responses
(reviewed in REF. 37).

The main cause of thymic involution is thought to
be the increased production of sex steroids (androgens,
oestrogen and progesterone) after puberty, and it is well
established in rodents that the ablation of sex steroids
reverses age-related thymic atrophy35,38. Both surgical
and chemical castration (using luteinizing-hormone-
releasing hormone, LHRH) of old mice and rats lead to
an increase in thymic cellularity and reformation of the
thymic architecture35,38–40. Castration also leads to an
increase in the number of peripheral T cells40. Castrated
mice show increased reactivity to sheep red blood cells
and enhanced rejection of skin grafts41. These increased
responses were reversed by androgen treatment41. When
castration and thymectomy were carried out together,
rejection of skin grafts did not occur, confirming that
the effects of sex steroids are linked to thymic output41.
Olsen et al.42 have shown that functional androgen
receptors at the cell surface of TECs, but not thymocytes,
are essential for age-related thymic involution.

From a clinical perspective, it is important that the
decreased levels of sex steroids resulting from surgical
castration can also be achieved chemically through the
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IL-2 in response to peptides derived from HIV)45. So,
growth hormone and IGF1 are probably not required for
normal haematopoiesis, but under conditions of stress
(such as during AIDS, high-dose chemotherapy or lethal
conditioning for HSCT), they can promote engraftment,
haematopoiesis and thymopoiesis. Further trials are
required to examine the potential toxic effects, including
glucose intolerance, oedema and arthralgia, and to
determine the theoretical risks of autoimmunity, graft
rejection, GVHD and tumour-growth enhancement.

Keratinocyte growth factor. Keratinocyte growth fac-
tor (KGF; also known as fibroblast growth factor 7,
FGF7) acts through its receptor (FGF receptor 2 IIIb
isoform, FGFR2IIIb ) on a variety of epithelial tissues,
including hepatocytes56, gut epithelial cells56 and skin
keratinocytes57. In the thymus, KGF is produced by
both thymic stromal cells58 and thymocytes58,59, but
FGFR2IIIb is only expressed by TECs58,59. FGFR2IIIb-
deficient mice have arrested thymic development,
which leads to decreased thymic cellularity and
abnormal T-cell development60.

In models of bone-marrow transplantation, thymic
reconstitution after a syngeneic or an allogeneic HSCT
was considerably enhanced following treatment with
KGF58. Thymic cellularity was increased, and the devel-
opmental block that is usually observed after an HSCT,
between DN and DP thymocytes, was released58. KGF-
treated HSCT-recipient mice had considerably more
cells containing Il-7 mRNA in their thymi than
untreated recipients of an HSCT, and treatment with
KGF had no effect on thymic reconstitution in recipi-
ents of an HSCT that were deficient in IL-7. Together,
these results indicate a role for IL-7 in KGF-enhanced
immune reconstitution58, although the abnormal
thymic phenotype of IL-7-deficient mice (that is, a
marked decrease in thymocyte number and abnormal
thymic microenvironment) might prevent KGF from
having an effect. An increase in the number of donor-
derived T cells in the spleen and lymph nodes was
observed after administration of KGF to recipients of a
T-cell-depleted HSCT58, and these T cells — both CD4+

and CD8+ — expressed markers of naive T cells, indicat-
ing that the increased cell number results from an
increase in thymic export and not peripheral clonal
expansion58. T-cell-dependent antibody responses were
also enhanced following a syngeneic or an allogeneic
HSCT and pretreatment with KGF58.

Because FGFRIIIb is expressed by many of the
organs that are damaged during GVHD, several
research groups have studied the effects of treatment
with KGF in the setting of acute GVHD. Administration
of KGF can facilitate allo-engraftment and ameliorate
the development of GVHD through a variety of
mechanisms that are not related to T-cell reconstitu-
tion, including protection and repair of epithelial-cell
injury in the gut mucosa, reduction in inflammatory-
cytokine release and inhibition of the allogeneic T-cell
response61–63. Treatment with KGF also largely protected
the thymic microenvironment from the alterations that
are usually seen during acute GVHD64.

STAT5 (REF. 45). Growth hormone mediates most of its
effects on metabolism and haematopoiesis either directly
or indirectly through the induction of IGF1. IGF1 can be
secreted by haematopoietic cells, bone-marrow stromal
cells and TECs, and IGF1 receptors are expressed by thy-
mocytes, T cells, B cells, NK cells, monocytes and bone-
marrow stromal cells46. IGF1 receptor expression is
upregulated by T cells after activation by engagement of
the TCR and CD28 (REF. 47).

Under conditions of stress, Snell–Bagg dwarf mice,
which have abnormal anterior-pituitary function, suffer
from defects in T-cell immunity, including thymic
hypoplasia and a decreased number of peripheral CD4+

T cells, which can be reversed by the administration of
growth hormone48. Moreover, administration of IGF1 to
9-month-old mice was shown to promote engraftment
of the thymus by lymphoid precursors and to increase
thymic cellularity43. However, mice deficient in growth
hormone or IGF1, or Snell–Bagg mice under non-stress
conditions, have no defects in lymphoid development or
function, which indicates that neither growth hormone
nor IGF1 are required for normal lymphopoiesis and
lymphoid homeostasis49.

Both growth hormone and IGF1 can promote the
survival and function of peripheral T cells, as well as
increase the function of B cells, NK cells and macro-
phages44. For example, growth hormone can potentiate
the antigen-specific proliferative and cytokine responses
of human T-cell clones45. IGF1 and growth hormone
seem to have an anti-apoptotic effect on peripheral 
T cells, because inhibition of the IGF1 receptor results in
increased ACTIVATION-INDUCED CELL DEATH and FAS (CD95)-
mediated apoptosis, and both IGF1 and growth hor-
mone can also partially inhibit dexamethasone-induced
apoptosis of CD4+ T cells50. Studies using human cord-
blood T cells showed that administration of IGF1 could
not only decrease FAS-dependent and FAS-independent
apoptosis, but also enhance T-cell proliferation. This
in vitro proliferative effect on the T-cell response to
mitogens was confirmed in 9-month-old mice treated
with IGF1 (REF. 43).

Administration of growth hormone to normal adult
mice increases the numbers of haematopoietic precur-
sors in the spleen and bone marrow, and in recipients
of bone-marrow transplants, it promotes multi-lineage
reconstitution45,51. Serum levels of IGF1 are decreased
in patients who have received an allogeneic HSCT, and
T-cell recovery correlates with an increase in serum
IGF1 levels52. In mouse models, post-transplant admini-
stration of IGF1 to recipients of a syngeneic or an allo-
geneic HSCT resulted in an increase in thymopoiesis,
peripheral T-cell numbers and proliferation, and it did
not aggravate GVHD53,54. Interestingly, post-transplant
administration of another neuroendocrine hormone,
prolactin, also resulted in increased thymic cellularity
and improved T-cell (and B-cell) reconstitution55.

Clinical studies in patients with AIDS showed that
IGF1 and growth hormone were well tolerated, could
increase lean body mass and could increase thymic vol-
ume in children, but they had only modest effects on 
T-cell function (as determined by in vitro production of

ACTIVATION-INDUCED CELL

DEATH 

(AICD). The apoptotic cell 
death of activated lymphocytes.
It ensures the rapid elimination
of effector cells after their
antigen-dependent clonal
expansion. Defects in AICD
result in lymphoproliferative
diseases that are associated with
autoimmune disorders.
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with a marked T-cell deficiency. IL-7 has a variety of
effects on lymphocyte development and survival, and it
is required at various stages in the development of
T cells from lymphoid precursors to memory T cells. In
the thymus, IL-7 promotes the survival (probably
through the upregulation of expression of B-cell lym-
phoma 2, BCL-2), differentiation and proliferation of
CD4–CD8– (DN) thymocytes, as well as the survival
and proliferation of CD4+ and CD8+ (single-positive)
thymocytes78,79. In the periphery, IL-7 has proliferative
and anti-apoptotic effects on mature T cells, through
upregulation of expression of the survival factors BCL-2
and lung Kruppel-like factor80,81. IL-7 is not required
for the initiation of an antigen-specific T-cell response,
but it controls the transition of CD8+ T cells from
EFFECTOR MEMORY CELLS to CENTRAL MEMORY CELLS82. IL-7 has
been identified as a key regulator of peripheral T-cell
homeostasis (BOX 3) and is required for the homeostatic
proliferation of CD4+ and CD8+ T cells during peripheral
lymphopaenia.

IL-7 secretion is relatively constant, and its regulation
is still poorly understood, except for the inhibitory effect
of TGF-β on IL-7 production by bone-marrow stromal
cells83. Serum levels of IL-7 are increased during lym-
phopaenia, which is probably owing to a decrease in the
available target cells that IL-7 can interact with and not
necessarily to an increase in IL-7 production. IL-7Rα is
expressed by naive T cells but is downregulated after the
activation of these cells and their subsequent transition
to effector cells80,84. However, IL-7Rα is re-expressed by a
small proportion of effector cells and is important for
the development and survival of memory T cells82.

Administration of IL-7 has several stimulatory
effects on T-cell development, including increased
thymopoiesis in mice85,86 (both in vitro and in vivo)
and humans87 (in a thymic organ culture), increased
numbers of peripheral CD4+ and CD8+ T cells with-
out activation88, enhanced antiviral or antitumour
activity of cytotoxic T cells that are clonally expanded
in vitro for adoptive T-cell therapy89,90, increased
homeostatic proliferation of both CD4+ and CD8+

T cells, and increased survival and proliferation of CD8+

memory T cells84. These encouraging findings have
resulted in considerable interest in the clinical develop-
ment of IL-7 as a ‘lymphoid growth factor’ for clinical
situations that require enhanced T-cell function, includ-
ing bone-marrow transplantation, vaccination and
treatment of AIDS.

Preclinical studies in mouse models of HSC trans-
plantation have shown that administration of IL-7 after
transplantation can enhance the reconstitution of T cells
in recipients of a syngeneic or an allogeneic HSCT
through increased thymopoiesis, increased homeostatic
proliferation of transferred and de novo-generated
mature T cells, and decreased apoptosis of peripheral 
T cells84,86,91–93. Recipients of an HSCT that were treated
with IL-7 had augmented antimicrobial and antitumour
activity, but the potent effects on T cells in the post-
transplant setting carry the risk of aggravating GVHD in
recipients of an allogeneic HSCT. Several studies have
addressed this concern and have shown that prolonged

KGF is currently in phase II and III clinical trials to
assess its effects on both mucositis (a side-effect of
chemotherapy that results in mucosal ulceration of the
digestive tract) after high-dose chemotherapy and
GVHD following an allogeneic HSCT65. Hopefully,
these studies will also provide data regarding the effects
of KGF on T-cell recovery.

Cytokines and co-stimulation
Interleukin-2 and interleukin-12. IL-2 was the first T-cell
growth factor to be used in clinical trials to enhance
lymphocyte activity in patients with cancer or AIDS;
however, the results were mixed, and marked toxicity
was found (reviewed in REFS 66,67). Post-transplant
administration of a low dose of IL-2 to recipients of
an autologous or allogeneic HSCT had little effect on
T cells but did increase the number of NK cells by
5–10-fold68. Moreover, it was not associated with marked
toxicity and did not exacerbate GVHD.A phase III study
is in progress to determine whether the administration
of IL-2 can decrease the relapse rate of patients who
receive an autologous HSCT to treat haematological
malignancies. Interestingly, administration of IL-2 to
patients with HIV/AIDS resulted in the emergence of
CD4+ T cells with a CD4+CD25+ regulatory T-cell
phenotype69. In addition, a recent study showed that
high-level production of IL-2 increased the risk of
acute GVHD in patients who received an unrelated
bone-marrow transplant70.

IL-12 is produced by thymic dendritic cells (DCs)71,
and IL-12β-deficient mice have accelerated thymic
involution, which is associated with an increased num-
ber of DN1 thymocytes, degeneration of the thymic
extracellular matrix and blood vessels, a decreased
thymic cortex to medulla ratio and an increased num-
ber of apoptotic cells in aged mice72. IL-12 has a syner-
gistic effect on both IL-7-induced and IL-2-induced
proliferation of thymocytes, which indicates that a com-
bination therapy including IL-12 could have a thy-
mopoietic effect. However, despite the potential of IL-2
and IL-12 to enhance post-transplant T-cell recovery,
the toxicities observed when these cytokines were admin-
istered to patients have diminished the enthusiasm for
further clinical development.

Interleukin-7. IL-7 is produced by stromal cells (in the
thymus and bone marrow), keratinocytes, intestinal
epithelial cells and DCs (reviewed in REF. 73). The IL-7
receptor (IL-7R) consists of a specific α-chain and the
common cytokine-receptor γ-chain, which is also a
component of the receptors for IL-2, IL-4, IL-9, IL-15
and IL-21 (REFS 74,75). IL-7R is expressed at a high level
by lymphocyte precursors (including CLPs) (BOX 2), thy-
mocytes (except for CD4+CD8+ (DP) thymocytes,
which express only low levels of IL-7R), naive and
memory T cells, and immature B cells. IL-7-deficient
and IL-7Rα-deficient mice have no γδ T cells and have a
100-fold reduction in thymic cellularity; however, a
small number of αβ T cells can develop normally76,77.
Patients with mutations in IL-7Rα or the common
cytokine-receptor γ-chain develop a SCID syndrome

EFFECTOR MEMORY CELLS

Memory T cells that home to
peripheral tissues and plasma
cells that home to the bone
marrow and secrete antibodies.
They are responsible for
immediate protection.

CENTRAL MEMORY CELLS

Memory T and B cells that
home to secondary lymphoid
organs. These cells are
heterogeneous and do not have
the full range of functions that
are characteristic of effector 
T cells or plasma cells. They are
responsible for secondary or
chronic responses to antigen
and might be involved in long-
term maintenance of effector
memory cells.
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CD8+ memory T cells (reviewed in REF. 96). IL-15
binds  a receptor with three chains — a unique α-chain
(IL-15Rα), the IL-2R β-chain and the common
cytokine-receptor γ-chain. IL-15 is produced by APCs
(such as macrophages and DCs) and by epithelial cells
in the bone marrow, thymus, kidney, skin and
intestines. Mice deficient in IL-15 or its receptor lack
NK cells and have decreased numbers of CD8+ mem-
ory T cells97,98. In mice, administration or overexpres-
sion of IL-15 results in increased proliferation, survival,
cytolytic activity and cytokine secretion (including
tumour-necrosis factor, interferon-γ and granulocyte
colony-stimulating factor) of NK cells99,100 and memory
CD8+ T cells101, as well as increased antimicrobial and
antitumour activity102–104. Administration of IL-15 to
recipients of an HSCT can increase graft-versus-tumour
activity after a syngeneic105 or an allogeneic106 HSCT
and can increase reconstitution of CD8+ memory 
T cells, NK cells and NKT cells after an allogeneic HSCT
— as long as the allograft was depleted of T cells to
avoid GVHD106. In addition, IL-15 is less toxic than
IL-2 (REF. 107). These data from mouse models indicate
that the administration of IL-15 could be an effective
immunotherapy to enhance the number and function
of CD8+ memory T cells, NK cells and NKT cells in
various settings, including post-transplant immune
reconstitution and vaccination against pathogens or
tumours. In vitro studies have shown that IL-15 could
enhance the function of HIV-specific CD8+ T cells108,
leading to the suggestion that immunotherapy with
IL-15 could be effective for patients with AIDS, who
have defective IL-15 production.

Superagonistic CD28-specific antibody. Co-stimulation
through CD28 promotes the proliferation of T cells that
have been activated through TCR engagement, by pro-
viding proliferative as well as anti-apoptotic signals109.
Although conventional agonistic CD28-specific antibod-
ies have no mitogenic activity in the absence of TCR
stimulation, recent studies have identified ‘superagonistic’
CD28-specific antibodies, which recognize a unique
epitope on the CD28 molecule and can induce poly-
clonal T-cell proliferation in the absence of TCR engage-
ment110.Administration of superagonistic CD28-specific
antibodies results in polyclonal T-cell expansion,
together with a marked (but transient) increase in the
number of regulatory T cells and the expression of anti-
inflammatory cytokines, including IL-10 (REF. 111).When
tested in a syngeneic model of HSC transplantation in
rats, the administration of superagonistic CD28-specific
antibodies accelerated the post-transplant proliferation
of a small number of mature T cells that had been trans-
ferred with the syngeneic bone-marrow graft but did not
affect thymic output110. Interestingly, the clonal expan-
sion of CD4+ T cells was greater than that of CD8+

T cells, and TCR-repertoire diversity and T-cell function
were sustained. In contrast to polyclonal T-cell activation
through stimulation of the TCR–CD3 complex —
which results in an initial clonal expansion followed by
clonal contraction (involving apoptosis by activation-
induced cell death) — T cells induced following

administration of high doses of IL-7 can aggravate
GVHD94, whereas administration of IL-7 at lower doses
and at shorter intervals had no effect on morbidity and
mortality from GVHD. Importantly, administration of
IL-7 to recipients of T-cell-depleted allografts (a highly
effective strategy to prevent GVHD) did not result in
the development of GVHD92.

Studies using non-human primates have shown that
administration of IL-7 has more profound effects on
peripheral T-cell proliferation than on thymopoiesis
and is less effective at promoting B-cell development
than in rodents95. Importantly, marked toxicity was only
observed at doses more than tenfold higher than the
therapeutic dose (M. Morre, unpublished observa-
tions). Despite the lack of evidence for increased thy-
mopoiesis in higher species, the promising effects on
peripheral T cells, together with the effects observed in
preclinical studies, have stimulated interest in clinical
trials in patients with AIDS, tumour-associated immune
deficiency and post-transplant immune deficiency,
which are scheduled to begin soon.

Interleukin-15. IL-15 is a pleiotropic cytokine that is
particularly important for the development, activation,
trafficking and homeostasis of NK cells, NKT cells and

Box 3 | Peripheral homeostasis

Under normal circumstances, the number of peripheral T cells is tightly regulated,
and this has led to the concept of T-cell homeostasis, which is supported by several
observations. First, the number of peripheral T cells in mice remains constant and
depends only on strain or age. Second, the number of T cells increases to a normal level
following sub-lethal irradiation or viral infection, and naive T cells proliferate after
transfer to T-cell-deficient mice130,131. Third, T-cell receptor (TCR)-transgenic mice
maintain a normal number of T cells131. Importantly, thymic output seems to depend 
on overall thymic size and cellularity and is not affected by changes in the number of
peripheral T cells. Therefore, alterations in the naive T-cell pool are sensed — through
as-yet-undefined regulatory mechanisms that might involve interleukin-7 (IL-7) and 
IL-15 — and this results in the loss or proliferation of naive T cells in the periphery132.

Expression of MHC class I and II molecules in the periphery is one of the
requirements for the survival and proliferation of naive T cells133. Homeostatic
proliferation of peripheral T cells is most probably driven by low-affinity interactions
between TCR molecules and self-peptide–MHC complexes at the cell surface of
dendritic cells, similar to the interactions during positive selection in the thymus134–136.

Naive and memory T cells seem to have independent homeostatic set points and seem
to occupy separate and independent homeostatic niches in the peripheral T-cell pool134.
When memory T cells are transferred to T-cell-deficient mice, they proliferate until their
numbers are equal to the memory T-cell numbers in normal mice, and the transfer of
a large number of memory T cells is unable to increase the size of the memory T-cell pool,
even when naive T cells are absent132. The persistence of memory T cells in the periphery
seems to be independent of exposure to peptide–MHC complexes. For example, CD8+

memory T cells could proliferate in MHC-class-I-deficient lymphopenic hosts, and CD4+

memory T cells could survive indefinitely in MHC-class-II-deficient hosts134.
The cytokines IL-7 and IL-15 have an important role in peripheral T-cell homeostasis.

IL-7 is a non-redundant cytokine for the survival and homeostasis of CD4+ and CD8+

naive and memory T cells137–140, whereas IL-15 supports the homeostasis and survival 
of CD8+ naive and memory T cells131,139,141,142. Recent studies have indicated that naive 
T cells are not quiescent cells that can persist indefinitely but, instead, require signals 
to survive in the periphery. These signals could involve the transcription factor nuclear
factor of activated T cells 4 (NFAT4)143, lung Kruppel-like factor144 and members of the
B-cell lymphoma 2 (BCL-2) family145, which are all crucial for the maintenance of a
naive T-cell pool.
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Summary
With the remarkable progress in our understanding
of lymphoid precursors, thymic development and
peripheral T-cell homeostasis, as well as our improved
understanding of the individual molecules involved
in these processes, new targets for therapeutic inter-
vention have become available. Several clinical trials
aimed at improving thymic rejuvenation and T-cell
immunity are currently in progress or are anticipated
to begin soon; these include trials of thymic grafting,
KGF administration and administration of super-
agonistic CD28-specific antibody. In particular, there
is early evidence that LHRH analogues improve
immune-system recovery in recipients of an HSCT
after myeloablative chemotherapy for leukaemia or
lymphoma. The improvements induced by sex-
steroid ablation therapy, at the level of both the thy-
mus and the bone marrow, could form a platform
from which to administer other more specific thera-
pies directed at peripheral T cells. Phase I trials of IL-7
administration to patients with cancer are currently
underway and will soon be followed by studies treat-
ing recipients of an HSCT. Collectively, these novel
approaches to restoring immune capacity through
the translation of preclinical research could result in
the development of one or more new strategies to
improve the outcome for a variety of patients who
incur considerable morbidity and mortality from T-cell
deficiency.

administration of superagonistic CD28-specific anti-
bodies persisted, possibly through the well-described
anti-apoptotic effects of CD28 stimulation, including the
upregulation of BCL-X

L
112. Superagonistic antibodies

specific for human CD28 have been developed, and clin-
ical trials are being planned for patients with cancer who
have received myeloablative therapy.

Oncostatin M. Oncostatin M is a member of the IL-6
family and can stimulate haemangioblasts and fetal
hepatic cells during fetal development. Athymic trans-
genic mice that express oncostatin M in the early T-cell
lineage can transform their lymph nodes (but not their
spleen, gut, liver or bone marrow) into a primary lym-
phoid organ similar to a normal thymus, possibly
through neoangiogenesis of oncostatin-M-receptor-
expressing postcapillary venules, thereby allowing the
entry of T-cell precursors113. These lymph nodes can
support extrathymic T-cell development and produce a
diversified repertoire of functional T cells. However,
although administration of oncostatin M could poten-
tially enhance T-cell recovery, the expression of onco-
statin M is increased during age-associated thymic
atrophy, and administration of oncostatin M to adult
mice results in thymic atrophy, possibly owing to
enhanced production of corticosteroids114. Therefore,
determining the clinical potential of oncostatin M
requires further preclinical studies to analyse its thymic
and extrathymic effects, as well as its toxicities.
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