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The hypothalamic-pituitary-adrenal axis (a major component of the stress
system) and the immune system contribute to the maintenance of homeo-
stasis at rest and during stress. Because of their essential roles for the sur-
vival of self and species, the activities of these systems have evolutionarily
developed in parallel and are intertwined at many levels. In this issue of the
JCI, Ezzat et al. demonstrate that Ikaros, a differentiation factor of leukocyte
lineage, also influences the maturation of the fetal pituitary corticotroph
and, hence, the secretion of adrenocorticotropic hormone before and after
birth (see the related article beginning on page 1021). These results indicate
that Ikaros is an ontogenetic and phylogenetic integrator of the stress and
immune systems and that abnormalities in its function may produce endo-

crine and/or immune pathologies.

The stress and immune systems
influence each other’s activity

The stress and immune systems play essen-
tial roles in the maintenance of resting and
stress-related homeostasis (1-3). The for-
mer regulates behavioral, cardiovascular,
metabolic, and immune homeostasis, so
that individuals can survive under various
stressful conditions. The latter distinguish-
es between self and non-self and between
injurious and noninjurious agents and
protects the individual from external and
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internal pathogens by eliminating them via
several discrete mechanisms. As these 2 sys-
tems have been very important for survival
of the self and species, they have evolved in
parallel, sharing regulatory and mediatory
molecules and mutually influencing each
other’s activities in both a cell- and a tissue-
and time-specific manner.

When the stress and immune systems are
activated during inflammation, their inter-
action is particularly evident in the relation-
ship between the HPA axis and the inflam-
matory/immune reaction (Figure 1 and
Table 1). The HPA axis, together with the
arousal and autonomic systems, form the
stress system. The central components of
this system are located in the hypothalamus
and brain stem. These centers, the para-
ventricular nucleus (PVN) and the locus
caeruleus/norepinephrine system, receive
signals of internal and external changes,
respectively, from both the central nervous
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system and distant organs. The PVN trans-
duces these signals to the pituitary gland by
secreting corticotropin-releasing hormone
(CRH) and arginine vasopressin (AVP) into
the hypophyseal portal system. The pitu-
itary gland, in particular its component
corticotroph cells, is synergistically acti-
vated by these neuropeptides and secretes
adrenocorticotropic hormone (ACTH) into
the systemic circulation, stimulating the
cortices of the adrenal glands to produce
glucocorticoids. These systemic end-effec-
tor hormones interact with the ubiquitous
glucocorticoid receptors (GRs) in target tis-
sues and alter the biologic activities of the
brain and most organs and tissues, includ-
ing the immune system.

In general, activation of the HPA axis
alters the activity of certain important fac-
ets of the immune system, mainly through
the activity of glucocorticoids and their
intracellular signaling system (2, 3). These
hormones, in fact, exert quite diverse
actions, both inhibitory and stimulatory,
on nearly all aspects of the immune reac-
tion, including the innate, cellular, and
humoral immune response (4). Indeed,
glucocorticoids inhibit the production
of proinflammatory cytokines as well as
other mediators of inflammation, such
as histamine, bradykinin, serotonin, and
many prostanoids, during both the innate
and adaptive immune responses. The
same hormones, however, stimulate the
production of several antiinflammatory
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Table 1

Inflammatory stress represents unfolding of 2 major biological programs activated during

the inflammatory response

Sickness syndrome

Anorexia, nausea

Fatigue and/or depressed affect
Somnolence

Hyperalgesia with or without headache
Elevated temperature, fever

Increased metabolic rate

Acute phase reaction +++++

Molecular effectors

Inflammatory cytokines and/or
mediators, immune CRH

Transcription factors
GR, NF-xB, CREB, Ikaros

Classic stress syndrome

Anorexia, stimulation of appetite?
Motivation and/or stimulated affect

Arousal
Analgesia
Pyrexia, antipyresis?

Increased metabolic rate, return to normal*

Acute phase reaction +

CRH, AVP, glucocorticoids, catecholamines, immune CRH

GR, NF-xB, CREB, Ikaros

Modified with permission from Ann. N. Y. Acad. Sci. (3). Alnitial stimulation by CRH and catechol-
amines, followed by inhibition by glucocorticoids. CREB, cAMP response element-binding protein;

+, strength of reaction.

cytokines and other mediators, providing
antiinflammatory control during an inflam-
matory reaction and shifting the Th1/Th2
balance toward the Th2 phenotype, which
potentiates humoral immunity (4). Gluco-
corticoids also increase blood neutrophil
concentrations and cause a profound deple-
tion of eosinophils and basophils from the
circulation. It is fair to summarize that the
HPA axis, and glucocorticoids in particular,
suppress innate and cellular immunity and
promote humoral immunity.

In contrast to the generally suppressive
action of the HPA axis on the immune sys-
tem, the latter mainly activates the former,
via several circulating proinflammatory
cytokines and other inflammatory media-
tors and via the afferent sensory and auto-
nomic systems (1-3) (Figure 1). Indeed,
TNF-a and IL-1, -6, and -8, secreted from
local inflammatory sites, independently and
synergistically activate the HPA axis by act-
ing on its hypothalamic, pituitary, and adre-
nocortical components. However, several
proinflammartory cytokines, such as TNF-a,
inhibit the action of glucocorticoids at the
level of target tissues by interfering with
their intracellular signaling system (4).

Figure 1

Organization and mutual interactions of the
HPA axis and the immune system. Positive
and negative influences inside either sys-
tem are shown as solid and dashed arrows,
respectively. Ikaros is expressed and plays
an ontogenetic and functional role in both sys-
tems. CVO, circumventricular organs; TLR,
Toll-like receptor.
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The lkaros family of transcription

factors in immune and pituitary cells
Members of the Ikaros family of tran-
scription factors play major roles in the
differentiation and biology of leukocytes,
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including all classes of lymphocytes (NK,
T, and B cells), monocytes/macrophages,
and DCs (Figure 2) (5-7). Ikaros was also
recently shown to regulate early neutrophil
differentiation (8). Thus, Ikaros appears to
be a major determinant of immune sys-
tem development and function. This has
been confirmed in studies of homozygous
mice with Ikaros gene inactivation, which
develop dramatic defects in their lymphoid
compartments; y-irradiated mice with inac-
tivated Ikaros, which develop thymic lym-
phomas; and mice in which the Ikaros gene
has been inactivated by gene targeting,
which develop lymphomas (reviewed in
refs. 5-7). The disruption of normal Ikaros
function in human infant acute lympho-
blastic leukemia, a rare malignancy, fur-
ther supports the link between Ikaros and
immune system development.

Ikaros isoforms share a common C-ter-
minal part, containing a bipartite transac-
tivation domain and 2 zinc finger motifs,
which mediate homo- or heterodimeriza-
tion between isoforms and interaction with
other molecules (Figure 3) (5-7). Ikaros
isoforms also share a variable N-terminal
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Figure 2

Contribution of Ikaros to the development of the pituitary gland (A) and hematolymphopoietic system (B). Ikaros-dependent differentiated cells
are indicated in dashed boxes. Note that in contrast to that of animals, the human anterior pituitary gland contains mainly corticotrophs and
expresses mostly ACTH. In animals there are also melanotroph cells that process POMC to MSH, which plays a role in skin and hair pigmenta-
tion. AML-1, acute myeloid leukemia 1; C/EBP«a, CAAT/enhancer-binding protein o; c-Myb, Myb proto-oncogene; E2A, el2 protein; EBF, early B
cell factor; Ets-1, E26 avian leukemia oncogene 1, 5" domain; FOG-1, friend of GATA-binding protein 1; GATA-1, GATA-binding protein 1; Hesx1,
homeobox expressed in ES cells 1; Lef-1, lymphoid-enhancing factor 1; Lhx3, LIM homeobox 3; MEF, myeloid elf-1-like factor; NFE2, nuclear
factor erythroid-derived 2; Pax-5, paired box gene 5; Pit1, POU domain, class 1, transcription factor 1; Pitx, paired-like homeodomain tran-
scription factor; Prop-1, paired like homeodomain factor 1; PU-1, PU-box binding factor 1; Rbtn2, rhombotin-2; SCL, stem cell leukemia; SF-1,
steroidogenic factor 1; TCF, T cell factor; Tpit, pituitary cell-restricted T box factor. Figure modified with permission from Cell (6) and Annual

Review of Neuroscience (11).

domain containing different numbers of
zinc fingers that mediate the DNA-binding
activity of these transcription factors. Since
Ikaros only exhibits DNA-binding activ-
ity when it has 3 or more N-terminal zinc
fingers, isoforms with fewer than 3 zinc fin-
gers may heterodimerize with DNA-binding
isoforms and function as their dominant-
negative inhibitors. It is appropriate to say
that Ikaros represents a complex system of
transcription factors rather than a single
factor, even though Ikaros isoforms are the
products of a single gene.

In this issue of the JCI, Ezzat et al. dem-
onstrate that corticomelanotrophs in the
anterior pituitary gland express Ikaros (9).
They also show that this complex transcrip-
tion factor stimulates the transcription
rate of the POMC gene in the anterior pitu-
itary gland by binding to specific response
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elements located in its promoter region
(Figure 1). Complete ablation of Ikaros in
mice by the Ikaros-null mutation resulted
in contraction of the pituitary corticome-
lanotroph population, reduced circulating
ACTH levels, and adrenal insufficiency.
These results indicate that Ikaros plays
a positive role in the maturation of corti-
comelanotrophs and their production of
ACTH and/or a-melanocyte stimulating
hormone (a-MSH). In the adult human
pituitary gland, there are no melanotrophs,
and a-MSH is not produced by the precur-
sor proopiomelanocortin (POMC) due
to different processing of the precursor
molecule (Figure 2). Ikaros appears to act
downstream of Tpit, a T-box transcription
factor that also plays an essential role in
corticomelanotroph differentiation and
stimulates the transcription rate of the
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POMC gene in cooperation with the Pitx
homeoprotein (10, 11).

Potential clinical implications

The findings reported by Ezzat et al. (9)
suggest that Ikaros facilitates the differen-
tiation and maturation of both pituitary
corticotrophs and melanotrophs as well
as the leukocyte systems in the developing
fetus and quite likely does the same in the
pituitary gland and immune system stem
cells of the differentiated organism (Figure
2). Genetic alterations of the Ikaros gene
may therefore influence both the activity
of the HPA axis and immune function.
Previous studies of Tkaros mutant animals
and human subjects have not reported
the activity of the HPA axis; however, it is
possible that HPA axis dysfunction went
unnoticed in these studies. The findings
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Figure 3

Linearized structure of Ikaros isoforms illustrating distribution of exons, functional domains,
and zinc fingers. Zinc fingers are shown as black boxes. Exons 4, 5, 6, and 8 contain 1, 2,
1, and 2 zinc fingers, respectively. AD, activation domain; DBD, DNA-binding domain; DD,
dimerization domain. Figure modified with permission from Immunology and Cell Biology (7)

and Trends in Immunology (5).

of Ezzat et al. (9) lead us to hypothesize
that the Ikaros gene might be defective in
subjects with congenital isolated ACTH
deficiency, a disease characterized by low
or absent cortisol production secondary
to low plasma ACTH despite normal secre-
tion of other pituitary hormones (12).
Although Tpit gene mutations account for
the development of this rare syndrome in
many of the reported cases, some of these
patients do not have any defects in this
gene. Thus, the presence of this condition
in these patients might be related to Ikaros
gene dysfunction, a testable hypothesis
(Figure 2). At this time, there is no evi-
dence to support or negate the hypothesis
that the Ikaros gene is expressed in hypo-
thalamic POMC-manufacturing cells. The

The Journal of Clinical Investigation

main functional products of these cells
are a-MSH, which regulates appetite and
body weight, and B-endorphin, which reg-
ulates affect and pain sensation. Indeed,
if hypothalamic a-MSH and p-endorphin
were regulated by Ikaros, one would expect
subjects with low Ikaros expression to
experience, chronically increased appetite
and decreased metabolic rate, leading to
obesity and the metabolic syndrome; and
defective affect and/or chronic pain and
fatigue, leading, respectively, to depres-
sion and/or the chronic fatigue and fibro-
myalgia syndromes.

Changes in Ikaros activity might also
produce subtle alterations of the HPA
axis and the immune system, expressed
as vulnerabilities to certain disorders

htep://www.jci.org ~ Volume 115

Number 4

commentaries

rather than the disorders themselves. For
instance, Fischer and Lewis rats, 2 highly
inbred strains, respectively demonstrate
increased and decreased responsiveness of
the HPA axis to stress as well as decreased
and increased susceptibility to experimen-
tally-induced inflammatory diseases and
show concurrent behavioral changes (1-3).
Mild genetic alterations of the Ikaros gene,
such as those produced by minor muta-
tions and polymorphisms, might underlie
altered functions of the HPA axis and the
immune system, as frequently observed
together in experimental animals and
humans, and may predispose individuals
to disorders related to stress and/or the
immune response.

Interaction between Ikaros and the GRs
might also be implicated in the develop-
ment of the HPA axis. Exposure of mothers
to stress or glucocorticoids during preg-
nancy may program the fetal HPA axis for
a stressful extrauterine environment (13).
Thus, female rats exposed to stress or glu-
cocorticoids during pregnancy deliver pups
that have a highly reactive HPA axis and
express behaviors throughout their extra-
uterine lives that are characteristic of stress
and anxiety (10-13). Since glucocorticoids
regulate the transcriptional activity of
Ikaros on the granzyme B promoter, pos-
sibly through protein-protein interactions
between Ikaros and the GR (14), maternal
glucocorticoids might influence the devel-
opment of the HPA axis and the immune
system by modulating Ikaros activ-
ity through the GR (13, 15). Thus, Ikaros
might contribute to the transmission of
maternal stress or glucocorticoid effect to
the developing fetal HPA axis and immune
system in utero, an action that could have
lifelong consequences for the individual.

We conclude that the findings of Ezzat
et al. (9) on the importance of Ikaros in
the ontogeny and regulation of ACTH
secretion, along with previous reports
focusing primarily on the involvement of
Ikaros in the immune response (6, 7), sug-
gest that changes in this transcription fac-
tor system may be associated with human
disorders that are related to dysfunction
of the stress and immune responses. These
could include states of ACTH, HPA axis,
and immune-deficiency. On the other
hand, given the prodifferentiation and
antitumor effects of Tkaros, one would
expect the tumorigenesis of, for example,
corticotrophinomas, lymphomas, and leu-
kemias from the corticomelanotroph and
leukocyte systems.
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