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12.1	 �Introduction

Immune system development is dependent on precise inter-
actions between developing specialized tissues and organs as 
well as hematopoietic cell development from a common 
stem cell. Once mature, the innate immune system is the 
immediate response to infection while the adaptive immune 
system generates specific long lasting responses to antigen. 
Although the innate immune system includes barriers such 
as skin and cilia, the focus of this chapter is on the hemato-
poietic cells of the innate and adaptive immune system and 
the tissues that support their development. The major func-
tion of the immune system is to protect the body from infec-
tions. When the immune system becomes dysregulated, 
autoimmune diseases and allergy result. When the immune 
system does not develop normally, primary immunodefi-
ciency results, leaving the individual susceptible to infection. 
An awareness of immunological defects in fetuses and neo-
nates may provide an explanation for fetal and neonatal 
deaths. Whether caused by genetic factors like primary 
immunodeficiency, or maternal factors such as passively 
transferred autoantibodies, knowledge of these conditions 
may enable successful outcomes for future pregnancies and 
optimal treatment for future affected infants.

12.2	 �Development of the Immune System

At between 4 and 6  weeks of gestation, the AGM (aorta-
gonad-mesonephros) region forms in the mesodermal tissue 
along the dorsal ridge. Hematopoietic stem cells, as defined 
by CD34 expression and their ability to differentiate into all 
blood lineages, emerge from this region. Over time these 

cells migrate to the bone marrow from where definitive 
hematopoiesis occurs [1]. This process is driven by the tran-
scription factor BMP4 which regulates the expression of 
c-KIT which is required for the maintenance of multi-
potential hematopoietic stem cells from which all blood cells 
develop [2].

12.2.1	 �The Innate Immune System

12.2.1.1	 �Cells
The cells of the innate immune system are the first cells to 
respond to infection. They develop from common hemato-
poietic stem cells in the AGM and are detectable in the liver, 
thymus and spleen from 8  weeks of gestation onwards. A 
common granulocyte monocyte progenitor differentially 
responds to the transcription factors C/EBP, Gfi1 and PU.1 to 
develop into neutrophils and eosinophils, or monocytes that 
can develop further into macrophages. Around 15 weeks of 
gestation both neutrophils and monocytes can be detected in 
the fetal circulation [3]. Major histocompatibility Class II 
expression is detectable on fetal blood samples from 
15 weeks onwards. After week 32, hematopoiesis primarily 
occurs in the bone marrow from where neutrophils, eosino-
phils, and monocytes develop and migrate [4]. At birth neu-
trophil numbers and function are similar to those in adults. 
However, preterm and small for age infants may be neutro-
penic for the first week of life and degranulation is also 
impaired in these infants; these should normalize at the end 
of the first week of life. In addition, chemotaxis in neonates 
is approximately 50% of that seen on older children and 
adults; however, neonate neutrophils demonstrate normal 
phagocytic and bactericidal activity [5].

12.2.1.2	 �Complement and Other Serum 
Proteins

In addition to the development of immune cells, there are 
serum proteins that are essential components of the innate 
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immune system. The complement system is comprised of 3 
pathways (classical, alternative and lectin) and over 50 pro-
teins. It operates in a steady state but also becomes activated 
as part of the innate defense system. To control inflammation 
and immune cell activation there are a number of regulators 
of the complement system [6]. During pregnancy, in addition 
to complement being synthesized by the liver of both the 
mother and the fetus, it is also made by the placenta. C3, a 
key complement component, can be made by the uterus and 
appears to be important for implantation prior to placental 
development [7]. Although C3 can be detected as early as 
5½ weeks gestation, complement activity in the newborn is 
about 50% of maternal complement activity [5]. This may be 
a mechanism of protecting both the mother and fetus from 
complement activity.

Deficiencies in complement components are well 
described. C3 deficiency is a rare but well described comple-
ment deficiency. To date, there are no literature reports of 
women with C3 deficiency having a successful pregnancy 
[8]; this may be because C3 deficiency is rare and individuals 
with C3 deficiency frequently die of overwhelming infection 
before reaching adulthood. The effect of complement muta-
tions in the embryo and on embryonic and fetal development 
as well as pregnancy outcome has not been well 
characterized.

Complement components are also found in breast milk 
and can cause opsonisation via the alternate pathway, provid-
ing extra protection for the breastfed infant. As well as com-
plement, other innate immune factors are also present in 
breast milk. These include a number of anti-bacterial 
enzymes and compounds such as lysozyme which can dis-
rupt bacterial cell walls, and lactoferrin which inhibits the 
growth of bacteria [9].

12.2.2	 �The Adaptive Immune System

Unlike the innate system, the adaptive immune system is 
specific for the antigen encountered. This specificity is 
achieved by the antigen receptors of T cells and B cells, 
which are the main cells of the adaptive immune system. 
White blood cell progenitors that give rise to these cells of 
the adaptive immune system are derived from stem cells. 
These stem cells develop during embryogenesis in the eryth-
ropoetic islands in the yolk sac. At approximately 6 weeks 
of gestation, progenitor cells in the fetal liver begin to pro-
duce blood cells. The liver remains the main source of blood 
cell production from the 11th week into the early months of 
gestation. From approximately 4 months, this production 
begins to move to the bone marrow, and by 6 months and for 
the rest of the fetus’s life, this is the source of 
hematopoiesis.

12.2.2.1	 �T Cells
The thymic epithelium develops by 8 weeks of gestation, and 
T cell precursors which migrate to the thymus can be detected 
there from this time [10]. These early T cell precursors lack 
expression of either the CD4 or CD8 co-receptor and are 
termed ‘double negative’ T cells. In the thymus, T cells rear-
range their antigen receptor (T cell receptor or TCR), and 
express CD3 on their surface. They then undergo ‘positive 
selection’ to ensure that their TCR is capable of recognizing 
antigen, and upregulate expression of both CD4 and CD8 to 
become ‘double positive’ i.e. CD4+ and CD8+ T cells. They 
then undergo ‘negative selection’ to ensure that their TCRs 
are not self-reactive. At this stage they downregulate one of 
their co-receptors to become ‘single positive’ i.e. they become 
either CD4+ or CD8+ T cells [11]. T cells are found in the 
periphery at a ratio of 2:1 CD4:CD8, and also in lymph nodes, 
the spleen, and other lymphoid organs. If T cells are unable to 
successfully rearrange their antigen receptor to form an alpha/
beta receptor, they can form a TCR using the gamma/delta 
chains; although gamma/delta T cells do not have the same 
range of antigen specificity as alpha/beta T cells.

T cells can be detected in the periphery as early as 
15 weeks [12]. However, they show reduced effector func-
tion until later in gestation. At term, although T cell numbers 
are high compared to adults, cytotoxic T cell function and 
production of cytokines such as Interferon gamma and 
Tumor Necrosis Factor alpha is still low. Full cytotoxic activ-
ity and cytokine production do not reach adult levels until 2 
months of age [13].

12.2.2.2	 �B Cells
Similarly to T cells, B cells precursors begin to rearrange 
their antigen receptors (B cell receptors or BCR) at around 
7–8 weeks of gestation [14] and B cells can be found in the 
periphery at around 12 weeks of gestation [15]. At birth, IgM 
antibodies are detectable to specific proteins but not to car-
bohydrate antigens, but antibody detection of carbohydrates 
matures by the age of 2 years [16]. T-cell ‘help’ is required 
for B cells to proliferate and differentiate into plasma cells, 
to ‘class switch’ and produce classes of antibody other than 
IgM. This help is achieved by binding of CD40L on the sur-
face of activated T cells to CD40 on the surface of B cells, 
and production of cytokines such as IL-4 and IL-21 by T 
cells which influence the B cell [17]. In the first few months 
of life there is poor T-cell help for B cells as Th2 cytokines 
(including IL-4 and IL-21) are low [18], and there are low 
CD40L levels on T cells [19]. This generally reaches adult 
levels by approximately 6 months of age [20].

12.2.2.3	 �Immunoglobulins
Of the five classes of immunoglobulins IgM, IgA and IgG 
have been robustly studied in fetal development. IgM is the 
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first immunoglobulin to appear at 20 weeks gestation [21]. 
IgA is only detected in term infants and increases with age. 
Although IgA is not maternally transferred, it is present in 
high concentrations in colostrum [22], and breast milk, and 
resists digestion in the neonatal gut to act to neutralise 
viruses and bacteria.

IgG is the only immunoglobulin to cross the placenta, and 
transport occurs via specific receptors in the trophoblast. 
Transfer begins at about 12  weeks of gestation, but the 
majority of IgG is transferred after 32 weeks of gestation. As 
a result, extremely premature infants and neonates with 
reduced fetal growth due to poor placental function will have 
significantly reduced circulating maternal IgG at birth and 
are therefore susceptible to bacterial infections [23].

The neonate does not make detectable levels of immuno-
globulin until 15 weeks of life [22]. There is a strong linear 
correlation between birth weight, age of gestation and IgG 
levels that persists until 34 weeks gestational age [22]. In 
term infants, IgG levels are 75% of maternal levels [24]. 
Over the first six months after birth, the maternal IgG levels 
in the infant decrease as the maternal IgG is catabolized. As 
the infant begins to make their own immunoglobulin, there is 
a resulting period of relative IgG deficiency in the first 6 
months of life, until T-cell help for immunoglobulin class 
switching increases. IgG levels approach adult levels by 
4 years of age (Fig. 12.1).

Because of maternal immunoglobulin transfer, specific 
antibodies, either autoantibodies e.g. anti-dsDNA or anti-
microbiological antibodies e.g. anti-toxoplasma will be of 
maternal origin for the first three months of life and partly 
maternal for the next three months of life. If primary immu-
nodeficiency is a possible diagnosis, the ability of the infant 

to make specific antibodies needs to be assessed. As specific 
IgG responses will be of maternal origin, measurement of 
isohemagglutinins can be performed, as this is an IgM-based 
assay used in blood group typing [25]. It is routinely avail-
able in hematology laboratories and, as these are IgM anti-
bodies which will be of fetal origin, can easily determine if 
the infant can make functional antibodies. A key indication 
that an infant may have antibody deficiency is the inability to 
easily blood group an infant [26].

12.3	 �Diseases Resulting from Primary 
Immune Deficiency

12.3.1	 �Disease with Abnormal Organ 
Development

Patients with abnormal immune system organ/tissue devel-
opment are susceptible to particular infections as they lack 
specific cells that normally develop in the missing/abnormal 
organ/tissue.

12.3.1.1	 �Asplenia
Asplenia is most commonly diagnosed when patients have 
visceroarterial heterotaxy, as the cardiac and vessel abnor-
malities result in clinicians considering asplenia (see also 
Chaps. 20 and 27). Less frequently (~1  in 1 million live 
births) isolated asplenia occurs. These patients fail to develop 
a spleen but no other abnormalities are identified. Isolated 
asplenia can be inherited as an autosomal dominant disease 
(RPSA is one gene that has been identified), an X-linked dis-
ease (2 genes have been identified: GJA1 (connexin 43) and 
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ZI63) and as an autosomal recessive disease [27]. Splenic 
lobules start to develop between weeks 15 and 17 of gesta-
tion; lymphoid colonization starts to occur at week 18 and by 
week 23 of gestation primary follicles are visible in the 
spleen [28]. The lack of a spleen results in abnormal B cell 
development. Patients with asplenia are susceptible to par-
ticular bacteria such as pneumococcal infections. Infants are 
usually protected by transfer of maternal IgG until six 
months of age after which they start to develop infections. As 
soon as asplenia is diagnosed, patients should commence 
lifelong antibiotic prophylaxis and undergo vaccination with 
conjugate vaccines for pneumococcal disease and meningi-
tis. As isolated asplenia may be both sporadic and familial, it 
is essential to diagnose and ensure genetic analysis is under-
taken so that family members can be screened and treated as 
needed. Unfortunately the diagnosis of asplenia is frequently 
made on post-mortem examination.

12.3.1.2	 �Absent Tonsils
As B cells comprise about 65% of tonsillar tissue, patients 
with genetic defects resulting in absent B cells have hypo-
plastic secondary lymphoid organs such as tonsils [29]. As 
fetuses are protected in utero from infection and usually for 
the first six months because of maternal IgG transfer, infants 
lacking B cells do not usually present with illness until 
6 months of age or later. Due to the lack of B cells, these 
patients fail to make immunoglobulins and are susceptible to 
bacterial and enteroviral infections. Any fetus/infant lacking 
tonsils (palatine or adenoids) should have genetic analysis 
for B cell immunodeficiency undertaken [30]. Several 
genetic diseases where patients lack B cells have been identi-
fied including Bruton’s Tyrosine Kinase (BTK) deficiency. 
BTK deficiency, also known as X-linked agammaglobulin-
emia, is an X-linked condition identified by Bruton in 1952 
who demonstrated that patients lacking B cells have absent 
tonsils [31]. Patients lacking B cells are treated with replace-
ment immunoglobulin and have a normal life span and qual-
ity of life as long as they are compliant with treatment. Some 
patients lacking secondary lymphoid tissue and B cells also 
lack T cells and have severe combined immunodeficiency 
(SCID) or other combined immunodeficiencies (CID) (see 
below).

12.3.1.3	 �Athymia/Small Thymus
As discussed, the thymus is the site of T cell development 
following hematopoiesis of T cell precursors in the bone 
marrow. In the absence of a thymus, normal T cell develop-
ment cannot occur. Absence of a thymic organ may appear 
on chest X-ray, and may also be revealed at autopsy. 
Identification of thymic aplasia/hypoplasia with the clinical 
features described below should prompt further investigation 
for these conditions. A number of causes of athymia/hypo-

thymia have been identified and are discussed here (see also 
Chap. 27).

Di George Syndrome
Di George syndrome (DGS) is a clinical term describing a 
collection of features including cardiac, palatal and renal 
abnormalities, endocrine abnormalities in particular hypo-
parathyroidism and hypocalcemia, and immune dysfunction 
which can range from mild to severe [32]. DGS has an inci-
dence of 1  in 4000 births [33], and is caused by abnormal 
development of the third and fourth pharyngeal pouches dur-
ing embryogenesis, which can lead to thymic aplasia/
hypoplasia.

It is caused primarily by 22q11.2 chromosomal micro 
deletion in which a 3 Mb section of chromosome between 
two regions of low copy number repeats is lost, likely through 
homologous recombination. This is generally a de novo phe-
nomenon (90–95%), but the deletion may be inherited from 
an affected parent [34]. DGS may also rarely be caused by 
point mutations in the TBX1 gene (an important regulator of 
transcription factors involved in embryonic development), 
which is contained in this 3 Mb region [35].

There is considerable overlap between DGS and 
Velocardiofacial syndrome (VCF, also caused by 22q11.2 
deletion), to the extent that many now refer to DGS and VCF 
simply as 22q11 deletion syndrome [36]. However, the term 
DGS will be used throughout this section.

DGS may also rarely (1 in 200,000) be caused by a 10p 
chromosomal deletion, although the clinical features of renal 
abnormalities, developmental retardation, and sensorineural 
deafness are more prevalent in 10p deletion compared to 
22q11.2 deletion [37]. Other causes of DGS include mater-
nal/gestational diabetes [38], and fetal alcohol syndrome 
[39], as well as fetal exposure to toxins e.g. retinoic acid 
[40].

DGS may be diagnosed by clinical examination and 
detection of anomalies e.g. cardiac defects by echocardiog-
raphy. A diagnosis of 22q11.2 deletion can be confirmed by 
CGH array or FISH. Prenatal diagnosis may be made using 
CVS/or amniocentesis where DGS is suspected (e.g. anoma-
lies detected by fetal echocardiogram or known affected 
parent).

Immune dysfunction in DGS can range from a mild lym-
phopenia, to a T cell deficient SCID-like (see next section) 
presentation. The majority of patients with DGS have a 
milder immune dysfunction with some increased susceptibil-
ity to infection, and autoimmunity arising as a result of 
immune dysregulation through a lack of normal T cell devel-
opment in the thymus. The percentage of cases with a com-
plete T cell deficiency (sometimes referred to as ‘complete’ 
DGS in contrast to ‘partial’ DGS’ in which T cells are pres-
ent) is likely underestimated as immunophenotyping is not 
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always carried out in these patients. Nevertheless, 
approximately 1% of DGS cases are T cell deficient. These 
patients present with a T cell count of less than 50, but nor-
mal numbers of B and NK cells. Any T cells present may be 
present due to maternal fetal engraftment, or oligoclonal 
expansion of memory T cells [41]. Newborn screening using 
TRECS (available in many countries and entering a pilot 
phase in the UK at the time of writing) will identify neonates 
with ‘complete’ DGS (as well as other causes of T cell defi-
ciency see below). These children are at risk of the same 
opportunistic infections as those with SCID, and are likely to 
die in infancy without corrective treatment; thymic trans-
plantation is the preferred therapeutic option, although at the 
time of writing is only available in two specialist centers 
worldwide [42].

CHARGE Syndrome
CHARGE syndrome shares a number of clinical features 
with DGS, including immune abnormalities. CHARGE 
syndrome is named for its clinical features of Coloboma of 
the eye, Heart defects, Atresia of the choanae, Restriction 
of growth and/or development, Genital hypoplasia, and 
Ear abnormalities (external, middle and inner including 
deafness). It has an incidence of approximately 1 in 8000 
births [43].

CHARGE is caused by defects in the CHD7 gene. Like 
DGS, it arises primarily de novo (>97%), but can also be 
inherited in an autosomal dominant manner [44]. Similar to 
TBX1, CHD7 is a regulator of other transcription factors 
important in development, and is essential for the develop-
mental of the migratory neural crest in embryonic develop-
ment. CHARGE syndrome is diagnosed by clinical 
examination and by molecular analysis of the CHD7 gene 
and CGH array to exclude chromosomal deletions associated 
with similar disorders e.g. DGS [45].

T cell deficiency is also found in CHARGE syndrome. In 
one cohort study, thymic aplasia was found in 50% of the 
cohort, with low or absent T cell numbers in 80% of the 
whole cohort. An associated hypogammaglobulinemia was 
also noted, highlighting the role of T-cell help in immuno-
globulin production [46].

Severe Combined Immune Deficiency (SCID)
Severe Combined Immune Deficiency (SCID), as the name 
suggests, is a life-threatening condition with a combination 
of low/absent T cells with or without absent B cells, NK 
cells, or an absence of all three immune cell types. The 
absence of T cells results in thymic and splenic hypoplasia. 
SCID is a medical emergency and early identification is vital 
to enable appropriate immediate treatment, treatment of the 
underlying genetic defect and to prevent mortality; the con-
dition is otherwise usually fatal within the first year of life.

Children with SCID generally present in the first few 
months of life with severe, persistent infections, usually 
caused by opportunistic organisms, and a failure to thrive. 
Typical infections include Candida albicans, Pneumocystis 
jirovecii, and cytomegalovirus (CMV). Children who 
present with such features should be investigated for 
immune deficiency. As a first step the lymphocyte count 
should be measured; a lymphocyte count of less than 
1000 in a child under the age of 1 should be presumed to 
be due to SCID until proven otherwise. A low lymphocyte 
count is sometimes overlooked, but can provide a vital first 
clue to prompt further investigation. It is important to note 
that patients with T negative B positive SCID often have 
normal lymphocyte counts as the B cells expand in the 
absence of T cells. Further immune phenotyping shows 
low/absent T cells alone, or with low/absent B cells, NK 
cells, or both. Any B cells present will be unable to receive 
T-cell help to class switch so immunoglobulins are low/
absent [47].

SCID can be caused by an ever-increasing number of 
genetic defects. Immune phenotyping can provide a clue as 
to the potential affected gene, thus enabling more rapid 
genetic analysis as only a handful of genes are examined for 
mutations. The more common genetic causes of SCID, along 
with their immunophenotype, a brief description of the 
pathogenesis, and any notable clinical features are detailed 
in Table 12.1.

A diagnosis of pediatric HIV from maternal transmission 
should also be excluded in patients with opportunistic infec-
tions or lymphopenia. HIV is now much less common than 
was previously the case as a result of antenatal screening and 
support for HIV positive mothers, although cases do still 
occur.

12.3.2	 �Disease with Abnormal Cell Function

Although lacking obvious organ abnormalities, some immu-
nodeficiencies may present in utero due to specific abnormal 
cell functions. The best characterized of these are primary/
familial hemophagocytic lymphohistocytosis (FHL), IPEX, 
and Wiskott-Aldrich syndrome (WAS).

12.3.2.1	 �Familial HLH
Mutation in four genes have been shown to be the cause of 
FHL: PRF (perforin), UNC13B (munc 13-4), STX11 (syn-
taxin 11) and STXBP2 (munc 18-2). In addition, patients 
with Chediak Higashi Disease (mutations in Lyst) and 
Griscelli’s syndrome (mutations in Rab27a) can present with 
hemophagocytic lymphohistiocytosis (HLH) alongside pig-
mentation defects. FHL is frequently triggered by infections 
including Epstein Barr Virus. FHL is usually diagnosed in 
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the neonate or older infant with 70–80% presenting before 
the age of 2 years [41]. However, there are a number of well 
documented cases of FHL presenting in utero as early as 24 
weeks of gestation with hydrops fetalis being the most 
common presentation [48–50]. Infectious triggers seem to be 
uncommon in in utero and neonatal HLH.  Heeg et  al. 
reviewed 25 cases from the German HLH registry presenting 
between 24 weeks of gestation and 8 days of life and failed 

to identify an infection in any of these infants [51]. Patients 
presenting in utero and in the first days of life have a signifi-
cantly worse outcome that those presenting later. Diagnosis 
is often made at post mortem examination. As the outcome in 
these infants is poor, diagnosing FHL as soon as possible 
enables optimal treatment (immune suppression followed by 
hematopoietic stem cell transplant [HSCT]) as well as family 
counseling for future pregnancies.

Table 12.1  Common genetic causes of SCID, immunophenotype, pathogenesis, and notable clinical features

Disease 
name Immunophenotype

Possible 
gene(s) Inheritance pattern Pathogenesis Other features

IL7Rα 
deficiency

T-B+NK+ IL7R Autosomal 
recessive

Absent signaling through the 
IL-7R; required for T cell 
development

Winged 
helix 
deficiency

T-B+NK+ FOXN1 Autosomal 
recessive

Lack of a transcription factor 
required for thymic development

Abnormal thymic epithelium, 
congenital alopecia, nail 
dystrophy, neural tube defect

Di George T-B+NK+ Deletion 
22q

Autosomal 
haploinsufficiency

As above Absent thymus, 
hypoparathyroidism, cardiac 
malformations, cleft palate, 
facial dysmorphism

Di George T-B+NK+ TBX1 autosomal 
haploinsufficiency

As above Absent thymus, 
hypoparathyroidism, cardiac 
malformations, cleft palate, 
facial dysmorphism

Charge T-B+NK+ CHD7, 
SEMA3E

autosomal 
haploinsufficiency

As above Coloboma, heart anomaly, 
choanal atresia, intellectual 
disability, genital and ear 
anomalies; CNS malformation;

XSCID T-B+NK- IL2RG X-linked Absent signaling through cytokine 
receptors which use the common 
gamma chain, in particular IL-2 
receptor; signaling through this is 
required for T cell and NK cell 
development

JAK3 
deficiency

T-B+NK- JAK3 Autosomal 
recessive

Absent downstream signaling 
from cytokine receptors; as above

RAG SCID T-B-NK+ RAG1/2 Autosomal 
recessive

Failure of VDJ recombination in 
TCR and BCR formation due to 
lack of RAG activity leading to 
lack of T and B cell production

Artemis T-B-NK+ DLRE1C Autosomal 
recessive

Failure of DNA repair of RAG 1/2 
activity

Radiation 
sensitive 
SCID

T-B-NK+ LIG4, 
NHEJ1, 
PRKDC

Autosomal 
recessive

Failure of double stranded DNA 
break repair so TCR and BCR 
rearrangements fail

Microcephaly and LIG4/
NHEJ1 have facial 
dysmorphism

ADA 
deficiency

T-B-NK- ADA Autosomal 
recessive

Lack of ADA enzymatic activity 
leading to build up of toxic 
metabolites

Hypoplastic secondary 
lymphoid organs, Neurological 
abnormalities

Reticular 
dysgenesis

T-B-NK- AK2 Autosomal 
recessive

Absence of stem cells Pancytopenia, Bilateral 
sensorineuronal deafness

MHC II 
deficiency

Low CD4 T cells 
(absent HLA-DR 
expression)

RFXANK, 
CIITA, 
RFX5, 
RFXAP

Autosomal 
recessive

Failure of antigen presentation in 
thymus and periphery so CD4+ T 
cells fail to develop

MHC I 
deficiency

Low CD8+ T cells (for 
TAPs absent MHC I 
expression)

TAP1, 
TAP2, 
TAPBP, 
ZAP70

Autosomal 
recessive

Failure of antigen presentation in 
thymus and periphery so CD8+ T 
cells fail to develop

CNS central nervous system
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12.3.2.2	 �IPEX
Although the majority of cases present in the first year of 
life, to date there have been 7 cases of IPEX 
(Immunodysregulation, Polyendocrinopathy, Enteropathy, 
X-linked) described in fetuses. IPEX is a rare X-linked con-
dition caused by mutations in FOXP3. FOXP3 is a transcrip-
tional regulator required for regulatory T cell development, 
and patients with IPEX lack regulatory T cells. Because of 
the lack of regulatory T cells, these patients (all male as an 
X-linked condition) develop autoimmune diseases including 
diabetes mellitus, severe enteropathy and eczema. Infants 
presenting in utero are described as having hydrops fetalis, 
intrauterine growth restriction and frequently are born pre-
maturely. A recent paper also describes echogenic bowel and 
echogenic debris as well as skin desquamation in two IPEX 
fetuses; these finding were detected by ultrasound [52]. One 
infant died at delivery and post mortem histological analysis 
of the skin showed infiltration of lymphocytes, histiocytes, 
eosinophils, and multinucleated giant cells consistent with a 
dysregulated immune system. Curative treatment for IPEX is 
HSCT.

12.3.2.3	 �Wiskott Aldrich Syndrome
At birth thrombocytopenia may be recognised as a result of 
trauma the infant has undergone during delivery and, as a 
result of bleeding, thrombocytopenia is diagnosed. It may 
also be detected on an incidental full blood count performed 
for other reasons such as infection or because of gastrointes-
tinal bleeding. A number of conditions cause neonatal throm-
bocytopenia including sepsis, necrotising enterocolitis, 
congenital infection and metabolic diseases. Low platelets 
may also be the result of maternal anti-thrombocyte antibod-
ies or placental insufficiency. Approximately 1% of neonatal 
thrombocytopenia is caused by inherited conditions [51]. In 
these rare cases, a blood film examining platelet size can be 
diagnostic as patients with Wiskott-Aldrich syndrome (WAS) 
have small platelets, thrombocytopenia, as we as being prone 
to bacterial and viral infections including CMV. Autoimmune 
disease is frequently observed in the older infant with 
WAS. If a clear explanation for neonatal thrombocytopenia 
is not rapidly identified, genetic analysis is suggested to dis-
tinguish genetic from secondary causes.

12.3.3	 �Disease with Abnormal Skeletal 
Development

12.3.3.1	 �Cartilage Hair Hypoplasia
In addition to disease that primarily affect cells of the 
immune system, several multisystemic diseases that affect 
the skeleton as well as the immune system may be diagnosed 
in utero or at birth. Cartilage hair hypoplasia (CHH) is a syn-

dromic condition with abnormalities of the skeleton and hair 
as well as the immune system. It is an autosomal recessive 
disease caused by mutations in RMRP. Not all features are 
present in all patients. Because of the short-limbed dwarfism 
and characteristic X-ray finding, patients are frequently diag-
nosed as neonates and some are diagnosed in utero via ultra-
sound. [53]. As the immunodeficiency is highly variable 
ranging from slightly low T cells to absent T cells more con-
sistent with a diagnosis of SCID, infants suspected or diag-
nosed with CHH should have immunophenotyping 
undertaken to measure their B, T and NK cells as well as 
their naïve T cells. If these are low, then a referral to a pedi-
atric clinical immunologist should be made.

12.3.3.2	 �Hyper IgE Syndrome
Autosomal dominant Hyper IgE Syndrome (HIES) fre-
quently presents at birth or in the neonatal period with a pus-
tular rash, and on skin biopsy eosinophils are commonly 
present. Patients with autosomal dominant hyper IgE syn-
drome, previously known as Job syndrome, are susceptible 
to recurrent infections, particularly Staphylococcus aureus 
as well as being prone to trauma fractures (osteoporosis is 
observed; although the degree of osteoporosis does not cor-
relate with fracture occurrence), they retain their primary 
teeth and with age develop a unique facial appearance. 
Patients with HIES have elevated IgE levels (>2000 IU/μl) 
and eczema is common although allergies are not. Autosomal 
dominant HIES is caused by mutations in STAT3. There are 
also autosomal recessive forms of HIES but these do not 
have the associated skeletal and connective tissue abnormali-
ties [54]. Patients with rash and an elevated IgE level in the 
neonate should have the genes causing HIES (STAT3 and 
DOCK8) sequenced.

12.4	 �Diseases Resulting from Secondary 
Immune Deficiency

Maternal malnutrition affects the growing fetus and has an 
impact on the immune system of the infant. Infants born to 
malnourished mothers have lower IgG levels, as malnour-
ished woman have lower IgG levels resulting in less IgG 
transferred across the placenta. Malnourished mothers also 
have less IgA in their breast milk. In addition, deficiency of 
certain micronutrients affects fetal immune system develop-
ment. Infants lacking zinc during gestation have smaller 
spleens and thymuses, lower immunoglobulin levels and 
poor T cell activation. Vitamin A and D have been shown to 
be required for regulatory T cell development [55]. Retinoic 
acid has also been shown to be essential for the development 
for the spleen [56]. Therefore it is essential to assess mater-
nal nutrition at the both the macro- and micro nutrient level.
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12.4.1	 �Diseases Resulting from Maternal 
Autoimmune Disease

Women with Systemic lupus erythematosus (SLE) and 
antiphospholipid syndrome are at increased risk of miscar-
riage, early fetal death as well as fetal growth restriction and 
preeclampsia. These are all the result of immune complex 
formation and laboratory markers in maternal plasma include 
decreased C3 and C4 levels as well as increased sC5b-9; 
antiphospholipid antibodies are also present [8].

Women with SLE, as well as those with other connective 
tissue diseases, may have anti-Ro and anti-La extractable 
nuclear antigen antibodies. In the fetus these antibodies, 
transferred across the placenta from the mother, can cause 
autoimmune congenital heart block (CHB). CHB occurs in 
fetuses with anatomically normal hearts with heart block. 
CHB is usually diagnosed in utero but may be diagnosed at 
birth or in the neonatal period. Anti-Ro or anti-La antibodies 
in a mother with a fetus with CHB is diagnostic of 
CHB. These antibodies can also be measured in the infant. 
CHB has a high mortality with 70% of affected fetuses dying 
in utero [57].

Infants born to mothers with either hyper- or hypothyroid-
ism are more prone to a number of complications including 
sepsis, respiratory distress syndrome, transient tachypnea 
and apneas [58]. In addition, congenital hypothyroidism was 
a significant cause of intellectual impairment until it became 
part of routine newborn screening [59]. Fetal hyperthyroid-
ism may occur at 18 weeks in severe cases and more com-
monly from 24 weeks of gestation onwards [60]. Thyroid 
receptor stimulating antibodies are the marker of Graves dis-
ease. It is essential that appropriate thyroid hormone replace-
ment occurs during pregnancy in these patients to avoid 
hyper- or hypothyroidism in the fetus and associated 
complications.

Congenital arthrogryposis can also be seen in utero, and 
neonatally, in infants born to mothers with myasthenia gra-
vis. This leads to feeding and respiratory difficulties, though 
not all are affected. The condition resolves spontaneously in 
the majority with only supportive care usually required [61].

12.5	 �Diagnosis of Primary 
Immunodeficiency In Utero, at Birth 
and Post-mortem

Diagnosis of Primary Immunodeficiency (PID)/Inborn errors 
of immunity (IEI) may be made in utero through standard 
genetic screening of chorionic villus samples (CVS) or, in 
some cases, cell-free fetal DNA. For families where a genetic 
condition is suspected but no genetically confirmed diagno-
sis has been made, fetal blood sampling is possible. At birth, 

newborn screening by TRECS is possible, along with immu-
nophenotyping and genetic analysis (see below).

12.5.1	 �Fetal Blood Testing

For fetuses where abnormalities of the immune system are 
possible, where a genetic etiology has not been identified 
and where the mother would terminate an affected fetus or 
where post mortem blood is obtained from a fetus or preterm 
infants, the presence or absence of cells and proteins can be 
analyzed by flow cytometry and this can diagnose SCID and 
other PIDs. Integrins (CD18) involved in neutrophil migra-
tion and absent in leukocyte adhesion deficiency (LAD); 
these can be detected from 15 weeks gestation. From 15 
weeks onward HLA-DR protein can be measured. If present, 
MHC II deficiency is excluded. From 17 weeks gestational 
age, T cells may be detected in a fetal blood sample. These 
are summarized in Table  12.2. T and NK cell percentages 
vary with fetal age with T cells being approximately 40% in 
the fetus and increasing slightly in the neonate; NK cell in 
the fetus are about 5% of the lymphocytes and these increase 
to approximately 12% in the neonate [62]. If FHL is sus-
pected, perforin expression can be analyzed in samples from 
fetuses of 23 weeks or more gestation. Otherwise, the pres-
ence or absence of cells and proteins can be analyzed after 
birth (see below).

12.5.2	 �New-Born Screening

Newborn screening for SCID has been implemented in many 
countries throughout the world and has been shown to be a 
robust way of identifying infants with absent T cells [63]. 
Infants with absent T cells have Severe Combined 
Immunodeficiency (SCID), a T cell development disorder 
caused by lack of a functional thymus or T cell lymphopenia 
of unknown cause. The assay uses a punch from the dried 

Table 12.2  Cell type, week of gestation and markers to identify spe-
cific diseases

Cell type

Week of gestation 
detectable in fetal 
blood Markers Disease association

Monocyte 15 DR MHC II deficiency
Neutrophil 15 CD18 and 

CD11a,b, c
LAD1

T cell 17 CD2, CD3 
and CD7

SCID

B cell 20 Cd19 and 
Cd20

Agammaglobulinemia

LAD1 Leukocyte adhesion deficiency-1; SCID severe combined 
immune deficiency
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blood spot (Guthrie) card and quantitative PCR to detect 
TRECS (T cell ring excision circles). TRECS are formed 
when T cell receptors are rearranged in the thymus and are a 
residual circular piece of DNA that remains in the cell. Every 
time the cell divides, one daughter cell receives the TREC 
and one cell does not, so as T cell expansion occurs TRECS 
are diluted out (Fig.  12.2). As most T cells in infants are 
recent thymic emigrants and have minimal T cell expansion, 
TRECS should be high, and low/absent levels of TRECs are 
specific for T cell immunodeficiency. Based on TREC 
screening on blood spots, reviewing the first 11 states in the 
United States to implement newborn screening for SCID, no 
infants with SCID were missed [63]. Where limited blood is 
available, for example a post mortem sample, a dried blood 
spot card can be made and TRECS assayed. TRECS can also 
be measured from an EDTA blood sample. Although TRECS 
may be slightly lower in preterm infants, normal TRECs 
exclude a diagnosis of SCID. Rapid diagnosis of SCID and 
thymic defects at birth enables optimal treatment and signifi-
cantly better outcomes [64]. If a patient may have SCID, the 
Guthrie card can be retrieved and TRECS can be measured 
on it if the SCID screening was not performed as part of the 
routine newborn screening program.

12.5.3	 �Immunophenotyping

Laboratory phenotyping of immune cells in the diagnosis of 
PID focusses on two key aspects. Firstly, quantification of 
the cells of the immune system and whether these cells 
express all the proteins required for their function, and sec-
ondly, whether the cells can perform their effector functions 
in in vitro assays of immune function.

Immunophenotyping using flow cytometry allows a lab-
oratory to identify whether the patient has the appropriate 
number of immune cells. An example of this analysis is 
shown in Fig. 12.3a, showing normal proportions of T cells, 
B cells and NK cells. If a patient was missing, or had very 
low numbers of T cells, this would be consistent with a 
diagnosis of SCID. Whether B cells and/or NK cells were 
also present/absent, would help to determine the potential 
underlying genetic defect causing the SCID e.g. a T-B-NK- 
SCID could be due to ADA or PNP deficiency, whilst a 
T-B+NK- pattern could be due to defects in gamma chain 
or JAK3. An example flow cytometry plot of a patient sam-
ple with absent T cells and NK cells is shown in Fig. 12.3b. 
This would be consistent with a diagnosis of gamma chain 
or JAK3 SCID.

TREC

Fig. 12.2  Dilution of TRECS 
(red circle) with each cell 
division (Illustration by 
Nathaniel Gilmour)
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Flow cytometry can also be applied to determinine 
whether the cells express the proteins they need to carry out 
their effector functions. For example, if a patient is identified 
as having a T-B+NK- immune phenotype consistent with a 
common gamma chain or JAK3 defect, cells can be stained 
with a fluorescently labelled antibody against gamma chain. 
Cells are first ‘gated’ on lymphocytes, and then gamma chain 
expression can be examined. Although T cells and NK cells 
are missing, as the common gamma chain is expressed as 
part of interleukin receptors on a number of cell types, its 
expression can still be identified on the remaining B cells. In 
the case of FLH, the expression of perforin can also be 
detected by staining a patient sample with a cocktail of fluo-
rescent antibodies to identify NK and CD8 T cells, and per-
forin to determine whether the patient expresses perforin.

Assays to investigate the in vitro function of immune cells 
are also of use in the diagnosis of PID. These range from 
investigating the proliferation of immune cells in response to 
stimulus as part of the diagnostic work up for SCID, to neu-
trophil function assays in the diagnosis of disorders such as 
Chronic Granulomatous Disease (CGD) where there are 
defects in the killing mechanisms employed by neutrophils.

In all cases, fresh blood samples are required to carry out 
immunophenotyping investigations. In practice this means 
ideally within 24–48 h of blood draw for assays involving 
lymphocytes, and less than 24 h for assay involving neutro-
phils. Most analyses can be carried out on cord blood, taken 
either in utero, or at birth. Post-mortem samples should be 
taken peri-mortem for best immunophenotyping results. In 
assays where a defect in a protein is suspected, a sample 
from a healthy adult volunteer should be analysed at the 
same time to ensure the assay is technically valid. Genetic 
analysis is required to confirm a diagnosis and to identify the 
precise genetic defect (see below). For deceased infants, it is 
more important to obtain sufficient material for genetic anal-
ysis; however, undertaking immunophenotyping provides 
important phenotypic information to interpret any genetic 
variants found.

12.5.4	 �Serum Protein Analysis

As discussed there are a number of serum proteins that con-
tribute to the functioning of the immune system, including 

a b

Fig. 12.3  Immunophenotyping of samples with (a) normal propor-
tions of T cells, B cells and NK cells (in this sample 80% T cells, 12% 
B cells, and 7% NK cells and (b) absent T cells and NK cells (in this 

sample 2% T cells, 98% B cells and 0.2% NK cells respectively). For 
reference ranges refer to Comans-Bitter et al. 1997 [65]
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antibodies, complement, cytokines, chemokines, and pro-
teins secreted by innate immune cells such as anti-microbial 
peptides. Deficiencies in a number of these have been 
described in patients, but in the majority of cases these are 
subtle defects that may not manifest in early life, and/or are 
exceedingly rare. Furthermore, many of these proteins are 
highly labile and not easily measured in bodily fluids, and 
where assays exist there are not commonly accepted refer-
ence ranges for their measurement. Whilst the presence/
absence of these serum proteins is indicative of a PID, it 
should be noted that in utero sampling to measure these pro-
teins is not warranted; the risks from the sampling procedure 
significantly outweigh the benefits of measuring these 
proteins.

12.5.4.1	 �Immunoglobulins
As described, IgG is placentally transferred from the mother 
to the fetus during gestation, and the neonate will have low 
levels of IgG in the first 6 months of life until IgG production 
matures. However, IgA and IgM are not placentally trans-
ferred, so any IgA and IgM measured will be produced by 
the infant. Therefore measuring immunoglobulins is still 
useful in this case. It is important to note that reference 
ranges for immunoglobulins are age dependent, so interpre-
tation of individual measurements must be made using the 
appropriate reference range. Measurement of immunoglobu-
lins is routinely carried out using a technique called 
nephelometry.

Low/absent IgA and IgM in the face of low normal/low 
IgG may indicate a defect in the production of immunoglob-
ulin; the IgG present would have been placentally trans-
ferred. This lack of immunoglobulin production could be 
consistent with a primary B cell defect e.g. X-linked agam-
maglobulinemia (XLA). However, the more likely cause of 
such a neonatal presentation would be consistent with a diag-
nosis of SCID, not just a T-B- SCID such as RAG SCID 
where B cells are low/absent but all forms of SCID as T-cell 
help is required for immunoglobulin production.

12.5.4.2	 �Complement
Whilst complement deficiencies are one of the more com-
mon PIDs, these do not generally manifest in the fetal/neo-
natal period. However, severe infection or death as a result of 
bacterial meningitis should initiate complement 
investigations.

The complement cascade is a complex system of soluble 
proteins, and whilst the components C3 and C4 can be mea-
sured by nephelometry, measurement of the other compo-
nents is restricted to a handful of specialist laboratories. If a 
defect in complement is suspected, then most laboratories 
can perform a functional assay for complement activity. If 
normal then a defect in the classical and alternative cascades 

can be excluded. If abnormal, and technical problems (e.g. 
in  vitro consumption due to poor sample handling) have 
been excluded, then samples should be referred to a labora-
tory that carries out testing of individual components. It 
should be noted that samples need to be frozen within a few 
hours of blood draw and these tests are rarely suitable from 
post mortem serum samples unless collected at the time of 
death.

12.5.4.3	 �Other Serum Proteins
As highlighted, there is little place for measurement of other 
serum proteins in the diagnosis of PID in the fetal/neonatal 
period. One exception to this is the soluble form of the cyto-
kine receptor for IL-2, specifically the alpha chain of this 
receptor. Whilst soluble IL-2Rα, also known as sCD25, is a 
non-specific marker of inflammation, it forms part of the 
laboratory criteria in the diagnostic criteria for HLH along 
with measurement of serum ferritin [66].

12.5.5	 �Genetic Analysis

Where primary immunodeficiency (PID) is considered, 
genetic analysis should be undertaken. Where possible this is 
performed on an EDTA blood sample; however, this can be 
performed on any available residual tissue. If feasible, grow-
ing fibroblasts from a skin biopsy provides an unlimited 
source of DNA as well as fresh material for functional assays 
is required. If fresh material is unavailable, DNA may be 
extracted from frozen tissue or paraffin embedded tissue 
blocks. If there is a high index of suspicion of a particular 
disease, targeted genetics is available using Sanger sequenc-
ing. However, where one immunophenotype is suggestive of 
multiple diseases for examples T-B-NK+ SCID is caused by 
mutations in more than 5 genes, it is more efficient to use 
next generation sequencing to undertake gene panel analysis 
(examination of a subset of genes associated with a particu-
lar disease), whole exome sequencing or whole genome 
sequencing. A list of genes causing PID is reviewed every 
2  years by the International Union of Immunological 
Societies with a corresponding classification based on the 
clinical and laboratory features [67]. Panel App [68] pro-
vides a continually curated list of PID gene along with cor-
responding phenotype, mode of inheritance, reviewers and 
references. Identification of a genetic cause of immunodefi-
ciency enables targeted treatment including hematopoietic 
stem cell transplant, thymic transplant, and gene therapy as 
well as targeted medications such as replacement immuno-
globulins for patients with B cell defects. Identification of 
genetic disease enables family counseling, screening poten-
tial carriers and planning for future pregnancies including 
preimplantation genetic diagnosis.
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12.6	 �Summary

As detailed above, recognition of PID and other immune 
conditions may explain the death of a fetus or neonate and is 
essential for counseling and family planning for future 
pregnancies.
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