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Regulatory T cells in primary im
munodeficiency diseases
Troy R. Torgerson and Hans D. Ochs
Purpose of review

Several primary immune deficiency disorders are

associated with autoimmunity and malignancy, suggesting

a state of immune dysregulation. Here, we review the role

of regulatory T-cell deficits in mediating the immune

dysregulation associated with certain primary immune

deficiency disorder syndromes.

Recent findings

Systematic studies in primary immune deficiency disorders

and their associated animal models have led to an increased

understanding of both central and peripheral tolerance

mechanisms, and in particular have yielded new insights

into regulatory T-cell function, development and

maintenance.

Summary

Single-gene defects identified in patients with multiple

autoimmune phenomena have defined new primary immune

deficiency disorder syndromes in which the primary deficit

is in the establishment or maintenance of immune tolerance.

The disorder that has been most informative with regard to

understanding the function and development of regulatory

T cells is forkhead box P3 deficiency, known as immune

dysregulation, polyendocrinopathy, enteropathy and

X-linked syndrome in humans and Scurfy in the mouse.

Recent studies in patients with other primary immune

deficiency disorders, including autoimmune

polyendocrinopathy, candidiasis and ectodermal dystrophy

syndrome, CD25 deficiency, STAT5b deficiency, and

Wiskott–Aldrich syndrome, have added to our

understanding of regulatory T-cell biology. The study of

patients with rare primary immune deficiency disorder

syndromes provides an unparalleled opportunity to

understand mechanisms of autoimmunity and immune

tolerance in humans.
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Introduction
Primary immune deficiency disorders (PIDDs) have

traditionally been thought of as defects in the cognate

or innate immune system that are characterized primarily

by recurrent bacterial, viral and fungal infections. Increas-

ingly, it has been recognized that many of these disorders

are associated with a higher incidence of autoimmune

diseases and malignancies. This dichotomy of overreaction

to self-antigens while lacking a robust response against

microorganisms suggests that PIDD patients have a ‘dys-

regulated’ immune system resulting in a decreased ability

to differentiate between self and foreign antigens. The

concept of immune dysregulation as a direct cause of

autoimmunity in PIDDs has been strengthened by

the recent discovery of distinct clinical entities linked to

single gene defects resulting in multiple autoimmune

phenomena including immune dysregulation, polyendo-

crinopathy, enteropathy and X-linked (IPEX) syndrome,

autoimmune polyendocrinopathy, candidiasis and ecto-

dermal dystrophy (APECED) syndrome, and autoimmune

lymphoproliferative syndrome [1–3].

Immune dysregulation, polyendocrinopathy,
enteropathy and X-linked syndrome
The year 2007 marks a quarter century since the IPEX

syndrome was clinically described [4] and nearly half a

century since its spontaneous mouse ortholog, Scurfy, was

identified [5]. Despite our long-term knowledge of these

syndromes, it was their linkage to defects in the forkhead

box P3 (FOXP3) gene 6 years ago that opened the door

for the recent explosion in our understanding of TREG

biology. It is now clear that absence of functional FOXP3

protein leads to regulatory T-cell (TREG) deficiency in

both humans and mice, and that these syndromes are the

phenotypic result of this deficiency.

Clinically, the usual presentation of IPEX is a triad of

severe autoimmune enteropathy, early onset endocrino-

pathies and dermatitis, often leading to death by 2 years
 reproduction of this article is prohibited.
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Table 1 Regulatory T cells in primary immunodeficiency diseases

Disorder Genetic defect Major clinical features
Regulatory T
cell numbers

Regulatory T
cell function Other features

Immune dysregulation,
polyendocrinopathy,
enteropathy and
X-linked syndrome

FOXP3 Triad # or Absent ### """ IgE
Enteropathy " IgA
Endocrinopathy (type I
diabetes, thyroiditis)

Recurrent infections

Eczema
Other autoimmune
disorders (hematologic,
renal, etc.)

CD25 deficiency CD25/interleukin-2
receptor a

Chronic diarrhea Normal or
slightly #

Not known Diabetes
Hepatosplenomegaly " or normal IgE
Lymphadenopathy # T cell proliferation
Cytomegalovirus pneumonitis

STAT5b deficiency STAT5b Dwarfism # ### PCP pneumonia
Prominent forehead T cell lymphopenia
Saddle nose # natural killer cells

and gd T cellsHigh-pitched voice
Recurrent herpes virus

infections
Autoimmune polyendocrinopathy,

candidiasis and ectodermal
dystrophy syndrome

AIRE Hypoparathyroidism # ## Type I diabetes
Adrenal insufficiency Pernicious anemia
Mucocutaneous candidiasis Autoimmune hepatitis
Gonadal failure

Wiskott–Aldrich syndrome Wiskott–Aldrich
syndrome protein

Thrombocytopenia and
small platelets

Normal ## Malignancies

Eczema
Recurrent infections
Autoimmune hemolytic

anemia/thrombocytopenia

#/", Decreased/increased relative to healthy controls.
of age unless aggressively managed [6–8]. In the large

cohort of IPEX patients that we have characterized

(unpublished data), the majority of patients with

mutations in FOXP3 also have associated autoimmune

disorders including autoimmune hemolytic anemia, renal

disease and liver disease, among others (see Table 1).

FOXP3-deficient mice, including Scurfy, have similarly

fulminant systemic autoimmunity, although impressive

lymphoproliferative infiltration of liver, spleen and

lymph nodes is a prominent feature of the murine dis-

order which is infrequent in IPEX patients.

FOXP3 is a 431-amino-acid protein that is present prim-

arily in CD4þCD25high T cells, although it has recently

been shown to be inducibly expressed in any activated

human T cell [9,10��,11,12]. FOXP3 is a member of the P

subfamily of forkhead box transcription factors which

have a highly conserved forkhead/winged-helix DNA-

binding domain [13]. It was initially shown to exert

transcriptional repression on the promoters of key cyto-

kine genes [14,15,16��]; however, recent genome-wide

screening approaches suggest that it functions more

commonly as a transcriptional enhancer than a transcrip-

tional repressor [17��,18��].

Three key structural domains that are critical for the gene

repression activity of FOXP3 have been identified based

on the location of mutations identified in patients with

IPEX. First, the C-terminal forkhead domain, where the
opyright © Lippincott Williams & Wilkins. Unautho
largest number of IPEX missense mutations cluster, is

required for DNA binding and nuclear import. Second,

the leucine zipper of FOXP3 in the central part of the

molecule is required for homo- and possibly hetero-

dimerization of the protein. Third, a repression domain

in the N-terminal proline-rich region is required for

FOXP3 to suppress transcription [19��]. Recent studies

suggest that FOXP3 physically and functionally interacts

with other transcription factors including nuclear factor

of activated T cells, nuclear factor-kB and AML-1 to

modulate gene transcription at key cytokine promoters

[15,16��,20��].

The initial clue that Scurfy mice may lack regulatory cells

came from adoptive transfer studies in which CD4þ

T cells from normal mice were capable of preventing

onset of the Scurfy phenotype in trans [21]. Sub-

sequently, FOXP3 was linked directly to the generation

of naturally arising CD4þCD25þ TREG both in mice [22–

24] and in humans [25]. Recent studies in engineered

mouse models have demonstrated that, in the absence of

FOXP3 expression, T cells destined to become TREG still

acquire the usual phenotypic markers of this lineage

including high-level expression of CD25, CTLA-4 and

glucocorticoid-induced tumor necrosis factor receptor,

but they have no suppressive function [26��,27��].

Instead, they develop a gene expression profile similar

to effector/cytotoxic T cells [26��]. Humans with IPEX

typically have normal numbers of CD4þCD25þ T cells,
rized reproduction of this article is prohibited.
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but it is not yet clear whether these cells demonstrate a

similar effector/cytotoxic profile.

Treatment of IPEX has focused on suppression of unre-

gulated effector T cells using cyclosporine A or tacroli-

mus (FK506), with or without steroids [6,7,28]. Sirolimus

(rapamycin) has recently been found to be effective in

treating IPEX, possibly due to its ability to preferentially

inhibit growth of effector T cells relative to growth of

TREG [29,30,31�]. Stem cell transplantation is capable of

restoring a stable population of TREG cells and is cur-

rently the only effective cure for IPEX patients

[32,33,34�]. Both complete and reduced intensity con-

ditioning protocols have been reported as successful,

although reduced intensity regimens seem to be associ-

ated with better survival.

CD25 deficiency
For some time it has been known that mice lacking the

a chain of the interleukin-2 receptor (CD25) have a

dramatic phenotype with splenomegaly, lymphadenopa-

thy, severe colitis and autoimmune hemolytic anemia

that is reminiscent of the Scurfy mouse [35]. It was

therefore not unexpected to find that humans who lack

CD25 have an IPEX-like phenotype as well.

To date, two unrelated patients with CD25 deficiency

(Online Mendelian Inheritance in Man #606367) have

been described in the literature [36,37��,38]. In each case,

inheritance was found to be homozygous recessive lead-

ing to a complete lack of CD25 protein expression on

activated T cells. One patient, the product of consangui-

neous parents, was homozygous for a 4-bp pair deletion

in the coding region of CD25 that causes a frameshift

and early termination codon within the CD25 protein

[36,38]. The other patient had compound heterozygous

mutations in the CD25 gene that led to a frameshift on

one allele and a premature stop codon on the other [37��].

Similar to the clinical manifestations of IPEX, both

affected patients developed severe, chronic diarrhea

and villous atrophy in infancy (one at 6 weeks and the

other at 8 months of age) [36,37��]. One also developed

early onset insulin-dependent diabetes and later devel-

oped eczema as well [37��]. Subsequently, both patients

developed autoantibodies, hepatosplenomegaly, lympha-

denopathy and lymphocytic infiltrates in various organs

(gut, liver, etc.) indicative of ongoing immune dysregula-

tion (see Table 1) [36,37��,39]. Unlike IPEX patients,

serum IgE levels were only mildly elevated in one patient

and normal in the other [36,37��].

In addition to autoimmune features, both CD25-deficient

patients had infectious complications suggestive of

a more extensive defect in cellular immunity. Most

prominent in both patients was early-onset, recurrent
opyright © Lippincott Williams & Wilkins. Unauth
cytomegalovirus pneumonitis although persistent thrush,

candidal esophagitis, chronic gastroenteritis and Epstein–

Barr virus infection were also seen [36,37��]. One patient

failed to reject an allogeneic skin graft [38]. Owing

to these ‘severe combined immunodeficiency-like’

features, one patient was successfully transplanted, fol-

lowing cytoreduction, with bone marrow from a matched

sibling and has done well [38,39].

Immunophenotyping demonstrated either normal or

modestly decreased T-lymphocyte numbers (particularly

CD4þ T cells). T-cell proliferative responses to mitogens

and anti-CD3 stimulation were markedly decreased

(below 20% of the control) but could be restored with

high-dose interleukin-2 or interleukin-15 [36,37��].

Evaluation of the TREG compartment in human CD25

deficiency was limited, showing only that the percentage

of FOXP3þ cells in the CD4þ T cell population was

comparable to a normal control, but slightly lower than

that reported in the literature for other normal individuals

(around 4% compared with 6–7% for other studies)

[9,37��,40]. As TREG cells from CD25-deficient patients

lack the major cell surface marker used to differentiate

and isolate intact TREG, it is extremely difficult to assess

their suppressive function in typical in-vitro assays. It is

therefore unknown whether the CD4þFOXP3þ TREG

from these patients have normal suppressive capacity.

Insights gained from mice lacking CD25 suggest that

TREG development is normal in the thymus and that

CD4þFOXP3þ T cells from these animals have normal

suppressive function in vitro. There is, however, a defect

in the survival, maintenance and competitive fitness of

mature TREG cells which is thought to be the etiology of

the immune dysregulation observed [41,42]. Future

efforts to assess the maturity of the CD4þFOXP3þ TREG

pool in patients will hopefully help to determine whether

a similar mechanism is at play in humans.

STAT5b deficiency
STAT5b is a member of the signal transducer and acti-

vator of transcription family of proteins which regulate

gene transcription in response to various cytokines and

growth factors. It plays a particularly important role in

T cells, where it is a key mediator of interleukin-2-

induced responses. Like other signal transducer and

activator of transcription proteins, STAT5b is present

as a monomer in the cytoplasm of quiescent cells. It is

recruited to the activated interleukin-2 receptor, where it

is phosphorylated by receptor-associated tyrosine

kinases. The phosphorylated subunits dimerize through

their SH2 domains, translocate to the nucleus and bind

DNA to regulate gene transcription [43].

Deficiency of STAT5b (Online Mendelian Inheritance

in Man #245590) causes a rare autosomal recessive
orized reproduction of this article is prohibited.
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disorder reported in only a handful of individuals [44–

46]. The most notable clinical feature of the syndrome

is dwarfism associated with a normal serum growth hor-

mone level, but very low insulin-like growth factor-1

levels [44,46]. Other physical features include a promi-

nent forehead, saddle nose and a high-pitched voice (see

Table 1). Most patients also have a marked immunode-

ficiency, with recurrent varicella virus, herpes virus and

Pneumocystis jiroveci infections, suggesting a defect in

natural killer or cytotoxic T cells [44,46]. Immunophe-

notyping of affected patients has shown low gd T-cell and

natural killer cell numbers and modest T-cell lympho-

penia with a normal CD4/CD8 ratio [44,47��].

In addition to frank immunodeficiency, most patients who

lack functional STAT5b also have symptoms suggestive

of immune dysregulation including chronic, early-onset

diarrhea, eczema and lymphocytic interstitial pneumoni-

tis [44–46]. Murine models have demonstrated that

STAT5b is a critical transducer of interleukin-2-mediated

signals required to sustain FOXP3 expression in TREG

and to maintain TREG cells themselves [48,49�]. Mice

lacking STAT5b have a significant reduction in the

number of FOXP3þ TREG cells in thymus and spleen,

and as a consequence develop splenomegaly and have a

marked increase of activated T cells in the periphery

[48,50].

To evaluate the effect of STAT5b deficiency on TREG

cells in humans, two patients have been studied: one with a

homozygous missense mutation (A630P) in the SH2

domain of STAT5b and the second with a homozygous

nonsense mutation (R152X). Both result in markedly

reduced or absent STAT5b protein expression [44,47��].

In both cases, patients had significantly fewer

CD4þCD25high cells than normal individuals and the cells

that were present expressed much less FOXP3 than nor-

mal CD4þCD25high TREG [44,47��]. Consequently, iso-

lated CD4þCD25high T cells from a STAT5b-deficient

patient had no suppressive activity on either autologous or

allogeneic responder T cells in an in vitro suppression assay

[47��]. Decreased CD25 expression (around 20% of nor-

mal) on the patient’s T cells in response to activation was

shown to be a direct consequence of STAT5b deficiency,

and is thought to synergize with the underlying STAT5b

mutation to effectively abrogate interleukin-2 signals

required for the maintenance of FOXP3 expression and

TREG function [47��]. Interestingly, signaling pathways

required for interleukin-2-induced expression of other

effector molecules such as perforin remained intact in

STAT5b-deficient T cells [47��].

Autoimmune polyendocrinopathy, candidiasis
and ectodermal dystrophy syndrome
APECED (Online Mendelian Inheritance in Man

#240300) is an autosomal recessive disorder characterized
opyright © Lippincott Williams & Wilkins. Unautho
by systemic autoimmunity affecting primarily the endo-

crine organs including parathyroid glands, adrenal glands

and pancreas [2,51]. Hypoparathyroidism, adrenal insuf-

ficiency and chronic mucocutaneous candidiasis typically

characterize the syndrome, but patients may also have

type 1 diabetes, gonadal failure and pernicious anemia

secondary to atrophy of gastric parietal cells (see Table 1)

[2,51].

APECED is caused by mutations in the autoimmune

regulator AIRE – a transcription factor that plays a role

in ectopic expression of tissue-specific antigens on

thymic medullary epithelial cells. In mice, AIRE-

mediated self-antigen expression in the thymus has

been shown to play a significant role in negative selec-

tion of autoreactive T-cell clones, thus preventing their

escape into the periphery where they may cause auto-

immunity [52,53]. The mechanism by which AIRE

causes expression of a wide range of tissue-specific gene

products is unknown, but recent evidence suggests that

it may do so through regulating large-scale access to

chromatin.

Since naturally arising TREG cells are also thymically

derived, it was hypothesized that AIRE may also play

a role in generation of TREG, but various studies in AIRE-

deficient mice failed to show a significant deficit in bulk

TREG numbers or function [52,54,55]. Recent investi-

gations, using a transgenic mouse model with a mono-

specific T-cell receptor, demonstrated that expression of

the transgenic antigen (hemagglutinin) on AIREþ

medullary epithelial cells resulted in effective generation

of antigen-specific CD4þCD25þFOXP3þ TREG that had

potent suppressive activity in vitro [56��]. These data

suggest that the autoimmunity seen in AIRE�/� mice is

the result of defective negative selection of autoreactive

effector T cells as well as defective generation of antigen-

specific TREG.

As the pace and severity of autoimmune disease in

AIRE�/� mice is relatively mild compared with that seen

in patients with APECED, it was hypothesized that

in humans AIRE may play a more significant role in

the generation and function of TREG. To address this

possibility, two studies have evaluated patients with

APECED by flow cytometry and quantitative real-time

polymerase chain reaction for the presence of FOXP3þ

TREG cells in the peripheral blood. In each study,

patients were found to have a decreased percentage of

CD4þCD25high TREG cells within the CD4þ T-cell

population. In addition, CD4þCD25high T cells from

patients expressed less FOXP3 than similar cells from

normal controls [57��,58]. Coincident with the decreased

FOXP3 expression in the CD4þCD25high cells, isolated

TREG from APECED patients had a decreased ability to

suppress proliferation of effector T cells in response to
rized reproduction of this article is prohibited.
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anti-CD3 or mitogen (phytohemagglutinin) [57��]. These

data support a role for AIRE in generation of functional

TREG in humans.

Wiskott–Aldrich syndrome
The Wiskott–Aldrich syndrome (WAS) (Online Mende-

lian Inheritance in Man #301000) is a rare X-linked

disorder characterized by thrombocytopenia, small plate-

lets, eczema, recurrent infections, immunodeficiency,

and a high incidence of autoimmune disease and malig-

nancies (see Table 1). It is caused by mutations of

the WAS protein (WASP) gene [59]. WASP has five

well-defined functional domains and is a key regulator

of actin polymerization in hematopoietic cells, where it

is involved in signaling, cell locomotion and immune

synapse formation.

As 40–70% of WAS patients develop autoimmune dis-

ease [60,61], several recent studies have focused on the

quantity and quality of TREG cells in both murine models

and patients lacking functional WASP [62��–64��]. In

mice, WASP appears to play no role in thymic TREG

production, but is required for peripheral TREG expan-

sion and survival [63��,64��]. Specifically, WASP�/� TREG,

compared with wild-type TREG, showed decreased com-

petitive fitness in three independent in-vivo murine

models, including skewing of TREG in heterozygous

female carriers, progressive loss of WASP�/� TREG in

recipients of chimeric bone marrow and in scurfy mice

that received WASP�/� TREG via adoptive transfer [63��].

While WASP deficiency in humans is not associated with

a significant decrease in the percentage of TREG in the

peripheral blood, the function of TREG was found to be

consistently reduced in WAS patients, as demonstrated

by the inability to suppress proliferation of effector

T cells.

Consistent with the observations in mice, a strong selec-

tive advantage for WASPþ TREG in vivo was observed in a

patient with a revertant mutation leading to the expres-

sion of WASP in a significant percentage of newly gener-

ated TREG. It appeared that in this patient the presence

of a population of TREG expressing WASP correlated

with decreased autoimmune disease activity and

improved clinical condition [63��].

Conclusion
In recent years, identification of the gene defects in a

handful of clinical syndromes with congenital systemic

autoimmunity has led to the definition of a new class of

PIDDs in which the defect is in the regulatory compart-

ment of the immune system. The study of these syn-

dromes has helped to expand our understanding of the

development and function of TREG cells in the normal

immune system. Lessons learned about TREG from these

newer syndromes are now being applied to older, more
opyright © Lippincott Williams & Wilkins. Unauth
traditional PIDDs that have a high incidence of auto-

immunity to define new roles for old friends in the rapidly

expanding field of TREG biology. Undoubtedly, new

relationships will be identified that may affect how we

treat both PIDDs and autoimmune diseases.
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