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Introduction

Abstract

Primary immunodeficiency diseases (PID) are a genetically heterogenous group
of >150 disorders that affect distinct components of the innate and adaptive
immune system and are often associated with autoimmune diseases. We
describe PID affecting T-regulatory cells, complement and B cells or their
products and discuss the possibility of a cause—effect relationship. The high
concordance of T-regulatory cell defects to organ-specific autoimmune disease
implies an obligatory role of these cells in maintaining tolerance to epithelial
and endocrine tissues; the absence of central nervous system involvement may
reflect immunological privilege. Congenital defects in Clq, Clt/s and C4 are
strongly associated with systemic lupus erythematosus (SLE), and this pattern
along with laboratory evidence suggests a major importance of classical path-
way activity in safe elimination of immune complexes and prevention of
immune complex disease (ICD). It is debatable whether this ICD is to be
regarded as an autoimmune disease (resulting from a breakdown of immuno-
logical ignorance to antigens that are normally hidden), as autoantibodies may
be absent, and tissue damage because of deposition of immune complexes
could account for all of the pathology observed. Evidence for a causative link
between primary antibody deficiencies and autoimmune disease is much less
compelling and may in fact involve a common genetic background. However,
arguments have also been made in favour of the notion that an intense antigen
load as a result of recurrent or persistent infections may affect either tolerance
or ignorance, e.g. by molecular mimicry or the presence of superantigens.
Similar immunological mechanisms might account for the vast majority of
autoimmune diseases.

thus traced to the X chromosome [X-linked agamma-
globulinaemia (XLA)] [5]. X-linked PID affect all men

A primary immunodeficiency (PID) is a genetically deter-
mined disorder resulting in enhanced susceptibility to
infectious diseases [1]. PID are a genetically heterogenous
group of disorders that affect distinct components of the
innate and adaptive immune system. Unlike secondary
immunodeficiency states, they are neither transient nor
caused by events or circumstances. PID were not recog-
nized as a group until 1952, when Ogden C Bruton [2]
first described a failure of a male child to produce anti-
bodies. Today, more than 150 different forms of PID are
recognized [3], and the overall birth prevalence of signifi-
cant PID in Europe, USA and Australia is estimated as
1:10,000 [4].

Many PID are monogenic, i.e. they can be explained
by a simple Mendelian inheritance of one defective gene.
For instance, Bruton’s disease affects only men and was
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with the gene, and autosomal dominant or co-dominant
PID affect all the progeny. However, the majority of PID
are autosomal recessive and thus have a much lower pene-
trance. Of the 47 or so monogenic PID, defects in T cells
or the classical pathway of complement are particularly
valuable to our understanding of autoimmune mecha-
nisms. Mutations affecting B-cell activity provide a less
clear-cut picture as most of them affect other cellular
subsets as well. In contrast to monogenic PID, most
polygenic PID are not well characterized, and in most
cases, only some of the genetic defects are known. These
PID are more heterogenous clinically than monogenic
PID, and the immunological dysfunction is much more
complex and miscellaneous. Therefore, as a group they do
not provide as definite answers to questions regarding
a possible cause—effect relationship with autoimmune
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318 Primary Immunodeficiency and Autoimmunity

diseases. For this reason, only a few polygenic PID will
be dealt with in this treatise; for a more comprehensive
review, the reader is referred to [3].

Primary immunodeficiencies usually manifest as fre-
quent, recurrent or persistent infections. However, they
are also very often associated with autoimmunity and/or
formation of autoantibodies [6]. This has raised compel-
ling questions about a possible cause—effect relationship,
i.e. whether the congenital primary immune deficiency
can be the cause of an autoimmune disease that later
develops in the same individual. As outlined in the cur-
rent review, this contention clearly holds true in certain
cases, particularly in deficiencies involving T-regulatory
cells, components of the classical pathway of comple-
ment and defects in lymphocyte apoptosis. Furthermore,
it is also important to acknowledge the great impact
that certain infections and environmental factors clearly
have upon the immunopathogenesis of autoimmunity.
This has led to speculations that the gap between the
estimated population burden of PID (0.2%)* and auto-
immune disease (3—5%) [7, 8] may be explained to a
large extent by an underlying complete or incomplete
primary or secondary immunodeficiency. This view is
favoured by findings demonstrating a strong correlation
(possibly through epigenetic factors) of various autoim-
mune diseases with familial predisposition [9, 10].

Overview: PID with autoimmune predisposition.

(1) Monogenic immunodeficiencies.
(a) Defects in T cells and/or thymic or extrathy-
mic tolerance induction.
IPEX, APECED
(b) Complement defects.
Deficiency in Clq, Clt/s, C4, C2.
Deficiency in MBL and ficolins.
Partial deficiency of C4A and/or C4B.
(c) Defects in B cells and immunoglobulins.
Mutations in (i) CD40, (ii) CD40L, (iii) AID.
(d) Defects in genes which affect multiple cellular
subsets.
WAS, XLA, NEMO, PNP.

(2) Polygenic immunodeficiencies.
(a) Defects in T cells and/or thymic or extra-
thymic tolerance induction.
Omenn syndrome, ALPS.
(b) Primary hypogammaglobulinemia.
Selective IgAD, selective IgG subclass defi-
ciency, CVID.

“See text for the prevalence of individual PID. The estimated population
prevalence (1:600-20,000) does not include MBL deficiency (prevalence
5%) as it is not universally recognized as a PID. IgA deficiency (1:600)
is the most common universally recognized PID, followed by C2-defi-
ciency (1:20,000) and CVID (1:10-100,000). For abbreviations see text.
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Monogenic immunodeficiencies

Monogenic immunodeficiencies represent a particularly
valuable lesson in the study of aetiological links between
primary immunodeficiencies and autoimmunity, because
the defects operate from birth and associations with
autoimmunity are less likely to be confounded by
environmental triggers than in diseases with a polygenic
multifactorial background. Observations on the associa-
tions of complete monogenic immunodeficiencies with
autoimmunity demonstrate a central importance for
immunological tolerance in preventing organ-specific
autoimmune disease, whereas safe elimination of immune
complexes appears to be one of the main pre-requirements

for preventing systemic autoimmune disease.

Defects in T cells and/or thymic or extrathymic tolerance
induction

Immunodysregulation, polyendocrinopathy, enteropathy
X-linked syndrome (IPEX) usually presents with the basic
clinical triad of enteropathy, endocrinopathy (diabetes or
thyroid disease) and dermatitis [11, 12]. This syndrome is
owing to mutations in the gene forkhead X protein 3
(FOXP3) on the short arm of the X chromosome, which
encodes a transcriptional repressor of T cells that is ‘neces-
sary and sufficient’ for the normal development of
CD4"CD25" regulatory T cells in the periphery (Fig. 1)
[13]. IPEX is usually lethal in infancy unless treated with
immunosuppression or bone marrow transplantation. An
autoimmune disease is invariably associated with the syn-
drome (Table 1) accompanied by a variety of autoantibod-
ies to multiple targets [14, 15]. In addition, almost all
patients present concomitant allergic manifestations with
eosinophilia and increased serum IgE [6]. IPEX is the ear-
liest and most severe manifestation of autoimmunity,
together with Omenn syndrome [6], and along with the
FOXP3™/~
demonstration of the critical importance of T-regulatory

scurfy mouse model, it provides a dramatic

cells in preventing autoimmunity [12, 15]. Furthermore,
the autoimmune phenotypic presentation usually develops
in early childhood, arguing against a role of unknown
environmental triggers in its pathogenesis.

Autoimmune polyendocrinopathy, candidiasis and
ectodermal dystrophy (APECED) is a rare disease, with
higher frequency noted in Iranian Jews, Sardinians, Finns
and Norwegians [11]. Chronic mucocutaneous candidiasis,
hypoparathyroidism and adrenocortical failure are the clas-
sic triad of findings that characterize this syndrome. This
syndrome has turned out to be because of a deficit of
T-regulatory cells, and it is invariably associated with
autoimmune disease (Table 1); strikingly, and similar to
IPEX, these are organ specific and not systemic [16, 17].
APECED is a monogenic autosomal recessive disease asso-

ciated with a defect in the AI regulator (AIRE) gene,
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encoding a transcription factor which promotes ectopic
expression of ‘tissue-specific’ genes in thymic medullary
epithelial cells (Fig. 1). The AIRE protein regulates ‘pro-
miscuous gene expression’ of non-thymic self-antigens,
allowing clonal deletion of self-reactive thymocytes, with
the end result being the development of self-tolerance of
those proteins expressed. Original findings implicating
AIRE in central tolerance are now complemented by evi-
dence of AIRE expression in a unique subset of cells in
the lymph nodes and the spleen (extrathymic AIRE-
expressing cells, eT'ACs) [11]. AIRE in these cells is asso-
ciated with organ-specific peripheral tissue antigens
(PTA) that differ from those expressed in the thymus
[11], suggesting that AIRE-induced PTA serve as a ‘safety
net’ to delete autoreactive T cells that have escaped nega-
tive selection in the thymus. Evidence suggests that other
‘AIRE-like’ factors probably exist and remain to be iden-
tified [12]. APECED is a relatively benign condition com-
pared to IPEX, supporting that T-regulatory cells may be
generated by mechanisms other than AIRE-dependent
antigen expression.

Monogenic defects in T-regulatory cells invariably
lead to autoimmune disease (Table 1), and it can be
safely assumed that this is primarily because of a break-
down in central (APECED) and peripheral (APECED
and IPEX) tolerance. The strong association with organ-
specific autoimmunity implies an absolute requirement
for T-regulatory cells and a less absolute requirement
for AIRE in tolerance to tissue-specific antigens, and
the pattern (Table 1) suggests that this applies espe-
cially to epithelial and endocrine tissue. It is not clear
why certain other tissues [e.g. the central nervous sys-
tem (CNS)] are spared but this may relate to the
immunological privilege of such sites (immunological
ignorance). The link between IPEX and APECED on
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strengthened by observations, suggesting that the level
of protection against type I diabetes (T1D) and myas-
thenia gravis may be dictated by the expression level of
the relevant peripheral tissue antigens [11].

Complement defects

A complete genetical deficiency in Clq, Clt/s or C4 is
strongly associated with immune complex disease (ICD)
(93% for Clq, 60—66% for Cls/r, 90% for C4) (Table 1)
[18-20]. It is less strong for C2 (32-33%) (perhaps
owing to the ability of Bf to substitute for C2 in such
cases [21]) but still compelling [18-20]. These findings
indicate a central role of the classical pathway in preven-
tion of ICD [22] and have been linked to laboratory stud-
ies demonstrating that classical pathway activity is
required for safe elimination of immune complexes [23,
24] and apoptotic bodies [18].

A homozygous defect in exon 1 of the gene coding for
MBL (mannan-binding lectin) represents the most com-
mon primary immunodeficiency of mankind, with 5% of
Caucasians affected [25]. However, many compilers of the
literature do not recognize this deficiency as a PID. This
may relate to the benign nature of the defect, which is
associated with moderately increased susceptibility to
infections and lupus (SLE)
(Table 1) [25, 26]. However, the same applies to many

systemic erythematosus
other PID (e.g. defects in the lytic system of comple-
ment), and it seems appropriate to add MBL deficiency
to the list of currently recognized PID. MBL-associated
serine protease (MASP) 2 deficiency has been described in
one individual with chronic inflammation and recurrent
infections [27], and ficolin-3 (normally expressed in the
lungs and the liver) was found to be absent in one indi-
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Table 1 The prevalence of autoimmune diseases in selected primary immunodeficiency diseases®.
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T-cell | Complement B-cell ComplexP
Primary
mmuno-
deficiency &
S
§ 8 &
Autoimmune discase & N o
$ & 5 S
& ¢ e ¥ .
s & & s S & it
. F ¢ Fy 5 5 ¥ S S S . F ¥ o
F Q F & ¥ ¥ ¥ ¥ oy F I 5 e F 8 s 5 5
& § > 8 " A ~ & N Ny N S 5§ L A T T L N
N A o < C C o ¢ X J J C T 5T [
SLE 93 | 57 | 75 [3233] 10 | sp. | sp. | sp 3] 041
Vasculitis 23 . | sp. sp. = 20-29
Henoch-Scnlein Purpura sp.
Sjogren's/Sicca syndrome 12 1-10 | 0-1
5 |Arthritis/RA/JRA sp. 7 11 3 | 14 | 35 [2029] 3 [1520
& |Psotiasis 34
Sarcoidosis sp. | 24
— |Autoimmune hacmolytic anaemia 30 2 29-39 | 23 23 | 23 |[1536] 1 | sp.
_g Autoimmune thrombocytopenia 14 23-34 | sp. 3-8 0.5 d
= [Autoimmune neutropenia sp. 1819 | >60¢ 1 25 sp.
. |Tpe1DM 73 | 220 5 | sp | sp sp.
£ |Autoimmune thyroid discase 16-28 | 2-11 2 15 | 37
2 |Autoimmunc hypoparathyroid discase 76-93
2| = |Addison's disease 70-100 sp.
3 Glomerulonephritis 9 T | sp | 314 1 7 sp.
T Autoimmune hepatitis 20 . | 620 | 7 1 1
3 Inflammatory bowel discase 2 10| o1 | 9 | 21 | sp
o Cocliac disease 0-1 1-4
5 [Autoimmune enteropathy 97% | 10 3
& |Penicious anacmia 13-15 19 | 12
Alopecia 32-37 2-4 sp.
Vitiligo 8-15 0-13 | 14
Other autoimmune skin disease 62 100
Guillain—Barre syndrome 13
Total | Autoimmune prevalence (%) 100 | ~100 [100 [ 93 |60-66| 90 |32-33| >10 | Rare | Rarc | Rare | Rare | >80 | 20 |21-25|20-26 | 7-36 [30-72{23-25 | 11-20
1,12, 11,1216 1251 7481, | 63,64
Ref. il it IEY 2 2 32| 7 34 o a7 3 Al Dol RV-¥ 47
e wiis 7 1 18 | 1820 | 1820 | 1820 | 1820 | 25 |30-3 o | s [T a0 | e T [T 12 | 80
“All percentages in the table are rounded up to whole numbers. The focus is on monogenic PIDs, however Omenn syndrome, ALPS, CVID and IgAD

are considered as polygenic. Sp. =
For other abbreviations, see main text.

b . .

Defects that involve multiple factors or cell types.

sporadic (i.e. has been described in some references and may represent a weak association

or simply case reports).

“Neutropenia is present at diagnosis in almost half of these patients but the autoimmune aetiology is controversial and circulating anti-neutrophil

antibodies are quite uncommon.

9AIl WAS patients have thrombocytopenia that is likely to be of autoimmune origin.

vidual with a history of recurrent respiratory infections
[28].

C3 deficiency is never complete, but even so, there is
some association with autoimmune disease (Table 1).
Genetical defects in other factors in the alternative path-
way are very rare [19, 20]. Factor B deficiency is not
known to exist, indicating that a complete lack of factor
B is incompatible with survival. Factor D deficiency has
not been associated with autoimmune disease. The sever-
ity of alternative pathway defects underscores its central
importance in pathogen elimination.

Deficiencies in regulatory components are similarly
rare [19, 20]. Cl-inhibitor deficiency leads to uncon-
trolled classical pathway activation and hereditary angioe-
dema [19]. Interestingly, it has been correlated with
but

immunological mechanism is unclear. Deficiencies of

some rheumatologic conditions, its underlying
other regulatory components are quite rare and lead to
pyogenic bacterial infections.

Deficiencies in components of the lytic pathway
appear to be quite benign [19], no doubt because of the

high redundancy in pathways of microbial elimination.

Association of this condition with autoimmune diseases
is weak.

In summary, associations between regulatory compo-
nents or factors belonging to the lectin pathway, the
alternative pathway or the lytic pathway with auto-
immune disease are weak and may be because of chance
alone. In marked contrast to this, a complete genetical
deficiency in components of the classical pathway leads to
an autoimmune disease with a penetrance that may
approach 100%; non-affected individuals are revealed by
family studies of index cases, and this may lead to the
identification of individuals too young for penetrance of
the autoimmune condition. The pattern (Table 1) sug-
gests that the association is caused by a breakdown in the
mechanism responsible for safe elimination of immune
complexes and apoptotic cells. Accumulation of apoptotic
cells is predicted to result in increased release of intra-
nuclear antigens from apoptotic cells and thus the forma-
tion of antinuclear antibodies. It has also been argued
that antinuclear antibodies may be secondary to tissue
damage as a result of widespread deposition of immune
complexes. Both theories assume a breakdown in immu-
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nological ignorance, leading to formation of antinuclear
antibodies, but they differ in the emphasis of the role
played by antinuclear antibodies in the aetiology of the
disease. The latter theory is favoured by the absence of
antinuclear antibodies in most SLE patients with a total
deficiency in Clq, as well as the fact that antinuclear
antibodies are formed in severe tissue trauma (e.g. burns)
without an overt disease.

In this context, lessons from C4 may be particularly
illuminating. Complement C4 exists as two distinct iso-
types, C4A and C4B, coded for by adjacent genes within
histocompatibility complex-1II (MHC-III)
region [29]. Each gene is inherited in a co-dominant fash-

the major

ion.” Complete absence of C4 involves mutations at both
loci in both chromosomes and is thus extremely rare.
Partial deficiency of C4A or C4B, on the other hand, is
quite common, affecting 31.6% of the population [30].
This, along with the strong association of SLE with par-
tial deficiency of C4, particularly C4A (C4A*QO0) [31,
32], has led to the theory that transient or permanent
deficiency in classical pathway activity may be a common
denominator in ICD [22]. This widely accepted theory
assumes that a breakdown in the mechanism responsible
for the removal of immune complexes can lead to ICD
and experimental evidence favours this notion [23, 24].
Defective prevention of immune precipitation was, how-
ever, not shown to be a common denominator for all
patients, suggesting that the remaining cases are caused
either by transient defects in classical pathway activity or
by defects in other, yet unknown mechanisms [24, 33].
Current evidence also suggests another way in which a
defect in classical pathway activity could lead to SLE, i.e.
a defect in the elimination of apoptotic bodies [18]. This
could lead to an increased production of antibodies to
commonly encountered antigens (cf. serum sickness and
the Arthus reaction) and, thus, a breakdown in ignorance.
A new twist has been added to this tale by recent studies
indicating an association between C4B*QO and the pro-
totype IgA ICD Henoch-Schonlein Purpura [34], suggest-
ing that C4B*Q0 may play a role in elimination of
immune complexes containing IgA. This notion is in
keeping with the known preferential binding of C4B to
carbohydrates [35]4 and the fact that IgA is highly gly-
cosylated. The recent identification of C4B*QO as a risk

*Inheritance in which two alleles of a gene pair are given full expression
in a heterozygote, as in the alleles for the AB blood group antigens and
the human leucocyte antigens (HLA).

“It should be noted, that the original studies suggesting preferential
binding of C4A to immune complexes were based on immune com-
plexes composed of the non-glycosylated antigen BSA, and antibodies of
the IgG isotype, which are much less glycosylated than IgA. Although
noted by the authors, this has been missed by most compilers of the lit-
erature. The fact that C4B binds more strongly to —OH derivatives than
C4A strongly suggests a role for this isotype in binding carbohydrate-
containing immune complexes.

© 2010 The Authors
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factor for SLE in the Thai population is consistent with
this contention [36], and the general conclusion may be
that the two isotypes of C4 function in safe elimination
of potentially inflammatory immune complexes of vary-
ing carbohydrate content, with C4A being more impor-
tant for IgG complexes and other complexes with a high
number of -NH derivatives and C4B being more impor-
tant with IgA complexes and other complexes rich in car-
bohydrates. In summary, the association of ICD with
defects in classical pathway activity may be attributed to
either an increased load of autoantibodies and immune
complexes or defective immune complex handling or
both. However, alternative theories not based on defec-
tive classical pathway activity may hold true, at least for
some patients or patient groups.

Defects in B cells and immunoglobulins

Humoral immunodeficiencies include a heterogenous
group of immunoglobulin deficiencies. The spectrum of
antibody deficiencies is broad, ranging from antibody
deficiency syndromes (e.g. XLA), the most severe type of
antibody deficiency with total absence of B cells and
serum immunoglobulin, to less severe antibody deficien-
cies [common variable immunodeficiency (CVID), selec-
tive IgA deficiency (IgAD) and selective IgG subclass
deficiencies]. The latter deficiencies are polygenic and are
dealt with later, but some of the more severe hypo-

gammaglobulinemias are monogenic.

CSR defects

Defects of class-switch recombination (CSR) result in low
levels of immunoglobulins other than IgM. A variety of
molecules operate in class switching. Some of these are
known, such as activation-induced cytidine deaminase
(AID) and CD40/CD40L; defects in these genes lead to a
group of PID commonly known as hyper IgM (HIGM)
syndromes. They are characterized by normal or elevated
serum IgM levels together with an absence of IgG, IgA
and IgE (Fig. 2) [37, 38].

Defective CSR caused by mutations in AID is an
autosomal recessive disease, associated with autoimmune
disease in 25% of patients (Table 1), who show auto-
antibodies to multiple targets and suffer from various T
cell-mediated inflammatory conditions [39]. This, and
their inability to hypermutate their antibodies, suggests
that ‘germ line’ antibodies can be autoreactive, in con-
trast to the previous view of a strict requirement of affin-
ity maturation in the pathogenicity of antibodies [6]. The
known AID mutations do not directly affect T cells,
implying that in this case, the T cell-mediated inflamma-
tion may result from B-cell networking [6].

CSR-defect caused by CD40L-deficiency is an
X-linked form of CSR. CD40 and CD40 ligand (CD40L)

Journal compilation © 2010 Blackwell Publishing Ltd. Scandinavian Journal of Immunology 71, 317-328
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Figure 2 Examples of gene defects in B-cell development that may lead
to autoimmunity. Mutations in the gene coding for Bruton’s tyrosine
kinase (BTK) lead to X-linked agammaglobulinemia (XLA). As dis-
cussed in the text, defects in apoptosis may lead to insufficient negative
selection (NS) of B cells either centrally or peripherally, resulting in
autoimmune lymphoproliferative syndrome (ALPS). Defects in activa-
tion-induced cytidine deaminase (AID) or CD40 ligand (CD40L) lead to
defective switch recombination (CSR), known as HIGM syndromes.
Other unknown and possibly polygenic defects in CSR may lead to
selective IgA deficiency or selective IgG subclass deficiency. Defects in
transmembrane activator (TACI) are shown as one example of defects
leading to common variable immunodeficiency (CVID); other examples
are discussed in the text.

are expressed on B cells and activated T cells, respec-
tively, and an interaction between these molecules has
traditionally been thought to involve only these cells.
Deficiency of CD40 leads to a disease that is indistin-
guishable from CD40L deficiency, indicating that CD40L
and CDA40 interact exclusively with each other. Neutro-
paenia is present at the time of diagnosis in almost half
of these patients (Table 1) but its underlying aetiology is
controversial and circulating antineutrophil antibodies are
quite uncommon [37, 40]. Apart from neutropaenia, the
condition is mainly linked with autoimmune hepatitis
and seronegative arthritis (Table 1) but overall, the pau-
city of autoimmune disease in the patients is interesting,
given the importance of CD40/CD40L interactions in T-
cell development, activation and effector function. This
suggests that CD40/CD40L may not be strictly necessary
for the generation and operation of T-regulatory cells.
Thus, the inclusion of CD40L and CD40 deficiency in
the section ‘defects in B cells and immunoglobulins’ may
no longer be valid as these molecules have been found on
other cellular subsets [41].

Other primary immunodeficiencies associated with
defective B-cell differentiation and function with lack of
immunoglobulins either result from defects affecting
multiple cellular subsets, or represent polygenic immuno-
deficiency, and will be briefly discussed later.

G. J. Arason et al.

Monogenic defects in B cells and their products are
associated with autoimmune disease in a substantially
lower proportion of patients than monogenic defects in T
cells or the classical pathway of complement. Arguments
for a cause—effect relationship are thus less evident for
this group of PID. However, the data should be inter-
preted with caution, given the fact that today patients
with severe immunoglobulin deficiencies are given pro-
phylactic immunoglobulins, thus, possibly maintaining a
crucial immunological homeostatic state.

Defects in genes which affect multiple cellular subsets

Wiskott—Aldrich syndrome (WAS) results from muta-
tions of the WAS gene on the X chromosome. The defect
affects expression of the WAS protein (WASP) which is
involved in cellular signalling to the actin cytoskeleton.
It is diagnosed on account of the triad of eczema, chronic
thrombocytopaenia and infections [12, 42]. A strong
association with autoimmunity (30-72%) has been
observed (Table 1), associated with high autoantibody ti-
tres [12, 43]. Autoimmune manifestations are also linked
to worse prognosis. SLE and endocrinopathies have not
been associated with WAS [43] despite of high antibody
titres, possibly indicating a normal suppressive capacity
of T-regulatory cells [12]. The effect of the defect on
multiple cellular subsets precludes a definite explanation
of the observed association of WAS with autoimmunity,
but it is pertinent that a defect in the uptake of apopto-
tic bodies is a hallmark of the disease, inviting a com-
parison to autoimmune lymphoproliferative syndrome
(ALPS), in which persistence of B cells reactive to anti-
gens found in bone marrow or circulation leads to auto-
immune cytopaenia. The additional association of WAS
(but not ALPS) with vasculitis and arthritis likely reflects
the multicellular function of WASP.

X-linked agammaglobulinaemia in humans and X-
linked immunodeficiency (Xid) in mice results from a
mutation in Bruton’s tyrosine kinase (Btk), which leads
to a defect in B-cell development, differentiation and sig-
nalling [44-406]. Btk is expressed in other cells of bone
marrow origin, and XLA is characterized by a general
defect in myeloid dendritic cells. The defect leads to the
arrest of B-cell maturation at the pre-B cell stage with
resulting B-cell lymphopenia. Affected boys have unde-
tectable or very low serum levels of IgM, IgD, IgE and
IgA, with IgG usually being between 40-100 mg/dl;
they remain relatively healthy while protected by mater-
nal Ig but usually then start to suffer from frequent
upper respiratory infections progressing to pneumonia.
Manifestations of arthritis (15%), T1D, autoimmune
hemolytic anaemia (AIHA), scleroderma and alopecia
have repeatedly been observed (Table 1) [44-46].

NF-kB essential modulator (NEMO) defects, associ-
ated with X-linked anhydrotic or hypohydrotic ectodet-
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mal dysplasia, have been described only recently [47].
NEMO (also known as IKKY) is one of two modulators
of the nuclear factor kappa B (NF-xB) family of tran-
scription factors, which is central to the induction of
both innate and adaptive immune responses to pathogens.
The defect leads to impairment of dendritic cell IL-12
secretion and toll-like receptor signalling, profound T-
cell lymphopenia and deficits in B cell response to spe-
cific immunization. NEMO defects are strongly associated
with autoimmune disease, in particular inflammatory
bowel disease (IBD) (Table 1). The reason for this associ-
ation is not clear; NF-kB activity plays a role in T- and
B-cell function but also in the generation of natural
killer NK) T cells, CD4"CD25" T-regulatory cells and
memory T cells [6, 47]. Thus, given the complex immu-
nological dysfunction observed, it is not surprising that
mechanisms involving central and peripheral tolerance
are impaired.

Purine nucleoside phosphorylase (PNP) deficiency is
caused by a rare recessive defect in the gene for PNP on
human chromosome 14 [1]. This causes a block in lym-
phocyte DNA synthesis and a partial deficiency in T-cell
function, leading to severe infections after the first year
of life, mainly by herpes viruses. AIHA has developed in
some cases, but the link between this congenital immu-
nodeficiency and autoimmunity is unclear, and the defect
affects other organ systems, particularly the CNS.

Monogenic defects in genes affecting multiple cellular
subsets present a heterogenous class of PID, and the asso-
ciation with autoimmune disease may be variable. The
pattern may differ according to which cellular subsets are
affected and to what extent (Table 1). The deficiency of
B cells in XLA and of T-cell function in PNP deficiency
is only partial, and the penetrance of autoimmune disease
is not high. The penetrance of autoimmunity in WAS is
convincing and may indicate a role of cytolytic T cells in
preventing autoimmunity.

Polygenic immunodeficiencies

Defects in T cells and/or thymic or extrathymic tolerance
induction

Severe combined immunodeficiency (SCID) is a rare and
heterogenous group of genetic disorders that affect both
T and B cells, resulting in early-onset severe infections.
In 20-25% of cases, it is owing to a defect affecting
the adenosine deaminase (ADA) gene on chromosome
20. Several other forms of SCID exist (reviewed in
[48]). In the context of the present review, Omenn
syndrome (OS) is the most informative as it differenti-
ates from classical SCID by the additional features of
autoimmunity.

Omenn syndrome may manifest itself in the first week
of life and is characterized by erythrodermia (often with
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desquamation), severe gastroenteropathy, enlargement of
spleen and lymph nodes and susceptibility to infections
[6, 12]. OS is characterized by the presence of activated
T cells that infiltrate target organs such as the skin and
the gut [12]. Association with autoimmune disease can
be considered to be 100% as a result of the involvement
of autoreactive T cells [6, 12]. The autoimmune disease
is invariably organ specific and usually involves both the
skin and the intestine (Table 1). It is most commonly
caused by defects in RAG-1 and RAG-2 but defects in
other genes affecting somatic V-(D)-J recombination and
thymocyte development (e.g. ARTEMIS, ligase-4, IL-
7Ra) also cause OS, and in almost 50% of patients, the
genetic underlying defect has not be identified [48, 49].
Two animal models of OS were recently described, with
specific mutations in RAG-1 and RAG-2, respectively.
Data from the RAG-2 deficient model indicate that the
defect leads to reduced thymic expression of AIRE and
this is consistent with observations of reduced thymic
AIRE expression in patients with OS [12]. Although
polygenic in nature, the pathogenesis may be explained
by a very low probability to generate T-regulatory cells,
and this interpretation would allow OS to be compared
more directly to APECED and especially IPEX; in fact,
it might be considered to represent IPEX with no
effector cells to organs other than skin and intestine
[6, 12].

Autoimmune lymphoproliferative syndrome (ALPS) or
Canale-Smith syndrome manifests as autoimmune cyto-
paenia, lymphadenopathy and splenomegaly and is usually
diagnosed in early childhood. It is characterized as a
defect of lymphocyte apoptosis; most cases, are caused by
mutations of FAS, while mutations of FASL or of down-
stream mediators of the apoptosis pathway (caspases 10
and 8) have also been described [12, 50]. In ALPS, auto-
antibody-induced autoimmune manifestations occur in
>80% of cases and the targets are essentially limited to
circulating cellular elements [12] (Table 1) [51-53]. This
suggests an importance of apoptosis in the induction of
tolerance to haematopoietic cells and is most likely
explained by a defect in B-cell tolerance. The encounter of
B cells with self-antigens during maturation in the bone
marrow and under circumstances where T cell help is not
available in the periphery leads to apoptosis. A failure in
this mechanism would result in persistence of B cells with
reactivity to antigens that are commonly encountered in
the bone marrow and circulation, and an increased proba-
bility of developing autoimmune cytopaenia.

The association of polygenic T-cell defects with auto-
immune disease is strong when the defect affects T-
regulatory cells (OS 100%) or lymphocyte apoptosis
(ALPS > 80%). The high prevalence of autoimmune cy-
topaenia in ALPS, in which T-regulatory cell activity is
normal, suggests a role for B-cell tolerance in protection
against autoimmune cytopaenia.
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Polygenic antibody deficiencies

The main polygenic antibody deficiencies are selective
antibody deficiency (selective IgG subclass deficiencies,
selective IgA deficiency) and CVID.

Selective IgA deficiency (IgAD) is the most common
deficiency of the adaptive immune system, with a preva-
lence of approximately 1:600 in the Western world.
However, there is a marked variability in the prevalence
in different ethnic groups, with a much lower frequency
in the Japanese (1/18,000) and the Chinese (1/4000),
suggesting a genetic basis for the disorder [54]. Individ-
uals with IgAD have serum IgA < 0.07 g/L, but normal
levels of serum IgG and IgM [55]. The disorder seems
to be caused by a defect at the stem cell level, as indi-
cated by transplantation
between individuals with IgAD and normal IgA [56,
57]. The molecular basis of IgAD is not well known,

studies on bone marrow

but the underlying defect is probably regulatory in
nature, at the level of switching, transcription or post-
transcription [58, 59]. Interestingly, IgA-deficient indi-
viduals have been shown to have circulating B cells with
cell surface IgA; however, these are immature cells
which also express surface IgM and IgD and fail to
develop into IgA-secreting plasma cells [60, 61]. The
clinical manifestation of IgAD is variable and depends
upon age and more importantly the cohort studied.
Although a relatively benign PID, a significant propor-
tion of affected individuals suffer from recurrent
infections, asthma, allergic diseases and autoimmunity
[62—66]. Autoimmunity is an important clinical mani-
festation of IgAD (Table 1), and the prevalence varies
from 7-36% [67]. In a 20-year follow-up of 159 IgAD
subjects, identified from a group of initially healthy
blood donors, 36 (23%) later developed an autoimmune
disease [64]. Although IgAD is usually thought to have
stronger association with systemic autoimmune diseases,
as demonstrated by high prevalence of IgAD in cohorts
of patients with SLE (1-5.2%) and patients with RA
(2-4.7%), the association with organ-specific diseases has
been coming more evident [63, 67, G8].

Selective deficiencies of IgG subclasses are most proba-
bly caused by defects in factors that regulate immuno-
globulin isotype switching in antigen-triggered B cells.
This condition causes susceptibility to infections but does
not appear to be associated with autoimmune diseases,
unless co-occurring with IgAD [69, 70].

Common variable immunodeficiency disorders desig-
nate a heterogeneous group of diseases in which failure to
produce immunoglobulins and protective antibodies usu-
ally results in recurrent respiratory and gastrointestinal
infections, autoimmunity and cancer predisposition [71].
The patients display a marked reduction in serum levels
of both IgG and IgA. In half of the patients, IgM is also
reduced. The common feature is failure of antibody pro-
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duction following known exposure to pathogens or
immunization. The prevalence of this disorder is 1:10—
100,000 so the order of magnitude is several degrees
lower than the prevalence for selective IgA deficiency.
Autoimmune diseases have been observed in 20-26% of
patients with CVID, demonstrating a limited ‘target
range’, directed primarily against haematopoietic cells,
resulting in cytopaenias [idiopathic thrombocytopenic
purpura (ITP) or AIHA] but solid organ-specific auto-
immune diseases such as pernicious anaemia, thyroid
diseases and vitiligo are also present (Table 1). The asso-
ciation with systemic diseases such as SLE, RA/juvenile
RA (JRA) and psoriasis has been suggested but with
lower penetration [71, 72].

In contrast to most of the primary immunodeficiency
disorders, the genetic defects underlying IgAD, and most
cases of CVID, are still unknown. Despite no conclusive
evidence, there are several hypotheses that might explain
how defects in immunoglobulin production could give
rise to autoimmune diseases. The clustering and co-occur-
rence of IgAD and CVID within families suggests that
genetic factors play an important role in the pathogene-
sis. The high prevalence of autoimmune diseases within
IgAD (and CVID) cohorts (Table 1) together with a
recent report on increased prevalence of autoimmunity
(10%) in their normoglobulinemic first-degree relatives
indicates a role for a common genetic denominator in the
induction of these diseases [63]. Genetic linkage and
HLA studies have demonstrated that IgAD and CVID
share a major susceptibility locus in the DQ-DR haplo-
type on chromosome 6. This association is particularly
strong and consistent with the ancestral haplotype (AH)
HLA-A1, B8, DR3, DQ2 (AHS8.1), an association com-
mon to several autoimmune diseases such as SLE, T1D
and coeliac disease [71]. Furthermore, five genes have
been identified which harbour CVID-associated mutations
(TACI, ICOS, BAFF-R, CD19 and MSH5, a gene
encoded in the MHC class III region) [54, 58, 71-73];
these genes all involve different elements of B-cell biol-
ogy. Interestingly, the TACI mutations significantly pre-
dispose patients with CVID to autoimmunity. Together,
these defects account for 10-15% of CVID, but for the
vast majority of patients, the underlying defect is not
known. It seems paradoxical that autoantibodies are pro-
duced against self-antigens in patients with CVID,
whereas at the same time, they are low in IgG and do
not produce specific antibodies after vaccinations. More-
over, CVID seems to be associated with defects (e.g.
BAFF-R) that diminish, rather than augment, immune
response, as expected if natural tolerance is indeed domi-
nant. Lack of secretory IgA is common to both IgAD
patients and CVID patients. IgA is known to be involved
in the processing and clearing of external antigens from
mucosal surfaces. Defective antigen clearance might result
in end-organ deposition of immune complexes, chronic
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inflammation, tissue damage and perhaps formation of
anti-tissues antibodies. Furthermore, lack of IgA could
lead to mucosal absorption of antigens present in diet or
of microbial contents, some of which could cross-react
with normal tissues [74]. Alternatively, the increased
infections in cohorts of IgAD/CVID subjects might be
the link to increased autoimmunity. Theories for this
assume a breakdown of tolerance as a result of exposure
of hidden or sequestrated antigens, molecular mimicry,
presence of superantigens or antigen drift because of a
cytokine environment favouring bystander activation of B
cells [71, 75]. Additional mechanisms that might permit
autoimmune T- and B-cell reactive clones to persist are
failure of apoptosis of self-reactive clones, cytokine dysre-
gulation or failure of T-cell regulation.

Immunodeficiencies with mild (<10%) or no
association with autoimmune disease

As previously stated, deficiencies of C3 and C5-9 have
rarely (<10%) been associated with autoimmune disease.
The same holds true for chronic granulomatous disease
(CGD), suggesting that at least in these cases, susceptibil-
ity to infections is not a major determinant in autoimmu-
nity. This is supported also by the lack of association of
asplenia with autoimmune disease, in spite of low resis-
tance to capsulated bacteria. DiGeorge syndrome (deletion
of chromosome 22q11.2) is associated with autoimmune
disease in 5-10% of patients, mainly ITP and JRA [76].
This is probably because of defective T-cell selection in an
abnormal thymus, possibly resulting in defective positive
selection of natural T-regulatory cells or defective negative
selection of autoreactive T cells. The association of Di-
George syndrome with autoimmunity is only a mild one,
and this is consistent with the observation that T-cell
functions are only minimally impaired in the majority of
affected individuals (only <1% manifest profound T-cell
functional impairment) [76]. A few other PID have been
associated with autoimmune diseases in rare cases
(<10%). The association is not convincing, and the patho-
physiology is poorly defined. Deficiencies of FcyRIIIb,
MHC class T and II and TAP1-2 (transporter associated
with antigen processing 1 and 2) are relatively recently
described; these PID affect several cellular subsets, and
the association with autoimmune disease is not clear [6].
There have been no descriptions of associations with auto-
immune diseases in factor D deficiency, IRAK-4 defi-
ciency or the warts, hypogammaglobulinemia, infections,
myelokathexis syndrome; this may be a result of incom-
plete clinical description as these disorders are rare and/or
recently characterized [1]. The lack of associations with
autoimmune disease in the few hundred patients with def-
icits in the IL-12/IL-23-IFN7y axis is interesting, as these
defects would have been expected to induce autoanti-
bodies because of Th1/Th2 imbalance [6].
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Familial associations between primary
immunodeficiencies and autoimmune disease

Although a strong case can be made for a cause—effect
relationship between certain PID and autoimmune dis-
ease, this contention is much less clear in other cases, and
the possibility remains that many of the associations are
because of linkage between the PID gene and a gene
affecting autoimmunity. Family studies may give valu-
able information on which genes are involved. An associ-
ation within families is commonly observed between PID
and autoimmune disease [63, 77]. A particularly strong
example is provided by diseases associated with the MHC
genetic region. SLE, T1D, Graves” disease (GD) and coe-
liac disease have all been linked with genes within the
MHC region of human chromosome 6, and many studies
have indicated a link between this region and familial
CVID and/or IgAD. The relationship is particularly
strong in the case of ancestral haplotype (AH) 8.1, a very
conserved haplotype consisting of MHC Al, B8, BfS,
C2C, C4AQ0, C4B1 and DR3. The C4 genes of this
haplotype escaped the duplication event that led to the
evolution of C4A and thus do not include a C4A gene.’
In addition to a non-duplicated C4 (along with other
genes of the RCCX module), this haplotype harbours
many irregularities including gene deletions and dupli-
cations [29], and the high level of conservation (with
e.g. no known recombinations within the MHC-III
region) has been a strong obstacle for the search of the
culprit gene, and the possibility remains that each of
the above-mentioned diseases map to different genes
within the haplotype [9]. For instance, T1D and GD
appear to be associated with DQ-genes in the region
[78], while strong evidence exists for a cause—effect rela-
tionship between C4A*QO0 and SLE, as this relationship
exists not only in AH8.1 but also in patients with
C4A*Q0 as a result of the 2bp insertion in exon 29
[79]. These observations suggest that the genetic basis
for SLE may differ from that of T1D and GD and the
observed clustering in families may result from linkage
disequilibrium between the responsible genes. Further
studies are warranted to reveal which of these genes are
responsible to the linkage to IgAD and CVID, and
indeed, the possibility of an epigenetic influence for all
of these diseases cannot be excluded [10].

Taken together, observations on the MHC associations
between IgAD/CVID and autoimmune diseases suggest
that ICD are most likely related to low levels of C4A or
C4B, while for T1D and GD, the risk factor appears to
be a gene mapping to the DQ region, suggesting a role
of antigen presentation in the induction of the disease.
This is consistent with the organ-specific nature of these

°The description of C4A*QO of this haplotype as C4A-gene deletion is
a common misconception.
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diseases, and when considered along with observations on
monogenic diseases in T-regulatory cells, it reinforces the
notion that antigen presentation to T cells and regulation
of T cells is critical in induction of tolerance to organ-
specific antigens. The familial association of CVID and
IgAD with autoimmune diseases, such as SLE, T1D, GD
and coeliac disease, favours the notion that the underly-
ing cause may be the common genetic background rather
than the PID itself but the possibility of an epigenic and
post-infectious immunopathogenetic influence remains.

Conclusions

Primary immunodeficiency diseases that affect T-regula-
tory cells (IPEX, APECED, OS) lead to autoimmune dis-
ease with 100% penetrance. The pattern is interesting, as
manifestations are almost invariably organ specific and
affect mainly the endocrine glands and other epithelial
tissue. Complete deficiencies of components in the classi-
cal pathway result in various ICD with a very high pene-
This
manifestations are almost invariably systemic (SLE or

trance. pattern is again quite interesting as
similar condition). Incomplete deficiencies in complement
C4 may lead to SLE in the case of C4A*Q0 and Henoch-
Schonlein Purpura in the case of C4B*Q0. These findings
have provided evidence for the theory that ICD are
linked to a defective clearance of immune complexes
from the circulation and tissue sites. Congenital defects
affecting B cells and immunoglobulins are much less
commonly associated with autoimmunity, but the associ-
ation of ALPS with autoimmune cytopaenia supports a
role of B cells in establishing tolerance to circulating
cells. In summary, lessons from the associations of PID
with autoimmune diseases indicate that tolerance to epi-
thelial and endocrine tissue is accomplished largely by
the activity of T-regulatory cells, while full tolerance to
haematopoietic tissues may depend on clonal deletion of
autoreactive B cells.
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