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DEVELOPMENTAL
IMMUNOLOGY OF THE
NEWBORN
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The increased susceptibility of newborns, especially those born prematurely,
to serious infections has been well documented.®” % ¢ Despite advances in
antimicrobial therapy and neonatal intensive care, neonatal infections continue
to be an impertant determinant of childhood morbidity'and mortality in both
developed and Third World countries.® The incidence of neonatal sepsis has
remained unchanged and ranges from 1 to 10 per 1000 live births with an even
higher incidence of 21 per 1000 live births among the developing countries
where access to sophisticated “modern” technology is limited.? - ! Concurrent
meningitis, associated with a high risk of neurologic morbidity, occurs in about
one fourth of cases. In the preantibiotic era, neonatal sepsis was almost always
fatal. Mortality has decreased significantly after the introduction of antimicrobial
agents and technologic advances in neonatal management. In the past 15 years,
the case—fatality rate for noninfectious neonatal ilinesses has continued to de-
cline, whereas that for infectious diseases has reached a plateau of approximately
15% for late-onset sepsis (sepsis that occurs between 4 and 30 days of life), and
15% to 50% for early-onset sepsis (sepsis that occurs in the first 4 days of life).**
The impact of neonatal infections as a significant cause of neonatal death glob-
ally is more evident in developing countries, as recently reviewed by Stoll.'#*
Neonatal infections are responsible for between 1.5 and 2 million neonatal deaths
per year, or between 4000 and 5000 deaths per day in the less developed
countries of the world.**! The incidence of neonatal sepsis is even higher and
inversely proportional to the gestational age and birth weight. In Israeli, Finnish,
and American studies, very low birth weight infants (VLBW; weighing <1500
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g) had a sepsis rate almost twice as high as that of infants weighing 1500 to
2000 g and almost eight times that of infants weighing 2000 g or more.® The
factors responsible for the neonate’s predilection to infection are multifactorial.
Obstetric factors, monitoring devices, and therapeutic procedures in the neonatal
intensive care unit that interrupt the natural skin and mucosal barriers may
predispose the neonate to infections.'® Deficiencies in the various arms of the
immune system clearly play major roles in this susceptibility to infections.

The immune system is composed of the innate or nonspecific host defenses,
including natural epithelial barriers, cellular elements (e.g., eosinophils, baso-
phils, neutrophils, platelets, and monocytes), and serum humoral components
(e.g., kinins, coagulation factors, and complement proteins). The adaptive or
specific host defenses include cell-mediated and antibody immune responses.
This article reviews the current understanding and provides an update of the
developmental aspects of the neonate’s specific host defense systems. The reader
is referred to recent reviews for the development of the innate or nonspecific
host defense system.' <

ONTOGENY OF T CELLS

Thymic Development and Early T-Cell or Thymocyte
Development

The thymus arises from the endodermal and ectodermal layers of the
embryonic structures known as the third pharyngeal pouch and third branchial
cleft, respectively. The ectodermal layer gives rise to the thymic cortex, whereas
the thymic meduila originates from the endodermal layer. In humans, the first
evidence of thymus formation occurs around the sixth to seventh week of
embryonic life.'* 2 By 8 weeks of gestational age, lymphoid cells with the
prothymocyte phenotype (e.g., CD7 + but lacking other T-cell markers) migrate
from the yolk sac and fetal liver and later from the bone marrow to colonize the
fetal thymus.® It is still unclear how these precursor cells are committed to
differentiate along the T-cell lineage prior to entering the thymus and what
attracts them to the thymic tissue. It has been postulated that these precursors
may express certain surface markers, as yet unidentified, that selectively bind to
their corresponding ligands on the thymic vascular endothelial cells. Once in
the thymus, the prothymocytes interact with the stroma in the thymus and are
triggered to undergo intense proliferation, differentiation, and expression of the
first T cell-specific surface molecules (e.g., CD2 and later CD4 and CD8). A clear
delineation of the thymic cortical and medullary regions occurs at 12 weeks of
gestation® and shortly thereafter Hassall’s corpuscles appear.** The most imma-
ture thymocytes are found in the subcapsular cortical region, whereas the more
mature thymocytes reside in the deeper layers of the thymus. Prothymocytes do
not express CD3, the T-cell receptor (TCR), CD4, or CD8 and are often referred
to as triple-negative thymocytes. Prothymocytes migrate into the subcapsular
region where they undergo vigorous proliferation and give rise to progeny that
continue to divide and rearrange their TCR genes. These progeny now express
both CD4 and CD8 and are called double-positive thymocytes. They migrate to
the deeper layers of the thymus cortex, where positive selection for self-major
histocompatability complex (MHC) restriction occurs, a process known to be
governed mainly by the thymic cortical epithelial cells.”” The cells that fail
positive selection never progress further than the double-positive stage and
eventually die by apoptosis within 3 to 4 days after their last cell division. It
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has been estimated that more than 95% or roughly 5 X 107 thymocytes die each
day during this stage, leaving only 5% of the thymocytes to undergo further
differentiation. Negative selection occurs next and is mediated by the bone
marrow-derived antigen-presenting cells (APC) (e.g., dendritic cells and macro-
phages), which eliminates autoreactive cells either by clonal deletion or clonal
anergy.’® By the time the thymocytes arrive into the medulla, most of the cells
are considered mature and express either CD4 or CD8. These single-positive T
cells migrate from the thymus to the peripheral lymphoid organs. The first
evidence of the detection of CD4+ and CD8+ T cells in the fetal liver and
spleen occurs by 14 weeks of gestation,* which indicates that mature T cells
migrate from the thymus to the periphery at this point in gestation.

Progress has been made in our understanding of intrathymic trafficking.
Two thymus-derived chemokines have demonstrated recently that they play an
important role in the migration of thymocytes into the deeper layers of the
thymus as they differentiate into mature T cells. This differentiation-dependent
thymocyte migration may be important for T lymphopoiesis and is probably
regulated by thymic chemoattractants. Two chemokines, SDF-1, a CXC chemo-
kine, and CKB-11/MIP-38/ELC, a CC chemokine, are highly expressed in the
thymus. The chromosomal location in humans for the SDF-1 and CKg-11/MIP-
3B8/ELC genes is 10 and 9, respectively. As observed by Kim et al” in a mouse
model, SDF-1 is preferentially chemotactic for immature thymocytes, including
those that are triple-negative and double-positive. CKB-11/MIP-38 /ELC shows
a strong chemotactic preference for more mature thymocytes (single positive
CD4+ and CD8+ T cells). Moreover, the receptor for SDF-1 (e.g., CXCR4) is
higher on double-negative, double-positive, and on some CDB8 single-positive
thymocytes. In contrast, the receptors for CKB-11/MIP-3B/ELC (e.g. CCR7) are
higher on CD4 single-positive thymocytes.” More information is still needed to
understand the homing of precursor thymocytes and the intrathymic trafficking
of T-cell progenitors.

The thymus is the largest lymphoid tissue relative to body size during fetal
life. At birth the thymus is two thirds of its mature weight and reaches its peak
mass at around 10 years of age. Subsequently, the thymus continues to involute
and is replaced by adipose tissue.®

Generation of T-Cell Receptor Diversity

Diversity in the af and y3 T-cell receptors and the immunoglobulin receptor
is generated from a complex sequence of DNA recombinatorial events (Fig. 1).
These events occur on chromosome 7 for the B and vy chains of the T-cell receptor
and on chromosome 14 for the a and & chains of the T-cell receptor. The
mechanisms by which these receptor molecules are generated have been re-
viewed elsewhere.* % Receptor diversity is generated by the assembly of several
gene segments using unique recombinase enzymes that splice the DNA seg-
ments. The TCR is assembled from germ line-encoded gene segments. The TCR
VB genes are composed of variable (V), diversity (D) and joining (J) segments
that are assembled through a process of DNA recombination (reviewed in 49,
86). The antigen-binding sites are located in the hypervariable regions that
are generated from three hypervariable complementarity-determining regions
(CDR). CDR2 comprises the periphery of the antigen-binding site, whereas
CDR3 is the most extensive variable segment and is a key site for fine antigen
recognition.'” Mechanisms of receptor diversity allow the recognition of all
possible antigens through a process of clonal expansion and a positive and
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Figure 1. Rearrangement of the human T-cell receptor B-chain gene and the human
immunoglobulin heavy chain gene. DNA rearrangements between the V (variable), D
(diversity}, and J (joining) region genes create a configuration for the antigen-binding site.
The third hypervariable interval of the complementarity-determining regions (CDR3) is
encoded by the joining process of the V{(D)J gene segments, and lies at the center of the
antigen-binding site. It is this region that determines the fine specificity (and affinity) for
antigen binding and the diversity of the T-cell receptor and immunogtobulin repertoire. A
similar process of DNA rearrangements occurs tor the T-cell receptor-«, -v, and -5 chain
genes and the immunoglobulin light chain genes. (From Lewis DB: Cellular immunity of the
human fetus and neonate. Immunoclegy and Allergy Clinics of North America 18:295, 1998;
with permission.)

negative selection process in the thymus for T cells’™ and in the bone marrow
for B cells™ to remove or anergize self-reactive clones.

By 15 weeks of gestation, human thymocytes express a complete set of
TCR.* The terminal deoxynucleotidyl tranferase (TdT) levels in fetal thymocytes
are lower than in adult lymphocytes.”® This enzyme mediates the addition of
nucleotides at gene segment joints and is responsible for junctional diversity at
the VD, DJ, or V] segment joins. TAT+ cells cannot be detected at 10.5 weeks
of gestation.” Diminished TdT enzyme results in a shorter CDR3 region and a
restricted TCR repertoire in fetal thymocytes. After 20 weeks of gestation, TdT
expression increases along with an increase in N-region diversity.” By 24 weeks
of gestation, all TCR Vf families are expressed, and the size of the CDR3
segment of the VB region is not substantially different from that in adults.'” The
capacity of term cord blood T cells to expand the TCR B repertoire after
stimulation with potent stimulators {toxic shock syndrome toxin-1 [TSS5T-1},
staphylococcal enterotoxin-1) is similar to that seen in adults.

By the middle of the second trimester, a complete set of functional TCR VB
chains exist, but they have shorter CDR3 regions because of diminished TdT
expression. Levels of this enzyme increase to those of adult levels by 20 weeks
of gestation, resulting in an increase in N-region diversity and normal CDR3
region size heterogeneity.” By completion of the third trimester of pregnancy,
the T-cell VB repertoire is similar to that seen in adults™ ¥

Development of v& T Lymphocytes

v8 T cells represent a distinct functional subset of T cells. The majority of
¥8 T cells lack surface expression of both CD4 and CD8 but have the complete
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CD3 complex.”* There are controversies about whether these T cells originate
from the same or different lineage of af T cells and whether they go through
an intrathymic selection process.”” The thymus may not be important for yd T-
cell development because normal y8 T cells can develop in athymic mice."* The
factors that influence yd T-cell differentiation and maturation are also unknown.
In humans, y8 T cells can be detected as early as 6 to 8 weeks of gestation in
the fetal thymus and liver and are the first T cells to express TCR, shortly after
they migrate into the thymus.®® The y8 TCR genes undergo rearrangement prior
to the a/B TCR genes. Expression of the TCR-8 chain can be detected as early
as 9.5 weeks of gestation.®® At 16 weeks’ gestation, yd T cells comprise about
10% of the peripheral blood T cells and then gradually decline to less than 3%
of the circulating T cells at birth."’? Although the functions of these T cells are
not well understood, some interesting features deserve mentioning. yd T cells
are found predominately in the skin and mucosal surfaces, with less than 5% in
the peripheral blood. v8 T cells, similar to cytotoxic T lymphocytes (CTLs), can
lyse target cells by the perforin/granzyme system and can secrete IFN-y and
tumor necrosis factor o« (TNF-a) upon activation.®® Neonatal v T-cell cytotoxicity
is significantly less than that in adults.’® Another unique feature of these T cells
is their restricted repertoire compared with that of a8 T cells and B cells.’

Fetal y3 T cells have a more diverse repertoire but a more limited junctional
diversity than adult y8 T cells that have a more restricted repertoire. This
diversity remains throughout the first year of life and gradually decreases to
attain the adult repertoire for the TCR-8 chain by 14 years of age.%

ONTOGENY OF PERIPHERAL T CELLS
Celli Number

By using monoclonal antibodies and ultrasound-guided fetal blood sam-
pling for the prenatal diagnosis of congenital infections, the enumeration of
lymphocytes and their phenotypes during fetal life can be evaluated.®” "** The
absolute number of mature T cells (CD3 +) and the CD4+ and CD8+ subpopu-
lations gradually increases from 19 weeks’ gestation (Table 1). This progressive
increase in the mature CD3 + T cells continues after birth, reaches a peak around
6 to 9 months of age, and declines to adult values at 6 to 7 years of age.* %1%
The percentage and absolute numbers of CD4+ cells are higher in neonates
compared with that in adults and decreases after birth. The CD8+ percentage
and absolute numbers at birth are lower than those of adults and steadily
increases through the first 5 years. These changes in CD4+ and CD8+ T-cell
subpopulations are reflected in the CD4/CD8 ratio that is high during the
perinatal period (as high as 4.9:1) and declines gradually to reach adult values
of approximately 2:1 at 4 years of age.* *'® Thomas and Linch'¥” compared the
total T cells and their subsets between small-for-gestational-age (SGA) and
appropriate-for-gestational-age (AGA) infants of various gestational ages (23-42
weeks) and those from term infants and adults. There was no significant differ-
ence between the absolute numbers or proportion of total T cells, helper or
inducer T cells, or suppressor or cytotoxic T cells in preterm infants compared
with term infants.!¥” Series et al**® studied the T-cell subsets in 104 preterm
infants (36 healthy preterm infants and 68 preterm infants with perinatal dis-
tress) and 21 normal term infants in the first week of life. Significantly higher
numbers of both CD2+ and CD4+ T cells that correlated with gestational age
were reported. The absolute number of CD8+ T cells did not show differences
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Table 1. CHARACTERISTICS OF NEONATAL T CELLS

Phenotype
CD4+ T cells

CD4+ T cells
Circulating T-cell number

Proliferative responses

T- and B-cell collaboration
Contact-dependent
Cytokine production

Specific cytotoxicity

LDCC
¥3 T cells

85% express CD38 (<5% in adult)

80%—90% express CD45RA + or naive phenotype
(40%-60% in adult)

<10% express CDw29

Higher than in adults at birth, peaks at 6-9 months of
age, and attains adult values at 6~7 years of age

CD4+ T-cell proportion and number are higher than
in adults

CD8+ T-cell proportion and number are lower than
in adults

CD4/CD8 ratio higher than in adults, reaches 2:1 ratio
at 4 years

Comparable to those in adults with mitogens (e.g.,
PHA, Con-A, preterm < term)

Stimulation with anti-CD2 and anti-CD3 MoAb less
than in adult T cells

Diminished MLR response; attain adult levels at 12
months of age

Highly susceptible to tolerance induction by
superantigens

Diminished CD40 ligand expression, unregulated to
adult levels after activation

Decreased expression of CD54/ICAM-1, CD58/LFA-3

Normal IL-2 but diminished IL-6, IL-4, and IFN-y
production

30% of perforin expression compared to that in adults

Significantly impair allogeneic CTL activity

40% of adult T-cell activity

Reach adult repertoire level by 14-17 years of age

Less cytolytic activity than adults

MoAb = monoclonal antibody; MLR = mixed lymphocyte culture reaction; CTL = cytotoxic T-
cell lymphocytes; LDCC = lectin-dependent cellular cytotoxicity.

with gestational age. Preterm infants with perinatal distress had significantly
lower numbers and proportions of CD2+ and CD4+ T cells. These changes
were transient because the values taken at 3 weeks of age were comparable to
those of healthy preterm infants. These markers remained lower in a group of
preterm infants of less than 28 weeks gestational age in whom evidence of
distress still persisted.’® Ballow et al® studied the chronologic changes of periph-
eral blood T-cell subpopulations in 36 very low birth weight (VLBW) infants for
6 months after birth; they showed, as expected, that there was significantly
higher absolute numbers of CD3+ and CD4+ T cells compared with those in
adult controls. There was also no correlation between the administration of
steroids to the mothers before delivery to enhance fetal lung maturation and the
percentages or absolute numbers of CD4 or CD8 or the CD4/CD8 ratio.®

Peripheral T-Cell Phenotypes

Several studies suggest that the peripheral T cells in the fetus and neonate
represent an immature transitional T cell. Approximately 85% of cord blood T
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cells express the CD38 surface marker compared with less than 5% of adult
cells.** These findings suggest that cord blood T cells are either activated or at
a late stage of intrathymic differentiation. Subsequent studies failed to demon-
strate activation antigens (e.g. Ia or Tal antigen) on cord blood T cells. Thus
cord blood T cells that express CD38 probably represent an immature population
of T cells with different functional capacity than adult T cells.! 1%

The expression of different isoforms of the T200 common leukocyte antigen
(CD45) by human T cells delineates different functional subsets of T cells. T cells
that express the higher molecular weight isotype, CD45RA, have a “naive”
profile, whereas the T cells that express the smaller isoform of CD45 (e.g.,
CD45RO0) have “memory” functions.®>'® T cells in the thymus express CD45RA.
This phenotype is also expressed on 80% to 90% of cord blood T cells, compared
with 40% to 60% on adult cells.> % ¢ After mitogen stimulation, the CD45RA +
T cells can change to the CD45RO+ phenotype after 2 to 3 days, and by 6
days, most express CD45RO. These “primed” T cells are less dependent on
costimulatory signals from accessory cells, which are necessary for naive T cells
activation. Hayward et al have shown that the percentage of memory T cells
(e.g., CD3+CD45R0 +) in healthy infants increases (Fig. 2) during the first few
years of life to plateau after puberty and reaches adult levels after puberty.s> 14

The CDw29 surface marker on T cells is augmented after stimulation and
is found in high density on memory T cells." ** Pirenne et al'* demonstrated a
gradual increase in the expression of CDw29 on cord blood T cells after birth.
At birth, CD4+ T cells express CDw29 on less than 10% of T cells and the
CDw29+ CD4+ T cells increase during the first year of life, similar to the
CD45RO isoform (see Fig, 2). Aduit proportions of CD45RA /RO and CDw29 T-
cell subpopulations are reached only during the second decade of life."* Other
markers that have been shown to change with age are CD28 and CD11b.
Hoshino et al” investigated the distribution and age-related alterations in the
expression of CD11b on human T cells and found a gradual increase in CD11b +

Rights were not granted to include this figure
in electronic media. Please refer to the
printed journal.

Figure 2. Age-related changes in the expression of CD4+ T cells with the CD45RA +
phenotype (naive T ceils) (solid line) and the CD45RA-CDw29+ phenotype (memory T
cells) (dashed line). (Adapted from Pirenne H, Aujard Y, Eljaafari A, et al: Comparison of
T-cell functional changes during childhood with the ontogeny of CDw29+ and CD45RA +
expression on CD4+ T cells. Pediatr Res 32:81, 1992; with permission.)
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T cells with age from 6% in newborns to adult levels of 25% to 27%. The
expression of CD11b antigen occurs primarily on the antigen-specific memory T
cells.” In contrast, CD28+ T cells decreased from 96% in newborns to 71% to
72% in adults.”

Neonatal T cells express a “naive” phenotype of CD45RA +CDw29 that
gradually converts to a memory phenotype, CD45RO+ CDw29+ following ex-
posure to their cognate antigens and activation after birth. Although a precursor—
product relationship is suggested by previous observations, this pathway may
not be unidirectional because some CD45RO+ T cells appear to change back to
CD45RA + in vivo.' The clear demarcation of these T-cell phenotypes and their
function as naive or memory T cells are still under investigation.

T-Cell Function

Proliferative Responses to Mitogens, Antigens, and Allogeneic
Cells

Phytohemagglutinin (PHA) and concanavalin-A (Con-A) are among the
most widely used mitogens as nonspecific T-cell stimulators. The first PHA
response by thymocytes is observed at 10 weeks’ gestation and 3 to 4 to weeks
later in the spleen and peripheral blood. The first response to Con-A is found
in the thymus at 13 to 14 weeks gestation and in the fetal spleen at 14 to 18
weeks’ gestation. At 14 weeks, the Con-A response was also detected in the
liver and bone marrow.” As discussed by Toivanen et al'*® in his review, the
PHA responses are stronger and develop earlier than the Con-A responses
during T-cell ontogeny in humans. These findings suggest that there is a migra-
tion of mitogen-responsive cells from the fetal thymus into the spleen and other
secondary lymphoid organs. Leino et al*” studied the PHA and Con-A responses
of cord blood cells from premature infants born at 25 to 36 weeks’ gestation
(birth weight <1000 g) using the whole blood culture method. The responses to
PHA and Con-A at all concentrations were significantly less compared with that
of infants with a birth weight greater than 2500 g.*” The mitogenic responses in
healthy, term neonates are comparable to those of adults.® "

Proliferative responses to allogeneic cells can be evaluated by mixed lym-
phocyte reaction (MLR). The earliest MLR was identified by Stites' by the fetal
liver cells at 7.5 weeks gestation, although this finding may represent a nonspe-
cific response.’® A MLR from the cells of the thymus, spleen, and peripheral
blood can be identified at 11 weeks’ gestation. After birth, the MLR responses
of cord blood leukocytes®™ '+ '2 appears to be strong, although somewhat less
than that of adult peripheral blood until 12 months of age.

Neonatal lymphocyte proliferative responses to monoclonal antibodies
{(MoAb) of various T-cell surface determinants (e.g., CD3 and CD2) is dramati-
cally less than that of adults. The response did not depend on the concentrations
of MoAb or the time required for incubation. This diminished response is also
characteristic of naive adult T cells. Responses increased with the increase in the
proportion of peripheral blood memory T cells (e.g., CD45RO + ). These findings
suggest that the pattern of response to stimulation with CD2 and CD3 MoAb
by neonatal lymphocytes is caused by the large proportion of naive T cells in
the peripheral blood after birth.

The response of T cells to specific antigens can be assessed by either
proliferation or cytokine (e.g., interleukin (IL)-2, IL-4, or interferon (IFN)-y)
production. These responses usually require previous exposure to the corres-
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ponding antigen and are generally not detected at birth or from cord blood
unless there was an intrauterine exposure. There have been reports, however,
that neonatal T cells can respond to certain antigens (e.g., tetanus or diphtheria
toxoids and influenza virus antigen).*® Some findings could not be reproduced
or indicated the transfer of maternal T cells across the placenta.’® Clerici et al®
clearly showed that cord blood T cells from 24 neonates born at 28 to 42 weeks’
gestation had no proliferative response or IL-2 production to tetanus toxoid and
influenza A virus until around 12 months of age®® Recently, Ferreira et al¥
reported a prospective study of 30 low birth weight (LBW) newborns, weighing
2000 to 2499 g (70% were SGA), and 56 control newborns weighing more than
2500 g, 1 to 5 days old who were immunized with intradermal Calmette-Guérin
bacillus (BCG), the Moreau-Rio de Janeiro strain. Using lymphocyte proliferative
responses to purified protein derivative (PPD) and measuring IL-2 activity with
a CTLL-2 proliferative assay following 12 to 24 weeks after BCG administration,
no significant differences in proliferative responses or IL-2 activity between the
LBW infants and mothers were seen.”

Superantigens are antigens that bind directly to MHC class II molecules,
outside the TCR, and activate T cells that bear certain VB TCR. Takahashi et al'*s
compared the immunologic reactivity of cord blood T cells and adult peripheral
blood T cells with the toxic shock syndrome toxin-1 (TSST-1) superantigen. After
24 to 48 hours of incubation, cord blood T cells demonstrated slightly weaker
TSST-1-induced IL-2 production than adult T cells. The percentage of VB2+ T
cells, which determipe the potential reactivity fo TSST-1, and the number of
CD45RO+ T cells are increased significantly in both cord blood and adult
peripheral blood T cells after stimulation. Interestingly, upon re-stimulation with
TSST-1, cord blood T cells show no or very low IL-2 production compared with
adult T cells that still react vigorously. These investigators concluded that the
TSST-1-induced cord blood T cells were in an anergic state, whereas the adult T
cells were sustained in a highly responsive state. This susceptibility to tolerance
induction of cord blood T cells may be caused by their immunologic naivete.'*®
It is not known how long this susceptibility to tolerance induction continues
after birth.

Development of Cytokines

Cytokines are groups of small proteins that are secreted by a variety of cells
including leukocytes, endothelial cells, fibroblasts, and other cell types. Cyto-
kines are produced after activation of the secreting cells and exert their effects
in the effector phases of both the innate and specific host immune responses.
This section discusses the current knowledge of cytokines produced by neonatal
mononuclear cells (T, B, and natural killer cells). Neonatal cytokine development
is summarized in Table 2.

Using mitogens, lipopolysaccharides (LPS), or allogeneic cells, several inves-
tigators have demonstrated that neonatal IL-2 production of cord blood mononu-
clear cells (CBMC) is similar or higher than that in adult cells.®> 7 %122 The high
affinity IL-2 receptor is expressed normally on activated neonatal T cells and
functions well in IL-2-induced proliferation, although neonates express less
TL-2vy,.10% 160

Production of the proinflammatory cytokines have been studied in the
neonate. After lipopolysaccharide, PHA or Con-A stimulation of CBMC IL-6
production is normal®> 1 12 157; however, neonatal monocytes produce only half
the levels of IL-6 as adult monocytes.® CBMC produce normal amounts of IL-
1B after polyclonal activation but only one third to one half of the TNF-a levels
of adults.?- % 1% Mitogen-activated neonatal T cells produce normal amounts of
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lymphotoxin (TNF-B).* In response to stress such as bacterial sepsis or surgery,
newborn infants can increase their plasma IL-6 and TNF-a levels, regardless of
their gestational age at birth; however, these levels are still less than those seen
in adults with stress.?”- 1”4 This impaired TNF-a production under stressful
conditions may contribute to a lower febrile response in neonatal sepsis. IL-10
is a modulatory interleukin that inhibits cytokine secretion by macrophages and
T cells. Compared with adults, CBMC from neonates can secrete only 20% to
50% of IL-10 after LPS stimulation.”- 2 Lower IL-10 production may, in part, be
secondary to the low TNF-a production of cord blood because TNF-« is known
to enhance IL-10 secretion.”- #*2 JL-15 is an important cytokine that regulates T-
cell growth, T-cell cytotoxicity, and natural killer (NK) activity. From activated
CBMC, IL-15 mRNA expression and protein production was 25% and 30%,
respectively, at 12 hours of culture compared with adult peripheral blood mono-
nuclear cells."® The addition of exogenous IL-15 to CBMC cultures significantly
enhanced cord blood NK and lymphokine-activated killers (LAK) activities and
also significantly induced greater amounts of IFN-y and TNF-a production.
These investigators suggested that the reduced production of IL-15 may contrib-
ute to abnormalities in cytotoxic activity and diminished levels of the production
of other cytokines such as IFN-y and TNF-a.¢

Hematopoietic colony stimulating factors (CSF) are growth factors for the
proliferation and differentiation of myeloid progenitor cells, and they enhance
mature neutrophil function.* ** Cairo et al'”’® have reported reduced mRNA
expression and protein production of several hematopoietic growth-inducing
cytokines, including granulocyte-macrophage colony stimulating factor (GM-
CSF), granulocyte CSF, macrophage CSF, and IL-3. Decreased mRNA expression
was secondary to alterations in post-transcriptional events such as mRNA
stability.®> ** Others have reported that neonatal mononuclear cells produce
similar or higher levels of IL-3 after lipopolysaccharide stimulation but signifi-
cantly lower levels of IL-3 after PHA, anti-CD2, or anti-CD3 antibody
stimulation.”> ' GM-CSF production by full-term neonates is also less than in
adults.® Several cytokines are negative regulators of hematopoiesis, including
transforming growth factor B1 (TGF-B1) and macrophage inflammatory protein-
la (MIP-1a). Cairo et al proposed that altered levels of these cytokines might
influence hematopoiesis. Using activated CBMC, TGF-$ production was only
30% to 50% of adult levels, and the synthesis of the chemokine, MIP-1a, was
only 14% to 19% compared with adult cells.”® Based on the lower levels of mRNA
expression, but a normal nuclear run-on assay and quantitative densitometry, it
was suggested that this decrease in TGF-B and MIP-1a was secondary to altered
post-transcriptional regulation.?

Lewis® and others® 1% 115 152 have demonstrated that unfractionated or
purified neonatal T cells after polyclonal activation produce negligible to unde-
tectable amounts of IL-4 and less than 10% of adult levels of IFN-y. The decrease
in mRNA expression was primarily caused by reduced transcription of the IFN-
v and IL-4 genes.® IL-4 and IFN-y at both the protein and mRNA level are
largely produced by the CD4+CD45RO+ T-cell subpopulation.®* # Both acti-
vated neonatal CD4+ and adult CD45RA + T cells produce low to undetectable
IL-4 and markedly low IFN-y mRNA.* As the number of CD45RO+ T cells
increases, IFN-y production also increases. It remains to be determined whether
this correlation also applies to IL-4 production.® These findings suggest that the
decrease in the production of these cytokines is caused by the lack of memory
or primed T cells. IL-4 production reaches adult levels after 15 years of age.%
IFN-y reaches adult levels at the age of 3 or later." Piccinni'®® investigated the
production of IL-4 and IL-5 from newborns with atopic parents. Interestingly, in
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neonates with atopic parents or only an atopic mother, T-cell clones produced
significantly higher amounts of IL-4 and IFN-y, compared with T-cell clones
from neonates with normal parents or only an atopic father. Some of the new-
borns from atopic parents or an atopic mother developed atopic manifestation
and elevated serum levels of IgE before 3 years of age. These findings suggest
that maternal genetic factors are more influential than paternal genetic factors
in predicting the risk for developing atopy. The genetic background of the
neonate may determine a preferential shift to a Th2 phenotype and probably
dictates the response to common environmental allergens.”® These observations
need further study.

The neonate produces normal levels of IL-2 and lymphotoxin at birth;
however, the production of a number of proinflammatory cytokines, hematopoi-
etic colony stimulating growth factors, and immune regulating cytokines (IL-3,
IL-4, IL-5, IL-6, IL-10, TNF-o, IFN-y, GM-CSF, MIP-1a, and TGF-B) from CBMC
are decreased (see Table 2). Most of these deficiencies are caused by altered post-
transcriptional mRNA regulation. The increased prevalence of naive CD45RA +
T cells compared with primed or memory CD45RO+ T cells in the neonate
reflects an antigenically naive status and may account for these deficiencies in
cytokine production rather than an intrinsic deficiency in the capaaty of new-
born CBMC to produce cytokines.®

*

T- and B-Cell Collaboration

For B lymphocytes to proliferate, differentiate, switch antibody isotypes,
and survive in germinal centers, they essentially need to interact with their
activated, cognate antigen-specific T lymphocyte. The first signal delivered to
the T cell is the ligation between the peptide fragments of the antigen and the
TCR coupled with MHC class II molecules. T cells also provide additional help
by contact-dependent interaction and the release of cytokines (IL-2, 1L-4, IL-5,
IL-6, IL-10, IL-13, and IFN-y) to promote B-cell proliferation and differentiation.
Several pairs of receptor-ligand molecules are crucial in T- and B-cell collabora-
tion. For example, the CD40-CD40 ligand (CD40L) interaction is important for
B cell isotype switching.® 3 % Other ligand pairs that promote interaction and
enhance T- and B-cell activation include B7/CD28, CD1la (LFA-1)/CD54 (ICAM-
1), and CD58 (LFA-3)/CD2.%

CD40L is a 39 kD type II membrane glycoprotein of the TNF-receptor
superfamily and is expressed on activated T cells (mostly on the CD4+ subset,
although some CD8+ T cells also express CD40L), mast cells, basophils, NK
cells, monocytes, and on some B cells.”* Brugnoni et al,’® using anti-CD40 L
MoAb, and later confirmed by Nonoyama'* using a CD40L-Ig binding assay,
consistently demonstrated that activated neonatal T cells had significantly less
CD40L expression. When looking at the relationship of CD40L expression on T
cells, more than 80% of adult CD45RA + T cells express CD40L compared with
less than 30% of neonatal CD45RA + T cells.'® These results suggest that neona-
tal CD45RA + T cells are different than adult CD45RA + T cells. After priming
with PHA and IL-2, which has been shown to convert “naive” T cells to
CD45RO+ “memory” T cells, neonatal T-cell CD40L expression is upregulated
to levels comparable to those of adult T cells.’s %

The capacity of neonatal B cells to differentiate into plasma cells and
undergo isotype switching can be variable. Cord blood B cells in the presence
of adult CD4+ T cells stimulated with immobilized anti-CD3 produces only
IgM.2 3.95.101,138,1% The differentiation of B cells into plasma cells and the process
of isotype switching require CD4 + T-cell help that is provided by two important
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signals. The first signal is mediated by contact between the helper T cell and the
B cell through the CD40 ligand on activated T cells as well as other secondary
signal interactions (e.g., CD28 and B7). The second important aspect of T-cell
help is provided by cytokines that are secreted upon T-cell activation. Splawski
and Lipsky'*® reported that neonatal B cells incubated with Staphylococcus aureus
and supernatant from immobilized activated adult T cells enhanced only IgM
production. When IL-2 is added to neonatal B cells, switching to IgG and IgA
isotypes occurs, although modestly.’®® When either IL-4 or IL-6 is added to
immobilized anti-CD3 activated neonatal T cells with neonatal B cells in the
presence of IL-2, however, the production of all Ig isotypes, including the various
IgG subclasses, IgA and IgE are enhanced.” In this in vitro culture system, IL-
2 appears to be critical for Ig secretion and isotype switching of neonatal B cells.
Both IL-4 and IL-6 enhance Ig production in an IL-2-dependent manner.!*
Kawano et al” found that IFN-y induced a limited but substantial enhancement
of IgG2 secretion. Interestingly, after stimulation by anti-CD3 with or without
cytokines, neonatal T cells maintained a CD45RA + phenotype, suggesting that
the T-cell help in this system was provided by naive neonatal T cells, and
differentiation into CD45RO+ CD4+ T cells does not occur.!® Neonatal T cells
also provide less contact-dependent interaction for other ligands (e.g., CD54 or
ICAM-1 and CD58 or LFA-3).5

The deficiencie$ in Ig-secreting B cells and isotype switching are caused by,
in part, the naive state of neonatal B cells but can be induced to isotype switch
given the proper T-cell-derived cytokines. The immaturity in T-cell help stems
from a lack of memory and a predominance of naive neonatal T cells. In
addition, the poor Ig production of neonatal B cells appears to be caused by
diminished T- and B-cell interaction because of lower levels of CD40L on acti-
vated neonatal T cells that underscores the importance of CD40L for inducing
isotype switching in B cells.'® It remains to be determined whether these in vitro
experimental findings reflect the in vivo biology of T- and B-cell collaboration.

ONTOGENY OF CYTOTOXIC T LYMPHOCYTES.

The majority of cytotoxic T lymphocytes (CTL) express CD8 on their surface,
although CD4 can be detected on a small number of CTLs.”? CTLs recognize
their cognate antigens in the context of MHC class I molecules. CTLs are
important in host defense against a variety of intracellular infections, bacteria
and viruses, in allograft rejection, and in tumor cell surveillance. CTLs exert
these killing functions by two well-established mechanisms. The first mechanism
involves the release of mediators, perforin (cytolysin), which is the pore-forming
protein, and a serine protease enzyme called granzyme B. The perforin by itself
is usually enough to cause osmolysis of the target cell. More importantly, it
provides a pathway for the granzyme B to get into the target cell, activating a
cascade of events that leads to the apoptotic death of target cells similar to
apoptosis induced by the Fas/Fas ligand pathway.” Activated CTLs can also
kill cells through the Fas/Fas ligand pathway that leads to target cell apoptosis.”

Cell-mediated lympholysis (CML), using allogeneic cells as the inducer, can
be detected by 18 weeks of gestation in human peripheral blood lymphocytes
obtained from fetuses though a fetoscope.!® Postnatal cord blood allogeneic CTL
activity is less than 20% of the CTL activity of adult cells."”? Neonatal CD8 T
cells have less perforin expression, approximately 30% of adult levels (see Table
1).8 CD8 +CD28+ T cells are considered to be the effector cells responsible for
CTL activity in adults. CD28, expressed on activated T cells, is a co-stimulatory
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molecule that enhances T-cell function when bound to its ligand, B7-1 or B7-2.
Cord blood CD8+ T cells express significantly less CD28+ than adult CD8+ T
cells after stimulation.? This impaired allogeneic CTL function in cord blood
may explain the lower incidence of graft-versus-host disease after cord blood
transplantation compared with bone marrow, even with partially matched cord
blood mononuclear cells.

Lectin/mitogen-dependent cytotoxicity (LDCC) can be detected as early as
14 weeks of gestation in the fetal spleen, bone marrow, and peripheral blood,
and 2 weeks later in fetal thymus."* Cord blood LDCC activity is only 40% that
of adult activity (see Table 1). Interestingly, Lubens et al** found that LDCC
activity in the peripheral blood of 1 to 4 day old neonates was only 33% that of
adult LDCC activity. This difference in LDCC between cord blood and neonates
may be secondary to the release of inhibitory mediators yet to be identified
during the mechanical trauma of delivery® LDCC activity increases after 6
months of life.

It has been postulated that deficiency in CTL function during the neonatal
period is caused by several contributing factors. High levels of certain mediators
in cord blood, such as a-fetoprotein and certain prostaglandins, have been
shown to inhibit CTL activity in vitro.* As mentioned previously, the perforin
deficiency may also lower the CTL function of neonatal T cells.

NK CELL ONTOGENY '

NK cells are derived from the bone marrow. These cells are called large
granular lymphocytes because of their larger size and numerous cytoplasmic
granules. These granules are known to contain perforin, granzyme, and proteo-
glycans. NK cells are considered to be a distinct subset of lymphocytes (e.g.,
non-T and B cells) because they express no surface CD4, CD8, Ig, or TCR and
do not undergo TCR or Ig gene rearrangement during their differentiation. NK
cells can be identified by their surface markers, CD56/neural cell adhesion
molecule, and CD16/FcyRIIIA, a low affinity IgG receptor. They also express
other surface molecules, including CD2, LFA-1, cytokine receptors {e.g., IL-
2RBy,, IL-12R, IFN-yR), and the IL-15Ra subunit. These cytokines enhance NK
cytolytic activity. IL-2, IL-7, and stem cell factor (SCF) may be involved in NK
development.’” NK cells recognize their target cells by the absence or decreased
expression of MHC class I molecules on the cell surface, which is known to be
one of the several mechanisms that certain viruses use to manipulate host
immune response. Thus NK cells are important in nonspecific host defenses
against viral infections and some tumor cells. Their MHC-unrestricted killing is
mediated by perforin/granzyme apoptotic pathways similar to that of CTLs.
Another killing mechanism of NK cells is antibody-dependent cell-mediated
cytotoxicity or ADCC in which the FcyRIIIA receptor is triggered by IgGl or
IgG3 that is bound on the target cell surface. NK cells can differentiate into more
efficient cytolytic cells LAK, in the presence of cytokines such as IL-2 and IL-12.

Several lines of evidence suggest that NK cells may originate from common
T/NK progenitors. First, some patients with severe combined immunodeficiency
(5CID) have normal or a high number of B cells and myeloid cells but lack T
and NK cells.” Second, the majority of fetal NK cells (50%~80%) express cyto-
plasmic CD3y, CD3e, CD33, and CD3{ proteins but only CD3{ is expressed in
adult NK cells.*¥”

The phenotype of fetal NK cells is different from that of adults (Table 3). Of
fetal NK cells, 50% to 80% express CD3y, ¢, d, and { proteins; a small number
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Table 3. CHARACTERISTIC OF NEONATAL NK CELLS

Phenotype Function
Only ~50% express CD56 Spontaneous cytotoxicity only 20%—60% of adult
Lack CD57 expression activity
Reduced CD16 expression than Diminished ADCC: ~50%-80% of adult activity
in adults at term

Comparable or higher LAK induction by IL-2

ADCC = antibody-dependent cellular cytotoxicity; LAK = lymphokine-activated killer cells.

of cord blood NK cells also express CD3e, 8, and { proteins, but only CD3{ is
identified in mature adult NK cells.”? Only 30% to 50% of the fetal NK cells
express CD16 on their cell surface compared with more than 90% of necnatal
and adult NK cells."? CD57 is not found on both fetal and neonatal NK cells,
although CD57 can be detected on 50% of adult NK cells.”? Similarly, CD56 is
not detected on fetal cells but is detected on only 50% of neonatal NK cells
compared with that in adults.® "2 NK cells can be detected as early as 6 weeks
of gestation in the fetal liver and at 15 weeks of gestation in the fetal spleen.”?
The number of NK cells increases progressively until birth. Of cord blood
lymphocytes, 10% to 15% are NK cells, which is comparable to the frequency of
NK cells found in adult peripheral blood.5® 112

Cytolytic activity against NK-sensitive tumor cell targets (K562 or Jurket)
from freshly isolated fetal NK cells is significantly less than that of adults and
increases with gestational age.*” > Neonatal NK cells have decreased cytolytic
activity compared with adult NK cells and appear to parallel the number of
CD56+ NK cells in the peripheral blood of neonates.? 8 9+ 112148 The cytotoxicity
of these immature NK cells increases as their expression of CD56 increases.® >
Fetal and neonatal NK cell function can be augmented when co-cultured with
IL-2, IL-12, or IFN-a, IFN-B or IFN-vy in vitro.? ® 112 198 ADCC activity of fetal
NK cells is less than that of neonatal and adult NK cells.® 2 The ADCC activity
increases with gestational age and reaches approximately 50% to 80% of adult
values depending on the purification and culture techniques.®® "2 This decrease
in ADCC is likely to be secondary to the lower expression of CD16 (see Table 3).

Fetal NK cells may actually develop from common, bipotential T-cell/NK
progenitors and branch out to become committed to NK cells, probably at the
triple-negative thymocyte stage. All fetal and some neonatal NK cells lack CD57
and express lower levels of CD56 and CD16 molecules on their cell surface. The
cytolytic activity increases as the CD56 and CD16 expression increases.

DEVELOPMENT OF B CELLS AND SERUM
IMMUNOGLOBULINS IN THE NEONATE

Ontogeny of Fetal and Neonatal B Cells

In humoral immune responses, B cells and plasma cells are the main effector
cells that mediate their functions by producing antibodies of different Ig iso-
types. The surface Igs (sIg) are the antigen receptors for B cells. Similar to T-cell
development, B cells need to pass through different stages of maturation and
differentiation involving Ig gene rearrangements and changing cell membrane
molecules of surface ligands and receptors. B-cell progenitors, pro-B cells, are
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derived from pluripotential hematopoietic cells in the bone marrow. The first
recognizable B-cell progenitor is the large pre-B cell that contains cytoplasmic
heavy chain that may be associated with invariant surrogate light chains (e.g.,
VpreB and A5) that are homologous to the k and A light chains.® Low-level cell
surface expression of . heavy chain and the surrogate light chains is thought to
play a role in the maturation of these pre-B cells. Ig a and Ig B function as
signal transduction subunits and are required for the expression of surface
Ig.% 12 Once the light chain genes, either the k or A chains, are rearranged
successfully, they assemble with the p chains to form cell surface IgM (sIgM),
where they can function as specific receptors for antigen. These sigM + B cells,
called “immature B cells,” leave the bone marrow to circulate in the periphery.
B-cell development requires fetal liver, and later, the bone marrow microenviron-
ment. Stromal cells on contact with developing B cells through adhesion mole-
cules, VCAM-1, provide growth factors such as stem cell factor, IL-7, and other
cytokines yet to be identified.” Somatic hypermutation, a process that does not
occur in T cells, is another important step to enhance the affinity of the B-cell
receptor upon subsequent antigen exposure. Immature B cells go through a
selection process similar to T cells that results in apoptosis (clonal deletion) or
tolerance to self-antigens. Mature B cells co-express p and 3 heavy chains
together with the original k or A light chain when they populate the peripheral
lymphoid tissues. )

In the human fetal liver, pre-B cells can be identified as early as 7 to 8
weeks of gestation and 5 to 6 weeks later in the fetal bone marrow.® By 11 to 16
weeks of gestation, large and small pre~B cells have outnumbered their progeny
in the fetal liver.*®2 By 30 weeks of gestation, there is no detectable pre-B cell in
the fetal liver, and the bone marrow becomes the exclusive site for pre-B-cell
maturation. sigM + B cells are found in the fetal liver by 9 weeks’ gestation and
in the bone marrow, peripheral blood, and spleen by 12 weeks.® SIgM + B cells
expressing surface IgM are present by 10 weeks’ gestation.®® B cells with sigA,
sIgG, and slgD isotypes appear between 10 and 12 weeks’ gestation. B-cell traffic
to the lymphoid tissues increases, and by 22 weeks’ gestation the proportion of
B cells in the spleen, peripheral blood, and bone marrow is similar to that in
adults.® Unlike adult B cells that express only one Ig isotype (except for IgM/
IgD+ B cells), many of these neonatal B cells express all three isotypes together.
Plasma cells are not generally found until 20 weeks’ gestation. IgM/IgD+ B
cells populate the lymph nodes by 16 to 17 weeks’ gestation and the spleen by
16 to 21 weeks. In fetal lymph nodes, primary nodules develop around the
follicular dendritic cells by 17 weeks’ gestation.*

After birth (Table 4), the proportion of neonatal B cells is similar to that of

Table 4. CHARACTERISTIC OF NEONATAL B CELLS

Phenotype ~90% of peripheral circulating B cells are CD5+
(25%-35% in adults), decreases to adult proportions
in late adolescence

Circulating B-cell number Similar proportion but higher absolute numbers than
in adults, peaks at 34 months of age, and decreases
to adult levels by 6-7 years of age

Function Mostly IgM secreting; isotype switching impaired,
caused by, in part, decreased neonatal T-cell help
through CD40/CD40L interactions and diminished
T-cell derived cytokines
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adults, but the absolute number of B cells is significantly higher, peaks at about
3 to 4 months of age, and decreases thereafter to attain adult levels by 6 to 7
years of age.’™ 1% % Preterm infants have comparable B-cell numbers to full-
term infants, but SGA infants have significantly less B cells than AGA infants.'¥
Uniquely, the majority of cord blood B cells express activation markers (CD25,
CD23, transferrin receptor, and others) that are not found on adult B cells.* The
significance in the expression of these activation markers on neonatal B cells is
not known.

The Immunoglobulin Repertoire in the Fetus and Neonate

The genes for the Ig heavy chain are located on chromosomes 14; the genes
for the k and X light chains are located on chromosomes 2 and 22, respectively.
For the Ig heavy chain, gene segments from the variable (V), diversity (D) and
joining (J) regions are spliced together to form the antigen-binding site (see Fig.
1). Each region is encoded by its own set of germ line gene loci (e.g., Vy gene
region of approximately 100 or 50 functional genes), Vp, region of approximately
30 genes, and the V; region of 6 genes.” Receptor diversity in the antigen
binding site originates from the DNA recombinantorial process of various V, D,
or ] gene segments'coming together to form a V(D)] unit'® (see Fig. 1). Addi-
tional receptor diversity is generated by imprecise gene segment joins, additional
nucleotides added to the splice junction of the VDJ joins by the enzyme TdT,
and somatic mutations (for B cells only, not T cells). Thereafter, these VDJ or V]
(light chains) units join to their respective constant region gene segments (Vy)
that for the immunoglobulin molecule identifies the isotype and related func-
tions. As recently reviewed by Schroeder and Perlmutter,**® the immunoglobulin
repertoire in the fetus and neonate is restricted compared with that of adults.
During early and mid-gestation, the fetal use of certain V heavy gene segments
are preferentially expressed.” '® The most Jy proximal Vi gene segments are
utilized more commonly in preferential Vy; rearrangements early in fetal life.'>!
The CDR3 region of the rearranged VD] gene segment is shorter than that in
adults and leads to limited junctional diversity. These findings are secondary to
lower levels of TdT enzyme, as discussed previously,"” or other mechanisms
under developmental control. The B-cell repertoire progressively increases with
gestational age with changing utilization of certain Vi gene families. Cord blood
B cells have a higher usage of Vy genes of the Vul and V5 family with
decreased Vi3 use compared with adult B cells.” The antibody response of the
infant is generally of low affinity and restricted to the IgM isotype. The somatic
mutation of the heavy and light Ig variable region genes and the selection of
higher affinity antibody-producing B cells is limited at birth but increases by 10
days of age'® and reaches adult levels by age 4. The onset of somatic mutation
can precede isotype switching within the germinal centers.®® '

Schroeder et al** have suggested that limitations in the size of the CDR3
domain will result in a “flat” antibody-binding site. This architecture of the
antigen-binding site allows greater polyspecificity of antigen binding, resulting
in lower antibody affinity. The clinical significance of this restricted Ig repertoire
and the prevalence of lower affinity antibodies in the neonate with regard to the
susceptibility of the neonate to infection and the ability to produce specific
antibody needs further study.
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Development of CD5 Expressing B Cells

CD5 is typically expressed on T cells. B cells with surface expression of CD5
represent a functionally distinct subset of B cells. They are equivalent to Bl or
Ly-1 B cells in the mouse. Most of the CD5+ B cells express sigMPrightsigDdui, s
and produce mostly low affinity IgM polyspecific, autoreactive antibodies such
as rheumatoid factor (RF), anti-ssDNA, anti-thyroglobulin antibodies, compared
with the high affinity antibodies of conventional B cells.? 227 CD5 + B cells use
a restricted set of V heavy genes.!”® The development of CD5+ B cells may
precede that of conventional B cells in ontogeny because they comprise the
majority of B cells during fetal life.>® The CD5+ B cells lineage is still unknown,
although several lines of evidence suggest that they may represent a separate
lineage from that of CD5— B cells (for critical reviews see references 22, 75).
CD5+ B cells have a distinctive anatomic localization in the peritoneal cavity.
The exact function of this B-cell subset is currently unclear. It has been postulated
that CD5+ B cells may play a role in innate immunity because they have a
unique localization, broad polyspecific specificities, and a restricted Ig repertoire.

CD5 expression can be found on about 1% to 7% of adult peripheral blood
mononuclear cells and on 25% to 35% of adult total B cells.®>® CD5+ B cells
comprise the majority of B cells in fetal and neonatal blood (see Table 4). CD5+
B cells are found as early as 15 weeks of gestation in the human fetal spleen
and peritoneal and pleural cavities.® > They comprise more than 90% of the total
splenic B cells at gestational ages of 17 to 23 weeks® but are infrequent in the
fetal liver and adult spleen.? In fetal lymph nodes between 17 and 18 weeks of
gestation, CD5+IgM+IgD+ B cells form the first primary nodules.’? Cord
blood CD5+ B cells represent approximately 90% of the total B cells, decreases
to 75% to 80% during infancy, and gradually declines from early childhood to
reach adult levels of about 25% to 35% of total B cells or 1% to 7% of the total
number of mononuclear cells by late adolescence.>®

Serum Immunoglobulin Levels in the Fetus and Neonate

Despite the nearly normal number of slg-bearing B cells in the blood and
spleen by 15 and 18 weeks’ gestation, serum levels of Ig are very low until
approximately 18 to 20 weeks’ gestation. Most of the newborn’s serum immuno-
globulins are derived from the transfer of maternal IgG across the placenta
during the third trimester of pregnancy.® Active transport of IgG across the
placenta is mediated by the Fc receptor on placental cells. In the full-term
neonate, serum IgG levels are equal or even higher than maternal serum IgG
levels.®* Through normal catabolism of the maternal-derived IgG, the serum IgG
level in a full-term infant falls to 300 to 500 mg/dL between 3 and 5 months of
age, resulting in a physiologic hypogammaglobulinemia. Thereafter, as the infant
makes his or her own IgG, serum levels increase to approximately 60% of adult
IgG levels of 1200 mg/dL. There may be a preferential transport of IgGl and
IgG3 across the placenta because of a higher affinity of the Fc receptors on
trophoblasts for these IgG subclasses.**® There is also a differential progression
in the synthesis of the IgG subclasses after birth. IgGl and IgG3 reach adult
levels by age 8, whereas IgG2 and IgG4 rise more slowly and do not reach adult
levels until age 10 to 12.1% Because the premature infant derives most of the IgG
from the mother in the third trimester of pregnancy, the serum IgG levels are
less than maternal levels and are directly related to gestational age.® - 71 1%
Hobbs and Davis® found that nearly all infants born before 32 weeks’ gestation
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had serum IgG levels less than 400 mg/dL at birth compared with term infants
who had serum IgG levels of approximately 1000 mg/dL. Because levels tend
to fall for several weeks after birth, a high proportion of preterm infants develop
significant hypogammaglobulinemia during the first 6 months of life. In a study
by Ballow et al® preterm infants born prior to 29 weeks gestation’ had pro-
foundly low plasma IgG levels (geometric mean of 60 mg/dL) at 3 months of
age. Even at 6 months of age, 7 of 11 infants born prior to 29 weeks’ gestation
and 13 of 21 preterm infants born between 29 and 32 weeks’ gestation had
plasma IgG levels less than 200 mg/dL. Plasma levels of IgG slowly increased
to 280 mg/dL at 10 months of age.

Serum IgA can be first detected in fetal serum at 30 weeks’ gestation,
depending on the assay sensitivity. Because essentially no IgA crosses the pla-
centa during pregnancy, serum IgA levels are very low, even in term infants. By
1 year of age, serum IgA levels reach only 20% of adult values. The same occurs
for IgM and IgE, which do not cross the placenta; however, the fetus is capable
of producing appreciable amounts of IgM as evidenced by the serum IgM levels
following intrauterine infection. IgM synthesis accelerates more rapidly than
the other Ig isotypes, and reaches 80% of adult values by age 1. Cord blood
levels of Ig in infants with intrauterine growth retardation are often lower
compared with normal gestational age term infants.’*

Antibody Responses to Specific Antigens and Vaccines

Neonates also have a reduced capacity to produce specific antibodies in the
newborn period. Smith immunized newborns with a killed Salmonella vaccine.'®
Both premature and term infants produced antibody to the flagellar H antigen,
but not to the somatic O antigen. No infants switched from IgM to IgG antifla-
gellar antibody for the first 20 to 30 days following immunization; normally
adults convert by day 7. Preterm infants (<2300 g) immunized to diphtheria
toxoid at 1 to 10 days of age had poorer responses than similarly immunized
term infants; even term infants responded more slowly than adults.’® Several
studies suggested that the interval from birth is a more important determinant
of antibody response than the gestational age. For example, Dancis et al*
demonstrated that preterm infants immunized at their estimated normal birth
age (at approximately 1 to 2 month’s chronologic age) responded well to diph-
theria toxoid. Both preterm and term infants had a poor antibody response
when immunized at birth. Several studies have showed, however, that the
immunization of preterm infants with hepatitis B vaccine led to lower seroposi-
tive rates and lower antibody titers than term infants. Lau* reported that
preterm infants who received their first hepatitis B immunization when they
weighed about 1000 g had a seropositive rate of 79% (geometric mean titer 61
mIU/mL) compared with term infants (100% seropositive rate; 679 mIU/mL).
In a similar study in Thailand the seropositive rate was only 88% at 9 months
of age.?

gCates et al** measured the Ig response to vaccine challenge in VLBW infants.
These premature infants were capable of producing specific IgG antibody in
response to immunization with tetanus and diphtheria toxoids. By 8 to 11
months’ chronological age, the preterm infants had developed levels of func-
tional opsonic antibody activity for an IgG-dependent strain of coagulase nega-
tive staphylococcus and an IgM dependent strain of Escherichia coli, which were
comparable to those of 9-month-old term infants. Interestingly, IgG antibody
concentrations at birth in preterm infants to tetanus and diphtheria were compa-
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rable to those of their mothers even though the total IgG levels were significantly
lower than those of their mothers. Because most of the tetanus IgG antibody is
IgG1, there is a preferential transport of the IgG1 subclass across the placenta to
account for these findings. Although the preterm infants’ tetanus and diphtheria
IgG levels remained lower than those of the term infants after three doses of the
vaccine, all preterm infants had protective levels of specific antibodies to tetanus
and diphtheria toxoid. Using a functional antibody assay for opsonic activity,
IgG coagulase negative staphylococcal activity fell from birth to 3 months of
age, but by 9 months was comparable to term infants. Krediet et al*® studied
preterm infants who had coagulase-negative staphylococcal septicemia. IgG anti-
bodies and opsonic activity were low at birth in infected and noninfected
neonates. During the first 2 weeks of postnatal life, antibody levels decreased
significantly in septicemic infants, whereas opsonic activity remained un-
changed. IgM opsonic activity for E. coli is very low at birth in-both term and
preterm infants and rises with chronelogic age with the rise in total plasma IgM
to reach similar levels at 9 months of age. These studies show that preterm
infants can produce specific and functional antibodies at levels similar, but lower
than term infants by 9 months of age despite the profound hypogammaglobuli-
nemia during the first 6 months of life in VLBW infants.

The response to polysaccharide antigens primarily falls within the IgG2
subclass, an IgG subclass that is one of the last to reach adult levels in children.
Commensurate with this slow rise in IgG2 is the poor antibody response to
bacterial polysaccharide antigens (e.g., Haemophilus influenzae, streptococcal
pneumonia.® Responses to the unconjugated vaccine for these bacterial organ-
isms are often delayed until after the age of 2. This physiologic delayed matura-
tion in the IgG2 subclass and poor antibody responses to polysaccharide antigens
may result in recurrent or persistent infections of the upper airways, such as
sinusitis.>

SUMMARY

The susceptibility of neonates to infection clearly results from their immune
deficiency in both the innate and specific immune host defense systems. The
impaired neonatal T-cell functions are caused by the predominance of the
CD45RA naive phenotype. The decreased CD40 L expression on CD4+ T-helper
cells leads to diminished T- and B-cell collaboration that results in lower Ig
production and poor isotype switching. The CBMC of neonates also produces
less proinflammatory cytokines, hematopoietic colony stimulating growth fac-
tors, and immune regulating cytokines (IL-3, IL-4, IL-5, IL-6, IL-10, TNF-a, IFN-
v, GM-CSE, MIP-1a, and TGF-B) compared with the peripheral blood mononu-
clear cells of adults. These deficiencies impact on other immune effector cells
and leads to further compromises in other immune functions. Recent studies
suggest that neonatal T cells have normal capacities but altered thresholds of
responsiveness, in part, related to the naive phenotype of their CD4+ T cells.
Cytotoxicity mediated by neonatal NK cells is diminished compared with that
of adult cells. Neonatal NK cells lack CD57 and express lower levels of CD56
and CD16 (FcyRIIIA) determinants on their cell surface. The cytolytic activity
increases as the CD56 and CD16 expression increases; however, in the presence
of IL-2, neonatal NK cells transform effectively to LAK cells.

slg+ B cells can be detected early in gestation, and by 22 weeks’ gestation
normal numbers of B cells can be found in the peripheral lymphoid tissues. The
immunoglobulin repertoire in the fetus and neonate is restricted compared with
that of adults. The B-cell repertoire progressively increases with gestational age



DEVELOPMENTAL IMMUNOLOGY OF THE NEWBORN 273

with changing utilization of certain Vy gene families. The antibody response of
the infant is generally of low affinity and restricted to the IgM isotype. CD5+
B cells comprise the majority of B cells in fetal and neonatal blood and produce
mostly low affinity IgM polyspecific, autoreactive antibodies. However, intra-
uterine infections can result in the production of Ig antibodies of all three major
isotypes. Serum levels of Ig are very low until approximately 18 to 20 weeks’
gestation. Most of the newborn’s serum immunoglobulins are derived from the
transfer of maternal IgG across the placenta during the third trimester of preg-
nancy. Between 3 and 5 months of age, serum Ig levels reach their nadir,
resulting in a physiologic hypogammaglobulinemia. Neonates also have a re-
duced capacity to produce specific antibodies in the newborn period. By one
year of age, most term infants can produce normal levels of specific antibodies
to glycoprotein antigens; however, antibody responses to polysaccharide anti-
gens are delayed until after age 2.
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