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Abstract. The forkhead (Fox) gene family comprises a
diverse group of ‘winged-helix’ transcription factors that
play important roles in development, metabolism, cancer
and aging. Recently, several forkhead genes have been
demonstrated to play critical roles in lymphocyte devel-
opment and effector function, including Foxp3 in the 
development of regulatory T cells, Foxj1 and Foxo3a in
the regulation of CD4+ T cell tolerance, and Foxn1 in
thymic development. Roles for other forkhead genes
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have also been proposed, including Foxp1 in macro-
phage differentiation, Foxq1 in natural killer cell effector
function and Foxd2 in T cell activation. Thus, forkhead
genes promise insight into the mechanisms of im-
munoregulation in several immune cell lineages, and
their dysregulation likely contributes to the pathogenesis
of several immunological disorders, suggesting that their
study will lead to the development of novel therapeutic
agents.
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Introduction

The forkhead (Fox) gene family comprises a large and 
diverse group of transcription factors that share a ‘winged
helix’DNA binding domain, first defined in 1990, consist-
ing of three alpha helices flanked by two ‘wings’ of beta
strands and loops (reviewed [in 1]). Over 100 proteins with
forkhead domains have been found, comprising at least 17
subclasses, FoxA through FoxQ [2], which play critical
roles in multiple biological processes, including develop-
ment, metabolism, aging and cancer (reviewed in [1, 3]).
Recently, accumulating evidence has demonstrated critical
roles for several forkhead family members in immunoreg-
ulation. This review presents a current understanding of
these factors and their mechanisms of action; for a general
discussion of the forkhead gene family, as well as the roles
of forkhead genes in other biological systems, the reader is
directed to several excellent recent reviews [1, 2, 4].

* Corresponding author.

Foxp3

Foxp3 (scurfin, sf, JM2) remains currently the most 
intensely studied forkhead family member in immunol-
ogy, largely because of its association with CD4+ CD25+

regulatory T (Treg) cells, which downregulate the reactiv-
ity of conventional CD25– CD4+ helper T cells (reviewed
in [5, 6]) (fig. 1, table 1). As such, defective Treg function
and/or Foxp3 activity have been heavily linked to the
pathogenesis of autoimmunity and other immunological
conditions which result in, or are caused by, dysregulated
or dysfunctional T cell activity [5, 7, 8].

Expression pattern
Foxp3 is expressed at high levels in Treg cells in both mice
and humans [8–10], but little is known about the environ-
mental and intracellular signals that regulate it. Recent
studies have demonstrated the ability of transforming
growth factor (TGF)-b to induce Foxp3 and Treg activity



in conventional T cells [11–14], but the ability of TGF-b-
deficient mice to produce functionally immunosuppres-
sive Treg cells indicates that this cytokine is not required
for their development in vivo [15]. In addition, unlike
murine conventional T cells, activation of conventional
human CD4+ CD25– T cells can induce Foxp3 and Treg ac-
tivity [16], suggesting potential species differences in its
regulation. Finally, Foxp3 is also expressed at low levels
in a CD45RBlow subpopulation of CD4+ CD25– T cells [8,
9], which may comprise a second population of regula-
tory cells, at least in mice [17, 18]. Thus, multiple, likely
not-yet-identified, environmental signals lead to Foxp3
induction and/or activation.
One popular model of Treg development proposes that
Foxp3 expression is upregulated in response to high-
avidity T-cell-receptor (TCR) binding in developing 
single-positive CD4+ T cells, such that Treg cells are in fact
generated under unique conditions during thymic selec-
tion [6, 9]. Alternatively, Foxp3 may be induced in aner-
gic peripheral T cells in response to antigen encounter
[9], or in non-anergic T cells in response to tolerizing 
signals, appropriate or inappropriate, in the periphery –
e.g. as might occur during the response to therapeutic
immunosuppression as part of the clinical management
of autoimmune diseases [19–21] or transplantation [22];
during the development of cancer [23, 24]; or during 
normal pregnancy [25]. Such signals may be delivered by
endothelial cells [26] or dendritic cells [27]. Formal proof
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of these concepts in vivo, however, remains largely lack-
ing, and the molecular pathways that mediate Foxp3 
induction under such conditions remain unexplored.
Thus, although Foxp3 is clearly associated with Treg cells
and their immunosuppressive capabilities, the mecha-
nisms of its developmental regulation remain to be deter-
mined.

Molecular interactions and targets
Limited evidence indicates that Foxp3 functions predom-
inantly as a transcriptional repressor. In the Jurkat T cell
leukemia cell line, it inhibits transcription mediated 
by the nuclear factor of activated T cells (NF-AT) tran-
scription factors, requiring the forkhead domain for 
both nuclear localization and DNA binding [28]. 
Consequently, since NF-AT target genes include several 
inflammatory cytokines, including interleukin (IL)-2, 
IL-4, interferon-g (IFN-g) and tumor necrosis factor-a
(TNF-a) [29], Foxp3 has been proposed to suppress 
T-cell-mediated inflammation via the repression of 
inflammatory gene promoters, and in fact, ectopic Foxp3
expression in primary murine T cells represses IL-2 
expression [8]. However, since Foxp3-transduced T cells
also upregulate several Treg-associated cell surface mole-
cules, such as CD25 and CD152, it remains unclear if it
directly or indirectly activates or suppresses the expres-
sion of these genes.

Immunological functions
Despite the lack of knowledge regarding Foxp3’s molec-
ular regulation, functional characterizations, both in vitro
and in vivo, have convincingly demonstrated its immuno-
suppressive role via its ability to regulate the activity and
number of Treg cells. For instance, Foxp3 transgenic mice
have increased numbers of Treg cells that more strongly
suppress the proliferation of antigen-stimulated, but not
anti-CD3-stimulated, CD4+ T cells, perhaps due to a 
resistance of Foxp3-transgenic Treg cells to activate in 
response to anti-CD3/anti-CD28 co-stimulation [10, 30].
Foxp3-transgenic mice also have 25–50% fewer CD4+

cells and 50–75% fewer CD8+ cells than wild-type mice,
despite grossly normal thymi, with smaller peripheral
lymphoid organs that lack germinal centers, presumably
due to the immunosuppressive effect of elevated Treg

activity. Indeed, transgenic animals have significantly 
reduced levels of immunoglobulin (Ig) G1 and IgG2a, but
not IgM, compared to non-transgenic counterparts, and
are unable to mount a normal humoral response against 
T-dependent antigens, as measured by antigen-specific
levels of IgM, IgG1 and IgG2a [31]. Transgenic CD4+

and CD8+ cells are hyporesponsive to activation unless
exogenous IL-2 is provided, and transgenic CD4+ CD25–

T cells express certain Treg markers, such as glucocorti-
coid-induced TNF receptor (GITR, TNFRSF18), and 

Figure 1. Overview of forkhead genes in the immune system. Shown is
a schema of immune cell development and differentiation, with sites of
involvement of individual forkhead genes indicated. Bold typeface in-
dicates experimental support from multiple and/or knockout studies;
italic typeface indicates experimental support from in vitro or isolated
in vivo studies. Foxn1 promotes thymic epithelial cell (TEC) develop-
ment, while Foxj1 and Foxo3a inhibit spontaneous CD4+ T cell activa-
tion by inhibiting NF-kB. Foxp3 is required for regulatory T cell devel-
opment, but the precise ontogeny of these cells remains unknown. See
text for details.



exhibit suppressor activity. Ectopic expression of Foxp3
in CD152 (CTLA4)-deficient mice delayed the onset of
the hyperproliferative autoimmune syndrome normally
observed in those animals, associated with the restoration
of defective Treg activity and an increase in the average life
span of the mice from less than 4 weeks to over 20 
weeks [10], and retroviral transduction of Foxp3 can 
convert effector T cells to a regulatory phenotype, 
inhibiting inflammatory cytokine secretion and prevent-
ing inflammatory bowel disease and autoimmune gas tri-
tis [8]. Thus, Foxp3 expression confers an anti-activation,
Treg phenotype upon T cells, independent of CD152, 
resulting in a significant impairment of helper T cell
function in vivo. 
Conversely, mice with defective Foxp3 activity have
demonstrated that it is absolutely critical for the produc-
tion of functional Treg cells and the maintenance of toler-
ance. The scurfy mutation, which results in a truncated
Foxp3 protein [32–35], results in a lethal, multi-system
autoimmune syndrome, including diabetes, eczema, food
allergy, eosinophilic inflammation and lymphoprolifera-
tion associated with excessive hyperactivation and au-
toreactivity of helper CD4+ T cells [36, 37]. Similarly, 
targeted deletion of Foxp3 in mice results in spontaneous
autoimmune inflammation, T cell activation and lympho-
proliferation nearly indistinguishable from scurfy mice
[9]. Although both types of mutant animals develop CD4+

CD25+ T cells, they appear to lack regulatory capacity 
entirely, since these cells are unable exert immunosup-

pression in vivo, and adoptive transfer of wild-type Treg

cells into scurfy or Foxp3-deficient mice abrogates the
autoimmune syndrome. Thus, Foxp3 is required intrinsi-
cally in T cells to produce Treg cells that are mandatory for
organ-specific T cell tolerance [9].

Foxp3 in human diseases
Human mutations in Foxp3 result in the immune dysregu-
lation, polyendocrinopathy, enteropathy and X-linked 
inheritance [IPEX, XLAAD; Mendelian inheritance in
man (MIM) #304790] disorder, a fatal condition consist-
ing of neonatal insulin-dependent diabetes mellitus
(IDDM), chronic diarrhea, food allergies and hypergam-
maglobulinemia (reviewed in [38]). Mutations have gen-
erally affected the coding region, such as non-conserva-
tive changes in the forkhead DNA binding domain, or
changes leading to premature termination, frameshifts or
messenger RNA (mRNA) instability [32, 33, 35]. On the
other hand, polymorphisms in the promoter of Foxp3 have
been associated with type 1 diabetes in some clinical pop-
ulations [39, 40]. Thus, genetically determined differences
in Foxp3 expression levels and function likely modulate
the clinical expression of autoimmunity.
It is interesting to note that increased Foxp3 expression
and Treg activity is associated beneficially with successful
immunosuppressive treatment in some autoimmune 
diseases [19–21], but is associated detrimentally with
spontaneous local immunosuppression and carcinogene-

CMLS, Cell. Mol. Life Sci. Vol. 62, 2005 Review Article 399

Location reflects chromosomal map coordinates for human (hu) and murine (ms) homolog. N/A, not available and/or unkown.

Table 1. Forkhead genes with implicated or demonstrated immunological functions



sis [23, 24]. Foxp3 is therefore not only a therapeutic
gain-of-function target in conditions of hyperactive 
immune systems, such as autoimmunity, asthma, allergy
and transplantation, but also a loss-of-function target in
conditions of apparently insufficient immunity, such as
cancer or chronic infection [24, 41]. 

The Foxo subfamily

The Foxo transcription factors are the mammalian homo-
logues of the Caenorhabditis elegans dauer formation
mutant 16 (DAF-16) gene, which regulates insulin 
signaling and metabolism, as well as the control of 
organismal life span and fertility [42, 43]. This family,
which includes at least Foxo1 (FKHR, forkhead in 
rhabdomyosarcoma), Foxo3a (FKHRL1, FKHR-like 1),
Foxo4 [AFX, mixed lineage-leukemia (trithorax ho-
molog) translocated to 7 homolog, Mllt7] and Foxo6 [44],
have been heavily investigated in multiple non-immuno-
logical contexts in the regulation of apoptosis, cell cycle,
metabolism and resistance to oxidative stress (reviewed
in [3, 4, 45]). Gene-targeting experiments in mice have
demonstrated that Foxo1 regulates insulin sensitivity [46,
47], adipocyte differentiation [47] and angiogenesis [48],
while Foxo3a regulates ovarian development and fertility
[49–51] and Foxo4 appears to be largely dispensable for
gross organismal homeostasis [50]. In the mammalian
immune system, members of this family have been pro-
posed to regulate leukocyte homeostasis, with much of
their molecular mechanisms extrapolated from studies in
other cell types and/or organisms [52] (fig. 1 and table 1).

Expression pattern
Of the mammalian Foxo genes, Foxo3a appears to be the
dominant isoform expressed in lymphocytes, at least at
the RNA level [44, 53–55]. Still, all the Foxo family 
members are detectable in peripheral lymphocytes, where
their activity is presumed to be regulated by post-
translational modifications as elucidated in other cell
types [45] (fig. 2): in resting cells, unphosphorylated
forms of the Foxo’s are localized in the nucleus, where
they are transcriptionally active. In the most well-
described model of Foxo regulation, cellular stimulation,
such as by mitogens or cellular stress, leads to activation
of phosphatidyl-inositol-3-kinase (PI3K), activating 
protein kinase B (PKB, Akt), which then phosphorylates
the Foxo’s and renders them susceptible to 14-3-3-
mediated nuclear export [56–62] and/or proteasome-
mediated degradation [63, 64]. This model correlates
with studies demonstrating the PI3K- and/or Akt-related
phosphorylation and inactivation of Foxo factors in 
response to the bacterial chemoattractant formyl-Met-
Leu-Phe (fMLP) in neutrophils [65]; B cell receptor

(BCR) stimulation, intercellular adhesion molecule liga-
tion or IL-3 exposure in B cells [62, 66, 67]; and TCR
stimulation, CD152 ligation or IL-2 exposure in T cells
[55, 60, 68, 69]. Thus, in immune cells Foxo activity is in-
versely correlated with cellular activation.

Molecular interactions and targets
In actuality, though, an ever-growing number of molecu-
lar regulators are being described for the Foxo proteins.
For instance, Foxos can be regulated by other PI3K-regu-
lated kinases, such as serum and glucocorticoid-inducible
kinase (SGK) [70, 71], or kinases in other signaling path-
ways, such as Ras-Ral [58, 72], the inhibitor of nuclear
factor kB (IkB) kinases of the nuclear factor kB (NF-kB)
cascade [73], p90-kDa ribosomal S6 kinase-2 (Rsk-2)
[65], or dual-specificity tyrosine-phosphorylated and reg-
ulated kinase 1A (DYRK1a) [74]. In addition, acetylation,
such as by cyclic AMP (cAMP) -response element-bind-
ing protein (CREB)-binding protein (CBP), may inacti-
vate the Foxos, with their activation by deacetylases such
as silent information regulator 2 (Sir2, SIRT1) [75–77],
leading to the promotion of Foxo-induced cell cycle arrest
and resistance to oxidative stress, but the inhibition of
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Figure 2. Regulation of Foxo transcription factor activity in lym-
phocytes. (A) Cellular stimulation activates the phosphatidyl-
inositol-3-kinase (PI3K)/activating protein kinase B (PKB, Akt)
pathway, which leads to phosphorylation of nuclear Foxo. Phos-
phorylated Foxo is then exported into the cytoplasm and 
sequestered there by 14-3-3. Transcription of Foxo-dependent 
anti-proliferative and/or pro-apoptotic genes such as Cdkn1b (p27)
and/or Bim ceases, resulting in cell survival and/or proliferation.
The receptors shown may also act through other pathways that are
PI3K- and/or Akt-independent (see text). (B) Withdrawal or depri-
vation of stimulation results in dephosphorylation of the Foxos, 
allowing their nuclear localization and transcription of target genes.
Dashed arrows indicate signaling pathways that have been blocked
upstream. BCR, B cell receptor; fMLP, formyl-Met-Leu-Phe;
GPCR, G-protein-coupled receptor; IL-2R, IL-2 receptor; IL-3R,
IL-3 receptor; TCR, T cell receptor.



Foxo-induced cell death [75, 76, 78, 79]. Also, Foxo inac-
tivation may also occur via even additional pathways, such
as caspase-3-like proteolysis in response to CD95- or
CD195 ligation [80]; and finally, the transcriptional activ-
ity and specificity of the Foxo proteins likely depends also
upon interactions with other transcriptional regulators,
such as c-myc, Smad proteins and other forkhead genes,
like Foxg1 [81–83]. As such, the Foxo family likely links
multiple, complex cellular networks, still unelucidated, in-
volved in metabolism, quiescence, proliferation and dif-
ferentiation.
Nonetheless, the Foxo genes have clearly been demon-
strated as transcription factors, with consensus binding
sites consisting of a core DAF-16 family protein-binding
element (DBE), TTGTTTAC [53, 54]. Their target genes
include cell cycle proteins, such as cyclin D1 [84] and 
cyclin G2 [85, 86], Cdkn1a (p21, Wip1, Cip1, Waf1) [83],
Cdkn1b (p27, Kip1) [66, 82, 87, 88]; DNA repair proteins
such as GAAD45 [89]; apoptotic genes such as TNF-re-
lated apoptosis-inducing ligand (TRAIL, TNFSF) [10,
90], FLICE-inhibitory protein (FLIP) [91] or Bim [60];
and atrophy-inducing genes like atrogin-1 [92, 93]. Al-
though the specific details of interactions between envi-
ronmental signals, signaling pathways, Foxo’s and these
target genes have begun to be elucidated – e.g., the ability
of the TGF-b-activated Smad proteins to cooperate with
Foxo to regulate Cdkn1a [83] – the environmental- and
cell-specific mechanisms and contexts which link the
Foxos to these distinct biological targets remain still
largely unknown, particularly in immunity.

Immunological functions
In cultured and/or transformed cells, several findings
have implicated the Foxo members in the regulation of
lymphocyte cell death and proliferation [52]. In the 
human leukemia T cell line Jurkat, Foxo1 overexpression
suppresses proliferation [88], while Foxo3a overexpres-
sion induces apoptosis [56]. Similarly, Foxo3a overex-
pression in the murine pre-B cell line Ba/F3 can also 
induce apoptosis [94], and in the murine CTLL-2 T cell
line, IL-2, via PI3K, leads to the inhibition of Foxo fam-
ily members, which regulate Cdkn1b, Bim [60] and the
anti-apoptotic gene glucocorticoid-induced leucine 
zipper [GILZ, 95]. These findings correlate with the
known effects of cytokine withdrawal: reduced PI3K but
increased Foxo3a activity, as well as the induction of
Cdkn1b and/or Bim, all correlate with IL-3 withdrawal in
Ba/F3 pre-B cells [66, 87], and with IL-2 withdrawal in
CTLL-2 T cells [60]. Such observations have prompted
the proposal that Foxo’s regulate lymphocyte quiescence
[96, 97] (fig. 2).
Despite these many in vitro studies with Foxo genes in
lymphocytes, relatively few immunological studies on
Foxo have been performed in vivo. In one transgenic

study, expression of a dominant-negative Foxo1 resulted
in globally diminished thymocyte numbers, reflecting
impaired proliferation [98]. Interestingly, in vitro selec-
tion of an optimal Foxo1 binding site yielded
(G/C/A)(T/C/A)AAA(T/C)A, which was found in the
CD4 proximal and CD8 single-positive enhancers, sug-
gesting that Foxo1 may regulate thymocyte development
by modulating lineage commitment, cell survival and/or
cycling.
One study in vivo, however, has strongly indicated a 
requirement for at least the Foxo3a isoform in the main-
tenance of helper T cell tolerance and quiescence [55].
Foxo3a-deficient mice do not show any outward signs of
disease for several months, but close histological investi-
gation in aging animals revealed both splenomegaly and
lymphadenopathy, as well as lymphoid infiltrates and 
inflammation, consisting predominantly of T cells, in
several organs, particularly the salivary gland, lung and
kidney. These findings correlated with strikingly hyper-
active helper T cells expressing surface receptor patterns
consistent with increased activation (increased CD44, 
diminished CD45RB), proliferating more vigorously in
response to TCR ligation, and secreting increased quanti-
ties of both Th1 and Th2 cytokines, compared to their
Foxo3a-sufficient counterparts. Interestingly, Foxo3a-
deficient T cells did not display any defects in apoptosis
or activation-induced cell death, but required only IL-2
for proliferation and responded briskly in autologous
mixed lymphocyte reactions (AMLRs), indicating the
presence of endogenously activated, autoreactive T cells.
These findings correlated with the ability of Foxo3a to
regulate the activity of the NF-kB transcription factor(s),
which play critical roles in immediate-early helper T cell
responses to antigen receptor stimulation [99], likely via
the inhibitory IkB factors: Foxo3a-deficient T cells 
possessed increased spontaneous NF-kB activity and
were relatively deficient in the IkBb and IkBe subunits.
Alternatively, this effect may be indirect, perhaps re-
flecting a requirement for Foxo3a in the resistance of 
lymphocytes to oxidative stress [100]. Nonetheless, such
findings indicate that Foxo3a enforces T cell tolerance
and quiescence by inhibiting spontaneous T cell activa-
tion. Whether or not Foxo3a has similar roles in other im-
mune cells, and whether or not the other Foxo genes pos-
sess similar functions to Foxo3a in immune cells in vivo,
though, awaits further investigation.

Foxos in human diseases
To date, neither elevated nor deficient Foxo activity has
been documented in human immunological diseases, but
since mice predisposed to develop the autoimmune 
syndrome lupus possess significantly diminished Foxo
activity in T cells, a connection between the Foxo genes
and inflammation in humans remains a distinct possibil-
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ity [55]. Instead, the most well described associations of
Foxo gene dysregulation in humans are in cancer, such as
the generation of a paired box 3 (Pax3) transcription 
factor-Foxo1 fusion protein in alveolar rhabdomyosar-
coma, a predominantly pediatric soft tissue cancer
[101–103], where the Foxo portion of the fusion protein
likely interferes with normal Pax3 function, promoting
cellular transformation [104]. Similarly, mixed lineage
leukemia (MLL) transcription factor fusion proteins with
both Foxo3a and Foxo4 have been described in acute lym-
phoblastic leukemia [105, 106], but here the oncogenic
effect correlates with the resultant dominant-negative 
effect of the fusion protein on Foxo activity. Thus disrup-
tion of cellular homeostasis and tumor progression may
be induced by Foxo proteins by either interfering with 
the normal developmental effects of other transcription 
factors or the Foxo genes themselves. Investigation of the
Foxo proteins in immunological diseases may therefore
hopefully yield analogous insights.

Foxn1

Foxn1 (hepatocyte nuclear factor/forkhead homolog-11,
Hfh-11, FKHL20, Whn, nude, nu) plays critical roles 
in epithelial cell development. As such, it has been the 
focus of both cutaneous and thymic epithelial investiga-
tions [107–109], and is most well known immunol
ogically for its association with the rodent and human
nude (nu) mutations, which result in defective hair and T
cell development [110, 111] (fig. 1 and table 1).

Expression pattern and molecular characteristics
Embryonic expression of Foxn1 appears to initiate in the
common primoridum of the third pharyngeal pouch,
which gives rise to both the thymus and parathyroid
glands [112, 113]. During embryogenesis it is also found
in several mesenchymal and epithelial cells, including
those of the liver, lung, intestine, kidney and urinary tract,
but is largely limited to epithelial cells of the intestine,
spermatocytes of the testis and thymus in adults [114]. Its
expression is likely regulated by local environmental
morphogens, such as wingless (Wnt) glycoproteins [115]
or bone morphogenic protein (BMP)-4 [116], each of
which may function in both autocrine and paracrine fash-
ions. Foxn1 contains at least two functional domains, 
including the forkhead DNA binding domain and an N-
terminal transactivating domain [108]. Putative Foxn1
targets include the chemokines CXCL12 (SDF-1) and
CCL25 (TECK), which can elicit chemotaxis of imma-
ture thymocytes [117]; the fibroblast growth factor 
receptor R2-IIIb [116], which is required for thymic 
development [118]; and B7-H1 (programmed cell death 1
ligand 1, PD-L1) [117].

Immunological function
Mutations in Foxn1, eliminating the DNA binding 
domain, are responsible for the hair and thymic develop-
mental phenotype of nude mice and rats, which possess
defective keratinization of the hair shaft and the differen-
tiation of epithelial progenitor cells in the thymus [108,
110, 112]. Consequently, lymphoid progenitors fail to be
attracted to the thymic anlage, perhaps due to a require-
ment for Foxn1 in the expression of chemotactic
chemokines like CXCL12 (SDF-1) and CCL25 (TECK)
[119], resulting in defective T cell development. Forma-
tion of the thymic epithelial primordium is intact in
Foxn1 mutant mice, but subsequent differentiation into
subcapsular, cortical and medullary epithelial cells is 
defective. Interestingly, one study has also suggested an
intrinsic role for Foxn1 in early T cell precursors, since
nude T cells demonstrate a developmental arrest, failing
to express the pre-T cell receptor pTa or develop into 
mature T cells, in adoptive euthymic hosts [120].
Nonetheless, the nude phenotype is importantly rescued
in vivo by transgenes encoding wild-type Foxn1 [121,
122], and independent null mutations in Foxn1 recapitu-
late the nude phenotype [112], demonstrating that Foxn1
indeed accounts for the developmental abnormalities of
the nude rodents.
Interestingly, the Foxn1 N-terminal domain, which lacks
DNA binding activity, is required for thymic develop-
ment, as demonstrated by mice with a targeted deletion of
that region [123]. These animals developed normal hair,
and possessed thymi with developing thymocytes, in con-
trast to Foxn1 null mutations, but their total thymocyte
numbers were still significantly diminished. Thymic ep-
ithelial cells were capable of forming a rudimentary retic-
ular network, but no organized cortical or medullary re-
gions were detected, associated with defects in double-
positive (DP) thymocyte production, perhaps reflecting
defective cross-talk between thymic epithelial cells and
other epithelial cells and/or thymocytes. Thus, Foxn1 me-
diates the initiation and progression of thymic epithelial
cell differentiation as two distinct functions in vivo; how-
ever, the molecular mechanisms that account for this di-
chotomy remain unknown.

Foxn1 in human disease
A nonsense mutation in Foxn1 accounts for the human
nude/severe combined immunodeficiency (SCID) syn-
drome, consisting of T cell deficiency, congenital alope-
cia and nail dystrophy (MIM #601705) [111, 124]. As
might be predicted from the rodent studies, bone marrow
transplantation in this syndrome is unable to reconstitute
the T cell compartment fully, resulting in normal naïve
CD8+ but not CD4+ T cells. Thus Foxn1 critically regu-
lates T cell development via a lymphocyte-extrinsic role
in thymic epithelial cells in both rodents and man.
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Foxj1

The Foxj1 (hepatocyte nuclear factor/forkhead homolog-
4, HNF-4, FKHL-13) transcription factor has been most
studied for its role in the development of ciliated epithe-
lium, such as in the lung, choroids plexus and reproduc-
tive tract [125–128]. Foxj1-deficient mice are devoid of
cilia, and consequently suffer from significant develop-
mental abnormalities including heterotaxy and hydro-
cephalus, resulting in lethality in utero or soon after birth
[125, 127]. Immunological attention to this gene was
drawn during microarray studies to identify novel 
transcription factors in autoimmunity [129].

Expression pattern and molecular characteristics
Like the Foxo transcription factors, Foxj1 is expressed
predominantly in naïve T cells and is rapidly downregu-
lated upon activation, such as during TCR ligation and/or
IL-2 exposure [129]. However, it is not known whether or
not Foxj1 is post-translationally modified and/or regu-
lated in a similar fashion as well. Foxj1 is presumed to
function in vivo as a transcription factor because of its
possession of a forkhead DNA binding domain, which
confers DNA binding to a TGTTGTT core sequence
[130]; however, the only transcriptional target suggested
to date in vivo is the IkBb inhibitory subunit of the 
NF-kB family [129]. In contrast, Foxj1 is required for the
development of proper microanatomical features in 
ciliated cells, such as the apical localization of ezrin [131]
and the anchorage of basal bodies to the cytoskeleton
[132], but whether these reflect direct interactions 
between Foxj1 and these proteins, independent of tran-
scription, versus indirect effects of still-unknown Foxj1
target genes, remains unclear. Thus the biochemistry,
molecular biology and genetics of Foxj1 remain largely
unknown.

Immunological functions
One study has demonstrated a critical role for Foxj1 in
helper T cell tolerance in vivo [129]. In animals with
Foxj1-deficient lymphoid systems, generated by fetal
liver chimerization in recombinase activating gene (Rag)-
deficient animals, helper T cells spontaneously activate,
resulting in multi-system inflammation, particularly of
the lung, liver, kidney, and salivary gland, and a moribund
appearance 12–16 weeks post-reconstitution. Foxj1-
deficient T cells required only IL-2 for proliferation, 
in the absence of TCR or CD28 ligation, and responded 
vigorously in AMLRs, indicating the presence of
endogenously activated autoreactive T cells. Interestingly,
Foxj1-deficient T cells made disproportionately higher
amounts of Th1 cytokines, associated with increased 
expression of the Th1 transcription factor T-bet. These

findings resulted from a requirement for Foxj1 to sup-
press NF-kB activation in vivo via induction of the IkBb
inhibitory subunit, since Foxj1-deficient T cells had ele-
vated levels of spontaneous NF-kB activity, diminished
levels of IkBb, and antisense knockdown of the RELA
subunit of NF-kB abrogated the hyperactivated T cell
phenotype in vitro. Thus, like Foxo3a, Foxj1 is required
in vivo to modulate NF-kB activity and maintain T cell
tolerance – but unlike Foxo3a deficiency, Foxj1 defi-
ciency appears to be much more severe, affects a differ-
ent spectrum of end organs and skews towards Th1 
cytokine production. Thus these two forkhead members
play somewhat overlapping yet clearly distinct roles in
helper T cells, the differences of which remain to be fully
elucidated.

Foxj1 in human diseases
Few studies have investigated the role of Foxj1 in human
diseases. One study has described a lack of mutations in
Foxj1 in a cohort of patients with primary ciliary diski-
nesia (PCD), a disorder of cilia development consisting
of bronchiectasis, chronic sinusitis and situs inversus –
but those analyses were limited to the two coding exons
of Foxj1, and do not preclude the possible contributions
of polymorphisms in non-coding regions, which may reg-
ulate expression levels of Foxj1 [133]. Indeed, given the
immunological phenotype of Foxj1 deficiency, and the
relative Foxj1 deficiency observed in autoimmune versus
non-autoimmune mice [129], abnormalities in Foxj1
gene expression, function and/or metabolic pathway may
predispose to human autoimmunity and/or other inflam-
matory conditions.

Other forkhead transcription factors in immunology

Foxd2
Foxd2 (MF2, FKHL17, FREAC9) is expressed in multi-
ple mesodermal lineages, particularly correlating with
expression of the sonic hedgehog (Shh) morphogen
[134]. Initial assessments presumed that it would play 
a critical role in kidney development, as suggested 
by the lethal renal defects in mice deficient in the 
related Foxd1 (BF-2, Hfh10, FREAC4, FKHL8) gene
[135]; however, Foxd2-deficient animals demonstrate
only mild and inconsistent renal abnormalities [136].
Thus, its dominant biological function may yet be undis-
covered.
In lymphocytes, limited data indicates that Foxd2 is 
expressed in T cells and monocytes, but not B cells [137].
Interestingly, Foxd2-deficient T cells are mildly less 
sensitive to cAMP-mediated inhibition of proliferation,
correlating with a mild deficiency in the RIa subunit of
the cAMP-dependent protein kinase type I (PKA type I).
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Indeed, Foxd2 can cooperate with Akt to transactivate 
the RIa1b promoter, suggesting that Foxd2 modulates T
cell activation by fine-tuning sensitivity to cAMP [137].
Interestingly, elevated PKA activity may account for 
the anergy and hyporesponsiveness of T cells in HIV 
infection, and of B cells in common variable immuno-
deficiency (CVI) [138, 139], while defective PKA ac-
tivity  may underlie T cell hyperactivity in lupus [140].
Thus, Foxd2 and/or its molecular pathways may yet 
account for the phenotypes of multiple immunological
diseases.

Foxp1
Although widely expressed, Foxp1 (QRF1, MFH) has
been largely studied in the context of pulmonary and ner-
vous system development [141–145], where interestingly
it is capable of forming both homo- and heterodimers
with other forkhead family members [145, 146]. Expres-
sion studies in some cancers have implicated it as a tumor
suppressor [147, 148]. 
A recent study has suggested that Foxp1 regulates tissue
macrophage differentiation [149]: in THP-1 and HL60
monocyte cell lines, Mac-1 (CD11b/CD18) receptor 
ligation correlates with macrophage differentiation and
Foxp1 downregulation, while ectopic Foxp1 expression
inhibited CD11b expression, cell adhesiveness, phagocy-
tosis, and expression of the c-fms locus, which encodes
the M-CSF receptor required for macrophage differentia-
tion. Future studies will hopefully confirm and further
elucidate the role of this gene in vivo. 

Foxq1
As one of the first forkhead genes studied, Foxq1
(HFH1, satin) has been relatively well-studied biochem-
ically, with clear definitions of the core DNA binding 
domain and flanking wings which contribute to sequence
specificity [150]. However, despite its widespread 
expression, a role for it has only clearly been demon-
strated in hair differentiation, where a mutation in Foxq1
accounts for the spontaneously-arising satin (sa) muta-
tion [151]. in vitro, Foxq1 can repress smooth muscle
differentiation genes, such as telokin and SM22a [152],
but whether these findings apply in vivo is not known 
definitively. Interestingly, the sa mutation confers a 
deficiency in natural killer cell activity but not numbers
in vivo, an effect synergistic with the beige (bg, Lyst)
mutation [153]. However, this effect may be strain 
specific [151] and has been studied predominantly in the
presence of the bg mutation [153]. Thus, further investi-
gation is warranted to determine the precise functions
and mechanisms of Foxq1, not only in the immune 
system, but also in mammalian development and differ-
entiation in general.

Conclusions

Existing evidence clearly indicates that the forkhead
genes play critical roles in the effector differentiation
and/or function of multiple immune cell lineages (fig. 1
and table 1): Foxn1 plays a critical role in T cell devel-
opment by promoting the differentiation of the thymic
stroma. Foxp3 enforces tolerance upon autoreactive T
cells in an extrinsic fashion by promoting the develop-
ment of Treg cells, while Foxj1 and Foxo transcription fac-
tors enforce tolerance and suppress spontaneous activa-
tion intrinsically in naive T cells. Foxd2 may participate
in fine-tuning this latter process, while Foxq1 and Foxp1
may modulate natural killer and monocyte activity and/or
differentiation, respectively. 
Nonetheless, much remains to be learned about the fork-
head transcription factors in immunology. With the ex-
ception of the Foxo subfamily, the mechanisms by which
they are regulated are largely unknown; and for many
forkhead genes, immunological functions have been im-
plicated in vitro but not yet tested in vivo. Continued in-
vestigation of the forkhead genes is therefore likely to
provide key insights into the mechanisms of immunoreg-
ulation, as well as disorders of inflammation and/or im-
munosuppression, and hopefully will culminate in novel
yet specific strategies for the therapeutic modulation of
disease.

Acknowledgements. This work was supported in part by the Siteman
Cancer, Rheumatic Diseases, Diabetes Research and Training, and
the Digestive Diseases Research Core (DK52574) Centers of the
Washington University School of Medicine, as well as grants from
the NIH (AI01803, AI057471 and AI061478 to S.L.P.) and the Lu-
pus Research Institute. S.L.P. is supported in part by an Arthritis In-
vestigator Award from the Arthritis Foundation. H.J. is supported by
the Medical Scientist Training Program of Washington University
School of Medicine.

1 Carlsson P. and Mahlapuu M. (2002) Forkhead transcription
factors: key players in development and metabolism. Dev.
Biol. 250: 1–23

2 Kaestner K. H., Knochel W. and Martinez D. E. (2000) Uni-
fied nomenclature for the winged helix/forkhead transcription
factors. Genes Dev. 14: 142–146

3 Tran H., Brunet A., Griffith E. C. and Greenberg M. E. (2003)
The many forks in FOXO’s road. Science STKE 2003: RE5

4 Burgering B. M. and Kops G. J. (2002) Cell cycle and death
control: long live Forkheads. Trends Biochem. Sci. 27:
352–360

5 Shevach E. M., McHugh R. S., Piccirillo C. A. and Thornton
A. M. (2001) Control of T-cell activation by CD4+ CD25+
suppressor T cells. Immunol. Rev. 182: 58–67

6 Hori S. and Sakaguchi S. (2004) Foxp3: a critical regulator of
the development and function of regulatory T cells. Microbes
Infect. 6: 745–751

7 Asano M., Toda M., Sakaguchi N. and Sakaguchi S. (1996)
Autoimmune disease as a consequence of developmental ab-
normality of a T cell subpopulation. J. Exp. Med. 184:
387–396

404 H. Jonsson and S. L. Peng Fox genes in immunology



8 Hori S., Nomura T. and Sakaguchi S. (2003) Control of regu-
latory T cell development by the transcription factor Foxp3.
Science 299: 1057–1061

9 Fontenot J. D., Gavin M. A. and Rudensky A. Y. (2003) Foxp3
programs the development and function of CD4+CD25+ reg-
ulatory T cells. Nat.Immunol. 4: 330–336

10 Khattri R., Cox T., Yasayko S. A. and Ramsdell F. (2003) An
essential role for Scurfin in CD4+CD25+ T regulatory cells.
Nat. Immunol. 4: 337–342

11 Chen W., Jin W., Hardegen N., Lei K. J., Li L., Marinos N. et
al. (2003) Conversion of peripheral CD4+CD25– naive T cells
to D4+CD25+ regulatory T cells by TGF-b induction of tran-
scription factor Foxp3. J. Exp. Med. 198: 1875–1886

12 Fantini M. C., Becker C., Monteleone G., Pallone F., Galle P.
R. and Neurath M. F. (2004) Cutting edge: TGF-b induces a
regulatory phenotype in CD4+CD25– T cells through Foxp3 
induction and down-regulation of Smad7. J. Immunol. 172:
5149–5153

13 Ostroukhova M., Seguin-Devaux C., Oriss T. B., Dixon-Mc-
Carthy B., Yang L., Ameredes B. T. et al. (2004) Tolerance in-
duced by inhaled antigen involves CD4(+) T cells expressing
membrane-bound TGF-b and FOXP3. J. Clin. Invest. 114:
28–38

14 Peng Y., Laouar Y., Li M. O., Green E. A. and Flavell R. A.
(2004) TGF-b regulates in vivo expansion of Foxp3-express-
ing CD4+CD25+ regulatory T cells responsible for protection
against diabetes. Proc. Natl. Acad. Sci. USA 101: 4572–4577

15 Mamura M., Lee W., Sullivan T. J., Felici A., Sowers A. L., 
Allison J. P. et al. (2004) CD28 disruption exacerbates in-
flammation in Tgf-b1–/– mice: in vivo suppression by 
CD4+CD25+ regulatory T cells independent of autocrine
TGF-b1. Blood 103: 4594–4601

16 Walker M. R., Kasprowicz D. J., Gersuk V. H., Benard A., Van
Landeghen M., Buckner J. H., et al. (2003) Induction of FoxP3
and acquisition of T regulatory activity by stimulated human
D4+CD25– T cells. J. Clin. Invest. 112: 1437–1443

17 Annacker O., Pimenta-Araujo R., Burlen-Defranoux O., 
Barbosa T. C., Cumano A. and Bandeira A. (2001) CD25+
CD4+ T cells regulate the expansion of peripheral CD4 T 
cells through the production of IL-10. J. Immunol. 166:
3008–3018

18 Stephens L. A. and Mason D. (2000) CD25 is a marker for
CD4+ thymocytes that prevent autoimmune diabetes in rats,
but peripheral T cells with this function are found in both
CD25+ and CD25– subpopulations. J. Immunol. 165: 3105–
3110

19 de Kleer I. M., Wedderburn L. R., Taams L. S., Patel A.,
Varsani H., Klein M. et al. (2004) CD4+CD25(bright) regula-
tory T cells actively regulate inflammation in the joints of 
patients with the remitting form of juvenile idiopathic arthri-
tis. J. Immunol. 172: 6435–6443

20 Ehrenstein M. R., Evans J. G., Singh A., Moore S., Warnes G.,
Isenberg D. A. et al. (2004) Compromised function of regula-
tory T cells in rheumatoid arthritis and reversal by anti-TNFa
therapy. J. Exp. Med. 200: 277–285

21 Prakken B. J., Samodal R., Le T. D., Giannoni F., Yung G. P.,
Scavulli J. et al. (2004) Epitope-specific immunotherapy in-
duces immune deviation of proinflammatory T cells in
rheumatoid arthritis. Proc. Natl. Acad. Sci. USA 101:
4228–4233

22 Cobbold S. P., Castejon R., Adams E., Zelenika D., Graca L.,
Humm S. et al. (2004) Induction of foxP3+ regulatory T cells
in the periphery of T cell receptor transgenic mice tolerized to
transplants. J. Immunol. 172: 6003–6010

23 Viguier M., Lemaitre F., Verola O., Cho M.-S., Gorochov G.,
Dubertret L. et al. (2004) Foxp3 Expressing CD4+CD25high

regulatory T cells are overrepresented in human metastatic
melanoma lymph nodes and inhibit the function of infiltrating
T cells. J. Immunol. 173: 1444–1453

24 Wei W. Z., Morris G. P. and Kong Y. C. (2004) Anti-tumor im-
munity and autoimmunity: a balancing act of regulatory T
cells. Cancer Immunol. Immunother. 53:73–78

25 Somerset D. A., Zheng Y., Kilby M. D., Sansom D. M. and
Drayson M. T. (2004) Normal human pregnancy is associated
with an elevation in the immune suppressive CD25+ CD4+
regulatory T-cell subset. Immunology 112:38–43

26 Manavalan J. S., Kim-Schulze S., Scotto L., Naiyer A. J., Vlad
G., Colombo P. C. et al. (2004) Alloantigen specific
CD8+CD28– FOXP3+ T suppressor cells induce ILT3+
ILT4+ tolerogenic endothelial cells, inhibiting alloreactivity.
Int. Immunol. 16:1055–1068

27 Verhasselt V., Vosters O., Beuneu C., Nicaise C., Stordeur P.
and Goldman M. (2004) Induction of FOXP3-expressing reg-
ulatory CD4pos T cells by human mature autologous dendritic
cells. Eur. J. Immunol. 34: 762–772

28 Schubert L. A., Jeffery E., Zhang Y., Ramsdell F. and Ziegler
S. F. (2001) Scurfin (FOXP3) acts as a repressor of transcrip-
tion and regulates T cell activation. J. Biol. Chem. 276:
37672–37679

29 Rao A., Luo C. and Hogan P. G. (1997) Transcription factors
of the NFAT family: regulation and function. Ann. Rev. 
Immunol. 15: 707–747

30 Khattri R., Kasprowicz D., Cox T., Mortrud M., Appleby M.
W., Brunkow M. E. et al. (2001) The amount of scurfin pro-
tein determines peripheral T cell number and responsiveness.
J. Immunol. 167: 6312–6320

31 Kasprowicz D. J., Smallwood P. S., Tyznik A. J. and Ziegler S.
F. (2003) Scurfin (FoxP3) controls T-dependent immune 
responses in vivo through regulation of CD4+ T cell effector
function. J. Immunol. 171: 1216–1223

32 Chatila T. A., Blaeser F., Ho N., Lederman H. M., Voulgar-
opoulos C., Helms C. et al. (2000) JM2, encoding a fork head-
related protein, is mutated in X-linked autoimmunity-allergic
disregulation syndrome. J. Clin. Invest. 106: R75–81

33 Bennett C. L., Christie J., Ramsdell F., Brunkow M. E., 
Ferguson P. J., Whitesell L. et al. (2001) The immune dysreg-
ulation, polyendocrinopathy, enteropathy, X-linked syndrome
(IPEX) is caused by mutations of FOXP3. Nat. Genet. 27:
20–21

34 Brunkow M. E., Jeffery E. W., Hjerrild K. A., Paeper B., Clark
L. B., Yasayko S. A. et al. (2001) Disruption of a new 
forkhead/winged-helix protein, scurfin, results in the fatal
lymphoproliferative disorder of the scurfy mouse. Nat. Genet.
27: 68–73

35 Wildin R. S., Ramsdell F., Peake J., Faravelli F., Casanova J.
L., Buist N. et al. (2001) X-linked neonatal diabetes mellitus,
enteropathy and endocrinopathy syndrome is the human
equivalent of mouse scurfy. Nat. Genet. 27: 18–20

36 Blair P. J., Bultman S. J., Haas J. C., Rouse B. T., Wilkinson J.
E. and Godfrey V. L. (1994) CD4+CD8– T cells are the effec-
tor cells in disease pathogenesis in the scurfy (sf) mouse. J.
Immunol. 153: 3764–3774

37 Clark L. B., Appleby M. W., Brunkow M. E., Wilkinson J. E.,
Ziegler S. F. and Ramsdell F. (1999) Cellular and molecular
characterization of the scurfy mouse mutant. J. Immunol. 162:
2546–2554

38 Wildin R. S., Smyk-Pearson S. and Filipovich A. H. (2002)
Clinical and molecular features of the immunodysregulation,
polyendocrinopathy, enteropathy, X linked (IPEX) syndrome.
J. Med. Genet. 39: 537–545

39 Bassuny W. M., Ihara K., Sasaki Y., Kuromaru R., Kohno H.,
Matsuura N. et al. (2003) A functional polymorphism in the
promoter/enhancer region of the FOXP3/Scurfin gene associ-
ated with type 1 diabetes. Immunogenetics 55: 149–156

40 Zavattari P., Deidda E., Pitzalis M., Zoa B., Moi L., Lampis R.
et al. (2004) No association between variation of the FOXP3
gene and common type 1 diabetes in the Sardinian population.
Diabetes 53: 1911–1914

CMLS, Cell. Mol. Life Sci. Vol. 62, 2005 Review Article 405



41 Ou L. S., Goleva E., Hall C. and Leung D. Y. (2004) T regula-
tory cells in atopic dermatitis and subversion of their 
activity by superantigens. J. Allergy Clin. Immunol. 113:
756–763

42 Lin K., Dorman J. B., Rodan A. and Kenyon C. (1997) daf-16:
An HNF-3/forkhead family member that can function to 
double the life-span of Caenorhabditis elegans. Science 278:
1319–1322

43 Ogg S., Paradis S., Gottlieb S., Patterson G. I., Lee L., 
Tissenbaum H. A. et al. (1997) The Fork head transcription
factor DAF-16 transduces insulin-like metabolic and
longevity signals in C. elegans. Nature 389: 994–999

44 Jacobs F. M., van der Heide L. P., Wijchers P. J., Burbach J. P.,
Hoekman M. F. and Smidt M. P. (2003) FoxO6, a novel mem-
ber of the FoxO class of transcription factors with distinct
shuttling dynamics. J. Biol. Chem. 278: 35959–35967

45 Accili D. and Arden K. C. (2004) FoxOs at the crossroads of
cellular metabolism, differentiation and transformation. Cell
117: 421–426

46 Kitamura T., Nakae J., Kitamura Y., Kido Y., Biggs W. H. 3rd,
Wright C. V. et al. (2002) The forkhead transcription factor
Foxo1 links insulin signaling to Pdx1 regulation of pancreatic
beta cell growth. J. Clin. Invest. 110: 1839–1847

47 Nakae J., Kitamura T., Kitamura Y., Biggs W. H. 3rd, Arden K.
C. and Accili D. (2003) The forkhead transcription factor
Foxo1 regulates adipocyte differentiation. Dev. Cell 4:
119–129

48 Furuyama T., Kitayama K., Shimoda Y., Ogawa M., Sone K.,
Yoshida-Araki K. et al. (2004) Abnormal angiogenesis in
Foxo1 (FKHR)-deficient mice. J. Biol. Chem. 279:
34741–34749

49 Castrillon D. H., Miao L., Kollipara R., Horner J. W. and 
DePinho R. A. (2003) Suppression of ovarian follicle activa-
tion in mice by the transcription factor Foxo3a. Science 301:
215–218

50 Hosaka T., Biggs W. H. III, Tieu D., Boyer A. D., Varki N. M.,
Cavenee W. K. et al. (2004) Disruption of forkhead transcrip-
tion factor (FOXO) family members in mice reveals their
functional diversification. Proc. Natl. Acad. Sci. USA 101:
2975–2980

51 Brenkman A. B. and Burgering B. M. (2004) FoxO3a eggs on
fertility and aging. Trends Mol. Med. 9: 464–467

52 Birkenkamp K. U. and Coffer P. J. (2003) FOXO transcription
factors as regulators of immune homeostasis: molecules to die
for? J. Immunol. 171: 1623–1629

53 Furuyama T., Nakazawa T., Nakano I. and Mori N. (2000)
Identification of the differential distribution patterns of 
mRNAs and consensus binding sequences for mouse DAF-16
homologues. Biochem. J. 349: 629–634

54 Biggs W. H. 3rd, Cavenee W. K. and Arden K. C. (2001) Iden-
tification and characterization of members of the FKHR (FOX
O) subclass of winged-helix transcription factors in the
mouse. Mammal. Genome 12: 416–425

55 Lin L., Hron J. D. and Peng S. L. (2004) Regulation of NF-kB,
Th activation and autoinflammation by the forkhead tran-
scription factor Foxo3a. Immunity 21: 203–213

56 Brunet A., Bonni A., Zigmond M. J., Lin M. Z., Juo P., Hu L.
S. et al. (1999) Akt promotes cell survival by phosphorylating
and inhibiting a Forkhead transcription factor. Cell 96:
857–868

57 Biggs W. H. 3rd, Meisenhelder J., Hunter T., Cavenee W. K.
and Arden K. C. (1999) Protein kinase B/Akt-mediated phos-
phorylation promotes nuclear exclusion of the winged helix
transcription factor FKHR1. Proc. Natl. Acad. Sci. USA 96:
7421–7426

58 Kops G. J., de Ruiter N. D., De Vries-Smits A. M., Powell D.
R., Bos J. L. and Burgering B. M. (1999) Direct control of the
Forkhead transcription factor AFX by protein kinase B. 
Nature 398: 630–634

59 Takaishi H., Konishi H., Matsuzaki H., Ono Y., Shirai Y., Saito
N. et al. (1999) Regulation of nuclear translocation of fork-
head transcription factor AFX by protein kinase B. Proc. Natl.
Acad. Sci. USA 96: 11836–11841

60 Stahl M., Dijkers P. F., Kops G. J., Lens S. M., Coffer P. J.,
Burgering B. M. et al. (2002) The forkhead transcription 
factor FoxO regulates transcription of p27Kip1 and Bim in 
response to IL-2. J. Immunol. 168: 5024–5031

61 Heijink I. H., Kauffman H. F., Postma D. S., de Monchy J. G.
and Vellenga E. (2003) Sensitivity of IL-5 production to the
cAMP-dependent pathway in human T cells is reduced by 
exogenous IL-2 in a phosphoinositide 3-kinase-dependent
way. Eur. J. Immunol. 33: 2206–2215

62 Yusuf I., Zhu X., Kharas M. G., Chen J. and Fruman D. A.
(2004) Optimal B-cell proliferation requires phosphoinositide
3-kinase-dependent inactivation of FOXO transcription 
factors. Blood 104: 784–787

63 Matsuzaki H., Daitoku H., Hatta M., Tanaka K. and Fukamizu
A. (2003) Insulin-induced phosphorylation of FKHR (Foxo1)
targets to proteasomal degradation. Proc. Natl. Acad. Sci.
USA 100: 11285–11290

64 Plas D. R. and Thompson C. B. (2003) Akt activation pro-
motes degradation of tuberin and FOXO3a via the protea-
some. J. Biol. Chem. 278: 12361–12366

65 Crossley L. J. (2003) Neutrophil activation by fMLP regulates
FOXO (forkhead) transcription factors by multiple pathways,
one of which includes the binding of FOXO to the survival
factor Mcl-1. J. Leuk. Biol. 74: 583–592

66 Dijkers P. F., Medema R. H., Pals C., Banerji L., Thomas N. S.,
Lam E. W. et al. (2000) Forkhead transcription factor FKHR-
L1 modulates cytokine-dependent transcriptional regulation
of p27(KIP1). Mol. Cell. Biol. 20: 9138–9148

67 Perez O. D., Kinoshita S., Hitoshi Y., Payan D. G., Kitamura
T., Nolan G. P. et al. (2002) Activation of the PKB/AKT path-
way by ICAM-2. Immunity 16: 51–65

68 Patra A. K., Na S. Y. and Bommhardt U. (2004) Active protein
kinase B regulates TCR responsiveness by modulating cyto-
plasmic-nuclear localization of NFAT and NF-kB proteins. J.
Immunol. 172: 4812–4820

69 Pandiyan P., Gartner D., Soezeri O., Radbruch A., Schulze-
Osthoff K. and Brunner-Weinzierl M. C. (2004) CD152
(CTLA-4) Determines the unequal resistance of Th1 and Th2
cells against activation-induced cell death by a mechanism re-
quiring PI3 kinase function. J. Exp. Med. 199: 831–842

70 Park J., Leong M. L., Buse P., Maiyar A. C., Firestone G. L.
and Hemmings B. A. (1999) Serum and glucocorticoid-in-
ducible kinase (SGK) is a target of the PI 3-kinase-stimulated
signaling pathway. EMBO J. 18: 3024–3033

71 Brunet A., Park J., Tran H., Hu L. S., Hemmings B. A. and
Greenberg M. E. (2001) Protein kinase SGK mediates 
survival signals by phosphorylating the forkhead tran-
scription factor FKHRL1 (FOXO3a). Mol. Cell. Biol. 21:
952–965

72 De Ruiter N. D., Burgering B. M. and Bos J. L. (2001) Regu-
lation of the Forkhead transcription factor AFX by Ral-depen-
dent phosphorylation of threonines 447 and 451. Mol. Cell.
Biol. 21: 8225–8235

73 Hu M. C., Lee D. F., Xia W., Golfman L. S., Ou-Yang F., Yang
J. Y. et al. (2004) IkB kinase promotes tumorigenesis through
inhibition of forkhead FOXO3a. Cell 117: 225–237

74 Woods Y. L., Rena G., Morrice N., Barthel A., Becker W., 
Guo S. et al. (2001) The kinase DYRK1A phosphorylates the 
transcription factor FKHR at Ser329 in vitro, a novel in vivo
phosphorylation site. Biochem. J. 355: 597–607

75 Daitoku H., Hatta M., Matsuzaki H., Aratani S., Ohshima T.,
Miyagishi M. et al. (2004) Silent information regulator 
2 potentiates Foxo1-mediated transcription through its
deacetylase activity. Proc. Natl. Acad. Sci. USA 101:
10042–10047

406 H. Jonsson and S. L. Peng Fox genes in immunology



76 Motta M. C., Divecha N., Lemieux M., Kamel C., Chen D.,
Gu W. et al. (2004) Mammalian SIRT1 represses forkhead
transcription factors. Cell 116: 551–563

77 Van Der Horst A., Tertoolen L. G., De Vries-Smits L. M., Frye
R. A., Medema R. H. and Burgering B. M. (2004) FOXO4 is
acetylated upon peroxide stress and deacetylated by the long-
evity protein hSir2SIRT1. J. Biol. Chem. 279: 28873–28879

78 Antebi A. (2004) Tipping the balance toward longevity. Dev.
Cell 6: 315–316

79 Brunet A., Sweeney L. B., Sturgill J. F., Chua K. F., Greer P.
L., Lin Y. et al. (2004) Stress-dependent regulation of FOXO
transcription factors by the SIRT1 deacetylase. Science 303:
2011–2015

80 Charvet C., Alberti I., Luciano F., Jacquel A., Bernard A.,
Auberger P. et al. (2003) Proteolytic regulation of Forkhead
transcription factor FOXO3a by caspase-3-like proteases.
Oncogene 22: 4557–4568

81 Bouchard C., Marquardt J., Bras A., Medema R. H. and Eilers
M. (2004) Myc-induced proliferation and transformation 
require Akt-mediated phosphorylation of FoxO proteins.
EMBO J. 23: 2830–2840

82 Chandramohan V., Jeay S., Pianetti S. and Sonenshein G. E.
(2004) Reciprocal control of Forkhead box O3a and c-Myc via
the phosphatidylinositol 3-kinase pathway coordinately regu-
lates p27(Kip1) levels. J. Immunol. 172: 5522–5527

83 Seoane J., Le H. V., Shen L., Anderson S. A. and Massague J.
(2004) Integration of Smad and forkhead pathways in the con-
trol of neuroepithelial and glioblastoma cell proliferation. Cell
117: 211–223

84 Schmidt M., Fernandez de Mattos S., van der Horst A.,
Klompmaker R., Kops G. J., Lam E. W. et al. (2002) Cell 
cycle inhibition by FoxO forkhead transcription factors in-
volves downregulation of cyclin D. Mol. Cell. Biol. 22:
7842–7852

85 Ramaswamy S., Nakamura N., Sansal I., Bergeron L. and
Sellers W. R. (2002) A novel mechanism of gene regulation
and tumor suppression by the transcription factor FKHR. 
Cancer Cell 2: 81–91

86 Martinez-Gac L., Marques M., Garcia Z., Campanero M. R.
and Carrera A. C. (2004) Control of cyclin G2 mRNA expres-
sion by forkhead transcription factors: novel mechanism for
cell cycle control by phosphoinositide 3-kinase and forkhead.
Mol. Cell. Biol. 24: 2181–2189

87 Dijkers P. F., Medema R. H., Lammers J. W., Koenderman L.
and Coffer P. J. (2000) Expression of the pro-apoptotic Bcl-2
family member Bim is regulated by the forkhead transcription
factor FKHR-L1. Curr. Biol. 10: 1201–1204

88 Medema R. H., Kops G. J., Bos J. L. and Burgering B. M.
(2000) AFX-like Forkhead transcription factors mediate cell-
cycle regulation by Ras and PKB through p27kip1. Nature
404: 782–787

89 Tran H., Brunet A., Grenier J. M., Datta S. R., Fornace A. J. Jr,
DiStefano P. S. et al. (2002) DNA repair pathway stimulated
by the forkhead transcription factor FOXO3a through the
Gadd45 protein. Science 296: 530–534

90 Ghaffari S., Jagani Z., Kitidis C., Lodish H. F. and Khosravi-
Far R. (2003) Cytokines and BCR-ABL mediate suppression
of TRAIL-induced apoptosis through inhibition of forkhead
FOXO3a transcription factor. Proc. Natl. Acad. Sci. USA 100:
6523–6528

91 Skurk C., Maatz H., Kim H. S., Yang J., Abid M. R., Aird W.
C. et al. (2004) The Akt-regulated forkhead transcription 
factor FOXO3a controls endothelial cell viability through
modulation of the caspase-8 inhibitor FLIP. J. Biol. Chem.
279: 1513–1525

92 Sandri M., Sandri C., Gilbert A., Skurk C., Calabria E., Picard
A. et al. (2004) Foxo transcription factors induce the atrophy-
related ubiquitin ligase atrogin-1 and cause skeletal muscle 
atrophy. Cell 117: 399–412

93 Stitt T. N., Drujan D., Clarke B. A., Panaro F., Timofeyva Y.,
Kline W. O. et al. (2004) The IGF-1/PI3K/Akt pathway pre-
vents expression of muscle atrophy-induced ubiquitin ligases
by inhibiting FOXO transcription factors. Mol. Cell 14:
395–403

94 Dijkers P. F., Birkenkamp K. U., Lam E. W., Thomas N. S.,
Lammers J. W., Koenderman L. et al. (2002) FKHR-L1 can
act as a critical effector of cell death induced by cytokine with-
drawal: protein kinase B-enhanced cell survival through main-
tenance of mitochondrial integrity. J. Cell. Biol. 156: 531–542

95 Asselin M. L., David M., Biola-Vidamment A., Lecoeuche D.,
Zennaro M. C., Bertoglio J. et al. (2004) GILZ, a new target
for the transcription factor FoxO3, protects T lymphocytes
from interleukin 2 withdrawal-induced apoptosis. Blood 104:
215–223

96 Coffer P. J. (2003) Transcriptional regulation of lymphocyte
quiescence: as cunning as a FOX. Trends Immunol. 24:
470–471; author reply 471

97 Yusuf I. and Fruman D. A. (2003) Regulation of quiescence in
lymphocytes. Trends Immunol. 24: 380–386

98 Leenders H., Whiffield S., Benoist C. and Mathis D. (2000)
Role of the forkhead transcription family member, FKHR, in
thymocyte differentiation. Eur. J. Immunol. 30: 2980–2990

99 Li Q. and Verma I. M. (2002) NF-kB regulation in the immune
system. Nature Rev. Immunol. 2: 725–734

100 Kops G. J., Dansen T. B., Polderman P. E., Saarloos I., Wirtz
K. W., Coffer P. J. et al. (2002) Forkhead transcription factor
FOXO3a protects quiescent cells from oxidative stress. Nature
419: 316–321

101 Galili N., Davis R. J., Fredericks W. J., Mukhopadhyay S.,
Rauscher F. J. 3rd, Emanuel B. S. et al. (1993) Fusion of a fork
head domain gene to PAX3 in the solid tumour alveolar 
rhabdomyosarcoma [erratum appears in Nat. Genet. 1994
Feb;6(2):214]. Nat. Genet. 5: 230–235

102 Scheidler S., Fredericks W. J., Rauscher F. J. 3rd, Barr F. G.
and Vogt P. K. (1996) The hybrid PAX3-FKHR fusion protein
of alveolar rhabdomyosarcoma transforms fibroblasts in 
culture. Proc. Natl. Acad. Sci. USA 93: 9805–9809

103 Davis R. J. and Barr F. G. (1997) Fusion genes resulting from
alternative chromosomal translocations are overexpressed by
gene-specific mechanisms in alveolar rhabdomyosarcoma.
Proc. Natl. Acad. Sci. USA 94: 8047–8051

104 Anderson M. J., Shelton G. D., Cavenee W. K. and Arden K.
C. (2001) Embryonic expression of the tumor-associated
PAX3-FKHR fusion protein interferes with the developmental
functions of Pax3. Proc. Natl. Acad. Sci. USA 98: 1589–1594

105 So C. W. and Cleary M. L. (2002) MLL-AFX requires the
transcriptional effector domains of AFX to transform myeloid
progenitors and transdominantly interfere with forkhead 
protein function. Mol. Cell. Biol. 22: 6542–6552

106 So C. W. and Cleary M. L. (2003) Common mechanism for
oncogenic activation of MLL by forkhead family proteins.
Blood 101: 633–639

107 Brissette J. L., Li J., Kamimura J., Lee D. and Dotto G. P.
(1996) The product of the mouse nude locus, Whn, regulates
the balance between epithelial cell growth and differentiation.
Genes Dev. 10: 2212–2221

108 Boehm T., Bleul C. C. and Schorpp M. (2003) Genetic dis-
section of thymus development in mouse and zebrafish. 
Immunol. Rev. 195: 15–27

109 Suzuki N., Hirata M. and Kondo S. (2003) Traveling stripes on
the skin of a mutant mouse. Proc. Natl. Acad. Sci. USA 100:
9680–9685

110 Nehls M., Pfeifer D., Schorpp M., Hedrich H. and Boehm T.
(1994) New member of the winged-helix protein family dis-
rupted in mouse and rat nude mutations. Nature 372: 103–107

111 Frank J., Pignata C., Panteleyev A. A., Prowse D. M., Baden
H., Weiner L. et al. (1999) Exposing the human nude pheno-
type. Nature 398: 473–474

CMLS, Cell. Mol. Life Sci. Vol. 62, 2005 Review Article 407



112 Nehls M., Kyewski B., Messerle M., Waldschutz R., Schud-
dekopf K., Smith A. J. et al. (1996) Two genetically separable
steps in the differentiation of thymic epithelium. Science 272:
886–889

113 Gordon J., Bennett A. R., Blackburn C. C. and Manley N. R.
(2001) Gcm2 and Foxn1 mark early parathyroid- and thymus-
specific domains in the developing third pharyngeal pouch.
Mech. Dev. 103: 141–143

114 Ye H., Kelly T. F., Samadani U., Lim L., Rubio S., Overdier D.
G. et al. (1997) Hepatocyte nuclear factor 3/fork head 
homolog 11 is expressed in proliferating epithelial and mes-
enchymal cells of embryonic and adult tissues. Mol. Cell.
Biol. 17: 1626–1641

115 Balciunaite G., Keller M. P., Balciunaite E., Piali L., Zuklys
S., Mathieu Y. D. et al. (2002) Wnt glycoproteins regulate the
expression of FoxN1, the gene defective in nude mice. Nat.
Immunol. 3: 1102–1108

116 Tsai P. T., Lee R. A. and Wu H. (2003) BMP4 acts upstream 
of FGF in modulating thymic stroma and regulating thy-
mopoiesis. Blood 102: 3947–3953

117 Bleul C. C. and Boehm T. (2001) Laser capture microdissection-
based expression profiling identifies PD1-ligand as a target 
of the nude locus gene product. Eur. J. Immunol. 31: 2497–2503

118 Revest J. M., Suniara R. K., Kerr K., Owen J. J. and Dickson
C. (2001) Development of the thymus requires signaling
through the fibroblast growth factor receptor R2-IIIb. J. 
Immunol. 167: 1954–1961

119 Bleul C. C. and Boehm T. (2000) Chemokines define distinct
microenvironments in the developing thymus. Eur. J. Im-
munol. 30: 3371–3379

120 Chatterjea-Matthes D., Garcia-Ojeda M. E., Dejbakhsh-Jones
S., Jerabek L., Manz M. G., Weissman I. L. et al. (2003) Early
defect prethymic in bone marrow T cell progenitors in athymic
nu/nu mice. J. Immunol. 171: 1207–1215

121 Kurooka H., Segre J. A., Hirano Y., Nemhauser J. L.,
Nishimura H., Yoneda K. et al. (1996) Rescue of the hairless
phenotype in nude mice by transgenic insertion of the 
wild-type Hfh11 genomic locus. Int. Immunol. 8: 961–966

122 Cunliffe V. T., Furley A. J. and Keenan D. (2002) Complete
rescue of the nude mutant phenotype by a wild-type Foxn1
transgene. Mammal. Genome 13: 245–252

123 Su D. M., Navarre S., Oh W. J., Condie B. G. and Manley 
N. R. (2003) A domain of Foxn1 required for crosstalk-
dependent thymic epithelial cell differentiation. Nat. Im-
munol. 4: 1128–1135

124 Pignata C., Gaetaniello L., Masci A. M., Frank J., Christiano
A., Matrecano E. et al. (2001) Human equivalent of the mouse
Nude/SCID phenotype: long-term evaluation of immunologic
reconstitution after bone marrow transplantation. Blood 97:
880–885

125 Chen J., Knowles H. J., Hebert J. L. and Hackett B. P. (1998)
Mutation of the mouse hepatocyte nuclear factor/forkhead 
homologue 4 gene results in an absence of cilia and random
left-right asymmetry. J. Clin. Invest. 102: 1077–1082

126 Blatt E. N., Yan X. H., Wuerffel M. K., Hamilos D. L. and
Brody S. L. (1999) Forkhead transcription factor HFH-4 
expression is temporally related to ciliogenesis. Am. J. Respir.
Cell. Mol. Biol. 21: 168–176

127 Brody S. L., Yan X. H., Wuerffel M. K., Song S. K. and
Shapiro S. D. (2000) Ciliogenesis and left-right axis defects in
forkhead factor HFH-4-null mice. Am. J. Respir. Cell. Mol.
Biol. 23: 45–51

128 Okada A., Ohta Y., Brody S. L., Watanabe H., Krust A., Cham-
bon P. et al. (2004) Role of foxj1 and estrogen receptor alpha
in ciliated epithelial cell differentiation of the neonatal
oviduct. J. Mol. Endocrinol. 32: 615–625

129 Lin L., Spoor M. S., Gerth A. J., Brody S. L. and Peng S. L.
(2004) Modulation of Th1 activation and inflammation by the
NF-kB repressor Foxj1. Science 303: 1017–1020

130 Lim L., Zhou H. and Costa R. H. (1997) The winged helix
transcription factor HFH-4 is expressed during choroid plexus
epithelial development in the mouse embryo. Proc. Natl.
Acad. Sci. USA 94: 3094–3099

131 Huang T., You Y., Spoor M. S., Richer E. J., Kudva V. V., Paige
R. C. et al. (2003) Foxj1 is required for apical localiza-
tion of ezrin in airway epithelial cells. J. Cell Sci. 116:
4935–4945

132 Gomperts B. N., Gong-Cooper X. and Hackett B. P. (2004)
Foxj1 regulates basal body anchoring to the cytoskeleton of
ciliated pulmonary epithelial cells. J. Cell Sci. 117:
1329–1337

133 Maiti A. K., Bartoloni L., Mitchison H. M., Meeks M., Chung
E., Spiden S. et al. (2000) No deleterious mutations in the
FOXJ1 (alias HFH-4) gene in patients with primary ciliary
dyskinesia (PCD). Cytogen. Cell Genet. 90: 119–122

134 Wu S. C., Grindley J., Winnier G. E., Hargett L. and Hogan B.
L. (1998) Mouse Mesenchyme forkhead 2 (Mf2): expression,
DNA binding and induction by sonic hedgehog during somi-
togenesis. Mech. Dev. 70: 3–13

135 Hatini V., Huh S. O., Herzlinger D., Soares V. C. and Lai E.
(1996) Essential role of stromal mesenchyme in kidney mor-
phogenesis revealed by targeted disruption of Winged Helix
transcription factor BF-2. Genes Dev. 10: 1467–1478

136 Kume T., Deng K. and Hogan B. L. (2000) Minimal phenotype
of mice homozygous for a null mutation in the forkhead/
winged helix gene, Mf2. Mol. Cell. Biol. 20: 1419–1425

137 Johansson C. C., Dahle M. K., Blomqvist S. R., Gronning L.
M., Aandahl E. M., Enerback S. et al. (2003) A winged helix
forkhead (FOXD2) tunes sensitivity to cAMP in T lympho-
cytes through regulation of cAMP-dependent protein kinase
RIa. J. Biol. Chem. 278: 17573–17579

138 Aandahl E. M., Aukrust P., Skalhegg B. S., Muller F., Froland
S. S., Hansson V. et al. (1998) Protein kinase A type I antago-
nist restores immune responses of T cells from HIV-infected
patients. FASEB J 12: 855–862

139 Aukrust P., Aandahl E. M., Skalhegg B. S., Nordoy I., 
Hansson V., Tasken K. et al. (1999) Increased activation of
protein kinase A type I contributes to the T cell deficiency in
common variable immunodeficiency. J. Immunol. 162:
1178–1185

140 Kammer G. M., Laxminarayana D. and Khan I. U. (2004)
Mechanisms of deficient type I protein kinase a activity in 
lupus T lymphocytes. Int. Rev. Immunol. 23: 225–244

141 Ferland R. J., Cherry T. J., Preware P. O., Morrisey E. E. and
Walsh C. A. (2003) Characterization of Foxp2 and Foxp1
mRNA and protein in the developing and mature brain. J.
Comp. Neurol. 460: 266–279

142 Shu W., Yang H., Zhang L., Lu M. M. and Morrisey E. E.
(2001) Characterization of a new subfamily of winged-he-
lix/forkhead (Fox) genes that are expressed in the lung and 
act as transcriptional repressors. J. Biol. Chem. 276:
27488–27497

143 Tamura S., Morikawa Y., Iwanishi H., Hisaoka T. and Senba E.
(2003) Expression pattern of the winged-helix/forkhead 
transcription factor Foxp1 in the developing central nervous 
system. Gene Expression Patterns 3: 193–197

144 Teramitsu I., Kudo L. C., London S. E., Geschwind D. H. and
White S. A. (2004) Parallel FoxP1 and FoxP2 expression in
songbird and human brain predicts functional interaction. J.
Neurosci. 24: 3152–3163

145 Wang B., Lin D., Li C. and Tucker P. (2003) Multiple domains
define the expression and regulatory properties of Foxp1 
forkhead transcriptional repressors. J. Biol. Chem. 278:
24259–24268

146 Li S., Weidenfeld J. and Morrisey E. E. (2004) Transcriptional
and DNA binding activity of the Foxp1/2/4 family is modu-
lated by heterotypic and homotypic protein interactions. Mol.
Cell. Biol. 24: 809–822

408 H. Jonsson and S. L. Peng Fox genes in immunology



147 Banham A. H., Beasley N., Campo E., Fernandez P. L., Fidler
C., Gatter K. et al. (2001) The FOXP1 winged helix transcrip-
tion factor is a novel candidate tumor suppressor gene on
chromosome 3p. Cancer Res. 61: 8820–8829

148 Fox S. B., Brown P., Han C., Ashe S., Leek R. D., Harris A. L.
et al. (2004) Expression of the forkhead transcription factor
FOXP1 is associated with estrogen receptor alpha and im-
proved survival in primary human breast carcinomas. Clinical
Cancer Research 10: 3521–3527

149 Shi C., Zhang X., Chen Z., Sulaiman K., Feinberg M. W., 
Ballantyne C. M. et al. (2004) Integrin engagement regulates
monocyte differentiation through the forkhead transcription
factor Foxp1. J. Clin. Invest. 114: 408–418

150 Overdier D. G., Porcella A. and Costa R. H. (1994) The 
DNA-binding specificity of the hepatocyte nuclear factor

3/forkhead domain is influenced by amino-acid residues adja-
cent to the recognition helix. Mol. Cell. Biol. 14: 2755–2766

151 Hong H. K., Noveroske J. K., Headon D. J., Liu T., Sy M. S.,
Justice M. J. et al. (2001) The winged helix/forkhead 
transcription factor Foxq1 regulates differentiation of hair in
satin mice. Genesis 29: 163–171

152 Hoggatt A. M., Kriegel A. M., Smith A. F. and Herring B. P.
(2000) Hepatocyte nuclear factor-3 homologue 1 (HFH-1) 
represses transcription of smooth muscle-specific genes. J.
Biol. Chem. 275: 31162–31170

153 McGarry R. C., Walker R. and Roder J. C. (1984) The coop-
erative effect of the satin and beige mutations in the sup-
pression of NK and CTL activities in mice. Immunogenetics
20: 527–525

CMLS, Cell. Mol. Life Sci. Vol. 62, 2005 Review Article 409


