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ABSTRACT
In recent years, increasing numbers of patients with primary immune deficiency (PID) are being recognized as
also suffering from cardiovascular system (CVS) abnormalities. These CVS defects might be explained by infec-
tious or autoimmune etiologies, as well as by the role of specific genes and the immune system in the develop-
ment and function of CVS tissues. Here, we provide the first comprehensive review of the clinical, potentially
pathogenic mechanisms, and the management of PID, as well as the associated immune and CVS defects. In
addition to some well-known associations of PID with CVS abnormalities, such as DiGeorge syndrome and
CHARGE anomaly, we describe the cardiac defects associated with Omenn syndrome, calcium channel deficien-
cies, DNA repair defects, common variable immunodeficiency, Roifman syndrome, various neutrophil/macrophage
defects, FADD deficiency, and HOIL1 deficiency. Moreover, we detail the vascular abnormalities recognized in chronic
mucocutaneous candidiasis, chronic granulomatous disease, Wiskott–Aldrich syndrome, Schimke immuno-osseus
dysplasia, hyper-IgE syndrome, MonoMAC syndrome, and X-linked lymphoproliferative disease. In conclusion, the
expanding spectrum of PID requires increased alertness to the possibility of CVS involvement as an important con-
tributor to the diagnosis and management of these patients.

Introduction

Primary immunodeficiency diseases (PID) encom-
pass a broad spectrum of inheritable disorders that are
commonly associated with increased susceptibility to
infections, immune dysregulation, and malignancies.
Early recognition and correction of the immune defi-
ciency is crucial. Patients with profound T-cell immune
deficiency such as severe combined immunodeficiency
(SCID) should be treated by allogeneic hematopoietic
stem cell transplantation (HSCT) or autologous gene
therapy, whereas antibody deficiency can be corrected
by immunoglobulin replacement.

The important role of the immune system in the
development and function of many organs as well as
the effects of gene defects in nonimmune tissues contri-
butes to the multi-system abnormalities often observed
in patients suffering from PID. Additionally, the nonim-
mune abnormalities can be a clue to establishing the
specific etiology of the PID, anticipating potential com-
plications or choosing best management options.
Indeed, nonimmune neurological, bone, gastrointest-
inal, skin, and endocrine abnormalities are often asso-
ciated with various PID, such as purine nucleoside
phosphorylase deficiency, adenosine deaminase defi-
ciency, cartilage–hair hypoplasia, ectodermal dysplasia,
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etc. In recent years, particularly with the significant
increase in PID for which molecular defects are identi-
fied, many PID conditions are recognized to be asso-
ciated with cardiovascular system (CVS) abnormalities.

Here we provide a comprehensive review of PID asso-
ciated with CVS defects. The review was performed
using the PubMed database. The International Union
of Immunological Societies Expert Committee for Pri-
mary Immunodeficiency classification system (Bousfiha
et al. 2013) was used to systematically search for articles
reporting PID associated with cardiac or vascular mal-
formations. Additional associations were identified
through an open PubMed search by combining terms
such as “primary immunodeficiency” and “cardiac” or
“heart” or “vascular”. CVS complications secondary to
infectious etiologies as well as disorders caused predo-
minantly or typically by rheumatologic and autoim-
mune mechanisms were excluded.

The review is intended for both cardiologists and
immunologists. Therefore, following a brief description
of the clinical features and pathogenesis of the specific
condition, the immunological and CVS abnormalities
are provided as well as management strategies.

Also, as a useful reference, we included 3 Appendices
that summarize the cardiac and vascular abnormalities
associated with PID (Appendix A1), the PID associated
with cardiac abnormalities (Appendix A2), and the PID
associated with vascular abnormalities (Appendix A3).
Additionally, Appendix B1 summarizes the acronyms
used in this review.

Predominantly T lineage defects

Omenn syndrome

Description: Omenn syndrome (OMIM# 603554), a
combination of generalized severe erythroderma, lym-
phadenopathy, eosinophilia, and profound immunode-
ficiency in infancy, was first described in 1965. Other
manifestations include hepatosplenomegaly, failure to
thrive, diarrhea, and alopecia. Laboratory investigations
often reveal eosinophilia and elevated IgE (Villa
et al. 2008).

Pathogenesis: Omenn syndrome can occur with
practically all profound T-cell immune deficiencies,
such as those caused by defects in recombinant activat-
ing genes (RAG) 1 and 2, ARTEMIS (DCLRE1C gene),
the RNA component of mitochondrial RNA processing

endoribonuclease gene (RMRP), DNA Ligase IV, inter-
leukin 7 receptor α, common γ chain, CD3δ, adenosine
deaminase, and purine nucleoside phosphorylase defi-
ciencies, DiGeorge syndrome (DGS), etc. (Villa et al.
1998, 2008; Ege et al. 2005; Zhang et al. 2005; Grune-
baum et al. 2008). Common to these conditions is the
ability of some T cells to mature in the thymus, escape
proper selection, and expand in the periphery (Aleman
et al. 2001; Poliani et al. 2009).

Immune abnormalities: Patients with Omenn syn-
drome have severely impaired cellular and humoral
immunity; however, in contrast to typical severe com-
bined immunodeficiency, T-cell numbers may be nor-
mal or increased. Proliferation of T cells ex vivo in
response to various stimuli is often depressed, but might
be present. T-cell receptor excision circles (TREC),
which represent new thymus emigrants, are markedly
reduced (Roifman et al. 2012). Significantly limited T-
cell diversity and T-cell clonal expansion, increased
IgE, and eosinophils are additional hallmarks of Omenn
syndrome (Somech et al. 2009).

CVS abnormalities: Cardiac manifestations of
Omenn syndrome have rarely been described. An infant
with Omenn syndrome was found to have biventricular
hypertrophy, impaired left ventricular systolic function,
and severe sinus bradycardia, possibly secondary to
endomyocardial disease caused by eosinophilia (Bruck-
mann et al. 1991).

Treatment: Antimicrobial and anti-inflammatory
medications such as systemic steroids or cyclosporine A
together with strict isolation can provide temporary
benefit. Ultimately, Omenn syndrome can only be cured
by HSCT, preferably from a human leucocyte antigen
(HLA)-matched sibling or unrelated donor (Nahum
et al. 2009).

Calcium channel deficiency

Description: ORAI-1 deficiency (OMIM# 610277) is
an autosomal recessive form of SCID, characterized by
recurrent infections in infancy, congenital muscular
hypotonia, and anhydrotic ectodermal dysplasia (Feske
et al. 2010). It is also associated with autoimmunity,
developmental delay, and failure to thrive (McCarl et al.
2009).

Pathogenesis: This clinical syndrome is caused by a
mutation in the ORAI1 gene, encoding part of the cal-
cium release activated calcium channel. T cells rely on
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this channel for calcium influx for subsequent activa-
tion. Thus, mutations in ORAI1 lead to severely
impaired T-cell function. Calcium influx secondary to
calcium release activated calcium channel function is
also crucial for skeletal muscle function and (or) differ-
entiation, leading to the congenital myopathy (McCarl
et al. 2009; Feske et al. 2010). Ectodermal dysplasia is
characterized by an inability to sweat and impaired
thermoregulation, for which the precise mechanism is
not clear.

Immune abnormalities: ORAI-1 deficient patients
suffer from recurrent viral (particularly herpes viruses),
bacterial, and fungal infections despite having normal
T-cell and B-cell numbers. Lymphocyte development
is unaffected; however, T-cell activation as well as the
functions of other immune cells, including B cells, are
severely impaired. Natural killer (NK) cell functions,
including degranulation, cytokine production, and cyto-
lytic activity may also be impaired (Notarangelo 2013).

CVS abnormalities: CVS abnormalities have not
been reported in ORAI-1 deficient patients; however,
inactivation of ORAI1 in Zebra fish causes reduced ven-
tricular systolic function, bradycardia, and heart failure
(Volkers et al. 2012), suggesting that cardiomyopathy
may co-exist with the skeletal myopathy.

A similar, albeit less severe, immunodeficiency is pre-
sent among patients with STIM1 mutations (OMIM#
605921) that also disrupt calcium entry; however, car-
diac defects are not reported (Feske et al. 2010).

Treatment:HSCT can correct the immunodeficiency;
however, the skin and muscle abnormalities persist.

Chronic mucocutaneous candidiasis

Description: Chronic mucocutaneous candidiasis
(CMCC) is a group of disorders characterized by recur-
rent Candida infections of the skin, nails, and mucous
membranes, which may appear in infancy or later in
life and are often accompanied by autoimmune endo-
crine abnormalities such as hypo-parathyroidism and
adrenal insufficiency. Indeed, some patients are categor-
ized as suffering from autoimmune polyendocrinopathy–
candidiasis–ectodermal dystrophy or autoimmune
polyendocrine syndrome type 1. Patients may also develop
chronic keratitis, eczema, and other autoimmune phe-
nomena (Liu et al. 2011).

Pathogenesis: CMCC phenotype is associated with
mutations in several genes. An autosomal recessive var-
iant of CMCC is caused by defects in the autoimmune
regulator (AIRE) gene (OMIM# 240300) encoding a
transcription factor expressed in the medulla of the thy-
mus and is thought to be important for presentation of
tissue-specific self-antigens to maturing thymocytes.
DECTIN-1 and CARD9 deficiency have also been asso-
ciated with autosomal recessive CMCC. Mutations in
STAT1, a transcription factor involved in multiple sig-
naling pathways, are the main cause of autosomal domi-
nant CMCC (OMIM# 600555), although the precise
mechanism for the susceptibility to candidiasis is still
not clear (Liu et al. 2011).

Immune abnormalities: Immune dysfunction in
CMCC is variable. Typically, Candida infections are
limited to the mucocutaneous membranes and are not
invasive, although patients may display T-cell defi-
ciency, manifesting with increased susceptibility to cyto-
megalovirus and other viruses (Nahum et al. 2012) as
well as disseminated coccidioidomycosis and histoplas-
mosis (Sampaio et al. 2013). Some patients do not pro-
duce appropriate antibodies, resulting in increased
frequency of sinopulmonary infections. Laboratory
findings in patients with CMCC include normal or
reduced in vitro and in vivo T-cell responses to Candida
antigens, elevated IgE, and detection of various auto-
antibodies (Kirkpatrick, 2001; Puel et al. 2010). In addi-
tion to glandular damage, there have been reports of
autoimmune cytopenias, hepatitis, colitis, etc. (Hori et al.
2012). Some patients might also develop thymoma or
hemophagocytic lymphohistiocytosis or present as
Omenn syndrome (Cavadini et al. 2005).

CVS abnormalities: CMCC is associated with vascu-
litis, particularly cerebral vasculitis, with severe neurolo-
gic complications (Grouhi et al. 1998; Nagashima et al.
2000). A brain biopsy in one patient demonstrated peri-
arterial mononuclear cell infiltrates, which is suggestive
of endarteritis (Grouhi et al. 1998). Subsequently,
patients with CMCC with dominant STAT1 mutations
were noted to suffer from cerebral aneurysms and
infarctions (Marazzi et al. 2008; Uzel et al. 2013). It is
still not clear whether these cerebral abnormalities are
caused by unrecognized infections, autoimmune phe-
nomena, or structural defect directly related to either
the gene defect or the potential involvement of other
tissues.

Treatment: Oral and topical antifungal medications
are the mainstay of treatment for CMCC (Kirkpatrick
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2001). Immunoglobulin replacement has been beneficial
for patients with antibody deficiency, whereas immune
suppressive medications have been used for the autoim-
mune phenomena. The benefit of HSCT for the very
severe forms of CMCC is still not established.

STK-4 deficiency

Description: Autosomal recessive mutations in STK4,
also known as MST1 (OMIM# 614868), were found
among consanguineous Iranian and Turkish families
with lymphopenia, intermittent neutropenia, and struc-
tural cardiac defects (Abdollahpour et al. 2012; Nehme
et al. 2012).

Pathogenesis: Increased apoptosis of STK-4 deficient
T cells and granulocytes may explain the reduced num-
bers of cells.

Immune abnormalities: Patients suffer from recur-
rent bacterial infections, including sinusitis, pneumonia,
and meningitis, as well as herpes and papilloma virus
infections, mucocutaneous candidiasis, cutaneous warts,
and skin abscesses. Patients may present in infancy
or childhood. Dermatitis and autoimmunity, including
hemolytic anemia, also develop in some patients.
Immune evaluations demonstrate lymphopenia with
paucity of T cells, particularly CD4+ cells. Proliferation
in response to stimulation with mitogens or antigens is
difficult to assess because of the rapid death of STK-4
deficient T cells in vitro. B-cell numbers are reduced;
however, IgG and IgE levels are increased and produc-
tion of various antibodies is appropriate. The neutrope-
nia might be intermittent in some patients. Contrary to
many other forms of congenital neutropenia, the bone
marrow of the patients with STK-4 deficiency appears
normal. Epstein–Barr virus associated lymphadenopa-
thy, phenotypically resembling lymphoplasmacytic lym-
phoma can also occur (Abdollahpour et al. 2012).

CVS abnormalities: Atrial septal defect type II,
patent foramen ovale as well as mitral, tricuspid, and
pulmonary insufficiency can be identified in some
patients. Interestingly, STK-4 deficient mice develop
dilated cardiomyopathy secondary to increased apopto-
sis of myocytes (Yamamoto et al. 2003).

Treatment: Antimicrobial and antiviral prophylaxis
as well as immunoglobulin infusions may help prevent
the frequent infections in STK-4 deficient patients.
Close monitoring for lymphoproliferative disease and

cardiac defects are warranted. HSCT appears to cure
the immunodeficiency (Nehme et al. 2012).

Lymphocyte-specific protein tyrosine
kinase deficiency

A single patient with homozygous lymphocyte-speci-
fic protein tyrosine kinase (LCK) mutation (OMIM#
153390) who suffered from recurrent infections and ret-
inal vasculitis was identified by Hauck et al. (2012).

Pathophysiology: Despite the important role of LCK
in T cells, some T cells do develop and escape the thy-
mus, possibly contributing to the immune dysregulation
observed in LCK deficiency.

Immune abnormalities: The patient suffered from
recurrent respiratory tract infections, protracted gut dis-
ease, failure to thrive, nodular skin lesions, arthritis, and
autoimmune thrombocytopenia from an early age.
Immune evaluations revealed severe CD4+ T-cell lym-
phopenia with oligoclonal TCRαβ+ T cells, increase in
central memory CD4+ cell, and “exhausted” T-effector
memory CD8+ cells. Activation of T cells with anti-
CD3 demonstrated markedly reduced early tyrosine
phosphorylation events and abrogated Ca2+ mobiliza-
tion resulting in a severe proliferation defect. IgM levels
were increased, whereas antibodies to vaccines were
low. Autoantibodies to multiple self-antigens were pre-
sent. The low number of Treg cells and the reduced acti-
vation-induced cell death of the patient’s T cells might
have contributed to the immune dysregulation (Hauck
et al. 2012).

CVS abnormalities: The patient suffered from peri-
carditis, possibly related to capillary leak syndrome as
well as retinal vasculitis (Hauck et al. 2012).

Treatment: Antibiotic prophylaxis and immunoglo-
bulin replacement are warranted. This single patient
with LCK deficiency died shortly after HSCT from
veno-occlusive disease.

DNA repair defects

Ataxia–telangiectasia

Description: Ataxia–telangiectasia (AT) is a well-
described autosomal recessive disorder characterized
by cerebellar ataxia, oculomotor apraxia, telangiectasia,
and immunodeficiency (OMIM# 208900). Patients’
cells are also highly sensitive to irradiation. Progressive
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ataxia is often noted at 2–3 years of age. Other neurolo-
gic features include nystagmus, dysarthria, and chor-
eoathetosis. Telangiectasia in the eyes and skin
typically follow the neurological symptoms. Patients
are at significant risk for malignancy. Elevated α-feto-
protein blood levels are very helpful in establishing the
diagnosis of AT beyond the first few months of life,
although other genetic defects such as ataxia with oculo-
motor apraxia type 1 and type 2 can also cause ataxia
and increased α-fetoprotein (Nanetti et al. 2013).

Pathogenesis: AT is caused by defects in the AT
mutated protein, a kinase with significant role in sen-
sing and repairing double-stranded DNA breaks.
Accordingly, AT mutated protein defects lead to abnor-
mal DNA repair, resulting in accumulation of damaged
genetic material in neuronal and other cells (Perlman
et al. 2012).

Immune abnormalities: The immunodeficiency is
variable. Sinopulmonary infections are frequent. Typical
laboratory manifestations include decreased IgA, IgE,
and IgG subclasses and antibody responses, whereas
IgM might be elevated, resulting in a phenotype similar
to that of hyper-IgM syndrome. Lymphopenia,
depressed T-cell function, and reduced TREC can also
be found, suggesting that some patients might be diag-
nosed through SCID newborn screening.

CVS abnormalities: Mitral valve prolapse, mitral
regurgitation, and tricuspid regurgitation are found in
few patients with AT (Bastianon et al. 1993). Interest-
ingly, carriers of mutations in a single allele AT mutated
kinase are more susceptible to ischemic heart disease,
from an as yet unknown cause (Su and Swift 2000).

Treatment: Currently, there is no cure for AT.
Patients should avoid exposure to ionizing radiation.
Physical, occupational, and speech therapy, as well as a
healthy diet and lifestyle can improve quality of life
(Perlman et al. 2012). Antibiotic prophylaxis or immu-
noglobulin therapy can aid patients with recurrent
infections or documented evidence of cellular and
humoral immune deficiency.

Nijmegen breakage syndrome

Description: Nijmegen breakage syndrome (OMIM#
251260) is a rare autosomal recessive disorder charac-
terized by chromosomal instability. Common clinical
features include microcephaly, immunodeficiency,

radiation hypersensitivity, and predisposition to malig-
nancy. Patients with Nijmegen breakage syndrome
may also display typical bird-like facial features with a
prominent mid-face, micrognathia, and beaked nose.
Nijmegen breakage syndrome is also associated with
growth delay and premature ovarian failure in females
(Chrzanowska et al. 2012).

Pathogenesis: Nijmegen breakage syndrome is
caused by mutations in the NBS1 gene, encoding the
Nibrin protein. Nibrin is a component of the MRN
(MRE11–RAD50–NBN) complex that is critical to the
DNA damage response system, along with the AT
mutated protein. Thus, defective Nibrin leads to
impaired DNA repair and a phenotype similar to AT
(Chrzanowska et al. 2012).

Immune abnormalities: There are significant varia-
tions in the immunodeficiency among Nijmegen break-
age syndrome patients. Most frequently, patients have
reduced immunoglobulin levels. B and T cells may
also be decreased (Chrzanowska et al. 2012).

CVS abnormalities: One patient with Nijmegen
breakage syndrome was reported to suffer from a large
sub-aortic ventricular septum defect (Tekin et al.
2002), possibly related to the abundant expression of
NBS1 in the cardiac muscle, as demonstrated in mouse
embryos (Wilda et al. 2000).

Treatment: Antibiotic prophylaxis and immunoglo-
bulin replacement therapy may prevent infections, while
physiotherapy and occupational therapy may help
improve quality of life. As in AT, avoiding exposure to
ionizing radiation and regular screening for malignancy
is very important (Chrzanowska et al. 2012). Recently,
favorable outcome following HSCT was reported for
few patients with Nijmegen breakage syndrome with
severe immunodeficiency or malignancy (Albert
et al. 2010).

Predominantly antibody deficiencies

Common variable immunodeficiency

Description: Common variable immunodeficiency
(CVID) is a heterogeneous group of disorders charac-
terized by hypogammaglobulinemia, abnormal produc-
tion of antibodies, and no other known cause for the
immune defect. Infections typically occur in early- to
mid-adulthood but can present in childhood or even
among aging individuals. Few CVIDs are secondary to
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single gene defects that interfere with B-cell develop-
ment or function, yet the majority of cases have no
underlying cause (Cunningham-Rundles 2012).

Immune abnormalities: Most patients suffer from
recurrent sinopulmonary infections, as well as arthritis,
osteomyelitis, meningitis, or sepsis caused by bacterial
and viral pathogens. Many patients come to medical
attention due to inflammatory or autoimmune compli-
cations (Cunningham-Rundles 2012). The latter include
organ-specific and hematological autoimmune cytope-
nias, lymphocyte infiltration into the lung and gastro-
intestinal tract, lymphadenopathy, splenomegaly, and
granulomatous disease (Conley et al. 2009). Typically,
IgG is reduced, whereas IgA and IgM may be normal,
elevated, or reduced. It is important to exclude sec-
ondary causes for low IgG, such as gastrointestinal or
urine loss, medication effects, malignancy, etc. Specific
antibodies to infections or vaccinations are typically
absent. Autoantibodies may appear with or without
clinical autoimmune manifestations. The number of
circulating B cells is usually normal (Conley et al.
2009) while kappa-deleting recombination excision
circles are reduced in some patients (Kamae et al.
2013).

CVS abnormalities: CVID is not classically asso-
ciated with CVS disease; however, few patients with
CVID have aortic root dilatation (Johnston et al.
2004). A 16-year-old boy with CVID was reported to
have an aortic aneurysm extending to the renal arteries
(Kashef et al. 2011), whereas giant cell myocarditis, a
rare aggressive form of autoimmune myocarditis, was
found in a teenager with CVID (Laufs et al. 2002).
Lastly, a 41-year-old woman, diagnosed with CVID
later in life was found to have an asymptomatic right-
sided aortic arch (Yalcin et al. 2004).

Treatment: The mainstay treatment for primary
B-cell defects, including CVID, is immunoglobulin
replacement. Patients should also receive prompt and
appropriate antibiotic therapy for infections. Antibiotic
prophylaxis against respiratory infections might also
be beneficial (Hoernes et al. 2011).

TWEAK deficiency

Autosomal-dominant deficiency in tumor necrosis
factor (TNF)-like weak inducer of apoptosis (TWEAK)
can cause recurrent infections and impaired antibody
responses to protein and polysaccharide vaccines
(Wang et al. 2013). Patients may also develop chronic

thrombocytopenia, intermittent neutropenia, and mul-
tiple warts. Patients do not suffer from CVS abnormal-
ities, yet TWEAK, a member of the TNF superfamily
ligands, has a direct effect on cardiomyocytes (Jain et al.
2009).

Pathogenesis: The immune abnormalities are attribu-
ted to inhibition of B-cell activating factor signaling in B
cells secondary to impaired activation of the NF-κB and
MAPK pathways. TWEAK action on the cardiac Fn14
receptor is thought to cause cardiomyocyte elongation
and cardiac fibrosis.

Immune abnormalities: Patients with TWEAK defi-
ciency suffer from recurrent sinopulmonary infections
from infancy, as well as meningitis and osteomyelitis.
The frequency of infections may decrease with age.
Immune evaluations demonstrate low to normal IgG
levels as well as low levels of IgM and IgA. Antibody
responses to T-cell dependent and polysaccharide anti-
gens are absent. Nearly all of the B cells are of naive
phenotype.

CVS abnormalities: Elevated circulating TWEAK
levels were found among patients with idiopathic
dilated cardiomyopathy (Jain et al. 2009).

Treatment: Antibiotic and immunoglobulin treat-
ment and prophylaxis may help the infections. Careful
evaluation for the possibility of developing CVS
abnormalities is needed.

Predominantly defects of
neutrophils/macrophages number
and function

Severe congenital neutropenia type 4/
G6PC3 deficiency

Description: Severe congenital neutropenia (SCN)
type 4 (OMIM# 612541) is a rare autosomal recessive
disorder characterized by neutropenia, recurrent bacter-
ial infections, and increased risk of leukemia, structural
heart defects, and urogenital malformations (Boztug
et al. 2009). Prominent superficial venous pattern, myo-
pathy, increased skin laxity, congenital hydronephrosis,
and thrombocytopenia, which might be intermittent,
are observed in some patients (Boztug et al. 2009; Banka
et al. 2011).

Pathogenesis: SCN4 is caused by mutations in the
glucose-6-phosphatase, catalytic subunit 3 (G6PC3)
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gene, resulting in decreased function of the glucose-
6-phosphatase enzyme and possibly decreased intra-
cellular glucose concentrations (Boztug et al. 2009;
Banka et al. 2011). G6PC3 deficiency leads to increased
neutrophil apoptosis. Bone marrow examination of
some patients with G6PC3 deficiency demonstrates
maturation arrest of neutrophils, whereas in other
patients myelokathexis is evident. Enhanced apoptosis
may also be responsible for the congenital malforma-
tions associated with SCN4 (Boztug et al. 2009; Banka
et al. 2011).

Immune abnormalities: Neonatal sepsis, frequent
sinopulmonary infections, oral ulcers, etc., are attribu-
ted to the severe neutropenia. One patient was also
recently described with T-cell lymphopenia (Begin et al.
2013).

CVS abnormalities: SCN4 is associated with struc-
tural heart abnormalities including atrial septum
defects, patent ductus arteriosus, mitral regurgitation,
anomalous pulmonary veins, pulmonary stenosis, and
cor triatriatum (Boztug et al. 2009; Banka et al. 2011).

Treatment: Neutrophil counts often improve follow-
ing granulocyte cell stimulating factor administration
(McDermott et al. 2010). Cardiac and (or) urogenital
malformations may need surgical intervention.

Barth syndrome

Description: Barth syndrome (OMIM# 302060) is an
X-linked disorder characterized by neutropenia, cardiac
disease, skeletal myopathy, developmental delay, and
failure to thrive. Organic aciduria and hypocholesterole-
mia may also be present. The phenotype varies in sever-
ity among patients and may change over time (Schlame
and Ren 2006; Jefferies 2013).

Pathogenesis: Barth syndrome is caused by a muta-
tion in the TAFAZZIN gene on chromosome Xq28.
This results in impaired phospholipid metabolism and
disruption of mitochondrial biogenesis. Muscle and
heart tissue have high-energy turnover and require strict
structural organization of mitochondria. Thus, the
abnormal mitochondria might lead to the skeletal and
cardiac myopathy. Abnormal mitochondria also cause
exposure of phosphatidylserine in cell membranes, lead-
ing to increased clearance of neutrophils by tissue
macrophages (Schlame and Ren 2006; Finsterer and
Frank 2013).

Immune abnormalities: Neutropenia is the main
immunological feature. In some cases, it is intermittent
or not present at all (Spencer et al. 2006).

CVS abnormalities: Dilated cardiomyopathy is the
classic cardiac feature associated with Barth syndrome.
Less common manifestations include hypertrophic
cardiomyopathy, left ventricular noncompaction, endo-
cardial fibroelastosis, ventricular arrhythmias, and
thromboembolic cerebrovascular events (Jefferies 2013).

Treatment: There is no cure for Barth syndrome.
Supportive therapy includes physiotherapy, antibiotics
for any bacterial infections, heart function monitoring,
and medications if necessary. In severe cases, heart
transplant might be required (Spencer et al. 2006).

Cohen syndrome

Description: Cohen syndrome (OMIM# 216550) is
an autosomal recessive disorder characterized by devel-
opmental delay, microcephaly, typical facial features,
ophthalmologic abnormalities, and granulocytopenia.
Facial features include high-arched or wave-like eyelids,
short philtrum, and thick hair with a low hairline.
Cohen syndrome patients often develop retinochoroidal
dystrophy and myopia by 5 years of age. Other manifesta-
tions include joint laxity, narrow hands and feet, sandal-
gap toes, and a sociable disposition (Kivitie-Kallio and
Norio 2001).

Pathogenesis: Cohen syndrome is caused by muta-
tions in the COH1 gene on chromosome 8 that might
be involved in vesicle-mediated sorting and intracellular
protein transport (Kolehmainen et al. 2003).

Immune abnormalities: The neutropenia in Cohen
syndrome, thought to be secondary to a defect in mye-
loid differentiation, is typically intermittent and usually
does not predispose patients to infections (Kivitie-Kallio
and Norio 2001).

CVS abnormalities: Some patients suffer from mitral
valve prolapse and decreasing left ventricle function
with age (Sack and Friedman 1980; Mehes et al. 1988;
Kivitie-Kallio et al. 1999).

Treatment: The retinopathy requires regular moni-
toring and eyeglasses. The neutropenia does not require
any specific treatment (Kivitie-Kallio and Norio 2001).
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Shwachman–Diamond syndrome

Description: Shwachman–Diamond syndrome (SDS)
is an autosomal recessive disorder (OMIM# 260400)
characterized by neutropenia, severe exocrine pancrea-
tic insufficiency, liver abnormalities, and bone marrow
failure or myelodysplastic syndrome. Additionally,
patients are predisposed to develop leukemia (Dror et al.
2011). SDS is often associated with neuro-developmental
abnormalities and metaphyseal dysplasia.

Pathogenesis: SDS is caused by mutations in the
SBDS gene on chromosome 7. Although the precise
function of the protein encoded by the SBDS gene is
unknown, it is thought to be involved in ribosome
synthesis (Sen et al. 2011).

Immune abnormalities: SDS patients are prone to
recurrent bacterial and viral infections, especially otitis
media, pneumonia, septicemia, osteomyelitis, and skin
infections. The neutropenia usually presents at an early
age and can be either intermittent or chronic. Some
patients with SDS have variable immune abnormalities
(Dror et al. 2001). These include low IgG or IgG sub-
classes, low percentage of circulating B cells, decreased
in vitro B-cell proliferation, and a lack of specific anti-
body production. T lineage abnormalities among these
patients comprise a low percentage of total circulating
T cells or CD3+/CD4+ T-cell subpopulations and
decreased in vitro T-cell proliferation. Additionally,
chemotaxis of the neturophils might be reduced.

CVS abnormalities: Ventricular and atrial septal
defects, patent foramen ovale, and patent ductus arter-
iosus may occur in 19% of SDS patients (Myers et al.
2014). Heart failure, possibly secondary to dilated cardi-
omyopathy, is another common cardiac manifestation
in SDS, and it can be severe enough to cause death in
the neonatal period (Toiviainen-Salo et al. 2008; Kopel
et al. 2011). Histopathology in those cases show myo-
cardial necrosis or fibrosis (Toiviainen-Salo et al. 2008;
Burroughs et al. 2009).

Treatment: SDS patients require close monitoring
throughout their lifetime for malignancy. Oral pancrea-
tic enzyme supplementation may be necessary, espe-
cially early in life. HSCT should be considered in SDS
patients with bone marrow failure, myelodysplastic syn-
drome, and leukemia. Cardiotoxicity, including transi-
ent congestive heart failure and long-term cardiac
hypokinesia, can occur also following HSCT (Burroughs
et al. 2009).

WHIM syndrome

Description: Warts, hypogammaglobulinemia, infec-
tions, and myelokathexis (WHIM) syndrome is an
autosomal dominant disorder characterized by difficult-
to-treat warts, low IgG levels, recurrent bacterial infec-
tions, and neutropenia (Kawai and Malech 2009).

Pathogenesis: WHIM syndrome is caused by muta-
tions in the CXCR4 chemokine receptor gene (OMIM#
193670). This gene is part of a pathway involved in reg-
ulation of hematopoiesis, organogenesis, bone marrow
homeostasis, and leukocyte motion (Badolato et al.
2012). Mutations in the terminal domain of CXCR4
enhance retention of mature hyper-segmented neutro-
phils in the bone marrow leading to neutropenia (Kawai
and Malech 2009).

Immune abnormalities: The key immunologic fea-
tures of WHIM syndrome include severe neutropenia.
During infections, stress, or granulocyte colony stimu-
lating factor administration, neutrophil numbers in the
peripheral blood temporarily increase. WHIM patients
might have reduced T- and B-cell numbers as well as
hypogammaglobulinemia and abnormal antibody pro-
duction (Kawai and Malech 2009). Patients with
WHIM syndrome are particularly susceptible to papil-
loma virus infections, leading to warts that can be very
extensive and progress to carcinoma (Kawai and Malech
2009).

CVS abnormalities: Few patients with WHIM syn-
drome have been reported with structural cardiac
defects, such as tetralogy of Fallot, possibly because of
a role of CXCR4 in cardiac embryogenesis (Badolato
et al. 2012).

Treatment: Antibiotic prophylaxis and immunoglo-
bulin replacement can help prevent infections. Papil-
loma lesions should be aggressively treated and
carefully monitored for malignant changes (Kawai and
Malech 2009).

MonoMAC syndrome

Description: Several groups recently identified
monocytopenia with predisposition to nontuberculosis
mycobacterial infections among patients with autoso-
mal dominant mutations in the zinc finger transcription
factor GATA2 (OMIM# 137295) (Hsu et al. 2011; Dick-
inson et al. 2011). Patients are also prone to develop
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myelodysplastic syndrome and acute myeloid leukemia
(Ostergaard et al. 2011).

Pathogenesis:GATA2 is expressed in hematopoietic
progenitors, including early erythroid cells, mast cells,
megakaryocytes, and also in nonhematopoietic embryonic
stem cells, possibly explaining the common hematological
abnormalities observed among patients (Hsu et al. 2011).

Immune abnormalities: Patients typically have
markedly reduced number of monocytes, B cells, and
NK cells in the peripheral blood, resulting in susceptibil-
ity to mycobacteria as well as opportunistic fungal infec-
tions and disseminated human papillomavirus
infections. Abnormal macrophage function in tissue
might contribute to the frequent development of pul-
monary alveolar proteinosis in these patients. IgG levels
and ex vivo T-cell functions are often normal. Erythema
nodosum and autoimmunity can be the presenting fea-
tures (Hsu et al. 2011; Dickinson et al. 2011).

CVS abnormalities: Patients also suffer from primary
lymphedema, possibly reflecting the important role of
GATA2 in controlling capillary network formation
(Hsu et al. 2011, Johnson et al. 2012; Kazenwadel
et al. 2012).

Treatment: Patients should be monitored closely for
the development of opportunistic infections as well as
myelofibrosis and leukemia. HSCT has been curative
in some cases.

Chronic granulomatous disease

Description: Chronic granulomatous disease (CGD)
is a characterized by inefficient intracellular killing of
pathogens resulting in recurrent, severe life threatening
infections, inflammation, and granuloma formation
(Jones et al. 2008).

Pathogenesis: CGD is caused by mutations in one of
5 genes CYBB (OMIM# 306400), CYBA (OMIM#
608508), NCF1 (OMIM# 608512), NCF2 (OMIM#
608515), and NCF4 (OMIM# 601488) resulting in
absent or nonfunctional proteins, gp91 phox, p22
phox, p47 phox, p67 phox, and p40 phox, respectively.
Mutations in the CYBB gene cause X-linked CGD and
occur in about two-thirds of the patients. All other
gene mutations are associated with autosomal recessive
CGD. These mutations impair the function of the nico-
tinamide adenine dinucleotide phosphate-oxidase
enzyme complex and prevent production of reactive

oxidative species. The impaired oxidative response also
enables rapid identification of CGD by flow cytometry
analysis, as neutrophils display reduced or absent oxida-
tive burst following ex vivo stimulation (Jones et al.
2008).

Immune abnormalities: Patients are particularly
prone to infections by catalase-positive pathogens such
as Staphylococcus aureus, Burkholderia cepacia, Serratia
marcescens, Nocardia, Aspergillus, Salmonella, and
Bacillus Calmette-Guerin. Patients also suffer from per-
sistent inflammation and autoimmunity, particularly
involving the gastrointestinal tract, as well as formation
of multiple granulomas, which may even cause obstruc-
tion of viscera such as the stomach, urinary track, etc.
(Marciano et al. 2004; Jones et al. 2008).

CVS abnormalities: A large retrospective chart
review of CVS disease among 229 patients with CGD
followed at the U.S. National Institute of Health, identi-
fied 2 patients with coronary artery disease and another
patient with aortic and mitral valve regurgitations (Leid-
ing et al. 2013). Interestingly, the 3 patients with CVS
abnormalities had p47PHOX mutations. One of these
patients was also found to have cerebral aneurysms,
diagnosed during family screening. Affected patients
had other risk factors for CVS abnormalities such as
diabetes and dysregulated cholesterol; hence, the direct
contribution of defective reactive oxidative species pro-
duction in CVS disease development needs to be further
studied. Interestingly, a recent study identified increased
nitric oxide, a potent vasodilator molecule produced by
endothelial cells, and significantly higher flow-mediated
dilatation among 30 patients with CGD (Loffredo et al.
2013). The clinical significance of these findings for the
development of CVS abnormalities is still not clear.

Treatment: Patients with CGD should receive anti-
bacterial and antifungal prophylaxis. Infections and
granulomas should be treated promptly with antibiotics
and immunosuppressive medications, respectively.
HSCT, from family related or unrelated HLA-matched
donors, can cure CGD. Currently, human trials of
gene therapy for CGD are underway.

Well-defined syndromes with
immunodeficiency

DiGeorge syndrome

Description: DGS, estimated to occur in 1:3000 live
births, is characterized by variable combinations of
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neonatal hypocalcaemia, thymus hypoplasia, and cono-
truncal defects that disrupt the cardiac outflow tract
(OMIM# 188400). De novo or autosomal dominant
inheritance deletion of chromosome 22q11.2 are found
among 80%–90% of the patients, although haplo-
insufficiency of others chromosomes such as 10p13 or
4q21.3-q25 have also been implicated. Other features
commonly identified among patients with 22q11.2
microdeletion include renal anomalies, ophthalmologic
abnormalities, developmental delay, learning disabil-
ities, schizophrenia, and bipolar disorders as well skele-
tal defects and short stature. Palate abnormalities are
also common, resulting in velocardiofacial syndrome
(OMIM#192430). Patients also have typical dysmorphic
facial features including micrognathia, low set ears, tele-
canthus with short palpebral fissures, upward or down-
ward slanting eyes with short philtrum, and a relatively
small mouth (Kobrynski and Sullivan 2007).

Pathogenesis: DGS is thought to be secondary to dis-
rupted cervical neural crest migration into the deriva-
tives of the 3rd and 4th pharyngeal arches and
pouches. Among patients with 22q11.2 deletion,
haplo-insufficiency of the TBX1 gene, which encodes a
transcription factor important for neural crest cells
migration, is thought to cause the majority of the fea-
tures (Kobrynski and Sullivan 2007).

Immune abnormalities: DGS is the most common
human T-cell immune deficiency. The abnormalities
of the thymus impair thymocytes development and
selection, often manifesting with diminished T-cell
counts in the peripheral blood, although the responses
of T cells to stimulation is often preserved. Indeed in
the majority of patients with DGS, the laboratory T-
cell abnormalities are not associated with increased sus-
ceptibility to infections. Moreover, the number of T cells
increases during infancy and childhood among most
patients. “Complete DGS” with thymus aplasia and
practically absent T cells has been reported in <1% of
the patients. However, because of the potential severity
and lethality of this condition, as well as the lack of cor-
relation with nonimmune abnormalities, complete DGS
should be excluded in all patients. Severe thymus defects
cause marked reduction of new T-cell production,
resulting in low TREC. Importantly, TREC, which can
be measured in peripheral blood using PCR, enable
detection of severe DGS in newborn screening programs
recently implemented among many counties. Severe
DGS can also manifest as Omenn syndrome with mis-
leading normal or even elevated T-cell numbers. Few
patients have also been identified with hemophagocytic

lymphohistiocytosis. Autoimmune conditions, resulting
in hematological cytopenias or rheumatologic complica-
tions, are also common in patients with DGS. Infre-
quently, patients with DGS also display humoral
immunodeficiency with reduced production of IgG or
specific antibodies (Kobrynski and Sullivan 2007; Genn-
ery 2012).

CVS abnormalities: Approximately 80% of patients
with DGS and 22q11.2 deletion syndrome have various
congenital heart defects (Momma 2010). The heart dis-
ease typically manifests as cardiac outflow tract anoma-
lies related to impaired embryogenesis. The most
common defects are tetralogy of Fallot, ventricular sep-
tal defect, interrupted aortic arch, and truncus arterio-
sus. Other reported anomalies include right aortic arch
and aberrant right subclavian artery, atrial septum
defect, pulmonary valve stenosis, double outlet right
ventricles, coarctation of the aorta, great arteries trans-
position, etc. (Momma 2010).

Treatment: Management of DGS depends on the
clinical phenotype. Cardiac defects may require early
surgical intervention, whereas the hypocalcaemia often
can be treated with calcium supplementation
(Kobrynski and Sullivan 2007). Antimicrobial prophy-
laxis and immunoglobulin replacement should be con-
sidered for the immunodeficiency (Gennery 2012) as
well as adherence to cytomegalovirus-negative irra-
diated blood products. Yet for most patients with
DGS, the normal or near-normal immune system does
enable administration of live viral vaccines (Al-Sukaiti
et al. 2010). Allogeneic thymus tissue transplantation
or HSCT have been used for the rare “complete DGS”
with variable success.

CHARGE syndrome

Description: A multiple congenital cardiac and
immune anomaly disorder (OMIM# 214800) character-
ized by coloboma of the eye, heart anomalies, atresia
choanae, retardation of mental and physical develop-
ment, genital anomalies, and ear abnormalities/deafness
is known as CHARGE. There is much phenotypic varia-
bility among patients with CHARGE syndrome, and the
clinical diagnostic criteria have been revised several
times (Bergman et al. 2011).

Pathogenesis: CHARGE syndrome typically arises
from autosomal dominant mutations in transcription
regulator chromodomain helicase DNA-binding pro-
tein-7 gene. During embryonic development, the

Human et al. – Cardiovascular abnormalities in PID

116 LymphoSign Journal · Vol. 2, No. 3, 2015.

L
ym

ph
oS

ig
n 

Jo
ur

na
l D

ow
nl

oa
de

d 
fr

om
 ly

m
ph

os
ig

n.
co

m
 b

y 
3.

13
9.

81
.1

28
 o

n 
05

/1
6/

24



product of this gene is thought to be essential for nor-
mal formation of multipotent migratory neural crest
cells. Further, its expression in the central nervous sys-
tem, semicircular canals, and neural crest of the pharyn-
geal arches explains some of the diverse tissue
abnormalities found in CHARGE syndrome (Gennery
et al. 2008; Bergman et al. 2011).

Immune abnormalities: Mild to moderate T-cell
deficiencies, including Omenn syndrome, are infre-
quently observed among patients with CHARGE syn-
drome. Isolated antibody deficiency is also rarely
found in CHARGE syndrome (Writzl et al. 2007; Genn-
ery et al. 2008; Jyonouchi et al. 2009).

CVS abnormalities: Congenital heart lesions occur in
75%–80% of patients (Blake and Prasad 2006). Cono-
truncal heart defects, especially tetralogy of Fallot, are
the most common manifestation, similar to DGS. How-
ever, many lesions have been reported including atrio-
ventricular canal defects, aortic arch defects, and
patent ductus arteriosus, as well as atrial and ventricular
septal defects (Blake and Prasad 2006).

Treatment: Surgical intervention may be required for
choanal atresia and cardiac defects. All CHARGE syn-
drome patients should have ophthalmological follow-
up as well as hearing screens and hearing aids if neces-
sary. Potential immunodeficiency should be screened
for and managed accordingly (Blake and Prasad, 2006).

Wiskott–Aldrich syndrome

Description:Wiskott–Aldrich syndrome (WAS) is an
X-linked disorder characterized by thrombocytopenia,
severe eczema, and recurrent infections (OMIM#
301000). Thrombocytopenia may manifest early as pete-
chiae, bruising, bloody diarrhea, or excessive bleeding
after circumcision. The platelets are typically small in
size (Ochs et al. 2009).

Pathogenesis: WAS is caused by mutations in the
WAS gene located on the X chromosome. Accordingly,
it is predominantly found in males, although rarely
females with nonrandom X inactivation may develop a
similar phenotype. The WAS gene codes for the WAS
protein, a cytoskeletal regulator expressed in hemato-
poietic cells (Ochs et al. 2009; Bouma et al. 2009).
WAS protein is involved in cell signaling, migration,
and immune synapse formation (Ochs et al. 2009;
Bouma et al. 2009). Many different types of mutations
within this gene cause WAS; however, clear correlation

between the mutations and phenotypic severity have
not been established.

Immune abnormalities: Infections, including recur-
rent otitis media, bacterial pneumonias, and skin infec-
tions are common among patients suffering from WAS
(Ochs et al. 2009). Opportunistic infections such as
Pneumocystis jiroveci pneumonia can also occur, reflect-
ing the combined T- and B-cell dysfunction in this con-
dition. There is often decreased numbers of circulating
T cells, particularly CD8+ T cells, as well as diminished
T-cell function. IgG and IgM may be normal or
decreased, whereas IgA and IgE are typically elevated
(Ochs et al. 2009). Infrequently, elevated IgM and
reduced IgG, reminiscent of hyper-IgM syndrome can
be found as well as abnormal responses to polysacchar-
ide antigens (Ochs et al. 2009). Impaired immune cell
migration and defects in the innate immune system
are also observed in WAS (Bouma et al. 2009). Other
manifestations of this syndrome include autoimmune
disorders, such as hemolytic anemia or immune-
mediated thrombocytopenia, which further complicates
the diagnosis and management of the platelet disorder
(Ochs et al. 2009). Increased susceptibility to malignan-
cies, including lymphoma and leukemia, as well as solid
tumors is noted.

CVS abnormalities: Aneurysm formation as well as
small, medium, and large (including aorta) vessel vascu-
litis are found in few patients with WAS. These include
a 24-year-old patient who developed necrotizing vascu-
litis of small and medium sized arteries, resulting in
aneurysms of his renal, hepatic, and superior mesenteric
arteries (McCluggage et al. 1999) and a 7-year-old boy
with aortic root dilatation (Ono et al. 2009). Pathology
in the latter child showed aortitis with inflammatory
infiltration and necrotic areas. Additional WAS patients
with aortic aneurysms have been described (Pellier et al.
2011). The pathogenesis for the vasculitis is not clear,
yet it might precede the thrombocytopenia (Mahlaoui
et al. 2013).

Treatment: Patients with WAS typically require anti-
microbial prophylaxis to prevent infections and platelet
transfusions to treat significant bleeding episodes (Ochs
et al. 2009). Immunosuppressive therapy may be neces-
sary to treat autoimmune manifestations particularly
the thrombocytopenia (Ochs et al. 2009). Splenectomy
was previously used for severe thrombocytopenia; how-
ever, such procedure increases the risk for infections
and it does not prevent malignancy. HSCT, from
related or unrelated HLA-matched donors has been
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shown to be highly beneficial for patients suffering
from WAS, particularly if performed at an early age.
Currently, human trials of gene therapy for WAS are
underway.

Roifman syndrome

Description: Roifman syndrome (OMIM# 300258) is
characterized by antibody deficiency, spondyloepiphy-
seal dysplasia, growth retardation, and retinal dystrophy
(Roifman 1999). Associated manifestations include
intellectual disability, dysmorphic features, and
hypogonadism.

Pathogenesis: The gene responsible for Roifman Syn-
drome has not yet been identified.

Immune abnormalities: Roifman Syndrome is asso-
ciated with humoral immunodeficiency, particularly
poor specific antibody response. This results in recur-
rent sinopulmonary infections including otitis media
and pneumonia (Roifman 1999).

CVS abnormalities: A 14-year-old boy with Roifman
Syndrome was reported to suffer from left ventricular
noncompaction and heart failure (Mandel et al. 2001).

Treatment: Patients are managed with immunoglo-
bulin replacement and close monitoring.

Schimke immuno-osseus dysplasia

Description: Schimke immuno-osseus dysplasia
(SIOD) is an autosomal recessive disorder characterized
by spondyloepiphysial dysplasia, immunodeficiency,
facial dysmorphism, and progressive renal disease
(OMIM# 242900). Other features include skin lesions,
hypothyroidism, headaches, cerebral ischemia, and
enteropathy (Boerkoel et al. 2000). There appears to be
2 forms of SIOD: juvenile onset and the more severe
infantile onset (Boerkoel et al. 2000).

Pathogenesis: SIOD is caused by biallelic loss-of-
function mutations in the SMARCAL1 gene (Clewing
et al. 2007). This gene encodes a protein involved in
chromatin remodeling, but the pathogenic mechanism
of SIOD is still unclear (Clewing et al. 2007).

Immune abnormalities: Immune dysfunction in
SIOD is primarily T-cell deficiency and dysfunction
resulting in increased susceptibility to opportunistic

fungal, viral, and bacterial infections (Boerkoel et al.
2000; Lev et al. 2009).

CVS abnormalities: Vascular abnormalities occur in
many patients, including transient ischemic attacks
and (or) cerebral ischemia, putatively secondary to early
onset, and progressive arteriosclerosis (Boerkoel et al.
2000; Clewing et al. 2007). A recent study among
more than 50% of SIOD patients found arteriosclerosis
associated with vascular intimal and medial hyperplasia,
smooth muscle cell hyperplasia, and fragmented and
disorganized elastin fibers (Morimoto et al. 2012). Few
patients were reported to have cerebral artery stenosis
and moya-moya phenomenon (Boerkoel et al. 1998).

Treatment: Dialysis and renal transplant are used for
the progressive renal failure (Boerkoel et al. 2000).

Hyper-IgE syndromes

Description: Hyper-IgE Syndrome (HIES) represents
a group of disorders characterized by recurrent skin and
lung infections, eczema, and elevated IgE levels (Hei-
mall et al. 2010). An autosomal dominant form
(OMIM# 147060), also known as Job’s Syndrome, is
associated with distinctive coarse facial features, delayed
shedding of primary teeth, frequent bone fractures,
spinal deformities, vascular anomalies, and develop-
ment of lymphoma (Heimall et al. 2010). Pulmonary
infections often result in pneumatoceles and (or)
bronchiectasis. The autosomal recessive form (OMIM#
243700) is often associated with a more profound
immunodeficiency resulting in susceptibility to viral
infections, particularly papilloma and herpes viruses,
autoimmunity, sclerosing cholangitis, and vasculitis
(Heimall et al. 2010; Alsum et al. 2013).

Pathogenesis: Autosomal dominant HIES can be
caused by mutations in the STAT3 gene (Heimall et al.
2010). The STAT3 protein is part of the JAK–STAT sig-
nal-transducing pathway, responsible for activating
gene transcription and translation (Heimall et al.
2010). Autosomal recessive HIES is caused primarily
by mutations in DOCK8, although in a few patients
defects in TYK2 were identified. Somatic mutations in
STAT3 have also been recently identified among
patients with a milder phenotype (Hsu et al. 2013).

Immune abnormalities: Markedly elevated IgE levels
are common among patients with HIES; however, simi-
lar levels might be found among patients with atopic
conditions as well as other immune deficiencies.
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Patients with HIES might also have fluctuating as well
as normal or near normal IgE levels, making the IgE
level an unreliable diagnostic criteria. Some patients
might have impaired antibody responses or decreased
IgG levels. The autoimmunity in HIES is attributed to
decreased IL-17 producing T-helper cells. Importantly,
severe T- and B-cell defects can occur early in life in
some patients with DOCK8 mutations.

CVS abnormalities: Vascular abnormalities invol-
ving arteries or veins of the brain, lungs, heart, and
skin as well as coronary and aortic aneurysms have
been identified among patients with STAT3 defects
(Yavuz and Chee, 2010). Similar vascular abnormalities
including giant aortic aneurysm, brain infarction, and
moya-moya syndrome were identified in patients with
DOCK8 mutations (Alsum et al. 2013). It is still not
clear whether the vascular lesions are secondary to con-
genital angiogenesis defects post-infectious inflamma-
tion or to autoimmunity.

Treatment: Patients with abnormal antibody produc-
tion should receive immunoglobulin replacement.
Patients with severe autosomal recessive HIES can ben-
efit from HSCT.

Immunodeficiency with centromeric
instability and facial anomalies

Description: Immunodeficiency with centromeric
instability and facial anomalies (ICF) syndrome
(OMIM# 242860) is an autosomal recessive disease.
ICF can be caused by mutations in the DNA methyl-
transferase 3B gene at chromosome 20q11.2 (designated
ICF1) or the zinc-finger and BTB domain-containing 24
gene (ICF2). Patients have mild facial anomalies includ-
ing a round face, flat nasal bridge, hypertelorism, epi-
canthus, up-turned nose, macroglossia, micrognathia,
and low-set ears. The majority of ICF patients have
delayed walking and speech, and some may suffer
from intellectual disabilities. Diagnosis of ICF can be
established by demonstrating excess deletions and
peri-centromeric breaks of chromosomes 1, 9, and 16
in metaphases of stimulated peripheral blood lympho-
cytes (Weemaes et al. 2013).

Pathogenesis: Hypomethylation of various genes,
including those important for immune and neurological
development, as well as satellite DNA located in the
pericentromeric regions of chromosomes 1, 9, and 16

may lead to the diverse clinical and laboratory features
(Weemaes et al. 2013).

Immune abnormalities: Severe infections including
pneumonia, sepsis, as well as opportunistic infections
caused by pathogens such as Candida albicans, Pneu-
mocystis jiroveci, and JC virus may occur in ICF
patients. Hypo- or agammaglobulinemia is found
among most patients with ICF. Patients’ circulating B
cells contain an increased proportion of immature cells
and reduced memory cells. Additionally, B cells are
more prone to undergo apoptosis upon in vitro activa-
tion. The numbers of CD3+, CD4+, and CD8+ cells are
usually normal. However, with age, some patients exhi-
bit T-cell lymphopenia and reduced proliferation of
T cells following ex vivo stimulation. Few patients
also develop neutropenia in the second decade of life
(Weemaes et al. 2013).

CVS abnormalities: Ventricular and atrial septum
defects were reported in few patients.

Treatment: Antibody deficiency should be treated
with immunoglobulin replacement. HSCT was per-
formed in few patients because of severe infections or
myelodysplasia with some success (Weemaes
et al. 2013).

Hepatic veno-occlusive disease with
immunodeficiency

Description: Hepatic veno-occlusive disease with
immunodeficiency (VODI) syndrome (OMOM#
235550) was first described in Lebanese descendants in
Australia, followed by descriptions from other conti-
nents and populations. VODI is an autosomal recessive
disease caused by mutations in the SP110 gene (Roscioli
et al. 2006). Some patients suffer from microcephaly,
leukodystrophy, multiple small cerebral calcifications,
and neuro-developmental defects, as well as pulmonary
fibrosis, hepatosplenomegaly, and thrombocytopenia.
Histological and ultrasound-Doppler can establish the
diagnosis of hepatic sinusoidal obstructive syndrome.

Pathogenesis: The molecular pathogenesis of VODI
is not clear; however, it might be related to abnormal-
ities in the PML nuclear body protein, a transcriptional
factor that enhances transcription of genes with retinoic
acid response elements (Roscioli et al. 2006).
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Immune abnormalities: Multiple infections with
pathogens such as Pneumocystis jiroveci, cytomegalo-
virus, and Candida often occur in infancy, reflecting a
combined T- and B-cell immunodeficiency. Severe
hypogammaglobulinemia as well as reduced IgM and
IgA are also commonly found. Histological evaluations
often reveal absent lymph nodes’ germinal centers and
tissue plasma cells. Neutropenia can also occur (Roscioli
et al. 2006).

CVS abnormalities: In addition to the characteristic
hepatic veno-occlusive disease, left atrial endocardial
fibrosis can occur (Roscioli et al. 2006).

Treatment: Patients should receive immunoglobulin
replacement and Pneumocystis jiroveci prophylaxis.
HSCT was successful among few patients (Ganaiem et al.
2013).

Facial dysmorphism, immunodeficiency,
livedo, and short stature (FILS syndrome)

Description: Recently, a single large consanguineous
French kindred was identified with mild facial dys-
morphism, immunodeficiency, livedo, and short stature
caused by mutations in the DNA polymerase ɛ gene
(POLE) (Pachlopnik Schmid et al. 2012). Few patients
also display bone dysplasia with lacunar lesions, cortical
thickening, and modeling defects of long bone diaphysis
as well as metaphyseal striae. Growth impairment can
be observed during early childhood impairing adult
height.

Pathogenesis: The precise mechanism is still not
clear; however, it is hypothesized that absence of DNA
polymerase ɛ impedes proliferation and G1- to S-phase
progression in lymphocytes, chondrocytes, and osteo-
blasts (Pachlopnik Schmid et al. 2012).

Immune abnormalities: The immunodeficiency
often manifests early in life with recurrent respiratory
tract infections resulting in bronchiectasis. Some
patients also suffer recurrent meningitis caused by
Streptococcus pneumonia. Immune evaluation of the
patients shows decreased IgM and IgG2 levels, reduced
isohemagglutinin titers, and a predominant lack of anti-
bodies to polysaccharide antigens. Patients may have
low memory B- and naive T-cell counts as well as
decreased T-cell proliferation (Pachlopnik Schmid et al.
2012).

CVS abnormalities: Livedo on the cheeks, forearms,
and (or) legs is present in most patients and can some-
times be noticed from birth. With increasing age, telan-
giectasia can be observed on the cheeks (Pachlopnik
Schmid et al. 2012).

Treatment: Patients might benefit from prophylactic
antibiotics. Whether immunoglobulin replacement is
beneficial for these patients is not clear.

Disease of immune dysregulation

X-linked lymphoproliferative disease

Description: X-linked lymphoproliferative disease
(XLP) is characterized by severe immune dysregulation,
often triggered by EBV infection (OMIM# 308240).
Some patients suffer recurrent infections, whereas
others might present with fulminant infectious mono-
nucleosis and liver failure as well as EBV or non-EBV
induced hemophagocytic lymphohistiocytosis and lym-
phoma (Booth et al. 2011). The phenotype is highly
variable, even within the same family. Other less com-
mon presenting features include aplastic anemia, vascu-
litis, colitis, and chronic gastritis (Booth et al. 2011).

Pathogenesis: XLP disease is caused by mutations in
the SH2D1A gene, located on the X chromosome; hence,
the disease affects males. The gene encodes SAP, a pro-
tein that helps regulate immune function in T, NK, and
possibly B cells (Booth et al. 2011).

Immune abnormalities: In XLP, the numbers of
circulating T cells are normal, but their function is
impaired. Some patients display hypogammaglobuline-
mia or dysgammaglobulinemia. Low numbers of NK
cells are also common (Booth et al. 2011).

CVS abnormalities: Systemic vasculitis has been
reported in few patients with XLP. These include small
and medium vessel multi-organ lymphocytic vasculitis
(Dutz et al. 2001).

Treatment: Antibody deficiency should be treated
with immunoglobulin replacement. Because of the risk
for hemophagocytic lymphohistiocytosis and lym-
phoma, preventive HSCT with appropriate donors
should be considered, particularly in young patients
(Booth et al. 2011).
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FADD deficiency

Description: FADD deficiency (OMIM# 613759)
can cause autoimmune lymphoproliferative syndrome
(ALPS) (Bolze et al. 2010). Patients suffer recurrent
bacterial and viral infections, hepatic dysfunction,
functional asplenia, encephalopathy, and cardiac
malformations.

Pathogenesis: FADD deficiency is an autosomal
recessive disease caused by mutations in the FADD
gene on chromosome 11q13.3 (Bolze et al. 2010). The
FADD gene encodes an adaptor molecule that interacts
with FAS, an apoptosis-inducing receptor molecule.
The FADD protein is also involved in autophagy,
inflammation, innate immunity, cell proliferation, and
tumor development. Mutations in FADD lead to
impaired FAS-dependent apoptosis and immune dysre-
gulation (Bolze et al. 2010).

Immune abnormalities: FADD deficiency is asso-
ciated with elevated double negative T cells, and ele-
vated IL-10 and Fas-Ligand levels. FADD-deficient
patients display Howell–Jolly bodies in their blood
smears, indicating functional asplenia, which may
explain the susceptibility of patients to severe and inva-
sive bacterial infections (Bolze et al. 2010).

CVS abnormalities: Two of the 4 patients with
FADD deficiency had cardiac malformations. One had
pulmonary atresia with a ventricular septal defect and
the other had a left-sided superior vena cava, draining
into the left atrium (Bolze et al. 2010). Mice are known
to express FADD in the myocardium and mice with
FADD deficiency have embryonic defects, suggesting
that FADD deficiency might affect cardiogenesis (Bolze
et al. 2010).

Treatment: At present there is no curative therapy for
this syndrome. Only one of the 4 described patients is
still alive (Bolze et al. 2010).

Aicardi–Goutières syndrome

Description: Aicardi–Goutières syndrome (AGS) is
characterized by familial encephalopathy resembling
intrauterine viral infection (OMIM# 225750). Patients
suffer from varying severities of psychomotor retarda-
tion, microcephaly, dystonic posturing, and spasticity.
Chilblain-like skin lesions and congenital glaucoma
may also be present. Brain imaging often reveals intra-
cerebral calcifications, particularly in the basal ganglia,

cerebral atrophy, and leukodystrophy. The syndrome
manifests in infancy, and death often occurs early in
childhood; however, milder forms and survival into
adulthood can occur. AGS is caused by mutations in dif-
ferent genes including TREX1, RNASEH2A, RNASEH2B
and RNASEH2C, as well as ADAR1 and SAMHD1
(Kavanagh et al. 2008).

Pathogenesis: AGS is thought to be caused by
impaired clearance of nucleic acids and abnormal intra-
cellular accumulation of single-stranded DNA species,
which trigger an inappropriate type I interferon-
mediated immune response leading to vasculitis and
vascular changes (Kavanagh et al. 2008).

Immune abnormalities: Patients may suffer from
various autoimmune manifestations including arthritis,
thrombocytopenia, and elevated transaminases, and
they may also develop autoantibodies. Typically lym-
phocytosis and elevated interferon-α can be found in
the cerebrospinal fluid, mimicking congenital transpla-
centally acquired infection, which needs to be excluded.
Pterins in cerebrospinal fluid can help establish the
diagnosis (Kavanagh et al. 2008).

CVS abnormalities: Defects in TREX1 are associated
with transient ischemic attacks and strokes (Kavanagh
et al. 2008). Histological assessments show obliterative
vasculopathy in the brain, whereas fluorescein angio-
grams demonstrate retinal vasculopathy. Additionally,
small vessel gastrointestinal bleeding and renal arterio-
lonephrosclerosis have been observed. Few patients
with SAMHD1 deficiency have stenosis of carotid and
intracranial vessels leading to stroke (Kavanagh
et al. 2008).

Treatment: Recognizing AGS as an autoimmune/
autoinflammatory condition has led to the use of var-
ious immune modulating agents, although it is difficult
to assess their efficacy. Alternative strategies exploring
blocking antibodies to interferon-α, reverse transcrip-
tase inhibition, or B-cell depletion are currently being
developed (Crow et al. 2014).

Autoinflammatory disorders

HOIL1 deficiency

Description:Mutations in HOIL1 (RBCK1) can cause
an autosomal recessive disease characterized by persis-
tent infections, auto-inflammation, severe failure to
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thrive, liver fibrosis with hepatocytes vacuoles, and
amylopectin-like deposits (Boisson et al. 2012).

Pathogenesis: Three patients from 2 unrelated
families were shown to carry loss-of-function mutations
in HOIL1, a component of the linear ubiquitination
chain assembly complex. The defect impairs fibroblasts
NF-κB activation in response to IL-1β and TNF-α.
In contrast, the patients’mononuclear leukocytes, parti-
cularly monocytes, were hyper-responsive to IL-1β.

Immune abnormalities: Patients are susceptible to
pyogenic bacterial and CMV infections. Auto-
inflammation may manifest in infancy with recurrent
fevers, severe eczematous rash, lymphadenopathy,
hepato-splenomegaly, inflammatory bowel disease,
and elevated inflammatory cytokines. Laboratory
evaluations demonstrate increased IgA, decreased
memory B cells and minor defects in antibody pro-
duction following vaccinations (Boisson et al. 2012).

CVS abnormalities: Patients display muscular amy-
lopectinosis, evident already in infancy, which contri-
butes to progressive muscular atrophy as well as severe
dilated cardiomyopathy and congestive cardiac failure.
Amylopectin-like deposits are found in cardiomyocytes
as well as gut muscular mucosa and skeletal muscle cells
(Boisson et al. 2012).

Treatment: Supportive therapy for infections and
immune dysregulation is necessary. One patient, who
died 3 years after successful HSCT, had sub-endocardial
fibrosis with cytoplasmic vacuolization of myocardio-
cytes and modest mononuclear cell infiltrates, indicative
of chronic myocarditis (Boisson et al. 2012).

Conclusion

In conclusion, as described in this comprehensive
review, the expanding spectrum of PID requires
increased alertness to the possibility of CVS involve-
ment as an important contributor to the diagnosis and
management of these patients.
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Appendix A1: Cardiac and vascular abnormalities associated with primary immunodeficiency disorders.

PID Vascular abnormalities Cardiac abnormalities

Predominantly T-cell lineage
Omenn Syndrome — Eosinophil-mediated cardiac cytotoxicity

and endomyocardial disease leading to
cardiomyopathy

Calcium channel deficiency: ORAI1
deficiency

— Cardiomyopathy, bradycardia, heart failure

AD chronic mucocutaneous candidiasis:
STAT1 deficiency

Cerebral vasculitis, intracranial
aneurysms and secondary infarctions

STK4 deficiency ASD, mitral/tricuspid/pulmonary
insufficiency, cardiomyopathy

LCK deficiency Retinal vasculitis Pericarditis

DNA repair defects
Ataxia–telangiectasia Telangiectasias, ischemic heart disease Mitral valve prolapse, mitral/tricuspid

insufficiency
Nijmegen breakage syndrome VSD, PDA

Predominantly antibody deficiencies
CVID Aortic root dilatation, thoracic and

abdominal aortic aneurysms, abnormal
aortic arch

Giant-cell myocarditis

TWEAK deficiency Cardiomyopathy

Defects of phagocyte numbers, function, or both
Severe congenital neutropenia type 4/
G6PC3 deficiency

Anomalous pulmonary veins ASD, PDA, mitral valve anomalies,
pulmonary stenosis

Cor triatriatum
Barth syndrome Thromboembolic cerebrovascular events Dilated/hypertrophic cardiomyopathy

Left ventricle non-compaction
Ventricular arrhythmias
Endocardial fibroelastosis

Cohen syndrome Decreased LV function
Mitral valve prolapse

Shwachman-Diamond syndrome Dilated cardiomyopathy
VSD
ASD
PDA

Warts Hypogammaglobulinemia
Infections and Myelokathexis (WHIM
syndrome)

Tetralogy of Fallot

MonoMAC syndrome (GATA2 deficiency) Capillary leak syndrome with
lymphedema

Chronic granulomatous disease Abnormal vascular tone
Coronary arterial disease
Cerebral aneurysms

Aortic/mitral insufficiency

Well-Defined Syndromes with Immunodeficiency
DiGeorge syndrome Aortic arch defects

Coarctation of aorta
Abnormal subclavian artery

Conotruncal abnormalities:
Tetralogy of Fallot
Truncus arteriosus
Interrupted aortic arch
TGA
ASD
VSD
Pulmonary stenosis

Continues
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Appendix A1: (Continued)

PID Vascular abnormalities Cardiac abnormalities

CHARGE syndrome Aortic arch defects Conotruncal abnormalities:
Tetralogy of Fallot
AVSD
ASD
VSD
PDA

Wiskott-Aldrich syndrome Aortic/systemic aneurysms
Aortic root dilatation
Small/medium/large vessel vasculitis

Roifman Syndrome Left ventricle Non-compaction

Schimke immune-osseous dysplasia Moya-moya vasculitis
Cerebral arteries stenosis
Diffuse aortic narrowing

Hyper IgE Syndromes:
AD HIES (STAT3 deficiency)
AR HIES (DOCK8 deficiency)

Systemic vasculitis
Coronary/thoracic/aortic aneurysms
Moya-moya vasculitis
Brain infarctions
Aortic aneurisms

VODI syndrome Hepatic veno-occlusive disease Left atrial endocardial fibrosis

ICF syndrome VSD
ASD

FILS syndrome Telangiectasias
Livedo reticularis

Disease of Immune Dysregulation
X-linked lymphoproliferative disorder
type 1

Systemic small/medium vessel vasculitis:
coronary, cerebral, retinal

FADD deficiency Pulmonary atresia with VSD,
Left sided superior vena cava draining into
left atrium

Aicardi-Goutiéres syndrome Vasculopathy of brain and retina
Stenosis of carotid
Intracranial vessel stenosis
Small vessel bleeding

Autoinflammatory Disorders
HOIL1 Deficiency Dilated cardiomyopathy

Note: Acronyms are defined in Appendix B1.
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Appendix A2: Primary immunodeficiency disorders asso-
ciated with cardiac abnormalities.

Cardiac abnormalities PID

Atrial septal defect STK4 deficiency
SCN4/G6PC3 deficiency
DiGeorge syndrome
CHARGE syndrome
Shwachman-Diamond syndrome
ICF syndrome

Ventricular septal
defect

Nijmegen breakage syndrome
DiGeorge syndrome
CHARGE syndrome
Shwachman-Diamond syndrome
ICF syndrome
ALPS–FADD deficiency

Patent ductus
arteriosus

Nijmegen breakage syndrome
SCN4/G6PC3 deficiency
DiGeorge syndrome
CHARGE syndrome
Shwachman–Diamond syndrome

Pulmonary stenosis/
atresia

SCN4/G6PC3 deficiency
DiGeorge syndrome
ALPS–FADD deficiency

Mitral valve prolapse Ataxia–telangiectasia
Cohen Syndrome

Valve insufficiency STK4 deficiency:
mitral/tricuspid/pulmonary
Ataxia telangiectasia: mitral/tricuspid
SCN4/G6PC3 deficiency: mitral
CGD: aortic/mitral

Conotruncal
anomalies

DiGeorge syndrome
CHARGE syndrome

Tetralogy of Fallot WHIM syndrome
DiGeorge syndrome
CHARGE syndrome

Aortic arch
abnormalities

CVID
DiGeorge syndrome
CHARGE syndrome

Ventricular
noncompaction

Roifman syndrome
Barth syndrome

Cardiomyopathy Omenn syndrome
ORAI1 deficiency
STK4 deficiency
TWEAK deficiency
Barth syndrome (dilated/
hypertrophic)

Cohen syndrome
Shwachman-Diamond syndrome
HOIL1 Deficiency

Myocarditis CVID

Pericarditis LCK deficiency

Arrhythmias ORAI1 deficiency
Barth syndrome

Note: Acronyms are defined in Appendix B1.

Appendix A3: Primary immunodeficiency disorders asso-
ciated with vascular abnormalities.

Vascular abnormalities PID

Aortic root dilatation CVID
Wiskott–Aldrich syndrome

Aortic Aneurysms CVID
Wiskott–Aldrich syndrome
AD and AR Hyper IgE
syndromes

Coronary aneurysms AD Hyper IgE syndrome

Intracranial aneurysms AD chronic mucocutaneous
candidiasis

Chronic granulomatous disease
Cerebral vasculitis AD chronic mucocutaneous

candidiasis
Wiskott–Aldrich syndrome
Schimke immune-osseus
dysplasia

X-linked lymphoproliferative
disorder type 1

Moya-Moya vasculitis AR Hyper IgE syndrome
Schimke immune-osseus
dysplasia

Coronary vasculitis X-linked lymphoproliferative
disorder type 1

Retinal vasculitis LCK deficiency
X-linked lymphoproliferative
disorder type 1

Systemic vasculitis Wiskott–Aldrich syndrome
X-linked lymphoproliferative
disorder type 1

Systemic vessel stenosis Aicardi–Goutiéres syndrome:
brain/carotid/retina

Abnormal vascular tone Chronic granulomatous disease

Aortic arch defects DiGeorge syndrome
CHARGE syndrome

Abnormal pulmonary veins SCN4/G6PC3 deficiency

Ischemic heart disease Ataxia–telangiectasia
Chronic granulomatous disease

Thromboembolic
cerebrovascular events

Barth syndrome

Telangiectasias Ataxia–telangiectasia
FILS syndrome

Capillary leak syndrome LCK deficiency
MonoMAC (GATA2 deficiency)

Veno-occlusive disease of
the liver

VODI syndrome

Note: Acronyms are defined in Appendix B1.
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Appendix B1: Acronmyms.

AGS: Aicardi–Goutières syndrome
ALPS: Autoimmune lymphoproliferative syndrome
AT: Ataxia–telangiectasia
CGD: Chronic granulomatous disease
CHARGE: Coloboma, Heart, Atresia choanae, Retardation,
Genital and Ear abnormalities

CMCC: Chronic mucocutaneous candidiasis
CVID: Common variable immunodeficiency
CVS: Cardiovascular system
DGS: DiGeorge Syndrome
FILS: Facial dysmorphism, Immunodeficiency, Livedo, and
Short stature syndrome

G6PC3: Glucose-6-phosphatase, catalytic subunit 3
HIES: Hyper-IgE Syndrome
HSCT: Hematopoietic stem cells transplantation
ICF: Immunodeficiency with centromeric instability and facial
anomalies

PID: Primary immunodeficiency diseases
SCID: Severe combined immunodeficiency
SIOD: Schimke immuno-osseus dysplasia
SCN: Severe congenital neutropenia
SDS: Shwachman–Diamond syndrome
TREC: T cell receptor excision circles
TWEAK: TNF-like weak inducer of apoptosis
VODI: Veno-occlusive disease with immunodeficiency
WAS: Wiskott–Aldrich Syndrome
WHIM: Warts, Hypogammaglobulinemia, Infections, and
Myelokathexis

XLP: X-linked lymphoproliferative disease
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