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The rare X-linked disorder immune dysregulation,
polyendocrinopathy, enteropathy, X-linked (IPEX) and its
murine counterpart scurfy have provided important new
insights into the essential role of regulatory T cells (Treg) in
maintaining tolerance to self-antigens. Mutations of the FOXP3
gene, identified in patients with IPEX, have helped pinpoint key
structural domains of the protein that are essential for its
function as a transcriptional regulator. Ongoing work using
these and associated models has begun to elucidate factors
important for the development, function, and competitive
fitness of Treg. This improved understanding is beginning to
lead to the identification of other defects that may be present in
patients who have the clinical phenotype of IPEX but only wild-
type FOXP3. It has also led to improved treatment options for
IPEX including immunosuppressive drugs and bone marrow
transplantation. We are hopeful that the knowledge gained
about mechanisms that regulate FOXP3 expression and Treg
function will have a major effect on how other autoimmune and
allergic disorders are approached. (J Allergy Clin Immunol
2007;120:744-50.)

Key words: Immune dysregulation, polyendocrinopathy, enteropa-
thy, X-linked (IPEX), IPEX-like, autoimmunity, FOXP3, transcrip-
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The adaptive immune system is designed to protect the
host from overwhelming bacterial, fungal, parasitic, and
viral infections without accidentally attacking the host
and inducing autoimmune disorders. When adaptive im-
mune responses are defective as in patients with primary
immune deficiency disorders (PIDDs), there is frequently
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FOX: Forkhead box
FOXP3: Forkhead box protein 3
IL-2Ra: IL-2 receptor o

IPEX: Immune dysregulation, polyendocrinopathy,

enteropathy, X-linked
PIDD: Primary immune deficiency disorder
Treg: Regulatory T cell

a breakdown of self-tolerance mechanisms as well. This is
evidenced by the high rate of autoimmunity associated
with some PIDDs. In addition, a new class of PIDD has
recently been characterized in which the primary immune
defects interfere with tolerance induction and regulatory
mechanisms affecting the immune system. These 3 distinct
clinical entities, each caused by a single gene defect, have
been associated with multiple autoimmune disorders: the
autoimmune lymphoproliferative syndrome (ALPS), char-
acterized by lymphadenopathy, splenomegaly, autoim-
mune hemolytic anemia, thrombocytopenia, neutropenia,
and other autoimmune manifestations is caused by muta-
tions in 1 of several genes involved in apoptosis.1 The 2
other syndromes associated with multiple autoimmune
disorders are both caused by mutations of transcriptional
regulatory proteins. Autoimmune polyendrocrinopathy
candidiasis ectodermal dystrophy (APECED) is caused
by mutations in the autoimmune regulator (AIRE) gene,”
and immune dysregulation, polyendrocrinopathy, enterop-
athy, X-linked (IPEX) is caused by mutations in the fork-
head box protein 3 (FOXP3) gene.” Each of these disorders
has yielded new insights into mechanisms of tolerance in-
duction and maintenance in human beings, but studies sur-
rounding IPEX and its murine homolog scurfy have been
particularly fruitful over the past 6 years. In this review,
we focus on the spectrum of clinical symptoms and labora-
tory findings in patients with IPEX and IPEX-like syn-
dromes and describe the role of FOXP3 in the generation
of regulatory T cells (Treg).
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IPEX
IPEX phenotype

The clinical entity that has become known as IPEX
(Online Mendelian Inheritance in Man 304930) was de-
scribed 25 years ago by Powell et al*asa syndrome of en-
teropathy, endocrinopathy, and fatal infections affecting
young male patients. The presence of this phenotype in
multiple generations of the same kindred suggested that
the disorder was genetic and followed an X-linked pattern
of inheritance.” The presence of autoantibodies, Coombs-
positive anemia, lymphocytic infiltrates in the pancreas
and thyroid, and thymic involution in various patients in
this kindred led the authors to postulate that the disorder
was immunologically mediated, although they state that
it did not have “‘the hallmarks of any immunologic dis-
order previously described.”* With the identification of
more patients with IPEX, it is now recognized that most
patients present with a basic clinical triad of enteropathy,
endocrinopathy (diabetes or thyroid disease), and derma-
titis. They also frequently have other associated autoim-
mune disorders.

The gastrointestinal disease of IPEX is often the
presenting symptom of the disorder and is characterized
by severe villous atrophy and extensive lymphocytic
infiltrates of the bowel mucosa (Fig 1, A). Clinically,
this results in severe watery diarrhea that is at times mu-
coid or bloody. The diarrhea may markedly worsen after
an affected infant is switched from being breast-fed to reg-
ular formula, and some patients develop severe food aller-
gies.5 Symptoms may or may not respond to dietary
manipulation and consequently, patients often require to-
tal parenteral nutrition to reverse severe failure to thrive.
Immunosuppressive therapy often improves but may not
resolve the gastrointestinal symptoms.

Early-onset autoimmune endocrinopathies involving
the pancreas or thyroid are a characteristic feature of
IPEX syndrome. Insulin-dependent type 1 diabetes is the
most common endocrine disorder, frequently beginning
during the first year of life. In some cases, glucose
intolerance is present at birth. Patients who have diabetes
often have anti—islet cell antibodies as well as chronic
interstitial inflammation and lymphocytic infiltrates in the
pancreas (Fig 1, B) with complete destruction of islet
cells.® Thyroiditis is common and can lead to either a hy-
pothyroid or hyperthyroid state. Hypothyroidism occurs
most frequently and is associated with elevated thyroid-
stimulating hormone levels and/or antithyroid microsomal
antibodies.*”” Interestingly, autoimmune involvement of
other endocrine organs such as parathyroids or adrenals is
rare in IPEX.

The third component of the IPEX triad is dermatitis,
which is most commonly reported to be a mild or moderate
eczematous rash. Some infants present with an erythem-
atous rash involving the entire body. Other immune-medi-
ated rashes have recently been described in older patients
with IPEX including a psoriasiform dermatitis in an 11-
year-old and pemphigoid nodularis in a 14-year-old.”"’
Alopecia universalis has been observed in several affected
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FIG 1. Bowel and pancreas pathology in IPEX. Hematoxylin and
eosin stains of small bowel (A) and pancreas (B) from a patient with
IPEX syndrome. Note the complete villous atrophy of the bowel
mucosa (arrow) as well as marked lymphocytic infiltrate in the in-
testinal wall. Note the lack of pancreatic islets, diffuse fibrosis,
and marked lymphocytic infiltrates in the pancreas (shown at
higher magnification in the inset).

patients.” Histologically, many of the skin lesions of IPEX
are characterized by lymphocytic infiltrates’ and may
improve with topical steroid and immunomodulatory
agents.

In addition to the basic IPEX triad, patients with
FOXP3 mutations typically have other autoimmune phe-
nomena as well. The most common of these are autoim-
mune hematologic disorders including Coombs-positive
hemolytic anemia, autoimmune thrombocytopenia, and
autoimmune neutropenia, which together affect approxi-
mately 50% of patients.‘%""&7 Relevant autoantibodies can
frequently be demonstrated in the serum.

Renal disease is also quite common, affecting approx-
imately 1/3 of patients. It can range in severity from mild
hematuria and proteinuria to rapidly progressive glomer-
ulonephritis, but interstitial nephritis has been observed
most commonly. Treatment with Cyclosporine A or
FK506 may worsen the renal pathology; however, kidney
problems have been seen in patients not receiving immu-
nosuppressive or nephrotoxic drugs.

Autoimmune hepatitis is also present in approximately
20% of patients in our cohort. Despite this, hepatospleno-
megaly and lymphadenopathy caused by lymphocytic
infiltrates, although prominent in Foxp3-deficient mice,
are infrequent in patients with IPEX. %89 Many patients
have neurologic abnormalities including developmental
delay, which may be associated with being chronically
ill from early childhood. Seizures also occur in some pa-
tients and may be secondary to metabolic derangements
associated with severe diarrhea and diabetes.

Powell et al,* in their initial report, noticed increased
susceptibility to infections among affected male patients
and suggested that this may be a direct consequence of
the genetic defect, which was unknown at the time. It is
now believed that the most likely cause of increased infec-
tions among affected patients may be decreased barrier
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FIG 2. CD4"CD25"FOXP3" cells in IPEX. Flow cytometry demonstrating the population of CD25"FOXP3*
Tregs, which make up 5% to 7% of the CD4 ™" cell population in normal individuals (left). A decreased percentage
of FOXP3" Treg is sometimes observed in patients with a milder IPEX phenotype and point mutations of
FOXP3 (center). Most patients with IPEX have a markedly decreased percentage of FOXP3"* Treg (right). The
heading indicates the specific mutation present in the patient.

function of the skin and gut compounded by prolonged
immunosuppressive therapy. Of the initial 50 patients in
whom we identified FOXP3 mutations, more than half
had serious infections including sepsis, meningitis, pneu-
monia, and osteomyelitis (data not shown). Sepsis caused
by indwelling catheter infections was a common compli-
cation. Autoimmune neutropenia, which is present in
some patients, increases susceptibility to bacterial infec-
tion. The most common pathogens observed were
Enterococcus and Staphylococcus species, cytomegalovi-
rus, and Candida.® In many cases, the infections occurred
before initiation of immunosuppressive therapy.

Laboratory findings in IPEX

Most patients with IPEX have markedly elevated
serum IgE, and >60% develop increased serum IgA.
CD4"CD25™ T cells are present, but most patients with
FOXP3 mutations have markedly decreased or absent
FOXP3™" Tregs (Fig 2). Otherwise, T-cell and B-cell sub-
set quantification is normal in most patients, and T-cell
proliferative responses to mitogens and antigens are typi-
cally within normal limits (data not shown).

The molecular basis of IPEX

After the discovery by Brunkow et al'" that the charac-
teristic phenotype of scurfy mice was the result of a muta-
tion in the Foxp3 gene, the human ortholog, FOXP3, was
sequenced in several IPEX families and found to be mu-
tated.'*'* The human FOXP3 gene is located on the short
arm of the X chromosome and consists of 11 translated
exons that encode a protein of 431 amino acids. The gene
is expressed predominantly in the thymus, spleen, and
lymph nodes, and particularly in CD4"CD25" T cells,
although it is inducibly expressed in activated human T
cells.">'"” FOXP3 is a member of the P subfamily of fork-
head box (FOX) transcription factors, which have a highly
conserved forkhead/winged-helix DNA binding domain.*
Proteins bearing a forkhead DNA binding motif belong to a
large family of related molecules that play an important role
in embryonic patterning, development, and metabolism. A
small subset of these transcription factors are crucial for the
development and maintenance of normal immune re-
sponses (Foxj1, Foxol, and Foxo3a), for thymic develop-
ment (Foxnl), and for lineage commitment (F0xp3).21

FOXP3 is a transcription factor

Transcription factors are proteins that bind to specific
regulatory regions within DNA and augment or suppress the
transcription of particular genes. Their function is often
modulated by signaling pathways that are triggered during
cell development or activation. FOXP3 has long been
suspected to be a transcription factor because of its homol-
ogy to the forkhead DNA-binding proteins. It was initially
shown to exert transcriptional repression on the promoters
of key cytokine genes including IL-2 and GM-CSE.>>%
Recent genome-wide screening approaches have suggested,
however, that it may function more commonly as a tran-
scriptional enhancer than a transcriptional repressor.25’26

In general, transcription factors have protein domains
that allow them to interact simultaneously with DNA, with
other protein cofactors, and potentially with the basal
transcription machinery. In the case of FOXP3, there is a
trans-repression domain required for suppression of nu-
clear factor of activated T cells—mediated gene transcrip-
tion within the proline-rich N-terminus, a central domain
that contains a C2H2 zinc finger and a leucine zipper that
are involved in protein/protein interactions, and a C-
terminal region that contains the forkhead DNA-binding
domain and nuclear targeting sequences (Fig 3).*’
Mutations that affect any of these key functional domains
may alter or abrogate the ability of the transcription factor
to regulate gene expression. The majority of missense mu-
tations identified to date affect the integrity of the forkhead
domain, but amino acid deletions and substitutions have
also been identified in the leucine zipper and trans-repres-
sion domain (Fig 3).

Recent studies suggest that FOXP3 physically and
functionally interacts with nuclear factor of activated T
cells, acute myeloid leukemia 1/Runt-related transcription
factor 1 (AML1/Runx1), and possibly nuclear factor-B,
transcription factors that play key roles in the expression
of multiple cytokine genes.23’24’28 In complex with these
proteins, FOXP3 acts as a transcriptional corepressor of
cytokine promoters as originally demonstrated by
Schubert et al.>> As one might predict, transgenic mice
that express multiple copies of the Foxp3 gene have de-
creased numbers of CD4 " T cells in the peripheral blood,
have decreased cellularity in lymph nodes and spleen,
and are hyporesponsive to stimulation both in vivo and
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in vitro.?° This model suggests that Foxp3 functions as a
rheostat of the immune system, with immune responses
inversely proportional to the amount of FOXP3 protein
expressed by T cells.

FOXP3 expression itself is very carefully controlled and
limited, in the quiescent state, to the CcD4 CD25%
FOXP3™ Treg population. The exact elements that confer
tissue-specific expression are not yet fully understood, but
differential methylation and histone modification within
the first intron of the gene are thought to play a role. 303!
In addition, several factors have been shown to induce
(for example TGF-{, IL-2, T-cell receptor [TCR] stimula-
tion)17’32’33 Or repress (OX40)34’35 FOXP3 expression.

FOXP3 and Treg

In recent years, FOXP3 has been linked directly to the
generation of a subset of CD4 ™" T cells expressing the IL-2
receptor a (IL-2Ra) chain CD25 and defined as natural
Treg.3(’ These cells are anergic, but on activation suppress
the proliferation and IL-2 production of naive and memory
effector T cells through a contact-dependent, cytokine-in-
dependent mechanism.?” It was first shown in mice®®°
and then in human beings*' that FOXP3 plays a crucial
role in the generation of Tregs. Scurfy mice, which do
not express Foxp3, lack functional Tregs, which are of crit-
ical importance for the establishment and maintenance
of self-tolerance and immune homeostasis.** Tregs play a
major role in transplantation tolerance® and seem to be
low in numbers and in expression of FOXP3 in patients
who develop chronic graft-versus-host disease after bone
marrow transplantation.44 Lack of Tregs has been associ-
ated with autoimmune diseases in both human beings
and mice.*”™*® Treatment strategies to increase Treg func-
tion have improved transplantation tolerance and autoim-
mune symptoms.*®

Allergic diseases and asthma are caused by dysregu-
lated, Ty2-biased immune responses in genetically sus-
ceptible individuals.*” New insights into the function of
Tregs have demonstrated that they play an important role
in controlling exaggerated Ty2 response not only in ani-
mal models® but also in human beings. CD4"CD25"
Tregs were shown to play an important role in cow’s
milk protein allergy51 as well as in the allergic responses
to inhaled allergens.** It has recently been shown that
the airway allergic response in sensitized mice is con-
trolled by CD4"CD25™ Tregs in an IL-10 and TGF-B—de-
pendent manner.> Experiments performed in mice have
demonstrated that CD4*CD25™" Tregs are instrumental in
the induction of oral tolerance>*> and that administration
of oral antigen dramatically induces antigen specific
CD4*CD25" Treg numbers and function.>*>°

In contrast to disorders in which there is a decrease or
lack of Treg function, malignancies have been repeatedly
associated with an increase in both the number and activity
of Tregs. This has been associated with tumor progres-
sion,””°" and new therapies are being explored to reduce
Treg activity with the hope of halting tumor growth.®*%?

Foxp3 has itself been implicated as an X-linked breast
cancer suppressor gene in a recent provocative report that
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FIG 3. Domain structure of the FOXP3 protein showing the location
of mutations identified in patients with IPEX. The size and location of
the 4 characterized functional domains of the FOXP3 protein are
shown. The ruler represents the amino acid number (1-431), and
each hash mark represents 10 amino acids. The approximate loca-
tions of mutations identified in patients with IPEX are shown
(O = missense point mutations, ¥ = deletion/frameshift mutations,
0O = splicing mutations)”#1%13147881 (T Torgerson and H. Ochs,
unpublished data, September 2007). ZnF, Zink finger; FKH, forkhead.

demonstrated an increased rate of mammary carcinoma in
heterozygous female mice carrying the scurfy mutation.
In these tumors, the Foxp3 allele was inactivated and the
human epidermal growth factor receptor 2/erythroblastic
leukemia viral oncogene homolog 2 (HER2/ErbB2) onco-
gene was overexpressed.®* Furthermore, the investigators
observed deletions, somatic mutations, and downregula-
tion of the FOXP3 gene in human breast carcinoma sam-
ples. Despite this, we have not observed an increased
incidence of breast cancer among female carriers of
FOXP3 mutations in the cohort of IPEX families that we
have investigated (T. Torgerson and H. Ochs, unpublished
data, September 2007).

IPEX and IPEX-like syndromes

To define the clinical and immunologic phenotype of
IPEX and to explore a possible phenotype-genotype
correlation, we have evaluated more than 100 sympto-
matic patients from more than 50 families for mutations in
the FOXP3 gene. In patients with a clinical phenotype
compatible with IPEX, approximately 50% were found
to have mutations in FOXP3. These include missense,
splice site, and deletion mutations. Most missense muta-
tions cluster in 3 specific functional domains: the pro-
line-rich domain, the leucine zipper, and the forkhead
domain (Fig 3). In one family with multiple affected mem-
bers, a large deletion upstream of exon 1 was identified,
resulting in expression of an abnormal protein product.5
A point mutation affecting the first canonical polyadenyl-
ation region was found in 2 unrelated families® (T.
Torgerson and H. Ochs, unpublished data, September
2007). By using quantitative real-time PCR, we have iden-
tified IPEX-like patients with low FOXP3 mRNA expres-
sion levels and others who have normal FOXP3 mRNA
expression, suggesting that at least some [PEX-like pa-
tients have mutations involving regulatory sequences of
the FOXP3 gene, such as promoter or enhancer regions.
Most patients with IPEX with missense mutations and
all with deletions and splice site mutations lack Tregs char-
acterized as CD4*CD25" FOXP3™ lymphocytes (Fig 2).

Diagnosis of IPEX

A diagnosis of IPEX should be considered in any young
male patient presenting with intractable diarrhea and/or

("]
T 0
52
25
2L
>
S%o
L




e
o
g
c
<
)
2
3
O
o
("]

PUD SM3IAY

748 Torgerson and Ochs

villous atrophy and failure to thrive. The presence of an
erythematous/eczematoid rash or psoriasiform dermatitis,
early-onset type 1 diabetes, and/or hypothyroidism strongly
supports the diagnosis. Autoimmune hemolytic anemia,
thrombocytopenia, or neutropenia is often present. Diag-
nosis of IPEX is further supported by the presence of
elevated IgE and an absence of Tregs (Fig 2). The diagno-
sis is confirmed by mutation analysis of the FOXP3 gene.
Identification of a FOXP3 mutation allows carrier detec-
tion and prenatal diagnosis in male fetuses of known
carrier females.

Treatment of IPEX

Early diagnosis is most important for the final outcome.
Symptomatic treatment includes total parenteral nutrition
and, if necessary, red blood cell and platelet transfusions
and insulin injections. Immunosuppressive drugs have
proven effective in some patients, but usually only
partially and for a limited period. Cyclosporine A or
FK506, with or without steroids, have been used success-
fully %% Recent data suggest that sirolimus is better tol-
erated and less nephrotoxic.®” An additional advantage of
sirolimus may be the fact that it allows Treg expansion
while growth of effector T cells is inhibited.®®*” A long
list of other immunosuppressive medications including
methotrexate, steroids, infliximab, and rituximab have
been tried alone or in combination with mixed success.
Furthermore, chronic immunosuppressive therapy may fa-
cilitate opportunistic infections. Stem cell transplantation
is currently the only effective cure for patients with
IPEX. Some patients underwent complete remission of
symptoms after bone marrow transplantation.m'72 Both
complete and reduced intensity conditioning protocols
have been reported as successful. In most instances,
endocrinopathies, especially diabetes mellitus, will persist
because of permanent damage, such as destruction of
insulin-producing (3 cells. Generally, the prognosis for
patients with IPEX is poor, and if untreated, most affected
boys die at an early age.

IPEX-LIKE SYNDROMES
CD25 deficiency

Because Tregs constitutively express CD4, FOXP3, and
IL-2Ra (CD25) and because IL-2Ra”~ mice develop
splenomegaly, lymphadenopathy, inflammatory bowel
disease, and autoimmune hemolytic anemia, it was not
surprising to find patients with an IPEX-like syndrome
who have mutations of CD25. The first reported patient
presented with hepatitis, splenomegaly, lymphadenopa-
thy, and lymphocytic infiltrates in the gut, liver, and man-
dible, but did not have type 1 diabetes or any other
endocrinopathy. Unlike typical patients with IPEX, the
affected male was the offspring of consanguinous parents
and presented with moderately decreased numbers of T
lymphocytes. He had decreased lymphocyte proliferation
in response to mitogens, failed to reject an allogenic skin
graft, and subsequently developed Candida infections,
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cytomegalovirus pneumonitis, and viral gastroenteritis.
Sequence analysis revealed a homozygous 4-bp deletion
within the coding region of the IL-2Ra (CD25) gene.
Because of the severe combined immunodeficiency-like
features, the patient was successfully transplanted, after
cytoreduction, with bone marrow from a matched
sibling.”>"*

Ten years later, after the discovery of CD4"CD25™
FOXP3™" Tregs, a second patient with CD25 deficiency
was recognized as having a typical IPEX phenotype.75
He presented with type 1 diabetes at the age of 6 weeks,
and subsequently developed severe diarrhea, inflamma-
tory bowel disease with villous atrophy, eczema, lym-
phadenopathy, hepatosplenomegaly, enlarged tonsils,
hypothyroidism, autoimmune hemolytic anemia, and
antibody-positive neutropenia. After activation, his CD4 ™
lymphocytes expressed FOXP3 but lacked surface expres-
sion of CD25. This patient was found to be a compound
heterozygote for a single base pair insertion in 1 allele of
CD25 and a nonsense mutation in the other allele. It is un-
known whether the CD4"FOXP3™ Tregs of this patient
are able to suppress proliferation of effector cells.
Murine IL-2Ro "~ Tregs, however, were fully able to sup-
press T-cell proliferation in vitro.”® IL-2Ra™~ mice show
some similarity to Foxp3_/_ scurfy mice. They develop
massive enlargement of peripheral lymphoid organs asso-
ciated with polyclonal T-cell and B-cell expansion. Older
IL-2Ra”" mice are susceptible to autoimmune disorders
including hemolytic anemia and inflammatory bowel
disease.”’

CONCLUSION

Mutations of the transcription factor FOXP3 result in
the absence or dysfunction of Tregs and lead to the [PEX
phenotype. A naturally occurring mutation of Foxp3 in
mice causes the scurfy phenotype, and overexpression
of Foxp3 in transgenic mice is associated with severe
immunosuppression. Studies of these models have pro-
vided important insights into the mechanisms of immu-
nosuppression, autoimmunity, allergy, and tolerance and
may lead to novel strategies for the treatment of auto-
immune diseases, allergies, graft-versus-host disease,
and cancer.

REFERENCES

1. Sneller MC, Dale JK, Straus SE. Autoimmune lymphoproliferative syn-
drome. Curr Opin Rheumatol 2003;15:417-21.

2. Halonen M EP, Myhre AG, Perheentupa J, Husebye ES, Kampe O, Rors-
man F, et al. AIRE mutations and human leukocyte antigen genotypes as
determinants of the autoimmune polyendocrinopathy-candidiasis-ecto-
dermal dystrophy phenotype. J Clin Endocrinol Metab 2002;87:2568-74.

3. Gambineri E, Torgerson TR, Ochs HD. Immune dysregulation, polyen-
docrinopathy, enteropathy, and X-linked inheritance (IPEX), a syndrome
of systemic autoimmunity caused by mutations of FOXP3, a critical reg-
ulator of T-cell homeostasis. Curr Opin Rheumatol 2003;15:430-5.

4. Powell BR, Buist NR, Stenzel P. An X-linked syndrome of diarrhea,
polyendocrinopathy, and fatal infection in infancy. J Pediatr 1982;100:
731-7.



J ALLERGY CLIN IMMUNOL
VOLUME 120, NUMBER 4

20.

21.

22.

23.

24.

25.

. Torgerson TR, Linane A, Moes N, Anover S, Mateo V, Rieux-Laucat F,

et al. Severe food allergy as a variant of IPEX syndrome caused by a de-
letion in a noncoding region of the FOXP3 gene. Gastroenterology 2007;
132:1705-17.

. Levy-Lahad E, Wildin RS. Neonatal diabetes mellitus, enteropathy,

thrombocytopenia, and endocrinopathy: further evidence for an X-linked
lethal syndrome. J Pediatr 2001;138:577-80.

. Nieves DS, Phipps RP, Pollock SJ, Ochs HD, Zhu Q, Scott GA, et al.

Dermatologic and immunologic findings in the immune dysregulation,
polyendocrinopathy, enteropathy, X-linked syndrome. Arch Dermatol
2004;140:466-72.

. Wildin RS, Smyk-Pearson S, Filipovich AH. Clinical and molecular fea-

tures of the immunodysregulation, polyendocrinopathy, enteropathy,
X linked (IPEX) syndrome. J Med Genet 2002;39:537-45.

. Kobayashi I, Imamura K, Yamada M, Okano M, Yara A, Ikema S, et al.

A 75-kD autoantigen recognized by sera from patients with X-linked
autoimmune enteropathy associated with nephropathy. Clin Exp Immu-
nol 1998;111:527-31.

. McGinness JL, Bivens MM, Greer KE, Patterson JW, Saulsbury FT.

Immune dysregulation, polyendocrinopathy, enteropathy, X-linked syn-
drome (IPEX) associated with pemphigoid nodularis: a case report and
review of the literature. J Am Acad Dermatol 2006;55:143-8.

. Brunkow ME, Jeffery EW, Hjerrild KA, Paeper B, Clark LB, Yasayko

SA, et al. Disruption of a new forkhead/winged-helix protein, scurfin,
results in the fatal lymphoproliferative disorder of the scurfy mouse.
Nat Genet 2001;27:68-73.

. Bennett CL, Christie J, Ramsdell F, Brunkow ME, Ferguson PJ, White-

sell L, et al. The immune dysregulation, polyendocrinopathy, enteropa-
thy, X-linked syndrome (IPEX) is caused by mutations of FOXP3. Nat
Genet 2001;27:20-1.

. Chatila TA, Blaeser F, Ho N, Lederman HM, Voulgaropoulos C, Helms

C, et al. JM2, encoding a fork head-related protein, is mutated in X-
linked autoimmunity-allergic disregulation syndrome. J Clin Invest
2000;106:R75-81.

. Wildin RS, Ramsdell F, Peake J, Faravelli F, Casanova JL, Buist N, et al.

X-linked neonatal diabetes mellitus, enteropathy and endocrinopathy
syndrome is the human equivalent of mouse scurfy. Nat Genet 2001;
27:18-20.

. Roncador G, Brown PJ, Maestre L, Hue S, Martinez-Torrecuadrada JL,

Ling KL, et al. Analysis of FOXP3 protein expression in human
CD4+CD25+ regulatory T cells at the single-cell level. Eur J Immunol
2005;35:1681-91.

. Gavin MA, Torgerson TR, Houston E, DeRoos P, Ho WY, Stray-Peder-

sen A, et al. Single-cell analysis of normal and FOXP3-mutant human
T cells: FOXP3 expression without regulatory T cell development.
Proc Natl Acad Sci U S A 2006;103:6659-64.

. Allan SE, Crome SQ, Crellin NK, Passerini L, Steiner TS, Bacchetta R,

et al. Activation-induced FOXP3 in human T effector cells does not sup-
press proliferation or cytokine production. Int Immunol 2007;19:345-54.

. Pillai V, Ortega SB, Wang CK, Karandikar NJ. Transient regulatory

T-cells: a state attained by all activated human T-cells. Clin Immunol
2007;123:18-29.

. Wang J, Toan-Facsinay A, van der Voort EI, Huizinga TW, Toes RE.

Transient expression of FOXP3 in human activated nonregulatory
CD4+ T cells. Eur J Immunol 2007;37:129-38.

Carlsson P, Mahlapuu M. Forkhead transcription factors: key players in
development and metabolism. Dev Biol 2002;250:1-23.

Jonsson H, Peng SL. Forkhead transcription factors in immunology. Cell
Mol Life Sci 2005;62:397-409.

Schubert LA, Jeffery E, Zhang Y, Ramsdell F, Ziegler SF. Scurfin
(FOXP3) acts as a repressor of transcription and regulates T cell activa-
tion. J Biol Chem 2001;276:37672-9.

Bettelli E, Dastrange M, Oukka M. Foxp3 interacts with nuclear factor of
activated T cells and NF-kappa B to repress cytokine gene expression
and effector functions of T helper cells. Proc Natl Acad Sci U S A
2005;102:5138-43.

Wu Y, Borde M, Heissmeyer V, Feuerer M, Lapan AD, Stroud JC, et al.
FOXP3 controls regulatory T cell function through cooperation with
NFAT. Cell 2006;126:375-87.

Zheng Y, Josefowicz SZ, Kas A, Chu TT, Gavin MA, Rudensky AY.
Genome-wide analysis of Foxp3 target genes in developing and mature
regulatory T cells. Nature 2007;445:936-40.

26.

217.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Torgerson and Ochs 749

Marson A, Kretschmer K, Frampton GM, Jacobsen ES, Polansky JK,
Maclsaac KD, et al. Foxp3 occupancy and regulation of key target genes
during T-cell stimulation. Nature 2007;445:931-5.

Lopes JE, Torgerson TR, Schubert LA, Anover SD, Ocheltree EL, Ochs
HD, et al. Analysis of FOXP3 reveals multiple domains required for its
function as a transcriptional repressor. J Immunol 2006;177:3133-42.
Ono M, Yaguchi H, Ohkura N, Kitabayashi I, Nagamura Y, Nomura T,
et al. Foxp3 controls regulatory T-cell function by interacting with
AMLI1/Runx1. Nature 2007;446:685-9.

Khattri R, Kasprowicz D, Cox T, Mortrud M, Appleby MW, Brunkow
ME, et al. The amount of scurfin protein determines peripheral T cell
number and responsiveness. J Immunol 2001;167:6312-20.

Floess S, Freyer J, Siewert C, Baron U, Olek S, Polansky J, et al. Epigenetic
control of the foxp3 locus in regulatory T cells. PLoS Biol 2007;5:¢38.

. Baron U, Floess S, Wieczorek G, Baumann K, Grutzkau A, Dong J, et al.

DNA demethylation in the human FOXP3 locus discriminates regulatory
T cells from activated FOXP3(+) conventional T cells. Eur J Immunol
2007;37:2378-89.

Zhang L, Yi H, Xia XP, Zhao Y. Transforming growth factor-beta: an
important role in CD4+CD25+ regulatory T cells and immune toler-
ance. Autoimmunity 2006;39:269-76.

Yao Z, Kanno Y, Kerenyi M, Stephens G, Durant L, Watford WT, et al.
Nonredundant roles for StatSa/b in directly regulating Foxp3. Blood
2007;109:4368-75.

So T, Croft M. Cutting edge: OX40 inhibits TGF-beta- and antigen-
driven conversion of naive CD4 T cells into CD25+Foxp3+ T cells.
J Immunol 2007;179:1427-30.

Vu MD, Xiao X, Gao W, Degauque N, Chen M, Kroemer A, et al. 0X40
costimulation turns off Foxp3+ TREGS. Blood 2007;Jun 15 [epub
ahead of print].

Bacchetta R, Gambineri E, Roncarlo MG. Role of regulatory T cells and
FOXP3 in human diseases. J Allergy Clin Immunol 2007;120:227-35.
Randolph DA, Fathman CG. Cd4+Cd25+ regulatory T cells and their
therapeutic potential. Annu Rev Med 2006;57:381-402.

Fontenot JD, Gavin MA, Rudensky AY. Foxp3 programs the develop-
ment and function of CD4+CD25+ regulatory T cells. Nat Immunol
2003;4:330-6.

Hori S, Nomura T, Sakaguchi S. Control of regulatory T cell develop-
ment by the transcription factor Foxp3. Science 2003;299:1057-61.
Khattri R, Cox T, Yasayko SA, Ramsdell F. An essential role for Scurfin
in CD4+CD25+ T regulatory cells. Nat Immunol 2003;4:337-42.
Yagi H, Nomura T, Nakamura K, Yamazaki S, Kitawaki T, Hori S, et al.
Crucial role of FOXP3 in the development and function of human
CD25+CD4+ regulatory T cells. Int Immunol 2004;16:1643-56.
Fontenot JD, Rudensky AY. A well adapted regulatory contrivance: reg-
ulatory T cell development and the forkhead family transcription factor
Foxp3. Nat Immunol 2005;6:331-7.

Wood KIJ, Sakaguchi S. Regulatory T cells in transplantation tolerance.
Nat Rev Immunol 2003;3:199-210.

Zom E, Kim HT, Lee SJ, Floyd BH, Litsa D, Arumugarajah S, et al.
Reduced frequency of FOXP3+ CD4+CD25+ regulatory T cells in
patients with chronic graft-versus-host disease. Blood 2005;106:
2903-11.

Wei WZ, Morris GP, Kong YC. Anti-tumor immunity and autoimmu-
nity: a balancing act of regulatory T cells. Cancer Immunol Immunother
2004;53:73-8.

Loser K, Hansen W, Apelt J, Balkow S, Buer J, Beissert S. In vitro-gen-
erated regulatory T cells induced by Foxp3-retrovirus infection control
murine contact allergy and systemic autoimmunity. Gene Ther 2005;
12:1294-304.

Marinaki S, Neumann I, Kalsch Al, Grimminger P, Breedijk A, Birck R,
et al. Abnormalities of CD4 T cell subpopulations in ANCA-associated
vasculitis. Clin Exp Immunol 2005;140:181-91.

Yu P, Gregg RK, Bell JJ, Ellis JS, Divekar R, Lee HH, et al. Specific T
regulatory cells display broad suppressive functions against experimental
allergic encephalomyelitis upon activation with cognate antigen. J Immu-
nol 2005;174:6772-80.

Stock P, DeKruyff RH, Umetsu DT. Inhibition of the allergic response
by regulatory T cells. Curr Opin Allergy Clin Immunol 2006;6:12-6.
Hadeiba H, Locksley RM. Lung CD25 CD4 regulatory T cells suppress
type 2 immune responses but not bronchial hyperreactivity. J Immunol
2003;170:5502-10.

("]
T 0
52
25
2L
>
S%o
L




e
o
g
c
<
)
2
3
O
o
("]

PUD SM3IAY

750 Torgerson and Ochs

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Karlsson MR, Rugtveit J, Brandtzaeg P. Allergen-responsive CD4+
CD25+ regulatory T cells in children who have outgrown cow’s milk
allergy. J Exp Med 2004;199:1679-88.

Ling EM, Smith T, Nguyen XD, Pridgeon C, Dallman M, Arbery J, et al.
Relation of CD4+CD25+ regulatory T-cell suppression of allergen-
driven T-cell activation to atopic status and expression of allergic disease.
Lancet 2004;363:608-15.

Joetham A, Takeda K, Taube C, Miyahara N, Matsubara S, Koya T, et al.
Naturally occurring lung CD4(+)CD25(+) T cell regulation of airway
allergic responses depends on IL-10 induction of TGF-beta. J Immunol
2007;178:1433-42.

Dubois B, Chapat L, Goubier A, Papiernik M, Nicolas JF, Kaiserlian D.
Innate CD4+CD25+ regulatory T cells are required for oral tolerance
and inhibition of CD8+ T cells mediating skin inflammation. Blood
2003;102:3295-301.

Hauet-Broere F, Unger WW, Garssen J, Hoijer MA, Kraal G, Samsom
JN. Functional CD25- and CD25+ mucosal regulatory T cells are
induced in gut-draining lymphoid tissue within 48 h after oral antigen
application. Eur J Immunol 2003;33:2801-10.

Zhang X, Izikson L, Liu L, Weiner HL. Activation of CD25(+)CD4(+)
regulatory T cells by oral antigen administration. J Immunol 2001;167:
4245-53.

Karube K, Ohshima K, Tsuchiya T, Yamaguchi T, Kawano R, Suzumiya J,
et al. Expression of FoxP3, akey molecule in CD4CD25 regulatory T cells,
in adult T-cell leukaemia/lymphoma cells. Br J Haematol 2004;126:81-4.
Viguier M, Lemaitre F, Verola O, Cho MS, Gorochov G, Dubertret L,
et al. Foxp3 expressing CD4+CD25(high) regulatory T cells are overrep-
resented in human metastatic melanoma lymph nodes and inhibit the
function of infiltrating T cells. J Immunol 2004;173:1444-53.

Berger CL, Tigelaar R, Cohen J, Mariwalla K, Trinh J, Wang N, et al.
Cutaneous T-cell lymphoma: malignant proliferation of T-regulatory
cells. Blood 2005;105:1640-7.

Ormandy LA, Hillemann T, Wedemeyer H, Manns MP, Greten TF, Ko-
rangy F. Increased populations of regulatory T cells in peripheral blood
of patients with hepatocellular carcinoma. Cancer Res 2005;65:2457-64.
Unitt E, Rushbrook SM, Marshall A, Davies S, Gibbs P, Morris LS, et al.
Compromised lymphocytes infiltrate hepatocellular carcinoma: the role
of T-regulatory cells. Hepatology 2005;41:722-30.

Beyer M, Kochanek M, Darabi K, Popov A, Jensen M, Endl E, et al. Re-
duced frequencies and suppressive function of CD4+CD25hi regulatory
T cells in patients with chronic lymphocytic leukemia after therapy with
fludarabine. Blood 2005;106:2018-25.

Sharma S, Yang SC, Zhu L, Reckamp K, Gardner B, Baratelli F, et al.
Tumor cyclooxygenase-2/prostaglandin E2-dependent promotion of
FOXP3 expression and CD4+ CD25+ T regulatory cell activities in
lung cancer. Cancer Res 2005;65:5211-20.

Zuo T, Wang L, Morrison C, Chang X, Zhang H, Li W, et al. FOXP3 is
an X-linked breast cancer suppressor gene and an important repressor of
the HER-2/ErbB2 oncogene. Cell 2007;129:1275-86.

Bennett CL, Brunkow ME, Ramsdell F, O’Briant KC, Zhu Q, Fuleihan
RL, et al. A rare polyadenylation signal mutation of the FOXP3 gene
(AAUAAA—>AAUGAA) leads to the IPEX syndrome. Immunogenetics
2001;53:435-9.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

J ALLERGY CLIN IMMUNOL
OCTOBER 2007

Ferguson PJ, Blanton SH, Saulsbury FT, McDuffie MJ, Lemahieu V,
Gastier JM, et al. Manifestations and linkage analysis in X-linked auto-
immunity-immunodeficiency syndrome. Am J Med Genet 2000;90:
390-7.

Bindl L, Torgerson T, Perroni L, Youssef N, Ochs HD, Goulet O, et al.
Successful use of the new immune-suppressor sirolimus in IPEX
(immune dysregulation, polyendocrinopathy, enteropathy, X-linked
syndrome). J Pediatr 2005;147:256-9.

Battaglia M, Stabilini A, Migliavacca B, Horejs-Hoeck J, Kaupper T,
Roncarolo  MG. Rapamycin promotes expansion of functional
CD4+CD25+FOXP3+ regulatory T cells of both healthy subjects and
type 1 diabetic patients. J Immunol 2006;177:8338-47.

Coenen JJ, Koenen HJ, van Rijssen E, Kasran A, Boon L, Hilbrands LB,
et al. Rapamycin, not cyclosporine, permits thymic generation and
peripheral preservation of CD4(+)CD25(+)FoxP3(+) T cells. Bone
Marrow Transplant 2007;39:537-45.

Mazzolari E, Forino C, Fontana M, D’Ippolito C, Lanfranchi A, Gambi-
neri E, et al. A new case of IPEX receiving bone marrow transplantation.
Bone Marrow Transplant 2005;35:1033-4.

Rao A, Kamani N, Filipovich A, Lee SM, Davies SM, Dalal J, et al. Suc-
cessful bone marrow transplantation for IPEX syndrome after reduced-
intensity conditioning. Blood 2007;109:383-5.

Lucas KG, Ungar D, Comito M, Bayerl M, Groh B. Submyeloablative
cord blood transplantation corrects clinical defects seen in IPEX syn-
drome. Bone Marrow Transplant 2007;39:55-6.

Sharfe N, Dadi HK, Shahar M, Roifman CM. Human immune disorder
arising from mutation of the alpha chain of the interleukin-2 receptor.
Proc Natl Acad Sci U S A 1997;94:3168-71.

Roifman CM. Human IL-2 receptor alpha chain deficiency. Pediatr Res
2000;48:6-11.

Caudy AA, Reddy ST, Chatila T, Atkinson JP, Verbsky JW. CD25 de-
ficiency causes an immune dysregulation, polyendocrinopathy, enteropa-
thy, X-linked-like syndrome, and defective IL-10 expression from CD4
lymphocytes. J Allergy Clin Immunol 2007;119:482-7.

Fontenot JD, Rasmussen JP, Gavin MA, Rudensky AY. A function for
interleukin 2 in Foxp3-expressing regulatory T cells. Nat Immunol
2005;6:1142-51.

Willerford DM, Chen J, Ferry JA, Davidson L, Ma A, Alt FW. Interleu-
kin-2 receptor alpha chain regulates the size and content of the peripheral
lymphoid compartment. Immunity 1995;3:521-30.

Bacchetta R, Passerini L, Gambineri E, Dai M, Allan SE, Perroni L, et al.
Defective regulatory and effector T cell functions in patients with FOXP3
mutations. J Clin Invest 2006;116:1713-22.

Bennett CL, Ochs HD. IPEX is a unique X-linked syndrome charac-
terized by immune dysfunction, polyendocrinopathy, enteropathy, and
a variety of autoimmune phenomena. Curr Opin Pediatr 2001;13:
533-8.

Kobayashi I, Shiari R, Yamada M, Kawamura N, Okano M, Yara A,
et al. Novel mutations of FOXP3 in two Japanese patients with immune
dysregulation, polyendocrinopathy, enteropathy, X linked syndrome
(IPEX). J Med Genet 2001;38:874-6.

Myers AK, Perroni L, Costigan C, Reardon W. Clinical and molecular
findings in IPEX syndrome. Arch Dis Child 2006;91:63-4.



	Immune dysregulation, polyendocrinopathy, enteropathy, X-linked: Forkhead box protein 3 mutations and lack of regulatory T cells
	IPEX
	IPEX phenotype
	Laboratory findings in IPEX
	The molecular basis of IPEX
	FOXP3 is a transcription factor
	FOXP3 and Treg
	IPEX and IPEX-like syndromes
	Diagnosis of IPEX
	Treatment of IPEX

	IPEX-like syndromes
	CD25 deficiency

	Conclusion
	References


