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Foreword

Recently, Arthur Silverstein (1), a pioneer in studies of prenatal and neo-
natal immunity, published an historical article, entitled “The Most Elegant
Immunological Experiment of the XIX Century.” In it, he described some
extraordinary experiments carried out by Paul Ehrlich between 1892 and 1894.
These experiments can truly be cited as the genesis of today’s developmental
and neonatal immunology. The story, in brief, started after the demonstration
by Behring and Kitasato in 1890 of specific antitoxins circulating in the blood
of animals immunized against diphtheria or tetanus. These experiments were
quickly translated into the use of antitoxins to prevent or treat these diseases
in human patients. Intrigued by reports that babies from immune mothers
were protected from disease, Paul Ehrlich undertook a series of studies, using
the plant toxins ricin and abrin as model antigens. He mated ricin- or abrin-
immunized male mice with non-immune females and mated immunized
females with non-immune males. The offspring of these matings were tested
for protection by a challenge injection of the appropriate toxin. He found that
only the offspring of immunized females were protected. Protection was spe-
cific but only temporary. Pups of immune fathers showed no protection. Thus,
for the first time, Ehrlich demonstrated protective passive immunity by
maternal transfer. Realizing that antitoxin transfer could occur across the pla-
centa or through milk, Ehrlich next set up experiments in which the offspring
of immunized mothers were given to suckle on non-immune foster mothers
or, conversely, offspring of non-immune mothers to suckle on immune foster
mothers. In the first case, the antitoxic antibody initially present declined
rapidly. In less than 3 wk all of the newborn were susceptible to the toxin
challenge. In contrast, in the offspring of non-immune mothers fed by
immune wet nurses, a high degree of immunity was established, which per-
sisted for more than 6 wk. The milk of immune mothers, Ehrlich concluded,
is an ideal source of protective antibody for the newborn. Finally, Ehrlich
passively immunized nursing mice with a horse antitoxin and found that the
antibodies in milk could traverse the intestinal wall of the newborn.

It can rightly be said that in these simple, elegant experiments, Ehrlich
laid down the basic principles of contemporary neonatal immunology. His
fundamental experiments have been repeated in many forms and confirmed
many times. For example, Fig. 34 in the present volume nicely recapitulates
Ehrlich’s principal findings. It relates, moreover, to some of the urgent prac-
tical questions of our time. Group B streptococcal infections are a frequent
cause of sepsis and meningitis during the first 2 mo of life. There might be
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great value in immunizing mothers with the appropriate antigen of Group B
streptococci in order to protect their newborns during this critical, vulnerable
period. The experiments of Martin, Rioux, and Gagnon described on page
163 of this book essentially reproduce Ehrlich’s experiments, using Group B
streptococcal infection rather than a toxin, and confirm the potential value of
maternal immunization in protecting the newborn.

Our knowledge of immunology has expanded greatly since the final
decade of the 19th century and, with it, has come newer understanding of
neonatal and developmental immunology. One half of a century after he
first proposed it, Ehrlich’s concept that adaptive immunity depends upon
specific receptors represented as side chains on cells was resurrected by
Burnet (2) in his clonal selection theory. The basic concept that antigen is a
selective rather than an instructive agent still underlies today’s immuno-
logic thought. Burnet’s original view was that the interaction of an antigen
with a quiescent, mature, receptor-bearing immunocyte (i.e., lymphocyte)
leads to cell proliferation and a positive immune response. A similar interac-
tion with an immature immunocyte, on the other hand, provokes death of
the antigen-specific lymphocyte. Thus exposure to an antigen during fetal
life when most lymphocytes are immature is likely to lead to deletion rather
than proliferation and a positive response. We now recognize that the immu-
nologic unresponsiveness of the fetus is relative and time related, and that in
many species a robust immune response is possible in late fetal and neonatal
periods. This volume describes classical studies in which the progressive
maturation of the early immune response is clearly described. Yet, we know
that the newborn human is still unable to manage many infections on its own
and requires passively acquired antibody from its mother. Moreover, pas-
sively acquired immunity in the newborn is largely, if not completely, anti-
body-born. Cell-mediated protection is not transferred from mother to
offspring. It is, in fact, paradoxical that recent investigations have suggested
that maternal lymphocytes can pass through the placenta and establish them-
selves in the newborn to form immunologic chimeras. There is evidence that
this chimeric state may result years later in a graft-vs-host reaction that is
interpreted as autoimmune disease.

Burnet’s original premise that contact of an immature lymphocyte with
its corresponding antigen would lead to cell elimination rather than prolifera-
tion is represented in our present view of central tolerance of self. Expression
of self-antigens in the thymus during early stages of T-lymphocyte generation
leads to negative selection and deletion of self-reactive clones. The ability to
express self-antigens in the thymic environment is genetically controlled and
at least one of the genes responsible has recently been identified in humans
and mice as belonging to the >AIRE= family of genes. This is certainly only
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the first of many genes with similar functions and is of the greatest impor-
tance in understanding the construction of the neonatal immune response.

 We now realize that clonal deletion of T cells in the thymus is an
incomplete process and self-reactive T cells are often present in peripheral
locations. Post-thymic mechanisms are required to keep such self-reactive T
cells in check. A number of regulatory mechanisms are engaged in avoiding
the onset of pathogenic autoimmune responses and maintaining physiologic
homeostasis.

With that thought in mind, a number of years ago, we (3) proposed that
clonal balance rather than clonal selection is a more appropriate term for
describing the development of the immune response. The term clonal balance
suggests that the immune response depends on the ratio of factors promoting
or retarding the immune response. The balance between positive and negative
vectors is very delicate and the outcome is determined by the genetics of the
host as well as the manner of antigen presentation. In practical terms, it is the
context of the presentation of an antigen that dictates the quality and quantity
of the immune response. It depends upon the signals passed by the cells pre-
senting antigen to the initial T cells and by the T cells interacting with other
cells. These signals depend, among other factors, on the degree of maturity of
the host.

If we accept the notion of clonal balance, developmental and neonatal
immunology is the study of the context in which antigen is presented to
immunocompetent cells. The context is a dynamic one and depends on the
maturity of the many cells that direct the immune response.  It determines the
cellular basis of both the adaptive immune response and of the earlier innate
immune response.

The present volume sets out the issues of neonatal immunology in terms
of our contemporary appreciation of the changing dynamics of the clonal bal-
ance. Many enigmatic phenomena of the past now become more understand-
able; yet, the basic principles laid down by Ehrlich in 1892 are still applicable.
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Preface

The field of classical neonatal immunology has been dominated over
the past 50 years by two theories.  The first theory is that lymphocytes spe-
cific for self-antigens are deleted during fetal development. Current research
carried out in transgenic mice supports this hypothesis, with continual evi-
dence of the deletion of self-reactive clones during fetal development. The
second long-held theory is that the immune system of neonates is highly sus-
ceptible to developing immune tolerance, leading to unresponsiveness to im-
munization. This theory became a paradigm based on an experiment performed
in mice showing that the injection of newborns with allogeneic bone marrow
cells prevented the rejection of an allogeneic skin graft.

Commonly, a paradigm built on a widely accepted finding becomes an
eternal truth; an established paradigm generally leads to its temporal domi-
nance and an apparent intellectual rigor. Scientists frequently differentiate
into several groups with respect to a given paradigm. One group of scientists
searches for new findings aimed at strengthening the paradigm, and these
findings sometimes result in a beneficial practical application. For example,
the paradigm of neonatal tolerance was instrumental in advancing our knowl-
edge of the mechanism of tolerance. Currently, the reconstitution of the im-
mune system of immune-deficient patients with cord blood stem cells is
considered less harmful than reconstitution with bone marrow. A second group
of scientists continues to look for new findings that cannot always be ex-
plained by the current paradigm. The accumulation of new findings that do
not fit within the currently accepted paradigm leads to an intellectual crisis.
This is a critical point in the evolution of science in which the competition
between old and new findings may then lead to the formulation of a new
paradigm. The cycle paradigm–crisis–paradigm is repeated until a new theory
or a universal model is formulated or accepted.

In the last several decades there has been remarkable progress in our
understanding of neonatal immunity. Advances in cellular immunology, mo-
lecular biology, recombinant DNA and proteins, and the function of cytokines
and chemokines have changed our understanding of the immunity of neo-
nates and infants. New discoveries have revolutionized the study of neonatal
immune responsiveness, facilitating the development of efficient vaccines for
newborns, a greater understanding of impaired immune response in neonates
afflicted by immunodeficiency or genetic defects, and a clearer knowledge of
the developing immune system. New experimental findings and clinical ob-
servations have shown that neonates, and in some species fetuses, respond to



foreign antigens in a manner consistent with the existence of both quantita-
tive and phenotypic differences between newborn and adult lymphocytes.

The aim of Neonatal Immunology is to present classical and current
information and discuss cutting-edge discoveries that will hopefully lead to
new horizons in biological research and result in scientific progress in such
areas as vaccination of infants, stem cells, gene therapy, and transplantation.

I wish to express my thanks for the support of my wife, Alexandra, and
my daughter Monique for their help in editing some of the chapters. Thanks
also to Cristina Stoica for her help in gathering references and composing
figures, to Dr. T. Brumeanu for valuable information and discussion regard-
ing Chapter 9, and to Dr. Sunil Thomas for proofreading the manuscript.

Constantin Bona, MD, PhD

x Preface
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1
Structure and Function of the Immune System
in Vertebrates

1. INTRODUCTION

During evolution, vertebrates developed an immune system able to cope
with the universe of foreign antigen represented by approx 1 billion different
structurally defined antigenic determinants (epitopes). The word “immune”
(from the Latin immunis meaning except or free from taxes) defines the func-
tion of the immune system, which is endowed with intricate defense mecha-
nisms to neutralize aggressive foreign molecules or to overcome microbial
infectious agents. The immune system has a limited reactivity to self-antigen
by virtue of its ability to discriminate self from nonself.

The vertebrate immune system comprises two major arms: innate immunity
(natural, nonspecific) and adaptive immunity (specific, acquired). Cells of the
immune system and soluble factors mediate the interaction between these two
arms. Germline genes selected by evolutionary forces encode the function of
the immune system, and the replicative genetic material is inherited by off-
spring. Although the information contained in the genetic material that en-
codes innate immunity is quite stable, that which encodes the adaptive
immunity can be modified throughout life by subtle changes in germ line gene
repertoire and in various vertebrate species by changes during evolution
through Darwinian selection pressure.

2. INNATE IMMUNITY

Innate immunity is mediated by two defense reactions: constitutive and in-
ducible by self-altered cells or by macromolecules and microbes.

The constitutive mechanisms include physical barriers (e.g., skin and mu-
cosal epithelia) and chemical factors endowed with antibacterial properties
present within the skin or in secretion of mucosal tissues (saliva, tears), such as
lysozyme and defensins. These molecules exhibit destructive properties against
bacteria, and fungal cell walls are not active against a host’s cells or self-mol-
ecules. Similarly, macromolecules endowed with antimicrobial properties are
present in various cells or tissues and are recruited in the defense reactions.
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One of the effector molecules of innate immunity is the complement. The
liver constitutes the primary site of complement synthesis during ontogenetic
development and in adults. Complement is an effector system of host defense
reactions, which acts against pathogens contributing to phagocytosis of bacte-
ria and the release of inflammatory mediators at the site of inflammation. Other
factors include lysins, agglutinins, antibacterial peptides, and acute phase pro-
teins. All of these molecules that mediate innate immunity are germline-gene
encoded, and their presence and activity do not depend on stimulation by for-
eign antigen.

The cells involved in innate immune defense reaction are the polymorpho-
nuclear leukocytes (PMNs) (neutrophils, eosinophils, basophils), monocyte
macrophages, dendritic cells, natural killer (NKs), and /  T cells. These cells
are able to clear the microbes or the toxins from the body and secrete cytokines,
which form a functional network that enables crosstalk between the cells that
mediate innate and adaptive immunity.

Innate immunity in vertebrates has an ancestral origin. This concept origi-
nated from the discovery by Metchnikoff of phagocytosis in invertebrates, in-
cluding the transparent larvae of starfish and the water flea Daphnia (1). Soon
after Metchnikoff’s discovery, the phagocytosis of bacteria was demonstrated
in other invertebrates (insects and flies) and in vertebrates. In vertebrate spe-
cies, the neutrophils, eosinophils, mast cells, macrophages, and dendritic cells
are able to phagocytize not only bacteria and foreign cells but also aged or
apoptotic self cells (2). We demonstrated that the neutrophils and macrophages
are also able to internalize both exotoxins (Dick toxin, diphtheria toxin, and
Escherichia coli neurotoxin) and endotoxins (3–5) by fluid phase pinocytosis.

There is a large body of information demonstrating the presence of compo-
nents that are characteristic of innate immunity in invertebrates (reviewed in
ref. 6; see Table 1). Some of these molecules are constitutively expressed and
others are induced subsequent to infection with bacteria (6).

The ancestral origin of innate immunity in vertebrates is also illustrated by
the fact that Toll-like receptors that are expressed in the effector cells of verte-
brates were found in Drosophila (7,8). The Drosophila Toll proteins play an
important role in flies’ defense reactions against infection caused by fungi (8).

There are various target molecules that are recognized by the effector cells
that mediate innate immunity. The target molecules could be classified into
two major categories: (a) molecules involved in the phagocytosis process, and
(b) molecules that are recognized by receptors, which trigger signaling path-
ways that result in the activation of genes that are involved in the immune
processes.
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 2.1. Molecules Recognized by Receptors Mediating Internalization

The effectors of innate immunity—neutrophils, macrophages, and dendritic
cells—can recognize and internalize microbes and altered self-macromolecules
and cells.

In early studies, we showed that the pinocytosis of human immunoglobulins
and sheep red blood cells in the absence or presence of specific serum was sig-
nificantly reduced after treatment of guinea pig neutrophils with periodic acid
and neuraminidase (Table 2). These results suggest that the glycoprotein mol-
ecules associated with the surface of neutrophils are involved in the internaliza-
tion process (9). These results also showed that the phagocytic process and the
internalization of immune complexes is significantly enhanced by opsonins, be-
cause the internalization via FcR (10) is more efficient than the phagocytosis
mediated by nonspecific opsonins such as histones or other proteins (11).

Scavenger receptors, which are associated with the membranes of endothelial
cells and macrophages located in liver (Kupfer cells) and spleen, are involved in
recognizing numerous physiological waste macromolecules and clearing them
from the blood. Such molecules are self-polysaccharides and proteins that result
from hydrolysis of extracellular matrix glycoproteins, altered serum proteins, or
foreign macromolecules caused by the degradation of bacterial and fungal pro-
teins or colloidal dyes. Seternes et al. (12) showed that the presence of scavenger

Table 1
Molecules  Characteristic of Innate Immunity in Invertebrates

Molecule
Species Acute phase proteins

Insects Pentraxin, complement, macroglobulin
Crustaceans C-reactive protein, LPS binding protein

Antimicrobial peptides

Tunicates Clavanin, stylelin, lumbricin
Drosophila Defensin (cecropin, transferrin)
Mytilus Defensin (mytilin, myticin)

Lysines

Earthworm (Eisenia fetida) Fetidin, lysenin, eiseniapore, CCF-1

Complement-like proteins

Sea urchin C3

Abbreviations: LPS, lipopoly saccharide.
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receptors are common to cells from seven different vertebrate species: lamprey,
fish, frogs, lizards, chickens, mice, and rats. The scavenger function that induces
the clearing of physiological waste molecules is mediated by at least five types
of receptors: (a) hyaluronan receptors that recognize hyaluronan and condroidin
sulfate (13); (b) the collagen receptor for several  collagen chains (14) and N-
terminal peptides of procollagen (14); (c) the mannose receptor for C-terminal
peptides derived from collagen (15); (d) the receptor for modified lipoproteins
(16); and (e) FcR for immune complexes (10).

The C-type lectins play a role in the phagocytosis of apoptotic cells, such as
rodent thymocytes induced to undergo apoptosis by glucocorticoids. The C-
lectins probably recognize galactose-rich glycoproteins because the phagocy-
tosis of apoptotic cells can be inhibited by preincubation of macrophages with
N-acetyl galactosamine or galactose (17).

The recognition of altered self is poorly understood but could be related to the
alteration in the surface glycoproteins or the phospholipid component of the
membrane (17). This hypothesis is strongly supported by our previous studies,
which demonstrate an increased phagocytosis of guinea pig macrophages of au-
tologous red blood cells treated with periodic acid or lecithinase (18). The re-
sults presented in Table 3 show that the rate of phagocytosis of autologous red
blood cells (RBC) is negligible. However, it was significantly increased after
artificial alteration of glycoproteins subsequent to oxidation (with periodic acid)
of hydroxy or -amino alcohol groups of polysaccharides or the hydrolysis of
lecithin, which is a major component of the RBC membrane. The internalization
of the altered cells may be mediated by the phosphatidyl serine receptor. This
receptor binds red-cell ghosts and sickled red cells, which have lost normal asym-
metry of membrane phospholipid leaflets by unmasking anionic phospholipids
such as phosphotidylserine contained in the inner monolayer (17).

Table 2
Alteration of the Uptake of Foreign Matter  Subsequent to Treatment
of Guinea Pig Neutrophils With Chemical or Enzymatic Agents

                                Phagocytosis index of SRBC%
Pinocytosis index of Igs % + Anti-SRBC

Agents                   Nil        + Anti-Ig serum Nil serum

Control 34.6±2.48 38.9±4.54 1.1± 0.38 12.4±1.08
Periodic acid 11.2 ±2.71 9.9± 2.62 1.2±0.58 1.6±1.01
Neuraminidase 21± 2.3 24.77±3.1 0.25±0.13 1.72±0.48
Trypsin 34.5± 6.24 34.77±4.27 0.71±0.25 2.69±0.7.8

Data published from ref. 9.
Abbreviations: SRBC, sheep red blood cells.



Structure and Function of the Immune System in Vertebrates 5

2.2. Molecules Recognized by Toll Receptors Involved in Signaling
Pathways and the Activation of Various Genes

The molecules recognized by Toll-like receptors (TLRs) that trigger signaling
pathways are refereed to pathogen-associated molecule patterns (PAMPs) (17).

Toll proteins that were originally described in Drosophila were considered
to play a role in controlling the development of the dorsal patterning of the fly
embryo and antifungal defense reaction (8,19). In Drosophila, four members
of the TLR family have been identified. Structural studies demonstrated that
the cytoplasm tail domain of the Drosophila Toll protein exhibits a high ho-
mology with the mammalian interleukin (IL)-1 receptor (20). Activation of
Toll receptors plays a role in innate immune reaction and has been demon-
strated in transfection experiments. Transfection of Schneider insect cells with
plasmid-containing Drosophila Toll protein activated the transcription of genes
that encode antimicrobial peptides such as diptericin, attacin, and defensin (21).
Genetic complementation studies have suggested that the secreted protein
Spatzle is the natural ligand for TLR in Drosophila (22).

Later, homologs of Drosophilla Toll proteins were rapidly identified in hu-
mans (23,24). The effector cells mediating innate immunity (e.g., monocytes;
macrophages; and intestinal, dendritic, and NK cells) express TLRs.

In vertebrates, numerous ligands for the nine TLRs were identified (Table
4). The major characteristic of the binding of ligands recognized by cells that
mediate innate immunity is that the recognition process is not clonal restricted
since the ligands bind to TLRs expressed on a variety of cells.

The TLR recognized PAMPs, conserved molecular macromolecules, essen-
tial for the survival of bacteria.

The IL-1 receptor/Toll-like receptor represents a superfamily of receptors
found in many vertebrate species. This family includes IL-1R, IL-1R Acp, IL-
18R, IL-18R Acp, and the orphan receptor. Although IL-1 and IL-18 are the

Table 3
Effect of Enzymatic Pretreatment of Phagocytosis
of Autologous RBC by Guinea Pig Macrophages

Pretreatment of RBC with Mean rate of phagocytosis

Nil 0.3±0.1
Cathepsin-C 0.93±0.2
Periodic acid 21.6±8.45
Lecithinase 22.1±1.61

Data published from ref. 19.
Abbreviations: RBC, red blood cells.
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ligands of IL-1 and IL-18 receptors, the ligand for the orphan receptor is
unknown. The TLRs signal pathways that lead to the activation of multiple
genes, which encode proteins involved in host response to infectious agents or
injuries (25).

TLR 2 recognizes mainly bacterial, mycoplasmal lipoproteins and glycolip-
ids (reviewed in ref. 26). Lipoproteins bind to TLR by their lipoylated N-ter-
mini. Most lipoproteins are triacylated at the N-termini, with the exception of
mycoplasma lipoprotein, which is diacylated. TLR 2 also recognizes mycobac-
terium cell wall glycolipids such as lipoarabinomannan (LAM), which contains
arabinofuranosyl sidechains. Interestingly, the receptor can distinguish subtle
structural differences in LAM. For example, it does not recognize AraLAM
from M. tuberculosis or bacillus Calmette-Guerin (BCG), which contain LAM
that is terminally capped with mannose. Macrophages produce proinflammatory
cytokines in response to zymosan, which binds to TLR 2. It was proposed that
TLR 2 subsequent to the binding of various ligands is recruited in phagosomes
and participates in receptor-mediated phagocytosis and, therefore, may discrimi-
nate between structurally different ligands. This concept is supported by cyto-
logical data, which demonstrate that after phagocytosis of zymosan by
macrophages the TLR 2 is enriched around the phagosome (27).

TLR 3 recognizes viral double-stranded RNA (dsRNA) that is synthesized
during the replication process by various viruses. The recognition of dsRNA

Table 4
Toll Receptors and Their Ligands

Toll receptor Ligand

TLR IL-I IL-1, IL-18, LPS
TLR 2 Clindrical E. coli LPS, yeast zymosan

Lipoproteins (mycoplasma, mycobacteria, OspA
 Borrelia burgdoferi)

Lipopeptide (Treponema pallidum)
Peptidoglycan (Staphylococcus aureus, B.subtilis

Streptoccocus)
Arabinofuranos (Mycobacteria)

TLR 3 Viral dsRNA
TLR 4 Conical Pseudomones gingivalis, leptospira LPS,

Lipoteichoic acid (S. aureus),  HSP60
TLR 5 Flagellin
TLR 6 Neisseria  LPS
TLR 7 Imiquimod
TLR 9 CpG motif

Abbreviations: TLR, toll receptor;  IL, interleukin; LPS, lipopolysaccharide, dsRNA,
double-stranded ribonucleic acid.
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by TLR 3 was elegantly demonstrated in an experiment showing that although
poly (I:C) stimulates human cells expressing TLR 3, it failed to activate pro-
duction of IL-6, IL-12 and tumor necrosis factor (TNF) by macrophages from
TLR 3–/– mice (28).

TLR 4 mainly recognizes LPS from various gram-negative bacteria,
lipoteichoic acid from Streptococcus aureus, and HSP60, which is an endog-
enous protein. The role of TLR 4 in the recognition of LPS is strongly sup-
ported by two sets of observations: (a) the presence of an mis-sense point
mutation within the TLR 4 gene-encoding cytoplasm tail of the receptor in
C3H/HeJ mice, which are unresponsive to LPS (29), and (b) lipopolysaccha-
ride (LPS) hyporesponsiveness of TLR4–/–mice resembles the defective LPS
response of C3H/HeJ mice (30). The recognition of HSP60 endogenous pro-
tein by TLR 4 was demonstrated by the inability of macrophages from C3H/
HeJ—but not C3H/HeN—mice to induce the synthesis of TNF-  and nitric
oxides after exposure to HSP60 protein (31).

TLR 5 recognizes flagellin, the major component of the flagella, which
extends from the outer membrane of gram-negative and gram-positive bacteria
(32). This was demonstrated by studying the ability to stimulate cells incu-
bated with flagellated and nonflagellated Listeria moncytogenis of E. coli and
a mutant Salmonella typhimurium strain bearing the deleted flagellin gene.

TLR 9 recognizes CpG-rich bacterial DNA. This was demonstrated by a
lack of production of cytokines by macrophages and the maturation of den-
dritic cells in TLR9-/- mice following exposure to CpG containing DNA (33)
(Table 4).

Studies carried out in Drosophila showed that the signaling via Toll proteins
involves an adaptor protein tube that transmits the signal to Pele, a serine-
threonine kinase, which, in turn, signals the dorsal-Cactus complex equivalent
to mammalian NF- B (34–36). The signaling pathways through mammalian
TLR 1,2,3, and 4 are quite common and resemble those described in Droso-
phila, suggesting a highly phylogenetically conserved system. The intracellu-
lar domain (TIR) of TLR 2,3, and 4 is similar to IL-1R domain. In the case of
IL-1R, the ligand engagement recruits the MyD88 adaptor protein, equivalent
of Drosophila tube protein, that associates to IL-1R protein by direct TIR–TIR
domain interaction. The death domain of MyD88 recruits IL-1R-associated
protein kinases, (IRAK4) that is related to the Pele kinase of Drosophila. After
phosphorylation, IRAK 4 dissociates from the receptor and associates with the
TNF receptor activation factor 6 (TRAF6). TRAF6 then activates NF- B, p38
mitogen-activating protein kinase (MAPK), and Jien kinase (JNK), leading to
activation of transcription factors c-Jun and AP-1 (37). ECSIT protein identi-
fied both in Drosophila and humans appears to bridge TRAF6 to MAPK acti-
vation via MEKK1 (21).
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There are some subtle differences in the signaling pathways triggered by
TLRs. Thus, in the case of TLR 4, a MyD88 independent pathway exists in
which the binding of LPS to receptor recruits Mal-TIRAP, which then acti-
vates IRAK4 (38). The MyD88 independent signaling pathway was demon-
strated in a study showing that the LPS induced NF- B activation in
MyD88-deficient cells (reviewed in ref. 38).

Signaling pathways mediated by TLR 2 and 4 leads to the activation of the
p38-MAPK pathway and of AP-1, NF- B, and c-Jun transcription factors (38).
The signaling pathway via TLR 3 by dsRNA induces MyD66-dependent acti-
vation of IL production, whereas the maturation of dendritic cells and the acti-
vation of NF- B, c-Jun, and p38MAPK are induced via MyD88-independent
pathway (28).

2.3. NK Cells and Innate Immunity

NK cells play an important role in innate immunity, particularly in earlier
stages of the invasion of the body by infectious agents or aberrantly differenti-
ated cells subsequent to oncogenic transformation. Like the response of mono-
cytes and dendritic cells to pathogens, the NK response is not clonally
restricted. This results from the monomorphic nature of NK receptors. One
type of receptor represented by Fc  receptor mediates Antibody-dependent cell-
mediated cytotoxiated (ADCMC) reaction, a process in which the antibody
specific for a target antigen bridges the target cell with NK cells. A second
group of receptors is involved in lysing virus-infected and tumor cells that lack
major histocompatibility complex (MHC) molecules. The second group of re-
ceptors can be divided into three families. The first family contains killer-cell
inhibitory receptors (KIR) expressed on human NK cells. The second family
consists of receptors that display high homology to the C-type lectin receptors
expressed on the surface of other effector cells involved in innate immunity.
This receptor is a heterodimer composed of CD94/NKG2 that is expressed in
both human and murine NK cells. In humans, these receptors recognize HLA-
E, a minor MHC antigen and in mouse Qa-1b, a nonclassical MHC antigen
(39). In mice, whereas CD94 is monomorphic, the NKG2 is polymorphic. The
third family of inhibitory receptors, Ly49, is expressed only in some murine
strains. This receptor family is polymorphic, because it consists of 14 highly
related genes (Ly49 A–N). The inhibitory effect results from the binding of
Ly49 to the 1/ 2 domain of MHC class I molecules (40).

In humans, NK cells constitute 10–15% of peripheral blood lymphocytes
(PBL) and mediate cytotoxic activity against cells infected with viruses or
against tumor cells irrespective of their antigen specificity. Similarly to mice,
human NK cells express three types of receptors: (a) the Fc  receptors that
mediate ADCMC; (b) the inhibitory receptors that belong either to the Ig



Structure and Function of the Immune System in Vertebrates 9

superfamily (KIR and ILTC) or to the C-type lectin family (NKG2A/CD94);
and (c) the activating receptor group composed of several molecules, including
NKp30, NKp44, and NKp46 (41).

3. ADAPTIVE IMMUNITY

Adaptive immunity represents the specific immune response of individuals
who have been exposed to foreign antigen or, in some pathological conditions,
to self-antigen. The effectors of adaptive immunity include B lymphocytes,
which are derived from bone marrow or bursa of Fabricius, and T lympho-
cytes, which are derived from the thymus.

B lymphocytes mediate humoral immune response by virtue of their ability to
produce antibody identical to the Ig receptor that is associated with their mem-
brane. The Ig receptor is able to recognize epitopes on the surface of native or
partially degraded antigenic macromolecules. T cells mediate cellular immune
reactions. In contrast to B cells, T cells, via their T-cell receptor (TCR), do not
recognize epitopes on the surface of native antigen. They are able to recognize
peptides of various lengths resulting from the degradation of macromolecules
taken up by antigen-presenting cells (monocytes, macrophages, dendritic cells,
and B cells). They can recognize the peptides only in association with MHC
class I molecules, such as a subset of T cells that display CD8 marker or MHC
class II and CD1 molecules by T cells that display the CD4 marker.

Adaptive immunity can be divided into two major categories: (a) active
adaptive immunity induced by natural exposure to foreign antigen or subse-
quent to vaccination, and (b) passive immunity resulting from passive transfer
of antibodies from mother to newborn (natural, passive immunity) subsequent
to parenteral administration of specific antibodies (artificial, passive immu-
nity) or infusion of lymphocytes (adoptive transfer immunity).

Adaptive immunity is characterized by three major features. First, the im-
mune response is specific for 1 billion structurally different antigens, borne by
protein, glycoprotein, polysaccharide, lipoprotein, and glycolipid macromol-
ecules. The receptor of the lymphocyte recognizes a single epitope of a macro-
molecule even if a given macromolecule bears a multitude of epitopes. Each
lymphocyte recognizes a given epitope by its receptor: Ig receptor in the case
of B cells and TCR in the case of T cells. Antigen-specific lymphocytes exist
in the body before exposure to antigen, and the specificity of their receptors
was selected during species history by evolutionary Darwinian forces, namely,
antigen-selection pressure.

The second main feature of adaptive immunity is the ability of lymphocytes
to discriminate self from nonself. This remarkable property is related to the
elimination (deletion) or functional inactivation (anergy) of lymphocytes ex-
pressing receptors that are specific for self-antigen during fetal development.
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The third feature is immunological memory. Subsequent to the exposure to
antigen, the pre-existing lymphocytes are activated and differentiate either into
effector cells or memory cells. After a new exposure to antigen, the memory
cells are rapidly activated, proliferate, and make a prompt specific response,
enabling the body to respond specifically and rapidly to antigen. Therefore, the
memory cells are lymphocytes that were previously activated by antigen. These
cells have a long half-life. Obviously, the prompt response of memory cells to
a new exposure to antigen (challenge) represents a beneficial mechanism of
adaptive immunity in defense reactions against infectious agents. It is note-
worthy that in certain conditions this can be deleterious when the tolerance of
lymphocytes to self-antigen is broken down and leads to the occurrence of
autoimmune diseases.

The concept of adaptive immunity was derived from three revolutionary
discoveries: the discovery of the anti-smallpox vaccine by Jenner, the discov-
ery of the anti-anthrax and rabies vaccines by Pasteur, and the demonstration
of passive acquired immunity through injection of anti-diphtheria toxin anti-
bodies by von Behring and Kitasato (42).

The demonstration that antitoxin antibodies prevent diphtheria led to the
concept of humoral theory of adaptive immunity, namely, that substances
present in body fluids mediate the immune response. Ehrlich (43) proposed
that these substances actually represented receptors expressed on the surface
of cells that are able to interact with antigen based on a chemical
complementarity.

The discovery of phagocytosis by Metchnikoff (1) provided the framework for
cellular theory of the immune response. This theory emerged from the observa-
tion that the cells that are able to phagocytize microbes are the major players in
the defense reactions. Both theories were proposed in a period when the immu-
nologists ignored the function of lymphocytes. Gowans (44) demonstrated later
that the lymphocytes are the effectors of specific adaptive immune responses.

However, these theories failed to explain two major features of the adaptive
immunity: specificity and tolerance.

The properties of adaptive immunity were explained by Burnet, who pro-
posed the clonal theory (45).

The clonal theory is based on the concept that each lymphocyte is geneti-
cally programmed to recognize a single antigenic specificity. Thus, the im-
mune system represents a collection of clones derived from precursors that are
able to recognize a single epitope by its receptor. Evolutionary forces during
phylogeny selected the genes that encode the specificity of the lymphocyte
receptors. The antigen represents the Darwinian selective pressure, and the
diversity of the immune response results from a random rearrangement of genes
that encode the lymphocyte receptor, which diversify may be amplified further
by the somatic hypermutation process throughout life. Therefore, once the
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antigen enters into the body, it selects the clone that bears a complementary
receptor for a given epitope.

A unifying element of clonal theory is the ability of lymphocyte clones to
discriminate self from nonself. Burnet proposed that the clones that are able to
recognize self-antigen are deleted during ontogeny. Thus, clonal theory pro-
posed that both the randomization of specificity for foreign antigen and toler-
ance susceptibility for self-antigen are limited to the ontogenetic and perinatal
period of the development of the immune system.

Clonal theory became a paradigm for the immunologists since a large body
of experimental evidence supported it. Thus, the following was demonstrated:

(a) The lymphocytes belonging to the same clone bind a single antigen and lympho-
cytes could be eliminated if the antigen is labeled with a radioactive element.

(b) In a heterozygous animal, a B cell makes antibodies by carrying a single allotype
and idiotype genetic marker. The allotypes are antigenic markers of heavy or
light chains of Ig molecules that are shared by all individuals of a genotypically
identical, inbred strain or by groups of individuals of outbred species. The
idiotypes are phenotypic markers of V genes that encode the Ig receptor of B
cells or TCR receptor of T cells.

(c) All the progenitors of a clone share identical genes that encode the specificity of
their receptor (ref. 49).

Burnet (45) postulated that unresponsiveness to self-antigen results from
the process of deletion of self-reactive clones during ontogeny (clonal dele-
tion), which leads to central tolerance. Central tolerance occurs as a result of
negative selection in central lymphoid organs—in bone marrow where B cells
are generated and in the thymus where T cells develop. The concept of nega-
tive selection of B cells is well supported by studies carried out in transgenic
mice. Thus, in mice, it has been shown that B cells that express VH and VL

genes, which encode antibodies specific for allogeneic MHC class I molecules
(46) or hen egg lysozyme (HEL), have been deleted (47).

Clonal theory views the immune system as disconnected clones that are
waiting to encounter an antigen, which induces their expansion and differen-
tiation into effector cells.

Jerne (48) proposed a theory that pictured the immune system as a network
in which the clones speak to each other using idiotype dictionary. The idiotype
expressed on the receptor of a clone can be recognized by the receptor of a
different clone, and this type of recognition of self-structures ensures the con-
nectivity of clones that make up the immune system.

The network theory is based on the following three major postulates:

(a) The idiotypes expressed on the receptors of lymphocytes function as links between
clones exhibiting various specificities, and as a target for regulatory mechanisms,
which control expansion of clones in various stages of the ontogenetic develop-
ment of the immune system and in various stages of the immune response.
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(b) Idiotypes are internal images of antigen and, therefore, represent links between
the external universe of foreign antigen and the inner immune system.

(c) Through a self-recognition process, idiotypes can activate a cascade of comple-
mentary clones (operationally called anti-idiotypes), which display regulatory
functions. The activation of clones by anti-idiotypic antibodies can replace the
stimulation by foreign antigen. The idiotype-mediated suppression shall prevent
overwhelming of the immune system by a clone that is expanded subsequent to
antigen stimulation (reviewed in ref. 49).

4. CELLS OF THE IMMUNE SYSTEM

4.1. Phenotypic Characteristics of Mature Cells Involved in Innate
Immunity

The cells mediating innate immunity, an important first line of defense, are
the granulocytes (neutrophils, eosinophils, and basophils), monocyte-macroph-
ages, and dendritic and NK cells. Each type of cells exhibits different pheno-
types based on cell structure, the expression of different membrane
cytodifferentiation antigen and receptors, enzyme content, and the display of
different functions.

4.1.1. Neutrophils

Neutrophils represent approx 60% of total white blood cells (WBCs). These
cells are 10–15 μm in diameter, with slightly basophilic cytoplasm and in-
dented nuclei, which characterize the young (band) cells, and with polylobated
nuclei, which are characteristic for older (segmented) cells. Within the cyto-
plasm, three types of granules can be observed: (a) primary, or azurophilic,
granules, which stain purple with Giemsa; (b) secondary granules, which stain
faintly pink with Giemsa; and (c) peroxisomes. Primary and secondary gran-
ules are typical lysosomes, which fuse with endosomes containing phagocy-
tized particles that are degraded by the enzymes contained in these granules
(Fig. 1).

Primary granules contain various types of hydrolyzes that have an optimal
activity at pH 5.0, including lysozyme and cationic proteins. Secondary gran-
ules contain lysozyme, collagenase, cytochrome, vitamin B12-binding protein,
and lactoferrin. The peroxisomes contain myeloperoxidase, which reduces oxy-
gen and hydrogen peroxide (Table 5).

The neutrophils express some cytodifferentiation antigen, which are shared
with other WBCs and various receptors. Some of these receptors bind to growth
factors that are essential for the differentiation of myeloid cells. Another set of
receptors is involved in the internalization of immune complexes and bacteria
covered with IgG opsonins and complement. The neutrophils express recep-
tors that bind to chemokines or to chemoatractans formyl peptides (FPR,
mFPR1, mFPR2). These receptors play an important role in the migration of
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neutrophils from the blood to tissue and, in particular, toward inflammatory
foci caused by pathogens. In general, the movements of neutrophils are ran-
dom. However, when the local medium contains formyl peptides derived from
bacteria, the neutrophils move toward the source of peptides, a phenomenon
called chemotaxis. The chemotaxis allows for the accumulation of leukocytes
at the site of microbial infection and inflammation. The FPRs expressed in
human neutrophils have an important role in innate immunity. For example,
dysfunctional FPR alleles were associated with juvenile peridontitis (50). There

Fig. 1. Electron micrograph and light microscopy of a neutrophil. Multilobated
nucleus with predominant heterochromatin. The cytoplasm is packed with an abun-
dant variety of granules: lysosome (L);  phagolysosomes (PL), which are mostly clear;
peroxisome (P); and azurophilic granules, which are the darkest.
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are also receptors for various cytokines, such as CD118 binding to IFN-  and
-  and CD132 binding to IL-2 and receptors for IL-4, IL-7, and IL-14 cytokines
(Table 6).

The main function of neutrophils is to internalize particulate antigen by ph-
agocytosis and soluble macromolecules by pinocytosis. Figures 2 and 3 show
neutrophils phagocytizing autologous red blood cells (RBCs) treated with leci-
thinase and the pinocytosis of fluoresceine-labeled Dick erythrotoxin.

The opsonin antibodies that bind complement enhance phagocytosis. This
was clearly demonstrated in the phenomenon of immunoadherance (51). Fig-
ure 4 shows the kinetics of phagocytosis using neutrophils of Staphylococci
that are bound to RBC covered with antibacterial opsonins and complement.
Recent studies showed that endosomes bearing vesicle-associated protein 3
(VAMP3) fuse with the plasma membrane at the site where phagocytosis is
initiated, and subsequently, the phago-endosome is internalized. This process
contributes to the preservation of the cell membrane during phagocytosis,
avoiding loss and preserving the integrity of the membrane (52). Phagocytosis
induces the activation of Ras-ERK MAPK module in neutrophils. In contrast,
phagocytosis that is initiated by Fc R recruits Syk (reviewed in ref. 53).

Table 5
Proteins and Enzymes Contained Within  Neutrophils
Granules Primary, Azurophilic Granules

Enzymes

PRIMARY GRANULES
Cathepsins, collagenases, proteinas-3,  elastases, lysosyme,

-manno-sidase, -galactosidase, -glucuronidase,
-glycerphosphatase N-acetyl- -glucoseaminidase,

meyloperoxidase lipase, -amylase, phosphlipases,
nucleases

Proteins

Cationic proteins, -defensin

SECONDARY GRANULES Enzymes

Collagenases, lysozyme

Proteins

Lactoferrin, cytochrome b, vitamin B12-BP
Peroxisomes

Enzymes

Peroxydases
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Table 6
CD Antigens and Receptors Associated With Neutrophil’s Membrane

CD antigens

CD65 (poly-N-acetyllactose amine), CD69
CD165 (sialomucine), CD94 (C-type lectin)

Receptor Ligand

-integrin family

CD11a ICAM-1.3
CD11b ICAM-1
CD11c Fibrinogen, iC3b

-integrin family

CD18 ICAM-1-3, fibrinogen, iC3b
CD29 Collagen, Laminin, fibronectin

Complement receptors

CD35 C3b, C4b
CD46 C3b,C4b
CD48 Cb2
CD88 C5a

Fc receptors

CD23 Ig Fc
CD64 (Fc RI, CD32 Fc RII) Ig Fc

Growth factor receptors

CD114 G-CSF
CD116 GM-CSF

Interleukin receptors

CD118 IFN and
CD132 IL-2, IL-4, IL-7, IL-14, IL-15
CD153 TNF-

Chemokine receptors

CD128 IL-8
CXCR2 CXCL2,CXCL3, CXCL5
CXCR1 CXCL7, CXCL8, CXCL9, CCl24

Chemotactic receptors

FFR, mFR1, mFPR2, FPRL1 Formyl-peptides

Abbreviations: ICAM, intercellular adhesion molecule; C, complement; FCR, Fc
receptor; G-CSF, granulocyte-colony stimulating factor; GM-SCF, granulocyte
monocyte-colony stimulating factor; FPR, formyl-peptide receptor.
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Fig. 2. Phagocytosis of autologous red cells was following treatment with periodic
acid. May-Grunwald- Giemsa staining of guinea pig neutrophils (×1, 250). (From Bona
C et al. Nature [London] 1967; 213:824–825.)

By virtue of the broad specificity of hydrolyses contained in lysosomes, the
phagocytized or pinocytized materials are completely degraded and, therefore,
the neutrophils are unable to present antigen to T cells, which suggests that
their major function is in innate immunity. Adaptive immunity via opsonins,
antibodies specific for particulate antigen, enhances the function of neutrophil
in the innate immune processes.

A major link between innate and adaptive immunity exists in the cytokine
network. The cytokines produced by cells that mediate innate immunity dis-
play immunomodulatory properties on lymphocytes, and the cytokines that are
secreted by lymphocytes modulate the function of cells involved in the innate
immunity. In spite of the fact that the neutrophils are terminally differentiated,
short-lived cells, they produce some cytokines or chemokines subsequent to
exposure to antigen, such as LPS, which binds to Toll receptors, or C5a, which
binds to complement receptors. Thus, LPS induces the synthesis of the
cytokines, such as IL-1 , TNF- , TGF- , or IL-8 and MIP-1 chemokines (53).

4.1.2. Eosinophils

Eosinophils constitute 3–5% of total WBCs. Structurally, they are cells of
10–15 μm in diameter, with bilobated nuclei and cytoplasm that is full of gran-
ules that stain bright red with eosin. The granules contain unique crystalloid
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Fig. 3. Pinocytosis of fluorescein-labeled Salmonella typiymurium endotoxin by
guinea pig neutrophil. The pinocytosis was observed in fluorescent microscopy 45
min after incubation of cells with labeled endotoxin.

core structures (Charcot–Leyden) that are composed of several basic proteins
(Fig. 5).

In contrast to neutrophil granules, eosinophil granules contain fewer hydro-
lytic enzymes (arylsulfatses, acid phosphatase, ribonuclease, cathepsins, and
lysophospholipases) but are richer in major basic proteins, which are toxic for
eukaryotic cells, and cationic proteins, which are toxic for prokaryotic and eu-
karyotic cells.

The eosinophils express receptors for Fc fragments of IgG, IgA, IgE, recep-
tors for complement (C1q, C5a), and growth factors (G-CSF and GM-CSF).

Eosinophils can internalize macromolecules and, in certain conditions, gen-
erate peptides from the processing of internalized macromolecules. Antigen-
presenting property was shown by the ability of murine and human eosinophils
to present peptides derived from ovalbumin (OVA) to activate OVA-specific T
cells (54) and by the ability of human eosinophils to present peptides derived
from foreign proteins (55). The antigenic-presenting property is related to the
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ability of eosinophils activated by GM-CSF to induce higher expression of
class II molecules, which present the peptides to CD4 T cells (55).

The major function of eosinophils in innate immunity is related to defense
reaction against higher-ordered eukaryotic parasites such as helminths. They
also play a role in allergic diseases. In both instances, the number of eosino-
phils in the blood is increased (eosinophilia).

4.1.3. Basophils

Basophils represent 1% of WBCs in humans but are found in all vertebrate—
and some invertebrate—species. Frederich von Recklinghausen reported the
first description of basophils in 1863, and, in 1879, Ehrlich described the same
cells in various tissues and called them Mastzellen: the mast cells. These cells
were named basophils because of strong metachromatic staining of granules

Fig. 4. Phenomenon of immunoadherence. Red blood cells coated with specific
antibodies were incubated with complement and bacteria and then with guinea pig
peritoneal cells. The figure represents four different steps analyzed by microcin-
ematography. It is noteworthy that in the last figures, the majorities of bacteria were
phagocytized and are present in vacuole (V) .
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with Toluidine blue, which is because their contents are rich in anionic sub-
stances (Fig. 6). The granules of basophils and mast cells contain proteoglycan,
biogenic amines, leukotrines, and hydrolytic enzymes (Table 7). Several
receptors and glycoproteins are associated with the membranes of basophils
and mast cells (Table 8).

Fig. 5. Electron micrograph and light microscopy of an eosinophil. The cytoplasm
of this guinea pig eosinophil contains many granules. The granules contain a unique
crystalloid core structure (Charcot–Leyden) composed of several basic proteins (L).
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The binding of ligands to some receptors caused degranulation of basophils,
leading to the release of a broad variety of proteins and biogenic amines, which
play an important role in innate immunity, inflammatory processes, and aller-
gic diseases. Among these receptors, one may cite Fc R, which is capable of
binding IgE-antigen complexes. The activation of basophils via the IgE recep-
tor plays an important role in inflammation and adaptive immunity but not in
innate immunity because IgE activation is totally dependent on Th2 cells. IgE-
mediated degranulation leads to the release of histamine, heparin, -glucu-
ronidase, and eosinophilic chemotactic factor. All these factors are important
mediators of acute inflammatory processes.

Fig. 6. Electron micrograph and light microscopy of a mastocyte. The cytoplasm is
packed with large granules strongly metachromatically stained with Toluidine blue
because their contents are rich in anionic substances. The granules of basophils and
mast cells contain proteoglycan, biogenic amines, leukotrines, and hydrolytic enzymes.
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Toll receptors (TLR 2, 4, and 9), which are capable of binding to LPS and
CpG, and complement receptors are also expressed on the surface of mast cells.

Like neutrophils, human and murine mast cells can phagocytize and kill
gram-positive and gram-negative bacteria (56–58) through a combination of
nonoxidative and oxidative killing system. The phagocytosis of bacteria is me-
diated by opsonizing complement components (59). This was elegantly demon-
strated by taking advantage of a mast cell-deficient murine strain W/Wv. This
mouse strain bears a mutation at the W locus, which encodes the c-Kit receptor
for stem cell factor (SCF), a growth factor required for the differentiation of
myeloid progenitor in basophils (60). These mice are less efficient in clearing
the bacteria and succumb faster to bacterial infection when compared to wild
mice (61).

The mast cells produce several interleukins subsequent to activation result-
ing from the binding of ligands to Fc receptors such as IL-4, TNF , IL-1, IL-
3, IL-6, and GM-CSF, endothelin (ET-1) (62) and leukotrines (LTC4) (63).
The mast cells play an important role in innate immunity by recruiting neutro-
phils and eosinophils through chemotactic factors such as eosinophil chemot-
actic factor, leukotriene B4, and others. Thus, it was shown that neutrophil
influx after peritoneal injection of E. coli is reduced after pretreatment with
leukotriene inhibitor (64). Furthermore, studies carried out in MC-deficient
mice have shown that reduced killing ability of bacteria correlated directly
with reduced neutrophil infiltration in the lung and increased mortality and
morbidity in a model of acute septic peritonitis (58).

The interaction of mast cells with lymphocytes is supported by observations
showing that after the phagocytosis of live bacteria or bacterial products, the
mast cells process antigen and are able to present peptides, which are associ-
ated with MHC class I molecules, to antigen-specific T-cell lines (65,66).

Table 7
Content of Granules and Protein Secreted by Mast Cells

Biogenic amines: histamine and serotonin
Peptidoglycans: chondroitin sulfate A, B, E, heparin
Proteases: tryptase chymase carboxypeptidase, cathepsin G,

neutral protease (MMCP 1,2,3,4,5,6)
Hydrolases: -glucuronidase, lysophospholipase, elastase,

acid phosphatase,
Oxigenase: cyclo oxigenase-2
Bioactive proteins: endothelin, eosinophil chemotactic factor,

leukotriene, major basic protein
Interleukins: IL-4, TNF- , IL-I  , IL-13, IL-9
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Table 8
Receptors Associated With Mast Cell Membrane

Receptor Ligand

CD117(c-kit) SCF
Adenosin receptors (A2A, A2B, A3) Adenosine
ETB Endothelin-1

Interleukin receptors

CD125 IL-5
CD118 IFN-  and -

-integrin family

CD11a ICAM-1.3
CD11b ICAM-1
CD11c Fibrinogen, iC3b

-integrin family

CD18 ICAM-1-3, fibrinogen
iC3b
CD29 Collagen, laminin
Fibronectin

Fc receptors

CD23 Ig Fc
CD64 (Fc RI), CD32 (Fc RII) , CD16 ( Fc RIII) Ig Fc

Growth factor receptors

CD114 G-CSF
CD116 GM-CSF

LPS receptors

CD14, TolR 2, TolR 4
Complement receptors
CD88 C5a

Chemokine receptors

CCR3 CCL24, CCL11
CCR2 CCL13, CCL2

Cannabinoid receptors

CB1 Endocannabinoid
CB2 Endocannabinoid

Other membrane-associated molecules

CD65 (poly-N- acetyllactose amine), CD69 and CD165 (sialomucine), CD66 (C-type lectin)
CDw17 (lactosyl ceramide), CD33 (sialoadhesin), CD48 having as a CD2 ligand

Abbreviations: SCF, stem cell factor; ICAM, intercellular adhesion molecule.



Structure and Function of the Immune System in Vertebrates 23

4.1.4. Monocyte-Macrophages

The blood monocytes are spherical cells of 10–40 μm in diameter with oval
or kidney-shaped nuclei with two prominent nucleoli. The cytoplasm is rich in
rough endoplasmic reticulum (ER)-developed Golgi apparata, mitochondria,
and lysosomes (Fig. 7). Blood monocytes migrate in various tissues and inter-

Fig. 7. Electron micrograph and light microscopy of a guinea pig lymph node and
blood monocyte. The monocytes are spherical cells 10–40 μm in diameter with an
oval or kidney-shaped nucleus with two prominent nucleoli. The cytoplasm is rich in
rough endoplasmic reticulum (RER) developed Golgi apparatus (G), mitochondria,
and lysosomes (Cd). A centriole can also be observed (C).
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nal cavities such as the peritoneum, pleura, or pericardium. Fixed and differen-
tiated monocytes in various tissues are most commonly called macrophages.
Macrophages can be divided in normal and inflammatory macrophages. Nor-
mal macrophages include macrophages in connective tissues and skin (histio-
cytes), liver (Kupffer’s cells), lung (free and fixed), spleen and lymph nodes,
central nervous system ([CNS]; microglia), cartilage (chondroclasts), bones
(osteoclasts), and serous cavities (peritoneal, pericardia, and pleura) (Table 8).

Fig. 8. Electron micrograph of a guinea pig splenic macrophage. The cytoplasm
contains large heterophagosomes (HPS); numerous lysosomes (Cd); mitochondria; and
a well developed RER.
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Fig. 9. Electron micrograph of guinea pig lung macrophages. In the nucleus, the
diffuse chromatin (Chr d) is predominant and dense heterochromatine (Chr m) is
located in close contact with the nuclear membrane. The cytoplasm contains a devel-
oped Golgi apparatus (G), numerous mitochondria (M), large empty vesicles (ves) and
multivesicular bodies (CMV), and a few lysosomes (Cd).
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Despite the fact that macrophages undergo some morphological changes after
fixation in tissues, they share basic structural features with blood monocytes
(Figs. 8–10). However, the macrophages isolated from different tissue display
a diversity of phenotypes and functions. The heterogeneity of fixed macroph-
age population may arise in part on signal received from immediate microenvi-
ronment and from unique condition within specific tissues.

Fig. 10. Electron micrograph of Kupffer cells. A Kupffer cell is characterized by a
large nucleus with cytoplasm prolongation (pc). The left square shows an abundance
of heterophagosomes.
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Tissue macrophages may also differ in the expression of antigen or other
molecules that are associated with their membranes. For example, human lung
macrophages express an antigen that is not found at the surface of alveolar or
peritoneal macrophages. In contrast to peritoneal macrophages, which express
poor-class II MHC molecules, human alveolar macrophages express high lev-
els of class II molecules.

Thus, functional heterogeneity of macrophage population depends on tissue
environmental factors, which contribute in different ways to the maturation of
blood monocytes into macrophages.

The lysosomes of monocyte-macrophages are rich in hydrolyses that are
bable to degrade and process phagocytized particulate antigen or pinocytized
macromolecules. In addition, the macrophages synthesize and secrete peptide
hormones (erythropoietin, adrenocorticotropic hormone, -endorphin, thy-
mosin), some complement components, coagulation factors, arachidonic acid
metabolites (prostaglandin, leukotriens, thromboxanes), and various
interleukins (IL-1, IL-6, TNF- , TGF- , interferons) and growth factors (fi-
broblast and platelet-derived growth factors and colony-stimulating factors)
(reviewed in ref. 67). These broad varieties of bioactive substances produced
by macrophages suggests that beside their major role in innate immunity, they
can interact with other cells by regulating their functions and contributing to
the maintenance of macromolecular homeostasis.

The major role of macrophages in innate immunity consists in their ability
to phagocytize and destroy bacteria and to inhibit the growth of obligatory
intracellular bacteria when they are activated by interleukins, which are se-
creted by lymphocytes. The monocyte-macrophages are able to present pep-
tides, which result from the processing of internalized microbes or self- and
nonself-macromolecules to both CD4 and CD8 T cells, because they express
both class I and class II MHC molecules.

4.1.5. Dendritic Cells (Table 9)

Dendritic cells, discovered by Steinman and Cohn (68), play an important
role in innate and adaptive immunity. The dendritic cells are the most efficient
antigen-presenting cells in initiation of specific immune responses, because
the mature dendritic cells express class II and class I MHC molecules and
costimulatory factors that are required for the activation of T cells (69). The
distinctive tissue distribution of dendritic cells has been outlined using a com-
mon set of criteria, especially the isolation of MHC II-rich, nonadherent,
nonphagocytic cells. Large, stellate, MHC class II-rich cells are present in the
blood and lymph (70) (Fig. 11). They are found in the T-cell area of peripheral
lymphoid organs: spleen, lymph nodes, and Peyer’s patches (71). In various
species, the dendritic cells also are found in peripheral tissues, including skin,
airways, gut, and vagina (72–76). Murine dendritic cells are characterized by
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the expression of some cytodifferentiation antigen, such as CD11c; CD11b;
33D1; CD8 ; high expression of MHC class II molecules (reviewed in ref.
77); endocytic receptors, such as DEC-205 (78) or mannose/fucose receptors
(79); costimulatory molecules (CD40, CD86, CD89); receptors for interleukins,
such as IL-3R (80); and receptors for chemokines (77). Whereas the immature
dendritic cells express CCR1-CCR5 chemokine receptors, the mature dendritic
cells express only CCR7 chemokine receptor.

The role of dendritic cells in innate immunity is illustrated by the fact that
they express almost all Toll receptors involved in the recognition of PAMPs,
which transduce signals leading to activation of NF- B through MyD88-
dependent or -independent pathways (reviewed in ref. 81).

Dendritic cells are a heterogeneous cell population composed of several sub-
sets of lymphoid or myeloid origin (82). Plasmacytoid dendritic cells of lym-
phoid origin are localized in the thymic cortex and T-cell zone cells of
lymphoid organs. They are able to take up and process antigen and to prime
both CD4 and CD8 T cells. After maturation, they secrete IL-12 and type I IFN
(83). In mouse, plasmacytoid dendritic cells express CD8 , CD4, CD11a,

Fig. 11. Electron micrograph of a dendritic cell. In the nucleus, the diffuse chroma-
tin is predominant and a nucleoli could be identified The cytoplasm is rich in mito-
chondria and smooth endoplasmic reticulum and contains a few lysosomes. (From
Knight SC Int Rev Immunol 1990;6:166.)
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CD11c, CD40, CD43, B220 (CD45R), CD54 antigen, IL-3 R, and class II MHC
molecules. In humans, plasmacytoid dendritic cells express CD45RA, CD123
BDCA-2, and BDCA-4.

Interstitial, CD8 - dendritic cells of myeloid origin are localized in mar-
ginal zone of spleen, subcapsular sinuses of lymph nodes, and the subepithelial
dome of Peyer’s patches. They are able to take up and process antigen and to
prime naive T cells (reviewed in refs. 84,85).

Langerhans cells (LCs) are also derived from myeloid lineage dendritic cells
(86). They express distinctive markers such as Birbeck granules, langerin, and
E-cadherin (77). They are localized in the skin and epithelia. After antigen
stimulation and maturation, the LCs migrate to T-cell zones of peripheral lym-
phoid organs. They are able to capture and process antigen (86,87). We have
shown that they are transfected in vivo after subcutaneous administration of
naked DNA. Transfected LCs migrate to regional lymph nodes and are able to
present peptides to and stimulate both CD4 and CD8 T cells (88,89). Our data
and those reported by others (90,91) strongly suggest that transfection and ac-
tivation of dendritic cells represent a key element in the immune responses that
are induced by DNA vaccination. The phenotypic characteristics of dendritic
cell are illustrated in Table 10.

In the blood and various tissues, the dendritic cells are immature. Following
the ingestion of antigen by pinocytosis or phagocytosis, immature dendritic
cells undergo maturation both in vivo and in vitro (92,93). The maturation
leads to reduced uptake capabilities, increased antigen processing, and en-
hanced expression of class II and costimulatory molecules. Mature dendritic
cells are more immunogenic than immature dendritic cells.

Table  9
Tissue Localization of Monocyte-Derived Macrophages

Name Organ location

Microglia Brain
Kupffer cell Liver
Chondroclast Growing cartilage
Osteoclast Bone
Histiocyte Connective tissue
Mesangial cell Kidney
Alveolar macrophage Lung
Macrophage Peripheral lymphoid organs, peritoneal, pleural,

pericardic cavities, placenta, milk

         Adapted from  ref. 79.
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Table 10
Phenotypic Characteristics of Mature Dendritic Cells Subsets

A. Murine dendritic cells

Myeloid-derived Lymphoid-derived
dendritic cells dendritic cells

Interstitial Langerhans dendritic cells Plasmoid dendritic cells
CD11c CD11c CD11c
CD11b CD11b CD11b±

MHC class II MHC class II MHC class II
CD4 CD4 CD8 
CD13
CD33
CD123
CD86 CD86 CD86
CD40 CD40 CD40
DEC205 DEC205

Birbeck granule
Langerin

B. Human dendritic cells

Interstitial Langerhans dendritic cells Plasmoid dendritic cells
CD11c CD11c CD11c
CD11b CD11b
CD1a CD1a
MHC class II MHC class II MHC class II
CD4 CD4 CD4
CD13 CD13
CD33 CD33
CD86 CD86
CD40 CD40
DC-LAMP DC-LAMP
TLR 1,2, 4,5, 8, TLR 7,9

Birbeck granule
Langerin

CD62L
CD123

Follicular dendritic cells

CD11b CD14 CD54 CD32
CD23 CD19 CD73 VCAM-1
CD64 CD21 CD45
CD19 CD29 CD23
CD21 CD40 CD74

Abbreviations:  TLR, toll receptor; DC, dendritic cells; VCAM-1, vascular cell adhesion
molecule-1.



Structure and Function of the Immune System in Vertebrates 31

During maturation, the level of cysatin C, which is an inhibitor of cathep-
sins, is downregulated. This allows the processing of the invariant chain in
endosomes, favoring the generation of MHC-peptide complexes and their
movement to the cell surface where they can be recognized by T cells (94).
Upon maturation, myeloid dendritic cells produce several cytokines, such as
IL-10, IL-12, IL-15, IL-23, and IFN- . The LCs produce IL-12, and lymphoid-
derived plasmoid dendritic cells produce IL-12, IFN- , and IFN- (95–97). A
hallmark of the dendritic cell maturation process is the upregulation of the
CCR7 receptor for CCL19 and CCL21 chemokines that are produced in the T-
cell area of lymphoid organs (98). These chemokines favor the migration of
immature dendritic cells to lymphoid organs. The dendritic cells also produce
chemokines. Whereas myeloid-derived dendritic cells produce CCL17 and
CCL22, the plasmoid dendritic cells produce CCL3 chemokine (99).

Recent studies have underlined the role of dendritic cells in innate immunity
by their ability to activate the NK cells (100,101), which supports the concept
that dendritic cells can play an important role in the immune surveillance of
malignancies and antimicrobial defense reactions (102).

Follicular dendritic cells are localized in primary follicles and the light zone
of germinal centers induced by antigen stimulation. They bind and retain
immunocomplexes and activate resting B cells to become effective antigen-
presenting cells (103), Follicular dendritic cells promote the proliferation and
maturation of B cells and prevent B cells from undergoing apoptosis (104). In
contrast to macrophages and dendritic cells, the follicular dendritic cells do not
internalize and process antigen.

4.1.6. NK Cells

NK cells constitute 10–15% of peripheral blood lymphocytes. Their mor-
phological structure resembles the circulating resting lymphocyte except for
the richness in granules, which exhibit different staining patterns compared to
the granules of polymorphonuclear cells (Fig.12). In contrast to lymphocytes,
the NK cells do not express TCR, CD3, CD4, or CD8, which are characteristic
of T lymphocytes. They express CD2, CD56, CD 57, CD58, CD11a cytodif-
ferentiation antigen, and CD16, which is the receptor for Fc  fragment of IgG.
A subset of NK cells expresses a receptor for a Fcμ fragment (105). The NK
cells can kill virus-infected or tumor cells.

The NK cell population is heterogeneous: one subset, which represents the
majority of NK cells (90%), expresses a low CD56 level and a high amount of
CD16; the second subset expresses a low amount of CD56 and lacks CD16 (106).
This suggests that the first subset mediates ADCMC lysis of target cells, whereas
the second subset mediates spontaneous cytotoxic reaction. CD16, which is
Fc RIII, plays a major role in ADCMC because it binds to an Fc  fragment of
antibody that is specific for an antigen expressed by target cells; this brings NK
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and target cells in close contact and leads to exocytosis of granules and the re-
lease of perforin, which mediates the killing of the target cell.

The NK cells express nonclonal receptors such as CD94/NKG2, which binds
to nonclassical HLA-E, and KIR receptor. The KIR receptor represents a fam-
ily of inhibitory receptors that recognizes class I MHC molecules (HLA-A, B,
and C). These receptors recognize different allotypic forms of HLA-A, B, and
C (reviewed in ref. 41).

The NK cells produce various cytokines such as IL-2, IL-15, IFN- , IL-12,
IL-10, and TNF- , and lymphotoxin. The lymphotoxin may play an important
role in apoptosis and killing of tumor cells (reviewed in ref. 106).

NK cells play a role in innate immunity—in particular, in the earliest phases
of viral infections and in elimination of tumor cells.

Fig. 12. Electron micrograph of a human NK cell. In the nucleus, the dense chroma-
tin is predominant. The cytoplasm contains numerous vacuoles, dense particles, and
mitochondria. (Courtesy of Dr. A. Sulica Laboratory of Immunology, Romanian Acad-
emy, Bucharest.)
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4.2. Lymphocytes: Effector Cells of Adaptive Immunity

Lymphocytes are the primary immune cells that mediate adaptive immunity.
Lymphocytes are of two main types: B lymphocytes, which derive from the
bursa of Fabricius in birds and from bone marrow in mammals, and T lympho-
cytes, which derive from the thymus. Morphologically, there are no differences
between the two subsets. The lymphocytes are small and round cells approx 7–
9 μm in diameter, with large nuclei dominated by heterochromatin, thin rims of
cytoplasm containing a few lysosomes, and mitochondria (Fig. 13). The major
difference between the two populations consists of the structure and function of
the antigen-specific receptor. The cognitive B-cell receptor (BCR) is the immu-
noglobulin (i.e., IgM on young B cells; IgM and IgD on mature, resting B lym-
phocytes; and IgG, IgA ,or IgE on activated and differentiated B cells).

Fig. 13. Electron micrograph and light microcroscopy of a guinea pig lymphocyte.
The lymphocytes are small and round cells of 7–9 μm in diameter, with a large nucleus
dominated by heterochromatin, a thin rim of cytoplasm containing a few lysosomes,
and mitochondria.
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In Fig. 14, the presence of the IgG receptor is visualized subsequent to incu-
bation of a rabbit lymphocyte with 125I-labeled anti-rabbit IgG antibody.

The lymphocytes that derive from a given clone bear a structurally identical
Ig receptor, which is able to bind the antigen. Figure 15 illustrates an autorad-
iograph that is showing the binding of biosynthetically 14C-labeled LPS to the
Ig receptor. Through an Ig receptor, the B cells can bind to an epitope that is
present on the surface of native antigen as well as on peptide epitopes derived
from the degradation of antigen.

B cells display two major functions: the production of antibodies and the
presentation of peptides to T cells.

The synthesis and secretion of antibodies are induced by the activation of B
cells subsequent to binding of the antigen to the BCR and their subsequent
differentiation into plasma cells. Figure 16 illustrates main cytological features
of plasma cells, which are oval cells 30 μm in diameter with strong basophilic
cytoplasm that is filled with highly developed ER.

A B-cell subpopulation is divided into two subsets. The B-1 subset expresses
CD5 antigen and produces mainly IgM antibodies that are specific for self-anti-
gen (107) or displays multispecific binding properties to self- and nonself-anti-
gen (108). The B-2, CD5– B subset represents the majority of B cells and
produces antibodies against foreign antigen and pathogenic autoantibodies (109).

The second important function of B cells is the ability to internalize macro-
molecules through fluid pinocytosis to process the antigen and to present the
peptides associated with MHC molecules to T cells. Figure 16 illustrates the
pinocytosis of horseradish peroxidase by an activated B cell.

Third, the stimulated B cells are able to synthesize and secrete cytokines
and chemokines. They bear receptors for cytokines and chemokines.

The T-cell population is divided into three major subsets that are based on
the specific expression of CD antigen CD4, CD8, and NK T cells and into two
subsets that are based on the genes that encode the TCR, such as /  T cells
and /  T cells.

In contrast to B cells, which recognize the antigenic determinants on the sur-
face of native antigen, through the TCR, the T cells recognize only peptides that
are derived from the processing of antigen by antigen-presenting cells. CD4 T
cells recognize peptides in association with class II or CD1 MHC molecules;
the CD8 T cells recognize peptides in association with class I MHC molecules;
and the NK T cells recognize peptides in association with CD1 molecules.

The CD4 subset is composed of discrete subsets, which can be distinguished
by their functions, such as synthesis of cytokines, mediation of Ig class switch-
ing, regulatory properties, and expression of different transcription factors.
These subsets do not express specific CD antigen. These discrete subsets in
mice are called Th1, Th2, Th3, and the regulatory cells Tr1, CD4+ CD25high.
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Fig. 14. Electron micrograph of a rabbit lymphocyte incubated with 125I-labeled
goat antirabbit IgG. The surface of lymphocytes shows a discontinuous strong peroxi-
dase reaction, indicating the binding of labeled antibody to surface IgG of lympho-
cytes. (From Bona C., et al. Eur J Immunol 1972;2:434–439.)
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CD4 T cells mediate cellular immune responses such as delayed type hyper-
sensitivity and cytotoxic reactions. CD4 T cells collaborate with B cells in the
humoral responses by virtue of providing the second signal required for the
activation of B cells.

NK T cells are characterized by an NK marker, such as NK1.1 in mice.
Sixty percent of NK T cells express CD4, and 40% lack CD4 and CD8 markers
(double-negative). The TCR is encoded by an invariant V 14-J 28 gene and
55% by V 8,2, 14% V 7, and 7% V 2 (110). They recognize lipids and gly-
colipids in association with nonpolymorphic class I-like, CD1, MHC molecules
(111,112).

The T cells expressing TCR- /  are present in the female reproductive tract,
intestinal epithelium, lung, and bladder (113).

In humans, a subset expressing a TCR that is encoded by V 9 /V 2 genes
appears to be important because they can be stimulated by nonpeptidic
phosphoantigen and do not require the presentation by polymorphic and
nonpolymorphic MHC molecules. These subsets of T cells play a role in the

Fig. 15. Autoradiograph of murine splenic lymphocytes incubated with 14C-Salmo-
nella entertidis lipopolysaccharide (LPS). Splenic lymphocyte from a mouse immu-
nized with Salmonella enteritidis LPS. Cells were incubated with 14C-labeled LPS,
fixed; and then coated with photographic emulsion. Radioactive emission of -ray
caused deposition of silver grains at the level of binding of LPS by lymphocytes
receptors.
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regulation, initiation, and progression of some infectious diseases. For example,
their number is increased in infection with Mycobacterium tuberculosis, and
they may also inhibit the replication of Plasmodium falciparum merozoites
and may lyse cells infected with HIV (114).

The T cells produce various cytokines that exhibit immunomodulatory prop-
erties and receptors for cytokines and chemokines (reviewed in ref. 115). T and
B cells express various CD antigen; some are expressed specifically on a given
subset, whereas others are shared by various subsets or with cells that mediate
innate immune defense reactions (Table 11).

5. THE ORGANS OF THE IMMUNE SYSTEM

The lymphoid organs are divided into two categories: central and peripheral
lymphoid organs. The central lymphoid organs are represented by bone mar-
row that contains the stem cells; these stem cells develop the precursors of
cells that mediate both innate and adaptive immunity—a process called he-
matopoiesis. Hematopoiesis continues throughout a lifetime. In birds, the B
lymphocytes originate from the bursa of Fabricius.

Fig. 16. Electron micrograph of a guinea pig plasma cell. The cytoplasm is filled
with rough endoplasmic reticulum and few mitochondria.
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T lymphocytes are derived from thymus, which represents the second cen-
tral lymphoid organ.

The mature lymphocytes leave bone marrow/bursa of Fabricius or thymus
and are distributed through lymph and blood circulatory systems to peripheral
organs.

The peripheral organs are the lymph nodes, the spleen, lymphoid tissue as-
sociated with upper respiratory tract (bronchial-associated lymphoid tissue
[BALT]), lymphoid tissue associated with gastrointestinal tract (gut-associ-
ated lymphoid tissue [GALT]), and lymphoid tissue associated with skin (skin-
associated lymphoid tissue [SALT]).

Bone marrow is the main organ of hematopoiesis throughout life. It is made
up of a fine meshwork of reticular fibers, which contains stromal cells, reticu-
lar cells, fibroblasts, and adipocytes, and the hematopoietic stem cells (HSCs),
which are the progenitor of erythroid, thrombocytic, myeloid, and lymphoid
lineages. Vessels irrigating the bone marrow enter into bones in the subendostal
arteriovenous complex, which empties into the medullary sinusoids. Stromal
cells and cells differentiated from the progeny of various lineages are in close
contact with the intersinusoidal spaces.

The thymus is the main organ that produces T cells. It is made of two sym-
metrical lobes located in the superior mediastinum. The thymus has no afferent
lymphatic supply, and the blood reaches the organs from arteries branched from
the subclavicular artery; these arteries enter into the medulla and septa. The pa-
renchyma of each lobe is divided into lobules by septa. The peripheral zone of
lobule that contains the epithelial cells and the majority of lymphocytes is called
the cortex. The central zone that contains epithelial cells, dendritic cells, myoid
cells, Hassal’corpuscules, and small lymphocytes is called the medulla (Fig. 17).

After maturation, the lymphocytes, which are produced into bone marrow
and thymus, enter into circulation and into peripheral lymphoid organs (lymph
nodes, spleen, BALT, GALT, and SALT).

The lymph nodes are surrounded by a capsule and are divided into two dis-
tinct zones: the cortical zone, which contains packed lymphocytes in follicles,
and a less cellular-dense zone called the medulla. Primary follicles consist of a
meshwork of follicular dendritic cell-holding B lymphocytes, surrounded by
zones containing T cells (Fig. 18). After antigen stimulation, the structure of
primary follicles changes, and the central zone contains germinal centers orga-
nized in several compartments; these are the follicular mantle, apical light zone,
basal light zone, and dark zone (Fig. 19). The dark zone contains mainly rap-
idly dividing B cells called centroblasts that lack surface Ig and maturate into
centrocytes and migrate into the basal light zone, where they differentiate into
plasma or memory cells. These cells migrate to the apical light zone. The ger-
minal centers appear 3–7 d after immunization and are extinct after 4 wk.
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Fig. 17. Neonatal human thymus. Upper panel represents a micrograph showing the
thymic cortex packed with lymphocytes and in the center, a Hassal’s corpuscule com-
posed of aggregated epithelial cells some are keratinized). The bottom of the figure is a
diagram of thymic lobule. (This figure is a composite of two figures from Bona C,
Bonilla F. Textbook of Immunology. Harwood Academic Publ., USA 1990, pp.30, 31.)
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Fig. 19. Germinal center at the periphery of the lymph node cortex and diagram of
the architecture of a germinal center. (Composite figure from Bona C, Bonilla F. Text-
book of Immunology. Harwood Academic Publ USA 1990, pp. 36, 38.)
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The spleen is another important peripheral lymphoid organ, which in some
species has hematopoietic capacity during life. Splenic parenchyma is sur-
rounded by a connective tissue capsule. It is irrigated by a single splenic artery,
which enters in the hillum, and is then divided into branches. Cuffs of lympho-
cytes, called periarteriolar lymphoid sheets (PALS), surround small arteries.
Parenchyma consists of two distinct tissues: red and white pulp. The red pulp
is rich in macrophages that exhibit a high ability to clear aged cells, microbes,
viruses, and macromolecules. The white pulp consists of lymphoid follicles
that contain mainly B cells and dendritic cells. The PALS contain mainly T
cells. The white pulp surrounding PALS is called the marginal zone, an area
where the arterioles open in a loose matrix composed of reticular cells and
fibroblasts (Fig. 20).

GALT is composed of the tonsils, appendix, Peyer’s patches, and lymphoid
tissue contained in lamina propria.

BALT is composed of lymphoid tissue associated with both the upper and
lower respiratory tract.

Fig. 20. Light microscopic section of adult human spleen. The white pulp is filled
up with small lymphocytes. The periarteriolar sheats appear as islands in a sea of red
pulp containing sinusoids filled with erythrocytes. (From Bona C, Bonilla F. Text-
book of Immunology. Harwood Academic Publ USA 1990, p. 34.)
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6. RELATIONSHIP BETWEEN INNATE AND ADAPTIVE
IMMUNITY

The response of innate immunity against microbes is prompt but incom-
plete, because it is less discriminative. However, innate immunity instructs the
adaptive immunity, which develops slower but is mediated by more efficient
and specific effectors of humoral and cellular immune responses. The germline
genes that encode adaptive immunity are subject to Darwinian antigen-selec-
tive pressure, and the repertoire diversifies during the life through somatic
variation processes such as recombination of various gene segments, somatic
mutations, gene conversion, and N-addition, conferring fine specificity of
BCRs and TCRs.

 The crosstalk between the cells that mediate innate and adaptive immunity
takes place at the level of immune synapses and through the cytokine network.
The cytokines produced by cells that mediate innate immunity can influence
the magnitude of adaptive immune responses, and the cytokines secreted by
lymphocytes may enhance innate immune defense reactions.

6.1. Antigen Presentation

In contrast to B cells, which recognize the epitopes on the surface of native
antigen via BCR, T cells can recognize fragmented antigen after processing. The
antigen internalized within antigen-presenting cells (APCs) is degraded, and the
resulting peptides are bound to MHC molecules that are presented to T cells.

Antigen presentation takes place in macrophages and dendritic cells, which
are effectors of innate immunity, as well as in B cells. The processing of phago-
cytized particulate antigen or pinocytized macromolecules generate peptides that
are presented to CD4 T cells in association with MHC class II molecules. The
peptides recognized by CD4 T cells are generated via the exogenous pathway.

The CD8 T cells recognize peptides derived from endogenous proteins, such
as viral proteins that result from viral replication, or from proteins that leak
from phagosomes containing microbes, fungi, or parasites. These peptides are
generated via the endogenous pathway.

The exogenous pathway leading to the generation of peptide class II com-
plex consists of three major events. The first event takes place in endosomes
after the internalization of antigen. The peptides are generated within low-den-
sity endosomes after fusion with dense lysosomes, leading to the activation of
lysosomal hydrolases in acid pH medium.

The second event takes place in the ER, where class II molecules and invari-
ant (Ii) chains are synthesized. The nascent class II molecules bind Ii chains,
and the formation of heterodimers is facilitated by chaperone molecules present
in ER. Class II–Ii heterodimers are then translocated via the Golgi secretory
pathway into endosomes where the Ii chain is hydrolysed.
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The third event consists of sorting the peptides by empty class II molecules.
The formation of peptide class II complex is then translocated to the mem-
brane, where it can be recognized by CD4 T cells. (Figure 21 illustrates the
major events of exogenous pathway.)

Of all APCs, the dendritic cells are the most efficient. This was demonstrated
by studying the number of APCs required for the presentation of an influenza
virus hemagglutinin-derived peptide to CD4 T cells. In this experiment, a viral

Fig. 21. A model for antigen processing and presentation by class II+ APCs.  (From
Bona C, Bonilla F. Textbook of Immunology. Harwood Academic Publ USA 1990,
p. 241.)
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epitope recognized by CD4 T cells was expressed in a chimeric Ig molecule by
replacing the CDR3 segment of VH gene with a viral peptide. Various APCs
were pulsed with the same amount of chimeric Ig molecule, and then various
numbers of APCs were incubated with a fixed number of peptide-specific T-
cell hybridoma cells. The maximal activation of the T-cell hybridoma was ob-
tained with 500 dendritic cells, 8000 B cells, and 106 spleen cells (116). These
results clearly demonstrated that there is a hierarchy among APCs with regard
to the efficiency of processing and presentation of peptides to T cells.

The endogenous pathway begins with the processing of proteins by the
proteosomes. The peptides released from proteosomes are translocated to the
ER by protein-specific antigen peptide (TAP), which belong to the ATP-bind-
ing casette family of protein transporters. In the ER, newly synthesized heavy
chains of class I molecules interact with calnexin and B1P proteins, which
facilitates the formation of heterodimer by binding 2-microglobulin to the
heavy chains. After the heterodimer is formed, calnexin is released and the
class I molecule forms a complex with calreticulin. The calreticulin-class I
complex binds to the TAP-peptide complex, a process allowing for the release
of the peptide from TAP and its bond to empty class I molecules. The complex
is then translocated via the trans-Golgi to the membrane, where it is recog-
nized by CD8 T cells. (Figure 22 illustrates the major events of endogenous
pathway.)

6.2. Immune Synapses

Cell–cell interaction between the cells that mediate innate and adaptive im-
munity requires the formation of highly organized patterns of protein receptors
and ligands, clustering of the cytoskeleton, and submicroscopic rafts at the
level of the intercellular junction. These events take place at the level of the
immune synapse (IS), defined as intercellular contact between at least one type
of cell of the immune system (117). The IS plays an important role in the rec-
ognition and activation of lymphocytes, favoring the binding of the antigen
receptor to antigen, the interaction of the receptor proteins with their corre-
sponding ligands, and, in certain cases, the transfer of antigen from one cell to
another. The IS is a clearly organized transient structure of protein and lipid
complexes that occurs at the level of the junction of membrane of two cells
causing the segregation of proteins and lipids in micrometer-scale domains
(117). The molecular interactions in the IS between receptors and ligands into
apposed cell membranes integrate innate and adaptive immunity processes.

Underitz (118) first described IS between bone marrow cells. Later, Mosier
(119) observed the formation of intercellular contact between immune cells
from mice immunized with heterologous RBC 24 h after culture in a Mishel–
Dutton system. After 48 h of culture, the B cells in the lymphocyte synapses
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produced anti-RBC antibodies as assessed by PFC assay. Cline (120) described
the requirement of IS for the proliferation of T cells incubated with macroph-
ages pulsed with a foreign antigen, the tuberculin.

Figure 23 illustrates spontaneous formation of IS after incubation of guinea
pig syngeneic macrophages with thymocytes. The T cells tightly adhered to a
macrophage. Lipsky and Rosentahl (121) showed that the formation of IS
required living and metabolically active macrophages.

The cellular and molecular events in the formation of IS were studied in IS
formed between B and T cells, between dendritic cells and naïve or antigen-

Fig. 22. A model of antigen processing and presentation of peptides in the context
of class I molecules to CD8 T cells. (From Bona C, Bonilla F. Textbook of Immunol-
ogy Harwood. Academic Publ  USA 1990, p.  238.)
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specific T cells, between B cells and cells expressing FcR, and between NK
cells and target cells.

Wulfing et al. (122) showed the formation of ISs between antigen-specific T
and B cells bearing the appropriate MHC-peptide complex. They observed that
the formation of a tight junction between cells leads to an increased elevation
of intracellular calcium accumulation, which is a sign of the activation of T
cells that precedes the clustering of ICAM-1 molecules at the levels of junc-
tion. ICAM-1 is the ligand of the LAF-1 receptor on T cells that is also clus-
tered at the level of the cellular junction. Further studies showed that ISs are
composed of supramolecular activation clusters (SMACs), which are com-
prised of a central core containing TCR and MHC-peptide complex; CD28,
CD80, and CD86 costimulatory molecules (cSMACs); and a peripheral layer
composed of ICAM-1 and LFA-1 (pSMAC). The ability of proteins of apposed
membranes to form IS depends on their size, elasticity, tethering of the mem-

Fig. 23.  Electron micrograph showing synapse formation between a macrophage
and lymphocytes in a guinea pig lymph node. (From Lipski PE, Rosenthal AS. J  Exp
Med 1973;138:900–910.)
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brane, and local separation between membranes (123). It interesting to note
that in B–T cell-ISS, except for the clustering of ICAM-1 and MHC molecules,
no reorganization of cytoskeleton was observed.

IS formation between dendritic cells and T cells was also observed. Austyn
et al. (124) demonstrated that the clustering of dendritic cells with T cells pre-
cedes and is essential for the activation of T cells. Inaba et al. (125) showed
that clustering of dendritic cells with T cells can be antigen-independent or
antigen-dependent.

Figure 24 illustrates the ultrastructural aspect of a dendritic cell and T-cell
immunosynapse.

The spontaneous formation of IS between dendritic cells and naïve T cells
may explain the ability of dendritic cells to stimulate naïve T cells (125). Revy
et al. (126) showed that the formation of IS between dendritic cells and naïve T
cells may take place in the absence of antigen or MHC molecules. The incuba-
tion of T cells with dendritic cells is associated with an intense T-cell mem-
brane ruffling observed minutes after incubation of cells and by an
accumulation of calcium 10 min after interaction. This was followed by the

Fig. 24. Electron micrograph showing clustering of dendritic cells with T cells (TL).
(Courtesy of Dr. R. Steinman, Rockefeller University, New York.)
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rotation of the T-cell microtubule organizer center toward synapses, suggest-
ing that polarization and the clustering of this organelle is essential in the ini-
tiation of IS formation. The IS formation leads to a local increase of tyrosine
phosphatase and PKC-  serine-threonine kinase. In contrast to clustering of
molecules comprised of cSMAC and pSMAC at the level of the synapse, the
exclusion of CD43 was constantly observed. This suggests that the CD43 func-
tions as a repulsive molecule in IS formation.

Al-Alvar et al. (127) showed that the IS formation between dendritic cells and
naïve T cells is dependent on profound reorganization of the T-cell skeleton,
which is characterized by the accumulation of filamentous actin (F-actin) and
fascin at the level of the junction. The role of the actin cytoskeleton reorganiza-
tion is supported by observations demonstrating the inhibition of IS formation
by cytochalasin D, a potent inhibitor of F-actin formation, by jasplakinolide,
which prevents actin rearrangement by stabilizing F-actin, and by latrunculin A,
which inhibits actin cytoskeleton rearrangement.

An insight into the quantitative aspects of clustering of molecules was stud-
ied in vitro by incubating T cells with phospholipid bilayers embedded with
various molecule involved in synapses (128).

In this system, it was shown that the interaction of T cells with the bilayer
requires only 2–5 min and lasted at least 1 h. At the level of synapses, 0.7
molecules/μm2 of class II, ICAM-1 to an average density of 100 molecules/
μm2, and CD80 at a density of 35 molecules/μm2 were accumulated in the
synapse.

In this system, Bromley and Dustin (128) also studied the effect of chemokines
on IS formation. They showed that the addition of CXCL12 and CCL21 to
ICAM-1 bilayer significantly increased the adhesion of T cells. The chemokine-
stimulated adhesion is dependent on G-protein signaling. Indeed, the pretreat-
ment of T cells with pertussis toxin inhibited the chemokine-induced adhesion
to bilayers containing ICAM-1. This result suggests that chemokines may
enhance LFA-1–ICAM-1 interaction  that mediates adhesion in IS.

The occurrence of IS between B cells and myeloid-derived cells was also de-
scribed. B cell synapses favor efficient recognition of antigen borne by microbes,
viruses, or microbial toxins bound to various receptors. Macrophages and den-
dritic cells bear a class of receptors that mediate innate immunity and are special-
ized to interact and internalize microbes. Although some of the microbial antigen
are processed within lysosomal compartment, others are not. We have shown that
the LPS internalized into endosomes of guinea pig macrophages and neutrophils
is not degraded because the lysosomal fraction prepared from these cells was able
to induce the Schwartzman phenomenon in rabbits (5).

We also described the formation of IS between B cells and macrophages in
which the B cells were wrapped by several macrophages. Furthermore, in this
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study we demonstrated that the macrophages transfer the antigen associated
with their membrane to B cells. In this experiment, guinea pig macrophages
were pulsed with 14C biosynthetically labeled LPS and then incubated with B
cells. The cells were centrifuged and the pellet was processed for electron mi-
croscopic autoradiography (129). Figure 25 shows the presence of silver grains
(i.e., labeled LPS) on the surface of macrophages and in B cells that express

Fig. 25. Electron micrograph showing the transfer of LPS from macrophages to a
lymphocyte. Guinea pig macrophages were pulsed with 14C-LPS and then incubated
for 1 h with lymph node lymphocytes. The cells were centrifuged, fixed, and then
coated with photographic emulsion. Radioactive emission of -rays caused deposition
of silver grains. Silver grains are observed in the phagosomes of macrophages and at
membranes of contact between a lymphocyte, which adhere to two macrophages.
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surface Ig as assessed by the staining with peroxidase-labeled anti-Ig antibod-
ies. Batista et al. (130) showed that the interaction of B cells with antigen–
antibody complex that was immobilized via FcR at the surface myeloid cells
leads to the formation of IS. In this experiment, HEL-specific B cells were
incubated with myeloid cells loaded with HEL that was aggregated by anti-
HEL antibodies. A kinetics study showed that most of the B cells adhered to
the target cells after 10 min. The formation of the synapse was associated with
macromolecular reorganization of the B-cell membrane that was characterized
by the polarization of the Ig receptor, the concentration of GMP gangliosides
and phosphotyrosine-containing proteins, and the depletion of CD22 from the
center of the synapse. As in the case of dendritic cell–T cell ISs, in B–T cell
ISS, the CD45 was excluded. The transfer of the antigen in IS was demon-
strated in an elegant experiment in which B cells were incubated with fibro-
blasts that were transfected with a construct that expressed a chimeric gene,
encoding a membrane form of HEL linked to a GFP reporter. In this experi-
ment, it was shown that HEL-specific B cells aggregated rapidly (10 min) with
the target cells, and by 20 min after the formation of IS, green fluorescent
material was observed within B cells. The transfer of the antigen at the level of
the synapse induced the activation of B cells, leading to upregulation of CD86
costimulatory molecule (130).

ISs between follicular dendritic cells and B cells were described in the lymph
node germinal centers. In an electron microscope study, Nossal et al. (131) dem-
onstrated the persistence of radiolabeled antigen at the surface of follicular den-
dritic cells at the junction with B cells. The immunogenicity of antigen associated
with follicular dendritic cell membrane was long-lasting. They also proposed
that the presentation of antigen by follicular dendritic cells plays an important
role in the induction of primary and secondary immune responses and in the
generation of memory cells. Other studies showed that follicular dendritic cells
capture immune complexes containing antigen, antibody, and complement com-
ponent via the FcR. These complexes, which are bedlike structures called
iccosomes are identified on the surfaces of follicular dendritic cells, can be cap-
tured by the centrocytes in the germinal centers. The centrocytes may process
the antigen, and the peptides derived from the processing are presented to T
cells, which contribute to affinity maturation of the immune responses (132).

The ISs were also observed between target cells and NK cells, which play an
important role in innate immunity (133).

6.3. Crosstalk Between Cells That Mediate Innate and Adaptive
Immunity Through the Cytokine Network

Beside the crosstalk through direct cell-to-cell contact at the level of ISs, the
cells mediating innate and adaptive immunity can speak to each another via
cytokines. The cytokines evolved along with the immune system. Some cytokines
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Table 11
Cytodifferentation Antigens, Receptors and Enzymes Associated
With the Membrane of Lymphocytes

Cytodifferentation             Lymphocytes
antigens Ligand B T Effect

CD1 Lipid glycolipid + + Antigen presentation
CD 2 LAF-3, CD48, CD59 +a +
CD 4  MHC Class II +b Coreceptor
CD 5 CD72, C-type lectin +** +
CD 8 MHC Class I +b Coreceptor
CD19 + Signal transduction
CD 20 +
CD21 + Signal transduction
CD24-HSA CD62P + + Endotelial cell

activation
B220 (mouse) +
CD28 CD 86 +
CD45Ro + Signal transduction
CD48 CD 2 + +
CD58 CD 2 +
CD59 CD 2 +
CD 70 CD27 +
CD75 (syaloglicprotein) CD22 +
Cd77 (glycoshinolipid) CD1 +
CD90 ( Thy1-mouse) +

Molecules associated with lymphocyte’s antigen receptor

CD 3 (TCR) + Signaling
CD 79 (BCR) + Signaling
CD179 (pre-B BCR) +b      ?

Costimulatory molecules

CD 6 CD166, Alcam + Costimulation
CD28 CD80,CD86 + Signaling
CD54 (ICAM-1) LAF-1 + Adhesion,signaling
CD80 CD28,CD152 + Signaling
CD86 CD28,CD156 + Signaling
CD162 LAF-1 + Signaling
CD178 (Fas ligand) CD95 + Apoptosis

(Continued)
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Table 11 (continued)

Receptors

A. Fc receptors
CD16 (FcR II IgGFc +
CD 64(Fc RI), IgGFc +
CD 23(Fc R) IgEFc + +
CD 32(FC RII) IgGFc +
B. Complement receptors
CD21 C3d +
CD35  C3b +
CD46 C3b,C4b +

C. Integrin receptors

CD11a CD54, CD102 + + Cell adhesion
CD11b CD56, iC3b, fibronectin + + Cell adhesion
CD11c iC3b, fibronectin + + Cell adhesion
CD18 CD11a.b.c + + Cell adhesion
CD31 Vitronectin + Adhesion
CD49a Laminin, collagen +a Adhesion
CD49b Laminin collagen + + Adhesion
CD49c Fibronectin +a Adhesion
CD51 Vitronectin, fibronectin +a Adhesion
CD87 Vitronectin + Adhesion
CD104 Laminin +a Adhesion

D. Interleukin receptors

CD25 (IL-4R) IL-4 +a +a Activation
CD119 (IFN  R) IFN + + Activation
CD120 (TNFR) TNF, LT + + Apoptosis
CD121 (IL-1R) IL-1 + Activation
CD122 ( IL-2, IL-15R) Il-2, IL-15 + +a Activation
CD123 (!L-3R) IL-3 +a Activation
CD124  (IL-4 R) IL-4,IL13 + +a Activation
CD125 (IL-5 R) IL-5 + Activation, differentation
CD126 (IL-6R) IL-6 + + Signaling
CD128 (IL-8R) IL-8 +b +b Chemotaxis
CD10 (IL-10R) IL-10 +b Activation
CD212 (IL-12R) IL-12 +b +b Activation
CD213  (IL-13R) IL-13 + Activation

E. Chemokine receptors

CXCR5 BCA-1 + Adhesion
CCR6 MIP 1- + Adhesion
CXCR3 MIG, IP-10, I-Tac +a Adhesion
CXCR6 B6 inducible cytokine +a
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Table 11 (continued)

XCR1 Lymphotactin, SCM-1B + Adhesion
CXCR1 Fractalkine +a

CCR2 MCP-1 MCP-5 +a

CCR1 MIP-1 , MCP-4, LEK +a

CCR3 Eotaxin +a

CCR4 TARK +a

F. Other receptors

CD22 Neuraminic acid + + Adhesion
CD14 LPS + Activation  differentation
CD36 (scavenger R) Oxidized LDL + Scavenger
CD40 CD40 ligand + Activation
CD71 Transferin +a +a Internalization
CD95 Fas ligand + + Apoptosis
CD117 c-Kit + + Signaling
G. Enzymes
CD156 Metalproteinase + + Enzymatic activity
CD143 Dipeptidylpeptidase + + Enzymatic activity
CD73 Ecto-5' nucleotidase +b +b Enzymatic activity

aActivated cells
bSubset

produced in vertebrates have homologs in invertebrates. Cytokine-like molecules
similar to IL-1, IL-2, IL-6, TNF- , PDGF, and TGF- 1 were described in
mollusca; insecta, IL-1, TNF- , and PDGF were described in nematoda; and IL-
1 and TNF-  were described in tunicata (reviewed in ref. 134).

The cytokines are produced by the cells of the immune system but can be
synthesized by other cell types. The effect of cytokines is pleiomorphic, be-
cause the receptor for a particular cytokine may be expressed in various cell
types. The cytokines display a broad range of properties that influence cell
division, differentiation, metabolism, and the expression of immune functions.
Immunomodulatory properties of some cytokines are redundant because dif-
ferent cytokines can bind to the same receptor and others can bind to distinct
receptors.

The cytokines produced by the immune cells represent a network of soluble
molecules that links innate and adaptive immunity. In contrast to the idiotype
network, which is clonally restricted by virtue of the specificity of lymphocyte
receptors that are able to recognize a single idiotype, the cytokine network is
not clonally restricted because of the pleiotropic properties of cytokines and
the nonclonal distribution of the cytokine receptors.
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Table 12 illustrates the effects of cytokines produced by cells that mediate
innate immunity on lymphocytes.

Table 12
Cytokines Produced by Cells Mediating Innate Immunity Exhibiting
Immunomodulatory Properties on Lymphocytes

Cytokine Producer Target Effect

IL-1 Monocytes, macrophages T cells Activation
Dendritic cells Th1 Production of IL-1

IL-12 NK cell, monocytes, Th1 Proliferation, synthesis
dendritic cells of IFN

IL-18 Macrophages, dendritic Th1 Synthesis of IFN
cells

IL-3 Mast cells B cells Growth, differentiation
/  T cells induces transcription

of TCR-
IL-4 Mast cells, NKT cells, B cells Activation, class

Platelets switching
Th2 Proliferation, cytokine

production
CTL Proliferation

IL-13 Mast cells, activated
dendritic cells B cell Activation, class switching

IL-6 Macrophages, astrocytes B cell Growth, endothelial cell
differentiation

IL-8 Monocytes, macrophages Chemokine Activated neutrophils
activity

IL-15 Monocytes, macrophages Th1 , DC, CTL Differentiation
IFNF Macrophages, NK cells Th1 Differentiation
IFN-  and - Monocytes, macrophages B cells Antibody production

T cell Survival, CTL activation

Abbreviations: DC, dendritic cells; NK, natural killer cell; CTL, cytolytic T cells; Th, T helper.
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2
Ontogeny and the Development
of Cells Mediating Innate and Adaptive
Immunity

1. ORIGIN OF IMMUNE CELL PROGENITORS DURING
EMBRYOGENESIS

All white blood cells (WBCs) are derived from a common precursor: the
hematopoietic stem cell (HSC). This paradigm emerged from an elegant
experiment demonstrating the repopulating of all mature WBCs in lethally irra-
diated adult animals subsequent to infusion of a single HSC (135). This experi-
ment demonstrated that HSCs exhibit two exquisite properties: self-renewing
capacity throughout life and multipotential differentiation ability.

In all vertebrates, HSCs have two origins: extraembryonic (in the yolk sac)
and intraembryonic (within the embryo itself). In lower vertebrates, the yolk
sac appears to be the earliest hematopoietic organ in fish such as
elasmobranches (136), teleocasts such as angelfish (137), and reptiles (138). In
rainbow trout, the HSCs produced in the yolk sac during the short larval period
migrate to the intermediate cellular mass (ICM), which forms from the para-
axial mesoderm during early gastrulation. Oellacher considered that the ICM
represents the site of blood cell formation in most low vertebrates (136).

Studies of hematopoiesis in mouse embryos suggest that hematopoiesis begins
in the mesodermal compartment of the yolk sac at d 7.5 of gestation. Extraembry-
onic hematopoiesis in the yolk sac is defined as primitive hematopoiesis. At d 7.5
of gestation, only primitive erythropoiesis was observed, which consisted of the
generation of erythrocytes with extruded nuclei and the expression of the fetal
hemoglobin gene (139). Cumano et al. found only myeloid precursors within the
mouse yolk sac at d 8.5 of gestation (140), whereas others reported the presence
of B- and T-cell precursors in the yolk sac excised on d 8.5 of gestation (before
that the yolk sac and embryo became connected through circulation) (141,142).

Moore and Metcalf assumed that in higher vertebrates, the blood island in
the yolk sac is the first hematopoietic tissue and the early site of HSC genera-
tion (143). By d 12 of gestation, the HSCs migrate to the fetal liver and later to
the bone marrow and spleen. The shift of primitive hematopoiesis from the
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yolk sac to the fetal liver and then to bone marrow leads to adult-type defini-
tive hematopoiesis.

The contribution of yolk sac hematopoiesis to definitive hematopoiesis is
supported by experiments that show that the HSCs present at d 9 and 10 of
gestation can repopulate hematopoiesis in conditioned newborns instead of ir-
radiated adult mice (144).

However, experiments carried out in chickens have challenged the para-
digm that HSCs derive solely from the yolk sac. In these experiments, cells
from quail embryos were grafted into chicken yolk sacs in ovo before vascular-
ization. The hematopoiesis in this system emerged from the embryo (quail and
chicken cells can be easily distinguished by size of their nucleoli) (145). This
in ovo adoptive transfer experiment showed that all cells in the thymus, spleen,
and bursa of Fabricius derived from quail cells (146). Histological studies
showed hematopoietic foci located within the dorsal mesentery of the embryo
(147). In vitro experiments demonstrated that HSCs isolated from the aortic
wall of the chicken embryo are able to generate erythroid and myeloid colonies
(148). Aortic hematopoietic clusters observed in chicken embryos were identi-
fied later in many lower and higher vertebrate species.

In lower vertebrates, HSCs derived from the embryonic mesoderm occur in
distinct tissues and different locations in different species. In the Antarctic te-
leost pronephritic kidney, HSC progenitors were observed at 1 h posthatch,
whereas in the splenic analog, they were not observed until 4 wk posthatch
(149). In some teleocast such as zebrafish, HSCs also were identified within the
ICM (150). Markers of higher vertebrate HSCs such as SCL, GATA1, c-Myb,
and Flo-1 were identified in zebrafish HSCs (151). In rainbow trout, the ICM
progressively increases up to 12 d postfertilization and disappears by d 15 (152).

In the first blood islands of early larval-stage amphibian Xenopus and Rana
embryos, HSCs appear at the early neural stage in the developing dorsal aorta,
postcardial veins and pronephros (153), the intraembryonic mesodermic re-
gion called DLP, and VP1, which represent the sites of primitive hematopoie-
sis. In the late larval stage, the HSCs migrate and seed lymphoid organs during
metamorphosis. At this stage, HSCs express markers characteristic of higher
vertebrate HSCs—CD45, SCL, and GATA-1 (151).

In the mouse embryo, hematopoiesis occurs in the aorta, gonad, and meso-
nephros region (AGM) and its analog, the tissues derived from the para-aortic
splachnopleura (p-Sp) such as the dorsal aorta, umbilical, and omphalomesen-
teric arteries; the hind gut; and the septum transversum. At d 10.5 of gestation,
the AGM region contains about 100 HSC precursors that exhibit long-term re-
populating capacity, as assessed in transfer experiments in lethally irradiated
adult mice (154). Cumano et al. (140) showed the presence of HSCs in cultures
of p-Sp harvested from mouse embryos at d 9.5 of gestation and in cultures of
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AGM excised from 10.5-d-old embryos. Lymphoid precursors indicative of de-
finitive hematopoiesis also were found in cultures of p-SP from mouse embryos
(155,156). By d 12, the number of precursors in this region decreased, suggest-
ing that the AGM region is not the site of hematopoiesis throughout the entire
embryonic period (156). Cultures of the AGM region excised from 11.5-d-old
embryos in the presence of stem cell growth factor (SGF), interleukin (IL)-3, IL-
6, and erythropoietin showed an increase in the total number of colony-forming
units (CFUs).The addition of oncostatin M to the culture medium increased the
number of mixed colony-forming cells (granulocytes, erythrocytes, macroph-
ages, and megakaryocytes), suggesting that oncostatin M is a key element in the
generation of multipotential HSC in the AGM. These multipotential HSCs may
differentiate as assessed by fluorescence-activated cell-sorter (FACS) analysis
of the expression of various markers for different lineages. A major fraction of
cells (50–70%) expressed Mac-1 Gr-1 Th1.2, B220, Tar119, and c-Kit. This phe-
notypic analysis strongly suggests the differentiation of HSCs into myeloid and
lymphoid common progenitors (156). It is interesting to note that oncostatin M
stimulated not only the expansion of HSCs but also the formation of endothelial
cell clusters (157).

In humans, the HSC progenitors that produce only myeloid and natural killer
(NK) cells, but not lymphoid progenitors, are detected in the yolk sac as early
as d 19 of the development of the embryo, 2 d before the onset of blood circu-
lation. The origin of these HSC progenitors has not been well-defined but could
be endothelial cells (158).

Th extraembryonic (yolk sac) and intraembryonic origins of HSC precur-
sors were studied by in vitro culture of the yolk sac and p-Sp and dorsal aorta
excised from embryos ranging from 19 to 48 d of age. The tissues were seeded
onto the MS-5 stromal cell line, and the presence of HSC precursors was ana-
lyzed after 7 d of culture. The CD45+CD56+ CD94+ NK and CD45+ CD15+

myeloid cell progenitors were detected in the yolk sac and p-Sp cultures from
19-d-old embryos. Although the yolk sac cultures contained no lymphoid pre-
cursors, CD45+ CD19+ B-cell precursors were detected in cultures of p-Sp from
24- to 25-d-old embryos, and CD4+ T-cell precursors were detected in p-Sp
cultures from 26- to 27-d-old embryos (158).

These results clearly demonstrate that in human embryos, the precursors of
NK and myeloid cells derived from the yolk sac and p-Sp, whereas the precur-
sors of lymphoid cells were of intraembryonic origin.

Studies of the generation of HSC progenitors strongly suggest that HSCs
derive from mesodermal multipotential hematoblasts immediately after gas-
trulation in both lower and higher vertebrate species.

More recent studies suggest that the hematoblast, which is the progenitor of
hematopoietic cells, and the angioblast, which is the progenitor of endothelial
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cells, are derived from a common progenitor called the hematoangioblast
(157,159,160).

Flk1, the fms-like receptor tyrosine kinase, which is expressed on a subset
of mesodermal cells (161), and CD105, which is a receptor for several mem-
bers of the transforming growth factor (TGF)-  superfamily (162), are markers
of the bipotential hematoangioblast, the progenitor of both hematopoietic and
endothelial cell lineages. Mice exhibiting targeted mutations in Flk-1 die in
utero at day 8.5 of embryonic life with defects in blood island and vasculature
formation (161). In vitro cultures of Flk-1+ cells from 8.5-d-old embryos give
rise to cells expressing CD144 (cadherin), which is a marker of endothelial
cells, and HSCs expressing CD45 and CD24 (heat stable antigen) (163).

Angiopoietin-1 via binding to Tie-1 and Tie-2 receptors probably represents
the growth factor that is required for the differentiation of the hemoangioblast
into the angioblast and then into endothelial cells (164). GATA-2 transcription
factors are required for progression of the hemoangioblast to the hematoblast
stage and then to the HSC (165).

The differentiation of HSCs into mature cells that mediate innate and adap-
tive immunity is a multistep process with branching points for the various lin-
eages (166). This multistep process leads to the differentiation of pluripotential
HSCs into lineage progenitors. Sometimes these progenitors display bipotential
differentiation capacity, representing genuine branch points in differentiation
processes. It is probable that different transcription factors are involved in the
differentiation of cell types at branching points (167). Whereas the
multipotentiality and self-renewal capacity of HSCs ensure the continuous gen-
eration of white and red blood cells throughout life, the differentiation of pro-
genitors of each lineage into mature cells leads to the death of cells. This is
because of the short half-life of terminally differentiated cells. Memory lym-
phocytes may represent an exception.

Each step of the differentiation of a given lineage does not express a specific
phenotype. However, each step requires different growth factors and cytokines,
as well as activation of different transcription factors and different signaling
pathways. This is probably related to the activation and inhibition of the ex-
pression of different genes in each step of the differentiation process.

2. ONTOGENY OF CELLS THAT MEDIATE INNATE IMMUNITY

Myelopoiesis is the process of the development of HSCs toward granulo-
cyte and monocyte lineages. From the yolk sac and AGM region, the multipo-
tential HSCs migrate to the fetal liver, which becomes the predominant
hematopoietic organ during embryogenesis. Adult myelopoiesis takes place in
the bone marrow (168,169). In the bone marrow, the common myeloid precur-
sor gives rise to polymorphonuclear cells. The development of mature neutro-
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phils, eosinophils, and mast cells is a highly regulated process during which
multipotential HSCs differentiate into different lineages. The differentiation
program is guided by multiple microenvironmental factors such as stromal
cells, and extracellular matrix components. Growth factors and cytokines lead
to the activation of transcription factors and genes that are specifically ex-
pressed in certain steps of the differentiation process.

2.1. Neutrophil Development
In mice, HCSs in the fetal liver give rise to granulocyte-monocyte (GM)

progenitors that are characterized by the phenotype CD34+, Kit+, Lin–, and IL-
7R–. This cell population can be subdivided into Sca+ and Sca–. In vitro cultures
of these cells in the presence of steel factor (SLF), granulocyte-macrophage
colony-stimulating factor (GM-CSF), thrombopoietin, erythropoietin, IL-3, IL-
6, and IL-7 give rise to mixed CFUs. The myelomonocytic progenitors in mixed
CFU cultures begin to express Fc  R II and III. Injection of these CD34+ Fc R+

cells into lethally irradiated recipients gives rise to GR-1+ Mac-1+

myelomonocytic cells. No B- or T-cell progenitors were detected in the cultures
of CD34+ Fc R+ fetal cells (170). These observations suggest that the differen-
tiation potential of fetal liver granulocyte-monocyte colony-forming units (GM-
CFUs) are entirely restricted to the myeloid lineage.

Similarly, in human fetal livers, the HSCs give rise to GM progenitors,
which are characterized by expression of CD34 and Fc  R II and III. CD34 is a
sialo-mucin associated with the membrane of hematopoietic cells that interacts
with CD62 ligand, which is a C-type lectin.

The differentiation of granulocyte progenitors is regulated by various
cytokines, such as IL-3, GM-CSF, and, in particular, G-CSF, which is the major
growth factor required for granulocyte production. The action of G-CSF is me-
diated through interaction with the G-CSF receptor. The critical role of G-CSF
in neutrophil generation was demonstrated by the reduction of granulocyte pre-
cursors in G-CSF knockout mice (171). The direct role of G-CSF-R in granu-
lopoiesis comes from studies of patients with severe congenital neutropenia
who exhibited a truncated cytoplasmic domain of the G-CSF-R (172,173). In
myeloid cells, the membrane proximal domain is essential for the transduction
and differentiation signals in neutrophil progenitors. Binding of G-CSF to G-
CSF-R results in rapid phosphorylation of four tyrosine residues that are in-
volved in the recruitment of STAT3 and formation of Shc/Grb2/p140 and Grb/
p90 complexes. In turn, the subsequent activation of the Syk kinases and PI3K
activates Akt, which is an important factor involved in cell growth (174).

The migration of granulocyte progenitors to bone morrow leads to their dif-
ferentiation into mature neutrophils. The differentiation process is character-
ized by cytological changes, activation of early myeloid genes, and some
specific transcription factors.
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Neutrophil maturation proceeds from differentiation of myeloid progenitors
into myeloblasts and then to promyelocytes, metamyelocytes, and, finally, neu-
trophils. Each cytological step of differentiation is associated with the activa-
tion of specific genes.

Early myeloid gene activation is responsible for the expression of the G-
CSF-R and surface markers such as CD33 (sialo-mucin) and CD13 (metallo-
proteinase). Other early myeloid genes activated in the process of maturation
of neutrophils include mim-1, myeloperoxidase, neutrophil elastase,
myeloblastin, and lysozyme. The myelocyte stage is characterized by the
expression of genes that encode for proteins contained in secondary granules
such as lactoferrin and gelatinase (174,175). Activation of these genes and the
progression of different precursors toward neutrophil maturation are regulated
by different transcription factors.

Several transcription factors are expressed and activated in HSCs:

a. c-Myb is a transcription factor that recognizes a sequence known as the Myb
response element. c-Myb contains an N-terminal DNA-binding domain, a central
transactivating domain, and a C-terminal region that contains an evolutionary
ESVES-conserved negative regulatory domain. Its role in hematopoiesis is clearly
demonstrated in studies carried out using knockout mice that lack myeloid, lym-
phoid, and erythroid precursors (176).

b. Core binding factor (CBF) is a heterodimeric protein that contains three CBF
subunits that are bound to a CBF  subunit. CBF is expressed in multipotential
bone marrow HSCs. Animals bearing targeted mutated genes that encode both
subunits lack all lineages of definitive hematopoiesis (177).

c. SCL is a helix–loop–helix transcription factor that is considered a key element of
the regulation of hematopoiesis required for generation of multipotent HSCs (178).

d. GATA-2 is a transcription factor found only in hematopoietic cells. It mediates
the differentiation of HSCs toward granulocyte differentiation by regulating C/
EBP  levels (179).
Different transcription factors are required for the differentiation of granulocyte
progenitors and activation of various genes during the process of maturation.
Thus, c-Myb is involved not only in the growth of HSCs but also in the activation
of the CD13 promoter and the activation of the myeloperoxidase gene in response
to G-CSF in early myeloid cells (180).

e. Homeobox proteins possess a specific helix–turn–helix DNA-binding domain and
comprise a multiple-member family. HoxB4, which is one member of the
Homeobox family, is expressed in the earliest HSCs. Hox A9 and Hox A10 are
highly expressed in human CD34+ cells; however, their expression is
downregulated during hematopoiesis (181).

Other transcription factors specifically regulate the expression of various
genes in earlier phases of myelogenesis:

a. C/EBP is a member of a large leucine zipper 4 family. C/EBP is composed of six
factors that bind to a similar consensus DNA sequence. Among them, C/EBP  is
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detected in human CD33+ CD34+ myeloid progenitors, and its expression increases
during the development of myeloid progenitors and their maturation into neutro-
phils (181). Mice with a disrupted C/EBP  gene show an early block in granulo-
cyte differentiation. Cell lines from these mice express c-Kit but do not express
Gr-1, CD34, or G-CSF-R markers. Transfection of fetal liver C/EBP -/- cells with
G-CSF or IL-6 restores the ability of these cells to generate neutrophils (182).
C/EBP  plays a role in the activation of early myeloid genes. This was effec-
tively demonstrated using the human U937 monocytoid line, which, after trans-
fection with C/EBP  gene, expressed transcripts of G-CSF-R, lactoferrin, and
neutrophil collagenase genes (182). The expression of mim-1 also is regulated
by this transcription factor (174).

b. PU.1 is a member of the ETS transcription factor family that contains a con-
served DNA-binding domain located in the C-terminal. PU.1 is phosphorylated
on multiple serine residues by ERK1 and JNK1 kinases. PU.1 is expressed at
high levels in murine myeloid progenitors and increases during granulocyte dif-
ferentiation of CD34+ cells in bone marrow (181).
The role of this transcription factor in the maturation of neutrophils is supported
by results derived from knockout mice that showed that fetal liver cells exhibit a
complete defect in generating G-CFU and lack the expression of CD11b, CD18,
and Gr-1 markers. PU.1 regulates the expression of myeloperoxidase, elastase,
lysozyme, and c-fes genes during early phases of neutrophil development.

c. Myeloid zinc finger 1 is preferentially expressed in myeloid progenitors, and re-
duction of its expression prevents the formation of G-CFU (183). This factor
activates the CD34 promoter (184).

d. Notch signaling via RBP-J Jak 3 promotes myeloid differentiation characterized
by an increased number of neutrophils that express Fc  R II and III and Gr-1
marker (185).

In summary, these findings show that the differentiation of myelocyte pro-
genitors into neutrophils is a multistep process in which different genes that
encode receptors and specific markers are expressed subsequent to the activa-
tion of specific transcription factors.

2.2. Eosinophil Development

HSCs in the fetal liver and later in the bone marrow differentiate into com-
mon myeloblast progenitors (CMPs). In bone marrow, CMPs that express GM-
CSF-R and G-CSF-R differentiate into monocyte and neutrophil progenitors
as well as into CD34+ eosinophil and/or eosinophil-basophil progenitors. In
humans, eosinophil progenitors also are found in the cord blood. The events
associated with the branching of CMP to the eosinophil lineage are not com-
pletely understood because, to date, no eosinophil growth factor or correspond-
ing receptor has been discovered. Therefore, it is thought that some cytokines
and transcription factors play a role in the maturation of eosinophil progeni-
tors. Eosinophils that express Fc  R1 can differentiate in vitro from cord blood
CD45+ CMP in cultures supplemented with IL-3, GM-CSF, and IL-5 (186).
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These cells express proteins contained in eosinophilic granules such as Char-
cot–Lyeden crystal (16–18%), eosinophil peroxidase (7–8%), and eosinophil-
derived neurotoxin (2–4%) (187). Lundahl et al. (188) showed that the
differentiation of CD45+ CMP into eosinophils is associated with the
upregulation of 7-integrin and complement receptor genes. The expression of
EOS47, which is an early specific marker of eosinophil differentiation in the
chicken hematopoietic system, is stimulated by GATA-1, c-Myb, Ets-1, and C/
EBP  transcription factors. In transfection experiments, Nagny et al. (189)
demonstrated that Ets-1 and C/EBP  proteins are physically associated with
the EOS47 promoter. Overexpression of GATA-1 and GATA-2 in CMP pro-
motes the differentiation and complete maturation of eosinophils, suggesting
that these transcription factors play a crucial role in the maturation process of
eosinophils (190).

It is worth noting that an increased number of eosinophils were observed by
addition of cysteinyl leukotrienes to cultures of bone marrow cells in the pres-
ence of GM-CSF, IL-3, and IL-4 (191). However, the addition of IL-12 inhib-
ited the differentiation of bone marrow cells cultured under the same
conditions (192).

Taken together, these findings suggest that some cytokines and the activa-
tion of some transcription factors direct the differentiation of eosinophil pro-
genitors into mature eosinophils.

2.3. Development of Basophils and Mast Cells

Basophils and mast cells are derived from CD34+ common myeloid pro-
genitors. The differentiation of basophils from progenitors is independent of a
defined lineage-specific growth factor. Therefore, one may argue that the dif-
ferentiation of basophils and mast cells from progenitors results from a “de-
fault” pathway resulting from lack of a growth factor. This implies that other
environmental factors, particularly cytokines, play an important role in the de-
velopment of basophils and mast cells.

In vitro studies suggest that the basophils and mast cells represent different
sublineages. Whereas basophils are derived from bone marrow CD34+ HSC,
the mast cells are derived from a progenitor that expresses CD34, c-Kit, and
CD13 (193). However, a recently prepared monoclonal antibody that is spe-
cific for CD203 binds to the progenitor of both basophilic and mast cells (194).
This information challenges the currently held concept that the basophil and
mast cell are derived from different progenitors.

The basophils identified by a specific marker, namely, histamine decarboxy-
lase, have been cultured in vitro subsequent to incubation of mixed, bipotential
CFU progenitors (CFU eosinophil-basophil and CFU megakaryocyte-basophil)
or unipotential precursors with different cytokines or growth factors (193).
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Several known cytokines allow the differentiation of bone marrow and
human cord blood CD45+ myeloid precursors into basophils:

a. IL-3 alone or together with stem cell factor or TGF-  induces the differentiation of
basophils from CMP (195). The IL-3 receptor CD123 is strongly expressed on
basophils, and the SCF receptor CD117 is expressed on mast cells (196). IL-3 func-
tions as a basophilopoietin without evident effect on the maturation of mast cells.

b. IL-5 and eotaxin are involved in the differentiation of eosinophils and basophils
from mixed CFU eosinophil-basophil progenitors (193,197).

c. GM-CSF stimulates the production of histamine in monkey bone marrow cell cul-
tures, suggesting that it may play a role in the differentiation of basophils (193).

It is noteworthy that the presence of histamine decarboxylase, the synthesis
of histamine, and the expression of Ig  R are the most faithful markers used to
identify the differentiation and the maturation of basophils and mast cells.

The subtle events involved in the differentiation of CMP into basophils and
mast cells are not well understood. However, apparently the cytokine milieu,
rather than specific growth factors, regulates the differentiation of common
myeloid precursors into basophils and mast cells.

2.4. Development of the Monocyte-Macrophage System
The mononuclear phagocyte system, a major arm of innate immunity

involved in the defense reaction against microbes and clearing of apoptotic
cells, is evolutionarily conserved.

In both invertebrate and vertebrate species, the monocyte-macrophage lineage
derives from the mesoderm. In insects, macrophages represent a subpopulation
of blood cells called hemocytes. Like vertebrate macrophages, the hemocytes are
derived from the mesoderm of the head or that associated with the aorta and heart
(198). In Drosophila, the hemocytes express CD36 and scavenger receptors, sug-
gesting that they are the ancestors of vertebrate macrophages (199).

In nematodes such as Caenorhabitidis elegans, which do not have blood
cells, macrophage-like cells exhibit similar properties to fetal vertebrate mac-
rophages and play a role in morphogenesis. Phagocytosis of apoptotic cells
requires the expression of cc-7, which is homologous to murine ABC1 ex-
pressed in fetal macrophages (200).

In lower vertebrates like Zebra fish, macrophages are derived from the yolk
sac and, as in vertebrates, they are involved in the defense reactions against
bacteria (201).

In Xenopus larvae, macrophages are not derived from blood islands but
from the mesoderm associated with the embryonic head located anterior to the
heart (153).

Study of the development of the monocyte system in mice suggests that,
whereas fetal macrophages derive from the yolk sac (202), the monocyte-mac-
rophage lineage derives from the embryonic mesoderm.
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Using colony-forming assays, Moore and Metcalf demonstrated that in mice,
the precursors of macrophages are located in the yolk sac, which is the site of
primitive hematopoiesis, on day 9 of gestation (143). By d 10 of embryonic
life, these precursors mature into macrophages, which leave the blood islands,
enter the mesenchyme, and then migrate to various tissues via circulation. Fe-
tal macrophages of yolk sac origin express F4/80 antigen (203) but are devoid
of peroxidase activity, which is characteristic of adult macrophages (204).

The monocyte-macrophage lineage derives from the embryonic
hematoangioblast expressing Flk-1 and CD105 markers. The hemocytoblast
differentiates into HSCs that migrate to the liver and give rise to common
myeloblast progenitors (CMPs). Commitment of CMPs to monocyte progeni-
tors coincides with granulocyte commitment because the bipotent GM-CFU
that expresses the GM-CSF receptor can give rise to G-CFU as well as to M-
CFU. In the fetal liver or later in the bone marrow, the M-CFU progenitor
stimulated by G-CSF and other cytokines differentiates into monoblasts. In the
bone marrow, the monoblast that expresses the M-CSF receptor (a product of
c-fens protooncogene), lysozyme, and FcR  II and III differentiate into
promonocytes, which, in the blood stream, give rise to monocytes.

Mature blood monocytes express additional markers such as macrosialin,
CD14, CD11b, and CD18 and possess strong phagocytic properties (175).

Terminal differentiation of CMPs into monocytes is associated with the acti-
vation of Fes protein. This was demonstrated by studying the gain-of-function
markers in the bipotential human U937 monocytoid line transfected with the C-
fps/fes protooncogene. Transfected cells acquired macrophage cytological fea-
tures and CD11b, CD11c, CD18, CD14, and M-CSFR marker expression
characteristics for monocytes (205). Maturation of monocytes also is associated
with the ERK-MAP kinase pathway, as shown by increased phosphorylation of
MEK1/2 and ERK1/2 in HL-60 cells treated with PMA (206). Transcription fac-
tors regulate the expression of genes in various stages of the maturation of mono-
cytes. Whereas some transcription factors are quite specific for the monocyte
lineage, others activate genes in granulocyte progenitors. Egr-1, a member of the
zinc-finger transcription family, is activated in various bipotential cell lines or
bone marrow cells, which differentiate into macrophages after exposure to
phorbol ester or cytokines (181). Ectopic expression of Egr-1 in myeloid pro-
genitor lines increases the expression of the M-CFU receptor (207). The binding
of C/EBP, PU.1, and c-Jun transcription factors to their corresponding DNA-
binding motifs activates the promoter of the GM-CSF receptor gene and of the
lysozyme gene that is expressed in monoblasts (208,209).

It is noteworthy to point out that there are a few transcription factors that are
specific for a given maturation step of the monocytic or granulocytic lineages.
The majority of transcription factors are activated in CMP and in later phases
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Table 13
Target Genes of Transcription Factors During Various Stages
of the Development of Cells From Common Myeloid Precursors

 Myeloid precursors
Transcription factors Target gene

C/EBP- , PU.1 GM-CSF R
C/EBP- , PU.1 G-CSF R
C/EBP- , PU.1, c-Myb M-CSF R
C/EBP- , PU.1 c-MybL Lysozyme
C/EBP- , c-Myb Min-1
C/EBP- , PU.1, c-Myb, MZF-1 Myeloperoxidase
C/EBP- , PU.1 CBF, c-Myb, SP-1 Neutrophil elastase
PU.1, SP-1 c-fes
C/EBP- , PU. 1, c-Myb Myeloblastin
C/EBP- , PU.1, EPS CD13
HoxA10 p21
C/EBP- p27
MZF-1 CD34

Mature cells

Neutrophils
C/EBP- , CDP, Sp-1, MZF-1 Lactoferrin

Eosinophils
GATA-1 Unknown
Ets-1, C/EBP- EOSA7 (birds)

Monocytes
PU.1, c-Jun Macrosialin
Egr-1 Unknown
C/ EBP- , Sp-1 CD14
PU.1, SP-1, GABP CD18
PU.1, Sp-1 CD11b
ICSBP IL-12

Dendritic cells
PU.1 CD11c

Adapted from refs. 162, 174, 175, 179, 181.

of maturation. They can bind to the promoters of different genes. In addition,
there is an extensive redundant effect of transcription factors on the activation
of a single gene because DNA-binding motifs of different transcription factors
can be present on the promoter of a single gene. Conversely, a single transcrip-
tion factor might bind to the promoter of different genes. An example of redun-
dancy of transcription factors is illustrated in Table 13.
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Blood monocytes migrate to various tissues and mature into macrophages.
In spite of the fact that tissue macrophages may display various cytological
and distinct features, they express some common markers such as CD11b, IL-
1 , Fc R, scavenger receptors, and CD11b, CD14, and CD18 markers.

An elegant demonstration of the capacity of mouse bone marrow monoblasts
to differentiate into distinct types of macrophages was provided by Servet-
Delpart et al. (210). They showed that bone marrow immature monocytes ex-
pressing Flt3 ligand could differentiate in vitro into osteoclasts, microglia, or
dendritic cells depending on culture conditions. For instance, bone marrow
Flt3+ progenitors expressing CD11b after 6 d of culture in the presence of M-
CSF and RANKL or tumor necrosis factor (TNF) give rise to osteoclasts. Simi-
larly, the progenitors that express CD11b and F4/80 antigen cultured for 11 d
in the presence of M-CSF and glial-conditioned medium differentiate into mi-
croglial macrophages.

There is recent evidence that blood monocytes in humans can differentiate
into dendritic cells. In initial studies, it was shown that human blood monocytes
cultured in the presence of GM-CSF and IL-4 differentiated into immature den-
dritic cells characterized by downregulation of the expression of CD14 and
acquisition of CD1a antigen (79). Upon in vitro stimulation of these cells with
LPS, TNF- , IL-1, and CD40L, they exhibit the phenotype of mature dendritic
cells. Randolph et al. (211) showed that the differentiation of blood monocytes
into dendritic cells can be achieved in the absence of cytokines subsequent to
culturing the monocytes on an endothelial cell layer grown on a collagen matrix.
Only the monocytes transmigrating across the endothelial layer into the collagen
matrix acquire dendritic cell markers such as CD83, CD86, and dendritic cell-
LAMP and lose CD14 and CD64 monocyte differentiation antigen.

The growth factors, cytokines, and cellular requirements of the differentia-
tion of monocytes in various types of tissue macrophages are not completely
elucidated and are the subject of intensive research. Recently, it was shown
that the activation of caspases-3 and -9, which play a crucial role in apoptosis,
are activated in blood monocytes during differentiation into macrophages, a
process not associated with apoptosis (212).

2.5. Development of Dendritic Cells

Dendritic cells were identified in the blood and in tissues such as peripheral
lymphoid organs and thymus, skin and epithelia (Langerhans cells [LC]), and
other tissues (e.g., interstitial dendritic cells).

It is difficult to identify lineage ontogeny of dendritic cells in the fetus
because (a) there is not a specific dendritic cell-growth factor, and, conse-
quently, there is not a receptor for a dendritic cell-specific growth factor that
can be used as a cell marker; (b) the differentiation of common monocyte pre-
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cursors, from which it is supposed that dendritic cells emanate, give rise to
monocyte intermediates that can not be distinguished from dendritic cells; and
(c) newly discovered markers of mature dendritic cells such as DEC10 in mice
or dendritic cell-LAMP in humans are not expressed on the most primitive
dendritic cell progenitor, which differentiates from CMP or CLP.

Major insights into dendritic cells have come from in vitro studies because
new methods aimed at characterizing the progenitor of dendritic cells have been
perfected. Senju et al. developed a new method to generate dendritic cells from
10-d-old embryo murine HSCs by culturing the HSCs on feeder cell layers of
OP9 cells in the presence of GM-CSF (213). Seven days after culture, the occur-
rence of irregularly shaped floating cells possessing strong phagocytic proper-
ties and expressing class II, CD11c, CD80, and CD86 antigen has been observed.
Jackson et al. studied ex vivo differentiation of murine Scal+ Lin– HPCs into
dendritic cells grown in the presence of GM-CSF alone or in various combina-
tions with IL-4 and TNF- (214). Scal+ HPC cultured for 9 d in the presence of
a low dose of GM-CSF alone or in combination with IL-4 and/or TNF-  induced
the differentiation of precursors into immature dendritic cells (214). The cells
generated in cultures exhibited the immature dendritic cell phenotype:
CD11bbright, CD11cmod, CD86low, class IIlow, DEC 250low, and CD4-. The stimu-
lation of these immature dendritic cells with LPS or CD40L resulted in dendritic
cells exhibiting the mature phenotype CD40high, secretion of IL-  and IL-12,
and the ability to be strong stimulators in a mixed lymphocyte culture.

Studies of the differentiation of dendritic cells from bone marrow have ad-
vanced the hypothesis of a dual origin of dendritic cells from common myeloid
and lymphoid progenitors. Several lines of experimental evidence support this
concept. Inaba et al. showed that murine dendritic cells could be generated
along with monocytes from cells within a single CFU after in vitro culture with
GM-CSF but not with G-CSF or M-CSF (215). dendritic cells generated in an
ex vivo system expressed MHC class II molecules and were able to prime naïve
T cells. In adoptive transfer experiments, it was shown that these dendritic
cells homed to the T zone of lymphoid organs. Reid et al. demonstrated ex vivo
differentiation of dendritic cells from human bone marrow bipotential CD34+

cells and mixed CFU cultured with GM-CSF and TNF- (216). The dendritic
cells recovered from the colony did not express CD14 but exhibited strong
staining with anti-MHC class II, CD80, and CD86 monoclonal antibodies.
Caux et al. showed that CD34+ HSCs present in human cord blood could also
differentiate into dendritic cells (217).

The transcription factors NF- B/Rel and PU.1 play an important role in the
differentiation of dendritic cells of myeloid origin. Data indicating a reduced
number of CD8 – dendritic cells in mice with disrupted Rel or PU.1 genes
strongly support this concept (reviewed in ref. 218).
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LCs are derived from blood dendritic cells. Strunk et al. demonstrated that
CD34+ progenitors expressing a skin homing receptor cultured in the presence
of GM-CSF, IL-4, and TGF-  can differentiate into LCs expressing CD1a,
langerin, E-cadherin, and Bierbeck granules (219).

In human blood, Ito et al. identified another subset expressing CD1a and
CD11c that can differentiate into LCs after culturing with GM-CSF, IL-4, and
TGF- (86). The dendritic cells emanated from cultures also expressed mark-
ers characteristic of LCs such as langerin, E-cadherin, and Bierbeck granules.
It is interesting to note that the development of dendritic cells from CMPs
requires the activation of the Rel transcription factor. However, the LCs were
present in Rel knockout mice. This observation raises interest regarding the
myeloid origin of LCs (220).

The concept of the lymphoid origin of a subset of dendritic cells arises from
the observation that thymic, and some splenic, dendritic cells express markers
of lymphoid cells such as CD8 , CD2, CD4, CD25, B220, and BP1 (220–
222). The concept of lymphoid origin is supported by adoptive transfer experi-
ments of CD4low lymphoid precursors, which, after injection in lethally
irradiate mice, gave rise to CD8 + cells exhibiting a plasmoid morphology
(223). In mice, the precursors of plasmacytoid CD8 + dendritic cells also are
found in the bone marrow. These precursors can differentiate in ex vivo cul-
tures supplemented with Flc-3 ligand as the sole growth factor (224). Hochrein
et al. showed that in vitro differentiated CD8 + dendritic cells have the capac-
ity to produce type I IFN (225). In humans, the equivalent of murine CD8 +

plasmacytoid dendritic cells is characterized by the expression of IL-3R and
CD68 (macrosialin); lack of expression of CD11b, CD11c, CD14, CD13, and
CD33; and a high capacity to produce INF but not IL-12 (226).

Human plasmacytoid dendritic cells can be generated in vitro from CD34+

progenitors from fetal liver, cord blood, and bone marrow cultured with Flt-3
ligand alone or from CD34+ CD38– fetal liver progenitors cultured for 7 d with
murine stromal cells (227). Liu et al. demonstrated that the thymus also con-
tains plasmacytoid dendritic cells that develop from CD34+ precursors (228).
Unlike interstitial dendritic cells of myeloid origin, the plasmacytoid dendritic
cells do not require GM-CSF for their development.

In humans, CD34+ HSCs that are able to generate dendritic cells are detected
in the fetal liver until approx 20 wk after gestation after which they are found
mainly in the bone marrow. After birth, 1–3% of cord blood cells express CD34
and, therefore, can be considered as multipotential HSCs. During the differen-
tiation of CD34+ CD45RA– progenitors into pre-dendritic cells, they gradually
lose CD34 antigen and express CD4, CD45RA, IL-3R, and major histocom-
patibility complex (MHC) class II antigens (228).
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Immature dendritic cells differentiate into mature dendritic cells after stimu-
lation by various agents. Thus, CpG and CD40 ligands induce the maturation
of preplasmacytoid dendritic cells, which in turn are able to induce the differ-
entiation of Th1 cells producing INF- . Stimulation with viruses induces the
maturation of plasmacytoid dendritic cells that are able to activate regulatory T
cells producing IFN-  and IL-10. Stimulation with IL-3 induces the maturation
of plasmacytoid dendritic cells that are able to induce the differentiation of
Th2 cells producing IL-4, IL-5, and Il-10 (228).

The prompt synthesis of IFNs by mature plasmacytoid dendritic cells after
recognition of pathogens may represent a master function of these cells in
innate immunity during development and throughout entire life. First, IFNs
can activate other cells involved in the innate immune defense reactions, such
as macrophages and NK cells. Second, IFNs may favor the initiation of the
adaptive immune response by virtue of their pleiotropic effects on T and B
cells, thereby triggering a whole spectrum of specific immune responses (229).

More recently, the concept of different origins of the two subsets of den-
dritic cells was challenged by a report suggesting the presence in the bone
marrow of a dendritic cell-progenitor that can differentiate into either CD8 –

or CD8 + mature dendritic cells. These dendritic cell-progenitors are devoid
of myeloid or lymphoid differentiation potential inducible by various growth
factors (230).

2.6. Development of NK Cells

NK cells are generated during fetal life from lymphoid common precursors
that arise from the differentiation of HSCs. Mature NK cells originate from
NK unipotential progenitors found in the fetal liver or from bipotential pro-
genitors (NK and T cells) found in the fetal thymus. During adult life, NK
progenitors are present within bone marrow.

Apparently, IL-15 secreted by stromal cells is the major growth factor
directing the differentiation of NK precursors into mature NK cells. In the
murine system, NK progenitors were identified in 14-d-old fetal livers. They
express NK1.1 antigen, CD94 protein, and later Ly49E receptors that recog-
nize Qa1b nonclassical MHC antigen. A significant proportion of fetal NK cells
binds the Qa1 tetramer (231). The expression of Ly49E receptors significantly
decreases after birth. Other members of the Ly49 receptor family such as
Ly49A, C/1 D, G2, and H are almost indetectable during fetal life and in the
first week after birth (232).

Leclercq et al. demonstrated that in fetal thymus the NK cells arose from
bipotential T/NK progenitors (233). These bipotential progenitors differentiate
into mature lytic NK cells upon in vitro culture with IL-15. A detailed kinetic
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and phenotypic analysis of clones derived from a 14-d-old fetal thymus showed
that CD94 and NKG2 were expressed earlier than LY49E, which was acquired
in a progressive and stochastic manner independent of the expression of CD94/
NKG2 (234).

In murine bone marrow, NK cells are derived from two different subsets of
multipotential HSCs that express different phenotypes. The first subset, with
both lymphoid and myeloid differentiating ability, expresses the phenotype
Scal1+, c-Kit+, CD43high, Ftl-3high. In adoptive transfer experiments, it was
shown that this cell subset gave rise to NK cells (235). The second subset,
which represents 1% of total bone marrow cells, displays a different pheno-
type: Scal2+, c-Kit+, CD44high, HSAint. This subset does not express Ly49, CD2,
B220, Gr1, CD11b, NK1.1, CD4, CD8, and CD3 markers. These cells, when
cultured for 5–6 d in medium containing IL-6, IL-7, SCF, and Ftl-3L and then
for additional 4–5 d with IL-15, gave rise to NK1.1+ cells displaying lytic ac-
tivity (235). These results suggest that the Scal 2+ progenitors cultured in me-
dium with a mixture of cytokines acquired the IL-15R and that IL-15 caused
the terminal differentiation in mature NK cells that express the NK1.1 marker
and later the Ly49 receptors. This observation suggests that the occurrence of
lytic activity and the expression NK1.1 antigen precede the expression of the
Ly49 receptor. In bone marrow culture, stromal cells are required for the in-
duction of Ly49 (236). In the absence of stromal cells, the progenitors dedif-
ferentiate into NK1.1+ cells that display cytotoxic abilities but lack Ly49
expression (237).

In contrast to the expression of Ly49 during NK development, little is known
about the expression of CD94/NKG2 during differentiation of NK from em-
bryonic HSCs. NKG2 represents a family of genes. Whereas NKG2A associ-
ated with CD94 represents an inhibitor receptor complex, CD94/NKG2C and
NKG2E are thought to be activating receptor complexes (238). Lian et al.
showed that there is a programmed order of the acquisition of CD94/NKG2
receptors during in vitro differentiation of embryonic HSCs into NK cells
(239). First, the CD94 transcript is detected in HSCs at the beginning of cul-
ture. A few days later, NKG2D transcript is detected, and at approx 8 d of
culture, the transcripts of NKG2A and NKG2E are expressed. The NKG2C
transcript was detected by RT-PCR at 10 d after culture. Thus, it appears that
during the differentiation of NK cells, the inhibitory receptors that prevent
autoagression and favor self-tolerance are expressed first, and the activating
receptors are expressed later (240).

In humans, CD56+ NK cells develop from fetal livers, cord blood, and adult
bone marrow CD45+ HSCs cultured in vitro in the presence of IL-15. The dif-
ferentiation of CD34+, Ftl3+, c-Kit+ NK progenitors into CD34bright IL-2R+ IL-
15 R+ requires Ftl-3 and KL ligands that induce the expression of the IL-2 and
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IL-15 receptors. These precursors in the presence of the stromal bone marrow
environment or subsequent to stimulation by IL-2 and IL-15 give rise to ma-
ture NK cells characterized by the CD56+, IL-2R+, IL-15R+ NKR+ phenotype
(106). It is still not clear which factors are required for the expression of KIR
receptor family.

Studies carried out both in mouse and human systems clearly demonstrated
that the NK progenitors are derived from HSCs that differentiate into NK pro-
genitors. Further, the maturation of NK precursors is dependent on cytokines,
particularly IL-15 secreted by stromal cells.

Figure 26 illustrates the pathways of the differentiation of WBCs of myeloid
origin.

3. ONTOGENY OF LYMPHOCYTES

Mature lymphocytes are derived from common lymphoid progenitors that
arise from pluripotent HSCs, which differentiate from hematongioblasts of
mesodermal origin. The commitment of HSCs to the lymphoid lineage is a
stepwise process leading to irreversible differentiation into T and B lympho-
cytes. The commitment of HSCs to a given lineage follows a genetic program.
However, the mechanisms underlying the accomplishment of the genetic pro-
gram are unclear because they depend on a multitude of factors. Among these
factors, one may cite (a) the cellular microenvironment, in which the expres-
sion of adhesion molecules and chemokines receptors might play a role; (b) the
growth factors, which are required for the self-renewal of progenitors and their
differentiation; and (c) cytokines, which may provide the activation signal or
suppress the expression of genes at certain stages of the stepwise differentia-
tion process. Because lymphopoiesis is a stepwise differentiation process, cer-
tain genes expressed in early phases can be silenced in more advanced stages
of differentiation. Similarly, other genes can be activated in certain stages of
irreversible commitment to a lineage. This may be related to activation and/or
upregulation of certain transcription factors. The lineage commitment requires
the stabilization of expression of transcription factors during the progressive
differentiation genetic program of a lineage.

3.1. Development of B Cells

In the mouse, B cells are derived from HSCs of the yolk sac and the body of
embryo. The HSCs migrate at d 12 to the fetal liver, which contains 1600–
2000 antibody-forming precursors. These precursors migrate to bone marrow
at d 15, which then becomes the major central organ in which the precursors
mature. Such B cells exhibit cytodifferentiation antigen, including surface IgM
and IgD, and the rearrangement of V genes that encode the specificity of the B-
cell receptor (BCR). Early studies of bone marrow precursors of B cells showed
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that some of them are devoid of the surface Ig receptor and express the μ heavy
chain in the cytoplasm and that the V genes are not rearranged. This type of
cell, called a pre-B cell, is considered to represent one element of the stepwise
maturation process of B-cell progenitor development into mature B cells (241).

Extensive studies led to the proposal of a unified model of B lymphopoiesis
in which each step of differentiation process is characterized by the expression
of various cell markers, Ig genes, and some specific transcription factors (242).

The B-lymphocyte development model consists of several stages: pro-B
cells derived from a stem cell lymphoid progenitor, pre B-1 cells represented
by large cells that exhibit dividing capacity, leading to pre B-2 small cells,
which differentiate into immature B cells and finally into mature B cells.

This model of B lymphopoiesis originates mainly from studies carried out in
mice and humans and is consistent with the comparative phylogenetic studies
of B-cell development in vertebrate species with species-specific differences
related to the duration of pregnancy and the appearance of lymphoid organs
during fetal life.

In lower vertebrate species, the tissues harboring early B-cell progenitors
are still not well defined.

From a phylogenetic point of view, the elasmobranchs, which are cartilagi-
nous fish such as sharks and skates, are the earliest species having a lymphoid
system as defined by the presence of V genes that encode the BCR. During
embryonic life, the kidney could be the initial site for the development of B-
cell progenitors (243). Later, when the embryo grows (5–10 cm long), renal
lymphopoietic capacity declines and B-cell development switches to other tis-
sues that may be considered to be an equivalent of bone marrow, i.e., Leyding
organ, intestinal spinal valve, and spleen.

In the Aleutian skate (Bathyreja aleutica), cells expressing Ig were found in
the embryonic spleen. Their number increases during embryonic development
(244). In another cartilaginous fish species, Raja eglanteria, the transcripts for
IgM and IgX were found abundantly in 8-wk-old embryos in the spleen,
Leyding organ, liver, gonad, and thymus (245).

It is interesting to note that in these species, in situ chromosomal hybridiza-
tion using Ig probes identified multiple IgX and IgM loci, suggesting that the V
genes encoding Ig might be located on various chromosomes.

In teleosts, the kidney pronephros and mesonephros are the major sources of
B cells. The presence of pre-B cells in the kidney is supported by the identifi-
cation of non-rearranged multiple IgL transcripts in the pronephros of Atlantic
cod and rainbow trout (246) and the high expression of Ikaros and RAG genes
involved in the development and rearrangement of V genes in B cells (247,
248). The differentiation of B-cell progenitors in the pronephros occurs later in
ontogeny (249,250). The origin of B-cell progenitors in the pronephros is



76 Neonatal Immunity

unknown. Thompson et al. hypothesized that in zebrafish, the c-Myb+ progeni-
tors of the dorsal aorta move to the kidney (251).

In Atlantic cod, the head of the kidney and the spleen appear as the first
lymphoid organs at the time of hatching (252). In catfish, the first B lympho-
cytes are observed in renal hematopoietic tissue and later in the spleen between
d 7 and 14 after hatching (253).

From these observations, several conclusions might be drawn: (a) In fish,
pre-B cells and IgM- and IgX-bearing B cells are present during embryonic
life; (b) the kidney appears to be the source of hematopoiesis and of B-cell
progenitors; and (c) during embryonic development, the Leyding organ, liver,
and gonad may be the site of B lymphopoiesis, which eventually may be con-
sidered the equivalent of bone marrow in higher vertebrates.

In amphibia, the larvae hatch 2 d after fertilization. The stem cells, lym-
phopoietic progenitors migrating from the lateral plate of the mesoderm, are
detected in the liver and thymus during the first week of development. Larval
B-cell development can be divided into two stages. The first stage starts at d 4
when RAG transcripts and B-cell precursors are detected, whereas by d 8, most
IgM+ B cells are pre-B cells lacking a rearranged light chain (254).

The second phase extends from d 12 to 50, corresponding to the end of meta-
morphosis. Near the end of metamorphosis, the number of pre-B cells in the liver
and spleen decline, and B lymphopoiesis switches to the bone marrow (255).

Studies of the ontogeny of B cells in reptiles (e.g., Chalcides ocellatus liz-
ard) indicate that the embryonic liver is the site for the differentiation of B cells
(256) and that by d 40–41, 40–50% of spleen cells express cytoplasmic and
surface Ig (257).

In contrast to cold, lower vertebrate species, the avian species have a lym-
phoid organ called the bursa of Fabricius, which is the equivalent of bone mar-
row in mammalian species. The bursa of Fabricius has two major functions: (a)
expansion of B-cell progenitors, and (b) the diversification of the antibody
repertoire. The role of the bursa was elegantly demonstrated by Cooper et al.
(258), who showed that a bursectomy carried out on a 17-d-old embryo results
in an agammaglobulinemic chicken. The bursa develops from the hindgut at
day 4 of embryonic life from the endodermal bud surrounded by the mesoderm
(259). Using two monoclonal antibodies specific for stromal cells, Olah et al.
showed that mesenchymal stromal cells migrate to the surface of the bursal
epithelium around d 12 of embryonic life, preceding follicular formation (260).
Some of the stromal cells remain at the luminal surface and others migrate to
the medulla. The stromal cells play an important role in the maturation of B-
cell progenitors after interaction with HSCs.

The ontogeny of avian B cells can be divided into three phases. In the
extrabursal stage, B-cell progenitors are derived from the intraembryonic mes-
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enchyme (261). This stage exists only during embryonic life and ceases after
hatching. The most primitive B-cell progenitors are detectable in the yolk sac
by d 5–6 and express only a D-J rearrangement characteristic for pre-B cells
(262). Complete VDJ rearrangement in the extrabursal progenitors is virtually
complete by 15 d after incubation (263). In birds, B-cell progenitors express-
ing Bu-1 antigen seem to be irreversibly committed to the B-lymphoid lineage
prior to migration to the bursa (264). The bursal stage is characterized by
migration to and seeding of B-cell progenitors in the bursa, where the matura-
tion of the precursors takes place after interaction with bursal stromal cells
(266). The postbursal stage begins during the late phase of embryonic life and
continues at hatching when mature B cells (in the case of ducklings) migrate to
the liver, bone marrow, and then lymph nodes and Harderian glands (265). The
colonization of peripheral organs takes place 10–17 d after hatching (266).

Thus, the major differences between the ontogeny of avian B cells and those
of the lower vertebrates and mammals consists of the generation of B cells
from a single set of precursors during embryonic life and the maturation of B-
cell progenitors in the bursa from which they colonize the peripheral lym-
phoid organs.

Murine mature B cells are divided into two subsets: (a) B-1 expressing CD5,
which produces mainly IgM-polyreactive antibodies; and (b) the B-2 CD5-

subset, which produces antibodies specific for foreign antigen and pathogenic
autoantibodies (107,109). Both subsets are derived from common lymphoid
HSCs.

In mice, pluripotential HSCs move from splanchnopleura to the fetal liver at
d 12 of gestation. The fetal liver and the spleen represent the major sites of B
lymphopoiesis during embryonic life, which continue until the first week after
birth. The B cells arise from a common lymphoid precursor population that
expresses Sca1low c-Kitlow and IL-7R + and is identified at day14 in the fetal
liver. These precursors are able to reconstitute all lymphoid lineages when
injected into sublethally irradiated newborn mice. After culture on a stromal
cell layer, in a medium supplemented with IL-7, they differentiate into imma-
ture CD19+ IgM+ B cells (267).

The differentiation of B lymphocytes from multipotential progenitors is a
stepwise process characterized by the expression of certain antigen and rear-
rangement of V genes. Pro-B cells that are characterized by the new phenotype
B220+ c-Kit+, CD43– TdT– and the V pre-B receptor (encoded by the genes
VpreB1, VpreB2, and 5) arise from the progenitors committed to differentia-
tion into the B lineage. The ligand for this receptor, as well as its function, is
poorly defined. However, it plays an important role in furthering the differen-
tiation process because VpreB1, VpreB2, and 5 triple-deficient mice show
impaired B-cell development (268). Pro-B cells differentiate into pre-B-1
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exhibiting the phenotype CD43+, B220+, c-Kit+ VpreB+ and the rearrangement
of D and J segments of V genes. Both RAG1 and RAG2, which mediate the
recombination of V germline gene segments, are expressed in pro-B cells. In
contrast to fetal liver pre-B1 cells, the pre-B1 cells in bone marrow do not
express TdT, which may explain why the fetal liver B cells lack N-addition in
V genes (269). The pre-B1 cells differentiate further into pre-B2, which are
large dividing cells that exhibit complete VDJ gene rearrangement and express
cytoplasmic μ-heavy chain. The RAG activity strongly decreases in pre-B1
cells in the next step, and pre-B2 small cells begin to rearrange the genes that
encode k and -light chains, leading to the expression of surface IgM. In this
stage, the RAG activity is again increased and the expression of CD43 antigen
is lost. These cells differentiate into immature B cells, which are characterized
by a B200+, sIgM+ phenotype. (269).

Little is known about the fetal differentiation pathway of CD5+ B1 cells.
Clarke et al. proposed that the B1 phenotype results from the upregulation of
CD5 on mature B2 cells during self-antigen-driven expansion (270). The pro-
cess of development of B2 cells is viewed as a transition from CD23+ B200high

IgMlow IgDhigh CD5– to CD5+ B220low IgM+. Hayakawa and Hardy consider
that signaling via the B-cell receptor may play a role in the differentiation of
the B1 subset (271).

In rabbits, B-cell lymphopoiesis begins in the fetal liver and switches to the
bone marrow late in fetal life and continues in the bone marrow throughout
life. Pre-B cells are detected in the bone marrow beginning at d 14 of gestation
in the fetal liver, reaching a peak at d 17–19, and disappearing at day 10 after
birth. In fetal bone marrow, pre-B cells are detected at d 25. Pre-B2 small cells
are detected in the fetal spleen at d 29 of gestation (data reviewed in ref. 272).
Previously, we showed that an extract from Nocardia opaca (NWSM) is a
polyclonal stimulator of rabbit B cells just as LPS is a polyclonal stimulator of
murine B cells (273).

We found that B cells from fetal liver harvested at d 17–29 of gestation
proliferate upon stimulation with NWSM and, at d 22, proliferate subsequent
to stimulation with antiallotype antibodies. At birth (1-d-old pups), although
the NWSM and antiallotype proliferative responses disappeared in fetal liver
cells, a significant increase in NWSM and antiallotype responses was observed
in spleen cells. Whereas B cells from the fetal liver harvested at d 17 of gesta-
tion lack the ability to synthesize Ig, Ig synthesis was observed at d 22 and
gradually increased until d 29. In 1-d-old pups, whereas the liver cells were no
longer able to synthesize Ig, the spleen cells from newborn rabbits exhibited
the ability to spontaneously synthesize Ig, a process that was considerably en-
hanced after stimulation with NWSM (274). Pre-B cells also were identified in
rabbit fetal and postnatal omentum (275). Apparently, at birth, the B cells are
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able to function in an immune response. This concept is supported by an ex-
periment where the transfer of newborn lymphocytes into an adult rabbit was
able to respond to a challenge with Shigella antigen (276). In rabbits, the first
peripheral organs colonized with B cells after birth are gut-associated lym-
phoid organs, such as the appendix, Peyer’s patches, and sacculus rotundus,
which is an organ found at ileal-cecal junction (272).

In pigs, the first pre-B cells exhibiting VDJ rearrangement appear at d 29 of
gestation in the yolk sac and at d 30 in the fetal liver, which, thereafter, is the
major site of B-cell lymphopoiesis (277).

B-cell development in the lamb is particularly interesting because the im-
mune system matures rapidly during gestation, and the lamb can actually de-
velop an antibody response after fetal immunization. Hematopoiesis occurs in
the yolk sac at d 19–27 of the 145-d gestation period. The first B1 and B2 cells
were detected in the spleen at approx d 81 and 48 of gestation, respectively
(278,279). The maximum proliferation of IgM+ cells in the spleen was promi-
nent between d 60 and 70. Little information exists concerning the origin of
pre-B cells during lamb gestation. If pre-B cells exist, they likely have a very
short life because of the rapid differentiation into IgM+ B cells. Similar to pigs,
the gut-associated lymphoid system is the first organ colonized with B cells
after birth (279).

There is little information on nonhuman primate B-cell development. A
recent study carried out on Rhesus monkey fetuses demonstrated that the first
IgM+ B cells were identified at d 65 of gestation (the term of gestation in Rhesus
monkey is 165 d). The CD20+ CD5+ B cells expressing class II molecules
appear in large numbers in the spleen, mesenteric lymph nodes, and small in-
testine at d 65 of gestation, and their number increases until birth. The most
likely origin of CD5+ B cells in monkeys is the omentum and fetal liver. By d
145, CD20+ CD5– B2 cells become predominant in the B-cell follicles in vari-
ous organs. They express not only surface IgM but also IgG and IgA (280).
These observations indicate that immune competence in monkeys may be
achieved in the last trimester of fetal life, permitting the occurrence of an im-
mune response soon after birth.

The human immune system, including B cells, is fully developed at birth.
Throughout gestation, more than 90% of B cells in the fetal liver and spleen are
CD5+. The origin of the precursors of fetal CD5+ B cells is not well defined,
but it is believed to be the yolk sac, omentum, and fetal liver (281).

HSCs, from which B cells arise, are present in the fetal liver, cord blood,
and later in bone marrow. Apparently, the CD45+ that express B-cell progeni-
tors are retained in the fetal liver and bone marrow until differentiation into
IgM+/CD79 cells. Data showing that CD34+ B-cell precursors are undetectable
in cord blood support this concept (282). However, another study that found B
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cells that express CD34 and CD10 or CD19 in the blood challenged this con-
cept (283). The differentiation of B cells from CD34+ B-cell progenitors was
studied in vivo in severe combined immunodeficiency (SCID) mice infused
with human fetal cells and in vitro in stromal-dependent culture systems detail-
ing development of HSC from cord blood or bone marrow.

In these systems, it was shown that in humans, similarly to mice, B-cell de-
velopment is a genetically programmed stepwise process characterized by (a)
the expression of regulatory genes; (b) occurrence and disappearance of certain
membrane antigen; (c) somatic rearrangements of germline genes containing
the information for the specificity of Ig receptor; and (d) signaling molecules
associated with the BCR, such as Ig -B29, Ig -mb-1, and B-lymphoid tyrosine
kinase (Blk). The prevailing concept of human B-cell differentiation consists of
progressive changes to the genetic program during the differentiation of CD35+

multipotent HSCs that represent the most primitive HSCs from which CD34+,
CD38+ B-cell progenitors are derived (284). From these progenitors arise pre-
pro-B cells expressing CD10 and CD19. Pro-B cells express a surrogate light
chain receptor encoded by two very homologous V-pre-B genes and the 5 gene.
Pro-B cells do not exhibit any rearrangement of VH and VL genes but have the
enzymes that mediate the recombination of V-gene segments such as RAG1
and RAG2. Progression to the pre-B1 stage is associated first with the somatic
rearrangement of D-J gene segments of the V heavy chain gene and with the
expression of CD29 and mb-1 required for the transduction signals. In the next
stage of the development, the large dividing pre-B1 cells bear an in-frame pro-
ductive VDJ μ chain and maintain the expression of pseudo , CD10, and CD19.
However, the pre-B1 cells downregulate the expression of CD34, RAG, and
TdT enzymes (284–286). In the pre-B2 small cells, the CD34 gene is com-
pletely silenced and the rearrangement of light chain genes is completed, allow-
ing for the expression of IgM-CD79 complexes on the surface of immature B
cells (287).

As we have seen, in both lower and higher vertebrate species, B-cell develop-
ment is a stepwise process composed of various stages, which are irreversible
after the beginning of the differentiation process. This process is characterized
by the activation of certain genes expressed in all the stages of maturation, the
activation of new genes or silencing of other genes in certain stages, and the
activation in early stages of enzymes that mediate the rearrangement of V genes
and a large number of proteins composing pre-B- and B-cell receptors (IgL pre-
B 5, mb1, B29, Blk). All of these processes follow a genetic program con-
trolled by some genes, which are specifically required for B-cell development,
and by transcription factors involved in transcriptional control of the promoters
of various genes expressed or silenced during B-cell development.
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The expression of some genes such as Ikaros, and some transcription factors
such as E47, E12, EBF, BSAP, PAX-5, and PU.1 are required for the survival
of HSC-common lymphoid precursors and are critical for B-cell differentiation.

The critical role of Ikaros gene expression in early B-cell development in
mice was demonstrated by two distinct Ikaros-targeted mutations. These mice
lack not only B cells but also T cells, NKs, and dendritic cells (288,289). The
Ikaros gene encodes a zinc-finger transcription factor that acts as a master regu-
lator of the development of the B lineage (288). A mutation that deletes the N-
terminal zinc-finger DNA-binding domain blocks B-cell development in early
stages (288). The Ikaros protein has two C-terminal zinc-finger domains that
interact with four N-terminal zinc-finger domains. The homo- or
heterodimerization of Ikaros proteins with DNA-binding activity requires the
interaction of at least three zinc-finger domains (290). A second strain of mice
with Ikaros-targeted mutations was obtained by making different deletions of
the C-terminal domain that prevent dimerization. These mice lack both fetal B1
and adult B2 cells. The differentiation of B cells in these mice is blocked at the
level of fetal and postnatal HSCs (289). A third strain was obtained via homolo-
gous recombination by introducing an in-frame  galactosidase sequence into
exon 2 of the Ikaros gene. These mice lack B cells in the fetal liver and display
a marked reduction of pre- and pro-B cells but also have B1 cells (B220+, CD5+

IgM+, and Mac-1+) in the peritoneal cavity (291). B cells from these mice ex-
hibit a defect in IL-7-dependent proliferation and the progression of IgM– to
IgM+ B cells. Taken together, the results strongly suggest that the Ikaros gene is
required for optimum proliferation and differentiation of B cells.

High expression of Ikaros was observed in the pronephros and mesonephros
of Atlantic cod and rainbow trout (292). In these species, the kidney is the
major source of B cells. The expression of Helios, another member of the Ikaros
family, was detected during the neural stage in 15-d-old embryos of Mexican
axolotl, and both Helios and Ikaros transcripts were detected in the ventral area
containing HSCs at d 38. This observation indicates that during lymphoid de-
velopment of Mexican axolotl, the expression of Helios precedes the expres-
sion of Ikaros (293).

Ikaros genes exert a positive and negative regulatory effect on various genes
expressed during multiple stages of the differentiation of B cells. Thus, it was
shown that Ikaros binds to regulatory elements in the promoters of TdT and 5.
Ikaros also binds to the 5'-upstream regulatory region of the pre-VB1 and pre-
VB2 genes (294) and to the TATA-less promoter of B28 (295).

This information strongly suggests that the Ikaros gene family plays a criti-
cal role in the development of lymphoid precursors and of pro- and pre-B cells
in lower and higher vertebrate species.
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Other transcription factors, including E2A and EBF, also play an important
role in the early stages of B-cell development. The E2A gene encodes two
factors, E12 and E47, which arise through alternative splicing. E2A belongs to
the basic helix–loop–helix family of transcription factors, which is not B-cell
specific (296). However, E2A knockout mice exhibit a complete block at the
pro-B-cell stage because of a lack of expression of RAG1 and RAG2 and the
structural components of the pre-B receptor (297). Binding sites for these fac-
tors were identified on the promoter of various genes—on the111bp promoter
of the RAG1 gene, which can bind to E47 and E12, and on the 5 TATA-less
promoter/enhancer, which may bind to E47 (297).

Early differentiation B factor (EBF) is another transcription factor that ex-
hibits a broad regulatory effect on the expression of various genes during B-
cell development. Mice bearing EBF-targeted mutations exhibit a blockage at
the pro-B-cell stage (298). EBF is a B-cell restricted factor that binds as a
homodimer via a large binding domain motif containing a zinc-coordination
element (299). EBF binding motifs were identified in the upstream segment of
the 5 promoter, 5'-upstream region of V-pre-B1 and V-pre-B2 promoters, and
the promoter of B29 and mb1 (300). Recently, the promoter of human V pre-B
was cloned and sequenced. It shows 56% homology with its mouse counterpart
and has three binding sites for EBF. The ectopic expression of the human V-
pre-B promoter in HeLa cells induces the activity of a reporter gene under the
control of V-pre-B promoter. This effect is enhanced by E47, suggesting a
synergistic effect between EBF and E47 on V-pre-B-promoter activity (300).
In human B cells, E47 also controls the expression of the mb-1 and B29 genes
that encode proteins required for the signaling pathways induced by BCE (300).

B-cell-specific activator protein (BSAP) transcription factor plays a role in
the regulation of antigen expressed on the membrane of B cells in various stages
of differentiation. Thus, BSAP may be involved in the expression of CD19
because a promoter fragment of 280bp of CD19 gene contains a binding site
for BSPA and Ets (301). Similarly, the promoter of the CD72 gene contains a
segment located between –162 to –196, which has putative BSPA and PU.1
binding sites (302). In contrast, the expression of CD20, which is a pre-B-cell
specific factor, may be regulated by PU.1 because the 280bp promoter of this
gene contains binding sites for the PU.1 and Oct transcription factors (303,304).
Finally, the 5'-upstream region of the promoter of CD22 that is associated with
the BCR contains binding sites for BSAP and NF- B (305).

PAX5 is another essential transcription factor for B-lineage commitment.
The absence of PAX5 arrests B-cell development at the pre-B and immature B-
cell stages (306). In these mice, pro-B cells express CD43, c-Kit, HSA, and IL-
7R but fail to express CD25 and BP-1 required for the expression of a surrogate
pre-B receptor. In addition, they do not exhibit V (D) J rearrangements. Stud-
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ies in PAX-5-deficient embryos showed that the fetal liver B-cell development
is blocked at the pro-B-cell stage. It noteworthy that HSCs from PAX 5-defi-
cient mice retained a broad lymphomyeloid differentiation capacity (307,308).
During the late phase of the maturation of B cells, PAX-5 is involved in the
expression of CD19 and the switching of IgM-producing cells to IgE-produc-
ing cells. DNA-binding motifs for PAX-5 were identified in the promoter of
CD19 (308) and the promoter of IgE (309).

PAX-5 and EBF are expressed in prebursal committed B-cell progenitors
prior to colonization of the embryonic bursa of Fabricius (310). These obser-
vations demonstrate that PAX-5 and EBF play an important role in the differ-
entiation process of the B-cell lineage in various vertebrate species.

Table 14 summarizes the effect of various transcription factors on genes
during B-cell development.

B-cell development is a stepwise differentiation process in which some
genes are activated whereas others are silenced in various stages. Both the ac-
tivation and silencing of genes is genetically regulated by genes that encode
transcription factors specific for B lineage and others that exhibit pleiomorphic
effects. A certain degree of redundancy among the transcription factors exists
because the DNA-binding motifs for a given transcription factor might be
shared by various genes expressed at multiple stages of the differentiation of B
cells. Table 14 illustrates the role of various transcription factors in the expres-
sion of various genes during B-cell development.

3.2. Thymus Organogenesis and Embryonic Development
of /  T Cells

In all vertebrate species, T cells arise from the common lymphoid progeni-
tor (CLP), which can be located in different tissues in different species. The
Ikaros gene family plays a crucial role in the differentiation of CLPs. This
concept is supported by a seminal observation showing that Ikaros knockout
mice lack T cells as well as other cells derived from CLPs such as B cells, NKs,
and dendritic cells. The CLPs migrate to the thymus, where T lymphocytes
mature and differentiate. The generation of T cells is under the strict control of
nonlymphocytic thymic cells comprised mainly of epithelial and mesenchymal
cells. The thymus gland is derived from endoderm and associated mesodermal
tissue of the pharyngeal pouches and the ectoderm of the brancheal clefts. The
ontogeny of the thymus gland is best studied in higher vertebrate species. Thy-
mic organogenesis can be divided into five sequential stages: (a) formation of
the thymic primordium; (b) colonization by CLPs, which migrate from various
tissues in different species; (c) proliferation of thymocytes; (d) location of thy-
mocytes in different zones of the thymus; and (e) apoptosis of thymocytes as
the result of negative selection and migration of mature T cells to peripheral
lymphoid organs.
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In mice, the epithelial cells in the thymus primordium are formed at d 10.5
of gestation from the pharyngeal endoderm of the third pharyngeal pouch and
neural crest mesoderm (311–313).

Early studies suggested that thymic epithelial cells of the cortex are derived
from ectodermal stem cells, whereas those from the medulla are formed from
the endoderm of third pharyngeal pouch (313). Gill et al. provided direct evi-
dence for thymic progenitor cells, giving rise to both medullary and cortical
epithelial cells (314). These authors generated the monoclonal antibody
MTS24, which detects a mucin-like glycoprotein on the surface of epithelial
cell progenitors. These cells are characterized by their capacity for self-renewal
and differentiation potential into other lineages. The MTS24+ cells from thymi
of 15.5-d-old embryos coexpress cytokeratins-5 and -8, which are markers of
adult cortical and medullary thymic epithelial cells. Ectopic grafts of purified

Table 14
Transcription Factors Involved in the Development of B-Cell Lineage

A. Transcription factors required for transition in various stages of differentiation

Transition Transcription factor

HSCs->common lymphoid precursor Ikaros, PU.1, AML-1, NFkb-RelA,
Myb, GATA-2, E2A SCl-Tal

Common lymphocyte progenitor-> pro-B Ikaros, E2a,EBF
Pro-B-> pre-B Ikaros, EBF
Pre-B-> immature B cells BSAP, Sox-4
B. DNA binding motif for transcription factor identified on the promoter of various
genes present in B cells in various stages of development

Promoter of gene Transcription factors

IgH Oct-2, OCA-B, NFIL-6
Ig EBF, OCA-B

5 Ikaros, BSAP, EBF, E47, PU.1,
elf-1, ets-1

Vpre-B Ikaros, E47, BSAP, EBF
mb1 PAX-5, EBF, BSAP, elf-1, ets-1
B29 Ikaros, EBF, Oct, elf-1, ets-1
RAG Ikaros, PU.1, NF-Y/CBf, E47,

E12, elf-
TdT Ikaros, E47, E12, elf-1
BLK BSAP, NF B
CD19 PAX-4, BSAP, E47
CD20 PU.1, Oct
CD22 BSAP, NFkB
CD72 BSAP, PU.1
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MTS24+ epithelial cells can differentiate into cortical and medullary epithelial
cells. The epithelial compartment in the thymus is unique, because it cannot be
classified as stratified layers as can the skin. Based on the expression of keratin
genes, a genetic marker of epithelial cell progenitors was divided into two sub-
sets. The subset K8+K18+ K5– is located in the cortex; and the subset K5+,
K14+ is restricted to the medulla (315). The epithelial cell progenitors were
competent and sufficient to support the development and maturation of T cells
within the thymus.

In the thymus, the T cells exhibit a major expansion phase from days 11 to
15 of embryonic life. At this stage, the undifferentiated T cells (pro-T cells)
localized in the cortex do not express CD3, CD4, or CD8 (triple-negative).
Later, they express Pgp-1, Thy1, CD5, and CD25 (IL-2R). At d 13 of ontog-
eny, CD4–CD8– cells (double-negative) begin to rearrange the genes that en-
code the TCR, a process preceded by the activation of RAG genes. In mouse
thymocytes, T cell receptor (TCR) genes are in the germline configuration un-
til d 14, when the first rearrangements of V  and  are detectable and the CD3
gene is transcribed. The TCR heterodimer, which consists of V /  and CD3,
can be detected on the surface of cortical thymocytes at days 14–15. The V
and V  gene transcripts are detectable at ds 16 and 17 (316,317) and of fetal
life, respectively. TCR– or TCR– low double-negative thymocytes move from
the cortex to the medulla at ds 17 and 18 and express both CD4 and CD8
(double-positive). Between d 18 and birth (d 21), they differentiate into two
major mature subsets: TCRhigh CD4+ CD8– and TCRhigh CD4– CD8+ T cells,
which emigrate from the thymus and colonize peripheral lymphoid organs.

In fish, the thymus is the first organ to become a lymphoid, followed by the
kidney and the spleen. However, there are distinct organogenesis patterns of
thymus development between marine and river fish species.

In trout embryo, a thymic primordium is evident between d 5 and 8
prehatching (318,319). It appears as a thickened area of pharyngeal epithelial
cells containing few T cells (314). At hatching, the thymus consists of a few
layers of epithelial cells, and at d 1 prehatching, the lymphocytes expressing
Ikaros and RAG proteins become predominant (320). Complete rearrangement
of the TCR-V2 gene and the presence of TdT are detected at d 15
postfertilization, a time that coincides with the occurrence of a thymic analog
(320). In trout embryos, the T cell is probably derived from the yolk sac and
ventral aorta.

In zebrafish, a thymic primordium lacking lymphocytes and consisting of
two layers of epithelial cells is observed as early as 60 h postfertilization. The
first lymphoid cells in the thymic analog were observed at 65 h postfertilization,
and at d 4 postfertilization, the number of lymphocytes increased considerably
(321). It noteworthy that in zebrafish the thymus becomes colonized with lym-
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phocytes before the pronephros becomes a hematopoietic organ. It is likely
that the T lymphocytes in zebrafish derived from HSCs located in the ICM and
dorsal aorta (320) that express the Ikaros and RAG transcripts (331).

In Xenopus, the thymus primordium is evident at d 3 postfertilization, and 1
d later, it is seeded with lymphoid cells. At this embryonic stage, the lympho-
cytes express RAG, and 1 d later, TCR genes are rearranged. Sometime during
d 4–12 postfertilization, a second seeding takes place, which extends into the
juvenile and adult periods (322). The T-cell progenitors derive from fetal liver
colonized by HSCs from VBI and DLP mesodermal tissues proper to embryo
(323). After the first wave of colonization of the thymus with lymphoid pro-
genitors, 20% of thymocytes express XTLA-1 T-cell-specific antigen, and at
12 d postfertilization, 65% express CD8 and the vast majority expresses CD5
antigen (324).

There is little information of thymus organogenesis in reptiles. El Deeb and
Zada, using an anti-T-cell antibody, reported the presence of T cells in 40- to
41-d-old embryos (258).

Similar to amphibians, the thymus primordium in birds is colonized by sev-
eral waves during embryonic life. T cells derive from HSCs beginning on d 4
of embryogenesis in the para-aortic mesenchymal tissue (325). The first and
second waves of colonization of the thymus with HSCs occurs at d 6 and 7 of
embryonic life, respectively (326,327). In birds, the rearrangement of V genes
that encode the TCR occurs exclusively in the thymus. Whereas Vb1 gene rear-
rangements were observed at d 12 in thymocytes, the Vb2 rearrangements were
observed at d 14 of embryonic life (328).

In pigs, as in birds, the thymus primordium, which appears at the end of the
first trimester of intrauterine life (d 38 of gestation), is sequentially colonized
by T-cell progenitors that express CD45 antigen. The T-cell progenitors do not
express CD3, CD4, or CD8 (triple-negative). The differentiation of thymocytes
expressing the /  TCR occurs progressively from CD3–, CD4+, CD8+ during
the first 10 d of embryonic life. At d 55 of embryonic life, the T cells are fully
mature and express CD25 (329).

In humans, the thymus develops from the third brachial pouch at about 6 wk
of gestation (330). The pathway of the differentiation T-cell progenitors in the
human thymus was studied by various methods that consisted of phenotypic
analysis of the expression of various membrane markers and transcription of
genes that encoded the TCR in thymus samples harvested from fetuses, the
infusion of fetal liver, thymus, cord blood cells in NOD-SCID mice, and the
growth and differentiation of cells in fetal thymus organ culture on thymic
stromal cells. The most primitive T-cell progenitor expresses high levels of
CD34 and CD45RA and lacks expression of CD38, CD2, and CD5 (331,332).
Important phenotypic changes occurring during the early stages of CD34+
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CD38– fetal liver cells in fetal organ cultures showed that they differentiate
into two populations: CD4+ CD3– CD7– and CD4– CD7– CD3–. Although the
CD4+ subset differentiates into dendritic cells, the other subset differentiates
into CD4+ CD7+ CD3+ cells. After 11 d of culture, they are CD2+ and the
expression of CD1a is upregulated. At this stage, the rearrangement of TCR
genes is initiated (332). In the thymus, CD34+ CD1a+ T cells become double
positive, expressing CD4 followed by CD8  before the acquisition of CD8 .
This double-positive subset is the subject of positive selection, and the cells
that do not die express activation markers (CD69 followed by CD27) (333).
Productive rearrangements of the TCR V  gene were detected in CD34+ CD1a–

cells, whereas pre T  and CD3 leading a functional TCR were present in
double-positive T cells (334–336). In vitro studies of the differentiation of
CD34+ cells isolated from human and Rhesus monkey cord blood cultured on
thymic stromal cells showed that the differentiation of HSCs into mature T
cells recapitulates T-cell in vivo ontogeny (337).

3.3. Fetal Development of /  T Cells

A minority of T cells in the lymphoid organs expresses an alternative TCR
that is encoded by V  and V  genes. These T cells have been found in many
species. The /  T cells display various functions, such as cooperation with /

 T cells in the immediate hypersensitivity reaction, secretion of cytokines, Ig
subclass switching, non-MHC-restricted cytotoxicity, and antimicrobial
defense reactions. They accumulate at the site of infections by bacteria, vi-
ruses, and parasites and in granulomas (338).

In birds, the /  T cells are the first T cells generated in the thymus during
ontogeny, and, in adult life, they represent about 50% of blood T lympho-
cytes (339).

In mice, cells that express /  TCR transcripts are detectable in the fetal
thymus at d 14 of gestation (340). The analysis of the expression of V  genes in
the murine fetal thymus suggests the ordered and selective occurrence of dis-
tinct /  T-cell subsets (341). In mice, /  T cells predominate in the skin, gut,
lungs, and female reproductive organs.

A discrete subset expresses a TCR encoded by V 3 and V 4. In fetal life,
mature V 3high HSAlow T cells mature from immature thymic V 3low HSAhigh

(342). Interestingly, these cells, found in fetal thymus and in the skin of adult
mice, express the Ly49E and CD94/NKG2 inhibitory receptors of NK cells
(344). The expression of NK inhibitory receptors correlates with the expres-
sion of CD44, 2B4, and IL-2R and the absence of CD25 (343). This observa-
tion clearly shows that /  T cells do not derive from a common precursor of T
cells because no /  T cells expressing inhibitory receptors of NK cells were
identified in /  T cells. Thus, the concept is strengthened by other observa-
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tions that demonstrate that /  T cells develop normally in /  TCR and 2-
microglobulin knockout mice (345). The /  T cells might develop
extrathymically because, in nude mice, they constitute the majority of gut
intraepithelial lymphocytes (346).

Human cells expressing /  TCR and CD3 transcripts were identified in fe-
tal liver at 6–8 wk of gestation, before the occurrence of the thymus primor-
dium (348). McVay et al. found transcripts of V genes in primitive gut between
6 and 9 wk of gestation, whereas they were detected in the fetal thymus at a
later stage of gestation (347). This raises the hypothesis of extrathymic origin
of some TCR- /  TCR T cells.

Taken together, these studies provide evidence that in various vertebrate
species, different fetal tissues support the development of /  T cells.

 3.4. Ontogenetic Development of NK T Cells

In mice, a discrete subset of T cells called NK1 T cells express /  TCR and
the NK1.1 antigen characteristic for NK cells. The TCR of NK T cells is
encoded by an invariant V  gene, resulting from the recombination of V 14
and J 28 segments. The invariant V  gene can pair with V 8, V 7, or V 2
genes. These cells recognize peptide in association with CD1 molecules (110).
Whereas the vast majority of T cells expressing /  TCR develop around day
15 of gestation in the thymus, NK T cells preferentially develop
extrathymically. Makino et al. have found transcripts of invariant V 14 in
embryos at d 9.5 of gestation and in the yolk sac and fetal liver at d 11.5–13.5
of gestation, respectively (349). Fluorescent phenotypic analysis of these cells
showed that they express a TCR composed of V 14 and V 8 chains and CD3.
It is believed that NK T cells are derived from the AGM at d 8.5–9 of embryo-
genesis and migrate later to fetal liver and then to thymus around day 15 of
gestation.

Figure 27 illustrates the differentiation of B, T, and plasmacytoid dendritic
cells from common lymphoid progenitor.
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Phenotypic Characteristics of Neonatal B Cells

1. INTRODUCTION

Macromolecules associated with the membrane of B cells mediate three
major functions of B cells. The first function is recognition of antigen, leading
to the activation and proliferation of resting B cells as well as the differentia-
tion of plasma and memory cells. The second function is binding and internal-
ization of antigen, followed by its processing for presentation of peptides to T
cells in association with MHC molecules. The third function consists of deliv-
ering signal via cytokines and costimultory molecules.

Repetitive epitopes comprise T-independent antigen, which are recognized
by the B-cell receptor (BCR), resulting in crosslinking of the BCR and subse-
quent activation and differentiation of B cells. Stimulation of B cells by T-
dependent antigen requires not only the binding of antigen to BCRs but also
the interaction of costimulatory molecules with their counterparts on T cells.

Polyclonal activators (B-cell mitogens) can induce the activation and differ-
entiation of resting B cells by circumventing the binding of antigen to BCRs,
subsequent to activator binding to mitogen or Tol receptors.

2. MOLECULES ASSOCIATED WITH B-CELL MEMBRANE

2.1. Structure and Function of the BCR

The BCR is composed of a macromolecular complex with surface Ig (sIg)
that is able to bind the antigen and macromolecules involved in signal trans-
duction, which leads to the activation or repression of B-cell genes. CD79a and
CD79b, which are encoded by mb-1 and B29 genes, respectively, are directly
associated with sIg, whereas other molecules such as CD19, CD21, CD22, and
CD81 are associated with the sIg/CD79 BCR complex.

CD79 is a disulfide-bonded heterodimer, composed of CD79a (Ig ) and
CD79b (Ig ), which mediates signal transduction via the pre-BCR during
the development of B cells and via the BCR in immature and mature B cells.
Both molecules are type I transmembrane proteins belonging to the Ig super-
family (350).
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In the BCR, one sIg is always paired with one CD79a and one CD79b mol-
ecule at a stoichiometry of 1:2. The ITAM motifs found in the intracellular
domain of CD79a and CD79b are critical for the transduction signals. The first
step in BCR signal transduction is the activation of protein tyrosine kinase
(PTK) family members phosphorelays, which phosphorylate CD79. At least
four PTKs act as BCR phosphorelays: Src9 Lyn, Fyn, Syk p85, and Btk. Btk is
critical at the pre-B-cell stage in humans but not in mice. In humans, null mu-
tations in Btk cause X-linked agammaglobulinemia. SLP-65 has been identi-
fied as the immediate downstream substrate of Syk and contains an SH2 domain
(351). SLP-65 belongs to a family of adaptor proteins including Grb2, Vav,
Nck (351,352), and CrkL (353). Fully activated CD79 is required for the coor-
dinate synthesis of second messengers (PI3 and PIP3), which are generated by
enzymatic activation of phospholipase C and PI3K. P13K is required for the
production of PIP3 and the recruitment of Btk on the membrane via the PH
domain. Btk also contributes to PKC  activation The Bkt-PKC  pathway is a
significant survival factor for B cells subsequent to ligation of the BCR by
increasing the production of growth factors such as c-rel and Bcl-XL. Bkt is
also required for the activation of PLC  on BCR crosslinking and mediates the
production of diacylglycerol (DAG) and IP3.

These second messengers (P13, PIP3, and DAG) trigger the downstream
activation of mitogen-acivated protein (MAP) kinases (354,355) and nuclear
translocation of transcription factors such NF- B and NF-AT. SLP-65 and
BLNK adaptor proteins regulate this process and appear to be master elements
in the signals transduced subsequent to the binding of antigen to the BCR (356).

BCR signaling in mature B cells induces translocation of the BCR into cho-
lesterol and sphingolipid membrane microdomains (rafts) that harbor the Src
family kinase Lyn, which becomes phosphorylated upon BCR crosslinking
(357). Multiple coreceptor molecules are associated with the BCR and are
expressed throughout B-cell differentiation and maturation; these factors typi-
cally upregulate the threshold of BCR signaling.

 2.1.1. CD45

CD45 is a transmembrane protein tyrosine phosphatase that deactivates the
Src family of kinases. CD45 is required for normal B-cell development and an-
tigen stimulation by maintaining Src kinases in a partially activated state. This
concept is well-supported by studies with two strains of CD45 knockout mice;
one strain possesses a targeted mutation in exon 6 and the other in exon 9. B
cells of these mice display phenotypic alterations characterized by a decreased
number of IgDhigh, IgMlow, CD23, and class II molecules (358,359). B cells from
the CD45 mutant mice cannot proliferate subsequent to crosslinking of the BCR
with anti-IgM or anti-IgD antibodies, whereas they respond normally to li-
popolysaccharide (LPS), IL-4, and anti-CD40 antibody (359,360).
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Loss of CD45 results in hyperphosphorylation of Src kinase and a concomi-
tant decrease in its function. Hyperphosphorylation of Lyn prevents binding to
the CD79a cytoplasmic domain. Therefore, CD45 is required to maintain Lyn
and other Src kinase family members in a partially phosphorylated state,
enabling the BCR to respond optimally to antigen stimulation. Finally, CD45
is required for the activation of ERK-MAP kinase pathway (358).

2.1.2. CD19

CD19 also is associated with the B-cell membrane and contains nine highly
conserved tyrosine residues in its cytoplasmic domain. CD19 is phosphory-
lated at low levels in basal state and forms a complex with Lyn and Vav (361).
The antigen ligation of BCRs leads to increased Lyn phosphorylation and
thereby to activation of CD19 and CD79. Phosphorylated CD19 enhances the
activity of other members of the Src kinase family, such as PCL 2, which is
downstream of Syk and PI3K (362–365). CD19 also appears to be a
phosphorelay to Grb2, Sos, C-Abl, and PTK (366–368). Thus, CD19 is central
to regulation of intrinsic and BCR-induced Src family PTK activity (362).

2.1.3. CD22

CD22 is a transmembrane glycoprotein restricted to the B cell but present in
the cytoplasm of pro-B , pre-B, and IgD+ B cells. CD22 controls signal trans-
duction thresholds initiated upon antigen binding to the BCR. CD22 is associ-
ated with the BCR (369) and its natural ligand, which is a sialic protein. The
cytoplasmic domain of CD22 contains six tyrosine residues, which are rapidly
phosphorylated following ligand binding to the BCR. Phosphorylated CD22
physically interacts with positive regulatory molecules such as Syk, PI3K,
PCL 2, Grb2, and Sos (370–372). Lajaunias et al. (373) showed that the
expression of CD22 in conventional B2 cells is downregulated after
crosslinking of the BCR with anti-IgM antibodies but is upregulated after
stimulation with LPS, interleukin (IL)-4, or anti-CD40 antibody. By contrast,
CD22 expression is barely altered in B1 cells after incubation with anti-IgM
antibodies. These observations suggest that CD22 is differentially regulated
subsequent to activation of B1 and B2 subsets of B cells.

In summary, current evidence demonstrates that the ligation of the BCR
induces several specific phosphorelays, leading to activation of coreceptors
and various transcription factors that activate B-cell-specific genes. Mutations
affecting components of BCR signaling (e.g., CD79a, SLP-65, BTK, PKT
p85, PI3 kinase, Vav, CD45, and CD19) have been reported to affect develop-
ment of the B1 subset (374–376).

2.1.4. LCK

LCK is another enzyme involved in BCR signaling. It is expressed only in B1
cells (377). In LCK knockout mice, impaired phosphorylation and activation of
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the MAP kinase ERK was observed during BCR crosslinking in B1 cells,
whereas no differences were observed in the frequency of CD5+ IgM+ B1 cells
(377). The impairment in BCR signaling in B1 cells of LCK knockout mice
suggests that LCK is required for BCR mediated signaling in this B-cell subset.

2.2. Costimulatory Molecules Associated With the B-Cell Membrane

Binding of antigen to the BCR activates signaling cascades that induce tran-
scription of genes for B-cell activation and differentiation. However, except
for ligands that crosslink the BCR (such as anti-IgM antibodies and T-indepen-
dent antigen) the engagement of BCRs by T-dependent antigen or hapten-car-
rier complexes alone is not sufficient to activate B cells. Full activation requires
the interaction of T cells with costimulatory molecules (e.g., CD80, CD86, and
CD40) associated with the B-cell membrane. CD80 and CD86 bind CD28 and
CTLA-4, which are associated with the membrane of T cells, respectively, and
the CD40 with CD40L (CD154).

2.2.1. CD80 and CD86

Both CD80 and CD86 belong to the Ig gene superfamily and are composed
of an extracellular domain of 220 amino acids, a hydrophobic transmembrane
domain of 23 amino acids, and a tail of 60 amino acids. Both are expressed on
the surface of B cells as well as other antigen-presenting cells, such as dendridic
cells or macrophages.

CD80 and CD86 genes display only 26% structural homology (378), which
may explain their differential binding to CD28 and CTLA-4. For example, CD80
displays 20 times higher binding affinity to CTLA-4 as it does to CD28. A large
body of information is related to the activation/inhibition and signaling pathways
in T cells subsequent to binding of CD80 and CD86 to CD28 and CTLA-4
coreceptors, but few data concern the molecular alterations in B cells. Utilization
of monoclonal antibodies specific for CD80 and CD86 recently permitted reveal-
ing experiments. Crosslinking of CD86 enhances the proliferation of B cells and
promotes the synthesis of IgG2a and IgG2b. The crosslinking of CD80 blocked
the proliferation of B cells. Thus, whereas CD80 provides a negative signal for
the proliferation of B cells, CD86 stimulates the activity of B cells (379).

CD80 and CD86 possess markedly different cytoplasmic domains. The
cytoplasmic domain of CD80 has a short tail that lacks tyrosine residues,
whereas CD86 contains three tyrosine residues as potential protein kinase C
phosphorylation sites (381). The cytoplasmic tail of CD80 contains a tetrapep-
tide motif called RRNE at position 275–278 and a highly conserved serine at
position 284 that can be phosphorylated. CD80 from cells stimulated with
ionomycin coprecipitates with a 39 kDa phosphoprotein that can contribute to
the phosphorylation of CD80 (382). Thus, CD80 and CD86 can mediate differ-
ential signal transduction and regulate the function of B cells differently (379).
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The negative signal transduction induced by ligation of CD80 inhibits B-
cell proliferation by upregulating proapoptotic genes such as caspase-3,
caspase-8, Fas, Fas ligand, Bax, and Bac. In contrast, the signal delivered via
CD86 enhances B-cell proliferation and activates antiapoptotic genes such as
Bcl-x(L) (379).

2.2.2. CD40

 CD40 is a member of the nerve growth factor family and is expressed on B
cells and dendritic cells. The binding of CD40 to the CD40 ligand expressed on
T cells (called CD154) exerts various effects, including increased interaction
between adhesion molecules LFA1/ICAM-1, proliferation of B cells, enhanced
expression of costimulatory molecules CD80 and CD86 (382–385), and class
switching to IgE and IgG1 (386). Optimal activation of B cells requires a syner-
gistic effect between the activation of BCRs and CD40. CD40 does not possess
intrinsic kinase activity, probably because of absence of conserved tyrosine resi-
dues in its cytoplasmic tail. However, CD40 does possess several residues po-
tentially available for serine and threonine phosphorylation, allowing for
interaction with tumor necrosis factor (TNF)-receptor-associated factor (TRAF),
which serves as an adaptor protein in the CD40 signaling pathway (386).

In B lymphocytes, cooperation of multiple signaling pathways initiated by
the binding of CD40 to CD154 leads to the activation of transcription factors
and subsequently to gene expression.

Both BCR and CD40 signaling stimulate MAP kinase modules, leading to
the activation of transcription factors such as c-Jun NF- B, NFAT, and AP-1
(387,388). Among three MAP kinase modules studied by Dadgastor et al.
(389), it appears that the ERK-MAP kinase pathway has a minor role in CD40-
mediated gene expression. The role of the p38 MAP kinase pathway appears to
be small and almost entirely cooperative with other pathways. The p38 path-
way may contribute to the downregulated expression of Ndr1, Rb2, and SPA-1
genes, which inhibit cell growth. By contrast, the PI3K pathway contributes
significantly to the gene induction of CD40 via downregulation of Rb1 and
BTG-2 genes with antiproliferative properties.

CD40 plays an important role in the expression of CD80 and CD86
costimulatory molecules. Two functional domains in CD40, threonines at po-
sition 227 and 234, regulate induction of CD80 expression (390). The phos-
phorylation of threonine in the PXQXT motifs of TNFR-2 is necessary for the
synergy between BCRs and CD40 (391). TRAF molecules associated with
CD40 are required for class switching because they induce IgG1 and IgE pro-
moter transcription activity. This concept is supported by experiments demon-
strating that mutation of TRAF-binding motifs within the CD40 cytoplasmic
tail lead to significant decreases of promoter activity within IgG1 and IgE con-
stant region genes (392).
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Taken together, these data demonstrate that the binding of specific ligands
to costimulatory molecules CD80, CD86, and CD40 triggers the activation of
B-cell growth, cell interaction, Ig synthesis, and class switching, which aug-
ments the binding affinity of antibodies.

2.3. Fc and Complement Receptors Associated With the B-Cell
Membrane

The receptors that mediate antigen internalization are the Fc R (CD16,
CD32, CD64), Fc R (CD23), and complement (CD21 and CD35) receptors.
Among the receptors expressed on various cells, CD32, CD23, and CD21 are
expressed on B cells.

2.3.1. CD32

Fc IIRB is an inhibitory, single-chain, low-affinity receptor with an extracel-
lular and a cytoplasmic domain containing a tyrosine inhibitory motif (ITIM)
(393). CD23 is encoded by a single gene, but alternative splicing of pro-messen-
ger RNA (mRNA) generates two isoforms: Fc RIIb1 and Fc RIIb2 (394).
Fc RIIb1 is preferentially expressed on B cells and is involved in the negative
regulation of antibody response, BCR-generated calcium mobilization, and cell
proliferation. The inhibitory activity is related to an inhibitory sequence of 13
amino acids (AENTITYSLLKHP) embedded in the cytoplasmic domain (395).
Co-ligation of BCRs and CD23 leads to tyrosine phosphorylation but also rapid
abrogation of ITAM activation signaling by hydrolyzing membrane inositol
phosphate PIP3, a product of CD23 activation. In the absence of PIP3, the pro-
tein bound to the PH domain is released, leading to a blockage of calcium signal-
ing and to arrest of B-cell proliferation triggered by the BCR (394).

2.3.2. CD21 and CD35

These receptors for complement bind to C3b, C3d, or C3g. They are
expressed on B cells and follicular dendritic cells. CD21 contains an extracellu-
lar domain of 15–16 repetitive units called SCR, a transmembrane domain, and
a 34-amino acid cytoplasmic domain. The cytoplasmic domain is devoid of sig-
naling motifs, but it is required for the internalization of polymerized C3b and
C3g (365). CD35 serves as cofactor for the hydrolysis of C3b-antigen com-
plexes, allowing the binding of C3b to CD21. CD21, the receptor for C3d frag-
ment of complement, is associated with CD19 and CD81 (TAPA-1), forming a
signaling complex that can activate BCR signaling. The role of CD21 and CD53
in B-cell development is supported by data indicating a 40% reduction of peri-
toneal B1 cells, a 30–60% reduction of serum levels of IgG, and a reduction of
germinal center formation in CD21/CD35 knockout mice (reviewed in ref. 362).
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3. EXPRESSION OF THE BCR AND OTHER
MEMBRANE-ASSOCIATED RECEPTORS
IN NEONATAL B LYMPHOCYTES

Classically, newborns were considered deficient in mounting a humoral
immune response as a result of immaturity in their B cells. The immaturity of
neonatal B cells implies difficulties in the induction of B-cell differentiation as
a result of genetic and phenotypic differences between neonatal and adult B
lymphocytes. More recently, a thorough analysis of the BCR and the pheno-
type of neonatal B cells did not reveal important differences, indicating that the
poor responses of neonatal B cells to T-dependent antigen might be related to
the immaturity of T cells and antigen-presenting cells in neonates.

3.1. Expression of the BCR Complex on Neonatal B Cells
As described earlier, the BCR exists as a protein complex on the B-cell sur-

face. This complex is composed of surface Ig associated with CD79a and CD79b.
Surface Ig differs from secreted Ig, because surface Ig contains two additional
segments: a transmembrane domain and a cytoplasmic region. The Ig receptor
and secreted Ig are encoded by VH and VL (V  or V ) genes. Several exons com-
prise these genes: VH (D) JH (VL, JL), and constant region (C  or C ). The sur-
face Ig component of the BCR contains a transmembrane domain and a
cytoplasmic region encoded by two additional exons: M1 and M2. CD79a is
encoded by the mb-1 gene, and CD79b is encoded by the B29 gene.

In the common lymphocyte progenitor from which B-cell progenitors de-
rive, the exons encoding surface Ig are in germline configuration. During B-
cell development, the exons encoding Ig are assembled by a process of somatic
recombination (396), leading to a complete surface IgM molecule expressed
on immature B cells, which are predominant in the neonatal immune system.
After birth, the immature B cells mature and express both surface IgM and
IgD. With subsequent antigen stimulation, the VH genes can recombine with
other constant region exons, leading to the surface expression of IgG, IgA, or
IgE. The somatic recombination is mediated by RAG enzymes, which are acti-
vated during various stages of B-cell development.

The VDJ recombination process is of fundamental importance to the gen-
eration of antibody diversity because of multiple possible combinations of join-
ing events and also because of allelic exclusion, because the VDJ of a single
chromosome can be productively rearranged.

VDJ recombination is a site-specific recombination process that occurs only
between exons flanked by conserved recombination signal sequences (RS),
each of which is composed of a conserved palindromic heptamer and an AT-
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rich nonamer separated by a 12- or 23-bp spacer. These two sequence blocks
comprise the recognition sites for the joining of the D segment to JH, the VH to
DJ, and the VL to JL exons (397–399). Joining results either from inversion or
deletion of intervening sequences, depending on the relative orientation of the
recombining exons (396). The recombination process is initiated and mediated
by RAG enzymes, which bind to RS. The recombination process is initiated
via double-strand DNA breaks between Ig exons and RS. Then, RS ends are
joined, and TdT can modify the coding ends by addition or deletion of nucle-
otides, which contributes to the diversity of BCRs (reviewed in ref. 400). In
addition to RAG enzymes, other proteins participate in the repair of RAG-
initiated double-strand breaks. Three proteins are subunits of DNA-dependent
protein kinase consisting of the Ku70 and Ku80 subunits and a catalytic sub-
unit related to PI3 kinase (401).

The recombination process during development of the B-cell lineage begins
in pro-B cells expressing V-pre-BCR and then continues with the rearrange-
ment of D and J exons of heavy chain in pre-B1 cells, which exhibit the pheno-
type B200+ CD45+ CD25– c-kit+ (402,403). The joining of VH exon to
rearranged DJ segment and to μ-constant region exons occurs in pre-B-II large
cells. The pre-B cells have cytoplasmic IgM heavy chain and express B220,
CD43, CD25 c-Kit markers, and TdT. In the pre-B-II small lymphocytes, the
rearrangement of exons encoding the light chain occurs. These cells express
sIgM but cease to express CD45, CD25, c-kit, and TdT. From pre-B-II small
cells arise the immature lymphocytes (B220+ sIgM+), which are predominant
during the first weeks after birth. The RAG genes are first expressed in the pro-
B cell (CD220+ CD43+ HSA– CD4–) and increase as B cells mature and the
VDJ recombination process occurs. Their expression decreases in pre-B-II
large cells and reoccurs in pre-B-II small cells during recombination of VL and
JL exons but ceases in immature B cells (404,405). CD79a and CD79b com-
prise an integral component of BCRs that is required for both surface expres-
sion and signaling. In particular, they play a role in the transition of immature
IgMhigh IgDlow B cells to mature B cells. Mice expressing the IgM/CD79b
transgenic receptor exhibit normal maturation. However, mice harboring a trun-
cation of the CD79d intracellular domain exhibit impaired B lymphopoiesis, in
particular during the transition phase of B200+ c-kit+ to B220+ CD25+ pre-B
cells, with a three- to sixfold reduction of IgM+ immature B cells. In these
mice, the immature B cells exhibit a reduced migration efficiency, resulting in
an over 100-fold reduction of mature B cells in peripheral organs (406).

A major characteristic of the neonatal immune system consists of induction
of an immune response to a restricted range of antigen, producing largely IgM
antibodies. In humans, neonatal B cells differ from adult B cells by a series of
phenotypic features. Phenotypic analysis of cord blood B cells showed a pre-
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dominance of CD5+ B cells and more consistent expression of high levels of
IgM than adult cells. Whereas the adult B cells expressed 12,000 to 48,000
IgM molecules per cell, the cord blood B cells express 63,000 to 240,000 IgM
molecules per cell. No quantitative differences were observed in the sIgM den-
sity between cord blood B1 and B2 cells. In contrast to adult B cells-in which
the majority of IgM is located within cytoplasm-most of the IgM for cord blood
cells is located on the membrane (407). The high density of IgM BCRs in neo-
natal B cells may increase the sensitivity of the response to polymeric antigen,
causing the crosslinking of BCRs. This concept is supported by observations
that neonatal B cells can make antibodies subsequent to stimulation with
trinitrophenyl (TNP)-Brucella abortus, a TI-1 independent antigen (408).

CD22 is a molecule associated with BCRs and is known to be a negative
regulator of BCR signaling. Comparison of the expression of CD22 on cord
blood and adult peripheral lymphocytes showed a significantly lower percent-
age of CD22+CD5– B cells in the neonatal lymphocyte population. The stimu-
lation of neonatal lymphocytes with anti-IgM antibodies (which crosslink the
BCR) resulted in a dramatically reduced number of both CD22+ CD5+ and
CD22+ CD5– B cells. Meanwhile, the T-cell-dependent stimulation with anti-
CD40 monoclonal antibody and IL-4 resulted in a dramatically increased num-
ber of CD22+ neonatal B cells (409). These data suggest that whereas
polyclonal stimulation of neonatal B cells lowers the threshold of BCR signal-
ing after crosslinking, the T-cell-dependent stimulation might increase the in-
hibiting effect of CD22 on BCR signaling of neonatal B cells.

The binding of antigen to BCR induces a rapid translocation into cholesterol
and the sphingomyelin-rich microdomains, called lipid rafts. Lipid rafts pro-
vide the platforms for BCR signaling and the phosphorylation of Src kinase
family members such as Lyn. These events lead to the internalization of BCR
in mature B cells (357). Comparison of BCR crosslinking by anti-IgM anti-
body on two B-cell lines (WEHI-231, an immature B-cell line, and CH27, a
mature phenotype) revealed strikingly different responses to BCR crosslinking.
After crosslinking, the cell lysates (obtained by incubation with Triton X-100
detergent) were subjected to density gradient centrifugation. In the case of
CH27, about 40% of the BCR was present within lipid raft, whereas in the case
of WEHI-231 only 3% of BCR was present. This result clearly showed that in
the case of immature B cells, the BCR and CD79a did not translocate signifi-
cantly in the lipid rafts subsequent to the crosslinking with anti-IgM antibod-
ies. Both BCRs and CD79a were detected in the soluble fraction. In contrast to
CH27 cells, which exhibited a significant internalization of BCRs on
crosslinking (25% by 40 min), in the case of WEHI-213 cells, the constitutive
internalization was not affected by crosslinking (410). These elegant experi-
ments provided evidence that the lipid raft in immature B cells may be differ-
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ent compared to mature B cells in either ability to translocate BCRs or to stabi-
lize BCR localization in lipid rafts.

The transition from immature to mature B cells is associated with a series of
signaling processes through BCRs. The signaling via IgH is necessary for al-
lelic exclusion and differentiation of pro-B cells in pre-B cells. This concept is
supported by data originating from transgenic mice harboring an IgM-bearing
mutation in the transmembrane domain. These mice cannot express sIgM and
lack pre-B cells and allelic exclusion (411). The same effect was observed in
mice expressing an IgM heavy chain and also with mutation in transmembrane
domain that prevented the association of BCRs with CD79 (412). Crosslinking
of BCRs triggers sequential activation of at least three phosphorelays required
for the generation of second message.

Study of syk phosphorylation and Src-related kinases (Lyn, Fyn, fgr, Blk,
and LCK) did not show differences between adult and neonatal lymphocytes
isolated from 2- to 3-d-old mice. By contrast, purified neonatal B cells, con-
sisting of more than 90% IgM+ cells, expressed low levels of p59 Fyn and p55
fgr. These two elements attain the levels found in adult B cells by 2–4 wk after
birth (413). The reduced expression of Fyn and fgr in neonatal B cells might
account for the differences in IgM signaling noted in immature B cells. Neona-
tal B cells are deficient in the expression of p56, which is another BCR-associ-
ated protein (414).

Another difference between neonatal and adult B cells is their ability to hy-
drolyze phospholipids in response to crosslinking of BCRs.

Hashimoto et al. (415), using a gene-targeted approach, generated phospho-
lipase C- 2-deficient mice with an interferon (IFN)-induced Cre recombinase
transgene. The inactivation of PLC- 2 gene in these mice 2 d after birth re-
sulted in a two- to threefold reduction of B220+IgM+ cells in all peripheral
organs as well as defects in B-cell development at the pre-B-cell stage. Taken
together, these results demonstrated that there are subtle differences in the BCR
signaling pathways between neonatal and adult B cells, which may also explain
the meager neonatal response to immunization.

3.2. Costimulatory Molecules Expressed on Neonatal B Cells

The BCR and the majority of antigen associated with the membrane of im-
mature and mature B cells are not expressed on hematopoietic stem cells
(HSCs) or B-cell progenitors. However, CD80 and CD86 are expressed on
CD45+ and embryoid bodies by d 12 of gestation. HSCs were stained with
antibodies specific for CD80 and CD86, and stain data were confirmed by re-
verse transcriptase polymerase chain reaction (RT-PCR) and Northern blot-
ting. These experiments showed the presence of corresponding transcripts of
both genes. CD80 and CD86 are expressed on 10–20% and 30–50% of CD45+
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HSCs, respectively. In addition, it was shown that CTLA-4-Ig, but not CD28-
Ig fusion protein, binds to CD80 (416). The binding of CTLA-4 to CD80 indi-
cates that the CD80 molecule is functional on HSCs. Presently, there is no
information regarding the function of CD80 and CD86 molecules during the
embryonic development.

Comparing expression of CD80 and CD86 on lymphocytes from cord blood,
young children (2–20 mo), and adults showed no detectable CD80 expression
on resting B cells. By contrast, CD86 was expressed at the same level of den-
sity on neonatal and adult B lymphocytes. Stimulation of neonatal B cells with
PMA and ionomycin induced CD80 expression. No significant differences
were observed in the fluorescence intensity of the expression of CD80 and
CD86 on stimulated neonatal and adult B cells (417).

The limited ability of neonatal B cells to respond to T-dependent antigen
and to generate memory cells can be related to the defective expression of
CD40 or other costimulatory molecules. CD40 expression is equivalent be-
tween neonatal and adult B cells (418). Elliot et al. (419) studied the expres-
sion of CD40 in peripheral blood lymphocytes (PBLs) from cord blood, young
children (2–12 mo), and adults. They reported that in some healthy neonates,
the expression of CD40 was higher than in adults. However, the fluorescence
intensity after stimulation with PMA and ionomycin was identical on cord
blood and adult lymphocytes. Therefore, reduced synthesis subsequent to bind-
ing of CD40L by neonatal B cells cannot be related to the expression of CD40
but rather to differences in CD40 signaling pathways in neonatal B cells.

These observations taken together show that limited response of neonatal B
cells is not related to lack or poor expression of costimulatory molecules but
possibly relates to immature signal transduction.

3.3. Expression of Fc Receptors on Neonatal B Cells

Binding of immune complexes to B cells (by co-engaging the BCR and
Fc RII-CD32) induces inhibitory pathways that may lead to apoptosis
(420,421). This action may be beneficial for neonatal B cells, because the
maternal antibodies (IgG) can form immune complexes with environmental
antigen after birth. Jessup et al. (422) compared the expression of two CD32
isoforms (Fc RIIa and Fc RIIb) in neonatal and adult B lymphocytes. Most
cord blood and adult B lymphocytes expressed both isoforms, yet cord blood
lymphocytes expressed lower levels of CD32. The reduced expression of CD32
on neonatal B cells may make them more resistant to the Fc-mediated inhibi-
tion seen in adult B cells.

The production of IgE is very low in neonates, although VDJC  transcripts
can be detected in fetal liver by 20 wk of gestation (423). However, the in-
creased concentration of IgE specific for allergens or parasites (424,425) indi-
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cates that neonatal lymphocytes are able to synthesize IgE. It has been shown
that CD23 and CD21 have an important role in IgE production (426). CD23 is
a low-affinity receptor for IgE that is constitutively expressed on B cells. CD21
expressed on B cells and follicular dendritic cells is a high-affinity receptor for
CD23. CD23 downregulates IgE production (427), which may partially ex-
plain the poor synthesis of IgE in neonates. Studies of the expression of CD21
and CD23 on cord blood and adult B lymphocytes demonstrated that the per-
centage of CD23+ and CD21+ B cells was comparable in neonatal and adult B
cells (428). Therefore, equivalent expression of CD23 and CD21 on neonatal
and adult B cells cannot explain the poor IgE synthesis subsequent to
downregulation by CD23.

3.4. Expression of CD72 and CD38 in Neonatal B Cells

CD72 is a C-type lectin receptor that binds CD5, a ligand expressed on all T
cells as well as the B1 cell subset. CD72 ligation plays an important role in the
induction of primary response by naïve B cells and increases the sensitivity to
IL-10 stimulation (implicated in class switching and apparently defective in
newborn B cells). Strong support for these conclusions came from observa-
tions that combined stimulation with anti-CD72 and IL-10 increased the syn-
thesis of Ig by neonatal but not adult B cells (429).

CD38 is an ectoenzyme marker expressed on the surface of B cells. Its
extracellular domain mediates the conversion of nicotinamide adenine dinucle-
otide (NAD) to cyclic- adenonine dinucleo-phosphate (ADP)-ribose, producing
nicotin acid dinucleotide and nicotinic acid. Both products are powerful calcium
messengers in various cells (430,431). Anti-CD38 induces the proliferation of B
cells (432). Immature B lymphocytes from young (1-wk-old) mice that express
significant levels of CD38 still fail to proliferate with anti-CD38 plus anti-IgM
antibodies. Proliferation was observed only in older mice (2 wk old) and reached
adult levels by age 4 wk (433). The role of CD38 in the development of B cells
is not known, but possibly, CD38 delivers signals that are integrated in transduc-
tion pathways initiated by the ligation of BCRs.

The data illustrated in Table 15 summarizes the major phenotypic differ-
ences between neonatal and adult B cells.

Analysis of phenotype of neonatal and adult B cells shows some important
differences that may explain why neonates produce mainly IgM antibodies,
which display low affinity for antigen, multispecificity, and high connectivity.
The major B-cell species in neonates is the B1 cell, whereas in adults, the B2
subset constitutes the majority. The B2 subset is able to synthesize high-affinity
antibodies and exhibits class switching and somatic mutations. Lack of anti-
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body diversity may be related to low expression of TdT, which is responsible
for the increase of diversity resulting from N-addition process, low expression
of molecules associated with BCRs, and activation of BCR signal transduction.

Apparently, the inability of neonatal B2 cells to mount a vigorous response
to T-cell-dependent antigen is not related to low expression of costimulatory
molecules but rather to immaturity of T cells. Neonatal B cells do produce
antibodies after stimulation with polyclonal activators such as Epstein–Barr
virus, pockweed mitogen, Nocardia opaca mitogen, protein A, and LPC in
murine B cells. Neonatal B cells do not exhibit class switching, a defect related
perhaps to defective expression of activation-induced cytidine deaminase, an
RNA-editing enzyme involved in the process of class switching and somatic
mutation (434). Finally, subtle differences in Src-tyrosine kinases noted in neo-
natal B cells, as compared to adult B cells, may explain differences in signaling
pathway resulting from BCR occupancy.

Investigations of the development of the B1 subset, carried out in transgenic
mice, suggest that specific transcription factors and enzymes are critical for the
neonatal development of this B-cell subset. B1 cells were not detected in mice
bearing null mutations of CD45, CD19, Btk, PKC , or the p85a subunit of
PI3K (reviewed in ref. 374). A decreased number of B1 cells were observed in
CD21/CD35 or CD81/TAPA-1 knockout mice. However, an increased number
of B1 cells was observed in moth-eaten mice, which lack functional SHP-1
(435) or CD22 (436), the recruiter of SHP-1 to the BCR that leads to enhanced
proliferation of B1 cells.

Table 15
Phenotypic Characteristics of Neonatal and Adult B Cells

Trait Neonatal Adult

Predominance of B-cell subset
B1 B2

Surface Ig IgM IgM IgD
Ig synthesis Mmainly IgM All subclasses
CD80 Not expressed Not expressed
CD86 Comparable
CD32 Expressed Lower expressed
CD40 Expressed Higher expressed
CD21 Comparable
CD22 High CD22+ CD5– Low CD22+ CD5–

CD72 Normal ligation Defective ligation
p50 fyn, p55frg Normal Low level
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4. POSITIVE AND NEGATIVE SELECTION OF B CELLS DURING
DEVELOPMENT

After birth, the bone marrow generates approx 100 million B cells daily,
(437) and about 5 × 107 exhibit the phenotype of immature B cells (438). The
majority of neonatal immature B cells display a short half-life between 2 and
4 d, and approx 2–3 × 106 are found in the peripheral lymphoid organs, where
they mature into antigen-responsive B cells. These B cells have a longer
half-life (439).

These quantitative differences suggest that only a small fraction of B cells
produced in the bone marrow survive to colonize peripheral lymphoid organs
after birth. B cells arising from the differentiation of B-cell progenitors display
BCRs that can recognize the entire antigen dictionary (about 1 billion epitopes)
of foreign and and slef-antigen.

Ehrlich (43), a classic immunologist, proposed that the immune system must
avoid the response to self-antigen, a concept he termed as horor autotoxicus.
This concept implies that the immune system possesses the intrinsic ability to
distinguish self from nonself. Ehrlich’s concept implies that during the devel-
opment of immune system, the B cells are censored. Those bearing a BCR
specific for foreign antigen are positively selected, but those bearing a BCR
specific for self-antigen are negatively selected.

During B-cell development, the first positive selection takes place in the
bone marrow at the level of pre-B cells. Only pre-B cells displaying in-frame
rearrangements of the VH gene survive and eventually differentiate into imma-
ture B cells. Thus, the BCR expressed on the pre-B and immature B cells,
which predominate after birth, is involved in the positive selection. The con-
cept of positive selection is supported by two groups of findings. First, the
repertoire of neonatal peripheral B cells is more limited vs adults (440). Sec-
ond, only a small proportion of B cells produced in the bone marrow emigrate
and colonize the peripheral lymphoid organs (439). This suggests that the
immature B cells, which leave the bone marrow after birth and later during
adult life, were properly and positively selected and received adequate signals
that permitted their survival.

Two factors influence positive selection of B cells during primary develop-
ment. One factor is the level of expression of BCRs at the B-cell surface. This
was elegantly demonstrated by a study of the expression of BCRs in IgHμ

transgenic mice containing various numbers of copies of transgene (441). The
mice having 1–15 copies of transgene exhibited an increased number of a sub-
set of B2 cells in marginal zone of the germinal center. This B2 subset, called
MZ/T2, exhibits the following phenotype: sIgDhigh, sIgMhigh, CD21/CD35high,
CD23low CD1d+ CD24+. By contrast, mice containing 20–30 copies of
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transgene have a reduced number of cells in bone marrow and spleen and es-
sentially no B cells in the lymph nodes.

The form and localization of antigen also play an important role in the pro-
cess of positive selection of B2 cells. This was shown in double transgenic
mice containing VH-VL transgenes specific for hen egg lysozyme (HEL) plus
lysozyme gene encoding for soluble or cell-bound HEL. In these mice, the B
cells bind to HEL with affinities ranging from 10–5 to 10–9. When HEL was
expressed at concentration of 1 nM in soluble form in blood, the B cells with
HEL low-binding affinity were positively selected, whereas those with high-
binding affinity were deleted. Both B cells with low- or high-binding affinity
were deleted in mice expressing the cell-bound form of HEL (442).

Apparently, the mechanisms of positive selection of B1 subset are different.
This subset expresses BCR specific for multivalent self-antigen such as immu-
noglobulins, erythrocytes, thymocytes, cytoplasmic antigen, DNA (reviewed
in ref. 271), and phosphatidyl choline (443), or environmental antigen such as
phosphoryl choline (444). Binding specificity of antibodies produced by
hybridomas expressing CD5 transcript (445) (obtained from moth-eaten mice,
a strain in which more than 90% of cells are CD5+) (446,447) were compared
to other strains prone to autoimmune diseases (445) or B-cell lymphoma (448).
This study confirmed the differences in positive selection of the B1 subset
across antigen/antibodies.

The idea of positive selection of B1 cells is based on the observation that the
majority of murine antibromelin-treated red blood cell (RBC) autoantibodies
produced by B1 cells are encoded by the restricted set of VH and VL genes
(VH11–Vk 9, VH12–Vk4) (449). Human cold agglutinin produced mainly by
CD5+ B cells are encoded by a single gene member of the VH4 family (data
reviewed in ref. 109). B1 cell precursors probably are positively selected by
the self-antigen mentioned earlier, which induce the expression of CD5. The
ligation of CD5 to CD75, as well as low-affinity binding of B1 BCRs to
multimeric antigen, downregulates the BCR signaling and allows the survival
of B1 cells. It is noteworthy that in B1 cells, the STAT3 is constitutively phos-
phorylated (450). The autophosphorylation of STAT3 by unknown environ-
mental stimuli may contribute to positive selection, because it was shown that
targeted mutation of STAT 3 results in embryonic death.

The concept of negative selection has its roots in Burnet’s clonal theory,
which proposed that self-reactive B cells are deleted during B-cell develop-
ment, leading to central tolerance. Central tolerance occurs during lymphocyte
ontogeny as a result of negative selection in bone morrow. The concept of
negative selection of B cells is well-supported by studies carried out in
transgenic mice. In mice expressing VH and VL genes encoding antibodies spe-
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cific for allogeneic MHC class I molecules (46), HEL (47), or an allelic form
of the CD8 self-antigen (451), B cells specific for these antigen are deleted.
Deletion occurs in the bone marrow during the differentiation of pre-B (sIg–)
to immature (sIgM+) B-cell stages (451). Deletion of self-reactive clones may
also occur in peripheral lymphoid organs, particularly in immature HSA+ B
cells exported from bone marrow to enter into the marginal zone of the white
pulp of spleen (452). Negative selection operates at the cellular level through
alteration of signaling pathways or by apoptosis initiated by the interaction of
high-affinity BCRs with antigen (453).

Current evidence supports several conclusions about positive and negative
selection of B cells during development.

First, positive selection of B2 cells occurs in the bone marrow at pre-B and
immature B cells, which express BCRs with low affinity for unknown antigen.
In contrast, the B1 subset is selected by virtue of their BCRs to interact with
multivalent microenvironmental or self-antigen. The positive selection may be
associated with downregulation of signaling pathways initiated by the binding
of ligands to BCRs and associated molecules.

Second, central clonal deletion occurs in bone morrow during the transition
from pre-B to immature B cells as a result of exposure to self-antigen. Central
clonal deletion can also occur in the peripheral lymphoid organs and, in par-
ticular, within the marginal zone of white pulp. Negative selection depends on
the threshold of BCR occupancy, either because of an increased density of
membrane-associated BCRs or because of exposure with membrane-bound
antigen.

Thus, the neonatal B cells found in peripheral lymphoid organs arise from
both positive and negative selection.
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4
Molecular Characteristics of the Neonatal
B-Cell Repertoire

1. INTRODUCTION

Development of the neonatal repertoire occurs through a process in which
antigen-specific B-cell clones are generated and maintained during adult life
or are eliminated early after birth.

Based on the possible random combinations of germ line gene segments
(V[D]J and VL-JL) and the random pairing of heavy and light chains that take
place in pre-B cells, the potential neonatal B-cell repertoire is greater than 100
million distinct B-cell receptor (BCR) specificities. During the early antigen-
independent phase, the repertoire is largely synchronous. However, after birth
it quickly achieves an asynchronous pattern because clonal specificity in the
neonatal repertoire emerges in a nonrandom fashion. This is based on multiple
rearrangements of gene segments encoding the BCR, which will exhibit differ-
ent specificities.

In addition to genetic elements encoding the BCR, the neonatal repertoire
results from the interaction of many other genetic elements, including some
that are linked to an Ig allotype and others that are not. This conclusion arises
from a study carried out in inbred murine strains (454–457). Studies in F1 mice
analyzed antigen-specific clones that induce a polyclonal response and showed
that they are codominantly expressed (454–456). Other studies analyzed the
oligoclonal responses for certain epitopes and showed that the expression of
clonotype is controlled by allotype or other genes. Thus, analysis of influenza
hemagglutinin (HA)-clonotype showed that the neonatal repertoire of F1 mice
differed from both parents because many parental clonotypes were absent, and
novel clonotypes not expressed in the parents had emerged (457). In Balb/c
mice, spectrotype analysis of anti- 2-1 fructosan antibodies showed five bands,
three of which were predominant. By isoelectrofocusing (IEF) gel analysis,
these bands focused in the pH 6.3–6.8 range. In Balb/Cx C57Bl/6 F1 mice and
B.C8 mice, the spectrotypes were more heterogeneous than that of either par-
ent, indicating that the expression of VH genes encoding 2-1 fructosan-spe-
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cific clonotypes is under the influence of genes encoding allotype-, major his-
tocompatibility (MHC)-, sex-, or color. The gene controlling the diversity of
the anti- 2-1 fructosan response was designated Sr1. It maps to chromosome
14 in mice (458).

There is some degree of stability and plasticity in the neonatal B-cell reper-
toire. The stability of the neonatal repertoire can be related to maternal anti-
bodies that clear the antigen to which the newborn is exposed or to intrinsic
properties of some neonatal clones to proliferate during postnatal life. This
concept is supported by idiotype analysis of B cells producing anti-hen egg
lyzozyme (HEL) antibodies after immunization with an lipopolysaccharide
(LPS)-HEL conjugate. This experiment showed that the idiotypes of antibod-
ies were similar in newborn mice and adult mice (459), indicating that the
development of some neonatal clones is fixed throughout life. In contrast, the
analysis of HA-specific clonotypes present after birth showed a lesser degree
of diversity at 6 d of age compared to 12–14 d of age. Several clonotypes found
in 6-d-old mice were absent in 13-d-old mice, and others were found at high
frequency in 13-d-old mice that were not detected in 6-d-old mice (460). These
findings could be explained by suppression of some clonotypes soon after birth
by maternal antibodies, whereas the occurrence of new clonotypes may be to
the result of antigen-dependent expansion of B cells emerging from the bone
marrow. Alternatively, the stability or rapid change in the neonatal repertoire
may result from genetic programs favoring the extinction or expansion of cer-
tain clonotypes during neonatal life.

Antigen exposure of the newborn may result in further development of the
neonatal repertoire, leading to diversification of neonatal B cells by other
somatic mechanisms such as somatic hypermutation, gene conversion, N-re-
gion nucleotide deletion, or addition mediated by TdT and receptor editing.
The ligand-driven events may have a net effect of preserving and fixing some
clones expanded by antigen exposure.

These observations indicate that the neonatal B-cell repertoire should
exhibit different molecular characteristics compared to the adult B-cell reper-
toire. Such differences may consist of alternative utilization of VH and VL gene
families, biased pairing of VH and VL genes, frequency of N-addition and/or
somatic mutation, and class switching and temporal expression of some V
genes after birth.

It is noteworthy that these molecular characteristics may be species-specific
and may take place in different lymphoid organs in various species. Species-
specific differences were identified in comparative immunology studies.
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2. DIVERSIFICATION OF THE NEONATAL REPERTOIRE
IN THE ANURANS

The anurans and mammals diverged at the end of the Devonian period (370
million yr ago). Thus, the study of the diversification of the neonatal repertoire
may shed light on what is essential for the immune system of vertebrates in
general and what is specific for mammals. For instance, differences in antigen
exposure of mammalian embryos, which develop in an antigen-free environ-
ment in the uterus, compared to larvae soon after hatching and the transition at
the metamorphosis stage when the larval immune system becomes immuno-
competent provide precious information for understanding the neonatal B-cell
repertoire.

In Xenopus, there are about 100 VH genes. In larvae, the VH genes, based on
structural homology, were classified into 11 families. The VH genes recombine
with more than 19 DH and 9 JH genes. In early stages, the V[D]J genes recom-
bine with the Cμ constant gene but later can switch to IgY, a homolog of mam-
malian IgG, and IgX, preferentially produced in the gut. Three genes encode
the constant light chain: , , and  (data reviewed in ref. 254).

The development of larval B cells is divided into two phases: one starts at d
4 when the VH genes are rearranged and the first RAG transcripts can be
detected. The second phase starts at d 12 and extends to the end of metamor-
phosis. During this period, the VL genes are rearranged and the B-cell reper-
toire begins to diversify. The diversification of the larval B-cell repertoire
probably contributes to the ability of the larval immune system to produce
antibodies against various antigen. From the time that the spleen becomes vis-
ible (d 12), the majority of B cells express sIgM (461) and differ from adult B
cells in re-expression of the BCR after capping (462).

The diversity of the larval B-cell repertoire through metamorphosis results
from recombination of germ line exons encoding the V genes rather than via
antigen selection. Very few DJ recombinations are abortively rearranged in
larvae (463). The diversity of the repertoire results from the utilization of all
VH gene families with the exception of VH11, which is rarely used in adult pre-
B cells. A biased rearrangement of DH12 and DH16 with JH6 was observed in
pre-B cells, but sequence analysis of the VH genes of the tadpole at d 30–35
showed that all the rearrangements were different (464). Although no N-diver-
sity was observed in the larval repertoire (464), the CDR3 of the developing
Xenopus were quite diverse. Most larval and neonatal VH genes sequenced
contain CDR3s encoded by 3–10 codons (465), which is much shorter than in
mammals, suggesting that the shorter length may explain the more limited
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diversity of the neonatal B-cell repertoire. No receptor editing leading to a
second rearrangement of VL genes has been reported in Xenopus (466).

This information strongly suggests that the diversification of larval and neo-
natal repertoires in amphibians results mainly from somatic recombination of
germ line sequences with little additional somatic diversification by N-nucle-
otide addition or receptor editing.

3. DEVELOPMENT OF THE AVIAN B-CELL REPERTOIRE

In birds, repertoire diversification is generated by recombination of a single
copy of the VH (VH1) gene with a D segment that exists as a multigene cluster
(467). The VH gene pairs with a single copy of the VL (V 1) gene. The VL exhib-
its rapid diversification by a gene conversion process using a group of
pseudogenes as a donor. The first rearrangement occurs during embryogenesis
in the pre-B cell. During prebursal rearrangement of D�J and V�DJ, no N
additions were observed (467). Whereas in mammals there are genetically pro-
grammed sequential rearrangements of gene segments (D-J, V-DJ, and VL-JL),
in birds the rearrangement of V genes is stochastic rather than sequential. Among
100 clones analyzed, several had VH-VL rearrangements, others only VH, and 5
clones only VL genes. In these cells, the VH genes were in the germ line configu-
ration (468). Diversification occurs in the bursal stage after birth, and only the
rearranged V genes undergo gene conversion (469). Therefore, although V[D]J
and VLJL recombination and sIg expression are bursa-independent events, the
bursa is required for the diversification of the B-cell repertoire after birth, and at
hatching, 90 to 95% of bursal B cells express a BCR. During the bursal stage,
after birth, and later in adult life, both VH and VL genes undergo gene conversion
by transfer of a block of information from pseudo-V genes (470). The frequency
of successful gene conversion occurs every 10–15 cell cycles.

A single V gene can undergo 4–10 conversion events in the bursa before the
B cells emigrate to peripheral lymphoid organs (471). Recently, it was shown
that the activation-induced cytosine deaminase enzyme is required for the gene
conversion process (472).

It is not clear how the B-cell repertoire is positively selected in the bursa
posthatching. The bursa is a gut-associated lymphoid tissue (GALT) and a site
of antigen trapping. Thus, exogenous and gut-derived antigen can be actively
transported across the bursa epithelium into bursal lymphoid follicles (473).
Arakawa et al. studied the percentage of productive V-J joints in posthatch
bursa from normal chickens and from chickens injected into the bursa lumen
with an NP-BSA conjugate (474). They found a significant increase in produc-
tive V-J joints in the VL gene after injection of antigen. These results strongly
suggest that after hatching, the diversification of the B-cell repertoire in bursa
can be shaped after exposure of B cells to environmental antigen.
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The process of B-cell repertoire diversification in birds shows that the basic
genetic mechanisms have been conserved during the evolution of vertebrates
but that the avian evolved different mechanisms governing B-cell repertoire
diversification after birth.

4. DIVERSIFICATION OF THE MURINE NEONATAL
REPERTOIRE

As in all mammalian species, the murine neonatal repertoire results from the
random combinatorial association of gene segments (V[D]J, VLJL) encoding
the specificity of the BCR.

The functional VH gene results from the recombination of 100–500 VH, 12
D, and 4 functional J segments located upstream of constant region genes. VH

genes located on chromosome 12 tend to cluster and map contiguously to one
another with some interspersions, particularly for those located closest to the
DH cluster (475). Based on nucleotide sequence homology and chromosome
position, the VH genes were classified into 12 VH gene families (476). The num-
ber of VH genes composing each family varies considerably from one (VHX24)
to several hundred (VHJ558) related members.

VK genes located on chromosome 6 result from the combinatorial associa-
tion of 300 VK and 4 functional JK gene segments. Like the VH genes, based on
nucleotide sequence homology, the VK genes were classified into 20 VK fami-
lies; each family contains from 1 to 25 related members (475,477,478). In mice,
95% of immunoglobulins express the  light chain.

The V  locus is the smallest. It is located on chromosome 16 and is com-
posed of four units: V 2-J 2, V X-J 2,V 1-J 3, and V 1-J 1). The V  genes
encode 5% of murine immunoglobulins.

Table 16 illustrates the position of VH, VK, and V  families on mouse chro-
mosomes 12, 6, and 16, respectively.

Three major methods were used to study the expression of V gene families
in fetal, neonatal, and adult B cells. These consisted of Northern blot assay
using RNA extracted from cells or hybridomas, single cell in situ hybridiza-
tion, and complementary DNA (cDNA) library analysis.

Study of the utilization of VH and VK gene families might shed light on the
mechanisms that play a critical role in the generation of the antibody reper-
toire. In principle, the antibody repertoire is optimized for efficient protection
and defense of the host against microbes, whereas the host is protected from
danger by elimination of B cells that produce pathogenic autoantibodies.

In adult mice, the VH gene family usage is random and correlates to the
complexity and the size of a given family (479–481). For example, whereas the
VHJ558 family, which contains more than 50 members, is expressed in 40–
50% of B cells, the VHX24 gene family, which contains 1 member, is expressed



112 Neonatal Immunity

in 1–2% of B cells (482). It is noteworthy that there are strain variations in the
utilization of VH gene families. For instance, up to a threefold difference has
been observed in the case of VHJ558 gene family (most distal) usage vs VH7183
family (most proximal to the DH gene cluster) usage (483). In sharp contrast, a
biased usage of VH gene families was observed in the early phases of embry-
onic development, specifically in pre-B cells. Analysis of VH gene family
expression in Abelson murine leukemia virus (MuLV)-transformed pre-B-cell
lines (484) or fetal liver pre-B-cell hybridomas (485) obtained from Balb/c
mice showed that the VH7283 gene family and in particular one of its members,
VH81X (located closest to the D locus), was preferentially rearranged. In
Abelson MuLV-transformed pre-B-cell lines obtained from the NIH/Swiss
outbred strain of mice, the VHQ52 locus, also located proximally to the DH

locus, was highly utilized (486). These data showed that there is a position-
dependent expression of VH gene families biased toward the utilization of proxi-
mal VH gene families during the development of B cells. It is interesting to note
that, whereas in pre-B cells the frequency of VH81X gene rearrangements are
functional (>80%), in the adult they are virtually nonfunctional, and this gene
is rarely expressed in B cells producing antibodies (487,488).

The expression of the rearranged VH81X gene as a transgene blocks B-cell
development at the CD43+ pre-B-cell stage (489). This can be related either to
inhibition of both productive and nonproductive rearrangements of endogenous
V[D]J genes or to an inability to associate with the V 5 surrogate light chain.

In CD43+ pro-B cells, the surrogate 5 is necessary for the assembly of an
Ig-like μ/ 5 transmembrane complex that is necessary for activation of signal-
ing transduction pathways leading to differentiation and proliferation of pro-B
and pre-B cells. Studies carried out on transformed pre-B-cell lines showed
that two VH81X/μ chains, exhibiting different VH-D-JH joining sequences, do
not assemble covalently with a 5 light chain (490). Therefore, the blockage of
B-cell development observed in VH81X transgenic mice can be related to for-

Table 16
Position of VH and VK Gene Families on  Heavy and k-Light Chain Loci

VH locus

5'-J558-3606-VH10 J606-VH12-3609N-VGAM-3660-S107-VGAM-VH11-X24-
SM7-S107-Q52-7193-3'

VK locus

5' (VK11-VK24-VK9-VK26)-(Vk1-VK9)-(VK4-VK8-VK10-VK12-VK13-VK19)-
(VK28-RN7S)-VK23-VK21 JK 3'
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mation of a VH μ/ 5 complex required for triggering proliferation and/or dif-
ferentiation at key checkpoints during the development of B cells. The high
utilization of the VH7183 family observed before the expression of the BCR
during the earliest stages of the development of B cells that express a surrogate
μ/ 5 receptor indicate that this phenomenon does not result from antigen se-
lection but is a consequence of programmed rearrangement.

A decline of VHX81 utilization was observed in fetal liver B cells at days 16
and 18 of gestation (491). It is interesting to note that targeted mutation of the
VH81X gene does not alter the development of the B-cell repertoire in spite of
the fact that expression of the VH7183 gene is affected. This may result from a
compensatory effect by utilization of other members of the VH7183 family,
which is composed of 12 different but highly homologous gene segments (492).
Alternatively, it may be because of the presence of the neor gene used for dis-
ruption of the VH81X gene. Such a disruption can affect other members of the
VH7183 family located in proximity to VH81X or can prevent VH gene replace-
ment of VH7183 genes that preferentially use VH81X joints (492).

The simplest interpretation of position-dependent biased usage of proximal
VH gene families is VH gene accessibility to rearrangement. The recombina-
tional machinery works via a one-dimensional “tracking” mechanism that scans
upstream from the DJH complex for VH segments located at the 3'end (493).

The neonatal repertoire is not different from the fetal liver repertoire and is
characterized by high utilization of the VH7183 and VHQ52 gene families
(491,494–496). However, Malynn et al. have found high levels of transcripts
of the VH3660 gene family in livers of 1-d-old and in the spleen of 3- and 7-d-
old Balb/c and C57BL/6 mice (495). The VH3660 family is located more dis-
tally to the DH locus between the VGAM and VHS107 families in the center of
the murine VH locus. This suggests that the expression of the VH gene family in
the neonatal repertoire is not strictly position-dependent.

The VH7183 gene family is composed of 14 different germ line genes (496).
Apparently, biased usage among the members of the VH7183 family exists in
neonatal B cells. Thus, the 7183.2 and 7183.6 genes were expressed solely in
neonates, whereas the 7183.9 and 7183.11 genes were preferentially expressed
in B cells from adult mice (496). This observation suggests that the utilization of
different members of the VH7183 gene family in the neonatal repertoire also is
developmentally programmed. This explanation will be strengthened when the
position of various members of the VH7183 gene family are mapped, because it
is known that various members of the VH7183 family are interspersed.

It is probable that neonatal B cells that use VH7183 produce antibodies that
exhibit low-affinity and multispecific binding activity, because it is well known
that such antibodies predominate in the neonatal repertoire (497). Indeed, analy-
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sis of the binding specificity of monoclonal antibodies produced by hybridomas
obtained by fusion of LPS-stimulated cells from Balb/c, New Zealand (NZB),
and MRL mice and selected for the expression of VH7183 genes showed that
they exhibited multispecific activity. Such antibodies bound to various self-anti-
gen such as myelin basic protein, thyroglobulin, cardiolipin, Sm, mitochondria
smooth muscle, and nuclear and glomerular basement membrane antigen (498).
However, it should be noted that biased expression of the VH7183 family was
observed not only in neonatal B cells producing multispecific antibodies but
also in neonatal B cells producing influenza virus HA-specific antibodies (499).

Targeted recombination may play an important role in biased expression of
proximally (VH7183, VHQ52) vs distally located (VHJ558) family members.
The opportunity for targeted recombination in most D-J combinations is owing
to the fact that all the DH genes have AC nucleotides at the 3'-end, and JHs have
a TAC near the 5'-end. Targeted recombination using AC overlap will result in
a D-J combination that is in-frame (500). Analysis of the 3'-end of the nucle-
otide sequence of VH7183 and VHQ52 genes showed a sequence that overlaps
with the 5'-end of DH segments. This implies that all rearrangements will be
productive and that the final V[D]J rearrangements will be in-frame (484,501).
Because most neonatal D-J rearrangements have the D region in reading frame
1 (502), this should allow preferential expression of VH7183 vs VHJ558 genes
in neonatal B cells. This concept is supported by the results obtained in com-
petitive recombination substrate assays demonstrating that the recombinant sig-
nal sequence (RSS) for VH81X is preferred over the consensus for the VHJ558
RSS. These findings suggest that RSS differences may play an important role
in biased expression of proximal VH gene families in neonatal B cells (503).

Study of the structure of D and JH segments expressed in neonatal B cells
showed additional differences compared to adult B cells.

In contrast to fetal B cells, in which a relative increase in the utilization of
DQ52 (the most 3' JH proximal D segment) was noted, in neonatal B cells two
different observations were made. In one reported experiment, the preferential
utilization of Dfl16.1, 5', and Q52, the most JH-proximal segments, were highly
expressed in immature B cells (504). In 1-d-old mice, a high usage of Sp2 and
Q52 D segments was observed (505). These differences may be because of
RSS of various D segments preferentially targeted recombination of certain D
segments.

In contrast to fetal B cells in which a distinct preference for JH4 and a rela-
tive increase in JH1 usage was observed (505), in 1-d-old mice decreased usage
of JH4 and almost identical usage of JH1, JH2, and JH3 were noted (502).

The most striking difference between neonatal and adult B cells consists of
the length and extent of diversity of the CDR3, which can explain why the
neonatal repertoire is more restricted compared to the adult repertoire.
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Shorter CDR3 segments characterizing neonatal VH genes can be related to
a lack or paucity of addition of P and N nucleotides. The N-region addition is a
template-independent process that is mediated by TdT (506), whereas P nucle-
otide addition is template dependent (507). The role of TdT in template-inde-
pendent N-region diversity was clearly demonstrated by comparing the
sequences of V[D]J junctions in TdT knockout and TdT+/- mice. In contrast to
TdT+/- lymphocytes, the sequences of VHS107 and VH81X DHJH junctions in
lymphocytes from TdT–/– mice did not contain N regions (508).

Sequence analysis of V[D]J rearrangements showed that the N-region in
neonatal B cells are almost totally lacking (494,500,509,510). Therefore, lack
of N region may explain the reduced diversity of the neonatal B-cell repertoire.

A shift in biased usage of VH7183 and VHQ52 gene families leading to nor-
malization of adult-like usage was observed between one to two weeks after
birth (494,495).

The mechanisms of normalization are not well understood. Normalization
can be the result of changes in genetically programmed recombinational or
intercellular constraints affecting the repertoire (493). Alternatively, they can
result from cellular selection (511). Among various factors, one may consider
negative selection of B cells in the periphery because VH81X is very rarely
used in antibodies or by endogenous or foreign antigen to which young ani-
mals are exposed. The role of foreign antigen exposure should be taken into
consideration in light of the results of VH gene usage in adult axenic mice. In
these mice, less frequent usage of the VHJ558 family and increased usage of
VH7183 were observed at a frequency expected from random usage (512).

However, it can not be excluded that VH gene replacement also may play a
role in normalization of the VH repertoire, because VH replacement events
involving VH7183/VHQ52 genes were observed (513).

In adult mice, B1 cells are localized mainly in the peritoneal and pleural
cavities, and very few (1–2%) are found in spleen. B1 cells display a very
restricted repertoire for some autoantigen and a few microenvironmental anti-
gen because of highly biased expression of V gene families. For example,
antibodies specific for phosphatidyl choline (PtC), which is a major compo-
nent of cell membranes, are encoded by VH11-VK9 or VH12-VK4 (448,449).
The more accepted view is that B1 cells arise from distinct progenitors that are
committed to generate B1 cells but not B2 cells (271). The generation of the
B1 neonatal repertoire was studied in transgenic mice expressing VH12 and
VK4 transgenes. The development of B1 cells that express the transgenes that
encode antibodies specific for PtC was studied in newborn livers and spleens
in two transgenic lines bearing a low- or high-copy number of transgenes. In
the first 120 h of postnatal life, the number of PtC-specific B cells was increased
20-fold compared to nontransgenic mice, doubling about every 24–30 h and
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becoming predominant at 6 d after birth. These mice do not have PtC-binding
B2 cells in spite of the fact that 30% of total B cells are CD5–, namely, B2 cells
(514). This observation suggests that VH12 and VK4 can rearrange only in B1
cells, or if this rearrangement also occurs in B2 cells, the B2 cells cannot ex-
press a BCR encoded by two V genes. This is in agreement with other observa-
tions suggesting that B1 and B2 cells use different VH genes (506).
Antigen-driven selection mechanisms may be responsible for restricted usage
of V gene families in neonatal B1 cells because selection proceeds rapidly after
birth. Lack of B cells expressing the transgenes in adult bone marrow indicates
that the selection occurs in the periphery and is initiated after Ig gene rear-
rangement and the expression of the BCR. It is noteworthy that the majority of
B cells expressing VH12 are excluded from the peripheral repertoire in adults,
with the exception of cells expressing a CDR3 composed of 10 amino acids
including a glycine in position 4 (designated as 10/G4). Thus, in contrast to the
neonatal repertoire, the adult VH12 is restricted by clonal expansion of a minute
subset that has a particular CDR3 and binds PtC.

Taken together, these findings show that there are important differences
between the usage of VH genes in neonatal B1 and B2 cells and between neona-
tal and adult B2 cells.

In mice, the VK light-chain genes contribute significantly to antibody diver-
sity because 95% of murine Ig molecules bear a  chain. In adult mice, all VK

gene families are expressed without evident biased usage of a given family.
Study of VK gene family expression in neonatal B cells showed, similarly to
adult mice, that all families are expressed (515,516). It is particularly impor-
tant to note that usage of the VK21 family, which is located the most proximal
to JK, is not increased in the fetal (515) and neonatal (516) repertoires. This
finding demonstrates that VK gene expression does not follow the VH para-
digm, which consists of the skewed VH gene family expression in the neonatal
repertoire.

Thus, if a position-related process is involved in the expression of VH gene
families in pre-B- and neonatal-cell repertoire until 7 to 14 d after birth, then a
similar mechanism is not operating at the VK locus.

Table 17 shows the complexity and the expression of the VK family in new-
born and adult LPS-stimulated B cells. An important factor in the generation
of antibody diversity consists of the pairing of VH with VL genes. For example,
the random association of 104 VH and VK would give 108 different antigen-
binding sites. The analysis of the pairing of VH with VK genes in polyclonally
activated B cells shows that the pairing is stochastic, with a few exceptions:
VK1 and VK8 with VHQ52, S107, and X24 in adult mice and VK1 with VHQ52 in
neonatal B cells (517).
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Besides somatic recombination and pairing of various V gene segments and
N-addition, two other processes, somatic hypermutation and receptor editing,
play an important role in diversification of the repertoire.

In V genes, somatic hypermutation generates mutations at a rate six orders
of magnitude higher than the rate of spontaneous mutations in other mamma-
lian structural genes (518). One of most interesting aspects of the process of
somatic mutation in Ig genes is its targeting to rearranged heavy- and light-
chain V genes, whereas the genes encoding the constant region of heavy and
light chains are stable.

The majority of somatic mutations in V genes are base pair mutations result-
ing in replacement or silent mutations (518). Small insertions or deletions were
observed only rarely (519). Point mutations begin to appear near the V gene at
a frequency of 10–2 mutations/bp/cell generation (520), and then in V genes at
a frequency of 10–3 to 10–4 mutations/bp/cell generation (521,522). Somatic
mutations are antigen-dependent events that arise during the immune responses
against T-cell-dependent antigen that occur in germinal centers (GCs). Somatic
mutations in Ig genes contribute to the increased affinity of antibodies and to
better and more efficient defense reactions.

Antibody responses against T-cell-dependent antigen can be induced in neo-
natal life. Structural analysis of V genes expressed in antibodies specific for
(T,G)A-L polymer and NP-CGG conjugate showed that somatic mutation,
memory generation, and repertoire shift occurred subsequent to priming of
neonates with these antigen (523). Primary antibody responses to synthetic
polymers are restricted to side chain T and G and, in A/J mice, are dominated
by B cells expressing the VH, H10 gene, which is from the small VHSM7 fam-
ily, and the VK1 light chain. Like adults, neonates immunized with (T,G)A-L
make a primary response to side-chain amino acids and to the A-L epitope only
when immunized with synthetic polymer coupled to methylated BSA in
Freund’s complete adjuvant (FCA) at age 5 to 7 d (523). Sequence analysis of
48 neonatally rearranged VH H10  genes showed that 34% of  VH H10 gene had
1, 17% had 2, 10% had 3, and 2% had 6 bp nucleotide changes. A closed rate of
mutation was observed in the VH genes from mice immunized with NP-CGG
conjugate at d 1 to 2 after birth and analyzed 14 to 28 d after priming (523).

These elegant studies demonstrated that in neonatal mouse B cells, the DNA
replicative machinery, a prerequisite for the induction of somatic mutations, is
active within 1 d of birth.

BCR engagement may lead either to elimination of autoreactive cells during
B-cell development or to increased diversity in peripheral B cells by a receptor
editing process. The process leading to elimination of autoreactive cells takes
place in pre-B cells and is called “receptor editing.” In peripheral B cells, the
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process contributing to increased diversity of the repertoire is called “receptor
revision” to distinguish it from receptor editing leading to tolerance.

Both processes consist of the capacity of VL or VH to undergo successive
rearrangements. The receptor editing process was explored in several strains of
transgenic or knockin mice. The first detailed demonstration of VL chain edit-
ing was provided by a study of anti-DNA heavy-chain transgenic mice in which
it was shown that a receptor editing of the double-stranded DNA (dsDNA)-
specific BCR. This resulted from the secondary rearrangements of VK-JK (524)
that reduced the diversity of the observed VK repertoire in the periphery and
biased usage of JK5 segment (525). Studies of four separate Ig knockin mouse
strains showed that about 25% of light chains expressed in the BCR of devel-
oping B cells in vivo were produced by receptor editing (526). Magari et al.,
using a knockin mouse strain expressing a rearranged V[D]J gene, showed that
light-chain rearrangement in peripheral B cells contributed to the generation of
high-affinity antibodies (527). This finding strongly suggested that in addition
to the somatic hypermutation process, the receptor revision process can con-
tribute to the diversification of the repertoire. For receptor editing or receptor
revision processes to operate, a signaling of the BCR expressed in pro-B and
pre-B cells is required to retain active recombination machinery, namely RAG
enzymes. The fact that RAG genes are expressed in pro-B and pre-BII cells
explains the high frequency of receptor editing in these cells (526). The re-
expression of RAG genes is required in neonatal or adult B cells for a second-
ary rearrangement to occur. The possibility of the re-expression of RAG genes
in mouse peripheral B cells was demonstrated in activated mature GC B cells
(528) occurring after antigen stimulation (529–531).To investigate possible
receptor revision in newborn mice, we studied expression of the RAG2 gene in
7-d-old mice immunized with an empty plasmid as control (pC) or with a plas-
mid containing the HA gene of the WSN strain of the influenza virus (pHA).
Figure 28 shows the occurrence of GCs 7 d after immunization, which disap-
peared by 28 d as assessed by staining of spleen sections with anti-PNA anti-
bodies. Centrocytes were detected in GCs 7 to 28 d after immunization with
monoclonal anti-GL7 antibody, and their presence paralleled the detection of
RAG1 activity in GCs as assessed by staining with anti-RAG1 monoclonal an-
tibody. The absence of GL7+ and RAG1+ cells in the spleen of a mouse immu-
nized with empty plasmid indicated that the induction of RAG1 activity did not
result from CpG motifs in empty plasmid but from the viral peptide encoded
by the gene expressed in pHA plasmid. The data presented in Table 18 show a
significant increase of B200+ GL7+ cells in the spleen of mice 7–21 d after
immunization with pHA but not in mice immunized with control plasmid. Fig-
ure 29 demonstrates that the expression of RAG1 was limited to sorted B220+
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Fig. 28. Expression of RAG-1 protein in splenic  germinal centers of 7-d-old Balb
immunized with a empty plasmid (pC) and a plasmid-counting influenza virus hemag-
glutinin gene (pHA). Spleen specimens from 1-d-old mice immunized with empty
plasmid or with pHA were harvested 3, 7, 14, and 28 d after immunization. The spleens
were embedded in 10 × 10 mm cryomolds (Fisher Scientific, Springfield, NJ) using
Histp Prep. Serial 7 μm sections were fixed for 10 m at –20 C in acetone, methanol
(1:1) and stained with 10 μg/mL FITC-anti-PNA (left panel), R-PE anti-RAG-1 (cen-
ter panel), or FITC anti-GL-7 monoclonal antibodies. After extensive washings with
1% BSA in PBS, the sections were coverslipped with Vechtashield and examined in a
Zeiss Axinphot microscope (×100).
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GL7+ B cells in spleens harvested 3,7, and 14 d after immunization with pHA
plasmid but not in B200+ GL7– B cells. (Data not published.)

Taken together, these results demonstrated that GCs are induced by the
immunization of 7-d-old mice with a plasmid containing a viral gene. The oc-
currence of a GC is associated with an increased number of B cells expressing
the GL7 marker. The RAG1 transcript was detected in B200+ GL7+ before the

Fig. 29.  Detection of RAG-2 transcripts in spleens of 7-d-old Balb/c mice immu-
nized with pC and pHA plasmids. Single cell suspension of B200+GL-7+ and B220+

GL-7– cells sorted from spleens of animals harvested d 3, 7, 14, and 21 after immuni-
zation were used to extract cellular RNA.  8 μl of total RNA obtained from 5 × 106

sorted cells was treated with DNaseI and was reverse transcribed with primers specific
for RAG-2 and -actin. PCR products were separated onto 1% agarose gel and visual-
ized with ethidium bromide.  pC or pHA stand for RNA extracted from spleens of 7-d-
old Balb/c mice immunized i.m. with 100 μg of pC or pHA. 3, 7, 14, and 21 stand for
days of harvesting the spleen after injection of plasmids. A, RNA extracted from
BB220+GL-7+ sorted cells; B, RNA extracted from B220+GL-7- sorted cells.

Table 18
Percentage of B220+, GL7+, B220+GL7+ Cells in Spleen After
Injection with Empty Plasmid (pC)  or a Plasmid Containing
Hemagglutinin of WSN Infuenza Virus Strain pHA

Day after pC pHA

injection B220+ GL7+ B220+GL7+ B220+ GL7+ B220+GL7+

3 53.3
a

0.2 0.9 61.2 0.2 0.9

7 47.8 0.6 1.4 53.3 7.1 6.4

14 44.5 1.5 1.7 47.5 9.5 16.5

21 41.6 1.5 1.3 48.1 2.8 5.2

a
Percentage of B220+, GL7+, B220+GL7+ cells was analyzed in lymphocyte population

gate.
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occurrence of organized GCs and lasted for 14 d, whereas the RAG1 protein
was detected 7 d after immunization and lasted until d 28. These findings
strongly suggest that the immunization of neonates with naked DNA induced
the expression of RAG1, which, via secondary rearrangements, can contribute
to the diversification of the neonatal repertoire.

5. DIVERSIFICATION OF THE B-CELL REPERTOIRE
IN RABBITS

In rabbits, the IgH locus, as in other mammalian species, consists of mul-
tiple VH, D, and JH segments. It contains a minimum of 100 VH genes separated
from each other by 5 kb. Among approx 100 VH genes, 50% are functional.
Because they exhibit high nucleotide homology, they are considered members
of the same VH gene family. The VH1 gene is the most proximally located. It
appears that, among a large variety of VH genes, only four are used in V[D]J
rearrangements, and VH1 is used in about 80% of functional rearrangements.

The D gene locus contains 11 segments spanning over 20 kb of DNA, and there
are 5 functional JH segments (532). The constant heavy-chain locus contains 16
CH genes: Cμ, C , C , and 13 C  genes. Like mice, in rabbits, 80–90% of Ig
express the  light chain. The  locus in rabbits is more complex than in mice
because it contains two distinct C  genes: C 1 and C 2. Each C  gene is associ-
ated with one cluster of J  and two clusters of V  genes. The rabbit  locus also is
more complex than in mice and more closely resembles the human  locus, con-
taining four V  genes and as many as eight C  genes (reviewed in ref. 272).

B lymphopoiesis in rabbits begins at days 17–19 of gestation, when pre-B
cells can be detected in fetal liver. B-cell lymphopoiesis late in fetal life and at
the first day after birth switches from the liver to bone marrow. Most B cells that
develop early in ontogeny migrate soon after birth to the GALT system, which
in rabbits is composed of appendix, sacculus rotundus, and Peyer’s patches.
After birth, in rabbits, few B cells develop because they exhibit a long half-life.
Somatic diversification of the B-cell repertoire occurs in the GALT system.
Exposure of B cells from the GALT system to bacteria may play a role in the
diversification of the repertoire because the GALT system in germ-free rabbits
is poorly developed, and these rabbits are highly immunocompromised (533).

There are some similarities and differences between the molecular pattern
of development of murine and rabbit fetal and neonatal repertoires.

First, V[D]J rearrangements were detected in 14-d-old fetuses, and VH1 (the
most proximal VH gene) was found preferentially rearranged in 14-to 28-d-old
fetuses (534). In newborn and 1-wk-old rabbits, VH1 was found in 80% of
V[D]J rearrangements (535). This indicated that, similarly to mice, there are
position-dependent rearrangements of VH genes. High usage of VH1 in the neo-
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nates may explain the restricted rabbit neonatal repertoire and minimal anti-
body response to various antigen, even in 2- to 3-wk-old rabbits (536,537).

In contrast to mice, in which the D-J segments are first rearranged in pro-B
cells, in rabbits, the VH-DH rearrangement is a more frequent initial rearrange-
ment among VH gene segments (538). Also, whereas in mice DQ52 (the 5'-
most DH gene) is preferentially expressed in the neonatal B-cell repertoire, the
rabbit DQ52 gene was not used in V[D]J rearrangements in 19- to 28-d-old
fetuses or in the bone marrow from a 28-d-old fetus. This may result from the
fact that, in rabbits, the 3'-RSS of DQ52 shows an atypical nonamer. The Df
gene located in the center of the DH locus was preferentially used in V[D]J
rearrangements from 15- to  28-d-old fetuses (539).

In rabbits, the V[D]J genes do not diversify until after birth. Actually, Short
et al. found that in 3-wk-old rabbits, the majority of V[D]J genes were not
diversified, whereas at 9 wk of age they were highly diversified (540). This
diversification resulted from N-addition and to a high frequency of gene con-
version in VH genes. Gene conversion was observed in both the CDR and the
framework segments (532). Although the N-addition was observed starting at
d 14 of gestation (272), the diversification by gene conversion occurs later
during the first few weeks of life mainly in the GALT system, namely, in the
appendix of 6-wk-old rabbits (541).

In summary, these findings show that there are some particular molecular
features that contribute to the establishment of the B-cell repertoire in rabbits.
First, neonatal B cells that developed during ontogeny have a long half-life, and
very few B cells develop in adults. Second, the restricted neonatal repertoire is
related to biased usage of the VH1 and Df segments localized to the center of the
DH locus. Third, diversification of the repertoire resulting from N-nucleotide
addition occurs in embryonic life, whereas the diversity resulting from gene con-
version occurs later in postnatal life, mainly in the GALT system.

6. DEVELOPMENT OF THE B-CELL REPERTOIRE IN SHEEP
AND CATTLE

In sheep, the majority of immunoglobulins bear the  light chain. The sheep
Ig variable repertoire consists of nine different VH genes, six of which are func-
tional. Based on the high sequence homology of functional VH genes (>80), it
was considered that all six VH genes belong to a single VH gene family. The VH

segments combine with a large set of very heterogeneous D segments and with
a small number of JH segments (542). In sharp contrast, the  locus is com-
posed of greater than 100 germ line genes that recombine with only two J
segments, J 1 and J 2, among which J 1 is more frequently used than J 2
(543). Among numerous VL genes, only a few (20–30) were used and found to
be rearranged.
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Six different VK genes were identified that, based on sequence homology,
were classified into four VK families. VK3 and VK4 families each contain a single
member. The VK genes recombine with two JK segments.

The most fascinating aspect of the development of the sheep B-cell reper-
toire consists of two distinct features. First, the establishment of the repertoire
in fetal lambs is completely independent of antigen exposure because ovine
placenta is impermeable to macromolecules. Second, mature IgM+ B cells
appear early in ontogeny, around d 45 of gestation. They migrate and colonize
the spleen at d 40 of gestation and then the ileal Peyer’s patches, where the B-
cell repertoire is rapidly expanded at 70–100 d of gestation. Third, the B-cell
compartment matures during fetal development, as demonstrated by the ability
of fetal lambs to produce antibodies after immunization with various antigen.
Fourth, structural analysis of sheep V genes demonstrated that no new rear-
rangements occur after the initial colonization of the ileal Peyer’s patches dur-
ing the second half of fetal life (545). Although there are no data on the structure
of VH genes expressed in fetal lambs, analysis of a genomic DNA library from
an adult sheep showed that rearranged V[D]J exhibits large nucleotide varia-
tion in CDR1 and 2, extensive N-nucleotide addition, and D segments of vari-
ous lengths and sequences (542). Thus, the VH diversity results from somatic
mutation rather than combinatorial mechanisms. In addition, no indication of
gene conversion was noted. In early stages of embryonic life (61- to 90-d-old
fetuses), all VK family members were more or less equally represented. Mean-
while, in older fetuses, a biased usage was observed because nearly all VK-JK

rearranged genes exclusively used VK3, VK4, and JK2. Sequences of VK3 and
VK4 showed little variation in either CDRs or framework segments (546).

Diversification of the V  repertoire results from combinatorial rearrange-
ments of multiple functional V  genes with a marked absence of P- or N-nucle-
otide addition (547), as well as from antigen-independent hypermutation
processes (548). Comparison of the sequences originating from fetal or 1-d-old
lambs to those of adult animals indicates little diversification in young lambs.
The striking nucleotide differences between the neonatal and adult V  reper-
toires strongly suggest that they result from accumulation of mutations with
age (547). Taken together, these findings show that the diversity in the fetal
and neonatal repertoires is the result of limited VH and VK usage to few muta-
tions and to the absence of P- and N-nucleotide addition in VL genes. The di-
versification process takes place mainly in ileal Peyer’s patches that may
represent the equivalent of the Bursa of Fabricius in avians.

In cattle, the primary source of B-cell progenitors is the fetal liver and spleen.
No B cells were found in the bone marrow in the third trimester of gestation or
in 2- or 12-d-old calves (549). After birth, the spleen is likely to be the organ of
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gene rearrangement because RAG1 gene expression was found in the spleen of
14-d-old calves and disappeared in 32-wk-old cattle (550). Similarly to sheep,
in cattle, the B cells might migrate to ileal Peyer’s patches where they undergo
proliferation and the diversification of Ig genes.

Restriction fragment length polymorphism (RFLP) analysis of bovine
genomic DNA indicated the VH locus contains many VH genes. However, com-
parison of germ line gene sequences with the VH sequences from adult splenic
cDNA indicated that the B-cell repertoire is dominated by a single VH family
comprised of as few as 15 members and closely related to the human VH2 or
murine Q52 VH families. The D segments are of greater length, and at least two
JH segments are used (551,552).

The majority of bovine Ig bears a  light chain. The  locus contains 20 V
germ line genes. Among them are 14 pseudogenes that exhibit various structural
defects, including a lack of RSS at the 3'-end, stop codons, truncations, inser-
tions, or deletions resulting in the loss of reading frames. Two J  segments were
identified in genomic DNA, but all the expressed V  genes examined contained
a single J  segment. The V -J  can associate with four different C  genes (553).
Apparently, in cattle, the VK locus is complex but not well studied.

In fetal livers, only the transcripts of the bovine VH1 family were detected
(551). The diversity of the VH probably lies in the length of CDR3, which ranges
from 13 to 28 codons. The putative D genes are read in one reading frame. One
JH segment seems to be used throughout life, because it was found in cDNA
sequences of VH genes from both fetal and adult cattle. The diversification of
the V  repertoire was studied by comparing the complete V  cDNA sequences
obtained from ileal Peyer’s patches from 11-d-old and 32-wk-old calves. This
analysis demonstrated that diversification had occurred by 11 d after birth,
when the majority of rearranged V  genes used the V  B4 gene family. This
gene usage was found in the majority of cDNA sequences of older animals,
indicating that V  genes expressed in the neonatal repertoire are maintained in
adult life. Structural differences were clustered in CDR segments with a few
scattered changes in framework regions. The same V-J junction was observed
in all clones analyzed, indicating that rearranged V  gene segments recom-
bined by a single predominant rearrangement (553). These observations sug-
gest that combinatorial mechanisms are unlikely to be significant in the
generation of antibody diversity in calves. In contrast, there are several find-
ings strongly suggesting that gene conversion soon after birth is the major
mechanism leading to antibody diversity. The major argument is that the varia-
tion observed in rearranged V genes compared to germ line genes showed that
there are clusters of nucleotide changes and that they can originate from the V
pseudogenes, which function as sequence donors.
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In ileal Peyer’s patches, the fact that the V  genes already exhibit sequence
variation suggests that significant diversification of the repertoire occurs in
fetal spleen and within a few days after birth in the GALT system.

7. DEVELOPMENT OF THE HUMAN NEONATAL REPERTOIRE

In humans, 60% of immunoglobulins bear a  light chain, and 40% bear a 
light chain.

The VH locus located on chromosome 14 represents a region of 957 kb of
DNA containing 123 VH genes, among which 39 are functional, 29 are
pseudogenes, and others have non-rearranged open reading frames (554).
Based on >80% DNA homology, the VH genes are grouped into seven families.
The DH locus consists of 9.5-kb tandem repeat units that contain 29 germ line
genes; of these 25 are functional and are classified into 6 DH families. There
are nine JH segments, of which six are functional.

The VK locus located on chromosome 2 contains 76 germ line genes; of
these, 32 are functional. They are organized into two cassettes: the first, com-
posed of 40 genes, is located in the JK proximal region; the second, composed
of 36 genes, is located in the distal inverted region. The VK genes were classi-
fied into seven families or subgroups. All five JK segments are functional
(555,556). VH and VK genes may be found at other chromosomal locations
where they are not expressed. The loci containing these nonexpressed genes
are called orphons. It is believed that orphons arise by inversions and conver-
sions that have been maintained during evolution. A VH orphon was identified
on chromosome 16, and a VK orphon was found located close to the centromere
on chromosome 2.

The V  locus located on chromosome 22 is composed of 70 V  genes, of which
30 are functional, and 7 J  segments, of which 4 are functional (557,558).

Generation of the neonatal repertoire results from random combinatorial
events of the segments encoding VH, VK, and V  genes.

The rearrangements of V genes in humans during embryonic life begin at 7–
8 wk of gestation in the fetal liver when the first wave of pre-B cells is de-
tected. The pre-B cells are characterized by the presence of cytoplasmic IgM
and a V -like chain and lack of surface IgM. The pseudo-light-chain cluster
contains three genes (14.1, Fl1, and 16.1) located on chromosome 22 close to
the V  locus. Structural analysis of the pseudo-  genes shows similar organi-
zation and high nucleotide homology, suggesting that the two systems,(  and

-like, diverged after duplication of a common ancestor (559). In fetal livers (8
wk of gestation), only transcripts of the 16.1 -like gene were detected in the
large cDNA library analyzed (559).

Immature B cells (sIgM+), followed by mature B lymphocytes (sIgM+,
sIgD+), were detected at 7–8 and 12 wk of gestation, respectively. During
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intrauterine development, Ig class switching occurs only in a few B cells, indi-
cating that this process is independent of antigen exposure because the intrau-
terine environment is sterile.

Analysis of the expression of sIg and CD5 showed that 88% of neonatal
CD19+ B cells express sIgD, and about 80% expressed both IgD and IgM.
Only a few (<10%) are IgM+IgD–. About 50% express CD5 and sIgD and may
be considered B1 cells.

Like mice, the rearrangement of V gene segments follows a similar genetic
program of rearrangements:

DH�JH, VH�DJH Cμ and VL-JL
A study of V[D]J rearrangements in human fetal liver at 7, 13, and 18 wk of

gestation showed a preferential usage of the VH3, DQ52, and Dxp gene fami-
lies from 30 estimated D segments and JH3 and JH4. The diversity of CDR3 in
fetal liver B cells is limited by the absence of P junctions and fewer N additions
in D-J junctions. Meanwhile, the DH reading frame appears to be randomly
used. The rearrangements of D elements occur by inversion and D-D fusion
that could result from unequal crossing over (560). In contrast, other investiga-
tors have found preferential expression of VH5 and VH6 in 7-wk-old fetal liv-
ers, suggesting a position-biased usage because the VH6 gene is the most JH
proximally located (561). A biased usage of VH6 also was found in fetal livers
from 16- to 24-d-old fetuses (562). Sequence analysis of heavy-chain tran-
scripts obtained from fetal livers at 104 and 130 d of gestation identified by
hybridization with a Cμ probe showed the same pattern of usage of VH gene
segments, because three highly conserved VH3, DQ52, and JH3 and JH4 genes
were highly expressed, whereas transcripts from VH1, VH2, VH4, VH5, and
VH6 genes were expressed at a low frequency (563). The preferential use of
DHQ52 in sterile and mature V[D]J transcripts indicates that nonrandom usage
of some gene segments in fetal B cells reflects a genetic regulatory program
intrinsic to B cells in this stage of development and that the VH3 genes play an
important biological role (564).

Study of the expression of VH genes in the neonatal repertoire, particularly in
cord blood lymphocytes, showed that all VH, DH families and JH segments are
expressed, with a higher frequency of utilization of the VH3 and VH1; DH2, DH3,
and DH6 families; and JH6, JH4, and JH5. A shift in the utilization of JH segments
is evident, because in fetal livers, JH3 was frequently used. Another study re-
ported the frequent use of the VH7 gene family in cord blood B cells (565).

It is known that B1 CD5+ cells predominate in cord blood. Analysis of VH
gene family expression in cord blood-derived Epstein–Barr virus (EBV)-trans-
formed B-cell lines showed frequent usage (30%) of the VH4 gene family. It
was shown that the VH4 gene family encodes for self-reactive and multispecific
antibodies (566).
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One may ask whether the shift in use of VH gene segments during transition
from the fetal to neonatal repertoire is because of exposure to antigen after
birth. This question was addressed by studying the expression of VH genes in
preterm neonates (gestational age: 25–29 wk) vs full-term neonates. This study
showed that the exposure of preterm neonates to antigen resulted in a higher
frequency of class switching to IgG and a higher number of somatic mutations
within 2 wk of postnatal life. In contrast, premature exposure to extrauterine
environmental antigen did not alter the pattern of VH expression and did not
lead to a switch to an adult-like repertoire. In addition, the length of CDR3 was
not increased by N-nucleotide addition. This observation clearly indicates that
VH region diversity is mainly developmentally regulated and that the reper-
toire restrictions persist in spite of premature exposure to antigen (567).

Sequence analysis of the VH6 gene from cord blood B cells showed no muta-
tions; however, almost all sequences from 10-d-old newborns with acute infec-
tions had mutations (568). The VH6 gene of 2- and 10-mo-old healthy children
exhibited mutations, and the frequency of mutation increased with age (569).
Comparison of the VH6 gene sequence expressed in newborns and young chil-
dren with the VH4 germ line gene showed a mutation frequency of 4.3% with a
range from 1 to 24 mutations in the 241-bp gene segment analyzed. The muta-
tion frequency was higher in the CDR (1.6%) compared to the framework region
(0.9%) with a replacement:silent ratio of 4 for CDR and 2.9 for framework seg-
ments. Comparison of CDR3 length in different infant age groups did not show
a significant difference (569). These results show that mutation in the VH6 gene
is a rare event in newborns and children younger than age 6 mo and that the
frequency of mutation increased after age 6 mo, indicating an antigen-driven
process. This explanation is supported by the paralleled increased of the fre-
quency of mutations and the replacement:silent mutation ratios.

Study of the neonatal  repertoire was carried out using cDNA obtained by
unbiased polymerase chain reaction (PCR) amplification of nonproductive and
productive rearrangement of VK genes. Initial studies suggested that the VK
gene family is nonstochastically used, because genes belonging to the VK1 and
VK3 families located in the distal half of the locus were predominantly expressed
(570,571). A finer analysis was carried out using a single-cell PCR technique,
purified sIgD+ CD5–, and CD5+ sIgD+ B cells purified from cord blood (572).

In this study, the expression of VK families was analyzed in productive and
nonproductive rearrangements, which affords the opportunity to understand the
molecular mechanisms before the repertoire is shaped by positive and negative
selection. This study demonstrated that six out of seven VK families were rear-
ranged in the neonatal repertoire. In the nonproductive repertoire, the members
of VK1, VK3, and VK6 occurred as frequently as expected from genome com-
plexity, whereas the occurrence of VK2 was less frequent than expected. VK4
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and VK5 were more frequently used than expected from random use in the pro-
ductive repertoire. A member of the VK3 family gene, A27, was overrepresented.

Roughly the same pattern of VK gene family expression was observed in the
productive repertoire: VK1 and VK5 were expressed significantly more often in
neonatal than adult repertoires. VK3, VK4, VK6, and VK7 gene expression did
not differ between the neonatal and adult repertoires, and VK2 was less fre-
quently expressed. Thus, VK genes from both the proximal and distal cassettes
were found in the neonatal repertoire, but those from the distal cassette were
found less frequently. With respect to individual VK genes, genes B2, L9, and
O12/O2 were expressed more significantly, accounting for 79% of productive
rearrangements in the neonatal repertoire.

Compared to the adult repertoire, the junctional diversity was less marked
(28% neonatal vs 57% adult productive rearrangements contained N-nucle-
otide), whereas CDR3 length was comparable (average: 27 nucleotides). In
neonatal B cells, JK2 was predominantly used, JK5 was used at the expected
frequency, JK1 was used less, and JK3 and JK4 were significantly less used than
expected. Seventeen mutations were found in all neonatal VK rearrangements,
indicating an overall mutational frequency rate of 3.27 × 104 per base pair.

In contrast to CD5–IgD+ B cells, CD5+ B1 cells showed some important dif-
ferences. Only productive rearrangement of VK genes from the distal cassette
was found. Meanwhile, no differences in JK usage and N-nucleotide insertions
were observed in CD5+ B1 cells compared to neonatal IgD+CD5– B2 cells.

These results demonstrated that there is a molecular preference, based on chro-
mosomal position, in the selection of VK gene families and JK segments in the
neonatal repertoire, leading to a more restricted and uniform repertoire in neo-
nates compared to adults. Limited variability in the generation of VK-JK joints,
less receptor editing, and the shorter length of CDR3 also are important factors
that contribute to a more restricted VK repertoire in neonates. Higher expression
of some individual members of the proximal VK gene families suggests positive
selection by exposure to self-antigen rather than to foreign antigen because the
intrauterine environment is sterile. High usage of the distal cassette in neonatal
B1 cells suggests positive selection by self-antigen, which explains why these
cells produce multispecific and self-reactive autoantibodies.

There are no extensive studies of the V  neonatal repertoire, which in hu-
mans represents 40% of immunoglobulins.

A study of V J  rearrangements in IgM+ B cells from fetal spleens at 18 wk
of gestation showed an overrepresentation of the distal J  cluster recombining
with the J 7 segment. V  genes paired stochastically with VH genes in fetal
spleen IgM+ B cells (573).

In conclusion, the major molecular characteristic of the human neonatal rep-
ertoire consists of preferential usage of VH and VK families located in the prox-
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imity of the J clusters. The restricted and more uniform repertoire is related to
less frequent P and N addition and shorter CDR3 length. The frequency of
mutation is considerably lower than in adults because B cells are not exposed
to antigen during gestation.
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Genetically Programmed Temporal Ordered
Activation of Neonatal B-Cell Clones

1. INTRODUCTION

Several molecular factors contribute to the restricted neonatal repertoire.
Among them, the most important are position-dependent usage of a few V gene
families, shorter length of CDR3, lack of region diversity, and low frequency
of somatic mutation. The ordered emergence of B-cell clones after birth is an
additional, important factor. This may be because of the fact that some B-cell
clones appear or mature at different rates rather than they do in concert. Stud-
ies using inbred animal strains demonstrated that the temporal pattern of B-cell
clone emergence is similar in all individuals, indicating that a heritable genetic
program determines the development of clones producing antibodies with vari-
ous antigen specificities.

Two approaches were used to study sequential activation of B-cell clones
after birth: (a) the study of the antibody response after immunization of the
fetus at various periods of gestation or of the newborn at various intervals after
birth, and (b) the study of the antibody response in lethally irradiated adult
mice reconstituted with syngeneic fetal or neonatal cells and immunized with
foreign antigens at various intervals after reconstitution.

Hierarchical B-cell activation during fetal life and after birth was initially
characterized in lambs. This study was facilitated by three factors: (a) early B-
cell maturation during fetal life (mature B cells are detected at d 40 of the 150-
d gestation period), (b) lack of maternal antibody influence because the
placenta of a pregnant sheep does not allow IgG transfer from mother to fetus,
and (c) the relative ease of surgical procedures for intrafetal immunization.

Fetal lambs immunized by d 60 with X phage or at 65–70 or 80–101 d of
gestation with ovalbumin and ferritin produced specific antibodies detected 6–
52 d after immunization. The majority of antiphage antibodies produced by the
fetus were IgM. In sharp contrast, immunization with BCE failed to induce
antibody production. Antibody responses against these three antigens were
observed only after immunization of 40-d-old lambs.
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The sequential activation of B-cell clones also was described in the opos-
sum. At birth, the opossum enters the maternal pouch, newborns can be immu-
nized directly, and antibody responses can be studied at various intervals after
immunization. Antibodies to the following antigens appeared in a temporal
order: bovine serum albumin-dinitrophenol (BSA-DNP) or hemocyanin-DNP
conjugates in embryos age 8 to 19 d; bacteriophage F2 in embryos age 15 d:

X-174 and T4 phage in embryos age 29 d: RNAase in embryos age 40 to 49 d;
and lysozyme in embryos age 50 d. It is interesting to note that the response to

X-174 bacteriophage was first seen at day 15 when the thymus had defined
cortical and medullary zones, whereas the response to T2 was found in 20-d-
old embryos immunized when the spleen had begun to acquire perivascular
lymphoid elements.

Although a distinct hierarchy of responsiveness against various antigens was
clearly demonstrated in these pioneering studies in the lamb and opossum, an
analysis of antigen specificity of clones was not possible because these animal
models lack adequate methodology to study responses at the clonal level.

2. SEQUENTIAL ACTIVATION OF B-CELL CLONES
IN LETHALLY IRRADIATED MICE RECONSTITUTED
WITH FETAL LIVER CELLS

The study of B-cell ontogeny in mice was precluded by the difficulty of
immunizing the early fetus  as was done in fetal lambs. This difficulty was
overcome by grafting fetal liver cells into syngeneic lethally irradiated adult
mice. Grafted cells proliferate in the irradiated host and give rise to distinct
spleen colonies. Subsequent transfer of a spleen colony into lethally irradiated
mice is capable of repopulating lymphatic tissue with cells derived from a
single progenitor cell. These mice were immunized at various times after
reconstitution with various antigens, and antibody responses were measured at
various intervals after antigen injection. This experimental model allowed for
the determination of the time course of occurrence of B-cell clones that pro-
duce antibodies specific for various antigens.

Such a model was used to establish the onset of immunocompetence against
and sheep red blood cells in 12-d-old fetal cells.This study showed that the
ability to recognize foreign antigens was established between 19 and 20 d,
reaching the level of adults by 25–32 d of development. In contrast, recogni-
tion of the erythrocyte antigen became significant over a period of 26 to 33 d,
corresponding to 7 to 14 d after birth. The results of this experiment were the
first to indicate sequential acquisition of immune reactivity during B-cell
development in fetal liver precursors.

In another set of experiments, the hierarchy of antigen responsiveness was
determined in lethally irradiated mice reconstituted with cells obtained from
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the livers of 18- to 19-d-old fetal or newborn mice. After reconstitution, the
recipient mice were immunized at various times. In this experiment, the
response against F2 and X-174 phages occurred between 3 and 7 d after
reconstitution. Meanwhile, the T4 phage-specific response occurred after 14 d,
anti-DNP and antilysozyme responses occurred after 21 d, antifluorescein and
anti-RNase responses were detected after 28 d, and antibodies specific for
myoglobin occurred 6 wk after reconstitution. The ordered maturation of these
responses was independent of major histocompatibility complex (MHC) and
allotype because a similar pattern was observed in C3H/HeJ, AKR, and Balb/c
mice. The sequential acquisition of responses against these antigens cannot be
explained by the immunogenicity of the antigens because different patterns
were observed for different haptens coupled to the same carrier, such as DNP-
BSA and FTC-BSA. The response pattern also cannot be explained by the lack
of T-cell maturation because the responses induced by phages, lysozyme,
RNase, and myoglobin are all T-cell-dependent responses. The most likely
explanation of these results is that there is a genetically programmed matura-
tion of B-cell clones derived from fetal or neonatal liver precursors. This is in
spite of the fact that environmental factors may affect the circulation and
migration of fetal cells in irradiated hosts.

The absence of environmental influences and the genetic control of sequen-
tial acquisition of fetal cell responsiveness were demonstrated in another
experiment. Fetal tissues from 14- to 19-d-old embryos were cultured in vitro
for 4–5 d and then injected into KLH-primed irradiated recipients. The recipi-
ents were scarified 14–16 d later, and the frequency of hapten-reactive B cells
was determined by splenic focus assays after stimulation of cultures with KLH-
hapten conjugates at a concentration of 10–6 of hapten. In this experiment, it
was shown that DNP-specific B cells were found in the fetal liver at d 16 of
gestation, whereas fluorescein-specific B cells were found at 16–18 d of gesta-
tion. NP or phosphoryl choline-reactive B cells were detected in the fetal liver
at any age. This experiment demonstrated that the maturation of B-cell precur-
sors from fetal livers followed a genetically controlled temporal order.

3. FREQUENCY OF HAPTEN-SPECIFIC B CELLS IN NEONATAL
MICE DETERMINED BY SPLENIC FOCUS ASSAY

The frequency of hapten-specific B cells can be enumerated accurately by
combining adoptive transfer of a limited number of cells in carrier-primed irra-
diated mice with in vitro culture of spleen fragments with antigen or hapten-
carrier protein conjugates. This technique, called the splenic focus assay,
permits assessment of the reactivity pattern of monoclonal antibodies deter-
mined by isoelectric spectrum or idiotype expression as markers of V region
genes encoding antibody specificity.
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This method was used to determine the frequency of neonatal clonotypes
for several haptens such as DNP 2,4,6-trinitrophenol (TNP), fluorescein, p-
azophenylarsonate dimethylaminoapthalene-sulfonyl (Dansyl), and PR8 in-
fluenza virus.

The frequency of DNP clonotypes from 1-d-old mice ranged from 1 to 2
foci/106 spleen cells. The number was somewhat higher from 3- to 5-d-old
donors (2.3/106), indicating that in the neonatal spleen the frequency of B cells
producing anti-DNP antibodies remained constant during the first week after
birth. The same frequency was observed for B cells producing anti-TNP anti-
bodies, whereas the frequency of fluorescein-specific B cells was five- to six-
fold lower. Whereas the frequency of DNP- and TNP-specific precursors at
birth is almost identical to the frequency in adults, the analysis of reactivity
patterns of DNP and TNP antibodies by isoelectric focusing showed that dur-
ing the first 4 d of neonatal life, three clonotypes were dominant with three
distinct pH isoforms (pIs) (5.05, 5.25, and 5.55 for DNP-specific antibodies
and 5.00, 5.15, and 5.40 for TNP-specific antibodies). The frequency of these
clonotypes decreased by half by d 6 and represented a small minority by d 9,
having been replaced with new clonotypes. Dansyl-specific precursors were
found at a high frequency at birth, reaching the level of adults during the first
week of life, whereas the frequency of p-azophenylarsonate-specific
prescursors appeared to decrease during the first week of life.

In adult mice, the frequency of influenza virus hemagglutinin (HA)-reactive
B cells was substantially lower than the frequency of hapten-specific B cells.
Analysis of the reactivity pattern of clonotypes in adult mice showed that it
contains a minimum 100–200 unique specificities. Analysis of the HA-spe-
cific B-cell repertoire of 12- to 14-d-old mice showed that the clonotype reac-
tivity pattern was considerably less diverse and that some neonatal clonotypes
were rapidly replaced by others during postnatal life. These results argue again
for a temporally ordered diversification during postnatal life. From these
observations, several conclusions can be drawn:

a. The precursors for hapten-specific B cells are present soon after birth in periph-
eral lymphoid organs.

b. The clonotype pattern constantly and rapidly changes during postnatal life.
c. A genetic mechanism may account for early expression of some clonotypes and

late expression of others.
d. The scoring of hapten-specific precursor frequency can be determined more

accurately in focus spleen assay, which maximizes T-cell help even in the ab-
sence of fully mature antigen-presenting and T helper cells.
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4. TEMPORALLY ORDERED ACTIVATION OF B-CELL CLONES
AFTER IMMUNIZATION OF NEWBORN MICE WITH VARIOUS
ANTIGENS

The T-cell dependence of the immune responses elicited by polysaccharide
antigens represent the best model to investigate sequential activation of B-cell
clones for several reasons. First, the majority of polysaccharide antigens are T-
cell independent and, therefore, B cells expressing a BCR specific for these
antigens are stimulated after interaction with the BCR. Second, in contrast to
responses induced by T-cell-dependent antigens (hapten-protein conjugates or
proteins) the responses elicited by polysaccharides are generally oligo- or
pauciclonal. Third, as illustrated in Table 19, antipolysaccharide antibodies are
encoded by a limited number of V genes and may exhibit a particular VH–-VL

gene pairing. Fourth, V genes that encode antipolysaccharide antibodies ex-
pressed cross-reactive idiotypes (IdX) that are phenotypic markers of V germ
line genes.

4.1. Antibody Responses Induced in 1-d-Old Mice

One-day-old Balb/c mice immunized with gum ghatti, grass or bacterial
levan, or  lipopolysaccharide (LPS) can develop antibodies specific for 2-6-
D-galactan,  2-6 fructosan, and  methyl-D-galactoside, respectively.
Antigalactan antibodies produced by Balb/c mice in response to immunization
with gum ghatti share the X24 IdX with the XRPC24 galactan-binding my-
eloma protein. The immunization of 1-, 7-, 14-, or 21-d-old mice showed de-
velopment of a significant immune response as assessed by scoring the number
of plaque-forming cells (PFCs). PFCs are reduced by approx 30% on addition
of rabbit anti-X24 IdX antibodies to the assay. The magnitude of PFC response
did not vary substantially in 1- to 21-d-old mice.

The antilevan antibody response is induced after immunization with
polyfructosans such as grass and bacterial levan. Grass levan consists of a lin-
ear backbone of  2-6 fructosan, whereas bacterial levan consists of a back-
bone of  2-6 fructosan with  2-1 branch points. The immune response against

 2-6 fructosan is T-independent, because it can be induced in nude mice. Anti-
 2-6 fructosan antibodies do not share IdX of ABPC48 and UPC10 myeloma

proteins that bind to levan. This indicates that the B cells able to produce anti-
 2-6 fructosan antibodies bearing ABPC48 or UPC10 IdX are silent in Balb/c

mice. Anti-  2-6 fructosan antibodies can be elicited following immunization
of 1-d-old Balb/c mice with bacterial levan, as assessed by both plague-form-
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ing cell (PFC) and hemmaglutination assays. The magnitude of the response
gradually increases during postnatal life reaching the adult level by 8 weeks.

LPS from Salmonella tranaroa, Salmonella tel-aviv and Proteus mirabilis
has D-methyl D-galactoside as the immunodominant sugar. The myeloma pro-
tein MOPC384 binds to this dominant sugar, providing a tool to investigate the
expression of its idiotype (i.e., 384 IdX) on the response induced by  LPS. We
showed that the immunization of 1-d-old Balb/c mice induced an anti-methyl-
galactoside response expressing 348 IdX. The magnitude of the response
induced in 1-d-old mice was about half of that observed in 8-wk-old mice.

The experimental results illustrating the observations described earlier are
depicted in Table 20. These results clearly demonstrate that the precursors of

Table 20
Anti-Polysaacharide Responses Elicited by the Immunization
of 1-d-Old mice

Anti-galactan response
Age of mice  anti-galactan PFC/106 % expressing X24IdX

1 d-old 130+/–24 44
7 d-old 150+/–12 42
14 d-old 148+/–12 31
21 d-old 115+/–42 51

PFC response was measured 5 d after the immunization with 50 μg gum ghatti

Anti- -methyl-D-galactoside response

Age of mice  immunization with HA titer* HI titer:*
of anti LPS Ab of 348Id

1-d-old saline 1.2+/–0.3 0
1-d-old 10 μg S.tranaroa LPS 4.1+/–1.8 2.0+/–0
32-d-old saline 2.8+/–0.5 1.2+/–0.3
32-d-old 10 μg S.tranaroa LPS 8.7+/–1.2 4.4+/–0.3
*expressed as log2 units
Antibody response was tested 5 d after immunization.

Anti-  2-6 fructoasan antibody response

Age of mice immunization with HA titer* PFC/106

1-d-old saline 0.3+/–0.3 5+/–2
1-d-old 10 μg levan 1.8+/–0.4 46+/–7
9-d-old saline 2.0+/–0.3 14+/–7
9-d-old 10 μg levan 5.1+/–0.8 89+/–13
56-d-old saline 3.8+/–0.4 21+/–5
56-d-old 10 μg levan 9.5+/–0.9 156+/–25

Adapted from ref. 596.
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B-cell clones that produce antibodies specific for some polysaccharides are
present early after birth.

4.2. Antibody Responses Induced During the First Week After Birth

The sequential activation of neonatal B cells implies that antibody responses
specific for other antigens may be induced by the immunization of young mice
rather than that of newborns.

Several reports showed that the B cells stimulated by phosphoryl choline
(PC), phenyl arsonate, and DNP or TNP conjugates can be induced only in 1-
wk-old mice.

Balb/c mice immunized with microbes containing PC in their cell wall, such
as Streptococcus pneumonia or Proteus morganii, develop T-independent anti-
PC responses, whereas those immunized with PC that is conjugated with car-
rier proteins develop T-dependent responses. In both cases, the majority of
anti-PC antibodies express a germ line gene-encoded idioype called T15, which
is shared with PC-binding myeloma proteins such as TEPC15 or S107.

Using splenic focus assay, analysis of the frequency of T15 IdX-dominant
PC-specific precursors showed that they appear quite late in neonatal develop-
ment. Although no PC-specific foci were detected in the spleens of 1- to 5-d-
old mice, a significant number were detected in 6- to 7-d-old mice. Sixty-six
percent of monoclonal antibodies produced by PC-specific foci expressed T15
IdX, and the percentage of B cells producing T15 IdX+ antibodies increased
further by d 9 after birth. Whereas the T15 IdX-dominant precursors occur late
after birth, an anti-PC antibody response lacking T15 IdX can be elicited in 1-
d-old mice immunized with PC-LPS conjugate. These results showed that dur-
ing the first week of postnatal life, the mice acquire a sequential responsiveness
to different PC antigens. Only TI1 antigens such as PC-LPS induced the earli-
est response. This response consists of the activation of B cells producing T15
IdX– anti-PC antibodies, whereas the dominant T15 IdX+-producing B cells
are activated later, by the end of first week after birth. It is noteworthy that the
xid gene plays an important role in the activation of B cells that produce anti-
PC antibodies. For instance, CBA/N females exhibiting a defect in B-lympho-
cyte maturation are unable to respond to PC that is conjugated with various
carriers.

The immunization of mice with phenyl arsonate conjugate induces
antiphenyl arsonate antibodies of which 30–50% expressed an IdX. The ex-
pression of IdX is allotype linked. Transfer experiments to study the neonatal
development of B cells that produce antiphenyl arsonate antibodies showed
that B cells that produce dominant IdX antiphenyl arsonate antibodies are
present by d 9 after birth.
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In contrast to the responses elicited by PC, which are pauciclonal, the
responses induced by DNP and TNP conjugates are polyclonal and are en-
coded by V genes belonging to various VH and VL gene families. Precursors of
B cells producing anti-DNP or anti-TNP antibodies were identified in fetal and
neonatal livers in adoptive transfer experiments in irradiated mice or by spleen
focus assay. The results of these experiments suggested that newborn mice
must be able to mount a response against TNP or DNP haptens. A fraction of
anti-TNP antibody-producing cells share 460IdX expressed on MOPC460 and
MOPC315 DNP and TNP-binding myeloma proteins. Whereas Ig molecules
expressing 460IdX are not detected in naïve mice, anti-TNP antibodies bearing
460IdX were noted in mice immunized with T-dependent or -independent an-
tigens. Based on this information, we have studied the anti-TNP response and
the expression of 460IdX in mice immunized with TI1 (TNP-LPS and TNP-
B.abortus conjugates) and TI2 (e.g., TNP-Ficoll) antigen. Immunization of 1-
d-old mice with TNP-LPS or TNP-B.abortus conjugates elicited a substantial
anti-TNP response, but B cells producing 460IdX+ anti-TNP antibodies were
detected only in 7-d-old Balb/c mice. These results clearly demonstrate the
sequential activation of B-cell clones producing anti-TNP antibodies, because
the clones producing antibodies and expressing 460IdX occurred 1 wk after
the clones producing anti-TNP antibodies lacking 460IdX. The experimental
results supporting this conclusion are presented in Table 21.

Table 21
Ontogeny of Anti-TNP Antibody Response and the Expression of 460Id

Age of mice Immunization PFC/106 % of 460 Id

1-d-old Saline 2±2 0
1-d-old TNP-LPS 112±21 0
1-d-old TNP- Ficoll 7±4 0
3-d-old Saline 4±3 0
3-d-old TNP-LPS 179±11 0
3-d-old TNP-Ficoll 16±7 0
7-d old Saline 24±6 0
7-d-old TNP-LPS 211±44 16±3
7-d-old TNP-Ficoll 18±5 0
14-d-old Saline 26±9 0
14-d-old TNP-LPS 280±31 20±7
14-d-old TNP-Ficoll 345±26 8±2
28-d-old Saline 82±34 0
28-d-old TNP-LPS 506±124 35±6
28-d-old TNP-Ficoll 613±16 6±2

Adapted from ref. 601.
Abbreviations: TNP, trinitrophenyl; LPS, lipopolysaccharide, PFC, plague-forming cells.
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Fig. 30. Isoelectrofocusing (IEF) pattern of Balb/c antibacterial levan antibodies.
Sera obtained from 18 individual Balb/c mice 10 d after immunization with bacterial
levan. The upper panel shows anti- 2, 1)-fructosan antibodies reactive with 125I-inu-
lin-BSA and the lower panel shows anti- (2,6)-antibodies reactive with 125I-bacterial
levan. (From Stein K, et al. J Exp Med 1980;151:1088–1102.)
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4.3. Antibody Responses Induced Late in Postnatal Life

Study of the ontogenic development of anti-  2-1 fructosan and anti-  1-6
dextran antibody responses showed that they could be induced late in postnatal
life.The  2-1-linked fructose linear polymer is found in inulin, but  2-1 fruc-
tosan also represents the branch points of the  2-6 fructosan backbone of bacte-
rial levans. Although levans can induce a T-independent antibody response,
inulin by itself is not immunogenic without being coupled with a protein carrier.

The anti-  2-1 fructosan antibody response induced by inulin-BSA conjugate
is very restricted compared to that induced by bacterial levan. This was demon-
strated by analysis of the isoelectrofocusing (IEF) pattern. In Balb/c mice, anti-
inulin antibodies display a characteristic IEF pattern that is essentially identical
in all individuals, consisting of a single spectrotype comprised of five bands, of
which three predominate and focus in the pH 6.3 to 6.8 range. Figure 30 illus-
trates the IEF pattern of anti-inulin and antibacterial levan antibodies in adult
Balb/c mice. Anti-inulin antibodies share three distinct IdXs (IdX G, IdX A, and

Fig. 31. Age dependence of anti-inulin response in Balb/c mice. Left panel, serum
antibody response 5 d  after immunization of BALB/c mice of various ages with bac-
terial levan. Right panel, anti-inulin PFC response and expression of E109 IdX 5 d
after immunization of Balb/c of various ages with bacterial levan. (From Bona C, et al.
J Immunol 1979;123:1484–1490.)
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IdX B) with 11  2-1 fructosan-binding myeloma proteins. Study of the ontog-
eny of anti-  2-1 fructosan antibodies by hemagglutination, PFC, and IEF assays
indicated that they occur long after birth. A weak PFC response was first
observed in 21-d-old mice, followed by a substantial increase at 28 d (Figs. 31
and 32). As can be seen in Fig. 31, the dominant anti-inulin clones expressing
IdX D-E109 were detected only in mice older than 4 wk. Several experimental
findings support the concept that the late occurrence of anti-  2-1 fructosan is
related to a genuine ontogenic delay. First, it was found that polyclonal activa-
tion by a B-cell mitogen, NWSM, which is known to induce the proliferation of
B cells in their early stages, induced an increased in 3H-thymidine incorporation
in spleen cells of 1-wk-old Balb/c mice. The cells producing anti-  2-1 fructosan
antibodies stimulated by NWSM were not detected until the donors were age 4

Fig. 32. IEF pattern of anti-inulin antibodies of various ages. Serum from Balb/c
mice of various ages was electrophoresed and the blots were incubated with 125I-inu-
lin-BSA. Lane 1 serum from mice immunized at 7-d of age; lane 2 serum from mice
immunized at 14 d of age; lane 3 serum from animals immunized at 21 of age; lane 4
serum from mice immunized at 12 wk of age. (From Bona C et al. J Immunol
1979;123:1484–1490.)
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wk (Fig. 33). Second, we have shown that the ontogenic delay was not caused by
the absence of environmental antigens because bacterial levan is produced by
various bacterial species present in normal flora. In adoptive transfer experi-
ments, it was shown that the infusion of B cells from 1-wk-old Balb/c mice into
irradiated CAL.20 adult mice developed a response 7–14 d after the transfer,
thereby corresponding to the time required for the maturation of the response in
Balb/c mice (600). Third, the ontogenic delay of the antibody response corre-
lates with a very low frequency (1–2/106 B cells) in the spleens of 3-wk-old
mice. Taken together, these observations clearly demonstrated a significant on-
togenic delay of the anti-inulin antibody response.

A longer delay was observed in the case of the anti- -(1,6)-dextran antibody
response. In Balb/c mice, the response induced by B512 dextran is characterized
by a predominant idiotype-QUPC52. Howard and Hale reported that -(1,6)-
dextran-specific antibodies were observed particularly late. For example, at age
55 d, they represented only 10% of the amount of antibodies produced by 3-mo-

Fig. 33. Age dependence of PFC response and proliferation induced by NWSM.
Left panel, anti-inulin and antilevan PFC response after 3 d of stimulation of splenic
cells from Balb/c mice of various ages. Right panel, 3H-thymidine incorporation of
spleen cells from Balb/c mice stimulated for 3 d with NWSM. (From Bona C, et al. J
Immunol 1979;123:1484–1490.)
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old mice. This observation is supported by other observations in which the
response for -(1,6)-dextran was studied following immunization with B512
dextran and a six-sugar hapten, isomaltohexose, in which structure is homolo-
gous with the antigenic determinant of -(1,6)-dextran. Immunization of mice at
various ages from 1 d to 12 wk after birth showed that antidextran antibodies
after immunization with B512 dextran or isomamaltohexose-KLH conjugate
were not detected until the mice were 12 wk old.

The data reviewed in this chapter clearly demonstrate that there is a tempo-
rally ordered and sequential activation of the antigen-specific B-cell precursors
during fetal development and postnatal life that appears to be antigen-indepen-
dent. Several explanations can be put forth to support this concept.

First, the position-dependent rearrangement of the most proximal VH and V
gene families during B-cell development restricts the fetal and neonatal reper-
toire. Although this possibility should be considered for lack of antibody re-
sponses during the first week after birth, it cannot explain entirely the late
responses because the preferential expression of proximal VH gene families
after birth switch and normalize by d 7–14. In addition, this cannot explain the
usage of VK families, which does not follow the paradigm of position-depen-
dent expression of VH families, because in newborn mice the VK families lo-
cated in the center of the VK locus are highly expressed.

Second, the delayed ontogenic response can not be the result of induction of
tolerance because the precursors of B cells activated late after birth were de-
tected in fetal livers and in neonatal spleens by very sensitive methods such as
splenic focus assay. In addition, adoptive transfer experiments of cells from
newborns into irradiated adult mice showed, in the case of inulin-specific B
cells, that they can respond to antigen stimulus only several weeks after trans-
fer, a time corresponding to natural maturation in normal mice.

Third, the long ontogenic delay may be related to tolerization of immature B
cells by environmental antigens. This explanation is not likely, because
polysaccharide antigens that were present early in life did not induce tolerance
except when they were administered in very high doses. Furthermore, this can-
not explain the delayed response to haptens or to inulin, which are not natu-
rally present in environment.

Fourth, the delayed response cannot be related to maternal antibodies,
because the vast majority of antibodies specific for polysaccharides are IgM,
which does not cross the placenta.

Finally, the most plausible explanation is that an “internal clock” geneti-
cally programs the sequential acquisition of the neonatal repertoire by mecha-
nisms that are not yet understood.

It is of importance that these mechanisms be elucidated in the future, because
it would help to produce better vaccines for newborns and young children.
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6
Antibody Responses in Fetuses and Newborns

1. INTRODUCTION

The paradigm of neonatal unresponsiveness resulting from the immaturity
of the neonatal immune system and the high susceptibility to tolerance of new-
born lymphocytes was derived from an experiment carried out in mice. This
experiment showed that newborn mice injected with high numbers of alloge-
neic hematopoietic cells failed to reject the allograft (607).

This paradigm was challenged by findings generated from comparative
immunology studies demonstrating substantial differences among mammalian
species regarding the maturation of the immune system during fetal and post-
natal life.

In the case of the antibody response, mature B cells were identified in the
fetal liver during the last trimester of gestation and in the spleen and cord blood
after birth in some mammalian species such as rabbits, lambs, swine, cattle,
monkeys, and humans.

Accurate experimental and/or clinical studies demonstrated that in these
species, both fetuses and neonates were able to mount responses induced by
foreign antigens.

2. THE FETAL ANTIBODY RESPONSE IN MAMMALIAN
SPECIES

The demonstration of induction of an antibody response after fetal immuni-
zation was determined in species in which the transfer of maternal antigens is
impeded by placental structure. Simple surgical procedures permitted direct
immunization of the fetus or injection of antigens into the amniotic fluid.

Because these maneuvers are not feasible or ethically acceptable in humans,
the measurement of IgM and IgE antibodies, which do not cross the placenta, is
used to ascertain the fetal origin of antibodies in newborns from infected mothers.

2.1. Antibody Responses in Fetal Lambs

The fetal lamb frequently has been used as a model to study early develop-
ment of the immune response because the immune system reaches immuno-
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competence in the last trimester of gestation. The immune responses induced in
fetal lambs after in utero immunization can be considered authentic primary
immune responses because of the syndesmochondrial placentation structure that
prevents transplacental transfer of immunoglobulins from ewe to lamb. In fetal
lambs, immunization can be carried out either by direct injection of antigen into
fetal muscle (574,608) or following administration of antigen into the amniotic
fluid. It was shown that the latter route of immunization was particularly effi-
cient for genetic immunization and the induction of mucosal immunity (609)

In utero immunization of fetal lambs by intramuscular injection as early as
66–70 d into the 150-d of gestation period showed that the fetus is able to syn-
thesize large amounts of antibodies. The highest titers of antibodies were ob-
tained following immunization with bacteriophages, and slightly weaker
responses were observed after immunization with ferritin and ovalbumin. The
magnitude of the antibody response was not significantly different in fetuses
injected between d 70 and 120 of gestation. It is noteworthy that in this study no
antibody response was elicited after in utero immunization of fetuses with diph-
theria toxoid, Salmonella thyphosa, or Bacillus Calmette-Guèrin (BCG) (574).
In another study, Fahey and Morris showed that the antibody response against
various T-cell-dependent and -independent antigens could be induced at various
stages of gestation (608). Thus, antibodies specific for ferritin were detected at d
64; against chicken red blood cells, polymerized flagellin, and ovalbumin at d
72–76; against monomeric flagellin and dinitrophenyl (DNP)-conjugate at d 78;
and against chicken -globulin at d 82 of gestation. After 90 d of gestation, ani-
mals responded to all antigens tested, with the exception of the somatic antigen
of S. thyphosa. Interestingly, the lack of antibody response induced by fetal im-
munization with the somatic antigen of S. thyphosa was observed in experiments
carried out independently by two groups of investigators (574,608).

Fetal immunization by oral genetic immunization of fetal lambs was studied
using two model systems: (a) plasmids containing genes encoding hepatitis B
surface antigen (HBsAg), or (b) a truncated form of glycoprotein D of bovine
herpes virus-1 (BHV-1)—(gP) (608,609).

Oral immunization using DNA that encodes the BHV-1 gP protein injected
once into the amniotic fluid induced detectable amounts of gP-specific anti-
bodies in 80% of newborn lambs. It is important to note that this type of immu-
nization induced not only systemic immunity but also mucosal immunity as
assessed by viral shedding in newborn lambs challenged with BHV-l. More
importantly, this immunization method induced memory B cells, because a
strong anamnestic response was evident in 3-mo-old lambs challenged with
BHV-1 (610). Similar results were obtained with HBsAg. In this model, the
efficacy of intra-amniotic immunization with a plasmid encoding HBsAg was
compared to immunization with a recombinant purified HB surface protein.
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Whereas all lambs immunized at d 123 of gestation with plasmid demonstrated
protective antibodies, by comparison, 55-d-old lambs immunized with recom-
binant protein exhibited only a low titer of specific antibody (610).

A possible explanation for the efficient induction of mucosal immunity by
oral vaccination with naked DNA might be related to reduced turnover of
intestinal epithelial cells during gestation, which could allow for longer persis-
tence of the plasmid. The induction of mucosal immunity by fetal or oral
administration is an important observation relevant to vaccination against
enterotropic viruses or viruses causing infection of the respiratory tract.

2.2. Antibody Responses in Bovine Fetuses Infected With Leptospira

The ability of bovine fetuses to produce antibody was studied by injection
of an attenuated Leptospira strain into the placentome (composed of maternal
caruncle and fetal cotyledon) of 8- to 9-mo-pregnant cows (gestation period:
280 d). In this experiment, dams inoculated at 110 or 134 d of pregnancy
aborted their fetuses. However, fetuses of dams inoculated between d 134 and
168 of pregnancy survived. Fetuses, which survived the acute phase of infec-
tion, displayed agglutinating antibodies against Leptospira saxkoebing. In ad-
dition, plasma cells were found in fetuses examined 41 d after infection (611).
Because in the bovine, antibodies are not transmitted from mother to fetus, this
observation suggests that infection of the fetus in the late stage of gestation
may elicit a humoral antibody response.

2.3. In Utero Naked DNA Gene Transfer in Fetal Piglets Induces
Protective Immune Responses at Birth

B-cell lymphopoiesis during fetal development of piglets occurs in the bone
marrow at d 45 of gestation when in-frame V[D]J rearrangements reach 70%
(612). Similar to ovines and bovines, maternal immunoglobulins are not trans-
ferred to the fetus via the placenta. Fazio et al. recently showed that a single
intramuscular injection of a plasmid encoding HBsAg led to the production of
protective antibodies in 50% of 1-wk-old newborns and in 90% of 21-d-old
piglets (613). This result suggests that naked DNA can be transferred from
mother to fetus and is capable of stimulating B cells to produce antibodies in
the last trimester of pregnancy.

2.4. Antibody Responses Induced by Fetal Immunization of Baboons

Baboons exhibit close similarity to humans with respect to maternal–fetal
interactions and, like humans, only IgG antibodies are transferred via the pla-
centa. Watts et al. have shown that intramuscular injection of fetuses at d 90,
120, and 150 of gestation with Recombivax HBsAg induced the production of
protective antibodies in the fetuses but not in the pregnant mother (614). The
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antibody response was maintained after birth up to age 40 mo. This response
was significantly increased after virus challenge during neonatal life. This ob-
servation clearly demonstrated that fetal immunization primed B cells that were
considerably expanded by neonatal challenge.

Experiments on fetal immunization with antigens or naked DNA in some mam-
malian species, including nonhuman primates, demonstrate three major findings.
First, there are considerable differences among mammalian species regarding the
maturation of B cells during gestation. In species that exhibit early maturation of
the B-cell lineage, a fetal antibody response can be easily induced by injection of
the antigen into the fetus or by oral immunization. Second, the early exposure to
antigen during fetal life does not induce tolerance in the species mentioned above.
Finally, these data may open new avenues for the improvement of vaccination in
the case of vertically transmitted infectious diseases.

2.5. Antibody Responses in Human Fetuses Following Vertical
Transmission of Infectious Agents

Vertically transmitted pathogens such as HIV, herpes virus, hepatitis B virus,
Treponema pallidum, Hemophilus sp. Chlamydia, plasmodium, and toxo-
plasma are major causes of neonatal morbidity and mortality. However, the
immune response in human fetuses after parenteral intrafetal immunization or
infections with bacteria or viruses can not be studied because of ethical con-
straints. Currently, the presence of IgM or IgE antibodies in cord blood or
serum is used to assess fetal immune responses in humans. In humans, neither
IgM nor IgE cross the placenta.

The initial study suggesting a fetal immune response in humans was derived
from the cytological analysis of spleens from fetuses with congenital syphilis
or toxoplasmosis. The results of this study suggested that human fetuses are
immunologically competent, showing precocious development of lymphoid
organs and massive plasmocytosis (615). The plasma cell represents the termi-
nal differentiation endpoint of antigen-stimulated B cells. It should be men-
tioned that production of antibodies also was demonstrated in experimental
models of congenital syphilis in rabbits and guinea pigs. In these experiments,
it was shown that asymptomatic congenitally infected guinea pigs display, at
the first day after birth, high levels of antitreponemal IgM (616). Similarly, a
humoral response was noted in congenital syphilis in rabbits infected with the
Nicholas strain of T. pallidum (617,618). Anti-rubella, toxoplasma, and
cytomegalovirus (CMV)-specific IgM were found in babies born to mothers
infected with these infectious agents.

Mumps virus infection of pregnant women may induce virus-specific anti-
bodies and memory cells in the fetuses. This initially was shown in a study of
12 Eskimo children exposed to mumps virus during gestation. Exposure of the
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fetus to mumps virus evoked an immune response that persisted into childhood,
as assessed by induction of an anamnestic response (619). This study is relevant
because infection with mumps virus in the Eskimos population is very rare.

Acquired immune responses to the Plasmodium falciparum merozoite sur-
face protein-1 (MSP-1) antigen were described in infants born in an area of
stable malaria transmission in Kenya (620). The sensitization of fetuses results
from the accumulation of infected red blood cells at the interface between
maternal and fetal circulation, resulting in the adherence and sequestration of
infected red blood cells in the placenta (621). The induction of a fetal immune
response in congenital malaria may result either from the subsequent exposure
of the fetus to the malaria parasite or to soluble malaria antigens.

IgM specific for the MSP-1-derived peptide MSP–11–19, a vaccine candi-
date, was detected in the cord blood of 5.8% of newborns with congenital
malaria. In addition, anti-MSP-1 IgM and IgG were identified in the culture
medium of cord blood lymphocytes from 78% of newborns incubated with
MSP-1-derived peptide. It is noteworthy that no antibodies specific for liver
surface antigen LSA-1, an antigen expressed on the pre-erythrocyte hepatic
form of malaria, were detected in these children. The results clearly show that
some infants born in an area of coastal Kenya where malaria transmission is
stable were primed to MSP-1 in utero.

In utero sensitization of fetuses also was described in infants born to preg-
nant women with helmintic infections such as Schistosomiasis and filariasis
(622). The priming of fetuses with antigens derived from these parasites was
demonstrated by the presence of IgE antibodies specific for Schistosome and
filarial antigens in the sera of newborns, as well as in the culture supernatant
from cord blood lymphocytes stimulated with pokeweed mitogen, which is a
T-dependent polyclonal B-cell mitogen.

Transplacental immunization of fetuses also was described in the case of
pregnant women immunized with tetanus toxoid (623) and meningococcal
serotype A and C vaccines (624).

The capacity of the human fetus to produce antibody also was nicely illus-
trated in a rare case of in utero development of autoantibodies. This is the case
of a few clinical observations of severe jaundice in newborns in which, during
embryonic life, autoantibodies developed causing the hemolysis of red blood
cells (RBCs) that was manifested by increased serum levels of bilirubin and
reticulocytes, even without evidence of hemolysis (625).

These results taken together strongly suggest that human fetuses, during the
last trimester of gestation, have mature B cells that are capable of producing
antibodies against antigens borne by infectious agents or that are transplacen-
tally transmitted from mother to fetus. These findings may have practical im-
plications leading to new ways of vaccination during pregnancy.
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3. HUMORAL RESPONSES INDUCED IN NEWBORNS

 The high degree of susceptibility to infection in newborns and protection
against pathogens result from the presence of maternal antibodies. However,
in addition to a protective effect, maternal antibodies may hamper responses
early in ontogeny.

Previously, it was considered that the active immunization of newborns is
affected by the immaturity of lymphocytes and, in the case of B cells, by defec-
tive or incomplete signaling following ligation of the BCR.

More recent data showed that newborn infants and animals are able to pro-
duce IgM and, in certain cases, IgG and IgA upon antigen exposure. Thus, the
view of low competence or immune incompetence of newborns has gradually
changed, in spite of the fact that the antibody response may be low. Antibody
responses can be induced in neonates in certain conditions where there are
notable differences among mammalian species with respect to maturity of the
immune system during ontogeny.

3.1. Antibody Responses Induced in Newborn Mice

The ability of newborn mice to mount an antibody response depends on the
type of antigen used. The response to T-dependent antigens requires the pre-
sentation of peptides derived from the processing of antigens by antigen-pre-
senting cells (APCs), cognitive recognition of the major histocompatibility
complex (MHC)-peptide complex by T cells, recognition of the antigen by B
cells, and collaboration between T and B cells. The antibody response induced
by T-independent antigens TI-1 and TI-2 does not require MHC-class-restricted
presentation of antigen to T cells. However, the cytokines produced by T cells
or APCs may influence the magnitude of the antibody response in neonates.

The antibody responses of newborn mice are genetically programmed with
the sequential activation of clones specific for various antigens seen during
postnatal life.

Howard and Hale were among the first to show that, in certain conditions,
adult mice injected with small amounts of bacterial polysaccharides as new-
borns can mount an antibody response to that antigen (604).

Antibody responses against some T-independent antigens such as galactan,
levan, and lipopolysaccharide (LPS) can be induced after immunization of 1-
d-old mice. However, the magnitude of neonatal antibody responses elicited
by these antigens is 30–50% lower than the responses induced in adult mice
(586) (see Table 22). Antibody responses specific for phosphoryl choline and
T-dependent antigens such as phenyl arsenate and DNP and TNP conjugates,
can be induced only in 5- to 9-d-old mice (580–582,595). The unresponsive-
ness of neonates to TI-2 antigens can be restored by exogenous cytokine
administration. Thus, Snapper et al. showed that highly purified neonatal B
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cells that are defective for IgM secretion, in response to stimulation by anti-Ig
dextran conjugates, can synthesize IgM upon in vitro addition of CD40 ligand
or polyclonal activators such as a recombinant protein-Osp or E. coli LPS
(626). Neonatal B cells, compared to adult B cells, show a relative enhance-
ment in IgE and IgA synthesis. These results suggest that neonatal B cells are
competent to synthesize Ig in response to TI-2 antigens if adequate stimuli are
provided. Another report demonstrated that neonatal B cells are able to mount
an adult-like antibody response to TNP-Ficoll, a TI-2 antigen, after the addi-
tion of interleukin (IL)-1 and/or IL-6. Anti-TNP antibodies that are secreted by
neonatal B cells stimulated with TNP-Ficoll, IL-1, and IL-6 exhibit an avidity
similar to antibodies produced by adult B cells (627).

In vivo antibody responses specific for TNP-Ficoll (590) or type II pneumo-
coccus (628) can be elicited only in 2- to 3-wk-old mice. However, the immu-
nization of 1-d-old mice with these antigens must somehow prime the neonatal
B cells, because stimulation with LPS or monophosphoryl Lipid A can over-
come neonatal unresponsiveness and induce the differentiation of neonatal B
cells into antibody-secreting cells (629,630).

The antibody responses induced by the vast majority of proteins, with the
exception of flagellin, are T-dependent and cannot be induced in newborns.
However, immunization of animals with some proteins in the first weeks of
postnatal life can elicit an antibody response. An antibody response against
hen egg lysozyme (HEL) was elicited by the immunization of 7-d-old mice
with HEL in FCA. These mice displayed 1013±303 HEL-specific PFC com-
pared to 4717±2936 plaque-forming cells (PFCs) in adults. The expression of
idiotypes of HEL antibodies (IdXE), which is characteristic of the adult
response, also was present as early as age 10 d (459). Protective antibody

Table 22
Effect of the Parenteral Administration of Anti-Idiotype Antibodies
in 1-d-old Newborn Balb/c Mice

Amount of antibody given (μg) Levan-specific PFC/spleen %A48Id+ PFC

Saline 3600±0.125 (3977)a 6±3
0.01 3508± 0.123 (3218) 46±14
0.1 2855±0.218 (717) 65±17
1 2960± 0.127 (913) 73±20
10 2999±0.183 (997) 73±19

aMean ± SEM for log10 plaque-forming cell (PFC)/spleen, the geometric mean is in
parentheses.
Five mice were studied for each group. Mice were immunized with bacterial levan at
age 5 wk of age and the PFC response was measured 5 d after immunization.
Adapted from  ref. 634.
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responses against influenza virus type A also were induced by immunization
with purified hemagglutinin (HA) and neuraminidase (NA) coinjected with
IL-12 on the first day after birth. The mice immunized simultaneously with
soluble HA, NA, and IL-12 exhibited 100% survival after lethal challenge with
infectious influenza virus compared to those immunized with the antigens
alone. These mice produced higher levels of IgG1 and IgG2a antibodies. The
higher protection observed in mice immunized with soluble antigens and IL-12
at birth was antibody-mediated, as demonstrated by the lack of a protective
response in mice with B-cell deficiency resulting from a disrupted IgM gene
(631). In contrast, newborn mice immunized with the WSN strain of influenza
virus exhibited a long-lasting unresponsiveness manifested by a very low con-
centration of anti-HA antibodies at 30 and 90 d before and after challenge with
the virus (632). These observations suggest that cytokines such as IL-12 exhibit
an adjuvant effect on the response of neonates against influenza viral antigens.

The BCRs of neonatal B cells express idiotypes, which are the phenotypic
markers of V genes that encoding the antigen specificity of the BCR as well as
that of secreted antibodies.

Neonatal treatment with high amounts of anti-idiotypic antibodies induces
the suppression of clones bearing corresponding idiotypes (reviewed in ref.
49). However, neonatal treatment with minute amounts of idiotypic or anti-
idiotypic antibodies can select and expand silent clones, which are not
expressed during the immune response of adult mice.

Exposure of newborn mice to antibodies specific for Schisostoma soluble
egg antigen (SEA) led to expression of IdX at age 9 wk. These mice produced
significant SEA-specific IgG antibodies and showed prolonged survival after
infection with Schisostoma mansoni. In the serum of mice injected with IdX
anti-SEA antibodies as newborns, both idiotypes and anti-idiotypes were
detected (633). High levels of protective IdX antibody were explained by the
induction of anti-idiotype antibodies bearing an internal image of the antigen,
which led to expansion of the clones that shared similar idiotypes early in the
neonatal life. This explanation is strongly supported by demonstration of the
expansion of a silent clone following treatment with low doses of anti-idiotypic
antibodies. In these experiments, 1-d-old mice were injected with various
amounts of anti-A48 IdX antibodies. The A48 idiotype is expressed on the
ABPC48 levan-binding myloma protein but is not expressed on the antilevan
antibody produced by adult mice. The data presented in Table 22 show that
injection with 0.01–10 μg anti-A48IdX antibody after birth induced a strong
antilevan PFC response and that 46–73% of B cells that produce antilevan
antibodies displayed A48IdX. This response was levan-specific because the
injection of 1-d-old mice with anti-M384 IdX antibodies that recognized an
idiotype expressed on an LPS-binding myeloma protein did not induce an
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A48IdX+ antilevan antibody response (634). Similarly, injection of neonates
with a monoclonal anti-idiotypic antibody specific for the idiotype of a my-
eloma protein induced protection against myeloma cell growth that lasted until
adulthood (635).

These observations indicate that anti-idiotypic antibodies can function as
surrogate antigens and can stimulate the expansion and expression of clones
bearing a BCR that expresses the corresponding idiotypes. Long-lasting
responses into adulthood suggest the induction of memory cells.

3.2. Antibody Responses in Newborn Rabbits
In rabbits, immune competence develops gradually over the first weeks of

postnatal life. However, splenic B cells from 1-d-old mice are strongly stimu-

Table 23
Concentration of Anti-HA Antibodies Produced by Mice
Immunizedas Adult or Newborn With a Plasmid Containing WSN
Influenza Virus Hemagglutinin

Anti-HA antibodies
Age of mice Immunization Before boost 7 d after boost

Newborn

Saline <0.1a (30 d) 42±10
WSN virus 0.1±0.1 (30 d) 2.2±0.3
pCb <0.1 (30 d) 48±12
pHAc 0.5±0.18 (30 d) 55±17.5
WSN virus 0.2±0.05 (90 d) 3.3±0.06
pHA 2.0±1.2 (90 d) 30±27

Adult

Saline <0.1 35.6±11.4
WSN virus 33.6±11.4 (30 d) 273±21.6
pC 0.2±0.3 (30 d) 51±28
pHA 9.8±3.9 (30d) 118±58
pHA 0.28±03 (90 d) 266±28.8

a(μg anti-HA antibodies/mL; in parentheses the day of bleeding after completion of
the immunization.

bEmpty plasmid (control).
cPlasmid expressing WSN influenza virus hemagglutinin under the control of SV40

promoter.
Immunization was carried out as follows: i.p with 10 μg purified WSN virus; i.m.

with 100 μg/mouse pC or pHA three  times on d 1, 3, and 6 after births in the case of
newborn mice and on d 0, 21, and 42 in the case of adult mice.

Adapted from ref. 632.
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lated by antiallotype antibodies and are able to produce immunoglobulins upon
in vitro stimulation with NWSM, a polyclonal B-cell mitogen (273). The level
of NWSM-induced synthesis of immunoglobulin by 1-d-old splenic B cells is
25% of that produced by 12-mo-old animals (274). This result is in agreement
with other observations that show anti-DNP IgG production within 12 h of
birth. Isoelectric focusing analysis of anti-DNP antibodies obtained 8 d after
immunization of neonatal rabbits with DNP-bovine gamma globulin (BGG)
conjugates in saline, Freund’s incomplete adjuvant (FIA), or FCA showed
unique monoclonal or pauciclonal pattern differences in individual rabbits. This
pattern was maintained for several weeks until a boost with antigen was per-
formed that caused a more heterogeneous response (636). These data indicate
that newborn rabbits possess a large set of V genes that encode DNP-specific
antibodies but that neonates differ from adults in their capacity to express a
complete genetic repertoire for antibody diversity.

3.3. Antibody Response Development in Newborn Piglets

The immune responses of newborn piglets differ from other species, because
piglets receive no maternal antibodies, and, therefore, at birth they are free from
maternal protective factors. Butler et al. carried out interesting studies aimed at
testing whether precosial newborn piglets can respond to a T-dependent (TD)
antigen, such as FL-KLH, or a TI-2 antigen, such as TNP-Ficoll (637). The re-
sults of this study suggest that bacterial colonization of the gastrointestinal tract
results in a substantial increase of follicles in Peyer’s patches and is associated
with an increase of antibodies specific for the two antigens studied. The amount
of antibodies generated depended on the nature of the colonizing bacteria.

Colonized piglets immunized at d 3 with FL-KLH exhibited a modest pri-
mary response by d 10, which was considerably increased 1 wk after chal-
lenge. No increase in anti-TNP antibodies was noted after booster
immunization with TNP-Ficoll at age 4 wk (637). The antibody response ob-
served only after bacterial colonization of piglets is probably because of pro-
duction of costimulatory molecules by macrophages and dendritic cells; by
ligation of Toll-like receptors such as TollR2 and TollR4 by LPS, lipoprotein,
and peptidoglycan; or by ligation of TollR9 by bacterial DNA that is rich in
CpG motifs.

3.4. Infant B-Cell Responses

At birth, human newborns have a full repertoire of antigen-specific B cells
in the bone marrow. However, the maturation of B-cell responses occurs gradu-
ally during the first years of life. The human newborn is able to produce IgM
and even IgG and IgA at low concentrations. In vitro polyclonal activation of
neonatal B cells with Staphylococcus aureus Cowan I or Epstein–Barr virus
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induces the synthesis of small amounts of IgM. Stimulation with pokeweed
mitrogen (PKM) induces the production of IgM but not IgG, in spite of the fact
that PKM is a T-dependent polyclonal activator (638). In contrast to B cells
from adults, peripheral blood lymphocytes (PBL) from cord blood did not dif-
ferentiate into antibody forming cells upon culturing with type 4 pneumococ-
cal polysaccharide (639).

Because of ethical considerations, there is no information in human new-
borns and infants on antibody responses induced by immunization with foreign
antigens, except the responses elicited by vaccines. This information will be
presented and analyzed in Chapter 12.

4. ANTIBODY RESPONSE OF NEONATES ELICITED
BY SOMATIC TRANSGENE IMMUNIZATION WITH PLASMIDS

Genetic immunization represents a new and appealing approach to induce
antibody responses in newborns and infants. It based on two important find-
ings: (a) the demonstration that a reporter gene ( -galactosidase) engineered
into a plasmid is transcribed and translated in tissues at the site of injection
(640), and (b) injection of mice with a plasmid containing the bovine growth
factor hormone gene resulted in the production of antihormone antibody (641).

We first demonstrated that, in contrast to the inability of an inactivated
influenza vaccine to induce a cytotoxic T lymphocyte (CTL) response in neo-
nates, immunization of 1-d-old mice with a plasmid containing the influenza
virus nucleoprotein (NP) gene (bearing epitopes recognized by T cells in asso-
ciation with MHC class I molecules) generated CTL activity comparable to
that of adult mice injected with the same dose of plasmid. The cytotoxic activ-
ity was related to an expansion of CTL precursors as assessed by measuring
pCTL frequency 1 mo after immunization (642).

Our pioneering study stirred interest in the use of genetic immunization for
the induction of humoral immune responses in newborns. Thus, it was shown
that the immunization of mice after birth with a plasmid that encodes the full-
length rabies virus glycoprotein (gP) under control of the SV40 promoter
developed higher antibody responses compared to mice immunized with the
empty plasmid. The majority of anti-gP antibodies were of the IgG2a isotype,
indicating the participation of T cells known to be required for Ig class switch-
ing (643). Induction of antibody responses in newborn mice induced by ge-
netic immunization with a plasmid containing influenza virus HA gene (pHA)
also was demonstrated.

Antibodies against HA and NA have been shown to confer protection against
influenza virus. Anti-HA antibodies prevent the HA-mediated binding of the
virus to the sialoprotein receptor of host cells and subsequent fusion of the
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virion with the plasma membrane. Meanwhile, anti-NA antibodies inhibit the
enzymatic activity of NA, thereby preventing the cell-to-cell spread of virus.

HA-specific neutralizing antibodies are thought to play the major role in
immunity to influenza virus. The induction of the HA-specific antibody
response was studied in newborn Balb/c mice injected with an empty plasmid
(pC) or with a plasmid containing the HA of influenza virus WSN strain (pHA).
The antibody response was assessed by measuring the hemagglutination inhi-
bition (HI) titer and by radioimmunoassay (RIA).

The majority of adult mice immunized with pHA displayed high HI titers at
1 and 3 mo after immunization and no detectable antibodies after 9 mo, corre-
sponding to clearance of the plasmid from the site of injection.

In the case of mice immunized with pHA as newborns, high HI titers were
observed in 75% of mice at 1 and 3 mo after immunization. Newborn mice
immunized with pC and then challenged with WSN virus showed titers compa-
rable to adult primary responses, whereas mice immunized with pHA exhib-
ited titers characteristic of a secondary response (Table 23). These results
demonstrated that, in contrast to adult mice immunized with WSN or with pHA
that developed vigorous primary and secondary responses, mice immunized as
neonates failed to mount an anti-HA antibody response after challenge with
WSN virus. Strikingly, neonates immunized with pHA developed a weak pri-
mary response but exhibited a strong secondary response subsequent to chal-
lenge with virus (644).

These findings suggest that the immunization of neonates with pHA primed
the B cells and induced B-cell memory. This concept was supported by two
additional groups of findings: (a) the isotype pattern of the secondary response
of mice that were immunized as neonates and adults was quite similar and was
characterized by the predominance of IgG2a and IgA antibodies, with the
exception of an increased concentration of IgG1 anti-HA antibodies in mice
that were immunized as neonates with pHA; and (b) the percentage of survival
of mice immunized with pHA as neonates or adults and challenged with a lethal
dose of live virus was similar (644).

Analysis of the reactivity pattern of HA-specific clonotypes for six different
strains of influenza (H1N1) that were obtained by spleen focus assay from
mice immunized as neonates or adults with WSN virus or pHA showed very
interesting results.

The immunization of adults with virus or pHA increased the frequency of B-
cell clonotypes with a broad reactivity pattern. In sharp contrast, whereas the
immunization of neonates with live virus induced a long-lasting unresponsive-
ness and the few clones stimulated in vitro produced only antibody specific for
WSN, immunization with pHA led to the occurrence of clonotypes displaying
an adult-like pattern of reactivity (632,644).
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The most striking observation comes from studies of neonatal DNA immu-
nization and consists of an early shift of the neonatal repertoire toward the
adult repertoire, as assessed by a broader reactivity pattern of B-cell clonotypes.

This is surprising, because it is known that the restricted neonatal B-cell
repertoire results from position-dependent utilization of the J-proximal VH gene
family, exhibits shorter CDR3 length, lacks N-region diversity, and has a low
rate of somatic mutation compared to adults. This may be related to increased
receptor editing or revision. An antibody response was induced in newborn
mice immunized with plasmids containing measles virus HA, Sendai virus NP,
and tetanus toxoid C fragment (645).

Monteil et al. have studied IgG-specific antibody responses following immu-
nization of 1-d-old piglets with a plasmid containing the gP gene of pseudora-
bies virus followed by boosting on day 42 (646). After the boost, the piglets
developed medium levels of IgD-specific antibodies that exhibited virus-neu-
tralizing activity in vitro. Furthermore, they developed an anamnestic response
after challenge at day 115. However, in spite of the fact that the animals pro-
duced antibodies, no protection was observed after challenge. This may be re-
lated to the low expression of gP protein after intramuscular injection of plasmid.

Successful humoral responses were elicited by genetic immunization of new-
born nonhuman primates. Thus, in chimpanzees immunized at birth with a plas-
mid containing the hepatitis B surface antigen, a transient increase of antibody
titer was observed between d 12 and 20 after immunization. An increase in anti-
body titer, which was long lasting, was observed after challenge at 33 wk with
100 CID50 of Hepatitis B virus (HBV) (647). From this study, it was concluded
that DNA-based genetic immunization was able to induce a protective anti-HBV
response in newborn chimpanzees. Significant levels of antibodies also were
detected in chimpanzees immunized after birth with a plasmid containing the
HIV gag/pol genes. Antibody responses were evident as early as 4 wk after
intramuscular and intravaginal delivery of plasmid. It is noteworthy that the se-
rum titers of antibodies in infant animals were comparable to the serum level of
antibodies of adult animals immunized with the same construct (648).

Similar results were obtained after neonatal immunization of baboons with
a plasmid that encoded the type A influenza virus HA. HA-specific antibodies
were detected by ELISA at 28 d after immunization, and by both ELISA and
HI at 2 and 3 mo after immunization. It is important to note that the immuniza-
tion of newborn baboons with 50μg UV-inactivated virus did not elicit anti-
body production (649). The induction of memory cells was demonstrated by
challenge of 18-mo-old baboons immunized with virus as neonates , resulting
in an increased titer of IgG1 anti-HA antibodies. This finding demonstrated
that genetic immunization of newborn baboons triggered long-lasting immune
memory that persisted beyond infancy (650).
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These findings question the paradigm of neonatal tolerance because of the
immaturity of B cells, which are more susceptible to antigen deletion or anergy.

Several factors may explain neonatal immune responsiveness to genetic
immunization. First, transfected cells secrete small amounts of antigen. It is
well known that the induction of peripheral tolerance in neonates requires large
amounts of antigen (“high-dose tolerance”) and that central tolerance (deletion)
requires the recognition by B cells of antigen expressed at the surface of so-
matic cells, including the antigen-presenting cells. Second, genetic immuniza-
tion results in the long persistence of antigen. This ensures the priming of newly
emerging cells from the bone marrow and eventually the generation of memory
cells, as illustrated by good anamnestic responses after challenge. Finally, neo-
natal immune responses may result from the intrinsic adjuvant activity of plas-
mids that are rich in CpG motifs. The binding of CpG-rich DNA to TollR9 may
trigger signaling pathways, thereby circumventing the limiting number and im-
maturity of B cells. This also can increase the synthesis of GM-CSF, IL-12, and
interferon types I and II, which have an adjuvant effect, and enhance the reac-
tivity and maturation of B cells in neonates (reviewed in ref. 651).
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7
Effect of Maternal Antibodies on Neonatal
B-Cell Response

1. INTRODUCTION

Mammalian embryos usually develop in a sterile environment because the
placenta is impermeable to most macromolecules that are present in maternal
blood. However, immunoglobulins (Igs), in particular the IgG fractions, are
exceptional, because they can be transferred from mother to fetus through the
placenta. After birth, IgGs along with secretory IgA (sIgA) and lactoferrin can
be transferred to the nursing infant through breast milk.

Maternal antibodies transferred through these routes have three major effects
on the neonatal immune system. First, they confer a naturally acquired passive
immunity. This effect is beneficial during the earliest periods of life when,
because of incomplete ontogenetic expression of certain B-cell clones, the
immune system is not completely mature and antigen specificities are not com-
pletely developed. These maternal antibodies confer protection against those
viruses and bacteria that previously had infected the mothers. Circumstantial
evidence, such as the devastating effects of the mumps virus infection in an
Eskimo population that was previously naïve to mumps, strongly supports the
importance of maternal antibodies in the prevention of some infections. If the
level of maternal transmitted antibodies decreases before the child’s immune
system is able to produce sufficient amounts of protective antibodies, then the
susceptibility of such infants to infections will increase.

A second important effect of maternal antibodies is their ability to interfere
with vaccinations aimed at inducing an immune response in infants. In ani-
mals, maternal antibodies were found to completely abrogate humoral
responses, and in humans, maternal antibodies were shown to inhibit the in-
duction of responses to both live vaccines, such as those for measles and polio-
myelitis (652,653), and inactivated vaccines, such as those for pertussis (654),
diphtheria, and tetanus toxoid (655–657). These inhibitory effects of maternal
antibodies result from formation of immune complexes between antibodies and
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vaccine that are rapidly cleared from circulation by the reticuloendothelial sys-
tem. The antigen in the immune complexes is degraded, and the B-cell-specific
epitopes can no longer be recognized by B cells. However, the degradation of
antigen in professional antigen-presenting cells (APCs) may generate peptides
that can activate T cells. This explains how maternal antibodies can inhibit
neonatal humoral responses without blocking T-cell-mediated responses.

Finally, maternal antibodies can exhibit a regulatory effect on the develop-
ment of the B-cell lineage through either longlasting suppression or priming of
B cells. In the following sections, these three major functions of maternal anti-
bodies are more thoroughly described.

2. TRANSFER OF MATERNAL ANTIBODIES
TO FETUS AND NEWBORN

Maternal antibodies are transferred through the placenta and milk to the fetus
and the newborn infant. There are important differences among mammalian spe-
cies in how such transfer occurs. In humans, guinea pigs, rabbits, and rodents,
the maternal IgG are transferred to fetus through the placenta; meanwhile IgA
and smaller amounts of IgG and IgM are transferred through colostrum and milk.

In humans, IgG1, IgG3, and IgG4 are transferred more efficiently than the
IgG2 subclass. These transfers are active processes mediated by Fc receptors
(FcRs) located on fetal syncytiotrophoblast cells, which bind to Fc fragments
of IgG. Those FcRs that mediate placental transfer are called neonatal FcRs
(FcRns) and are heterodimers composed of an -chain homologous with HLA
class I molecules that are associated with 2-microglobulin (658). The FcRn
recognizes isoleucine at position 253 and histidine at positions 310 and 435 at
the interface of the CH2 and CH3 domains of the Fc fragment of IgG (659).
The FcRn binds IgG with relatively high affinity at an acidic pH but with low
affinity at a neutral pH. This property is important in the mechanism of
transcytosis of IgG from mother to fetus. Maternal IgG is taken up by the tro-
phoblast through fluid-phase pinocytosis. Pinocytotic vacuoles move toward
apical vesicles, which have an acidic pH that favors the binding of IgG to the
FcRn. Because each IgG molecule binds to two FcRns, the vesicles contain
dimers (IgG FcRn2). The vesicles then fuse with the basal membrane of the
syncytiotrophoblast and are exposed to a neutral pH, which causes the disso-
ciation of IgG from the FcRn, allowing IgG to enter the fetal circulation (658).
In the human fetus, the placental transfer of IgG becomes evident around the
24th wk of gestation and increases exponentially during the second half of
pregnancy. At birth, the fetal blood level of IgG (15 g/dL) tends to exceed that
in the mother (13 g/dL) (660). After birth, maternal antibodies are transferred
in colostrum and later in milk. The major subclass of milk Ig is represented by
sIgA, whereas IgM and IgG are present in minute amounts. In adults, the
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majority of sIgAs are synthesized in the gut- and bronchus-associated lym-
phoid tissue systems. Thus, maternal antibodies transferred through milk pro-
tect against the pathogens found in gut flora such as Escherichia coli, vibrio
cholerae, Shigella, Camphylobacter, and eventually against some parasites
such as Giardia.

Milk sIgA is relatively resistant to enzymatic degradation, particularly dur-
ing the colostrum feeding period when the gastrointestinal protease enzymatic
system is not well developed. In human colostrum, IgA is the dominant sub-
class and sIgA represents over 90% of all the Ig that is present. In human milk,
the level of sIgA is around 11 g/L, varying between 6 and 40 g/L, whereas the
concentration of IgG is around 0.4 g/L and that of IgM is 0.3 g/L. In milk, the
content of IgA decreases drastically to 0.5 g/L. The mechanistic details of sIgA
transfer are poorly understood.

In addition to Ig, maternal lymphocytes can be transferred to newborn
mice through milk. This was clearly demonstrated in a study using B-cell
deficient mice. When foster-nursed on normal mothers, the B-cell deficient
pups showed a partial reconstitution of the B-cell compartment in the spleen
and bone marrow (661).

In other mammalian species such as ruminants (e.g. cows, horses, sheep,
and goats), maternal antibodies are not transferred via the placenta, and the
offspring are born virtually without antibodies. In these species, the maternal
antibodies are provided in the colostrum. Cows secrete colostrum for the first 7
d after delivery. Over 90% of colostral Ig are IgG, and the major subclass is
IgG1. Similarly to humans, in pigs and horses, the transition from colostrum to
milk-feeding of newborns is associated with a shift from IgG to sIgA.

Although IgG1 and IgG2 are present in equal concentration in ruminant
blood, only the IgG1 subclass is transported from blood through mammary
tissue to colostrum. IgG1 is transferred via alveolar epithelial cells. In sheep,
this process is augmented 2–3 wk before parturition.

Apparently, the FcRn mediates the transfer of IgG1. The transcript of the -
chain of the FcRn was detected in the acinar and ductal epithelial cells of the
mammary gland before parturition and for 1 to 5 d postpartum, corresponding
to the time of secretion of colostrum (662). The expression of a FcRn chain
correlates with expression of the 2-microglobulin gene in rats (663,664).
These findings suggest that in ruminants, IgG1 may bind to the FcRn at the
basal side of acinar epithelial cells and then is transferred to the luminal side
for secretion into the colostrum and later into milk.

In newborns, the IgG from the ingested colostrum is transported across the
intestinal wall and enters circulation. FcRns are expressed at high levels in
intestinal epithelial cells of suckling mice, and this receptor is completely lost
at the time of weaning (665). It probably plays a role in the transport of IgG
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during the first 24 h after birth. For example, in newborn lambs the FcRn is
expressed by intestinal crypt cells that contain IgG1 at their apical surfaces
(662). This observation suggests that in ruminants, the FcRn expressed on epi-
thelial cells selectively binds IgG1 and transports it into the intestinal lumen.
In other mammalian species, such as dogs, cats, and rats, the maternal antibod-
ies are transferred through both the placenta and milk. In milk of these species,
IgG is a major component of colostrum, whereas sIgA is a minor component.

3. THE EFFECT OF MATERNAL ANTIBODIES ON B-CELL
DEVELOPMENT

The generation of mice with a targeted mutation of the μ gene provided an
excellent tool to investigate the effect of maternal IgG on development of the
B-cell lineage. Such studies were carried out on homozygous μMT/μMT mice
produced by mating of heterozygous μMT/+ females to μMT/μMT or μMT/+
males. The F1 progeny originated from either Ig+ or Ig– mothers. As expected,
F1 progeny born to Ig+ mothers had detectable amounts of IgG until 42 d after
birth, with a linear decay from d 21 to 25 corresponding to the 7-d half-life of
IgG. These mice contained two- to threefold more bone marrow pre-B cells
and B cells than did pups born of Ig– mothers. F1 mice born of Ig+ mothers also
displayed a decreased number of IgM-producing plasma cells and lower serum
levels of IgM (666).

These observations suggest that maternal IgG has two different quantitative
and qualitative effects on the development of B-cell lineage in newborns. First,
there is an increased generation of pre-B cells (and subsequent mature B cells).
Second, there is a decreased number of IgM-producing plasma cells, with low-
ered circulation of IgM. Because maternal IgG stimulates the expansion of pre-
B cells that are devoid of a B-cell receptor (BCR), it appears that the IgG effect
may result from interaction with the VpreB/ 5 protein complex. Maternal IgG
does not affect the VH gene family usage and has no effect on CDR3 diversity
(667), indicating that maternal IgG does not influence B-cell repertoire devel-
opment of the offspring.

4. PROTECTIVE CAPACITY OF MATERNAL ANTIBODIES

Numerous experimental findings in animals and clinical observations in
humans demonstrate clearly that the maternal antibodies provide protection
against infectious agents after birth. This concept is best exemplified by the
enhancement of natural passive immunity subsequent to maternal immuniza-
tion against pathogens that cause life-threatening diseases during the first
months of life. Indeed, immunization during pregnancy confers protection for
women of childbearing age as well as their offspring. The protective capacity



Maternal Antibodies 163

of maternal antibodies requires persistent high antibody titers, which may be
transferred to the fetus through the placenta or to the newborn and infant
through the colostrum or milk. Although maternal IgG and IgA antibodies that
are elicited by T-dependent antigens protect newborns and infants, maternal
IgM antibodies that are elicited by microbial polysaccharide T-independent
antigens are not protective. IgM antibodies are not transferred through the pla-
centa because the syncytiotrophoblast lacks an IgM receptor that could medi-
ate transcytosis, and the IgM antibodies transferred in milk have a very short
half-life of 1–2 d. This explains the high incidence of otitis, meningitis, and
pulmonary infections in human infants caused by bacteria such as Streptococ-
cus pneumoniae, Neisseria meningitis, or Hemophilus influenzae.

The protection conferred by maternal antibodies depends on their persis-
tence in the fetus, newborn, and infant. Figure 34 shows the effect of transpla-
centally transmitted maternal antibodies on fetal survival subsequent to vertical
transmission of infectious agents and the protection and/or attenuation of sys-
temic and gut infection by antibodies transmitted to newborns or infants
through milk. Thus, maternal immunological experience and memory is essen-
tial for the survival of vertebrate species during the early periods of life, when
the immune system of the offspring is not completely developed and is unable
to generate the T cells required for the production of long-lived neutralizing
antibodies and protective responses.

Passive immunity acquired either transplacentally or through milk has been
demonstrated in various animal models. For example, administration to preg-
nant mice of a rabbit antibody to Sip recombinant protein of group B strepto-
cocci or immunization with the purified Sip protein itself protected the newborns
against a lethal challenge with group B streptococci. Detectable levels of Sip-
specific antibodies were present 64 d after challenge in the sera of offspring
born to dams that were immunized with recombinant Sip protein. This finding
suggests that maternal antibodies generated after vaccination crossed the pla-
centa and persisted long enough in the infant sera to confer protection (668).

This result is important, because it suggests that maternal immunization may
represent a method of prevention against infections caused by group B strepto-
cocci. These bacteria are the most frequent cause of fulminating sepsis and
meningitis in the first 2 mo of life and of chorioamnionitis and urinary tract
infections in pregnant women. There are also several observations demonstrat-
ing maternal antibody-mediated protection against viral infections. For
example, the immunization of dams with rotavirus serotypes protected suck-
ling mice against diarrhea caused by challenge with homotypic or heterotypic
rotaviruses. The protection correlated with the titer of antibodies, which was
elevated 15- to 80-fold by immunization of dams with virus and Freund’s com-
plete adjuvant (FCA) (669).
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The infection of newborn mice with influenza virus is associated with severe
morbidity manifested by pneumonia and high mortality occurring 2–8 d after
infection. In mice, as in other species, antihemagglutinin (HA) antibodies that
inhibit hemagglutination are protective. Protective anti-HA antibodies are
transferred from mother to newborn mice by breastfeeding (670). In mice born
to dams immunized with influenza virus, these antibodies inhibit viral shed-
ding from the nasal mucosa, block desquamation of the tracheal epithelium,
and prevent development of pneumonia after challenge with virus.

Ferrets also are highly susceptible to influenza virus infection. Newborn
ferrets infected with influenza virus die from severe obstruction of the airways
and pneumonia. However, newborn ferrets were protected against infection
with influenza virus by colostral- and milk-derived antibodies after suckling
on mothers that had been immunized with either killed influenza virus vaccine
(671–673) or a live vaccinia-influenza virus HA recombinant (674). On the
other hand, ferrets born to mothers immunized with vaccinia-influenza virus
neuraminidase, polymerase, matrix protein, nucleoprotein, or nonstructural
proteins were completely susceptible to viral infection, which means that only
anti-HA antibodies are protective against lethal infections in newborn ferrets.

In mammalian species lacking transplacental transfer of antibodies, colos-
trum antibodies protect the newborn against microbial pathogens. In the case
of newborn calves and pigs, the transfer of maternal antibodies via the colos-
trum within 12 to 24 h after birth is essential to survival. In these species,
hyperimmunization of dams has proved to be efficient in protecting the new-
borns. For example, neonatal calves were protected against Cryptosporidium

Fig. 34. Relationship between maternal antibodies transferred via the placenta or
milk and the protection of offspring.
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parvum by colostrum antibodies (675); vaccination of pregnant sows protected
newborn pigs against ETEC K88-induced diarrhea (676); and vaccination of
mares with inactivated rotavirus vaccine protected horse foals against rotavirus-
associated diarrhea (677).

There is a large body of evidence that immunization during pregnancy also
provides protection to human newborns and infants. For example, vaccination
of pregnant women with tetanus toxoid elicits IgG-specific antibodies, which
cross the placenta and were detected at high concentrations in infant cord blood
(678). These antibodies protect both the neonates against tetanus neonatorum
and the mothers against puerperal tetanus (679). The role of colostrum anti-
bodies in the protection of newborns and infants was clearly demonstrated in
epidemiological studies, which showed that breast-fed infants had significantly
less illness than bottle-fed babies during the first year of life (680).

H. influenzae and S. pneumoniae are microbes that cause severe acute otitis,
meningitis, and lower respiratory tract infections in early childhood. Maternal
immunization with Hib vaccine protects children against these organisms
because high amounts of antibodies are transferred across the placenta and—
after birth—through the milk (681). High titers of antibodies were found in
infants delivered 2 wk or longer after maternal vaccination (682). The inci-
dence of H. influenzae in the throats of breast-fed babies is much lower than in
bottle-fed infants. These observations explain why breast-fed children are pro-
tected against pneumonia during the first months of life.

The immunization of women in the third trimester of pregnancy with 23-
polyvalent pneumococcal vaccine safely induces a modest increase of antibod-
ies that could be transferred to the infant. Increased IgA-specific antibody
concentrations in milk could significantly reduce serious infections during the
first month of life. This was clearly shown in Papua, New Guinea, where ma-
ternal immunization reduced infant mortality caused by S. pneumoniae (683).
However, the acquisition of maternal antibodies does not reduce the overall
frequency of carriers of bacterium.

Respiratory syncytial virus (RSV) causes serious respiratory disease in chil-
dren and leads to serious morbidity in children with cystic fibrosis. Maternal
antibodies may modify the severity of illnesses caused by RSV in the first
month of life, especially in infants born to mothers with high levels of neutral-
izing anti-Fusion protein antibody (684). Because 75% of infants with lower
respiratory tract RSV infection are younger than age 5 mo, maternal immuni-
zation with a RSV vaccine may be more efficient than passive immunization
with IgG anti-RSV antibodies.

Maternal antibodies may also protect against vertically transmitted infec-
tions. In the case of HIV, the rate of transmission from mother to child varies
between 30 and 65%. Analysis of epitope specificity of maternal anti-HIV
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antibodies suggested that anti-gp120 and anti-gp41 antibodies correlated with
the uninfected status of children born from seropositive mothers (685,686).
For example, in the case of gp120, antibodies specific for epitopes of the
hypervariable loop of the PB1 region were exclusively found in the sera of
mothers who gave birth to uninfected children (685). It is well-known that the
envelope glycoprotein gp120 plays a crucial role in the binding of virus to CD4
T cells and, therefore, in the mechanism of infectivity. The presence of mater-
nal antibodies that are specific for epitopes of the hypervariable loop of gp120
in the sera of both HIV-infected mothers and their uninfected children suggests
that such antibodies may block the spread of HIV from mother to fetus. Other
maternal antibodies that were specific for a C-terminal epitope of gp41 protein
also correlated with a lack of vertical transmission of HIV-1 (686). The con-
centration of anti-HIV-1 maternal antibodies transferred to children showed an
exponential decay. The half-life of passively transmitted anti-HIV-1 antibod-
ies was 23.1± 4.2 d, with a median clearance of 13.3 mo (687).

Cytomegalovirus (CMV) is the most common cause of congenital infection in
humans, followed in some cases by permanent neurological sequelae. The infec-
tion of humans and other species with CMV can elicit neutralizing antibodies
specific for viral glycoprotein B (gB). However, high levels of maternal anti-gB
antibodies were found in infants with or without neurological sequelae; this indi-
cates that the natural course of congenital infection is not modified by anti-CMV
antibodies (688). Also, in guinea pigs infected with guinea pig CMV (GPCMV),
high titers of anti-gB antibodies developed, but these were unable to completely
prevent maternal viremia, placental infection, and pregnancy loss (689).

Taken together, the findings described in this section indicate that maternal
immunization leading to transfer of antibodies from mother to fetus and new-
born has a beneficial effect on the immune reaction against bacteria, viruses,
and parasites during the first few months of life, when the immune system is
not completely mature. The fundamental function of maternal antibodies is to
prevent or attenuate infections and, based on the mother’s immunological
experience, represents a physiological, passive vaccination. The effect of ma-
ternal antibodies on vertically transmitted, congenital infections is variable,
depending on the nature of the microbe and on the contribution of cellular
immune responses to defense reactions. Figure 35 illustrates the protective
effect of maternal antibodies on fetal and newborn defense reactions.

5. INFLUENCE OF MATERNAL ANTIBODIES ON THE IMMUNE
RESPONSE INDUCED BY ACTIVE IMMUNIZATION
OF NEWBORNS AND INFANTS

Although maternal antibodies play a crucial role by passively protecting
newborns and infants against various microbes, the presence of maternal anti-
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bodies may interfere with active immunization of infants by foreign antigens
and vaccines (690). The inhibitory effect of residual maternal antibodies at the
time of immunization, coupled with their decline over time, may make infants
more susceptible to bacterial, viral, or parasitic pathogens.

The inhibitory effect of maternal antibodies was initially related to preven-
tion of the activation of B cells by antigens resulting from the formation of
immune complexes, which are rapidly cleared and degraded by cells of the
reticuloendothelial system (691). This concept was supported by an experi-
ment in adult rabbits that showed that passive administration of anti-Fab or
anti-Fc antibodies 1 h and 7 d after injection of rabbit IgG had an
immunosuppresive effect on antibodies specific for Fab and Fc determinants
without affecting the response against unrelated antigens. These results also
showed that the inhibition was at the level of antigenic determinants rather
than the entire molecule (692).

Fig. 35. Protective role of maternal antibodies transferred to fetus and newborn.
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The inhibitory effect of maternal antibodies was also observed in suckling
mice. For example, the injection of IgG1 anti-hen egg lysozyme (HEL) mono-
clonal antibodies during the last days of pregnancy (–1 or –7) or 24 h after giv-
ing birth inhibited the HEL-specific antibody responses elicited by immunization
with HEL that was emulsified in FCA in the offspring at ages varying from 2 d
to adulthood (693). The suppression of the anti-HEL response was not related to
epitope specificity, dysregulation of the idiotype network, or Fc-mediated sup-
pression. More likely, the suppressive effect in the offspring was related to a
high interactive reaction with B-cell clones during sequential programmed
development of the repertoire. Another example of the inhibitory effects of ma-
ternal antibodies on immune responsiveness was provided by an experiment car-
ried out in 2-wk-old mice injected with serum from mothers that had been
immunized with tetanus toxoid. Whereas immunization of control mice gener-
ated specific anti-tetanus toxoid antibodies, the immunization response of pups
that had been previously injected with maternal antibodies was reduced, and the
reduction was dependent on the titer of the maternal antibody (694). Other stud-
ies showed low antibody responsiveness to immunization with rabies and Sendai

Table 25
Effect of Maternal Antibodies on Anti-HA Antibody Response, Virus Lung Titer,
and Survival After Challenge of Offspring Born to Dams Immunized With WSN
Virus or a Plasmid Containing Influenza Virus Hemagglutinin Gene (pHA)

Progeny Age at time Challenge
 from dams  of offspring HIa antibody titer with 7 d after WSN virus
 immunized with immunization Preimmunization immunization Lung titerb Survival

Saline 2 wk <40 48±65 ND ND
3 mo <40 213±92 3.7+/0.3 0/7
3 moc 60±20 613±384 ND ND

pCd 2 wk <40 356±229 ND ND
1 mo <40 280±80 3.5±0.4 0/6

pHA 2 wk 106±41 53±20 1.6±2.0 8/9
1 mo <40 232±39 4.2±0.5 0/6
3 mo <40 1064±410 4.7±01 0/6
6 mo <40 3986±1943 4.9±0.4 0/7

UV-inactivated 2 wk 864±453 618±76 0 5/5
WSN virus 1 mo 340±129 100±40 1.8±0.1 0/7

3 mo <40 240±1-92 4.5±0.1 0/7
6 mo <40 845±536 4.3±0.4 0/7

aHemagglutination titer expressed as mean ±SD of log2 dilution serum sample.
cThis group of mice was immunized at age of  1 mo with UV-inactivated WSN virus.
bData expressed as maen ± SD of log10 viral titer in TCID50 units. Lungs were retrieved from
each group at 7 d after infection with 3×107 TCID50 WSN live virus, and virus titer was mea-
sured in standard MDCK assay.
dpC; empty, control plasmid

Adapted from ref. 708.
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viruses in offspring born to mothers that had been immunized against these
pathogens (695). In this experiment, the failure to respond to viral immunization
directly correlated to the amount of antibodies transferred from the mothers.
This effect was longlasting, because offspring born to immunized mothers
developed lower levels of antirabies antibodies even when challenged at age 6
mo, when maternal antibodies were no longer detectable.

These experimental findings demonstrate that the inhibition of the immune
response to active immunization outlasts the period when maternal antibodies
are present at protective concentrations in newborns or infants. An inhibitory
effect of maternal antibodies was observed in 2-wk-old mice immunized with
a fragment of the RSV-A G protein fused to an albumin-binding protein (694)
or with acellular pertussis vaccine (696).

The effect of genetic immunization has been extensively investigated to
determine whether it could circumvent the ability of maternal antibodies to
inhibit active immunization of newborns. Experimental data indicate two rea-
sons explaining why maternal antibodies fail to interfere with the genetic im-
munization of newborns. First, the persistence of plasmids as episomes in
transfected cells may lead to a more rapid decline of maternal antibodies and
the prolonged stimulation of newly emerging lymphocytes exported from bone
marrow and the thymus. Second, the selective transfection in vivo of dendritic
cells with plasmid (88–91) may facilitate the priming of lymphocytes, because
dendritic cells are the most efficient APCs. There are several experimental
reports indicating that maternal antibodies do not inhibit the humoral and cel-
lular responses induced by genetic immunization.

For example, although newborn mice born to naïve mothers responded well
to both inactivated herpes simplex virus (HSV)-1 vaccine and to a plasmid
containing the full-length gB HSV-1 gene, newborn mice born to previously
immune mothers only obtained effective immunity after immunization with
the DNA complex (697). At 4 and 6 wk after immunization with gB DNA,
mice born to HSV-immune mothers, when challenged with 10 LD50, showed
increased protection and exhibited increased blood levels of IgG1 and IgG2a.
In addition, when lymphocytes from these mice were stimulated in vitro with
HSV, these cells showed an increased production of interferon (IFN)- ,
interleukin (IL)-2, and IL-4 cytokines. Similarly, lambs that had high levels of
antibodies acquired from mothers that had been immunized with bovine herpes
virus gD responded to genetic immunization with gD DNA similarly to lambs
born to naïve ewes (698). Also, when infant rhesus macaques were infused
with measles-specific Ig and then immunized with a plasmid containing
measles HA, fusion, and nucleoprotein genes, the animals developed a protec-
tive response after challenge at age 20 wk with pathogenic measles virus that
had been grown in rhesus mononuclear blood cells. These infants exhibited
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high titers of neutralizing antibodies and reduced viremia, which generally cor-
relates with the severity of measles and an increase in the number of cells pro-
ducing Th1-type cytokines (699). These findings are in agreement with those
obtained in mice, which showed that the mice born to either naïve or measles-
immunized mothers developed similar immune responses subsequent to
immunization with a plasmid containing measles HA gene (700).

In contrast, in mice experimentally infected with influenza virus, maternal
antibodies inhibited the generation of protective anti-HA antibodies (701,702).
The data depicted in Table 25 show that the progeny from dams immunized
with either the WSN virus or a plasmid containing the WSN HA gene, when
challenged with UV-inactivated virus 2–4 wk after birth (when maternal anti-
bodies were present in their serum), developed a poor anti-HA antibody re-
sponse 7 d later. Two weeks after birth, offspring born to either WSN- or HA
DNA-immunized mothers lacked neutralizing antibodies sufficient to protect
them from a challenge with a LD100 dose of virus and to inhibit viral replication
in the lung. However, maternal antibodies did not affect the induction of cell-
mediated immune responses, in particular of CD8 cytotoxic T lymphocytes,
after immunization with plasmids containing either influenza virus, the lym-
phocytic choriomeningitis virus nucleoprotein gene (701,702), or the influenza
virus HA gene (703). These results strongly suggest that the genetic immuniza-
tion of neonates may circumvent the inhibitory effect of maternal antibodies on
humoral and cellular immune responses elicited by active immunization.

6. REGULATORY PROPERTIES OF MATERNAL ANTIBODIES

In addition to the ability of maternal antibodies to protect against infection
and to inhibit active immunization in neonates, these antibodies can exert regu-
latory effects on the immune system. There is a little doubt that during fetal
development of the immune system, the maternal antibodies interact with the
BCR or T-cell receptor (TCR) of lymphocytes and that these interactions may
be either suppressive or stimulatory.

6.1. Maternal Allotype Suppression

Allotypes are antigenic determinants of Igs and BCRs of B cells that are
different in different groups of individuals or in inbred strains of the same
species and are inherited in a Mendelian fashion. Allotype specificities were
described in various mammalian species such as humans, rabbits, mice, rats,
and birds within the IgG, IgM, and IgA subclasses. Allotypic specificities re-
sult from either a single or, at most, a few amino acid differences in the vari-
able or constant regions of either the heavy or light chains of Igs (704).

Dray first described allotype maternal suppression in 1962 in rabbits (705).
Newborn heterozygote rabbits, born to mothers that had been immunized
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against the males’ a or b series allotype, failed to produce (or produced in an
abnormally low proportion) B cells that expressed Igs containing the fathers’
allotype. The suppression lasted for the entire life of the animal, and the sup-
pressed offspring could not even produce antibodies subsequent to immuniza-
tion with paternal allotype (706). In the allotype-suppressed rabbits, there was
an absence of B cells expressing the suppressed allotype on the BCR in periph-
eral blood and lymphoid tissues, including splenic lymph nodes and bone mar-
row. This was demonstrated by a lack of proliferation of B cells with
antiallotype antibody (707) and a lack of binding of fluorescent- or isotope-
labeled antiallotype antibodies in immunofluorescence or autoradiography
(708,709). This indicates that cells were either eliminated (“deleted”) from the
organs or that the synthesis of the paternally marked allotype was blocked (“an-
ergy”). Our results favor the anergy mechanism, because we demonstrated that
subsequent to in vitro stimulation with NWSM, a rabbit B-cell mitogen, the B
cells from the spleen of an allotype-suppressed offspring were able to synthe-
size the paternally suppressed allotype (710). The breaking down of longlasting
allotype suppression by a polyclonal activator provides a strong argument for
anergy rather than deletion as the mechanism that mediates allotype suppres-
sion. Maternal allotype suppression was also described in mice. In mice, natu-
rally occurring T cells specific for the Ig allotype (711) mediate allotype
suppression.

6.2. Maternal Idiotype Suppression
Idiotypes are phenotypic antigen markers of V genes that encode specific

antibodies and, therefore, serve as clonal markers of BCRs expressed on those
B cells that produce antibodies with single antigen specificity. Idiotypic deter-
minants are expressed on the Fv fragment and, in particular, on the CDRs of
either heavy or light chains; in rare cases, idiotypic determinants may be ex-
pressed on both chains. The Igs express either noninheritable, individual
idiotypes that result from somatic mutations that occurred in a single clone, or
there may be crossreactive idiotypes (IdX) expressed on all antibodies, with
the same antigen specificity produced by all individuals of the same species
and sometimes by individuals of different species (interspecies IdX). The IdX
are markers of V germ line genes and are inherited in a Mendelian fashion. The
expression of some IdX is allotype-linked.

The idiotype expressed on the BCR can bind anti-idiotype antibodies and
can be recognized by T cells. Anti-idiotype antibodies produced by mothers
and transferred to the fetus through the placenta and after birth during suckling
may cause longlasting suppression of B cells that bear a BCR-expressing corre-
sponding idiotype. This was demonstrated in several murine idiotype systems.

The T15 IdX is a clonal marker of antiphosphoryl choline (PC) antibodies.
Maternal anti-T15 IdX antibodies transferred to offspring from Balb/c females
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that were immunized with T15 protein and mated with Balb/c males were un-
responsive to immunization with PC when measured at ages 7 and 10 wk. At
age 7 wk, the titer of anti-T15 IdX antibodies in the offspring was as high as
that of adult mice immunized with T15 protein (712). Clearly, maternal anti-
IdX caused a longlasting suppression of B-cell clones expressing T15 IdX.

Anti-inulin antibodies express two major IdX forms: IdX G and IdX A. The
expression of these forms of IdX is linked to an IgCHa allotype. CAL.20 fe-
males (congenic with Balb/c mice but carrying the VbH haplotype with C57Bl/
6 mice) were immunized with an E109 myeloma protein bearing IdX G and IdX
A and then mated to Balb/c mice. The offspring obtained were used at age 4 mo
to study the anti-inulin plaque-forming cells (PFC) response and the expression
of IdX G and IdX A. The data presented in Table 26 show complete suppression
of the anti-inulin PFC response in offspring born to females immunized with
E109 protein. However, offspring of mothers immunized with XRPC-24, a pro-
tein expressing the IdX of galactan-specific antibodies, showed no suppression
of the anti-inulin PFC response. With respect to the expression of IdX, it was
observed that whereas IdX G was completely suppressed, the expression of IdX
A was not. Interestingly, the IdX A-bearing antibodies isolated from suppressed
offspring were devoid of inulin-binding capacity. Isoelectrofocusing analysis
of antibodies from suppressed offspring showed an absence of IgG binding to
radiolabeled inulin–bovine serum albumin conjugate (713). Interestingly, the
inulin antibody response in Balb/c mice exhibits a substantial ontogenetic de-
lay, and the inulin-specific B-cell precursors were detected several weeks after
birth. This suggests that minute amounts of residual maternal antibodies, as-
suming that their half-life is about 1 wk, sufficed to induce the tolerance of
inulin-specific B-cell precursors. Second, the dissociated suppression of the ex-
pression of IdX G and of IdX A antibodies that are devoid of inulin-binding
specificity suggests that some B-cell clones expressing IdX A were actually
stimulated by maternal antibodies. This explanation is supported by other stud-
ies that analyzed the effects of maternal anti-J558 IdX antibodies. J558 IdX is
expressed on anti- (1,3)-dextran antibodies. In one experiment, the anti-dext-
ran antibody response elicited by immunization with dextran B1355 was stud-
ied in 112 offspring progeny. The progeny were generated from SJL females
immunized with 3 × 107 Balb/c spleen cells expressing J558 IdX followed by a
boost on day 18 of pregnancy with 1 mg of glutaraldehyde crosslinked J558
protein. Of 112 offspring tested, 111 were fully suppressed in their response to
dextran B1355 up to age 12 wk, and half (56) failed to express J558 IdX by age
20 wk (714). Similar results were obtained in offspring obtained from CAL.20
or A/J females that had been immunized with J558 protein and then mated with
Balb/c males (715). However, despite the fact that anti- (1,3)-dextran was spe-
cifically inhibited (see Table 27), an impressive increase in the proportion of B
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cells that bore the J558 Id was indicated by immunofluorescence staining. The
staining was completely inhibited by preincubation of anti-idiotype antibody
with J558 protein, and cocapping experiments showed comigration of J558+

BCR with IgM and IgD. Some hybridomas obtained from these mice secreted
J558 IdX-bearing antibodies that were devoid of dextran-binding activity (715).
These results resemble those obtained with maternal idiotype mice in the inulin
system in which Igs expressing an IdX A that was devoid of inulin-binding
activity were detected. Both observations strongly suggest that maternal anti-
idiotype antibodies may display opposite effects: inhibition of antigen-specific
clones that bear the corresponding dominant IdX and the activation of minor or
silent clones producing antibodies that share the IdX but are devoid of antigen
specificity.

7. TRANSFER OF MATERNAL IMMUNOLOGICAL
EXPERIENCE TO THE OFFSPRING

The period of early development of B-cell clones is very sensitive to immu-
nological imprinting by maternal antibodies. The development of the neonatal
B- and T-cell repertoire may be considerably enhanced during this period.
Animal experiments show that transfer of maternal anti-idiotype or idiotype
antibodies resulted in a transgenerational priming effect, which guided the de-
velopment of the neonatal primary repertoire. Thus, when female rabbits im-
munized with autoanti-idiotype antibodies specific for anti-Micrococcus luteus
antibodies were crossed with naïve males, a significant proportion of offspring
(40%) produced antibodies that were idiotypically crossreactive with maternal
anti-M. luteus antibody. This finding clearly demonstrates that the maternal
idiotype could strongly regulate development of the neonatal repertoire (716).

Similar results were obtained in mice. In these experiments, female Balb/c
mice were immunized with levan-binding UPC10 myeloma protein and then
mated with naïve males. T cells from offspring were injected into irradiated
Balb/c mice together with B cells from mice primed with TNP-Ova. Mice
infused with T and B cells were immunized with Trinitrophenyl (TNP)-UPC10
conjugate, and the anti-TNP PFC response was measured 5 d later. In one set of
experiments, T cells were treated with anti-CD4 or anti-CD8 antibodies and
complement. The results of a PFC assay demonstrated that CD4+ T cells from
offspring born to mothers immunized with UPC10 mounted a significantly
higher anti-TNP response after coinjection of B cells specific for TNP and im-
munization with TNP-UPC10 conjugate (717). This result showed for the first
time that maternal immunization with idiotypes might exhibit a regulatory effect
not only directly on B-cell clones but also on neonatal T cells, which recognize
idiopeptides and provide assistance to B cells. Similar findings showed that the
activation of a silent levan-binding clone that expressed A48Id was activated
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subsequent to expansion of A48Id-specific CD4 T cells following injection after
birth with idiotype (718).

Because maternal antibodies are mainly synthesized by B cells, which col-
laborate with T cells in response to T-dependent antigens, the development of
the immune system reflects the entire immunological experience of the mother.
Idiotype maternal experience is learned around the time of birth because
idioype–anti-idiotype interactions, which contribute to selection of repertoire
and have a long-term effect, appear to be limited to the fetal–neonatal stage of
development. Learning of idiotype maternal experience by offspring is related
to an exquisite property of idiotypic determinants, namely, their ability to be
recognized by autologous T and B lymphocytes. Figure 36 illustrates the regu-
latory effect of maternal antibodies.

Fig. 36. Suppressive effect of maternal antibodies transferred to fetus and newborn.
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8. INHERITANCE OF MATERNAL IMMUNOLOGICAL
EXPERIENCE

The maternal immunological experience transmitted to offspring through
idiotype–anti-idiotype interaction is expected to be transient and to wane as the
maternal antibodies disappear from the neonate. However, in the case of im-
munization with 2-phenyl-5 oxazolone (coupled with chicken serum albumin),
maternal antibodies persisted in the offspring up to age 9 mo, depending on the
level of titer of antibodies that were induced during a primary, secondary, or
tertiary response. Interestingly, not only the F1 offspring but also F2 mice
exhibited a prolonged increase of antioxazolone and anti-chicken albumin; 12
wk after challenge, they produced higher amounts of antibodies than those syn-
thesized during a primary response. These findings suggest that maternal anti-
bodies induced a state of memory that could be inherited, as illustrated by a
faster and enhanced immune response in the F1 and F2 generations (719).

Thus, in physiological terms, it is clearly an advantage for the offspring to
learn and inherit the immunological experience of the mother, because this can
result in the priming and expansion of precursors for a more vigorous defense
reaction against the pathogens that prevail in a given species. This may explain
the occurrence of epidemics in the human population after exposure to patho-
gens to which the previous generation had not been exposed. This is well-
illustrated in the case of epidemics or pandemics that are caused by antigenic
drift or a shift in type A influenza viruses.

Transmission of maternal experience to the offspring may represent a com-
ponent of herd immunity that consists of equilibrium between susceptible and
resistant individuals of a given species to infectious agents. Herd immunity
depends on several factors, such as the natural genetic variation of the infec-
tious agent, whether the infection was acute or persistent, the presence of ani-
mal reservoirs, and the level of immunity learned from maternal experience.
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8
Neonatal Autoimmune Diseases Caused
by Maternal Pathogenic Autoantibodies

1. INTRODUCTION

B cells exhibit the capacity to synthesize antibodies that are specific for both
foreign and self-antigens. Active immunization with T-cell-dependent or -inde-
pendent foreign antigens leads to production of antibodies with exquisite speci-
ficity for epitopes born by a large complement of foreign antigens. However, B
cells can produce antibodies that display activity to self-antigens. Self-reactive
antibodies are classified in three major categories:

a. Natural, polyspecific autoantibodies. This subset constitutes a substantial frac-
tion of the self-reactive repertoire. “Natural” serum antibodies are found in most
species and are comprised of various Ig subclasses (IgM, IgG, IgA). They bind
with moderate or low affinity to structurally dissimilar epitopes born by foreign
and self-molecules (720). In humans and mice, they are produced by CD5+ B
cells (721), a subset that is enlarged in some animal strains prone to autoimmune
disease (722). Polyspecific autoantibodies can be found in increased concentra-
tions in the blood of patients with autoimmune diseases, without induction of
injury to normal tissue (723).

b. Autoantibodies with exquisite specificity for autoantigens. These autoantibodies
exhibit high binding affinity to self-antigens and can be found at low levels in
healthy humans and animals. Their concentration can be increased in some autoim-
mune diseases and may be used as a diagnostic criterion (e.g., antitopoisomerase I
in scleroderma; anticentromere in calcinosis, Reynaud’s phenomenon, esophageal
motility disorders, s clerodactyly, and telangiectasia [CREST] syndrome; anti-trans-
fer RNA (tRNA) synthetase or anti-Jo1 in polymyositis; and rheumatoid factor in
rheumatoid arthritis). In certain conditions, autoantibodies can be pathogenic, as is
the case of antithyroglobulin autoantibodies. Antithyroglobulin antibodies with
similar epitope specificities are found in 50–70% of patients with autoimmune thy-
roiditis and 10–20% of normal subjects (724,725).

c. Pathogenic autoantibodies. These autoantibodies appear to facilitate the onset of
autoimmune disease that causes injury to tissue bearing specific target
autoantigens. Although they lack particular immunochemical properties, they
exhibit distinct physiopathological properties. Production of pathogenic autoan-
tibodies results either from breakdown of central or peripheral tolerance for self-
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antigens or from immunization of mother with father antigens resulting from self-
antigens displaying allelic polymorphism.

Based on tissue injury, the autoimmune diseases have been classified into
two major categories: organ-specific and systemic. During the past few
decades, intensive research aimed at understanding the effector mechanisms
involved has led to further classification: autoimmune disease mediated by
pathogenic T cells (such as multiple sclerosis, insulin-dependent diabetes mel-
litus [IDDM], uveitis, and Crohn’s disease) and autoimmune disease mediated
by pathogenic autoantibodies (such as myasthenia gravis, autoimmune throm-
bocytopenia, autoimmune hemolytic anemia, Graves’ disease, and pemphigus).

Several criteria were proposed to define pathogenic autoantibodies to dis-
tinguish them from polyspecific antibodies or autoantibodies devoid of patho-
genicity (726–728). The most faithful criterion relies on the induction of
damage and/or disease by passive transfer of autoantibodies. There are several
examples of autoimmune diseases resulting from natural passive transfer of
maternal pathogenic autoantibodies to a fetus from a mother afflicted by an
autoimmune disease. Examples include transient myasthenia gravis, neonatal
Graves’ disease (a relatively rare condition resulting from transfer of maternal
anti-thyroid-stimulating hormone receptor [TSHR] autoantibodies in normal
or premature infants), neonatal lupus (caused by transfer of maternal anti-Ro
and anti-La antibodies), and neonatal pemphigus (a rare condition related to
transfer of antidesmoglin antibodies). Other neonatal autoimmune diseases are
caused not by autoantibodies transferred from a mother affected by disease but
by normal mothers that produce alloantibodies against the paternal antigen, as
in the case of self-antigens displaying genetic polymorphism.

2. AUTOIMMUNE DISEASES CAUSED BY MATERNAL
PATHOGENIC AUTOANTIBODIES

2.1. Neonatal Myasthenia Gravis

The neuromuscular transmission defect characterizing myasthenia gravis
(MG) is mediated by autoantibodies specific for postsynaptic nicotinic AchR.
The AchR is a pentameric glycoprotein composed of 2-, -, -, and -chains
in the adult and in 2-, -, -, and -chains in the fetus. Anti-AchR autoanti-
bodies are produced by B cells lodged in peripheral lymph organs and in the
thymus. The role of the thymus in the secretion of autoantibodies is well-docu-
mented by the presence in the medulla of a large number of B-cell clusters and
germinal centers (GCs) that are indistinguishable from GCs found in the ton-
sils of healthy subjects. The majority of anti-AchR IgG autoantibodies in
myasthenic patients are of high affinity and are produced by CD5– B cells.
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Anti-AchR autoantibodies are directly pathogenic, because injecting AchR
into normal mice, but not B-cell knockout mice, induces the production of
autoantibodies that cause experimental diseases similar to human MG (729).
Similarly, the passive transplacental or milk maternal–fetus transfer of anti-
AchR autoantibodies from a mother afflicted by disease can cause transient or
chronic MG in a newborn or infant. Transient neonatal MG (NMG) occurs at
high frequency (21%) in infants born to women with active disease and, less
commonly, to women in disease remission (730). In infants, disease correlates
with the titer of antibodies specific for fetal rather than adult AchR receptor.
Maternal anti-AchR is transferred mainly through the placenta during the sec-
ond half of pregnancy and is found in both the serum and amniotic fluid of
pregnant myasthenic women (731). However, there is no explanation for ante-
natal myasthenic symptoms. Such disease suggests that maternal anti-AchR
autoantibodies can be transferred through the milk. Brenner et al. (732) have
studied the presence of autoantibodies in colostrum and milk. They found a
high concentration of anti-AchR IgG autoantibodies in colostrum on d 1 and 4
postdelivery. This may explain the lack of antenatal symptoms and the occur-
rence of clinical disease in infants born to myasthenic mothers. Thus,
breastfeeding may represent a source of maternal antibodies, which decay with
time during postnatal life.

Study of the isotype of autoantibodies of seven mothers with myasthenia
and their infants with NMG found anti-AchR IgG antibody in mothers and
infants but no anti-AchR IgM antibody in infants (733). This observation
strongly suggests that disease is caused by maternal antibody transferred from
the mother rather than those produced by the infant, because IgM is not trans-
ferred through the placenta.

The histopathological alterations of NMG have been studied by transferring
maternal anti-AchR autoantibodies in rabbits. Ultrastructural observations of
the intercostal muscles of rabbit neonates exhibiting an NMG-like syndrome
showed degenerative alterations in the postsynaptic membrane. In addition, a
morphometric analysis indicated the immaturity of postsynaptic membrane
structures with underdeveloped secondary synaptic clefts (734). Another rare
yet dramatic neonatal disease produced by transfer of maternal antibodies
manifests as arthrogryposis multiplex congenital syndrome, characterized by
an irreversible contraction of muscles and neuropathies (735).

2.2. Neonatal Liver Disease

Primary billiary cirrhosis (PBC) is an autoimmune disease, mainly of
females, involving the liver and leading to cirrhosis and death from portal
hypertension or liver failure. The hallmark of PBC is an antimitochondria anti-
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body (anti-M2), which gives a characteristic immunofluorescence pattern in
liver sections (736). The autoantibodies are largely directed against the E2 sub-
unit of the pyruvate dehyrogenase complex (PDC-E2) and tend to focus on the
inner lipoyl domain, encompassing the lipoic acid attachment site at a specific
lysine of the active site of E2 (737). This autoimmune response may result
from immunoregulatory defects. Direct evidence of an autoimmune origin for
PBC is provided by the experimental transfer of autoantibodies or pathogenic
T cells or by transplacental transfer of autoantibodies from mother to fetus.
Hannam et al. (738) reported two cases of neonatal liver disease that were
associated with transfer of maternal antimitochondria antibodies. Both chil-
dren were born to a mother with high titers of antimitochodria antibodies, and
both children presented clinical symptoms of cholestasis. The antimitochondria
antibody in the children was of maternal origin because the IgG isotypes be-
longed mainly to IgG1 and IgG3 and exhibited identical epitope specificity.
The pathogenesis of liver disease in the two infants remains speculative,
because no finding provided direct evidence that antimitochondria antibodies
caused their liver disease. However, the presence of perihepatocyte deposition
of an IgG observed in liver biopsy is compatible with the idea that maternal
antibodies mediated liver damage.

2.3. Fetal and Neonatal Thyroid Diseases

Transient neonatal thyroid diseases are relatively rare, occurring in 0.1–0.2%
of pregnancies (739). Such diseases result from transplacental transfer of
maternal thyroid hormone receptor antibodies (TRAbs), which results in hy-
perthyroidism characteristic of Graves’ disease, or from transfer of TSH-bind-
ing inhibiting antibodies (TBIAbs), which results in hypothyroidism (740).

Graves’ disease is a unique human autoimmune disorder characterized by
diffuse goiter, with clinical and biochemical features of hyperthyroidism. In
addition, 30 to 70% of cases exhibit ophthalmopathy. Graves’ disease is medi-
ated by autoantibodies specific for TSHR that stimulate cyclic adenosine mono-
phosphate (cAMP) production, iodine uptake, increased synthesis of
thyroglobulin and thyroid peroxidase, and increased growth and proliferation
of thyroid cells. TSHR is a G protein-linked receptor comprised of two - and

-subunits that uses cAMP and phosphoinositol pathways for signal transduc-
tion. Anti-TSHR autoantibodies are produced by B cells that accumulate within
hypertrophied thyroid glands and can recognize both linear and conformational
epitopes (741). The pathogenicity of anti-TSHR autoantibodies was clearly
demonstrated by human-to-human transfer of antibodies. Adams et al. (742)
demonstrated thyroid stimulation in healthy subjects infused with serum from
patients with Graves’ disease.
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Fetal and neonatal Graves’ disease (NGD) observed in infants born to af-
fected mothers results from transplacental transfer of antibodies that stimulate
fetal thyroid cells. NGD is defined as the presence of tachycardia, goiter,
hydrops, tremulousness, voracious appetite, ophthalmopathy, cardiomegaly and
eventual congestive heart failure, and elevated thyroid hormone levels (743). It
can occur in successive offspring (744) and in infants born to mothers who have
previously undergone near-total thyroidectomy resulting from Graves’ disease.
Appearance of NGD in infants born to mothers after surgical ablation of thyroid
or radioiodine therapy is related to the persistence of TSHR antibodies in the
mother (745). Remission of NGD is most common by 20 wk and is nearly
always seen by 48 wk after birth and correlates with the decay of the level of
maternal antibodies. It is noteworthy that in some cases, NGD requires efficient
therapy with antithyroid drugs, -adrenergic receptor blocking agents, iodine,
and, in some cases, glucocorticoids and digoxin (746–748).

The induction of Grave’s disease in utero is supported by clinical observa-
tions describing hyperthyroidism symptoms in premature infants born to moth-
ers with poorly controlled disease. These patients demonstrated exophthalmos
and marked goiter at birth and had maternal IgG anti-TSHR antibodies
(743,746). Fetal hyperthyroidism may be associated with intrauterine growth
retardation, craniosynostosis, and intrauterine death (747). The specificity of
maternal autoantibodies that cause neonatal thyroid disease was studied by
analyzing the specificity of monoclonal antibodies produced by hybridoma
immortalized from mothers who gave birth to infants with NGD. Such mono-
clonal antibodies increased cAMP levels and iodine uptake in rat FRL-5 thy-
roid cells. Stimulating antibodies recognized a functional epitope on the
N-terminus of the TSHR extracellular domain, requiring residues 90 to 165 for
activity. In addition, blocking antibodies were produced that recognized three
functional epitopes on TSHR (749). Neonatal thyroidism with more persistent
disease can result from a continuous production of anti-TSHR autoantibodies
in patients with a mutation of the stimulatory G protein, as seen in McCune–
Albright syndrome.

2.4. Neonatal Autoimmune Thrombocytopenia

Neonatal autoimmune thrombocytopenia (NAT) syndrome can occur in
infants born to mothers affected by autoimmune thrombocytopenic purpura
(AITP) through transplacental transfer of antithrombocyte antibodies or
through subsequent allogenic immunization. AITP is an autoimmune disease
characterized by persistent thrombocytopenia that results in bruising, purpura,
and life-threatening bleeding. The pathogenicity of autoantibodies in AITP
was demonstrated in a unique human-to-human transfer experiment. In this
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experiment, Harrington injected himself with plasma from a patient with idio-
pathic thrombocytopenia. Subsequent to injection, Harrington developed
platelet depletion and a severe bleeding disorder (750).

In AITP, the majority of autoantibodies are specific for various epitopes of
integrin IIb 3 glycoprotein (GPIIbIIIa). A study of human monoclonal anti-
bodies demonstrated binding to a peptide corresponding to amino acid resi-
dues 222–238 (751) and to a neoantigen of 3 (752). In addition, it was found
that 15–30% of antibodies from AITP patients bind to GPIb-IX, and 10–20%
bind to GPV glycoproteins expressed on the surface of platelets (753).

In NAT, fetal and newborn spleen cells may be the primary sites of platelet
destruction. Macrophages bind to platelets covered with autoantibodies. This
process is mediated by P-selectin (CD62P), which binds to the P-selectin gly-
coprotein ligand on macrophages. This interaction leads to upregulation of Fc
receptors, mediating the phagocytosis of platelets. Studies in transgenic mice
have implicated Fc RIIa in the immune destruction of platelets sensitized with
antibodies.

NAT can also be caused by a maternal alloimmune response to fetal plate-
lets. Five platelet glycoproteins exhibit polymorphism in Caucasian popula-
tions and are capable of eliciting maternal alloantibody responses that lead to
NAT in the fetus and neonate. Thrombocytopenia results from antibodies spe-
cific for human platelet antigen (HPA)-1 in 78–89% of cases and for HPA-5b
in 6–15% of cases.

A prospective study on more than 20,000 mothers and newborns found the
incidence of NAT in newborns to be low (0.5%) (754). The incidence of severe
thrombocytopenia is 1 in 1100 infants. The number of asymptomatic cases of
alloimmune NAT ranges from 10 to 25%; however, the long-term outcome in
severe cases may be devastating. Intracerebral hemorrhage (7%) or resulting
blindness, major physical disability, and neurological squeal (21%) manifest
in severe cases. Cerebral hemorrhage occurs in utero usually between weeks
30 and 35 of gestation (755).

2.5. Neonatal Pemphigus

Pemphigus is a group of heterogeneous autoimmune diseases characterized
by blistering of skin mucous membranes and acantholysis resulting from epi-
dermal cell–cell detachment. There are five major clinically distinct syn-
dromes: pemphigus vulgaris (PV), pemphigus foliaceus (PF), pemphigus
erythematosus, paraneoplastic pemphigus, and drug-induced pemphigus. PV
and PF are autoimmune diseases caused by pathogenic autoantibodies. Au-
toantibodies target desmoglin-3 in the case of PV and desmoglin-1 in the case
of PF. Both antigens belong to the cadherin family of calcium-dependent cell
adhesion molecules.
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It has been demonstrated that both antidesmoglin-1 and -3 autoantibodies
are pathogenic. The following observations support the pathogenicity of au-
toantibodies:

a. PV autoantibodies are detected in the skin lesion (756).
b. There is a good correlation between the titer of autoantibodies and the severity of

the disease (757).
c. Human IgG PV antibodies injected into newborn mice induce histopathological

alterations similar to human disease (758).

The concept of pathogenicity of PV antibodies also is supported by the
existence of transient neonatal forms of pemphigus in infants born to mothers
affected by PV or PF. In the case of neonatal PV, it was shown that skin
involvement correlates with dermal histopathological alterations and the pres-
ence of autoantibodies detected by immunofluorescence staining (759). Neo-
natal PF was described in two consecutive offspring born to a mother with
classic PF lesions. High titers of IgG antidesmoglin-1 antibodies were detected
in the serum of the mother and the cord blood of the newborns. The pathoge-
nicity of the antibody in newborn cord blood was confirmed by induction of
skin disease following antibody injection in newborn mice (760). These obser-
vations demonstrate that neonatal pemphigus is caused by transplacental trans-
fer of maternal antidesmoglin-1 and -3 autoantibodies.

2.6. Neonatal Lupus
Both human and animal models for systemic lupus erythematosus (SLE) are

associated with autoantibodies that are specific for a multitude of antigens,
such as ANA, single-stranded DNA, double-stranded DNA, Z-DNA, Ro,
nRNP, Sm, Ku, La, P1/P2, laminin, human lymphocyte antigens (HLA) class I
promoter-binding proteins, nucleolin, histones, and CD45 isoforms. Autoanti-
bodies specific for these autoantigens also are associated with other autoim-
mune diseases (such as Sjogren’s syndrome, mixed connective tissue disease
[MCTD], rheumatoid arthritis [RA], and scleroderma) and may be found at
low levels in healthy subjects. Among these, anti-Ro and anti-La autoantibod-
ies fulfill the criteria of pathogenic autoantibodies, because they are respon-
sible for neonatal lupus.

Neonatal lupus erythematosus (NLE) syndrome, first described by
McCuistion and Schoch (761), is a rare acquired autoimmune disease that is
induced by maternal autoantibodies. It is characterized by cutaneous lupus
lesions and congenital heart block (CHB) and, less commonly, by thrombocy-
topenia and cholestatic hepatitis (762). The cutaneous lesions are annular
erythematous plaques that develop 2–8 wk after birth. These skin alterations
are transient and disappear by age 6 mo. Skin biopsy from lesions shows slight
edema of the papillary dermis with dilated blood vessels, perivascular lympho-
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cyte infiltration, and, in some cases, epidermal atrophy associated with lique-
faction degeneration of the basal layer (763). Maternal antibodies also target
the heart (764), leading to heart block syndrome. Heart block occurs in approx
50% of NLE infants, and despite early pacing, 10% of children die of heart
failure during the first 12 mo (765). With advances in fetal echocardiography,
first and second degree heart block can be detected in utero.

NLE and cardiac injury observed in the fetus, which can progress postna-
tally, result from maternal autoantibodies transferred to the fetus through the
placenta. Therefore, NLE is not a spontaneous but an acquired disease result-
ing from transfer of maternal autoantibodies. Four types of maternal autoanti-
bodies have been implicated in the induction of NLE:

a. Anti-60-kd and anti-52-kd Ro/SSA—specific for 60-kd and 52-kd Ro/SSA zinc
finger and RNA-binding proteins, both of which can interact with small cytoplas-
mic RNA.

b. Anti-La/SSB antibodies—specific for a 48-kd protein that facilitates the matura-
tion of RNA polymerase III transcripts and is required for 3'-endonucleolytic
cleavage for tRNA maturation (766).

c. Anti- -fodrin antibodies—specific for human -fodrin, a protein of 120 kd, rep-
resenting an additional marker for the risk of NLE in anti-Ro/SSA-positive
women (767).

d. Anti-U1-RNP antibodies—present in NLE manifested with rash but without
CHB (768).

The appearance of anti-Ro and anti-La antibodies is more frequently associ-
ated with Japanese women of the class II haplotypes DRB1*1101-
DQA1*0501-DQB1*0301, DRB1*08032, and DQB1*0301. The mothers, who
gave birth to NLE infants and exhibited both types of antibodies, were
homozygous for DPB1*0501 (769). This study suggested that major histocom-
patibility complex class II association with NLE could vary depending on ma-
ternal antibody profiles. Mothers with both anti-Ro and anti-La antibodies share
many amino acids in the hypervariable regions of DRB1 and DQB1, which
may bind the putative peptides that initiate or perpetuate autoantibody re-
sponses. NLE caused by anti-Ro and anti-La autoantibodies can be associated
with endocardial fibroelastosis. Collagen and elastin deposition, ventricular
hypertrophy, and endocardial thickening characterize this condition. Endocar-
dial fibroelastosis occurs in the presence of autoantibody-mediated CHB and
has a very high mortality rate when developed pre- or postnatally (770). The
pathogenic role of maternal anti-Ro and anti-La autoantibodies in the induc-
tion of CHB is supported by an interesting experiment showing that purified
anti-Ro antibodies induce atrioventricular block in human fetal embryonic
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hearts and inhibit inward calcium flux through calcium channels in human fetal
ventriculocytes (771).

In vitro studies employing cardiac myocytes isolated from human fetal hearts
provided evidence for a pathogenic link between autoantibodies and CHB and
elucidated the mechanisms of injury caused by anti-Ro/anti-La autoantibodies.
In apoptotic cardiocytes, the Ro and La antigens are translocated to the
cardiocyte membrane, where they interact with maternal antibodies. Translo-
cation of Ro and La antigens to the membrane is facilitated by apoptosis, as
shown by inducing apoptosis with various agents in human fetal cardiocytes.
In addition, apoptotic cells identified in fetal conducting tissue show redistri-
bution of La antigen from the nucleus to the surface of apoptotic bodies and
striking colocalization of human IgG with apoptotic cells in the atrium and
atrioventricular (AV) node (772).

Cells expressing surface La and Ro antigens become opsonized by maternal
autoantibodies and are phagocytosed by activated macrophages, as illustrated by
threefold increased expression of v 3 integrin and production of tumor necrosis
factor (TNF)-  and transforming growth factor (TGF)-  cytokines (773). TGF-
plays a crucial role in the fibrosis process. The supernatant of macrophages that
are activated by incubation with apoptotic autoantibody-opsonized cardiocytes
increases the proliferation of myofibroblasts, as assessed by the expression of -
smooth muscle actin. This effect was ablated by addition of anti-TGF-  antibod-
ies. In addition, the activation of macrophages by apoptotic cardiocytes is
associated with the phosphorylation and nuclear translocation of p44/p42 mito-
gen-activated protein kinase (774). The involvement of activated macrophages is
in agreement with cardiac alterations observed in a histopathological analysis of
a biopsy from a 19-wk-old fetus with CHB. The alterations described consisted
of dense lymphohistiocytic infiltrates and myocytic degeneration in the cardiac
conduction system, including the AV node and bundle of His (775).

These findings suggest that the apoptosis of fetal cardiocytes may lead to
the expression of Ro and La antigens on the apoptotic blebs, which bind mater-
nal antibodies, leading to phagocytosis by macrophages. This process activates
macrophages that secrete cytokines, resulting in transdifferentiation of fibro-
blasts into proliferating myofibroblasts, as assessed by the presence of the
myofibroblast marker -smooth muscle actin in fetal cadiocytes. This process
is associated with secretion of TGF- , which in turn stimulates the growth of
myofibroblasts. This leads to an entire spectrum of histopathological alterations
consisting of the replacement of the AV node with fibrotic and fat tissue, the
appearance of fibrous structures that contain crystalline structures in the con-
ducting system, and the alteration of contractility of the myocardia secondary
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to myocardial fibroelastosis. Thus, these findings suggest that maternal anti-
Ro and anti-La autoantibodies trigger an inflammatory cascade of events that
results in major alterations of fibroblast function, ultimately leading to fibrosis
of the conducting system, which is the histopathological signature of CHB.

2.7. Neonatal Autoimmune Neutropenia
Neonatal autoimmune neutropenia (NAN) related to antibody-mediated

destruction of neutrophils has three major clinical entities:

a. NAN. This occurs in infants born to mothers affected with autoimmune neutrope-
nia subsequent to maternal–fetus transfer of autoantibodies through the placenta.

b. Alloimmune neutropenia.This results from placental transfer of autoantibodies
produced by women subsequent to immunization with alloneutrophil antigens
obtained by blood transfusion or resulting from maternal–fetal incompatibility.

c. Autoimmune neutropenia of infancy. This is associated with parvovirus B19
infection and -lactam antibiotics, probably related to crossreactive antibodies.

NAN is manifested with mild infection, predominantly of the skin and
mucous membranes, that usually is caused by Gram-positive bacteria or otitis
media. The diagnosis is based on the detection of neutropenia by laboratory
tests such as granulocyte agglutination and granulocyte immunofluorescence.
NAN should be distinguished from other infant diseases associated with neu-
tropenia, such as infantile genetic agranulocytosis (Kostmann’s syndrome),
aplastic agranulocytosis, Lazy leukocyte syndrome, and myelokathexis. Infants
with severe NAN respond well to hrG-CSF therapy. Life-threatening infec-
tions resulting in meningitis or pneumonia may occur in 5% of affected infants
(776). In addition to the direct cytotoxic effect on neutrophils, the autoantibod-
ies may affect the metabolism of granulocytes, adhesion properties, the
response to formyl chemotactic peptides, oxide radical production, phagocyto-
sis, and cell motility (reviewed in ref. 776).

Autoantibodies target human neutrophil antigen (HNA)-1a, -1b, -1c, Lan
antigen, and SAR antigen located on Fc RII band; Fc RIIIb, HNA-4a, and
HNA-5a located on -integrin CD11b/CD18; and CR1, ND1, and NE1 anti-
gens associated with the neutrophil membranes. All these antigens are poly-
morphic, explaining the alloimune responses. Antibodies bind and destroy
mature neutrophils; this is reflected by increased numbers of metamyelocytes
in the bone marrow. However, in some cases, the patients may display a matu-
ration arrest at the myelocyte/metamyelocyte stage of differentiation. This may
be related to a reduced frequency of CD34+/Kit+ G-CSFR+ cells in patients
with severe congenital neutropenia (777). NAN was also reported in two pre-
mature twins, suggesting that the sensitization of neutrophils by autoantibod-
ies can occur in utero (778).
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3. ALLOAUTOIMMUNE DISEASES

Hemolytic diseases of fetuses and newborns result from maternal antibodies
specific for the parental blood group antigens that are transferred to the fetus
through the placenta. The severity of this syndrome varies enormously and, in
extreme cases, can lead to fetal or newborn death. The disease is generally
associated with stillbirth, hydrops, jaundice, and kernicterus. It is caused by
maternal alloantibodies against alloantigens inherited by the fetus from the
father. These alloantibodies cause immune-mediated destruction of red blood
cells or their progenitors. Alloantibodies occur because some blood group
antigens exhibit genetic polymorphism. The likelihood of disease caused by
each of the major human blood groups is as follows:

Anti-ABO Usually mild disease
Anti-D (Rh), anti-KEL, and anti-Colton Severe disease
Anti-Duffy and anti-Diego Occasionally severe disease

4. EFFECT OF MATERNAL ANTIBODIES
ON MURINE AUTOIMMUNE DISEASES

The study of pathogenesis of human autoimmune diseases is sometimes
hampered by a lack of access to organs that are damaged by autoantibodies or
pathogenic T cells. Animal models of autoimmune diseases facilitate the dis-
section of pathological events that lead to damage of organs. Recently, animal
models of autoimmune diseases have been used to study the effect of maternal
anutoantibodies.

Autoimmune ovarian disease (AOD) is the cause of premature ovarian fail-
ure (779). In mice, this disease can be induced by a peptide of the zona pellu-
cida 3 (ZP3) antigen corresponding to amino acid residues 330–342. This
peptide contains a native B-cell epitope (amino acid residues 335–342) that
overlaps with an epitope recognized by T cells (amino acid residues 330–342).
This peptide elicits a strong antibody response to native ZP3 protein without
concomitant T-cell activation. Setiady et al. (780) recently demonstrated that
maternal autoantibody specific for a foreign peptide that mimics the ZP3
epitope induced AOD and premature ovarian failure when transferred to new-
born mice 1–5 d after birth. In these animals, the autoantibody forms immune
complexes with endogenous antigen and causes ovary inflammation and com-
plete depletion of ovarian oocytes after 7–14 d. Apparently, the induction of
AOD by maternal antibodies results from de novo induction of a pathogenic T-
cell response mediating ovary inflammation. This concept is supported by the
findings that (a) AOD did not occur in T-cell-deficient mice, and (b) CD4+ T
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cells from neonatal mice with AOD adaptively transferred ovary-specific
inflammation to newborn mice (780). Taken together, these results strongly
suggest that maternal autoantibodies induce a T-cell-dependent autoimmunity
that leads to neonatal AOD.

Juvenile IDDM is an autoimmune disease mediated by T cells. Nonobese
diabetic (NOD) mice represent a murine model for human IDDM. IDDM in
humans and NOD in mice are associated with islet-reactive autoantibodies,
which have a predictive value for the predisposition and progression of dis-
ease. However, the pathogenicity of autoantibodies in diabetogenesis is ex-
tremely controversial. The role of maternal islet-specific autoantibodies was
evaluated in newborn NOD mice born to B-cell-deficient NOD mothers and in
progeny born to pseudopregnant mothers of a nondiabetic strain that were
implanted with NOD embryos. The offspring from both animals were protected
from spontaneous occurrence of IDDM (781). These results highlight a poten-
tial pathogenic role for maternally transmitted autoantibodies in the develop-
ment of IDDM and the eventual activation of diabetogenic T cells.

Maternal antibodies specific for the T-cell receptor (TCR) were studied in
offspring born to mothers immunized with a chimeric TCR-IgG1 fusion pro-
tein. A TCR used for the construction of fusion protein was derived from a
pancreatic islet-specific T-cell clone expressing a TCR encoded by V -2 and
V -8.2 genes. The immunization of SJL mice with this fusion protein induced
the synthesis of TCR-specific antibodies, which specifically stained three T-
cell lines expressing V -8 family members. The SJLxAKR F1 born to SJL
mothers that were immunized with fusion protein exhibited high titers of anti-
TCR V -8 antibodies, which persisted at least 3–4 wk in offspring. The 5- to 7-
wk-old offspring lacked peripheral T cells stained with anti-V -8.2 or
anti-V -8.3 antibodies, indicating that maternal anti-V -8 antibodies depleted
T cells that expressed a TCR encoded by V -8 genes during the fetal and neo-
natal development of T cells. In the offspring, the recovery of T cells express-
ing V -8.2 was surprisingly slow and occurred at age 28–30 wk. These results
strongly suggest that maternal anti-V -8 antibodies altered fetal and neonatal
thymic maturation. This explanation is supported by findings that the T cells
from offspring did not proliferate in vitro on exposure to the superantigen sta-
phylococcal enterotoxin B, which selectively activates T cells using V -3, -7,
-8.1, -8.2, -8.3, and -17 gene segments; T cells also were not activated by
pCA134-146 peptide, which specifically activates CD4 T cells using V -2 V -
8.2 pairs of TCR gene segments (782). The information obtained from this
interesting experimental study may provide new avenues for developing strat-
egies to deplete autoreactive T cells that mediate autoimmune diseases such as
IDDM, multiple sclerosis, uveitis, rheumatoid arthritis, and oophritis.
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In summary, the findings reviewed in this chapter highlight the deleterious
effects of some maternal antibodies. Maternal–fetal/newborn transfer of patho-
genic autoantibodies can cause transient autoimmune diseases and, in some
cases, severe clinical syndromes, which do not disappear after the decay of
maternal antibodies. Some information presented in this chapter expands the
information recently published in Molecular Biology of B Cells (T. Hondo,
F.W. Alt, and M. Neuberger, eds., Elsevier Science, 2004).
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Phenotypic Characteristics of Neonatal T Cells

1. INTRODUCTION

T cells act as the “chef d’orchestre” in the adaptive immune response. They
cooperate with B cells in antibody production, are effectors of the antigen-
specific cell-mediated immunity (CMI) response, and exhibit regulatory prop-
erties that modulate the function of antigen-presenting cells (APCs), B cells,
and various subsets of T cells. By virtue of secretion of cytokines, T cells also
modulate the function of nonlymphoid somatic cells.

T cells are divided into various subsets based on the structure of their recep-
tor, the expression of cytodifferentiation antigens, and their functions. The
defining marker of the T cell is the T-cell receptor (TCR).

Two distinct subsets of T cells have been characterized based on the struc-
ture of the TCR: TCR- /  and TCR- / .

Based on cytodifferentiation antigens, T cells were classified into two sub-
sets: CD4+ and CD8+. CD8+ T cells are effectors of CMI responses. They are
able to lyse autologous cells infected with microbes, allogeneic cells, or tumor
cells. They recognize peptides derived from endogenous proteins bound to
major histocompatibility complex (MHC) class I molecules. CD4+ T cells rec-
ognize peptides derived from the processing of foreign or self-antigens. They
recognize these peptides in association with MHC class II molecules.

The CD4+ T cells have been divided into three subsets based on their func-
tions: Th1 cells, which play a role in antimicrobial defense reactions and release
cytokines with multiple pleiotropic properties; Th2 cells, which cooperate with
B cells in the production of antibodies and secrete cytokines that exhibit various
regulatory properties; and regulatory T cells. The regulatory T cells are divided
in other minute subsets based on their pattern of cytokine expression or on the
expression of cytodifferentiation antigens. Regulatory T cells producing mainly
transforming growth factor (TGF)-  are called Th3; those producing mainly
interleukin (IL)-10 are called Tr1; and those exerting their effect by contact
with effector cells exhibit a defined phenotype: CD4+ CD25high. Table 28 illus-
trates phenotypic characteristics of subsets of CD4+ T cells.
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2. THE T-CELL ANTIGEN RECEPTOR: GENE REARRANGEMENT
DURING THE ONTOGENY AND SIGNALING MECHANISMS

Like B cells, T cells are clonally distributed, because all the individuals of a
clone share an identical TCR. The TCR is a heterodimer comprised of two
chains (  and  or  and ), which are intimately associated with the CD3
complex. CD3 is comprised of five monomorphic polypeptides.

In humans, the TCR-  and -  loci are localized on chromosome 14q11, the
TCR-  locus on chromosome 7q35, and the TCR-  locus on chromosome 7p15.
The CD3 genes encoding , , and  chains, which are structurally similar, are
localized on chromosome11. CD3  2 and CD3-  are disulfide linked to CD3
and are important for signaling after the interaction of the TCR with MHC-
peptide complex. The TCR V genes express clonotypic-idiotypic antigen mark-
ers, and some constant TCR genes express allotypic markers.

The TCR is encoded by three or four segments, which recombine during the
development of T cells in the thymus. The organization of TCR-  and TCR(-
genes is similar to that of genes encoding the immunoglobulin light chain,
whereas the organization of TCR-  and TCR-  genes is similar to that of genes
encoding the heavy chain of immunoglobulin.

The TCR-  promoter located 5' to the V-  locus has two transcription sites:
Pu, a purine-rich region, and GT, which is recognized by Sp transcription factors.

Table 28
Phenotypic Characteristics of Subsets of CD4 T Cells

 Effector cells Regulatory cells
Properties Th1 Th2 Th3 Tr1 CD25high

Cytokine production
IL-2 +++ + – – ?
IL-3 ++ +++ ? ? ?
IL-4 – +++ ? ? ?
IL-5 – +++ ? ? ?
IL-6 + +++ ? ? ?
IL-10 + +++ ± +++ ?
IL-13 + +++ ? ? ?
IFN- +++ – ? ? ?
TGF- +++ – +++ ± ?
Effect on B cells
Activation of B cells – ++ – – –
Class switching IgG2a IgG1, IgE – – –
Autoimmunity
Mediating autoimmune reaction + – – – –
Preventing autoimmune reaction – ++ +++ +++ +++
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In humans, the TCR-  locus is composed of approx 50 V- , more than 70 J-
gene segments, and one C- . The enhancer is composed of four elements: (a)
T 1, which contains a DNA binding site for CRE;(b) T 2, which contains sites
for TCF-1 and Ets; (c) and T 3, which contains sites for GATA, AP-2 and kE2
transcription factors. It is noteworthy that TCR V-  locus is located between the
TCR V-  and J-  loci. The transcription factors binding to T 4 are unknown.

The TCR V-  locus is composed of 14 genes encoding variable chains (6 of
which are pseudogenes) and two clusters of J-C  genes. The first cluster con-
tains three J 1 and C 1 genes, and the second cluster contains two J 2 and one
C 2 genes. The enhancer contains several segments: NF 1, which binds
GATA; NF 2, which binds Ets; and NF 3 and NF 4, both of which bind CBF
transcription factors.

The promoter of the TCR-  locus contains several potential binding sites for
CP-1, Ap-1, poly designated as a polyoma virus enhancing element, two-con-
served decamer, and one nonamer. In humans, there are about 60 V-  genes
that can rearrange with one D 1, six J- 1, and one C 1 or with one D 2, seven
J 2, and one C 2. V-  enhancer contains several regulatory regions.These
include T 2, which binds GATA and Cre; T 3, which binds Ets; T 4, which
binds CBF; and T 5, which can bind TCF/LEF-I transcription factors.

The TCR-  locus is composed of three V genes encoding V-  chains, which
can recombine with three D-  segments, three J-  segments, and one C-  seg-
ment. The enhancer of the TCR- /  locus contains several segments that are
able to bind transcription factors. Figure 37 illustrates the organization of
human TCR loci.

The promoters of TCR-  and TCR-  loci are not lineage-specific and are
active in various cells when coupled with various enhancers.

The rearrangement of various genes encoding TCRs follows the same rules as
the rearrangement of gene segments encoding BCRs. This concept is supported
by three groups of findings. First, the TCR-encoding genes have identical recom-
bination signal sequences to those of V genes encoding the BCR. Second, TCR
genes in embryonic conformation transfected into pre-B cells underwent rear-
rangements. Third, the immature T cells in the thymus express recombinant acti-
vating gene (RAG) enzymes. The rearrangement of genes encoding TCRs occurs
in double-negative (DN) T cells in the thymus. RAG expression was found in
immature CD4+ CD8+ CD3+ T cells but not in the more mature single-positive
(SP) thymic T cells. Thus, the coexpression of RAG1 and RAG2 in immature T
cells in the cortical zone of the thymus mediates TCR rearrangement (783). When
productive rearrangement is achieved and the TCR-CD3 heterodimer is expressed
on the surface, the expression of RAG may continue and allows for a secondary
TCR-  recombination until the TCR is crosslinked during positive selection.
RAG expression ceases in mature thymic T cells following TCR crosslinking and
has never been detected in peripheral mature T cells in lymphoid organs.
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In mice and humans, there is an order to the rearrangement of genes encod-
ing TCR in the fetal thymus. In mice, the TCR-  locus is transcriptionally ac-
tive at d 14, reaches a peak at day 15, and rapidly decreases during gestation.
The TCR-  and TCR-  loci are transcriptionally active by d 17 of gestation
(316). In humans, the TCR-  locus is rearranged first, followed by TCR- ,
TCR-  and TCR-  loci (336).

The expression of the TCR-CD3 complex is preceded by the expression of
the pre-TCR complex in immature CD25+ CD4– CD8– thymic cells. The pre-
TCR was discovered in mice by von Bohemer and colleagues (317). It is a
heterodimer composed of pre-T- , TCR- , and CD3. The sequence of the pre-
T-  gene revealed an opening reading frame of 618 nucleotides encoding a
protein with a hydrophobic leader of 23 amino acids. The extracellular moiety
consists of 130 residues, with two invariant cysteine residues that form
interchain disulfide bonds like in Ig molecules. A third cysteine in position 119
could be used to form a disulfide bond between the pre-T-  and TCR-  chains.
The extracellular domain has only 25% homology with TCR- . The pre-T-
does not contain a J segment and ends at the Ig-like C domain. The intracyto-
plasmic region of 31 residues is proline-rich and contains an SH2 domain bind-
ing region and PPGHR motif also present in the tail of CD2, which is known to
be involved in T-cell activation. The cytoplasmic tail of pre-T-  is longer than
that of TCR-  and TCR-  chains. The pre-T- –TCR-  complex is transported
to the surface of immature T cells and is sufficient to promote T-cell develop-
ment in the absence of other TCR chains. Intracellular signaling by the pre-
TCR may be essential for the proliferation of immature thymic cells. During
signaling via pre-TCR, the p56lck may be recruited by the pre-T-  protein into
the pre-TCR complex (317). In humans, the pre-TCR complex is expressed in
the CD4 immature SP stage of differentiation of thymocytes and is
downregulated in immature double-positive (DP) T cells in which all loci are
rearranged. CD4 immature SP thymic cells are defined as pre-T cells, which
have lost the CD34 marker of hematopoietic stem cells (HSCs) and express
CD1a, CD5, and CD4 but not CD8. The rearrangement of TCR loci is tempo-
rally coordinated with the expression of CD44, CD25, CD4, and CD8 antigens.

Engagement of the TCR by its natural ligand, the MHC-peptide complex,
triggers impressive signaling machinery in T cells (784,785). As the CD3-TCR
complex lacks intrinsic enzymatic activity, its involvement in signal transduc-
tion is mediated by the interaction with nonreceptor protein tyrosine kinases
(PTKs). The TCR recruits various signaling molecules by the conserved
sequences on the cytoplasmic tails of the CD3-TCR complex, immunoreceptor
tyrosine-based activating motifs (ITAMs) (786–790). There are 10 tyrosine-
containing ITAMs on the CD3-TCR complex (six from the -homodimer, two
from  chains, and one each from  and  chains) (791,792). Depending on the
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nature of TCR ligation, the tyrosine residues within the ITAMs can be differ-
entially phosphorylated (793) and thus mediate the recruitment of particular
signaling molecules, which in turn activate various biochemical cascades, lead-
ing to full T-cell activation, partial activation, or unresponsiveness (794,795).

An early event following TCR ligation is the autophosphorylation of CD4-
associated p56lck (796–800), an Src-family kinase expressed exclusively in
lymphoid cells and especially in T cells (801,802). The T cells that are defi-
cient in p56lck display a substantial reduction in TCR signaling capacity
(803,804). Animals deficient for this kinase exhibit a marked thymic atrophy
associated with a significant decrease in the number of CD4+ CD8+, CD4+

CD8–, and CD4– CD8+ thymocytes (805). The p56lck kinase phosphorylates
the ITAMs of CD3 components ( , , and ) and the TCR -chain (786–789),
generating docking sites for the SH2 domain of various PTKs and protein adap-
tors involved in TCR signaling (ZAP-70, phospholipase C [PLC] 1, SLP-76,
Vav, c-Cbl, Shc, and TRIM) (806–813) and in CD28 signaling (PI-3K and PI-
4K) (814,815). ZAP-70 kinase of the Syk-family (816,817) tyrosine phospho-
rylates LAT (818), which is an adaptor for Grb-2 and PI-3K. The PI-3K kinase
controls the inositol lipid metabolism (819). The stimulatory capacity of the
TCR alone on PI-3K is weak, but the combined signaling of the TCR and CD28
yields the optimal serine phosphorylation of the p110 subunit of PI-3K (820).

Ligation of the TCR triggers activation of several other PTK substrates, in-
cluding CD5 (821), Erzin cytoskeletal proteins (822) vasolin-containing protein
(823), and PLC 1 (824). Recruitment of PLC 1 to the TCR mediates events that
control inositol lipid metabolism by generating inositol polyphosphates and phos-
pholipids. These metabolites allow the TCR to regulate the intracellular calcium
levels and the serine/threonine kinase family of protein kinase C (PKC) isoen-
zymes. The TCR can also activate the guanidine nucleotide binding protein p21ras

by a PTK-mediated mechanism independently of PLC-  coupling to the TCR
(825). The p21ras component is critical for the cytokine-mediated proliferation of
T cells and is mainly regulated by the Shc/Grb-2/Sos complex (826). The TCR
triggers this pathway only in certain populations of T cells (809,827). In acti-
vated T cells, ligation of the TCR involves another Grb-2-like protein, the Crk-
C3G protein complex used to catalyze the guanidine nucleotide exchange on
p21ras (828). Another PKC-sensitive Ras exchange protein that is activated by
TCR signaling involved in the activation of T cells is the proto-oncogene Vav
(829), an exchange protein for Ras-related Rho/Rac proteins (830) that facilitates
the intersection of TCR and CD28 signaling pathways (831). The ERK1 and
ERK2 of the mitogen-activated protein kinase (MAPK) cascade (832) mediate
propagation of p21ras signals to the nuclear transcription factors. In T cells, there
are two signaling pathways for ERK2 regulation: one that involves Ras and an-
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other that involves PKC (833). Activated p21ras but not PKC couples the TCR to
the MAPK cascade (834). Another major function of p21ras is to activate and
recruit the serine/threonine kinase Raf-1 to the membrane (835), which can trig-
ger activation of ERK2. Lack of Raf-1 recruitment to the membrane was ob-
served in some anergic T cells (836). ERK2 kinase phosphorylates Elk1 (837), a
signaling molecule that associates in ternary complexes with a transcriptional
activator serum factor that has roles in the regulation of Fos gene expression. Fos
oncoproteins associate with the AP-1 transcription factor to induce activation of
several cytokine genes. Two additional MAPK signaling cascades regulate JNK1
and JNK2 (832). These two kinases integrate both TCR and CD28 signaling path-
ways with the Ca2+/calmodulin system (838). Regulation of JNK1 and JNK2 in-
volves a kinase cascade similar to those of ERK1 and ERK 2. Ca2+/calmodulin is
another major signaling system activated by the TCR. The IP3 inositol metabolite
generated by PLC-  binds to receptors in the endoplasmic reticulum to initiate
release of intracellular Ca2+ stores. The rise of Ca2+ together with diacylglycerol
(another PLC- -generated metabolite) activates PKC (839) and coincides with
opening of CRAC channels that allow influx of extracellular Ca2+ into the cyto-
plasm (840). Increased intracellular Ca2+ activates calcineurin (CaN), a ubiqui-
tously expressed phosphatase with diverse functions(825). CaN binds to NFAT
transcription factors (841) and mediates its dephosphorylation-dependent trans-
location into the nucleus (842,843) in association with members of AP-1 family
of transcriptional factors (844,845). Increase of intracellular Ca2+ correlates with
T-cell activation events (846), whereas low- and noninducible calcium levels are
characteristic for anergic T cells (847,848).

These three major TCR signaling pathways (PKC, Ca2+, and Ras) operate
synergistically during the regulation of various transcriptional factors impli-
cated in activation of the cytokine genes such as NFAT, NF- B, and AP-1.
Experiments involving dominant inhibitory mutants or specific inhibitors of
these pathways suggest that the PKC system synergizes with the Ca2+ system
in activating NFAT and AP-1. However, inhibition of PKC does not preclude
activation of these transcriptional factors (849). In contrast, the Ras signaling
pathway is essential for the activation of NFAT (850) and can substitute for
PKC signaling. A blockage of the Ras pathway, which is found in most of the
anergic T-cell systems (851), prevents the activation of ERK and JNK proteins
(852) with subsequent downregulation of the AP-1 transcriptional activity.
Activation of the Ca2+ signaling system can also suffice for transcription of the
IL-4 gene (853) but seems to be used mostly by the Th1 but not Th2 cells
(854). These observations revealed a branching nature of the TCR signaling
machinery that is able to select particular biochemical pathways that ultimately
lead to a specific T-cell effector function.



200 Neonatal Immunity

Tuning the TCR on T cells is the result of a fine balance between the PTKs
and protein tyrosine phosphatases (PTPs).

3. EXPRESSION OF COSTIMULATORY RECEPTORS
DURING THE DEVELOPMENT OF T CELLS

Numerous molecules are associated with the membrane of T cells (see Table
11). Some of these macromolecules function as coreceptors. Others represent
markers of the T-cell lineage, activated T cells, or memory T cells.

3.1. CD4 and CD8 Coreceptors

CD4 and CD8 are markers that divide T cells into two main subpopulations.
CD4 and CD8 display different functions and also function as coreceptors.
CD4 is necessary for interaction with MHC class II molecules, which present
peptides generated in the endosomal pathways, whereas CD8 interacts with
MHC class I molecules, which present the peptides derived from the process-
ing of endogenous proteins to the TCR.

CD8 is a heterodimer of 32 kDa made up of two chains,  and , encoded by
genes located on chromosome 2. CD8 binds to the -3 domain of MHC class I
molecules.

CD4 is a transmembrane glycoprotein of 55 kDa and is encoded by a single
gene. The outermost domains of CD4 interact with MHC class II molecules, leav-
ing the outer MHC domain that contains the peptide to interact with the TCR.

The interaction of the MHC class II-peptide complex with the TCR and CD4
is essential for the activation of T cells. This was clearly demonstrated by ex-
periments in our laboratory. We prepared a chimeric, soluble, dimeric MHC
class II molecule made up of a peptide that was derived from influenza virus
hemagglutinin (HA) corresponding to110 to 120 amino acid residues, con-
nected via a linker to the first exon of  chain of I-Ed and Fc 2a. This chimeric
molecule was coexpressed in a plasmid with the I-Ed -chain gene, and after
transfection, a dimeric soluble MHC class II-peptide chimeric molecule called
DEF was obtained (855). This soluble DEF molecule activated and induced the
proliferation of T cells from transgenic (Tg) mice expressing the TCR that
recognized HA110-120 peptide. The proliferation of HA-specific T cells was
inhibited by both anticlonotypic and anti-CD4 monoclonal antibodies (856).
This finding indicates that the crosslinking of CD4 and TCR, and the resulting
TCR-CD4 coaggregation, leads to stimulation of T cells as long as both TCR
and CD4 molecules bind to the same ligand (856).

Several observations suggest a functional integration of the CD4 and TCR
signaling pathways in T cells: (a) CD4 associates physically with the TCR dur-
ing T-cell activation (857–859); (b) coaggregation of CD4 with CD3-TCR com-
plex augments T-cell proliferation (860); and (c) p56lck coimmunoprecipitates
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with TCR phospho-  elements in activated T cells but not in resting or anergic
T cells (861).

The CD4 signaling pathways are not well defined. Several reports indicate
that signaling of the CD4 coreceptor might affect the trend of TCR signaling
cascades. Whereas some groups found that ligation of CD4 by antibodies in-
duces T-cell activation independently of TCR signaling (862), others found
that anti-CD4 antibody induces production of tumor necrosis factor (TNF)-
and interferon (IFN)-  but does not affect IL-2 or IL-4 production (863), Ca2+

immobilization, tyrosine phosphorylation of Shc (864,865) or Ezrin protein
(866), or activation of p59fyn (867), AP-1 (862), and NFAT (864,867). Dis-
crepancies among these studies may reflect experimental differences such as
the CD4 epitopes recognized by various antibodies, the degree of crosslinking,
and the differentiation status of the T cells analyzed. In other experimental
systems, ligation of CD4 by antibodies or HIV-1 gp120 independently of TCR-
CD3 signaling induced a long-term anergy (868–870). Also, lack of CD4-MHC
class II-peptide interaction leads to T-cell anergy (871).

The CD4 coreceptor plays an important role in T-cell differentiation (872–
874). Lack of CD4 on T cells has been associated with poor differentiation of
DN T cells into Th1 or Th2 effector cells (875). It has been suggested that
oligomerization of CD4 molecules with the TCR-CD3 complex is an impor-
tant step for CD4-mediated signal transduction in T cells (876) by virtue of the
intracellular crosslinking of CD4 with the TCR-CD3 complex via CD4-p56lck

kinase (869–871,877,878). A Zn++-based motif has been reported to mediate
the noncovalent association of p56lck with the cytoplasmatic tail of CD4 anti-
gen (879,880).

3.2. CD28 and CTLA4 Coreceptors

Optimal activation of T cells requires two signals: one delivered by the TCR
and another by CD28 superfamily coreceptors. According to the two-signal
model, the lymphocytes fail to respond adequately in the absence of a CD28-
induced signal.

The ligands of CD28 and CTLA-4 are CD80 and CD86, which are expressed
on the surface of APCs.

CD28 is constitutively expressed on the surface of T cells, whereas CTLA-
4 is rapidly expressed after the activation of T cells (881). Binding of CD28 to
CD80 and CD86 transmits a signal that synergizes with the TCR signal. The
engagement of CD28 alone subsequent to exposure to anti-CD28 antibody does
not activate the T cells in the absence of occupancy of the TCR by MHC-
peptide complex. CD28 signaling regulates the threshold for T-cell activation
and augments and sustains the T-cell response initiated by TCR signaling that
favors T-cell proliferation, differentiation, and secretion of cytokines (882). In
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contrast, the engagement of CTLA-4 subsequent to interaction with CD80 and
CD86 delivers a negative signal that inhibits the signals delivered by the TCR,
CD28, and CD4 or CD8. The signals delivered via CTLA-4 inhibit the synthe-
sis of IL-2 and the proliferation of T cells and terminate T-cell responses
(883,884). Therefore, the magnitude of the T-cell response involves a balance
of CD28-mediated activation and CTLA-4-mediated inhibition after interac-
tion with CD80 and CD86 ligands.

In mice, CD28 is expressed very early in ontogeny in an 11- to 12-d-old
embryoid body derived from CD45+ HSCs. In contrast, CTLA-4 was not found
in embryonic cells or embryonic bodies by staining with specific antibodies, or
its transcript was not detected by polymerase chain reaction (416).

Study of CD28 and CTLA-4 expression in human neonatal lymphocytes
showed that cord blood resting lymphocytes expressed higher levels of CD28
than adults. The proportion of CD28+ T cells declines throughout life and was
noted predominantly in the CD8+ subset. Following in vitro activation with
PMA and ionomycine, the percentage of CD28+ adult T cells increased to a
level similar to that seen in neonatal T cells. In neonatal T cells, CD28 is
functional because signaling via CD28 enhances proliferation and synthesis
of  cytokines by murine neonatal T cells stimulated in vitro with mitogens or
anti-CD3 antibody. Higher expression of CD28 in neonatal T cells may allow
increased crosslinking to provide signals required for the activation/prolif-
eration of T cells in peripheral lymphoid organs. In contrast, CTLA-4 was not
expressed in resting neonatal T cells even after the stimulation in vitro with
anti-CD3 antibody. Interestingly, CTLA-4 was detected in the cytoplasm of
neonatal T cells. This suggests that the translocation of CTLA-4 on the mem-
brane of neonatal T cells may be differentially regulated relative to adult T
cells, in which CTLA-4 is expressed on the membrane after activation (417).
Because the activation of resting T cells depends on the balance of the ex-
pression of CD28 and CTLA-4, these observations suggest that high expres-
sion of CD28 in neonatal lymphocytes represents an important factor in T-cell
activation.

3.3. CD40 Ligand (CD154)

CD40 ligand (CD40L) expressed on T cells interacts with CD40 expressed
on B cells. This interaction leads to activation of B cells and plays a crucial
role in class switching. In contradistinction with adult T cells, the expression
of CD40L in neonatal T cells is reduced or undetectable (885–887). Neonatal
T cells were induced to express CD40L by stimulation with anti-CD3 antibody
(887), PMA, and ionomycine (419,886). The kinetics of CD154 expression
subsequent to activation with anti-CD3 antibody was similar in neonatal and
adult T cells. The expression of CD154 on activated neonatal T cells may be



Phenotypic Characteristics of Neonatal T Cells 203

related to the observed differential regulation of CD154 transcripts by PMA
and ionomycine (419). The differences observed in the CD154 expression in
young lymphocytes may be responsible for the predominant IgM secretion by
B cells in postnatal life. The blocking of CD40L with CD40.G1 monoclonal
antibodies, which bind to CD40L, prevented interaction with B-cell CD40 and
inhibited the downstream switch reflected in inhibition of IgE and IgG4 anti-
body production (887).

The expression of CD40L on T cells induced greater expression of CD86 on
B cells (887) and also is able to induce the proliferation of thymic TCR- /  cells
and -mediated cytolytic activity and the secretion of IFN-  and TNF- (888).

Thus, lack of expression of CD40L on neonatal T cells correlates with lack of
class switching and the predominance of IgM production by neonatal B cells. How-
ever, T-cell activation by endogenous ligands leading to the expression of CD40L
may favor class switching to IgE and IgG4 production during postnatal life.

3.4. CD2 (Lymphocyte Function-Associated Antigen [LFA]-2)

CD2 is expressed on all T cells. CD2 is an adhesion molecule of 55 kDa that
interacts with CD48, CD58 (LFA-3), and CD59 expressed on different cells
including APCs. The adhesion domain of human CD2 bears a single N-glycan
at Asn65, which is required for adhesion to stabilize the polypeptide confor-
mation (889). The CD2–CD58 interaction, like anti-CD2 antibodies, induces
the resting cells to be cycled and transduce an activating signal to the T cells.
The interaction between CD2 and CD58 is facilitated by CD44, a glycoprotein
of 80 kDa that functions as a homing receptor (reviewed in ref. 67).

In humans, CD34+ common lymphocyte progenitors enter the thymus at wk
7–8 of gestation. These precursors can differentiate into T cells and natural killer
(NK) cells. They do not express CD4, CD8 CD3, or TCRs and are termed triple-
negative (TN) T-cell precursors. By d 8.5 of gestation, these precursors express
CD2 antigen, and a few days later, CD3 -chain can be detected in their cyto-
plasm. This observation indicates a temporal sequence of expression of CD2
before CD3 -chain in the early phase of gestation within a relatively narrow
window of time. At this stage, the CD2+ TN thymocytes can be stimulated to
proliferate with anti-CD2 antibody and submitogenic amounts of IL-2 (890).

Interaction of CD2 with CD58 increases cellular interaction and transduces
activating signals to T cells. CD58 is expressed on thymic stromal cells. The
binding of CD2 to endogenous ligand CD58 cannot trigger thymocyte activa-
tion alone but induces the expression of CD25 (IL-2R). Thus, CD2 expressed
on a CD34+ TN T cell likely does not induce activation signal as in mature T
cells but rather upregulates the expression of IL-4R and the CD2–CD58 inter-
action. In concert with small amounts of IL-4, these effects may drive the pro-
liferation and subsequent differentiation into CD3+ DN T cells.
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3.5. CD5

CD5 is a monomeric protein of 67 kDa that is expressed on T cells and a
subset of B cells (B1). Its ligand is CD72, a C-type lectin expressed on B cells.
CD5 has a long intracytoplasmic moiety, which is substrate for the tyrosine
kinases lck and fyn. The intracellular fragment is in close association with CD3 -
chain, and phosphorylation of CD5 occurs within seconds of binding the MHC-
peptide complex to the TCR or after exposure to CD5 antibody. Stimulation via
CD5 induces calcium mobilization, increase of cyclic guanosine monophos-
phate (cGMP), and the expression of CD25. Similarly to CD2, CD5 is expressed
on CD34+ TN immature thymocytes after wk 8–9 gestation.

3.6. CD34

CD34 is a cell-surface antigen of 120 kDa that is expressed on pluripotential
HSCs and on the most primitive human T-cell precursors (TN thymocytes).
CD34+ TN thymocytes are present in the fetal thymus at wk 8.5 of gestation
and differentiate into DN T cells. This concept is supported by several find-
ings. First, thymic CD45+ TN cells express the CD2 and CD5 antigens, which
are expressed on all T cells (891,892). Second, purified CD45+ TN thymic
cells dedifferentiate into DP T cells in fetal organic cultures using the fetal
thymus from donors at wk 17–20 of gestation, whereas CD34– TN thymocytes
lack this capacity (893). CD34+ TN thymic cells exhibit incomplete rearrange-
ment of the TCR-  locus displaying D 2–D 3 and D 2–J 2 rearrangements,
whereas the TCR- , - , and -  loci are in the embryonic germ line gene con-
figuration.

In vitro culture of these cells with anti-CD2 antibody and recombinant IL
(rIL)-4 for 2 d gives rise to TCR- + cells (892).

The expression of CD34 decreases drastically during the thymic differentia-
tion process at the stage of CD4+ CD8 + – and ceases at the stage of DP T
cells. These findings strongly suggest that CD34 is a marker of the most primi-
tive T-cell precursors committed toward differentiation into T cells.

3.7. CD21 Receptor

CD21 receptor is a transmembrane molecule of 145 kDa. Its ligands are the
C3b/C3g and C3d fragments of human C3, and it also has a low affinity for
IgE, CD23, and Epstein–Barr virus (EBV) virus (reviewed in ref. 894). CD21
is expressed on all stages of differentiation of the T-cell lineage but at the
highest density level in the most immature CD34+ TN thymocytes. On transi-
tion from the CD34– CD1+ CD4low CD8– stage to DN T cells, CD21 expression
decreases, reaching the level of mature T cells. CD21 is shed from the mem-
brane, and the levels of soluble CD21 increase with increasing gestation; how-
ever, reduced levels were detectable in cord blood (894).
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The function of the CD21 receptor during various stages of differentiation
of the T-cell lineage is unclear (895). One may speculate that it contributes to
the selection of the T-cell repertoire by inhibiting recombination activating
gene (RAG) activity and, therefore, TCR gene recombination. It is also thought
to increase the susceptibility of immature T cells to EBV infection.

3.8. CD45

CD45 is present on all lymphocytes but exists in several isoforms that serve
to distinguish various lymphocytes and are specifically expressed on various
stages of T-cell development. The gene encoding CD45 is located on chromo-
some 1. Exons 4, 5, 6, and possibly 7 can be spliced in various ways, yielding
eight isoforms that differ in extracellular domains. The CD45 is expressed in
primitive T-cell precursors. CD45RA and CD45RB are expressed in naïve T
cells, and CD45R0 interacting with CD22 is expressed in activated mature and
memory T cells. In humans, the majority of T cells in cord blood express
CD45RA, whereas those in adult peripheral blood express CD45R0.

CD45 can positively regulate the TCR signaling components by dephospho-
rylation of negative regulatory tyrosines on PTKs (896,897) such as Tyr505 of
p56lck (898,899). Antigen stimulation in the absence of CD45 prevents T-cell
proliferation and production of cytokines via hyperphosphorylation-mediated
inactivation of p56lck (900,901). In contrast, antibody-mediated coaggregation
of CD45 with the TCR can negatively regulate the TCR signaling machinery
(902), presumably by CD45 interference with TCR oligomerization-mediated
signaling (903) or by excessive dephosphorylation of the positive regulatory
tyrosines such as Tyr394 or p56lck (904). In general, the PTPs induce negative
regulation of TCR signaling by dephosphorylation-mediated deactivation of
PTKs. However, negative regulation of TCR signaling can be mediated not
only by PTPs but also by some PTKs such as CsK tyrosine kinase (905), which
mediates phosphorylation of the inhibitory tyrosines of Src kinases (i.e., Tyr505
or p56lck) (906,907).

4. DEVELOPMENT OF THE T-CELL LINEAGE
During ontogeny, the development of T cells has been divided into three

phases: the prethymic phase (which begins in the liver during gestation and
continues in bone marrow during infancy and thereafter), the thymic phase,
and the mature phase.

4.1. Prethymic Phase

In mice, the prethymic phase begins by d 14 of gestation in the fetal liver
and continues in bone marrow during infancy and thereafter. Pluripotential
HSCs present in the fetal liver or bone marrow differentiate into common lym-
phoid precursors and, thereafter, into T-cell precursors. Pluripotential HSCs
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express markers of both myeloid and lymphoid lineages such as Mac-1, Gr-1,
Thy1, B220, Tae, 11, c-Kit, and Scal-1 (156). From pluripotential HSCs arise
bipotent T/NK-cell precursors identified as CD117+, CD44+, and CD25–. The
T/NK precursors reach the thymus through blood, enter into the cortical med-
ullary junction by passing between endothelial cells of capillaries, and then
migrate in the cortical zone (908). Although the bone marrow HSCs and
pluripotential HSCs exhibit the properties of fetal HSCs, they are phenotypi-
cally distinct because they express other markers, specifically Thy1.1–, c-
Kitbright, and Rhohigh (909).

4.2. Thymic Phase

Upon entry into the thymus, bipotent T/NK precursors differentiate in the
thymic cortex. This process is not autonomous and requires signals delivered
after contact with various types of mesenchymal and thymic epithelial cells
(TECs). The differentiation process of T-cell precursors is characterized by
temporally coordinated expression of cell surface markers, the expression of
RAG and TdT enzymes, and the rearrangement of genes encoding TCRs. The
T-cell progenitors then enter into the thymus at the cortical medullary junction
and migrate into the cortex. The most immature stages are characterized by the
absence of the expression of CD4 and CD8 markers and are termed as DN.

In mice, DN cells undergo four major stages of differentiation. The pheno-
type of DN1 and DN2 thymocytes is CD44++ CD25–, and CD44+ CD25++, re-
spectively. Both DN1 and DN2 thymocytes synthesize the pre-T- -chain. The
phenotype of DN3 cells is CD44– CD25+, and these cells synthesize the TCR-

-chain. DN4 thymocytes do not express CD44; they express CD25 and pre-
TCR encoded by pre-T-  and TCR- . There is a subtle subset of DN4 in which
no intracytoplasmic TCR-  protein has been detected. In that TCR- – subset,
intracytoplasmic TCR- /  was detected (910). These cells may exhibit a low
level of proliferation and may differentiate into TCR- / + cells in the cortex or
medulla. Accompanying this maturation is a second round of expansion, which
corresponds to the transition of DN3 toward DN4 thymocytes. The prolifera-
tion is mediated by pre-TCR, because the differentiation is arrested at the DN3
stage in pre-TCR knockout mice. In this mouse strain, no proliferation of DN3
thymocytes occurs (911). DN3 and DN4 thymocytes express a newly charac-
terized antigen, CD147 (912). CD147 may play a role in cell cycling, because
the fetal thymic organ cultures using thymuses removed at d 14–15 of gesta-
tion showed no DP thymocytes after incubation with the anti-CD147 antibody.
These cultures showed a relative increase of DN1 and a drastic decrease of
DN4 cells. This finding suggests a potential role of CD147 in the second phase
of expansion of immature thymocytes.
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In all differentiation stages, the DN thymocytes express CD2 and CD5 anti-
gens, and the RAG enzymes are active. DN4 thymocytes differentiate into DP
cells that express CD4, CD8, and TCRs. They lose the expression of CD44 and
CD25, and RAG activity is absent or reduced to low levels sufficient for addi-
tional rearrangement of TCR-  genes (TCR editing).

DP T cells differentiate into SP T cells that express CD4 or CD8 and T cells
that express TCR- /  or TCR- / .

In humans, the pathway of T-cell development is similar to that described in
mice, with the exception of the expression of different antigens. The T/NK-cell
precursors are characterized by CD34+, CD1a+, and CD5+. The DN cells dis-
play three phases of differentiation according to the model proposed by Blom
et al. (336). From pre-T cells CD34+, CD1a+, and CD5+ arise the preTCD4
immature SPs CD34–, CD1a+, CD5+, CD4+, and CD8–. From these cells arise
other types of DN cells called the EDP cells CD34–, CD1a+, CD5+, CD4+, and
the CD8- -chain. These cells differentiate into DP T cells exhibiting the phe-
notypes CD1a+ CD5+, CD4+ CD8-  and - + CD27–, CD69–, and TCR+.

In the cortex, the majority (70%) of DP cells are not dividing cells; however,
a small number (15%) are dividing cells that probably result from positive
selection of DP cells. DP and SP T cells migrate from the cortex into the
medulla. Kinetic analysis of DP and SP thymocytes suggests that the turnover
time of DP and SP thymocytes in the medulla is significantly longer than that
of DP in the cortex (913). Once in the medulla, SP thymocytes are activated
and express homing receptors. In the medulla, only 2–10.5 % divide, as
assessed by a short-pulse labeling with BrdUrd (913). In the medulla, SP T
cells express HSA but not Qa2 antigen. The overall turnover time for medullar
SP thymocytes is far greater than 1–2 d as was thought initially; it takes at least
6–9 d (913). After residing in the medulla for several days, the SP T cells are
exported to the periphery through veins and lymphatics. Their entrance into
the vessels depends on expression of homing receptors, which are probably
induced by cytokines in the medulla. Only the most mature SP thymocytes,
which are HSA–Qa2+, leave the thymus.

The pathway of the differentiation process of murine and human T cells is
illustrated in Fig. 38.

5. POSITIVE AND NEGATIVE SELECTION

Stochastic recombination of the gene segments encoding TCRs potentially
create specificity for all peptides derived from the processing of foreign and
self-antigens presented to T cells in association with MHC class I and II and
CD1 molecules. The specificity of the T-cell repertoire is established during
fetal development of the thymus.
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The major property of the immune system, including the T cells, is to dis-
criminate between self and nonself. This implies a selection of the lympho-
cytes. T cells mediating the immune response against foreign antigens are
positively selected, whereas a negative selection process deletes those that rec-
ognize self-antigen, which may cause autoimmune reactions.

Only T cells with a low affinity for MHC-peptide complex are positively
selected, proliferate, and differentiate, whereas those exhibiting a TCR with
high affinity for ligands are eliminated. This concept creates a paradox in
which the signal induced by the ligand through the TCR results either in
survival or death.

Positive selection is a multistage process involving interaction of T cells
with the thymic environment and, in particular, with TECs expressing MHC
molecules. TECs provide specialized accessory interactions that MHC+ epi-
thelial cells from other tissues do not. TECs and thymic stromal cells express
other molecules such as BPM and TTS24, which could be essential in the posi-
tive selection process.

The most important question regarding the process of positive selection is:
How does positive selection occur subsequent to interaction of TECs with thy-
mocytes during fetal life, when the embryo is protected from exposure to for-
eign antigen that, with rare exceptions, cannot pass through placenta?

The paradigm of the positive selection process is that only cells that bear a
TCR with low affinity/avidity for the self-derived MHC-peptide complex are
positively selected. The positive selection process occurs in the thymus cortex
at the most immature stage of differentiation of DP, large, dividing blast thy-
mocytes that express a fully functional TCR and CD69, CD2, CD5, and Qa2
surface markers. Positively selected DP blast cells become small nondividing
thymocytes located in the cortex. The interaction of the TCR with MHC-pep-
tide complex is crucial for positive selection. This concept was supported by
the study of TCRs in MHC knockout mice in which the differentiation of DP
thymocytes was arrested (reviewed in ref. 914). Positively selected DP thy-
mocytes exhibit a new wave of expansion that appears to be MHC-independent
and gives rise to SP thymocytes.

Positive selection is driven by binding the TCR to a single or mixture of
self-peptides associated with MHC molecules on the surface of TECs. It is
noteworthy that a few peptides derived from self-antigens have been identi-
fied. The majority of the peptides identified were not stimulatory for mature T
cells, which require high-affinity interactions. Several transcription factors are
critical for positive selection, such as Src and Syk family kinase proximally
associated with the TCR, Ras, RasGRP, PLC- , ERK, helix–loop–helix fam-
ily, Schnurri, and Egr1. The involvement of these factors in positive selection
is supported by studies carried out in mice with targeted mutations in genes
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encoding these factors. In these mice, positive selection and the DN to DP
transition processes are blocked (reviewed in ref. 915).

Negative selection results from the high-affinity interaction of self-peptides
with TCRs. This concept is supported by several findings demonstrating T-cell
deletion by increased apoptosis. Pertinent findings include (a) deletion of T cells
induced by endogenous antigens and by injection of high amounts of peptides in
TCR Tg mice, (b) the increased expression of peptides in the thymuses of Tg
mice, and (c) massive apoptosis caused by injection of anti-CD3 antibody.

Clonal deletion occurs early in T cell development at the stage of transition
of DN cells to DP cells but also occurs late in the SP stage. In addition to TCR–
MHC-peptide complex high-affinity interaction, the negative selection requires
a second costimulatory signal delivered by CD28–B7 or CD40L–CD40 inter-
actions. This concept is supported by the observations that CD28 knockout
mice are resistant to anti-CD3 antibody or peptide-induced apoptosis (916)
and that CD40-deficient mice do not exhibit the negative selection induced by
endogenous super antigens (917).

It was generally considered that the negative selection clonal deletion re-
sults from activation of apoptosis mediated by Fas ligand–Fas receptor and
TNF- –TNFR interactions. Most studies derived from mice with targeted
genes for FasR, TNFR1, and TNFR2 revealed that FasL or TNF-  are not
necessary for negative selection. Similarly, in the case of selection induced by
endogenous peptides, it was shown that TNF signaling is dispensable for nega-
tive selection (918). More recent evidence suggests that orphan steroid recep-
tor factor Nur77, a downstream regulator of TCR involved in the apoptosis
pathway, increases negative selection (919,920). Studies in knockout mice sug-
gest that Grb2 (an adaptor protein associated with the TCR) signaling is impor-
tant for negative selection (921). Also, p38, which is an activator of c-Jun, and
MKK7, which is an upstream activator of JNK, increase negative selection.
Clonal deletion requires both RNA and protein synthesis. These observations
strongly demonstrate that negative T-cell selection is an active process.

6. TCR EDITING DURING T-CELL DEVELOPMENT

The process of BCR editing was first discovered in the case of immature B
cells. There are some observations that the same process is active during the T-
cell development. In the case of T cells, the editing process results from rear-
rangement of the TCR-  locus, which continues in the cortex DP cells and
even in the medulla SP T cells. In one model, a rearranged V -J  gene was
introduced (knock-in) in embryonic stem cells and expressed in DP thymocytes
with the TCR-  gene. Editing in these mice was induced by a superantigen and
was associated with the internalization of one TCR- (922).

TCR editing also was described in a Tg mouse strain in which ovalbumin
was expressed under the control of the human keratin 14 promoter, which
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drives the gene expression in TECs and skin, and tongue and esophagus
keratinocytes but not in other tissues. In contrast to Ot-1 Tg mice that display a
drastic reduction of DP thymocytes, in the K-14 OVA double-Tg mice, a sig-
nificant proportion of DP thymocyte remained. These cells remained in the
thymus because they expressed endogenous TCR- ; allelic exclusion of the
TCR-  locus is not complete in mice. The DP thymocytes in these mice exhib-
ited low expression of TCRs, CD4, and CD8 and an increased expression of
CD69, indicating that they had encountered the antigen. Low expression of
TCRs indicates that the autoreactive TCRs were internalized and that RAG
expression was maintained in DP thymocytes of these mice. From these results,
it was predicted that of the 10 to 27% of peripheral T cells expressing two
functional TCR-  genes, some can express an autoreactive TCR (923).

Taken together, these observations indicate that self-antigen presented by
TECs can cause in DP thymocytes the internalization of TCRs and rearrangement
of endogenous TCR- , allowing for survival of DP T cells by a receptor editing
process. Because these conclusions derive from studies carried out on Tg mice, it
is difficult to determine the significance of the TCR editing process in vivo.

7. DEVELOPMENT OF T CELLS IN VERTEBRATES

CMI in T cells represents an important arm of defense reactions in all verte-
brates. The thymus and T cells occurred 500 million yr ago, when jawed verte-
brates diverged from other vertebrates. T-cell differentiation takes place in the
thymus in all vertebrates. In all vertebrates, the TCR is the major marker of T
cells, and the rearrangement of genes encoding the specificity of the TCR fol-
low the same rules.

7.1. Ontogeny of T Cells in Fish

In all fish, T cells differentiate and mature within the thymus, which derives
from the endoderm and the mesenchyme of pharyngeal pouches and the ecto-
derm of branchial clefts. The thymus anlage is the first lymphoid tissue that
develops during ontogeny.

In fish, the pronephros is the organ that contains HSCs. From pronephros,
the HSCs migrate into the thymus before the spleen.

Hansen and Zapata (320) divided thymic lymphopoiesis into four stages: (a)
the occurrence of thymic primordium, (b) its colonization with precursors, (c)
expansion and differentiation, and (d) the histological division of thymic tissue
into the cortex and medulla.

In trout embryos, the thymic primordium is evident at 8 d prehatching. At
hatching, the thymus consists of few layers of ETC, and at 1 d prehatching,
lymphocytes become preponderant. One month after hatching the thymus is
completely regionalized in the cortex and medullar areas. RAG activity was
detected at d 10 postfertilization when neither pronephros nor thymus primor-
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dia were developed (924,925). These findings suggest that thymic progenitors
may rearrange the genes encoding the TCR before colonization of the thymus.
V[D]J recombination was also described in the thymus anlage at d 15
postfertilization. At d 16–20 postfertilization, the rearranged TCR- V2 do not
exhibit N insertion despite the fact that TdT is expressed before hatching.

In catfish, the thymocyte population changes remarkably during the first 28
d posthatching. At d 1, the thymus consists of epithelial cells and only a few
lymphocytes. By d 5, the number of thymocytes increases and by d 21 occurs
in equal proportions throughout thymic parenchyma (253).

In zebrafish, the formation of the thymic primordium occurs much faster: 60
h postfertilization. At 65 h, the thymus anlage contains small and large lym-
phocytes distributed throughout the meshwork of ETC, and at d 4
postfertilization the number of thymocytes increases considerably. RAG
expression coincides with colonization of the thymus with lymphocytes at 65–
70 h postfertilization (926).

7.2. Development of T Cells in Amphibians

In Xenopus, the thymus primordia become evident at d 3 postfertilization
and 1 d later are colonized with lymphocytes. The colonization of the thymus
with precursors is characterized by several waves. The first wave takes place
by d 4 postfertilization by progenitors from embryonic mesoderm. The second
wave results from colonization of the thymus by precursors originating from
dorsal lateral plates. Finally, the third wave, which takes place during meta-
morphosis, results from seeding of the thymus with precursors from the larval
liver (reviewed in ref. 320). After the first wave of entrance of progenitors,
20% of thymocytes express the T-cell-specific XTLA-1 antigen. The first CD8
antigen appears at d 12 postfertilization. By this time, the larval thymus exhib-
its clear demarcation of the cortex and medulla. Following the expression of
XTLA-1 and CD8 markers, the vast majority of thymocytes after the second
wave of colonization express the CD5 marker of T cells (927). RAG expres-
sion was observed d 3.5 postfertilization, and 1 d later the transcripts of fully
rearranged TCR loci were detected.

Later during metamorphosis, over 90% of thymocytes in the cortical area
are deleted. This observation strongly suggests that there is a negative selec-
tion in frog thymuses.

7.3. T-Cell Lymphopoiesis in Birds

The TCR and major markers of T cells defined in mammals appear to be
highly conserved in birds. Bird T cells express TCR- /  and TCR- / , a pan-T-
cell antigen recognized by the CT1 monoclonal antibody, and CD2, CD5, CD4,
and CD8 (928). Similarly to lower vertebrate species, in birds the thymus is
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seeded with precursors from blood in waves. Studies of T-cell development in
the chick–quail chimera indicated that the thymus is the only site in which T
cells expressing the TCR-CD3 complex are generated (929). During T-cell
development, the CD3 molecules were identified at d 9 of embryo develop-
ment, and at d 11 about 20% of thymocytes expressed CD2 and then CT1 anti-
gen. In the thymus there is a sequential differentiation of TCR- /  and TCR- /

 subsets (930). The thymocytes expressing TCR- /  occur in the thymic cortex
on d 12 of embryonic life, approx 5 d after HSCs enter the thymus and 3 d after
the detection of CD3 molecules. By day 13 TCRs- /  reach the medulla and
their number increases, indicating that they enter into the cell cycle and prolif-
erate. Intracytoplasmic TCR- -chain was detected on d 12, and surface expres-
sion of the TCR- / -CD3 complex was detected in the cortex at d 14. The
TCR- /  subset quickly becomes predominant. The sequential development of
thymocytes expressing TCR- /  followed by those expressing TCR- /
strongly suggests that in birds, these cells represent two different lineages. This
concept is supported by an experiment that showed that the treatment of
embryos with anti-TCR-  monoclonal antibody prevented the development of
TCR- /  thymocytes without affecting the development of thymocytes express-
ing TCR- / . Similarly, treatment with anti-TCR- /  antibodies prevented the
development of TCR- /  but not of TCR- /  thymocytes (931).

TCR- /  thymocytes are DP and differentiate into SP T cells. They leave
the thymus and occur in the spleen by day 19 and in the intestine by d 20 of
embryonic life. It interesting that in birds, the majority of SP T cells in the
periphery do not express CD2 (928).

7.4. T-Cell Development in Lambs

As in other mammalian species, in lambs T lymphopoiesis takes place only
in the thymus during the last trimester of pregnancy. Thymocytes and periph-
eral T cells expressing TCR- /  occur before TCR- / . In the fetus during the
last month of gestation, TCR- /  represents 18% of total T cells, and their
number increases in the cord blood to 60% (932). Postnatal SP T-cell emi-
grants express CD11a/CD18, CD44, CD2, and CD58 antigens. Prior to export
from the thymus, CD44 is upregulated on TCR- /  cells, and both CD16 and
CD58 are downregulated, suggesting that this process may be the final step of
maturation of TCR- /  cells. In contrast, there is a continuous upregulation of
CD2 during thymic development as well as an upregulation of the expression
of CD2 on both TCR- /  and TCR- /  T cells during postnatal life. Thus, it
appears that the changes in the expression of costimulatory and adhesion mol-
ecules are the result of the maturation of thymocytes to a mature peripheral T
cell (933). The lifespan of thymocytes in the fetus is unknown. However, be-
fore parturition the fetal lamb develops a large pool of long-lived circulating T
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cells that is rapidly replaced by short-lived T cells during postnatal life, fol-
lowing exposure to environmental antigens (934).

7.5. Thymopoiesis in Pigs

In contrast to other mammalian species, the differentiation of T-cell lineage
in pigs exhibits some particularities (329).

The first lymphocytes occur in the thymic rudiment at d 38 of gestation. The
vast majority are DNT cells expressing the pan-lymphocytic marker CD45 and
the promyelocyte-monocyte antigen SWC3a. Early T-cell progenitors (CD3-

–, CD4–, and CD8–) have been identified only in the SWC3a– population.
From these cells arise immature thymocytes characterized by the expression of
CD8 and the absence of CD3-  and CD4 expression. These cells differentiate
in DP CD3- – thymocytes, which at day 40 express CD3- high and CD25. The
DP thymocytes have been identified in the fetal thymus at d 56–76 of gesta-
tion. All DP thymocytes are positive for CD5, CD2, and CD1 expression (935).

Thymocytes first differentiate into TCR- /  CD3- high. Until d 50 of gesta-
tion, TCR-  thymocytes represent almost exclusively all CD3high thymocytes.
The number of TCR-  thymocytes decreases, and by day 55 TCR-  cells be-
come predominant. Thus, like in other mammalian species, the TCR-  T-cell
subset occurs earlier than the TCR- /  subset (935).

Apparently, in pigs the thymus is colonized by at least two waves of HSCs;
however, the influx of T-cell progenitors is discontinuous and decreases sharply
between d 40 and 45 of gestation, when the frequency of CD45high thymocytes
increases significantly.

7.6. Ontogeny of Human T Cells
In humans, the thymus develops from the third branchial pouch at wk 6 of

gestation. Originally, the majority are ETCs and the lymphocytes begin to
appear at wk 8 to 9 of gestation. Gradually the thymus separates into the cortex
and medulla, and eventually Hassall’s corpuscules are evident, marking the
full development of the thymus gland. In thymuses from fetuses at wk 15 to 26
of gestation, 50 to 96% of thymocytes express CD2 as assessed by the ability
to rosette sheep erythrocytes (330). The immature thymic cells develop from
CD34+ CD38– fetal liver cells and, after birth, from CD 34+, CD10+ Lin– c-Kit–

human bone marrow cells (894). From these, HSCs derive T/NK precursors,
which differentiate into DN, DP, and then SP thymocytes expressing TCR- /

. The TCR- /  cells develop exclusively in the thymus.
By contrast, in humans TCR- /  T cells can be identified before thymic de-

velopment at wk 6–8 of gestation in fetal liver cells. These cells also have been
identified in cord blood cells and expand in vitro vigorously upon culture for
14 d with rIL-2.
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In conclusion, in all vertebrate species the T cells develop within the thymus
with the exception of TCR- /  cells, which may develop extrathymically.
Development of T cells expressing TCR- /  precedes the occurrence of TCR- /
cells. During fetal life, the HSCs are harbored within fetal liver. The common
lymphocyte progenitor and T/NK precursors are derived from HSCs. During post-
natal life and thereafter HSCs are present within bone marrow. The T/NK precur-
sor cells later enter into the thymus at the cortical medullary junction, from which
they migrate into the cortex. There, they undergo various stages of differentiation
(e.g., DN to DP to SP). In these stages of differentiation, they first express a pre-
TCR, and at the stage of DP they express fully functional TCR- / .

8. FUNCTION OF NEONATAL T CELLS

Since the original observation of Billingham and Medawar (607) that mice
neonates injected with allogeneic bone marrow cells were able to accept skin
allogeneic graft, it has been believed that the poor CMI response in neonates is
related to immaturity of T-cell function and higher susceptibility to tolerance.
However, tolerance by itself represents an active immune response because
tolerant lymphocytes transferred into naïve mice conferred unresponsiveness
to recipients. The concept of an active tolerance is supported by an experiment
by Goldman et al. (936) showing that the activation of Th2 cells plays a role in
the induction and maintenance of neonatal tolerance.

From a functional point of view, T cells are classified in three main subsets:
(a) CD4 T cells, which were initially considered helper T cells; (b) CD8 T cells,
which mediate cytotoxic reactions; and (c) regulatory T cells. CD4 T cells were
divided in two additional functionally distinct subsets: (a) Th1 CD4 cells that
produce IFN-  and IL-2, which favor class switching to IgG2 and mediate the
delayed hypersensitivity reaction and protection against intracellular microbes,
and (b) Th2 CD4 cells that produce IL-4, IL-13, and IL-5, which participate in
humoral responses and favor class switching to IgG1 and IgE.

Late studies from the 1970s that were carried out in mice challenged the con-
cept of unresponsiveness of neonatal T cells. At first glance these studies were
very crude in light of the progress made in T-cell immunobiology. However,
these studies merit mention because they demonstrated that neonatal T cells are
functional. Bosing-Schneider (937) measured the ability of neonatal T cells to
secrete T-cell replacing factor (TRF), which is probably a mixture of cytokines
secreted by Th2 cells. The study demonstrated that T cells from 1- to 2-d-old
mice produce minute amounts of TRF; however, 1-wk-old mice had a sufficient
number of T cells to produce as much of this factor as T cells from an adult. It
was later shown that neonatal thymic cells are able to provide assistance to B
cells producing IgM antibodies to TNP-BGG (938).
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Further studies carried out in mice demonstrated that neonatal CD4 T cells
are functional and that Th2 responses dominate in neonates. Th1 responses are
prevalent in adults. In vitro studies showed that although the frequency of neo-
natal murine Th2 cells in lymph nodes is similar to that observed in adult mice,
virtually no IFN- -secreting Th1 cells were detected in neonatal spleens. The
production of IL-4 by neonatal splenic Th2 was antigen-specific (939). Thus,
the neonatal naïve T cells are biased to secretion of IL-4, a Th2 cytokine, both
under standard in vitro activation conditions (939) and after in vivo immuniza-
tion of neonates with peptide delivered on an immunoglobulin platform that
enhances the immunogenicity and provides adjuvant activity (940,941).

Neonatal T cells rapidly lose the Th2 phenotype. By d 6 after birth, high
production of IL-4 diminishes (942,943). Nonetheless, the Th1 cells are also
present in newborn lymphoid organs. This concept is supported by the follow-
ing findings:

a. Upon in vitro culture of neonatal splenic cells in the presence of IL-6 or anti-
CD28 antibodies, IL-2 production and proliferation of Th1 cells were enhanced,
reaching the levels of adult T cells (944).

b. In vivo administration of IL-12, a strong promoter of Th1 cell development, together
with anergic cells induced the production of high levels of IFN-  and IL-2, and these
mice acquired the capacity to prevent the induction of neonatal tolerance (945).

c. In vivo injection of anti-CD40 antibodies in neonates enhanced the alloantigen-
specific Th1 response and prevented the induction of neonatal tolerance (946).

d. Selective generation of neonatal Th1 responses were described with different
modes of immunization such as immunization with hen egg lysozyme and
Freund’s incomplete adjuvant (FIA) (947) or subsequent to immunization with
DNA vaccines. A robust Th1 response was described in newborn mice immu-
nized with a plasmid containing influenza virus HA gene, as assessed by produc-
tion of IFN-  and IgG2a antibodies (643) or plasmids containing measles virus
HA, C fragment of tetanus toxin, or Sendai virus nucleoprotein (644).

e. Autoreactive Th1 cells develop soon after birth. This was clearly shown in two
different animal models of autoimmune diseases. One model of juvenile insulin-
dependent diabetes mellitus (IDDM) consists of double-Tg mice expressing
influenza virus HA under rat insulin promoter in pancreatic  cells and a TCR
specific for a dominant epitope of HA recognized by T cells in association with I-
Ed MHC molecules. Five-day-old double-Tg mice developed periinsulitis, which
coincided with an increased number of HA-specific diabetogenic T cells (948).
In a model for autoimmune ovarian disease (AOD), it was shown that immuniza-
tion of females at d 2 and 5 after birth with pZP3 antigen in FIA led to develop-
ment of AOD (949). These observations clearly demonstrate that autoreactive
Th1 cells, which mediate both IDDM and AOD, escape from tolerance and are
present and functional after birth.

Under certain conditions, neonatal T cells mount a mixed Th1/Th2 response.
This conclusion was strongly supported by an experiment in which mice
immunized at birth with protein antigen (950) or DNA vaccines (643,648,951)
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were able to mount quantitatively and qualitatively indistinguishable mixed
Th1/Th2 responses 1 wk after immunization.

Both in vivo and in vitro experiments demonstrate that exposure to antigen
usually gives rise to a Th2-biased secondary response (648,947). It is unclear
whether the Th2 dominance resulted from lack of priming or from recall of
neonatal Th1 cells. This question was particularly important because it was
demonstrated that both neonatal Th1 and Th2 cells were able to mount a pri-
mary response (648,950,951).

Recently, Li et al. (952) attempted to address this question using a model in
which neonatal T cells from a Tg mouse strain expressing a TCR specific for
an ovalbumin-derived peptide were transferred into normal newborn mice. In
this system, priming with Ig-Ova induced both Th1 and Th2 responses; how-
ever, the recall with antigen induced only a Th2 response. Surprisingly, the
Th1 response after recall was observed when IL-4 was neutralized by exog-
enous anti-IL-4 antibody. In addition, anti-IL-4 antibody prevented in vitro
antigen-induced apoptosis of Th1, indicating that IL-4 and IL-13 may be in-
volved in IL-4-mediated targeting of Th1 cells in vivo following the challenge
with ovalbumin-derived peptide. Thus, it appears that IL-4 may exert its
downregulatory effect on the secondary response of Th1, because IL-4R and
IL-13R proteins are expressed on surface of Th1 cells (952).

An apoptotic effect of IL-4 on neonatal Th1 cells is supported by results of
microarray analysis of genes encoding antiapoptotic and proapoptotic factors.
Neonatal Th1 exhibited upregulation of Lt-b, TNFR1, and TNFRSF11A, and
Th2 showed an additional upregulation of myosin light chain (MLC)-1, an
antiapoptotic factor. It should be noted that anti-IL-4 antibody inhibited the
upregulation of TNFR1 and TNFRSF11A (952). Therefore, the increased
apoptosis observed during the secondary response of Th1 may be related to a
defective expression of MLC-1.

Studies of in vitro maturation of cord blood lymphocytes also suggest a bi-
ased response of human neonatal CD4 T cells toward Th2 cells. Naïve neona-
tal T lymphocytes contain a subset characterized by CD4+ CD31– CD45RO–

cells, which differentiate into IL-4-producing cells after long-term culture in
IL-4 and IL-12 supplemented medium or stimulation with low doses of anti-
CD28 antibodies (953).

The biased development toward Th2 cells in newborns may be highly influ-
enced by immune status during pregnancy. In mice, fetoplacental tissue is char-
acterized by secretion of Th2 cytokines such as IL-4, IL-5, IL-10, PGE2, and
progesterone, which downregulate the production of IL-12, promoting the
development of Th1 cells (data reviewed in ref. 953).

Overall, these studies indicate that neonatal T cells can respond to antigen
stimulation in vitro and in vivo and that priming with antigen stimulates both
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Th1 and Th2 responses. However, the secondary response of neonates is bi-
ased to Th2 responses. The biased neonatal Th2 response may be related to IL-
2-induced apoptosis of Th1 cells in a recall response.
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Expression of MHC Molecules in Neonates

1. INTRODUCTION

Whereas B cells recognize the epitopes on native antigens, T cells recognize
only peptides derived from the processing of antigen by antigen-presenting
cells (APCs) in association with major histocompatibility complex (MHC)
molecules. Therefore, the expression of MHC molecules on APCs and the abil-
ity of APCs to process the antigens play a crucial role in the activation of T
cells, which are the effectors of cell-mediated immunity (CMI).

In Chapter 9, we presented a multitude of evidence demonstrating that anti-
gens can activate neonatal T cells. These results indicate that the low CMI
response of neonatal T cells can not be attributed to T-cell immaturity but rather
to Th2 dominance. Other possible explanations for the low CMI response in
neonates include poor (or absent) expression of MHC molecules and/or poor
capacity to process the antigens (954).

2. NEONATAL EXPRESSION OF MHC CLASS I MOLECULES

MHC class I genes encode highly polymorphic molecules expressed on the
surface of somatic cells that present short peptides mainly to CD8 T cells. The
peptides are derived from endogenous proteins degraded in the cytosol by the
multicatalytic proteasome lmp2 and lmp7 subunits and are transported into
endoplasmic reticulum by TAP molecules, which deliver the peptides to class
I molecules. In all vertebrate species, class I MHC molecules are heterodimers
composed of a heavy chain noncovalently linked to -2 microglobulin (955).

Few studies have examined the expression and the density of class I mol-
ecules at the surface of somatic cells. The majority of studies on the expression
of class I molecules on the surface of APCs have examined how APCs present
class I-peptide complexes to CD8 T cells. In low vertebrate species, the
expression of class I molecules during ontogeny has been thoroughly investi-
gated in amphibians. Therefore, the expression of class Ia (the equivalent of
mammalian class I) and class Ib (the equivalent of CD1) molecules was studied
by immunofluorescence with alloantisera. Transcript levels of class I genes were
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also examined by polymerase chain reaction (PCR). Expression of lmp7, a com-
ponent of proteasomes required for antigen processing, was also examined.

Immunofluorescence and immunoprecipitation studies detect class I mol-
ecules on Xenopus thymus epithelium but not in other tissues until the climax
stage of the metamorphosis (956). PCR studies of class I gene transcription
indicate that the expression is not simultaneous in all tissues. Whereas class I
transcripts are present in tadpole intestines, lungs, and gills, no class I tran-
scripts can be detected in the thymus or spleen until after the metamorphic
climax. The expression dramatically increases in all tissues after metamorpho-
sis. In contrast, lmp7 was expressed at all stages of development (957). Thus,
in Xenopus, class I molecules are differentially expressed during ontogeny in
concert with reorganization of many tissues at the metamorphosis stage.

In mice, class I molecules are expressed by inner cells at the late blastocyte
stage but only at low levels on trophoblasts (958). At d 12 of gestation, class I
molecules appear in most embryonic tissues such as the gut, lung, limb bud,
and heart; they appear in the kidney and gonads at d 15 of gestation (959). The
increased expression of class I molecules during embryonic life parallels the
development of the immune system.

The expression of class I molecules on neonatal dendritic cells was studied
by measuring their ability to prime cytotoxic T lymphocytes (CTL), which
recognize peptides in association with class I molecules. Immature neonatal
dendritic cells exhibited similar efficacy of uptake and processing of foreign
antigen as their adult counterparts. In addition, dendritic cells from 7-d-old
mice that were loaded with an Ld-restricted epitope 118 to 126 from the nucle-
oprotein of lympho choriomeningitis murine virus (LCMV) stimulated the ac-
tivation of a CD8 T-cell hybridoma bearing a T-cell receptor (TCR) that is
specific for this peptide. Furthermore, in vivo experiments demonstrated that
neonatal dendritic cells were able to prime CD8 cells (960). In these experi-
ments, freshly purified neonatal CD11c+ dendritic cells were pulsed with 118
to 126 peptide and then injected into adult syngeneic mice. Five days later, the
CTL activity was measured. The magnitude of cytotoxic response in adult mice
injected with neonatal peptide-pulsed dendritic cells was similar to that induced
by the injection of adult dendritic cells (961). These results demonstrate a high
capacity of neonatal dendritic cells to induce a CTL response and strongly
suggest that neonatal dendritic cells express sufficient class I molecules for
efficient presentation of peptides to CD8 T cells.

There is little information regarding the expression of class I molecules dur-
ing human fetal development. There is a report that very small numbers of
MHC class I-positive fetal cells can be detected by FACS analysis at 6 to 8 wk
of gestation (961). Immunostaining with antimonomorphic antibodies indicates
that class I molecules have widespread reactivity with both epithelial and
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hematopoietic cells during mid-trimester of gestation. The immunostaining
results corroborate data from immunoprecipitation and PCR assays that indi-
cate that HLA-A, -B, and -C class I proteins were not expressed in fetal livers,
whereas nonclassical class I proteins such as HLA-F were expressed (962).
There is also compelling indirect evidence that MHC class I molecules are
expressed in fetal life. First, maternal alloantibodies against the paternal class I
antigens are detected in multiparous women. Such antibodies can be induced
by the shed fetal class I molecules. Processing and presentation of peptides
derived from fetal class I antigens would lead to activation of Th cells and
production of antibodies against fetal MHC molecules (963).

A second line of indirect evidence is the detection of adult-like CD8 T-cell
responses in human fetuses with a congenital infection of Trypanosoma cruzi.
The tremendous expansion of CD8 T cells was associated with major pheno-
typic changes, which were closely related to acquired effector functions by
CD8 T cells, such as production of interferon (IFN)-  and synthesis of high
amounts of perforin (964).

The in utero CD8 T-cell response of congenitally T. cruzi-infected new-
borns resembles the strong antigen-specific CD8 expansion observed in adults.
This similarity indicates that this response results from the presence and pre-
sentation of antigens by class I molecules expressed in fetuses.

3. EXPRESSION OF MHC CLASS II MOLECULES
DURING FETAL DEVELOPMENT IN NEONATAL
ANTIGEN-PRESENTING CELLS

An MHC class II molecule is a heterodimer of two glycoproteins: -chain
of 34 kDa and -chain of 29 kDa. Genes in the MHC locus encode both chains.
Class II molecules are integral membrane proteins with intracellular and extra-
cellular domains separated by a hydrophobic transmembrane fragment. The
extracellular segment is composed of two domains. The outermost domain,
encoded by 1 and 1 exons, has an immunoglobulin-like structure containing
hypervariable residues that are responsible for allelic polymorphism and the
binding of peptides. Class II molecules present the peptides that result from the
processing of foreign antigen (reviewed in ref. 965) and self-antigens (reviewed
in ref. 966) to CD4 T cells.

In contrast to class I molecules, which are expressed in all somatic cells, the
class II molecules are constitutively expressed in professional APC, namely,
macrophages, B cells, and dendritic cells. Figure 39 illustrates class II mol-
ecules on the surface of a rat macrophage detected with gold-labeled anti-class
II antibodies. In certain conditions, other cell types, including myoblasts (967),
eosinophils (55), epithelial cells of renal proximal tubule (968), microglial cells
(969), astrocytes (970), and intestinal epithelial cells (971), can express class II
molecules and present peptides.
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There is a hierarchy in the ability of professional APCs to process and
present antigens. In sum, the expression of class II molecules represents a po-
tential important factor affecting the ability of APCs to generate peptides and
present them to CD4 T cells.

Fig. 39. Electron micrograph demonstrating the expression of MHC class II mol-
ecules on macrophages. Macrophages were incubated with gold-labeled anti-class II
antibodies. Upper panel,  gold particles appear as small black dots on the surface of an
activated macrophage. Lower panel, higher magnification of a segment of the mem-
brane. (From Bona C, Bonilla F. Textbook of Immunology. Harwood Academic Publ
USA 1990, p.  225.)
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3.1. Macrophages

Studies in mice demonstrate that both class II MHC expression and antigen
presentation are defective in neonatal macrophages when compared to mac-
rophages of adult mice (972). Lu et al showed in various inbred murine strains
that whereas 29% of peritoneal macrophages express class II molecules, only 2
to 9% of 7- to 10-d-old mice express class II antigens (973). Low expression of
class II antigens by neonatal macrophages correlated with an inability of those
macrophages to stimulate Listeria-specific T lymphocytes when exposed to
heat-killed Listeria. The macrophages obtained from 4-, 10-, and 15-d-old mice
exhibited a reduction to 4.5, 8.4, and 11%, respectively, of the level of the
proliferation of Listeria-specific T cells incubated with adult macrophages
(973). These results demonstrate that peritoneal macrophages from neonatal
mice do not present antigen efficiently and that this is correlated with small
numbers of macrophages bearing MHC class II molecules.

Similarly, rat neonatal alveolar macrophages fail to express class II anti-
gens. It is well known that IFN-  stimulation enhances the expression of class
II molecules. The failure of rat neonatal alveolar macrophages was not related
to weaker expression of IFN- -receptor but rather occurs at transcription level.
The signaling events mediated by IFN-  receptor in alveolar macrophages from
7-d-old rats showed a significant dose-dependent increase of interferon respon-
sive factor (IRF)-1 and IRF-2 expression in response to IFN-  stimulation.
However, the expression of CITA, a transactivator of MHC class II and of
invariant chain, was low or undetectable in neonatal alveolar macrophages
stimulated with IFN- (974).

These findings suggest that low expression of class II molecules in neonatal
macrophages may be related to low activation of transcription factors control-
ling the expression of class II molecules and the synthesis of the invariant chain.
The invariant chain is important in class II processing. It binds to nascent class
II heterodimers in endoplasmic reticulum and mediates the translocation of
class II molecules to endosomes.

3.2. B Cells
The major function of B cells is to synthesize antibodies. In addition, B cells

have the capacity to take up antigens, process them, and present the peptides,
in association with class II molecules, to CD4 T cells. There are three major
mechanisms by which B cells internalize antigen. The first mechanism con-
sists of fluid-phase pinocytosis. The antigen engulfed via fluid pinocytosis are
localized within endocytic vacuoles, which fuse with lysosomes. The degrada-
tion of antigen takes place in low-density endosomes and lysosomal-dense
compartments. The generation of peptides from antigen that are internalized
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via fluid pinocytosis is slow. It takes about 2 h for the peptides to be expressed
on the membrane in association with class II molecules (reviewed in ref.966).
The process of presentation of antigen taken up by fluid pinocytosis is enhanced
by heat shock, which leads to the induction of Hsp70 protein. B cells incubated
several hours at 42°C were able to present peptides from purified class II anti-
gen more efficiently than B cells maintained at 37°C (975). This may result
from enhanced binding of peptides to MHC molecules mediated by Hsp70,
which is a chaperone protein. Alternatively, the heat shock may affect the as-
sembly of the processed Ag-class II complex rather than the quantity of pep-
tide available for class II binding.

The second mechanism of the internalization of antigen within B cells occurs
via immune complexes. This is a nonspecific mechanism mediated by the Fc
and complement receptors (CRs). Both Fc R and CR2 are expressed by normal
B cells. The formation of immune complexes promotes activation of the C clas-
sical pathway, which consists of fixation of C3dg onto antibody that interacted
with the antigen, and the internalization of complex via CR2. The processing of
antigen internalized as immune complexes via FC R and CR2 leads to peptide-
MHC complexes on the cell surface within 15 min after internalization. Thus,
this pathway is more efficient than fluid-phase pinocytosis. The binding of im-
mune complexes to both FcR and CR2 favors the expression of CD80, which is
a costimulatory molecule required for T-cell activation (976,977).

The third mechanism for antigen internalization is antigen-specific because
the internalization is mediated by the B-cell receptor (BCR). The transmem-
brane region of the BCR is involved in both the internalization process and the
intracellular trafficking of BCR-antigen complex (978). The processing of
antigen internalized via the BCR and fluid pinocytosis may be different,
because the two antigen presentation pathways are differentially inhibited by
emitin, a protein inhibitor, and by brefaldin A, which blocks protein export to
endosomes from the endoplasmic reticulum. These observations suggest that
the internalization of antigen by these different mechanisms targets the antigen
to different cellular compartments with the result that they are then processed
differently and presented with different efficacy.

Study of the expression of class II molecules on murine fetal cells from 16-d-
old embryos showed that the B-cell progenitors, pre-B cells, and immature B
cells lack MHC class II expression as assessed by flow cytometry and PCR (979).
This is in sharp contrast with pre-B cells from the bone marrow of adult mice, in
which approx 90% express class II molecules (980). Cell surface expression of
class II molecules was measurable at birth and increases rapidly, reaching the
level of adult by d 10 (981). However, acquisition of the ability to process the
antigen occurs later—at 18 d in the case of antigens internalized by fluid-phase
pinocytosis and at 28 d in the case of antigens internalized via the BCR (982).
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The expression of class II molecules in neonatal B cells is increased by cul-
turing the cells in presence of anti-IgM antibodies and interleukin (IL)-4 but
not by anti-IgM antibodies alone (983).

A cursory glance at the current evidence indicates that ability of neonatal B
cells to process and present antigen is weaker than that of adult B cells. This
was clearly shown in an experiment comparing the ability of young (3- to 28-
d-old) and adult B cells to stimulate the proliferation of antigen-specific T cells
(984). The T-cell proliferation response using B cells from 3-d-old mice was
less than 20% of the adult response, and adult-like presentation was not seen
until the mice were 28 d (984). It is still not clear whether the weaker capacity
of neonatal B cells to present antigen is related to the fact that in immature B
cells, class II molecules contain smaller amounts of peptides or that immature
B cells do not develop class II transactivator CITA compared to adult B cells.

3.3. Dendritic Cells

Dendritic cells are the most potent class of professional APCs. In mice, den-
dritic cells are a heterogenous population characterized by two functionally dif-
ferent stages of differentiation. Immature dendritic cells are able to capture
antigen but display poor capacity to stimulate naïve T cells. After the uptake of
antigen and activation by microbial and inflammatory stimuli, the dendritic cells
maturate, a process associated with upregulation of the expression of class II
and costimulatory molecules and ability to stimulate the proliferation of T cells.

Dendritic cells isolated from 3-d-old mice exhibit a similar morphology as
those isolated from the spleen of adult mice, but fail to express the dendritic
cell-specific marker CD11c (984). In contrast, dendritic cells from 7-d-old mice
express CD11c and similar levels of MHC class II and CD40, CD80 and CD86
costimulatory molecules as adult dendritic cell (960). The plasmocytoid CD11c
and CD8 + are completely absent at birth and they gradually appear between 3
to 21 d of age (2 to 3% in 3 to 7-d old, 11 to 16% in 14-d and 21-d-old) reaching
the level of adult mice (25%) at d 28 (984). Following in vitro stimulation with
lipopolysaccharide (LPS), neonatal dendritic cells mature rapidly like the adult
dendritic cells with marked increase in surface expression of class II, CD40,
CD80 and CD86 molecules (960).

Neonatal and adult immature dendritic cell take up antigen with similar effi-
cacy as assessed by the internalization of FITC-dextran. This demonstrates the
efficient endocytic capacity of neonatal dendritic cells (960).

Study of antigen presentation by neonatal dendritic cell was investigated by
measuring the ability to stimulate T cells specific for foreign or alloantigens.
These studies showed that dendritic cell isolated from mice which were less
than 28 d old were less effective in stimulating the proliferation of T cells
(984). Similarly, human dendritic cells from cord blood are less effective than
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adult dendritic cells at supporting the proliferation of T cells in response to
antigeneic or allogeneic stimulation. The mechanism responsible for poor
stimulatory capacity of cord blood dendritic cells is unclear, however, it might
result from reduced expression of class II molecules (985).

Langerhans cells (LCs) represent a subset of dendritic cells located in the
skin. LCs have been identified in fetal skin at d 19 of gestation by their expres-
sion of MHC class II molecules and cytological properties (986). However, the
Birbeck granules, a marker of maturation of LCs, are not detectable until d 4
postpartum (987). Although LCs within neonatal epidermis from 3-d-old mice
express MHC molecules at lower densities, they do not express the DEC205
molecule. DEC205 is first detected by d 7 after birth, and by age 14 d, both
MHC class II and DEC205 expression are similar with adult skin. The expres-
sion of DEC205, which functions as an endocytic lectin-type receptor, corre-
lates with antigen uptake of fluorescent haptens. Immaturity of neonatal LCs
also correlated with a contact sensitivity response. Although the immune re-
sponse of mice sensitized at age 14 d is not significantly different to that ob-
served in adult mice, animals sensitized after birth or at age 7 d give
significantly lower responses (988).

These observations indicate that there is a sequential maturation of LCs after
birth that is characterized by an initial expression of class II molecules, fol-
lowed by occurrence of Bierbeck granules and the expression of DEC205 mol-
ecules, which correlates with a contact sensitivity response reaching the adult
level by 14 d after birth. Taken together, these results suggest that there is a
direct correlation between the expression of MHC class II molecules on neona-
tal APCs and their ability to function as efficient APCs. Neonatal dendritic
cells rapidly acquire the phenotypic and functional properties of adult den-
dritic cells during postnatal life and are able initiate CMI responses.
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Neonatal Cytokine Network

1. INTRODUCTION

The concept of network in physiology may be conceived abstractly as con-
sisting of a set of cells or organs connected pairwise by one or more binary
relations that determine the traffic of information between them. This concept
resembles the semiotic supra structural phenomena in which the word repre-
sents the signal that transmits the message.

In semiotics, like in the physiological network, the structural message is
composed of source � transmiter (signal) � receiver (interpreter) � message
� destinee, which is an interpretant. In physiology, the networks could be
divided into two categories: systemic and local.

There are numerous systemic networks. I would like to give as an example
two familiar and vital physiological network systems.

The first example is the hypothalamus, pituitary gland, and corticoadrenal
gland axis. The hypothalamus produces corticthrophin-releasing factor, which
stimulates the production of ACTH by the anterior pituitary gland, which in turn
induces the synthesis of corticoid hormones by the corticoadrenal gland. The
corticoid hormones exert positive regulatory function on various somatic cells
and negative feedback effects on both the hypothalamus and pituitary gland.

The immune network concept proposed by Jerne (48) represents a second
good example. This concept envisions that the immune system in a steady state
is based on the interaction of every member of the system with one or another
member through a binary relation, leading to mutual regulation of their expres-
sion. In the immune network, the idiotype represents the signal. The idiotype
signal is contained in an internal dictionary used by lymphocyte clones to com-
municate, or speak to each other.

In semiotics terms, the message in immune network is rather like a text,
because it represents a set of signals (i.e., idiotypes) that connect the lympho-
cytes bearing receptors specific for the entire world of foreign and self-anti-
gens. As in structural semiotics, in the immune network, the major characteristic
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of the interpreter—namely, the lymphocyte—is that it is able to specifically
select a definitive information input because of the specificity of its receptor,
which is encoded by a genetic program performed during the development and
contained in the structure of variable genes encoding the lymphocyte receptor
(989). The same interpreter-lymphocyte could develop a response to a specific
signal; however, it could also develop a response to many other signals con-
tained in a common text such as cross-reactive epitopes or idiotopes.

In contrast to the systemic network, the cytokine network is localized, con-
sisting of a set of cells of one or several phenoytpes that communicate with
each other by means of cytokines (115).

The producer may secrete one or several cytokines, and the receiver cell sits
in a milieu of a soup of cytokines. The cells are able to select the cytokine
signal by virtue of the corresponding receptor that they are bearing. The
cytokine receptor generally exhibits high affinity for a particular cytokine. The
signal triggers in the receiver cell’s specific pathways, leading to the activation
of transcription factors, which may activate various genetic programs because
of the ability of this factor to bind to the promoters of various structural genes.

In the cytosine network, a given cytosine could deliver multiple signals for
other cells or possibly even autosignal genetic programs. It is noteworthy that
the same cytosine signal may activate a genetic program in one cell and still
exhibit inhibitory capacity in that cell or in a different cell (990).

An important characteristic of the cytokine network consists of a high degree
of redundancy and pleiotropy. Redundacy is explained by the fact that a given
cytokine that binds to its private receptor can still bind to a public receptor
used by other cytokines (990). Pleiotropy of the cytokine network results from
the capacity of a cytokine to trigger one or several signaling pathways, leading
to activation and/or inhibition of different genes. Table 29 illustrates the com-
plexity, redundancy, and pleiotropy of the cytokine network.

The cytokines produced by the fetus and placenta play an important role in
the development of both innate and adaptive immunity and contribute to fetal
protection against infections. During postnatal life, the cytokines represent the
major link between innate and adaptive immunity.

It is well known that human neonates are markedly more susceptible to
infections. Several hypotheses were proposed to explain increased susceptibil-
ity to infections, such as decreased phagocytic capacity of macrophages (991),
low complement levels (992), immaturity and/or low number of memory
CD45RO+ T cells (993,994), and reduced capacity to produce cytokines.

Reduced production of inflammatory cytokines may represent a crucial ele-
ment in neonatal bacterial sepsis and the high prevalence of complications sec-
ondary to infection, which could represent a major factor in neonatal morbidity
and mortality (995–997).
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Therefore, investigation of the neonatal cytokine network may provide clues
for understanding the increased susceptibility to infections of neonates.

2. CYTOKINES DURING FETAL DEVELOPMENT

Cytokines produced by the fetus and those produced at the maternal–fetal
interface are of considerable interest for understanding the development of the
immune system. In earlier phases of development, the fetus depends mostly on
innate immunity; in later phases, the immune system develops, and the infant
depends on adaptive immunity.

In humans, it is believed that Th2 cytokines are predominant at the mater-
nal–fetal interface. More recent studies on the expression of cytokines in
decidual macrophages and trophoblasts showed that the pattern of cytokine
production is more complex.

The earliest form of fetal immune response is mediated by monocyte-mac-
rophages, which play an important role in both embryonic remodeling processes
and in fetal defense reactions. The CD14+ decidual macrophages spontaneously
produce more tumor necrosis factor (TNF)-  than blood macrophages as well
as interleukin (IL)-10 amounts that are four times greater. The synthesis of both
cytokines is increased upon in vitro exposure to lipopolysaccharide (LPS). The
exposure of decidual macrophages to LPS upregulates the synthesis of IL-1
but not of transforming growth factor (TGF)- . Because none of these cytokines
have been detected in CD14– decidual cell preparation, it was concluded that
they are produced by CD14+ decidual macrophages (997). IL-10 was also de-
tected in human chorionic villi in the first trimester of gestation (998). Tran-
scripts of IL-2, IL-1  and IFN-  were detected in first trimester decidua (999),
and transcripts of IL-4 and IL-13 were detected within placenta during wk 16–
27 of gestation (1000). These observations indicate that the balanced expres-
sion of both Th1 and Th2 cytokines is important for several reasons. First, it
suggests that there is a bidirectional relationship between two sides of the
fetoplacental unit that crosstalk via cytokines. Second, it indicates that the pres-
ence of Th1/Th2 cytokines may balance because the cytokines downregulate
each other, and their expression depends on spatially and temporally different
microenvironmental signals during various stages of development.

Fetal macrophages differentiate from common myeloid precursors without
passing through the stage of promonocyte or monocyte. A significant propor-
tion of them produce IL-8 at a higher level than adult macrophages. In vitro
LPS stimulation increases the number of cells and the level of IL-8 synthesis.
The addition to the cultures of IL-11 decreases the production of IL-8 (1001).
In contrast, a lower number of fetal macrophages and cord blood monocytes
produces lower levels of IL-4 and TNF- (1001–1003).
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Fetal T cells are unable to produce IL-2, IL-4, IFN-  and TNF- . Whereas
TNF-  synthesis is increased subsequent to in vitro stimulation with PHA, no
significant increased level of IL-2, IL-4, and IFN-  was observed after stimula-
tion with mitogen. In contrast, fetal T cells exhibited a spontaneous secretion
of IL-10 and IL-6, which was enhanced by PHA stimulation (1003). Spontane-
ous production of IL-13 was first observed in T cells from week 27 of gestation
but was undetectable after week 37 of gestation (1000). Thus, it appears that
IL-6 and IL-8 proinflammtory cytokines that are involved in innate immune
reactions are produced by fetal T cells before the synthesis of cytokines that
are involved in adaptive immunity. In addition to inflammatory processes, the
IL-6 is also an important cytokine that supports the expansion of myeloid cells
during development. It is noteworthy that IL-6 and TNF-  are also synthesized
by fetal macrophages (1001,1002).

3. CYTOKINE SECRETION IN PRETERM INFANTS

Prematurity is a leading cause of perinatal morbidity and mortality. Preterm
infants exhibit a 120-fold greater risk of death than term infants. The produc-
tion of cytokine by mononuclear cells of preterm infants depends on two fac-
tors: the method of delivery (i.e., spontaneous vaginal delivery, elective
cesarean section, emergency cesarean section) and neonatal bacterial infec-
tions. Extremely preterm infants may exhibit respiratory distress (apnea, brady-
cardia, and cyanosis), which can influence the pattern of cytokine production.
In comparison with term infants, preterm infants are more frequently born after
intrauterine infections. It is estimated that 20% of preterm infants are born to a
mother with intra-amniotic infections associated with high levels of cytokines
in amniotic fluid and umbilical cord blood (1004).

Measuring the concentration of cytokines in serum of umbilical cord blood
or in vitro stimulated cord blood mononuclear cells showed that premature neo-
nates produce spontaneously similar levels of IL-1 but much less TNF- . IL-6,
and IL-8 proinflammatory cytokines compared to adults (1005,1006). The syn-
thesis of IL-6 and IL-8 and the stimulation of monocytes from both > or < 32
wk preterm infants is increased on in vitro LPS (1006). This is in sharp contrast
with the monocyte preterm infants with proven infection in which IL-6 and IL-
8 serum concentration or cytokine production by monocytes was significantly
higher compared to term infants. (1006–1008). It is noteworthy that discordant
results were reported concerning the levels of TNF-  in preterm infants with
clinical sepsis. Although some investigators (1009) have found that the levels
of TNF-  are normal, others have found higher concentrations in cord blood
serum of pre1term infants with sepsis (1009). Finally, McCloy et al. (1010)
reported that IL-13 was undetectable in the serum of term infants but was
detectable in low amounts in 70% of preterm infants and exhibited high levels
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in preterm infants with sepsis. Higher levels of IL-11 in preterm infants with
sepsis may be important for understanding the defense reactions in these infants,
because IL-11 is an important counterinflammatory cytokine. Increased con-
centration of IL-6 and IL-8 in amniotic fluid resulting from chorioamnionitis in
the presence of acute deciduitis, chorionic vasculitis, and funisitis may have
diagnostic value for fetal infections.

4. CYTOKINE PRODUCTION IN NEWBORNS
WITH FETAL INFECTIONS

In utero exposures to antigens generally induce tolerance. However, there
are numerous observations demonstrating that congenital infections stimulate
fetal immune responses characterized by increased IgM synthesis and the num-
ber of CD45RO+ T cells representing the memory cells. In fetal and newborn
cord blood, CD45RA T cells are predominant. The presence of memory T cells
exhibiting CD45R0 phenotype is considered a marker of congenital infections
(1011). The mechanism by which the fetus is exposed to bacterial or parasite
antigens is uncertain but may be related to transplacental transfer.

In contrast to fetal T cells, which do not produce IFN-  spontaneously or
after in vitro stimulation with polyclonal activators, the fetal CD3+ T cells of
neonates born at 26–39 wk of gestation with neonatal infection produce higher
levels of IFN-  compared to uninfected newborns. The percentage of IFN- -
producing CD3 T cells correlates with the duration of membrane rupture before
the onset of labor (1012).

IL-6 was also found to be increased in the cord blood of neonates with infec-
tions associated with morbidity (1013). In contrast, any significant increase of
IL-4 was detected in neonates with intrauterine infections (1012)

In utero exposure to helminthes and mycobacterial antigens also stimulates
the production of IFN- , IL-5, and IL-10 cytokines, as assessed by studying in
vitro production of cytokines by cord blood lymphocytes from newborn to
mother infected with helminthes or Mycobacteria in endemic areas. An in-
creased synthesis of IL-5, IL-10, and IFN-  was noted after stimulation of cord
blood lymphocytes with Schisostoma hematobium worm and Brugia malayi
filarial antigens. In contrast, the stimulation with purified protein derivative
(PPD) caused an increased production of IFN-  only (1014).

These findings demonstrate that human fetuses exposed to microbial anti-
gens develop similar patterns of cytokine production as those observed in adults
and that prenatal exposure does not lead to tolerance.
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5. PRODUCTION OF CYTOKINES BY NEONATAL
LYMPHOCYTES

The majority of studies of the production of cytokines in neonates was car-
ried out using cord blood mononuclear cells.

Cord blood lymphocytes are prototypic recent emigrants from the thymus
and bone marrow exhibiting some properties that make them different from
adult lymphocytes. Thus, whereas in adults the memory T cells expressing
CD45RO are predominant, in newborns, the T cells express CD45RA isoforms
characteristic of naïve T cells. In addition, molecular studies have shown that
the level of T-cell receptor (TCR) excision circles, which is a marker of recent
TCR selection, is higher at birth and declines with age (1015).

General strategy to study cytokine synthesis by cord blood lymphocytes
consists of measuring the spontaneous production or enumerating the cells con-
taining intracellular cytokines; production of cytokines after LPS stimulation
of monocytes or of T cells with polyclonal activators such as anti-CD3 and/or
CD28 antibodies; or stimulation with PHA or PBA polyclonal activators, allo-
geneic cells, or foreign antigen. The interpretation of the results of such studies
is complex for several reasons.

First, the response to mitogens of neonatal lymphocytes is comparable to that
of adults. In addition, more recent studies have shown that neonatal T cells
develop proliferative responses upon stimulation with PPD, Candida Chlamy-
dia, and environmental allergens, arguing for the presence of antigen primed T
cells in neonates (1016–1019). From this viewpoint, the study of cytokine pro-
duction subsequent to allogeneic stimulation represents a cleaner tool, because
the proliferative response in mixed lymphocyte culture does not require priming
but does require antigen recognition similar to recognition of foreign antigen.

The second aspect of complexity of interpretation relates to the expression
of cytokine receptors on cord blood mononuclear cells. The expression of
cytokine receptors plays a crucial role in the cytokine networks that mediate
crosstalking between cytokine-producing cells, because the activating or sup-
pressing effects of a given cytokine depend of the expression of the corre-
sponding receptor. Study of the expression of IL-2R , IL-4R , IL-6R, IL-7R,
TNF- R, and IFN- R on neonatal cord blood cells showed that their expres-
sion tended to be lower compared to adults (1020–1022), whereas IL-2R  and
IL-2R  were similarly expressed in cord blood and adult lymphocytes (1022).
Thus, the level of the expression of cytokine receptors may influence the
response to cytokines of cord blood mononuclear cells.
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For the sake of simplicity, in this Subheading 5.1., we will present the avail-
able information regarding spontaneous or stimulated production of various
cytokines by cord blood monocytes, dendritic cells, and lymphocytes.

5.1. Cytokines Synthesized By Neonatal Monocytes
and Dendritic Cells

Monocyte-macrophages and dendritic cells exhibit several major functions
in the immune response and defense reactions. Their role in adaptive immune
response is related to their ability to capture, process, and present the antigen
and to modulate the function of lymphocytes. Although the antigen processing
process is independent of cytokine production, the immunoregulatory function
is mediated by cytokines. Monocytes produce IL-12, IL-15, and IL-18, which
induce the production of IFN-  by Th1 and natural killer (NK) cells. The sec-
ond function of macrophages is to promote inflammation, a crucial process in
the defense reactions against microbes. This function is entirely dependent on
production of acute phase and proinflammatory cytokines such as IL-1, IL-6,
and TNF-  and on chemokines such as IL-8.

A comparative study of IL-1  and IL-1  production by LPS-stimulated
monocytes showed that a lower proportion of cord blood monocytes produce
these cytokines compared to adult monocytes (1022,1023).

There is conflicting information related to the production of TNF-  by cord
blood monocytes. Recent studies showed that a reduced proportion of LPS- or
PMA-stimulated cord blood monocytes produce TNF-  compared to adult
monocytes (1022,1024). It is noteworthy that cord blood T cells also produce
TNF- . In contrast to adult T cells, in which TNF-  is produced mainly by
CD45RO, CD4, and CD8 T cells, in newborns, it is produced mainly (81%) by
CD4 CD45RA T cells (1024).

There is also conflicting information concerning the production of IL-6 by
cord blood mononuclear cells. An early report indicated a lower IL-6 produc-
tion by neonates when compared to adults (1025), whereas others found a nor-
mal production (1023,1026). A recent report showed that 3–7 h after in vitro
stimulation with LPS, the percentage of IL-6-producing monocytes was much
higher compared with adults (63 vs 51%, respectively). The synthesis of IL-6
by both neonatal and adult monocytes is inhibited by dexamethasone (1006).

Taken together, these results indicate that acute phase inflammatory, pyro-
genic cytokines are produced by neonatal monocytes.

IL-8 belongs to the “CC” proinflammatory chemokine family, which exhib-
its chemotaxis properties and activating capacity of neutrophils. IL-8 was found
in the cord blood of majority-term newborns (1008). Furthermore, it was
reported that a higher number of IL-8 produced cord blood monocytes upon
LPS (1006) or PMA (1027) stimulation (84% in neonates vs 70% in adults).
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These observations strongly suggest that there is a spontaneous production of
proinflammatory cytokines by neonatal monocytes that is enhanced upon in
vitro stimulation with polyclonal activators such as LPS or PMA.

IL-12 and IL-18 are key Th1-trophic cytokines that promote IFN-  synthe-
sis. The production of IL-12p70 is markedly impaired at birth, and it matures
slowly during childhood, reaching the adult level after age 12 yr (1028). The
production of IL-12 by cord blood mononuclear cells is diminished even after
stimulation with LPS (1029). Dendritic cells appear to be the main producer of
IL-12 in cord blood. The relative inability of neonatal cells to synthesize IL-12
can be overcome by the provision of cytokines or stimuli that induce the matu-
ration of dendritic cells such as granulocyte-macrophage colony-stimulating
factor (GM-CSF) and IL-4 (1028).

Because human neonates are susceptible to group B streptococcal infection,
several investigators studied the IL-12 and IL-18 response of cord blood mono-
nuclear cells to streptococcal antigen. Stimulation of cord blood cells with
streptococcal antigen produced significantly less IL-12 and IL-18 compared to
cells from adults (1030). Less IL-12 production corroborated with less accu-
mulation of IL-12 messenger RNA in neonatal cord blood cells (1031). Ineffi-
cient or defective production of IL-12 and IL-18 may play an important role in
poor IFN-  production by cord blood lymphocytes.

5.2. Defective Production of Th1 Cytokines in Neonates

Th1 cells are functionally defined because they do not express a specific
cytodifferentiation antigen. They mediate delayed-type hypersensitivity reac-
tions (DTH) and are the effectors of autoimmune phenomena in some autoim-
mune diseases. The cytokines produced by Th1 play a role in defense reactions
and in promoting the growth of other T-cell subsets. Thus, the IFN-  activates
the macrophages, allowing the killing of intracellular microbes, and IL-2 stimu-
lates the growth of CD8 T cells.

It is generally accepted that neonatal Th1 cells are deficient with respect to
their ability to produce IFN- . Neonatal T cells do not contain intracellular
IFN- (1032) and produce low concentrations after stimulation with PMA (7%
in cord blood compared to 39% in adult) (1033), alloantigen stimulation (1034),
or stimulation with streptococcal antigen (1031).

The mechanism of deficiency of Th1 to produce IFN-  is not completely
understood. It may be related to immaturity of APCs, which produce low lev-
els of IL-12 and IL-18; the predominance of naïve CD45RA T cells, which
may exhibit a different capacity to produce IFN-  compared to CD45RA T
cells from adults; and increased sensitivity to prostaglandins (1035).

Human infants are more susceptible to infection than adults. This is related
to both low levels of IFN-  production and deficient IFN-  receptor signaling
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in neonatal macrophages. Marodi (1021) has shown that whereas the expres-
sion of STAT-1 protein is comparable in cord blood and adult macrophages,
the phosphorylation of STAT-1 in response to IFN-  was significantly de-
creased in neonatal monocytes and macrophages.

In contrast to the deficient production of IFN- , the production and kinetics
of IL-2 in stimulated cord blood is similar to activated adult T cells (1033) in
spite of the fact that the proportion of cells expressing IL-2 was lower in cord
blood lymphocytes (1033).

5.3. The Pattern of Secretion of Th2 Cytokines in Neonates

Th2 cells produce multiple cytokines (IL-3, IL-4, IL-13, IL-5, IL-6, and IL-
10). Studies carried out in mice show that neonates develop Th2-dominant re-
sponses (see Chapter 9).

Recent studies also suggest that human neonatal T cells exhibit Th2-polar-
ized responses. In vitro IL-5 production subsequent to allogeneic and
polyclonal stimulation with PHA or anti-CD3 antibodies was substantially el-
evated in neonates compared to adults (1034). Similarly, the production of IL-
4 subsequent to PHA or allogeneic stimulation did not significantly differ in
neonatal lymphocytes compared to adults (1035), although the number of IL-
4-producing cells is lower in cord blood lymphocytes. The lower number of
IL-4-producing cells is related to lower frequency of CD45RO T cells in cord
blood (1033). IL-13, another Th2 cytokine, is produced in higher amounts by
neonatal naïve T cells stimulated with anti-CD3/CD28 antibodies and rIL-2
compared to adult T cells (1036). It is noteworthy that CD8 T cells are the main
producers of IL-13 in human cord blood and that they differentiate toward Tc2-
like memory cells. High IL-13 production by neonatal CD8 T cells may be
related to the intrinsic property of neonatal CD8 T cells to respond differently
to microenvironmental stimuli (1037). IL-10, like IL-4, is an anti-inflamma-
tory cytokine. IL-10 is produced by monocytes, CD5+ B cells, and T cells.

Spontaneous or LPS-induced IL-10 production by macrophages was sig-
nificantly lower in newborns than in adults (1038,1039). However, neonatal
CD4+ CD45RA+ T cells produce significantly more IL-10 than their adult coun-
terparts subsequent to TCR ligation with anti-CD3 antibodies. The IL-10 pro-
duction by cord blood T cells is regulated by other cytokines produced by
macrophages. Thus, the addition of IL-1  to cord blood cells stimulated with
anti-CD3 antibodies significantly inhibited the production of IL-10 (1036).

5.4. Secretion of Cytokines by Neonatal NK Cells

NK cells mediate innate immune defense reactions against viral, bacterial,
and parasitic intracellular pathogens and against tumor cells. In addition,
through the ability to produce cytokines and growth factors, they participate
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in the regulation of hematopoiesis and adaptive immune responses. NK cells
differentiate from a T/NK common precursor. A cytometric flow analysis of
intracellular cytokines in cord blood and adult peripheral blood showed that
there is no significant difference between the percentage of NK cells synthe-
sizing IFN-  and TNF-  but that those producing TNF-  were significantly
lower in cord blood compared to adults (1040). A minor subset of cord blood
NK cells produce IL-13 (1041) and IL-5 (1042). Cord blood contains NK
cells in various stages of differentiation. The relatively immature stage
(CD161+ CD56–) produces IL-13, TNF- , and GM-CSF. The immature pre-
cursor in short-term cultures with IL-12 alone or IL-12 plus IL-2 differentiate
into mature CD161+ CD56+ NK cells, acquiring the ability to produce IFN-
without a concomitant decrease of the proportion of IL-5- and IL-13-produc-
ing cells (1043).

Functional analysis of cord blood NK cells showed that they exhibit a dis-
tinctive response to IL-18 and IL-12 IFN- -inducing proinflammatory
cytokines. In culture, cord blood and adult peripheral blood cells produced
nearly the same level of IFN- , which was not augmented after addition of IL-
12 alone. However, cord blood NK cells produced significantly higher amounts
of IFN-  subsequent to stimulation with IL-12 and IL-18. Increased IFN-  pro-
duction was paralleled by an enhanced expression of IL-18R  and IL-18R
but not by an increased cytotoxic activity against K562 target cells (1044).
High response to IL-18 may compensate for the functional immaturity of cord
blood NK cells, as it was determined through comparison of the ability of cord
blood and adult peripheral NK cells to kill K562 cell lines, which do not express
major histocompatibility complex (MHC) molecules (1045,1046).

5.5. Cytokine Production by Neonatal NK T Cells
NK T cells are a subset of T cells that express a limited TCR repertoire

encoded by an invariant TCR-  chain (V 24-J Q) and a few TCR-  genes.
NK T cells recognize glycolipid antigens in association with nonpolymorphic
MHC molecule CD1d. In adults, NK T cells produce large amounts of both IL-
4 and IFN-  subsequent to TCR ligation, indicating that they may exhibit
immunomodulatory capacity (110).

In humans, small numbers of NK T cells exist in cord blood, and their fre-
quency is comparable to that found in adult blood mononuclear cells
(1047,1048). Neonatal NK T cells exhibit the memory phenotype CD45RO+

CD45RA–. They differ from adult NK T cells by the expression of CD25 and
the lack of expression of adhesion molecules CD62L, CD69, and human lym-
phocyte antigen (HLA)-DR; however, they express the NK marker NKRP-1A
at the same level as adult NK T cells (1049). The fact that neonatal NK T cells
express a phenotype characteristic to memory cells suggests that they develop
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during fetal life in the absence of exogenous stimuli and, given the selective
expression of CD25 at birth, that they are activated by a self-ligand.

However, neonatal NK T cells do not produce cytokines after primary in
vitro stimulation with a galactosyl ceramide, which is a ligand recognized in
association with CD1 molecules. However, after secondary in vitro stimulation
with PMA/ionomycin, a sizeable fraction of cord blood NK T cells were able to
produce IFN-  alone or IFN-  and IL-4 (1049). Lack of production of cytokines
by neonatal NK T cells upon primary in vitro stimulation with CD1-glycolipid
ligands suggests that they are not completely mature and need an additional
second step to become fully mature effector cells of innate immunity.

Dendritic cells could modulate the synthesis of cytokine by NK T cells.
Whereas the DC2 subset enhances production of IL-4, the DC1 subset polarizes
the cytokine production toward synthesis of IFN- . It is noteworthy that whereas
DC1 cells stimulate the differentiation of NK T cells subsequent to the ligation
of TCRs to CD1d-antigen complex, the DC2 cells induce the differentiation of
NK T cells in a TCR-independent manner (1050). The induction of synthesis of
different cytokines and the differentiation of different subsets of NK T cells
probably results from the combination of various stimuli delivered by TCRs of
NK T cells and costimulatory signals delivered by dendritic cells.

In summary, there are important differences in the pattern of cytokine pro-
duction by fetal and neonatal mononuclear cells. Fetal macrophages produce
mainly inflammatory cytokines such as IL-6, IL-8, and TNF- . Fetal T cells
do not produce Th1 cytokines but do produce IL-4, IL-3, IL-6, and IL-10 Th2
cytokines. Cord blood lymphocytes from preterm infants exhibit high synthe-
sis of IL-1 and less production of TNF- , IL-6, and IL-8; with intrauterine or
congenital infection, they exhibit an enhanced production of acute phase
cytokines and the synthesis of IFN- . This is in contrast with neonatal Th1
cells, which produce low amounts of IL-2 but not IFN- . In both humans and
mice, the secretion of cytokines by neonatal T cells is biased toward a Th2
response (1051).
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Cell-Mediated Immune Responses in Neonates

1. INTRODUCTION

Cell-mediated immune (CMI) responses are mediated by T cells. T-cell sub-
sets, such as Th1 and Th2, exhibit various functions. CD4 Th1 cells are the
effectors of delayed-type hypersensitivity reactions, producing cytokines such
as IFN- , which activates macrophage to kill obligatory intracellular patho-
gens, and interleukin (IL)-2, which promotes the growth of CD8 T cells. Th1
cells also promote class switching of IgM to IgG2. Th2 cells secrete cytokines
to promote the B-cell activation and class switching of IgM to IgG1 and IgE.
The CD8 cytotoxic T cells (CTLs) lyse cells infected with microbes (viruses,
intracellular bacteria, and parasites) as well as cells expressing tumor-associ-
ated antigens. Therefore, CMI responses play an important role in immune
defense reactions.

For a long time, it was generally believed that newborns exhibit an increased
susceptibility to infection because of immaturity of neonatal lymphocytes, de-
ficiency of antigen-presenting cell (APC) function, dominance of Th2 response,
and the induction of tolerance. The concept of the immaturity of newborn T
cells was supported by the observation that neonatal lymphocytes proliferate
less than adult lymphocytes following stimulation of T-cell receptor with anti-
CD3 antibodies (151). The concept of high susceptibility to tolerance of neo-
natal T cells originated from the experiment by Billingham et al. (607)
demonstrating that injection of newborn mice with allogenic cells prevents
rejection of an allograft.

Fervent development of cellular, clinical, and molecular immunology dur-
ing the past 50 yr has provided new findings leading to the revision of the
concept that neonatal T cells can not mount cellular immune responses. These
findings show that CMI responses in neonates could be induced in certain con-
ditions by varying the dose of the immunogen,employing new antigen delivery
systems, and using cytokines or costimulatory factors. Clinical studies also
contributed by demonstrating that neonates and infants can mount efficient
CMI responses following natural infections with bacteria or viruses and vacci-
nations with live-attenuated vaccines.
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2. NEONATAL TOLERANCE TO ALLOANTIGENS IS NOT
AN INTRINSIC PROPERTY OF NEWBORN LYMPHOCYTES

The CMI response to alloantigens is responsible for the rejection of
allografts. CD8 T cells mediate graft rejection when the graft differs from the
recipient only in major histocompatibility complex (MHC) class I alloantigen.
Although CD4 T cells do not play a direct role in allograft destruction, they
augment the CD8 T-cell activity by providing cytokines, such IL-2, that are
necessary for the expansion of CD8 T cells. The CD8 T cells are expanded
during graft rejection subsequent to recognition of peptides derived from pro-
cessing of MHC class I molecules. In contrast, CD4 T cells may mediate the
rejection of allografts bearing MHC class II antigens different from those of
the recipient.

In the mouse, the precursors of alloantigen-specific CTLs were detected in
the thymus of newborns and in the spleen of mice age 3–9 d (1052,1053). It
was believed that the precursors of alloantigen-specific CTLs exhibit an intrin-
sic tolerogenic property at birth, because injections of a high number of bone
marrow allogenic cells prevented graft rejection of skin and consequently pre-
vented a CTL response (607). Ridge et al. (1054) analyzed CTL induction in
female newborn B6 mice injected with male cells and tested the CTL response
against male H-Y antigen. In this system, the in vitro H-Y-specific CTL re-
sponse is completely dependent on in vivo immunization with alloantigen. Like
in Billingam’s experiment, tolerance was induced after injection of a high num-
ber of male cells (i.e., five male spleen cells to one female T cell). However,
when females were injected at birth, not with male spleen cells but with male
dendritic cells, a CTL response was observed. The CTL activity was detected 8
wk after injection, indicating that dendritic cells from adult males efficiently
primed the precursors of H-Y CTLs at birth.

This finding demonstrates that mice receiving dendritic cells from an adult
donor were resistant to tolerance induction and that the CTLs were primed to
the same extent as adult female controls that were injected with male cells. In
addition, this experiment showed that neonatal alloreactive T cells do not have
an intrinsic property for tolerization but rather the immaturity of APCs con-
trols induction of neonatal tolerance. It was shown that human cord blood den-
dritic cells have a poor capacity to stimulate naïve alloantigen-specific T cells
compared to adult dendritic cells (1055). The tolerance induced with bone
marrow cells might be related to the high number of immature dendritic cells,
which are unable to deliver costimulatory signals to alloantigen-specific naïve
T cells in newborns. The requirement of costimulatory signals for neonatal
naïve T cells to reach adult levels of function is supported by the in vivo re-
quirement of multiple vaccine doses for infants (1056) and by the finding that
CD40 binding prevents neonatal tolerance (946).
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3. NEONATAL T CELLS ARE ABLE TO MOUNT
A TH1 RESPONSE IN CERTAIN CONDITIONS

Studies of neonatal T-cell function showed that the response to foreign anti-
gen is skewed toward a Th2 dominant response in both mice and humans. In
mice, immunization as early as the first week of life with vaccines such as
tetanus toxoid, live-attenuated measles virus, or BCG-induced higher IgG2a
antibody response, significantly higher IL-5 production, and lower IFN-  syn-
thesis by antigen-specific T cells. This pattern of response was maintained in
adults, as assessed by measuring the response elicited by boosting with the
corresponding vaccines (645). However, recent studies have challenged this
concept, demonstrating that under certain experimental conditions or during
infection with certain microbes, Th1 responses might be induced in newborns,
reaching into adulthood.

Several studies performed on newborn mice documented the ability to induce
both Th1 and Th2 immunity. Injection of mice after birth with soluble hen egg
lysozyme (HEL) protein induced tolerance; however, intraperitoneal immuni-
zation with HEL in incomplete adjuvant expanded cells that produce IFN-  and
IL-5 and favored the synthesis of both IgG1 and IgG2a anti-HEL antibodies
(945). The results of this study clearly showed that neonatal CD4 T cells are
immunocompetent and that immunization with antigen and adjuvants elicits
both Th1 and Th2 responses. A mixed Th1/Th2 response was also observed in
mice immunized with a Helicobacter pylori extract in either complete or
incomplete Freund’s adjuvant. Although gastric diseases are typically mani-
fested in adults, infection with H. pylori, which causes chronic gastric diseases,
occurs in children under age 5 yr (1057,1058). Newborn mice immunized with
H. pylori lysates in adjuvant exhibit a protective immunity, as assessed by a
decreased bacterial load in the stomach, a lower gastritis score, and a higher
frequency of cells producing IFN- , IL-2, and IL-4 in recall assay (1059).

The induction of neonatal Th1 responses by viruses depends on the replica-
tion capacity of virus in the host cells. This was clearly demonstrated in a study
of protective immunity induced in neonatal mice by immunization with a single
replicative cycle of herpes simplex virus (HSV) called disabled infectious
single-cycle HSV variant (DISC). This variant lacks the gene that encodes gly-
coprotein H, which is essential for infection. Mice immunized 24 h after birth
with DISC-HSV-1, but not with UV-inactivated HSV-1 virus, were protected
from lethal HSV-1 infection, and the protection could be transferred to naïve
recipients with both CD4 and CD8 T cells. The protective effect of CD4 T cells
was related to Th1-mediated immune responses by IFN-dependent and -inde-
pendent mechanisms. The protective function of transferred CD8 T cells might
be caused directly by cytolytic activity or indirectly by secretion of IFN-
cytokine (1060). Similar results were obtained by immunizing newborn mice
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with a noninfectious strain of Sendai virus TR-5, a cleavage site mutant of F
protein. This mutant is resistant to cleavage of functionally inactive F1 and F2
subunits by cellular trypsin-like proteases. Immunization with this mutant in-
duced a mixed Th1/Th2 response, as demonstrated indirectly by production of
IgG1 and IgG2a anti-Sendai virus antibodies (1061).

Genetic immunization of neonates also induces a mixed Th1/Th2 response
by circumventing deficient induction of Th1 cells during early life. We com-
pared the cellular responses induced by immunization with a plasmid contain-
ing the influenza virus hemagglutinin (HA) gene in mice immunized as
newborns or adults. DNA immunization protected both neonatal and adult mice
from a challenge with a lethal dose of live influenza virus (643). The immuni-
zation of adults elicited a Th1 response, whereas that of neonates elicited a
mixed Th1/Th2 response. Similar results were obtained in newborn mice im-
munized with plasmids containing measles virus HA, Sendai virus nucleopro-
tein, or C fragment of tetanus toxin. In these experiments, the immunization of
newborns with plasmids induced adult-like Th1 or mixed Th1/Th2 responses.
These responses are characterized by production of IFN-  by antigen-specific
T cells. IgG2a was produced in mice immunized with measles virus HA plas-
mid, and both IgG1 and IgG2a was produced in mice immunized with a live
recombinant canarypox vector expressing the same gene (644).

The induction of Th1 responses by DNA immunization of neonates is related
to CpG motifs contained in the plasmid. This was demonstrated by studying
the response to hepatitis B virus in newborns. Mice immunized at 1, 3, 7, or 14
d after birth with hepatitis B surface antigen (HBsAg)-containing plasmid,
HBsAg in combination with CpG oligonucleotide, or HBsAg in combination
with CpG nucleotide and alum produced both IgG1 and IgG2a anti-hepatitis B
virus antibodies. However, mice immunized with HBsAg and alum produced
only IgG1 antibodies (1062). These findings strongly suggest that the CpG
motifs on plasmids that express various foreign genes may circumvent the bi-
ased Th2 response in neonates by stimulating the Th1 response. This effect is
probably related to the activation of APCs following the binding of CpG to its
corresponding Toll-like receptor. CpG binding to its receptor on APCs may
trigger the IL-12 production that is required for the expansion of Th1 cells and
the upregulation of costimulatory molecules such as CD40, CD80, and CD86.
This concept is supported by data demonstrating that the immunization of new-
born mice with plasmid that contains the antigen together with plasmid that
bears IL-12 or IFN-  genes enhanced the Th1 response (1063).

In human newborns, the T-cell responses are also biased toward Th2, as
illustrated by reduced IFN-  production in cord blood lymphocytes stimulated
with polyclonal activators (1032,1064,1065) that reach adult levels by age 12
mo (1066). The defective Th1 response in neonates might be related to a lack
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of CD45R0 memory cells in the cord blood and/or immature dendritic cells. It
is well known that dendritic cells are required for activating naïve T cells. The
reduced capacity of cord blood dendritic cells to stimulate Th1 responses may
be related to reduced expression of costimulatory molecules; autosecretion of
IL-10; and failure to produce IL-12, an IFN- -inducing cytokine, even after
stimulation with lipopolysaccharide (LPS), which induces dendritic cell matu-
ration (1055). In contrast to adult dendritic cells, cord blood dendritic cells fail
to adopt a mature phenotype following in vitro LPS stimulation, as evidenced
by lack of upregulation of MHC class II molecules, reduced expression of
CD25 and CD83, and minimally increased expression of CD86 (1055).
Autocrine synthesis of IL-10 may be another limiting factor. This is illustrated
by increased production of tumor necrosis factor (TNF)-  and IL-12 and the
capacity to activate Th1 cells subsequent to treatment of dendritic cells with
anti-IL-10 neutralizing antibodies (1067). The most striking difference between
adult dendritic cells and cord blood dendritic cells entails the inability of cord
blood dendritic cells to produce IL-12 upon in vitro LPS stimulation (1065).

Human neonatal T cells have the ability to mount a Th1 response in certain
conditions. Yu et al. (1068) have shown that in vitro stimulation of cord blood
mononuclear cells with Dermatophagoides pteronyssinus extract produced sig-
nificantly increased amounts of IFN  and equal amounts of IL-4 compared to
adult peripheral blood cells. This is associated with the upregulation of the T-
bet transcription factor required for gene activation of Th1 cells, followed by
increased expression of GATA-3. This result suggests that stimulation of cord
blood lymphocytes may trigger the activation of Th1 cells associated with
changes in the kinetics of T-bet/GATA-3 expression.

In vivo studies also demonstrated that Th1 responses could be induced in
newborns immunized with BCG or in young infants infected with Bordetella
pertussis. In adults, immunization with BCG induced a Th1 immune response.
Study of the cytokines produced by T cells in infants immunized with BCG
after birth showed that subsequent to in vitro stimulation with pumped derived
protein (PPD), smallpox antigen 85 complex (1069), and 10 kDa antigen, the T
cells proliferated and produced IFN-  but not IL-5 and IL-13, which are pro-
duced by Th2 cells. This is in contrast to T cells stimulated with phytohemag-
glutinin (PHA), which produced IFN- , IL-5, and IL-13 (1068). Similar results
were obtained in another study that showed T cells from children immunized
with BCG after birth produced IFN-  after stimulation with PPD and exhibited
an increased frequency of IFN -producing cells similar to that observed in
BCG-vaccinated adults (1070). These studies clearly showed that neonatal
BCG vaccination induces adult-like Th1 immune responses.

Induction of Th1 immune responses was also reported in 2-mo-old infants
infected with B. pertussis. An increased production of IFN-  and an increased
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number of CD4 and CD8 IFN- -producing T cells were observed in lympho-
cytes obtained from acutely infected children following in vitro stimulation
with Bordetella filamentous HA, pertussis toxin-specific antigens, or PHA
(1071). These results clearly show that lymphocytes from infants are mature
and able to develop a Th1 response. The Th1 response induced by BCG and
Bordetella is related to the activation of APCs by molecules of bacterial origin,
such as peptidoglycan in the case of Mycobacteria or endotoxin in the case of
B. pertussis, which bind to Toll-like receptors and activate the APC.

4. CTL RESPONSE IN NEONATES

CD8 CTLs play a major role in CMI responses against viruses and tumor
cells. They recognize peptides derived from viral proteins and tumor-associ-
ated antigens presented by MHC class I molecules. It was long believed that,
because of immaturity, neonatal T cells could not mount a CTL response
against viruses, and, therefore, they could not kill infected cells or contribute
to clearing the infected cells. Ensuing years have seen numerous findings that
murine and human neonatal T cells can develop a CTL response in certain
conditions.

We have studied the priming of CTLs in various stages of ontogeny with
transfectoma cells that express a chimeric Ig heavy-chain gene bearing an in-
fluenza virus nucleoprotein (NP) peptide. The NP of influenza virus contains
an epitope corresponding to amino acid residues 147-161 that is recognized by
CD8 T cells in association with MHC class I Kd molecule. Through genetic
engineering, we constructed a chimeric Ig molecule in which the CDR3 seg-
ment of the heavy chain was replaced with the NP147-161 peptide (1072). The
chimeric heavy-chain gene was transfected into SP/2 myeloma cells.

Study of CTL priming in adult mice showed that the NP-specific precursors
can be expanded following immunization with NP peptide combined with
Freund’s complete adjuvant or with irradiated transfectoma cells bearing chi-
meric Ig heavy chain. Precursors could not be expanded with chimeric Ig-NP
molecules or with SP/2 myeloma cells coated with NP peptide. In the same
study, newborn mice were immunized on d 1, 3, and 5 after birth with 1 mg NP
peptide, 150 μg Ig-NP, or 107 irradiated transfectoma cells. One month later,
these mice were boosted with NP peptide in Freund’s complete adjuvant, and 1
wk later, the lymphocytes were cultured with either NP peptide-coated or PR/
8 influenza virus-infected cells. The CTL activity was then measured by using
target cells coated with peptide. Our results showed that the immunization of
neonates with the NP peptide or Ig-NP molecule failed to prime CTLs. In sharp
contrast, mice injected at birth with transfectoma cells developed a cytotoxic
response after in vitro secondary stimulation with NP peptide-coated spleen
cells (1073). These findings show that the generation of viral peptide from a
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chimeric gene in an endogenous processing pathway efficiently primes neona-
tal precursors of NP-specific CTLs. Meanwhile, the soluble NP peptide and Ig-
NP molecule failed to prime CTLs in neonates, as in the case of adults.

The priming of murine neonatal CD8 CTLs was also induced by immuniz-
ing mice after birth with low doses (0.3 or 1 PFU) but not with high doses
(1000 PFU) of murine leukemia virus. CTL activity was detected 10–15 d after
infection and persisted for at least 28 wk. The inability of neonates to develop
CTL responses subsequent to immunization with a high dose results from a
polarized Th2 response, which induces humoral immunity. This was clearly
demonstrated by measuring the synthesis of IL-4 and IFN- . Whereas mice
immunized after birth with a low dose of virus produced IFN-  and low
amounts of IL-4, those immunized with a high dose produced IL-4 but failed to
synthesized IFN- (1074).

Expansion of CD8 CTLs was also reported in mice immunized after birth
with polyoma virus, which is a potent oncogenic mouse pathogen. Polyoma
virus induced tumors in newborns of an inbred strain resistant to the virus.
In the resistant strain, the CTLs specific for MT389 peptide, which is de-
rived from a polyoma viral protein, dramatically and rapidly expanded dur-
ing acute infection of neonates, reaching adult levels and leading to virus
clearance. Although capable of generating MT389-specific CTLs, neonatal
mice susceptible to polyoma virus infection cleared the virus at a markedly
lower rate (1075).

Efficient CTL immune responses can be induced in neonates by delivering
the antigen by naked DNA. Our laboratory first demonstrated that newborn
mice immunized with a plasmid-expressing NP of influenza virus (NPV1)
developed a significant cytotoxic immunity comparable to that of adult mice
immunized with the same dose of plasmid (641). Comparison of primary and
secondary CTL activity of mice immunized with NPV1 plasmid as newborns
or adults and boosted with PR/8 influenza virus showed significantly higher
NP-specific primary CTL activity than that of mice immunized with plasmid
or virus alone. In contrast, increased secondary CTL activity was observed in
mice immunized with NPV1 plasmid that was a little lower than that of mice
immunized with NPV1 plasmid and boosted with PR/8 virus (Fig. 40).
Increased CTL activity of mice primed with NPV1 plasmid and boosted with
PR/8 virus resulted from an increased frequency of NP-specific CTL precur-
sors, as illustrated in Fig. 41.

The priming of CTLs by NPV1 plasmid was independently assessed by
measuring IFN-  production by T cells from immunized mice stimulated in
vitro with NP-peptide in the presence of APCs. Significantly higher amounts
of IFN-  were detected in the culture of T cells from mice primed with NPV1
plasmid and boosted with PR/8 virus than in culture from mice immunized
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with virus alone or with empty plasmid (control). Decreased pulmonary viral
titers and increased survival after challenge with live virus (LD100) was
observed in mice immunized as newborns or adults with NPV1 plasmid (Table
30). It is noteworthy that immunization with NPV1 plasmid induced CTL
responses against two different influenza type A viruses. This effect might
occur because influenza type A viruses that differ in the structure of the HA
gene share an identical NP gene (1076).

A robust adult-like CD8 CTL protective immunity was induced by the im-
munization of newborn mice with plasmid containing DNA clones of murine
leukemia virus (1077), NP gene of LCMV (1078,1079), and HA of measles
virus (644). In all experiments, the CTL immunity induced by genetic immuni-
zation was long-lived and comparable to that induced in adults. These findings

Table 30
Effect of Immunization With NPVI Plasmid on Pulmonary Virus Titer
and Survival After the Challenge With LD100 Live Influenza Virus

Pulmonary virus titer
 Mice Immunization d 3 d 7 d 16 Survival

Adult

1 mo Saline 4.6±0.5 3.8±0.1 NS 0%
after immunization PR8 virus 0 0 ND 100%

Control plasmid 4.8±0.1 3.7±0.5 NS 0%
NPVI plasmid 4.0±0.3 0.9±1.5 0 80%

3 mo NPVI plasmid 4.8±0.1 0.2±0.2 0 65%
after immunization

Newborn
1 mo Control plasmid 5.9±0 4.6±0.2 NS 0%

after immunization NPVI plasmid 4.5±1.2 1.2±2.1 0 30%
3 mo NPVI plasmid 4.1±0.5 0.9±1.2 0 70%

after immunization

Adult mice were immunized with 3 × 39 μg control or NPVI  plasmid at 3-wk intervals in the
anterior tibial muscle of the right leg. A group of adult mice were immunized i.p. with PR8 virus
7 d before challenge.

Newborn mice were immunized with 3 × 30 μg with control or NPVI plasmid 1, 3, and 6 d
after birth in the right gluteal muscle.

Both groups of mice were challenged 1 or 3 mo after completion of immunization with aero-
sols containing a LD100 dose (1.5 × 104 TCID50) of PR8 influenza virus.

Pulmonary virus titer was measured by chicken red blood hemagglutination after 48 h incuba-
tion of MDCK cells with serial dilutions of lung homogenate. The results are expressed as mean
± SD of log10 TCID50 measured individually for each animal in a group of three mice.

NS, no survivors; ND, not done.
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clearly demonstrate that DNA-based immunization of mice circumvents the
ontogenic delay in development of CTL precursors and may prove an effec-
tive and safe strategy for the development of vaccines for infants.

Efficient induction of CD8 CTL immunity by genetic immunization may be
related to in vivo transfection of dendritic cells by gene gun (91) or subcutane-
ous (89) immunization. Among various types of APCs, the dendritic cells are
the most efficient in initiating the immune response of naïve T cells. Bot et al.
(89) demonstrated that at the site of NPV1 plasmid injection, dendritic cells are
transfected. Furthermore, adoptive transfer experiments showed that the
expansion of NP-specific CTL precursors with class II+ dendritic cell cells
required 10 times less cells than with class II– cells.

It is known that generating memory CTL cells requires the presence of anti-
gen (1080). Long-lived responses induced by genetic immunization are prob-
ably related to the persistence of plasmid as episomes, allowing for continuous
priming of newly emerged T cells from the thymus and for generation of
memory cells during postnatal life. As an example, in humans, the expansion
of HIV-1-specific CTLs was observed in an infant infected in utero (1081) and
in infants born to seropositive mothers (1082). The HIV-1-specific CTL activ-
ity was detected from age 3 mo to 5 yr in the infant infected in utero but only
during late infancy in some children born to seropositive mothers with overt
HIV-1 infection.

Secondary CTL responses were also observed in infants with acute respira-
tory syncytial virus (RSV) infections (1083) and in infants after natural infec-
tion or immunization with live influenza A virus (1084). It is noteworthy that
no influenza virus-specific CTL activity was detected in infants after immuni-
zation with cold-adapted or inactivated influenza vaccines. Failure to generate
influenza virus-specific CTLs after immunization with inactivated vaccine is
expected, because internalized killed virus is processed in the exogenous path-
way, which does not generate peptide able to bind class I molecules. Lack of
CTL activity in infants vaccinated with cold-adapted virus may be related to
the lower replication rate of virus in vivo. In addition, limited replication in the
nasal cavity but not in the lung might decrease the chances of activating CTLs
by virus-infected pulmonary macrophages or epithelial cells.

In conclusion, the information presented in this chapter strongly supports
the idea that the paradigm of unresponsive neonatal T cells has restricted valid-
ity. Neonatal lymphocytes can mount effector and memory cells in certain con-
ditions related to antigen dose, delivery platform of the antigen, and the
cytokine microenvironment, particularly the pattern of cytokines secreted by
APCs induced by microbial agents. When adequate cytokines are present, the
Th2 dominance of the neonatal response can be switched to Th1 responses,
mediating defensive reactions against intracellular pathogens.
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Fetal and Neonatal Tolerance

1. INTRODUCTION

The specificity of lymphocyte antigen receptors resulting from random re-
combination of several gene segments exhibits an extraordinary diversity that
is able to recognize an entire complement of foreign and self-antigens esti-
mated between 100 billion and 100 quadrillion different structures. However,
in adult life the immune system does not struggle to distinguish between self-
and non-self-antigens, because it learned this distinction during ontogeny. The
ability to discriminate between self and nonself is a cardinal property of the
vertebrate immune system.

At the beginning of the last century, Ehrlich was one of the first people to
conceptualize this property by viewing the immune system as having two
shoulders. One shoulder, bearing a light angel, recognizes the foreign antigens,
whereas the other shoulder, bearing a dark angel, recognizes self-antigens.
Although the response against the horde of aggressive foreign macromolecules
of microbes is beneficial, the response against self-antigens is detrimental, lead-
ing to autoimmune diseases. Ehrlich coined the term “horror autotoxicus,” or
poisoning one’s self, to define the detrimental immune response against self-
antigens (43). The concept of discrimination of self from nonself implied that
the body is unresponsive to self-antigens and tolerates them throughout life
under healthy, physiological conditions.

Ensuing years have seen numerous observations demonstrating that immune
unresponsiveness might also be actively induced by self-, allo-, and foreign
antigens. Clonal selection theory (45) provided a unifying framework for
understanding the lack of response to self-antigens, proposing that the immune
system is able to select and eliminate self-reactive clones during ontogeny.
Therefore, the unresponsiveness and tolerance of self-antigens appears to be
an active process in which some clones are eliminated or prevented from
becoming functional. The concept that tolerance is an active process was sup-
ported by experiments demonstrating that unresponsiveness can be transferred
from a tolerant animal to a lethally irradiated host with lymphocytes (1085).
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The two major types of unresponsiveness are (a) central tolerance and (b)
peripheral tolerance. Central tolerance underlines the mechanisms of elimina-
tion-deletion of self-reactive clones in central lymphoid organs (such as bone
marrow, which generates B cells, and the thymus, which produces T cells). Cen-
tral tolerance is an active process that requires the recognition of antigens and
the deletion of self-reactive clones in an activation-dependent cell death process.

Peripheral tolerance defines the unresponsiveness of clones in recognizing
foreign and self-antigens as unable to become functional rather than being
eliminated. Several mechanisms were proposed to explain this process.

Anergy is a process in which an antigen-specific clone becomes unresponsive
because of an inadequate activation process (1085). This can result from deliv-
ery of biochemical signals through an antigen receptor, which is different from
those leading to activation or to lack of costimulatory signals. Costimulatory
signals are necessary to activate lymphocytes, because this process requires two
signals: one delivered by the lymphocyte receptor subsequent to binding of the
antigen and the other delivered by molecules associated with lymphocyte or
antigen-presenting cell (APC) membranes or by cytokines (1086).

Clonal ignorance is another form of unresponsiveness in which self-reactive
clones survive and are functional because not all self-antigens are expressed in
the thymus. These cells migrate to the periphery but are harmless and remain
ignorant until they are eventually exposed to self-antigens that are normally
sequestered in so-called “privileged tissues.” Such tissues include the brain,
eye, and testes and are localized behind anatomic barriers that prevent the entry
of lymphocytes. Following exposure to cryptic epitopes or foreign antigens
that mimic sequestered self-antigens, self-reactive clones can be activated and
may become pathogenic. Studies performed in transgenic (Tg) mice express-
ing glycoprotein (EP) or nucleoprotein (NP) of lymphochoriomeningitis virus
(1087,1088) or hemagglutinin (HA) of influenza virus (948) in pancreatic 
cells showed that T cells with potential self-reactivity appear to be ignorant to
in vivo exposure to these antigens in some peripheral organs.

A third mechanism is mediated by regulatory suppressor T cells. Suppressor
T cells have been found to be a major component in tolerance induced by low
doses or extremely high doses of protein antigens. Tolerance induced in such
conditions can be transferred to naïve recipients (1089). There is increased
evidence for the existence of regulatory cells and their role in the prevention of
autoimmunity. Weiner and colleagues identified a new CD4+/CD45RBlow T-
cell subset (Th3) that secretes mainly transforming growth factor (TGF)-
(1090). Murphy et al. described a regulatory type 1 (Tr1) CD4+ T-cell receptor
(TCR) /  subset that secretes high amounts of interleukin (IL)-5 and IL-10
and low amounts of interferon (IFN)-  and TGF- (1091). Th3 cells can induce
a TGF- -mediated suppression of Th1 autoreactive cells in the absence of CD8
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T cells (1090), and Tr1 cells can induce both TGF- - and IL-10-mediated sup-
pression of CD4 T cells (1092–1096).

The regulatory/suppressor cells are primarily of the CD4 lineage. These cells
are generated in the thymus, from which they migrate to peripheral lymphoid
organs and expand. Most of these cells are CD62L+, a marker characteristic for
cells with migratory abilities (1097). Migration of regulatory T cells in periph-
ery does not appear to be antigen-driven, although the presence of antigen in the
target organ is instrumental for the suppressive functions of these cells (1098).

Regulatory CD4 T cells (CD4+CD25+ and CD4+CD45RBlow) can be distin-
guished from the effector CD4 T cells based on their phenotype. Regulatory T
cells are in an anergic/suppressive state; however, they can acquire markers of
activation, such as CD69, in the target organ. In vitro, the regulatory cells can
be activated upon polyclonal activation with ConA and IL-2 but not with ConA
alone (1098). Development of regulatory cells in the thymus greatly depends
on IL-2. Interestingly, CD4+CD25+ T cells do not consume or use IL-2, how-
ever, they suppress IL-2 gene transcription in responder T cells . However, the
presence of large amounts of IL-2 reverts their suppressogenic effect, making
them autoreactive when transfused into nude mice (1098).

The suppressive property of these cells was studied by reductionistic and sub-
tractive approaches in animal models for human autoimmune diseases. Early
depletion of regulatory cells from animals prone to autoimmune diseases led to
acceleration of disease onset (1096–1101). Alternatively, the adoptive transfer
of regulatory cells into animals prone to or displaying autoimmune disease led to
a significant delay or prevention of disease onset (1097). It is typically believed,
but not generally accepted, that the CD4+ CD25+ T cells exert downregulatory
effects on autoreactive T cells by cell–cell contact rather than by releasing
soluble suppressor factors (1099). Unlike IL-10, the CD4+ CD25+ T cells do not
act by downregulating the expression of costimulatory molecules on APCs and
do not kill the responder T cells by the FAS-FASL mechanism (1101).

There is a large body of evidence that both central and peripheral tolerance
are induced in B- and T-cell subpopulations during fetal and neonatal life.

2. B-CELL TOLERANCE

The tolerance of B cells can be induced during fetal development and neona-
tal and adult life. The conditions required for the induction of tolerance in vari-
ous stages of development and the mechanisms involved are quite different.

2.1. Self-Tolerance During Fetal Life

Central tolerance is the major mechanism operating during fetal develop-
ment when B cells acquire surface IgM in the bone marrow and are able to
interact with self-antigens. Among B cells newly emerged from the differen-
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tiation of the precursors, approx 75% are deleted in the bone marrow (1102).
Central tolerance can be induced in natural conditions during fetal life by self-
antigens, maternal antibodies, or allo- and foreign antigens to which the
immune system of the embryo might be exposed.

2.1.1. Central Tolerance in Antibody Tg Mice

For many years, it was difficult to demonstrate the deletion of self-reactive
clones during fetal life because of the low frequency of clones recognizing
self-antigens. This difficulty was overcome by developing Tg mice, in which
the majority of B cells expressed rearranged V genes encoding antibody that is
specific for a self-antigen. Because the transgenes can inhibit the further rear-
rangement of endogenous genes, the Tg mice have a large population of B cells
that are specific for a self-antigen and, therefore, represent an excellent model
to study self-tolerance. The knowledge acquired from studying self-tolerance
in antibody Tg mice was particularly important because it recapitulated the
events of tolerance induction, leading to the idea that developing lymphocytes
pass through a tolerance-susceptible stage when the recognition of self-anti-
gens causes the deletion.

In one model, Tg mice expressed VH and VL genes encoding specificity for
major histocompatibility complex (MHC) class I (H-2Kk) molecules (46),
double-stranded (ds)-DNA (529) for an allelic form of the CD8 self-antigen
(451), or B cells producing rheumatoid factors (RF) that recognize self-IgG
(1103). In all these Tg mice strains, the B cells specific for these self-antigens
were not present in the periphery, indicating that they were deleted in the bone
marrow during the differentiation of pre-B cell (sIg–) to immature B cell
(sIgM+) stages (45,1104). When Tg mice expressing the rearranged genes of
anti-MHC class I molecules were bred onto an H-2K or H-2B background,
large numbers of B cells were detected in the bone marrow but not in the pe-
riphery, indicating self-reactive B cells were deleted in the bone marrow (46).
In the case of Tg mice expressing V genes with specificity for ds-DNA, the
autoreactive B cells were deleted in bone marrow, and those that were not
deleted maturated in the periphery but lost the specificity for ds-DNA (529).
Similarly, high-affinity RF-producing B cells were also deleted in offspring
generated from breeding the Tg mice with a mouse strain that produced the
cognate self-antigen (1103).

The second model involves double-Tg mice expressing the V genes that
encode the specificity for hen egg lysozyme (HEL) and expressing HEL either
as membrane multivalent antigen or as soluble oligovalent HEL (reviewed in
ref. 1105). These mice could be considered as a self-antigen model, because
HEL was present in the bone marrow or in the fetal circulation. In the Tg mice
expressing multivalent membrane-associated HEL, the extensive crosslinking
of the B-cell receptor (BCR) on developing B cells resulted in the deletion of
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HEL-specific B cells in bone marrow within 15 h. The deletion resulted from
the strong antigen stimulation of immature B cells, and the absence of T cells
related to immaturity of both T cells and APCs. In the double-Tg mice produc-
ing soluble HEL, the B cells were not deleted in bone marrow but were
anergized in the periphery. The degree of B-cell tolerance was dependent on
the amount of HEL. In a double-Tg strain producing low amounts of HEL,
only 5% of BCRs were occupied, and B cells exhibited minimal BCR
downregulation, normal function, and a lifespan of 4 to 5 wk. In sharp contrast,
the B cells in another Tg strain producing high amounts of HEL, in which 45%
of BCRs were occupied by antigen, the B cells were anergic, and the expres-
sion of surface IgM and costimulatory molecules was downregulated. Strik-
ingly, the B cells in these mice had a much shorter lifespan (3–5 d) (1005).

Studies conducted in antibody Tg mice strongly support the clonal theory
that immature—but not mature—B cells are susceptible to tolerance. From the
studies performed in Tg mice, two major conclusions were drawn. First, the
recognition of membrane-associated multivalent antigens leads to central tol-
erance by deleting self-reactive B-cell clones, which could no longer be
detected in the peripheral lymphoid organs. Second, the recognition of soluble,
monovalent antigen leads to peripheral tolerance, namely anergy. The induc-
tion of anergy depends on the concentration of soluble antigen, the occupancy
of BCRs, and the expression of costimulatory factors. Anergy is also mirrored
in the lifespan of antigen-specific B cells. The expression of costimulatory
molecules is particularly important for eliciting T-cell help in response to pro-
tein, with T-dependent antigen providing the second signal required for the
activation of B cells (1086).

2.1.2. Fetal Tolerance Induced By Maternal Antibodies

Dray (705) described the first study demonstrating the induction of a
longlasting suppression by maternal antibodies as illustrated in maternal allo-
type suppression in rabbits. Allotypes are antigenic determinants of Ig and of
the BCR of B cells that differ among distinct groups of individuals or inbred
strains of the same species. The allotypes are inherited in a Mendelian fashion.
Dray showed that in newborn heterozygote rabbits born to mothers immunized
against the male’s a or b series allotype, the B cells that produced Ig bearing
the paternal allotype were entirely suppressed or expressed in an abnormally
low proportion. The suppression lasts throughout the lifetime of the animal,
and the suppressed offspring could make antibodies subsequent to immuniza-
tion with paternal allotype (706). This indicates that B cells producing the
paternal allotype were either eliminated from the organs or the synthesis of the
paternally marked allotype was blocked. Similarly, the offspring born to moth-
ers producing anti-idiotype antibody exhibited a longlasting suppression of B
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cells that expressed the corresponding idiotype on their BCR (for details, see
Chapter 6).

More recently, it was shown that maternal Ig is responsible for deleting B
cells that produce RF in Tg mice expressing V genes that encode anti-IgG2a
RFs. Wang and Shlomchik (1106) used a series of genetic crosses to show that
maternal soluble Igs in RF-Tg mice are responsible for the induction of toler-
ance. This tolerance is maintained during postnatal life but remits 2–3 wk
postweaning, and cells producing RF can be observed for weeks or months.
This may be related to the production of low amounts of IgG2a in naïve mice,
which prevents the deletion of newly emerging B cells in the bone marrow
during postnatal life.

In contrast to maternal Igs, which induce a longlasting suppression of B cells
producing antibodies specific for soluble monovalent antigens, the progeny
derived from allophenic mothers preimmunized against an isoform of Thy anti-
gen, which was expressed on the brain surface and on all T cells, failed to sup-
press the  antigen in the offspring (1107). This finding indicates that there are
important differences between the tolerance induced by exposure to self-anti-
gens and that induced by maternal antibodies during fetal development.

In both systems, fetal exposure to soluble monovalent antigen or to maternal
Igs or antibodies induces anergy that is dependent on the concentration of anti-
gen and the degree of occupation of BCRs. The anergy is evident in postnatal
life; however, the autoreactive B cells remain thereafter. Meanwhile, in utero
exposure to membrane-associated antigens induces central tolerance by delet-
ing self-reactive cells, but the maternal antibodies specific for membrane anti-
gens fail to induce tolerance. The mechanism of failure by maternal antibodies
to induce tolerance that is specific for cell membrane-associated antigens
remains poorly understood.

2.1.3. Fetal Tolerance to Alloantigens

The description of natural tolerance for alloantigens was a crucial finding
that contributed to the formulation of clonal theory. The concept of tolerance
to alloantigens originated from an “experiment in nature” observed by Owen
(1108), who studied blood groups in cattle. Owen noted that supposed monozy-
gotic twins in cattle actually are dizygotic, because fetuses often exchange
blood through anastomoses of placental blood vessels. Because of blood shar-
ing by fetuses, each adult twin produces erythrocytes of each other without
producing antibodies specific for blood groups. This observation brilliantly
demonstrated that fetal exposure to blood groups allowed the twins to tolerate
the alloantigen expressed on the red blood cells (RBCs) of twins.

Hasek repeated Owen’s discovery under experimental conditions using
chickens. In this experiment, synchorial parabiosis was performed between
chicken embryos in the egg, allowing blood exchange. It was shown after hatch-
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ing that the chicks were unable to produce antibodies to each other’s erythro-
cytes (1109). These findings clearly demonstrate that the chimerism established
in different vertebrate species during fetal life leads to a longlasting central
tolerance through the deletion of B cells exposed in utero to alloantigens.

2.1.4. Fetal Tolerance to Foreign Antigen

There are few studies concerning the induction of tolerance by fetal exposure
to foreign antigens. Waters et al. (1110) reported the induction of tolerance
following injection of pregnant mice with deaggregated human  globulin. In
utero exposure of offspring via maternal circulation of human  globulin in-
duced tolerance, which persisted until age 12 wk and then gradually disap-
peared. It is noteworthy that fetal tolerance induced by foreign Ig delivered by
mother during pregnancy differs from classical tolerance induced in adults with
high doses of deaggregated Ig, in which both B and T cells contribute to toler-
ance (1111).

In human newborns of mothers chronically infected with hepatitis B virus
(HBV), 22% of infants were unable to produce anti-HBV antibodies after vac-
cination with HBV vaccine (1112). In the group of infants who were unrespon-
sive to vaccine, HBV DNA was detected in peripheral blood lymphocytes by
polymerase chain reaction (PCR). The unresponsiveness of the infants to HBV
vaccination was specific, because the infants made an antibody response fol-
lowing vaccination with poliovirus types 1, 2, and 3 and immunization with
tetanus toxoid or pneumococcal polysaccharide. This observation indicates that
in utero exposure to low doses of HBV induced an immune tolerance.

Theoretically, congenital infection with microbes represents an ideal condi-
tion for the induction of central tolerance, because the fetal B cells may be
exposed to microbial antigens, which under normal conditions do not cross the
placenta. However, study of antibody responses in infants with congenital in-
fections caused by mumps (619), Plasmodium falciparum (620), schistosomia-
sis (622), rubella (1113), cytomegalovirus (1114), and leprosy (1115)
demonstrated the propensity of human infants to make antibodies when exposed
in utero to viral and parasitic infections. This may be explained by an accelera-
tion of lymphocyte maturation in human embryos compared to other species.

3. NEONATAL B-CELL TOLERANCE

B cells are divided into two subsets: (a) B1 cells expressing CD5 antigen
and producing multispecific antibodies and (b) B2 cells producing antibodies
specific for foreign antigens and pathogenic autoantibodies. Both derive from
Ig– B-cell progenitors; however, there is a notable difference between the two
subsets. Whereas B1 cells develop early in ontogeny and expand by self-re-
plenishment, B2 cells develop continuously from Ig– progenitors in bone mar-
row cells.
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In mice, an important fraction of B1 cells in the peritoneal cavity and spleen
produce antibodies specific for bromelain-treated RBCs. This antibody
response is oligoclonal and encoded by restricted V genes (i.e., Vh11/Vk9 and
Vh12/Vk4) (448,449). B1 cells producing such antibodies are easily detected
by anti-idiotype antibodies and by binding of liposomes containing phosphati-
dylcholine (PtC), a major component of RBC membranes.

Studies of the generation of B1 cells in the neonatal repertoire was per-
formed in Tg mice expressing VH12 and VK4 transgenes. The development of
B1 cells expressing transgenes that encode antibodies specific for PtC was stud-
ied in newborn livers and spleens in two Tg lines bearing a low or high copy
number of transgenes. B1 cells producing autoantibodies were noted at birth.
During the first 120 h of postnatal life, the number of PtC-specific B cells
increased 20-fold compared to nontransgenic mice, indicating a strong clonal
expansion and dominance of B1 cells in the peritoneal cavity (1116). These B
cells express IdX that is recognized by a rabbit anti-idiotype antibody.
Kawaguchi (1117) showed that during d 4–10 after birth, the injection of anti-
IdX antibodies markedly reduced B1 cells. The binding of anti-idiotype anti-
bodies to the corresponding BCR of B1 cells probably delivers a negative signal
to significantly inhibit the ability of B1 cells to expand or to produce autoanti-
bodies after lipopolysaccharide (LPS) stimulation.

The induction of neonatal tolerance was described in early studies in which
chronic administration of anti-IgM antibodies after birth eliminated immature
IgM+ B cells from bone marrow and caused unresponsiveness to foreign anti-
gens (1118). In vitro studies showed that increased tolerance sensitivity of im-
mature B cells did not result from apoptosis but from downregulation of the
BCR, which could not be restored after culturing the same cells without anti-
IgM antibodies (462,1119).

In the case of B2-cell subsets, neonatal tolerance can be induced by both T-
independent and -dependent antigens.

Bacterial polysaccharides are typically T-independent antigens (TI-1). Felton
et al. (1120) observed that whereas small amounts of pneumococcal polysac-
charide induced a protective immune response in mice, higher amounts (100
times more antigen) were unable to produce antibody and the mice died after
challenge with a lethal dose of Streptococcus pneumoniae. The inhibition was
specific, because the same mice were able to produce antibodies following im-
munization with SIII polysaccharide. The tolerance induced by polysaccharides
was described for other antigens injected into neonates, such as dextran (1121)
and levan (713). The high-dose tolerance induced by T-independent polysac-
charide antigen described by Felton was called “immune paralysis,” because he
considered it owing to persistence of polysaccharide antigens that could not be
catabolized in mice. The persisting antigens eventually bind the antibodies and
clear them from circulation while the antigen is present in the tissues.
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Neonatal tolerance induced by foreign antigens requires smaller doses of
antigen compared to those necessary to induce tolerance in adults. For example,
the induction of tolerance against bovine serum albumin requires 0.5 mg/kg
for newborn rabbits (1122) and 500 mg/kg in adult rabbits (1123). The quanti-
tative differences regarding the dose required for the induction of tolerance in
neonates may be related to two factors. First, in mice, the number of lympho-
cytes in neonates is 220 times lower than in adults. The second, more plau-
sible, mechanism is represented by the immaturity of neonatal B cells.

In vitro experiments showed a differential susceptibility of neonatal and
adult murine spleen cells for the induction of B-cell tolerance. In this system,
the induction of tolerance was studied using TNP17-human  Ig conjugate. For
a suprression rate of 50%, 103 more “tolerogen” were required in adult cells
than in neonatal cells (1124). Other studies support the concept that high sus-
ceptibility of neonatal B cells to tolerance depends on the maturation status of
the B cells (reviewed in ref. 1125). Analysis of neonatal clonotypes producing
antibodies specific for haptens or viral proteins (580–584) indicated that
clonotypes that arise early after birth exhibit a higher susceptibility to
tolerogens than clonotypes that arise later in postnatal life. The induction of
neonatal tolerance requires crosslinking of the BCR by the ligand (1126). It is
noteworthy that the requirement of crosslinking of the BCR by multivalent
antigens was not anticipated by clonal selection theory.

Quantitative studies addressing the dose of tolerogen indicate that the amount
of tolerogen must exceed a threshold of affinity. Therefore, only B cells that
bear a BCR with high antigen affinity to a particular foreign antigen are deleted
or anergized, leaving the B-cell repertoire intact for other antigens (1125).

4. T-CELL TOLERANCE

T cells recognize peptides derived from the processing of foreign and self-
antigens presented in association with MHC molecules. The T-cell repertoire
is generated within the thymus during the process of differentiation of thy-
mocytes from T/NK precursors. The differentiation of precursors into double-
negative T cells (CD4–, CD8–) is associated with a stage of expansion and
survival that is controlled by pre-TCR. The pre-TCR is composed of TCR-
and pre-T-  chains that associate with the CD3 molecule but not with proteins
encoded by TCR genes of the TCR-  locus. TCR-  genes arrange later when
the double-negative T cells progress to the double-positive (CD4+, CD8+) stage.
Knocking out the pre-T-  or CD3 gene arrests the development of double-
negative T cells at the stage of CD25+, CD44– TCR- / – (1127).

The pre-T-  protein exhibits little homology with the TCR-  chain in its
extracellular domain; however, the intracellular domain contains polar resi-
dues required for association with signal transducing CD3 molecule, which
initiates signaling pathways by TCR ligation (1128). This indicates that at the
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stage of double-negative cells, there is no selection of TCR-  genes, and the
pre-TCR delivers signals required for the proliferation and survival of double-
negative thymocytes. This leads to differentiation into double-positive (DP)
cells, which express a functional and diverse TCR- / .

The double-negative thymocytes are the subject of positive and negative
selection processes in which the thymus censors the self-reactive T cells. The
censoring process leading to negative selection is responsible for central toler-
ance that is manifested by clonal deletion of self-reactive T cells. The posi-
tively selected cells differentiate further into single-positive CD4+ CD8– or
CD4– CD8+ T cells that are able to interact with an entire repertoire of foreign
antigens.

Apparently, the process of negative selection leading to central tolerance is
related to the affinity of the TCR of DP thymocytes for MHC-protein complex.
The T cells bearing a TCR with high affinity for peptides are deleted, whereas
those with low affinity survive and differentiate into single-positive (SP) T
cells, which thereafter migrate to peripheral lymphoid organs. However, a small
number of DP T cells escape negative selection, possibly contributing to the
initiation of autoimmune phenomena later in the life.

In the periphery, SP T cells may become unresponsive in certain conditions
when exposed to low or high doses of antigen (1129). The peripheral tolerance
induced during neonatal or adult life results from anergy rather than from the
deletion process in the peripheral lymphoid organs. The anergy is caused not
only by the degree of the occupancy of the TCR but also by the lack of
costimulatory molecules and/or cytokines. This concept is strongly supported
by data demonstrating that in the absence of a second signal, T cells became
anergic. Thus, T cells incubated with MHC peptide complex embedded in arti-
ficial membranes become unresponsive to recall stimuli (1130); however, some
cytokines, such as IL-2, can rescue T cells from anergy (1131). The induction/
activation of regulatory T cells may also anergize T cells either by direct con-
tact or via production of immunosuppressive cytokines, such as IL-10 and TGF-

. Furthermore, in vitro studies showed that murine or human CD4+ CD25high

thymocytes and peripheral T cells (1098), CD4+ T cells producing IL-10
(1092–1096), or Th3 cells producing TGF-  induced by oral tolerance (1090)
display immunosuppressive activity on self-reactive Th1 cells that mediate
autoimmune diseases.

The neonatal environment favors the induction of peripheral tolerance,
because APCs, in particular dendritic cells, express low levels of CD40 and B7
costimulatory molecules. Additionally, neonatal T cells secrete low levels of
IL-2 because neonatal T cells are biased toward a Th2 response (reviewed in
Chapter 9).
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4.1. Tolerance of T Cells During Fetal Life

Clear evidence for clonal deletion to self-antigens has established that cen-
tral tolerance is the major mechanism for maintaining self-tolerance. The first
solid evidence of central tolerance came from pioneering studies reported by
Marrack and Kapller (1132), who showed that certain murine strains are toler-
ant to their own class II molecules. Murine T cells, which recognize class II I-
E antigen, all use V 17 of the TCR-  family. In all strains expressing I-E
molecules, the V 17a+ T cells were deleted in the thymus and no V 17a+ T
cells were detected in the peripheral lymphoid organs. The fact that V 17a+ T
cells in these mice were detected in DP thymocytes but not in SP thymocytes
indicates that the deletion occurs within the thymus at the stage of DP cells.

Other evidence came from studies of the TCR repertoire in mice that
expressed a given minor lymphocyte stimulating (MLS) antigen haplotype.
Originally, four MLS haplotypes were described in mice (MLSa, MLSb, MLSc,
and MLSd), where MLSb was not stimulatory (1133). MLS antigens were un-
like other alloantigens because their recognition by T cells, although dependent
on class II molecules, was not MHC-restricted. Different alleles of class II mol-
ecules can be present in mixed lymphocyte cultures of the MLS antigen with
the same T-cell clone (1134). It was found that mice strains or recombinant
inbred strains expressing MLSa delete T cells from V 6+ and V 8.1+ gene fami-
lies, whereas those expressing MLSc delete V 3+, V 5+, and V 11+ T cells.

Further studies showed that MLS antigens are superantigens, which
cosegregate with endogenous mouse mammary tumor virus (Mtv) antigens (re-
viewed in ref. 1135). The genetic segregation studies demonstrated that V 11+

T cells were deleted by Mtv-8, Mtv-9, and Mtv-11; V 3+ T cells were deleted
with Mtv-1, Mtv-3, Mtv-6, Mtv-13, and Mtv-44; and V 5+ T cells were de-
leted by Mtv-6 and Mtv-9. Partial deletion of V 6, V 8.1, and V 9+ T cells
was associated with Mtv-44, and Mtv-7 caused total deletion of T cells bearing
a TCR encoding family members of these three V  genes (reviewed in ref.
1136). The Mtv antigens were found to be the product of the open reading
frame present in the 3'-LTR of murine Mtv. Other studies demonstrated that
induction of tolerance to MLSa-encoded antigen results from intrathymic elimi-
nation of V 6+ MLSa-reactive T cells (1137) and requires dendritic cells and
presentation of Mtv antigens by B cells in the thymus (1138).

A second set of evidence for self-tolerance comes from studies using Tg
mice. Pioneering studies were performed by von Boehmer using Tg mice that
expressed a TCR encoding the H-Y antigen recognized in the context of class I
molecules. All CD8+ cytotoxic T lymphocytes (CTLs) were deleted within the
thymus of male mice but were present in peripheral lymphoid organs of female
mice, because the H-Y antigen is expressed only in male mice (1130,1140).
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The deletion of self-reactive T cells was reported in several Tg mice express-
ing peripheral tissue-specific proteins on thymic, stromal, or epithelial cells
(1141,1142). In one model, pancreas-specific elastase I was also expressed at
low levels in the thymus, and it was shown to contribute to tolerance induction.
This Tg mouse model, expressing SV40 T antigen in conjunction with elastase
I under the control of the elastase I promoter in the pancreas, was crossed with
a strain of Tg mice expressing a TCR that was specific for T antigen (1142).
The double-Tg mice obtained from this cross exhibited a reduced number of T-
antigen-specific T cells in lymphoid organs and reduced Th1 activity with no
decrease in Th2 and CTLs, as assessed by in vitro assays.

The induction of tolerance in fetal central and peripheral organs by self-pep-
tides was demonstrated in a study in which a peptide of proteolipid protein (PLP)-
encephalitogenic protein, recognized by CD4 T cells in association with I-As

molecules, was delivered by an IgG2a chimeric molecule. The CDR3 of the VH
gene in the construct used in this experiment was replaced with PLP-derived pep-
tide corresponding to amino acid residues 139–151. By virtue of IgG isotype, the
chimeric molecule was transferred to the fetus via the placenta after it was in-
jected into pregnant mothers. The resulting offspring were tolerized to experi-
mental autoimmune encephalomyelitis (EAE), as illustrated by decreased disease
severity or relapse when EAE was induced with free peptide in Freund’s com-
plete adjuvant (FCA). Interestingly, a chimeric IgG molecule carrying an altered
peptide, in which four contacting amino acid residues required for TCR recogni-
tion were replaced, was unable to induce a tolerogenic effect (1143).

We have shown that fetal tolerance can be induced by placental transfer of a
peptide derived from influenza virus NP. The offspring born to mothers in-
jected with 3 mg of peptide on d 15, 17, and 19 of pregnancy were not able to
mount a CTL response 1 mo subsequent to the optimal schedule of the immu-
nization with NP peptide. In contrast, those born to mothers immunized with
100 μg of peptide developed a significant CTL response subsequent to immu-
nization with peptide 1 mo after birth (1144). This result indicates that the
quantity of peptide transferred from the mother during fetal development is
critical for the induction of tolerance.

The induction of central tolerance is an active process, because the recogni-
tion of self-antigen in the context of MHC molecules is essential (1145,1146).
Several studies conducted on Tg mice expressing protein antigens within the
thymus demonstrated that central tolerance results from apoptosis of DP T
cells, mainly in the thymus medulla (1141). These observations corroborate
data that DP thymocytes migrate from the cortex to the medulla during thymic
differentiation.

In summary, central tolerance within the thymus during development of the
T-cell lineage results in deletion of self-reactive T lymphocytes. The deletion
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process targets DP thymocytes that display an increased density and diversity of
TCRs. Deletion is an active process requiring the recognition of peptides in the
context of MHC molecules, as in the case of mature SP T cells in the periphery.

4.2. Neonatal T-Cell Tolerance

Longlasting tolerance of T cells resulting from deletion occurs during fetal
life within the thymus, which censors self-reactive T cells. However, there is a
large body of evidence that not all self-reactive T cells are deleted. Self-reac-
tive T cells that escape negative selection as well as T cells that are specific for
alloantigens and foreign antigens can be rendered unresponsive, particularly
during postnatal life. Like central tolerance, neonatal tolerance of T cells is
MHC restricted, because it depends on recognition of peptides derived from
the processing of foreign or self-molecules associated with MHC molecules.

4.2.1. Neonatal T-Cell Tolerance to Tissue Antigens

In vertebrates, the low frequency of T-cell precursors that are specific for a
given antigen represents a major difficulty in determining the fate of T cells
that are specific for self-antigens expressed in peripheral tissues. Advances in
molecular biology have allowed the generation of Tg mice, which provide an
excellent tool to address this issue. Such Tg mice were generated using con-
structs containing various genes expressed under the control of a cell-specific
promoter.

Double-Tg mice were developed that expressed MHC Kb-specific TCR and
Kb on hepatocytes (1147) or keratinocytes (1148) or viral antigens on pancre-
atic -cells (1082,1089,1149). Studies performed in double-Tg mice that si-
multaneously expressed Kb-specific TCRs and Kb on hepatocytes under the
control of the liver-specific albumin promoter showed that the Kb-specific T
cells were tolerant in vivo but could be activated in vitro subsequent to stimu-
lation with spleen cells bearing Kb molecules (1147). This phenomenon, called
split tolerance, may result from downregulation of the TCR and CD8 coreceptor
in anergized T cells. In double-Tg mice expressing Kb-specific TCRs and H-
2bm1xka mutant Kb molecules, CD8 T cells were deleted in the thymus, but
CD8low T cells were present in the periphery. The CD8low T cells present in the
periphery exhibited split tolerance, indicating that Kb-specific T cells that
migrated to the liver after birth were deleted, whereas those migrating to the
spleen were anergized.

In Tg mice strains, Kb-specific TCRs and Kb were simultaneously expressed
in keratinocytes under the control of the keratin IV promoter. These mice
exhibited peripheral tolerance, as demonstrated by the inability to reject Kb

grafts. Tolerance induction to skin-expressed Kb antigen appeared to occur only
during an early period after birth. This conclusion was supported by an experi-
ment in which Tg mice were injected with anticlonotypic antibody. The ani-
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mals that received antibody rejected Kb grafts as adults, whereas those that had
not been subjected to antibody treatment accepted the grafts. This study estab-
lished a time frame of 3 to 4 wk after birth during which T cells are sensitive to
tolerance because the tolerance was not induced when the Kd antigen was ex-
pressed by mature peripheral tissue in the adult environment (1148).

Intradermal trafficking of T cells in the newborn appears to be an important
factor in the induction of neonatal tolerance. Treatment with anti-E and -P
selectin antibodies during the first 15 d after birth reduced the homing of Kb-
specific T cells in the skin and abolished tolerance, as assessed by allograft
rejection (1148). The results of this experiment indicate that the blockage of E
and P selectins, known to function as skin-selective adhesion molecules, pre-
vents contact with the antigen expressed in the skin and, therefore, prevents the
induction of neonatal tolerance. The induction of tolerance by antigen
expressed in peripheral tissues, namely the skin, is dependent on T-cell migra-
tion in the skin (1148).

Studies conducted on Tg mice expressing the influenza virus HA gene in
pancreatic -cells under the control of the insulin promoter showed that
peripheral tolerance occurs after activation of T cells through cross-presenta-
tion of the antigen by APCs. Cross-presentation is inefficient after birth, and
tolerance is established only in 2- to 4-wk-old mice. This was clearly demon-
strated by studying the occurrence of diabetes in Ins-HA Tg mice that were
immunized with PR/8 influenza virus. Whereas 1-wk-old mice developed dia-
betes, 2- to 4-wk-old mice did not develop disease after immunization with
PR/8 (1154). This observation is consistent with observations made in Insulin
(Ins)-HA/TCR-HA double-Tg mice showing that potential autoreactive T cells
accumulate during the early neonatal period in the peripheral organ expressing
the target antigen and that the induction of tolerance requires the maturation of
APCs able to cross-present the antigen (948).

4.2.2. Induction of Neonatal T-Cell Tolerance to Self-Antigens

Based on tissue injury, autoimmune diseases have been classified into two
major categories: organ specific and systemic. In recent decades, intensive
research aimed at understanding the effector mechanisms involved has led to
further classification: autoimmune diseases mediated by antibodies and autoim-
mune diseases mediated by pathogenic T cells, such as multiple sclerosis, insu-
lin-dependent diabetes mellitus (IDDM), uveitis, oophritis, Sjogren’s
syndrome, and inflammatory bowel diseases. Self-reactive T cells that recog-
nize target antigens in brain, pancreas, eye, ovary, or intestinal cells escape
deletion in the thymus and cause autoimmune disease under certain experi-
mental conditions. In mice, parenteral administration of myelin basic protein
(MBP) and proteolipid protein in FCA induces EAE (an experimental model
for multiple sclerosis), S-antigen induces autoimmune uveitis, and zona
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pelucida protein 3 induces experimental ovarian autoimmune diseases
(oophritis). The experimental autoimmune diseases are mediated by CD4 Th1
cells, which recognize the peptides derived from the processing of target self-
antigens in the context of MHC class II molecules.

There are several reports demonstrating that the administration of peptides
after birth induces tolerance and, in adults, prevents the occurrence of autoim-
mune diseases elicited by the administration of self-antigens in combination
with other antigens. Thus, high doses of MBP and Freund’s incomplete adju-
vant (FIA), or of FIA and a peptide corresponding to immunodominant epitopes
of MBP that is recognized by murine T cells in association with H-2p or H-2s,
injected into newborn Lewis rats induced EAE resistance in adult animals. The
tolerance induced during neonatal life lasts until adult life, as illustrated by
failure to develop EAE after injection with MBP in FCA (1150,1151). The
requirement for FIA in the induction of neonatal tolerance can be circumvented
by injecting newborn mice with a chimeric Ig bearing the peptide derived from
PLP recognized by Th1 cells in the context of H-2s molecules (940). In this
model, the induction of neonatal tolerance was caused by the deviation of the
CD4 Th1 response to the Th2 response, producing IL-4. Exogenous IFN-  and
IL-12 rescued the anergic T cells, which exhibited in vitro proliferation in an
antigen-specific manner.

Neonatal tolerance in a murine model preventing the development of pri-
mary Sjogren’s syndrome was induced by intravenous injection of -fodrin
autoantigen (1152). -Fodrin is a candidate self-antigen in both animal models
and humans with primary Sjogren’s syndrome.

In summary, the findings described here demonstrate that neonatal tolerance
induced by self-antigens, or the peptides derived from them, prevents the induc-
tion of autoimmune diseases in adults by anergizing Th1 cells producing IFN-
and IL-12. Alternatively, disease is prevented by deviation of the immune
response toward a Th2 response, which is dominant in the neonatal repertoire
and can be propagated in postnatal life in mice that are tolerized after birth.

4.3. Neonatal T-Cell Tolerance to Alloantigens

Owen’s (1112) description of dizygotic cattle twins, which are naturally
“parabiosed” in utero as a result of placental fusion and are permanent chime-
ras unable to produce antibody against fraternal RBCs, represented the first
example of central tolerance to alloantigens. Billingham et al. (1153) showed
that a large proportion of dizygotic twins could accept skin grafts from the
other twin. Later, Medawar et al. (607) performed experiments in mice demon-
strating that injecting newborns with hematopoietic cells induced chimerism
under experimental conditions. Indeed, such mice did not reject the skin of
donor of hematopoietic cells when they reached maturity. This experiment
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demonstrated that exposure of the newborn immune system to alloantigens
allowed tolerance to specific antigens as if it were self. The induction of neo-
natal tolerance to alloantigens was believed to result from the immaturity of
neonatal immune cells, which are more susceptible to tolerogens. In neonatal
tolerized mice, the donor cells were later detected by PCR (1154), confirming
the chimerism described by Billingham et al. (607).

When these experiments were performed, little was known of the transplan-
tation antigens or of the immune cells that mediate allograft rejection. Ensuing
years have demonstrated that the target of allograft rejection and graft-vs-host
reaction are major and minor MHC antigens and that the effector cells are CD8
and CD4 T cells (reviewed in ref. 67). By virtue of their ability to lyse cells that
bear alloantigens, CD8 T cells are the effectors of cell-mediated immunity
against alloantigens. However, a subset of dendritic cells, natural killer (NK) T
cells, and CD4 Th1 cells appear to be critical for tolerance.

In mice, the precursors of CTLs specific for alloantigens were detected in
the thymus of newborns and in the spleen at age 3–9 d (1052,1053). It was
believed that the precursors of alloantigen-specific CTLs that were present at
birth exhibited an intrinsic tolerogenic property, because injections of high
numbers of allogeneic bone marrow cells prevented graft rejection of skin and
a CTL response (607).

Ridge et al. (1054) analyzed the induction of CTLs in newborn female B6
mice injected with male cells and tested the CTL response against the male H-
Y antigen. In this system, the in vitro H-Y-specific CTL response is completely
dependent on in vivo immunization with alloantigen. Tolerance is induced after
injection of a high number of male cells (i.e., five male spleen cells for one
female T cell). However, when females were injected at birth not with male
spleen cells but with male dendritic cells, a CTL response was observed. The
CTL activity was detected 8 wk after injection, indicating that dendritic cells
from adult males efficiently primed the precursors of H-Y CTLs at birth.

This finding demonstrated that mice that received dendritic cells from an
adult donor were resistant to tolerance induction and that the CTLs were primed
to the same extent as adult female controls injected with male cells. This
experiment also showed that neonatal alloreactive T cells did not have intrinsic
properties for tolerization, but the induction of neonatal tolerance was related
to the immaturity of APCs.

NK T cells represent a subset of lymphocytes that recognize glycolipid anti-
gens in the context of CD1 molecules. Recently, it was found that a minute
subset of NK T cells, representing 5% of NK T cells in the liver, exhibits a
different phenotype, CD8+ NK.1.1+ CD3int TCRint, and might recognize poly-
morphic MHC antigens such as allogeneic MHC class I molecules. This subset
increased prominently to 16% in the livers of mice in which neonatal tolerance
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was induced subsequent to injection with allogeneic lymphocytes (i.e., BALBc/
c H-2d lymphocytes infused into newborn C57BL/6 H-2b mice). The CD8+ NK
T cells, which accumulated in the liver, migrated from the spleen, as demon-
strated by a decreased number and loss of tolerance in mice splenectomized
after injection of allogeneic lymphocytes. This result indicated that allogeneic
stimulation in the spleen was absolutely required for the expansion of CD8+

NK T cells and the induction of neonatal tolerance. These findings strongly
suggest that CD8+ NK T cells stimulated with allogeneic lymphocytes sup-
press allospecific recipient lymphocytes, permitting unresponsiveness and es-
tablishing chimerism and allograft tolerance (1155).

Neonatal tolerance is associated with a shift of Th1 to Th2 response and the
expansion of Th2 memory cells. There are several observations strongly sug-
gesting that prevention of the Th1 response is critical for induction of neonatal
tolerance by alloantigens.

First, a 10- to 100-fold higher IL-4/IFN-  ratio of cytokine production was
observed in lymph nodes that drained tolerant grafts compared to lymph nodes
that drained rejected allografts. Exogenous treatment with IFN-  at the time of
neonatal priming produced more IFN-  and expanded more IFN- -producing
CD4 and CD8 T cells, thereby rejecting the graft. This finding indicated that
neonatal tolerance might depend on blockage of the Th1 response, which oth-
erwise led to rejection (1160).

Second, simultaneous injection of newborns with IL-12 and allogeneic cells
prevented the Th2 alloimmune response. In vitro studies demonstrated that
subsequent to this kind of immunization, the alloreactive T cells stimulated in
mixed lymphocyte culture (MLC) produced high levels of IL-2 and IFN-  and
that the expansion of allogeneic-specific CTLs was increased. Thus, IL-12 in-
hibits the Th2 polarization of the newborn response to alloantigens and thereby
prevents the induction of neonatal tolerance (945).

Third, similar neonatal administration of anti-CD40 antibody and alloge-
neic cells resulted in increased IFN-  production paralleled by enhanced CTL
activity and decreased IL-4 synthesis (946). Because newborn T cells express
less CD40 ligand, the insufficiency of CD40–CD40L interactions might con-
tribute to neonatal tolerance by blocking the IFN- /IL-12-dependent pathway
after TCR–alloantigen interaction of Th1 cells (1156).

5. NEONATAL T-CELL TOLERANCE TO FOREIGN ANTIGENS

Peripheral tolerance in adult animals can be induced with low or high doses
of antigens. Neonatal T-cell tolerance results from inactivation of T cells after
exposure to antigens during development and persisting into adulthood (1157).
The unresponsiveness of neonatal T cells may be related to deletion, anergy, or
active suppression induced by antigens. The route of administration of anti-
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gens and the addition of adjuvants to immunogens represent important factors
in the induction of neonatal tolerance.

The role of the administration route of antigens in neonatal tolerance is illus-
trated in an experiment describing tolerance in newborn mice that were induced
with deaggregated human  globulin (HGG). Newborns injected with the anti-
gen after birth exhibited a defective antibody response and had anergic T cells
when challenged with an immunogenic form of HGG/FCA in adulthood. How-
ever, the offspring born to mothers injected with 5 mg HGG after birth, in which
the tolerogen was delivered via colostrum, were unable to produce antibodies,
retained proliferating tolerogen-specific T cells, and were able to secrete IL-2
and IL-4 (1158). From this study, it could be concluded that neonatal tolerance
to HGG induced through lactation resulted in defective antibody responses but
had no detectable effect on HGG-specific T-cell responses.

Neonatal T-cell tolerance was also induced experimentally with peptide cor-
responding to amino acid residues 93 to 103 of moth cytochrome c (1159),
amino acid residues 146 to 160 of acetylcholine receptor (1160), or amino acid
residues 139 to 151 of PLP (940). In the last experimental model, anergic T
cells failed to proliferate, produce IFN- , or express CD40L, leading to defec-
tive cooperation with APCs and a lack of IL-12 production. Impaired CD40
signaling in specialized dendritic cells called Langerhan’s cells from murine
neonatal lymph nodes was also described in neonatal cutaneous tolerance in-
duced by 2,4-dinitrofluorobenzene (1161). The role of a subset of CD8 + den-
dritic cells in inducing neonatal tolerance also was shown in a different
experimental system in which tolerance was induced by aggregated Ig-myelin
oligodendrocyte glycoprotein (1162).

The deviation of immune response toward Th2 type in neonatal T-cell toler-
ance has received considerable attention based on observations that adminis-
tration of tolerogen with IL-12, IFN- , or anti-IL-4 antibodies rescues the
anergic T cells. The development of the Th1 response is promoted by IL-12
and is dependent on the activation of STAT4. Meanwhile, Th2 cell develop-
ment is stimulated by IL-4 and activated by STAT6.

Interestingly, studies on the induction of neonatal T-cell tolerance by post-
natal injection with HEL in phosphate-buffered saline or in combination with
IFA have shown that tolerance can be induced in wildtype as well as in STAT4-
and STAT6-deficient newborn mice (1163). This observation suggested that
the T-cell populations that mediate neonatal tolerance are elusive and that
STAT-6-independent Th2 cells may play a role in neonatal tolerance. Studies
on neonatal induction of tolerance in rats injected with mercuric chloride,
which induces an adult autoimmune glomerulonephritis mediated by Th2 cells,
showed that tolerant animals exhibited activated CD8+ T cells that produced
IL-2 and IFN-  but not IL-4 or IL-10. The results reported in this study suggest
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that the injection of mercuric chloride into tolerant rats preferentially activated
Th1 cells that may be involved in induction and maintenance of tolerance to
Th2-mediated dysregulation, leading to glomerulonephritis, increased IgE syn-
thesis, and production of various autoantibodies (1164).

These findings challenge the concept that neonatal tolerance is caused by
inhibition of the Th1 response and subsequent deviation toward a Th2 response.
The findings also indicate that understanding the mechanisms of this process
requires further dissection of the components required for the establishment of
neonatal T-cell tolerance.
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Development of Efficient Prophylactic Vaccines
and Theracines for Newborns and Infants

1. INTRODUCTION

Vaccines represent one of the most impressive successes of experimental
medicine, allowing for the eradication of a causative infectious agent and ex-
tinction of diseases such as variola, which is caused by smallpox. The vaccine
against variola was discovered by Jenner 200 yr ago based on the observation
that the injection of a boy with cowpox was protected against two successive
inoculations with the deadly smallpox virus. The global vaccination with vac-
cinia led to the almost total eradication of the smallpox virus. Classical vac-
cines developed later through discoveries pioneered by Pasteur and Ramon led
to definition of a golden rule of vaccine preparation that consists of the prin-
ciple of inactivation of the pathogenicity of a microbe or bacterial toxin with-
out altering their immunogenicity—namely, the ability to induce a protective
immune response. Fervent advancement in vaccinology established that an
ideal vaccine should be endowed with the following properties: (a) The mi-
crobe used to prepare the vaccine should exhibit a constant antigen specificity
without being the subject of genetic variation; (b) it should induce protective
immunity; (c) the protection should be life-long, because it should induce im-
mune memory, allowing a primed host to react rapidly to an infectious agent;
and (d) it should be devoid of side effects.

The defense reaction of the host to infection comprises innate and adaptive
arms of the immune system. Innate immunity component comprises cytokines,
natural antibodies, phagocytes, and natural killer (NK) cells. The adaptive
immunity component comprises B cells, which produce neutralizing antibod-
ies, and T cells, which help B cells to produce antibodies or are effectors of
cell-mediated immunity (CMI) responses.

Protective antibodies produced by B cells that are activated by vaccines act
directly on the infectious agent, preventing the penetration of the viruses into
permissive cells, covering the bacteria, and thereby facilitating the phagocyto-
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sis or inactivating the microbial toxins. IgM and IgG antibodies protect against
the microbes present in the blood, lymphoid organs, or tissues, whereas IgA
protects against the microbes present on mucosal membranes.

T cells mediate CMI responses induced by vaccination. They are activated in
the lymphoid organs but display the protective effects subsequent to migration
into tissues at the site of multiplication of infectious agents. Their protective
effect is indirect. Effector T cells, which mediate CMI response, either kill in-
fected cells by a perforin-dependent cytotoxic ability or release cytokines, which
activate macrophages and enable them to destroy the intracellular pathogens.

Life-long protective immune responses elicited by vaccination imply the
induction of memory cells. Immunological memory correlates with increased
frequency of antigen-specific lymphocytes and their quicker response to a sec-
ond exposure to antigen. The induction of memory by vaccination is a very
important point, because protective antibody titers usually decrease over time.

In the case of vaccines after one-dose immunization, the majority of anti-
bodies produced during primary response are IgM secreted by plasma cells.
Memory can not be sustained by plasma cells producing IgM antibodies,
because the half-life of IgM is very short. The immune system overcame this
problem through the ability to induce the differentiation of activated B cells
not only in plasma cells but also in memory cells.

The maintenance of high titers of neutralizing antibodies can be related to
the long persistence of antigen-antibody complexes on the surface of follicular
dendritic cells; the long persistence of antigen, particularly in the case of latent
virus infection; or the long persistence of bacterial polysaccharides, which are
resistant to hydrolyses by mammalian enzymes.

The differentiation of memory cells in antibody-producing cells is related to
re-exposure to antigen from an external source or from an antigen source in the
host when bacteria or parasites are sequestered in granuloma.

Primed T cells last longer—about 3 wk after immunization or vaccination.
Like B cells, primed T cells differentiate into effector and memory cells.
Memory T cells are rapidly reactivated and become protective within the first
8–16 h subsequent to re-exposure to antigen in lymphoid organs (1165). They
can be continuously activated by persistent infections. Interesting examples of
persistence of viral infections include HIV, herpes simplex virus, and hepatitis
B virus (HBV) in humans and LCMV virus in mice. In humans, HBV persists
at very low levels for decades after patient recovery and despite maintenance
of an active cytotoxic T-lymphocyte (CTL) response (1166).

For a long time, we were used to thinking of vaccines as a tool to prevent
infectious diseases. The evolution of immunobiology in our understanding of
both the beneficial and detrimental aspects of immune response has led to
development of vaccines aimed at preventing or treating immune inflamma-
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tory diseases, including autoimmune and allergic diseases and tumors. Vac-
cines used in the treatment of diseases are termed therapeutic vaccines or
theracines.

The infection of newborns and infants still represents a cause of high mor-
bidity and mortality. The World Health Organization estimated that approx 3
million infants between ages 1 and 12 mo die annually of infection. Therefore,
successful vaccination of newborns and young infants represents a global ne-
cessity. This represents a great challenge given the characteristics of the devel-
opment of the neonatal immune system. There are several factors that limit the
success of neonatal vaccination.

The first factor relates to the quality of neutralizing antibodies produced by
neonates in response to vaccines. A typical feature of neonatal antibody re-
sponse is the predominance of IgM. The ability to produce neutralizing IgG
antibodies increases progressively during the first year of life. In addition, the
antibody response elicited by administration of a single dose of vaccine is of
short duration and thereby requires one or several booster doses in the follow-
ing years. The Th2 dominance during early life has important implications on
the class of IgG antibodies, because the switch of IgM leads to a strong pre-
dominance of IgG1 and IgG3 and low production of IgG2. The production of
high-affinity antibodies also increases progressively because of the low rate of
somatic mutation, which contributes to maturation of the affinity of antibody
responses.

The second group of factors relates to Th2 dominance of the neonatal reper-
toire. The Th1 responses, which represent an important arm in defense reac-
tions against the microbe, increase gradually during the first months of life.
This leads to production of proinflammatory cytokines and the production of
interleukin (IL)-2, which promotes the development of CD8 T cells.
Proinflammatory cytokines and IL-2 are effectors of cytotoxic reactions, lead-
ing to clearance of infected cells.

Finally, the third group of limiting factors for the induction of protective
CMI responses during early life is immaturity of antigen-presenting cells
(APCs) that produce lower amounts of IL-12, which is required for the induc-
tion of interferon (IFN)-  responses.

However, neonatal vaccination may result in efficient priming of lympho-
cytes, and this observation constituted the basis for the development of more
efficient vaccines, new formulation for the administration of vaccines, and the
optimal schedule of vaccination.

2. LIVE-ATTENUATED VACCINES

The preparation of live-attenuated vaccines was based on the principle
established by Pasteur and Calmette, which states that culturing the microbe in
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special conditions leads to the loss of pathogenicity without altering the immu-
nogenicity. In the case of viral vaccines, the discovery by Enders (1167) of a
method of culturing in vitro in permissive cells with viruses also contributed to
selection of temperature-sensitive mutants or naturally occurring mutants,
which lose their pathogenic properties without damaging the ability to induce a
protective immune response.

Live-attenuated vaccines induce humoral and cellular protective immune
responses by their ability to replicate in permissive cells. The humoral immune
response results from the interaction of B lymphocytes with CD4 T cells, which
recognize peptides derived from the processing of microbes within APCs.
These peptides are presented in association with major histocompatibility com-
plex (MHC) class II molecules. The CMI response results from the processing
of viral or bacterial proteins in the cells and the presentation of peptides in
association with MHC class I molecules to CD8 T cells. Table 31 lists licensed
live-attenuated vaccines.

The live-attenuated vaccines display two major advantages. First, they elicit
a long-lasting immunity comparable to that induced by natural infection. The
protective immune response can be induced by a single injection, followed or
not followed by additional booster. Second, they induce both humoral and cel-
lular immune responses and immunological memory. In spite of the fact that
the vaccination with live-attenuated vaccines could not in all situations prevent
viral replication and infection by infectious agent, their ability to induce a CMI
response may lead to viral clearance.

A possible drawback of live-attenuated vaccines consists of the occurrence
of reverse mutations.

With the exception of BCG and vaccinia, all infants vaccinated with live-
attenuated vaccines require several boosts before age 6 mo because of the
immaturity of the neonatal immune system and the progressive development
of IgG antibody response during the first year of life.

2.1. Vaccinia Vaccination
During the past two centuries, the vaccination of infants with vaccinia has

led to eradication of smallpox and variola. The immune response induced by
vaccinia is mainly a Th1 response, as illustrated by the development of a
delayed-type sensitivity reaction at the site of primary vaccination and revacci-
nation. However, vaccinia vaccination induces neutralizing antibodies against
the vaccinia virus. Neutralizing antibodies before vaccination were detected in
85% of subjects vaccinated at birth. After revaccination, a sharp increase of the
titer of neutralizing antibodies was observed 14 d after boost. No significant
decrease in antibody titer occurred in vaccinees within 3–20 yr following vac-
cination at birth and then at ages 8 and 18 yr (1168). These observations
strongly suggest that vaccina virus vaccination elicits a long-lasting immunity.
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The majority of adverse reactions after smallpox vaccination are minor
(1169). They consist of atopic dermatitis and acute, chronic, or exfoliative skin
conditions (eczema vaccinatum). In the case of immunocompromised infants,
generalized vaccinia infection may occur. Progressive vaccinia is a rare, severe,
and often fatal disease and requires aggressive therapy with immune immuno-
globulin and cidofovir, an antiviral drug. Central nervous system complica-
tions, such as postvaccinal encephalopathy and encephalomyelitis occurring
after vaccination, are the most common complications among infants age 12
mo or younger (1169).

2.2. BCG Vaccine

BCG vaccination is generally carried out after birth in term and preterm
newborns. BCG vaccination is compulsory in 64 countries and recommended
in 118 countries. In 10 randomized trials conducted since 1930, it was shown
that BCG neonatal vaccination afforded protection in 10–80% of cases, and in
80 to 100% of cases, it afforded protection against tuberculous meningitis
(1170). A Mantoux conversion rate of 81% was observed in both term and
preterm neonates vaccinated at birth (1171). A positive lymphocyte migration
inhibition test, induration at the site of injection, a positive tuberculin test, pro-
tein purified derivations (PPD)-induced proliferation, and the production of
IL-2 indicate that BCG vaccination after birth induces a CMI response
(1170,1171).

BCG vaccination limits the multiplication and dissemination of bacillus
rather than preventing the infection. In both mice and humans, the neonatal
CMI response is characterized by Th2 dominance. However, the BCG vacci-
nation after birth induces a strong Th1-type response that is necessary for the
control of mycobacterial infection. Thus, it was shown that 2-mo-old infants
vaccinated at birth displayed a strong proliferative response to PPD and high
levels of production of IFN- . Interestingly, the level of IFN-  synthesis by
PPD- or phytohemagglutinin (PHA)-stimulated lymphocytes was higher in the
infants vaccinated at birth than those vaccinated at age 2 mo age. In sharp
contrast, no IL-4 reproduction by PPD-stimulated lymphocytes was observed

Table 31
Live Attenuated Vaccines

Vaccinia Sabin poliovirus
Measles Japanese encephalitis
Mumps BCG
Rubella Adenovirus
Varicella-zoster Cold attenuated influenza virus

Abbreviations: BCG, Bacillus Calmette-Guèrin.
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in infants immunized at birth or at age 2 mo (1069). The number of CD4 T cells
producing IFN-  after neonatal BCG vaccination was also increased (1070).
An analysis of cytokine produced by T-cell clones that were obtained from
neonatal vaccinated infants showed that 9% of clones were specific for PPD.
Among these clones, 41% were of Th1-type producing IFN- , and 59% were
of Th0-type producing IFN-  and IL-4 or IL-5 (1070).

These observations strongly suggest that neonatal BCG vaccination devi-
ates Th response from Th2 to Th1 response. Therefore, the early IFN-  re-
sponse in newborns plays a central role in their ability to control the infection
with BCG and results in successful vaccination. The BCG-polarized Th1
response is likely dependent on the activation of APCs and, in particular, of
dendritic cells involved in the priming of naïve T cells. It was shown that the
infection of dendritic cells with BCG increases their ability to present antigen
to T cells (1172); the production of IL-12, which is a stimulator of IFN-  pro-
duction; and the expression of costimulatory molecules (1173).

BCG neonatal vaccination induces long-lasting Th1 memory cells. This was
clearly demonstrated by studying the Th1 response to PPD in a cohort of infants
vaccinated with BCG at birth who were followed until age 1 yr. PPD-stimu-
lated lymphocytes from this group of infants produced high levels of IFN-
and only low levels of IL-5 and IL-13, which are Th2 prototype cytokines.

Neonatal BCG vaccination represents one of the first infectious agent en-
counters early in life and could have a strong impact on the development of the
T-cell repertoire. This concept is supported by data demonstrating that infants
vaccinated at birth with BCG and HeB or poliovirus vaccines exhibited in-
creased anti-HeB and poliovirus type I antibodies at age 4.5 mo (1174). The
mechanism of enhancing the effect of the antibody response to unrelated vac-
cine by neonatal BCG vaccination may be related to the activation of s and the
production of cytokines, because the lymphocytes from infants immunized with
polio or HeB vaccines produce not only IFN-  but also significant concentra-
tions of IL-5 and IL-13.

2.3. Poliovirus Vaccines

Poliomyelitis is a paralytic disease of the motor neurons of the central ner-
vous system, which is caused by polioviruses. There are three serotypes of
poliovirus; each induces a specific immune response, as it was established by
studies showing that infection with a serotype does not confer protection
against the disease caused by other serotypes.

The development of live-attenuated vaccine by Sabin is based on the model
of natural infection. It is considered that the poliovirus establishes infection on
mucosal surfaces of the pharynx and intestinal tract. The virus then spreads
from mucosa to the local lymph nodes, where it replicates and produces vire-
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mia, and then infects the central nervous system. Sabin-type vaccine was gen-
erated by selection of mutants of all three serotypes, which can replicate in the
intestine subsequent to oral administration. Sabin-type vaccine induces local
and systemic immunity, because the live-attenuated polioviruses multiply in
the cells of the oropharynx and gastrointestinal tract and then spread to the
lymph node like the wildtype viruses. It stimulates the production of protective
IgA and IgG antibodies and provides a strong immunity that the natural infec-
tion would provide. Oral polio vaccine is given at birth as a single dose. If the
vaccines respond to only one or two serotypes after a single dose, then multiple
doses are given to elicit the production of antibodies against all three sero-
types. Oral polio vaccination with Sabin-type vaccine may lead to elimination
of wildtype poliovirus, and the progress toward this goal has been extraordi-
nary. It is expected that in the next decade the eradication will be accomplished.

2.4. Influenza Virus Vaccine
Influenza types A and B are among the most common causes of respiratory

tract infections in children. The annual incidence of influenza infection in chil-
dren may exceed 30%. It is believed that children are an important factor in the
spread of virus in the community. The inactivated vaccines are not very effec-
tive in infants. Live-attenuated cold-adapted trivalent vaccine administered in-
tranasally is more efficient for the vaccination of children, because it replicates
in the upper respiratory tract and induces local immunity.

The vaccine is updated annually by genetic reassortment techniques that
substitute genes encoding the hemagglutinin (HA) and neuraminidase from
contemporary influenza type A and B viruses.

A study carried out on a group of healthy children between the ages of 15
and 71 mo showed that the vaccine was highly immunogenic for the influenza
A (H1N1 and H3N2) and B subtypes. After two doses of vaccine, 61% of ini-
tially seronegative children had neutralizing antibodies. The second dose of
vaccine increased the antibody levels to influenza type A (1175).

It is noteworthy that no influenza virus-specific CTL activity was detected
in infants after immunization with live-attenuated cold-adapted vaccine (1084).
Lack of CTL activity in infants vaccinated with cold-adapted virus may be
related to the lower replication rate of virus in vivo. In addition, limited repli-
cation in the nasal cavity but not in the lung might decrease the chance of
activating CTLs by virus-infected pulmonary macrophages or epithelial cells.

2.5. Varicella Virus Vaccine
Varicella-zoster virus (VZV) causes varicella or chickenpox in children and

herpes zoster in adults. Varicella results from primary infection with VZV.
After infection, VZV becomes latent in the dorsal root ganglia and can be reac-
tivated to cause shingles.
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A live-attenuated VZV (Oka) vaccine was developed in Japan and was in-
troduced to routine infant vaccination in various countries. Numerous clinical
trials have shown that the vaccine is immunogenic and induces a protective
immune response against infection with VZV (1176).

VZV vaccination is recommended in children age 12 to 8 mo. VZV vaccina-
tion results in a significant rise of VZV-specific IgG antibodies and strong T-
cell responses reflected in the expression of activation markers of both CD4
and CD8 T cells (1177). Higher titers of antibody were uniformly associated
with lower infection rates. In one study, children were followed 5 yr for the
persistence of antibodies. Interestingly, the antibody levels increase over time
after vaccination. The long-lasting immunity and increases of antibody levels
could be associated with reactivation of Oka VZV as antibody titers decline or
to stimulation of the immune system by wildtype VZV latent virus (1178).
Krause and Klinman (1179) recently showed that Oka VZV reactivates at a
rate of 19% per year in children with low titers of antibodies. Surveillance of
the effect of vaccination on the populations in California, Texas, and West
Philadelphia from 1995 to 2000 showed the efficiency of vaccination, illus-
trated by a significant reduction in varicella cases (1180).

2.6. Measles, Mumps, Rubella (MMR) Trivalent Vaccines

A combined live-attenuated measles, mumps, and rubella vaccine is used to
immunize the infant population between ages 4 and 12 mo. The vaccine is safe
and well-tolerated, and side effects are very mild, manifested sometimes with
fever or rash (1181). The global eradication of measles is a major aim, as
measles still cause high morbidity and about 1 million deaths each year in de-
veloping countries (1182).

CD46, a complement regulatory protein that binds C3b, is the cellular re-
ceptor for measles virus (MV) (1183). Crosslinking of CD46 by MV inhibits
IL-12 synthesis by monocytes and dendritic cells (1184). IL-12 stimulates the
production of IFN-  by Th1 and NK cells and inhibits IL-4 production by Th2
cells, which dominates neonatal CD4 responses.

The major drawback in the induction of protective immunity against MV in
infants includes Th2 dominance of neonatal response and maternal passive
transfer of antibodies. Maternal antibodies can bind to MV and prevent its in-
ternalization within the cells. These considerations led to the recommendation
of vaccination later after birth at age 6 to 9 mo, followed by two boosts at age,
4 to 6 and 11 to 12 yr. To reach the protective immunity of at least 95%, two
doses are required (1185). In Finland, where the two-dose strategy has been
adopted since 1982, the elimination of measles has been achieved after 12 yr of
vaccinations (1186).
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So far, the molecular mechanism of MV attenuation has not been identified.
Live-attenuated MV vaccine is based on the Edmonton B strain of MV. It
induces both humoral and cellular immunity. Cellular immunity represents the
major arm of protection, a concept supported by the clinical observation that
vaccinated agammaglobulenic children were resistant to repeated MV infec-
tions (1187).

The use of live-attenuated measles vaccine has led to a seroconversion rate
of more than 95% and a very high protective efficacy. The production of anti-
MV antibodies in infants vaccinated at ages 6, 9, and 12 mo was measured by
enzyme-linked immunofluorescence assay (ELISA), plaque neutralization, and
complement fixation assays. In seronegative children as in adolescents, the
primary vaccination produced high seroconversion rates (1188). The
seroconversion rate was 77% in 6-mo-old infants and 97% and 96% in 9- and
12-mo-old infants, respectively. Among the 6-mo-old infants who had residual
passive-transmitted maternal antibodies, interference could not be distin-
guished from the age-matched infants who lacked passive antibodies at the
time of vaccination (1182). There is a genetic association between humoral
response levels after measles vaccine and HLA class IL genes. The HLA-
DRB1*03 and HLA-DPA1*0201 alleles were significantly associated with
seronegativity (1189).

Measles vaccination induced a strong CMI response with no age-related dif-
ference in 6-, 9-, and 12-mo-old infants with respect to in vitro proliferative T-
cell response or cytokine production. No significant differences were found when
the concentrations of IFN-  and IL-12 were compared among the three infant
groups. However, measles-specific IL-12 responses of infants were significantly
lower than those of vaccinated adults (1190). A strong proliferative T-cell
response is an indication that the vaccination induced memory CD4 T cells.

The immunization of 6- and 9-mo-old infants with live-attenuated MV
induces changes in V  T-cell receptor (TCR) repertoire Thus, whereas the V 4
subset was depleted, the V 2 subset was increased 2 wk after vaccination be-
fore return to prevaccination levels at 3 mo. The increased expression of V 2
may reflect a clonally expanded T-cell subset, whereas the depletion of V 4 T
cells may result from a superantigen present in MV vaccine (1191). The
changes in the T-cell repertoire after MV vaccination differ from the changes
observed in infants following natural infection. In this case, an increase of V 5
and V 8 T cells was noted (1192).

Live-attenuated mumps virus, a component of the MMR trivaccine, also
induces both humoral and CMI responses. In children without maternal pas-
sive transmitted antibodies, the rate of seroconversion was 95% in 6- to 12-
mo-old infants. The presence of passive antibodies did not result in lower titer
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of antimumps antibody after vaccination. Similarly, CMI response elicited by
mumps vaccination did not differ among 6- to 12-mo-old infants with respect
to proliferative response of T cells and in vitro production of IFN-  in three
groups of infants. It is noteworthy that after vaccination with MV vaccine, the
production of IFN-  in vaccinated children was lower compared to vaccinated
adults (1182).

Study of antirubella antibody response in children vaccinated with live-at-
tenuated MMR vaccine showed seroconversion in 100% of infants (1188).

Little is known on the priming of CTL response in children immunized with
live-attenuated MMR vaccine. In the case of measles vaccination of 9-mo-old
infants in Gambia, the magnitude of CTL response was found similar to that
found in children or adults with acute measles infection (1193).

3. INACTIVATED VACCINES

The generation of inactivated vaccines resulted from the development of
methods to grow bacteria and to purify bacterial toxins. This allowed inactiva-
tion of the bacteria or toxins, which lost their pathogenicity but preserved the
immunogenicity. The killing of bacteria was achieved by physical means, such
as heating, or by chemical agents, such as treatment with formalin, which is a
substance used to prepare inactivated Salk polio or influenza vaccines. Forma-
lin is also used to convert the bacterial toxin in toxoid that is used for the prepa-
ration of vaccines against diphtheria or tetanus.

Inactivated vaccines can induce only humoral responses, namely, the pro-
duction of protective antibody. The production of antibodies results from the
activation of CD4 T cells subsequent to processing of vaccine by APCs and
delivery of a second signal required for the activation of B cells, which recog-
nize via BCR-relevant epitopes on the surface of vaccine antigens. The inacti-
vated vaccines are very stable, do not exhibit reverse mutations, and induce the
production of protective antibodies, or neutralizing antibodies in the case of
vaccination with toxoids. Like live-attenuated vaccines, they can be adminis-
tered as combined trivalent or quadrivalent vaccines. They exhibit some draw-
backs. The major disadvantage is that they can not induce CTL responses and
induce weak memory B cells, requiring several boosts to generate a response.
Table 32 lists the licensed inactivated vaccines.

Among the inactivated vaccines, tetanus, diphtheria pretties trivaccine, Salk
poliovirus, and influenza vaccines are used for the vaccination of children.

3.1. Poliovirus Inactivated Vaccine

Salk vaccine is used to vaccinate infants age 2 mo but often requires several
boosts at ages 4, 6, 9, and 12 mo and 4 to 6 yr to induce high titers of protective
neutralizing antibodies.
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The persistence of neutralizing antibody was evaluated in groups of prema-
ture and mature born children with a follow-up 5 and 7 yr after primary vacci-
nation. In the group of children in which the level of neutralizing antibodies
was studied 5 yr after vaccination, the antibodies against poliovirus types 1 and
3 were generally high. No significant differences between preterm and full-
term children were observed except for the concentration of antibodies against
poliovirus type 3. A greater proportion of children and higher concentration of
antibodies were observed in the group vaccinated four times at ages 2, 4, 6, and
13 mo than in those vaccinated at ages 3, 5, and 12 mo. A slight statistical
difference between the two groups is of little clinical significance, because the
immunity induced by killed poliovirus vaccine is considered similar to that
induced by infection, which is longlasting and associated with immunological
memory (1194). No statistical differences were observed in the number of chil-
dren with minimal protective titers in a group of children studied 7 yr after
vaccination, with exception of lower titers against poliovirus type 3 (1195).

3.2. Influenza Virus Inactivated Vaccine
The effectiveness of inactivated influenza vaccine in young children has been

controversial. Inactivated influenza vaccine administered in young children in-
duces high rates of seroconversion (1196) and a significantly lower prevalence of
influenza-type virus infection in the vaccinated group than in the nonvaccinated
group (1197). However, in a randomized controlled trial, no significant differ-
ence was observed in the occurrence of acute otitis media in the vaccinated and
placebo groups (1196). Current influenza vaccination programs focus on chil-
dren at high risk for influenza complications including infants with chronic car-
diac and pulmonary diseases, type I diabetes, or with immunodeficiencies (1198).

3.3. Diphtheria, Tetanus, Pertussis (DTP) Vaccine

Another important inactivated vaccine for children is DTP vaccine, which
contains diphtheria, tetanus toxoids, and pertussis. Earlier, DTP vaccine con-
sisted of toxoids and heat-killed or thimerosal-treated pertussis bacteria. The
pertussis component of this DTP vaccine exhibited some side effects, causing
local reaction in many infants and, on rare occasions, serious systemic toxic

Table 32
Licensed Inactivated Vaccines

Rabies Influenza virus formalin-inactivated
Salk formalin-inactivated poliovirus Hepatitis A formalin-inactivated
Tetanus toxoid Diphtheria toxoid
Bordetella pertussis heat-inactivated Vibrion cholerae
Salmonella typhiod heat-inactivated Japanese encephalitis virus
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reactions including brain damage and death. Since 1981, heat-killed bacteria
has been replaced with an acellular pertussis component, which contains for-
malin-treated pertussis toxin (toxoid), filamentous HA, and pertactin absorbed
onto aluminum hydroxide. This vaccine appears to be effective and less toxic
than the heat-killed vaccine. The current schedule for DTP vaccination of
infants is the subject of debate regarding the timing and the frequency of dos-
ing to induce the best memory response. The most common schedule of DTP
vaccination is primary vaccination at ages 2, 4, and 6 mo and a booster dose at
age 12 mo. This schedule of vaccination elicits high geometric mean titer
(GMT) of antibodies for all three antigens in preterm and full-term children.

At the 5-yr follow-up, the concentration of antidiphtheria toxin antibodies
was <0.01 IU/mL, the level generally accepted as the lowest level to give some
degree of protection (1194). At the 6- to 7-yr follow-ups, the GMT was lower
in the preterm group than in full-term infants, with a minimum protective cut-
off value of 0.10 IU/mL (1195). The measurement of the avidity of IgG
antidiphtheria antibodies in the 7-yr follow-up group showed that in both
groups, the antibody had moderate to high avidity (1195).

In the case of antitetanus toxin antibodies, all children in both preterm and
full-term groups had titers above the minimum protective level, which is
>0.01 IU/mL.

Antibody levels for pertussis toxin, filamentous HA, and pertactin did not
differ between preterm and full-term children (1195,1199). The high levels of
antibodies to pertussis toxin, filamentous HA, and pertactin acquired after vac-
cination are associated with lower likelihood of acquiring disease caused by
Bordetella pertussis (1194).

The results of these studies clearly demonstrated the induction of immuno-
logic memory after DTP vaccination (1200). Of particular interest are the stud-
ies aimed at identifying CD4 T-cell cytokine response in the context of DTP
vaccination, because it is generally accepted as an initial polarization toward
the Th2 cytokine phenotype and the relatively poor development of the Th1
component during early infancy.

In a study of tetanus toxin-specific T-cell cytokine response, it was shown
that at a 2-mo bleed prior to the vaccination, the tetanus toxin antigen induced
IL-5, IL-13, IL-4, IL-9, and IFN-  responses were infrequent or very low. The
study of production of cytokines at four ages up to 12 mo showed that in spite
of the large variation between individual infants, half of the group studied ex-
hibited IL-4, IL-13, IL-9, and IFN-  responses and one-third exhibited IL-5
responses. In contrast, the IFN-  production level did not rise over the same
period of time (1201). These findings indicate a strong contribution of the Th2
cytokines to early vaccine response that corroborate to the presence and persis-
tence of antitetanus toxin antibodies.
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In other studies, the production of cytokines by pertussis-specific stimulated
T cells was investigated in a group of DPT-vaccinated children. It has been
shown that the recovery from pertussis and the immunization with heat-inacti-
vated vaccine selectively induced a Th1 type of response (1202,1203). By con-
trast, the vaccination with DT-acellular pertussis vaccine induces a type
2-dominated response characterized by production of IL-5 but not of IFN-  by
lymphocytes stimulated with pertussis toxin and filamentous HA. The Th2-type
cytokine response was evident in full-term rather than in preterm infants (1199).

Further studies are required to determine the importance of CMI responses
elicited by DTP vaccination of infants.

3.4. Hepatitis A Virus Vaccine

Primarily, the fetal-oral route acquires hepatitis A virus (HAV) infection.
The highest incidence rates occur among children ages 5–14 yr. Children likely
play an important role in the transmission of HAV in the context of community
outbreaks. Thus, the worldwide vaccination of children against HAV should
lead to eradication of this virus. Both live-attenuated and inactivate HAV vac-
cines have been developed. A live-attenuated H2 strain HAV vaccine devel-
oped in China has been reported to be effective (1204). However, the majority
of other countries use an inactivated vaccine. The inactivated vaccine consists
of formalin-inactivated HAV adsorbed on aluminum. HAV-licensed vaccine
was approved for use in 2-yr-old children, however, recent studies indicate that
a seroconversion rate of 100% could be achieved in infants vaccinated at ages
5 and 11 mo (1205). A booster may be given 6–12 mo after the primary vacci-
nation. The highest incidence dose is needed, and more than 97% of children
vaccinated at age 2 yr develop a high level of protective antibodies
(1206,1207). Anamnestic antibody and CMI responses are lifelong, indicating
that HAV vaccine elicits solid immunological memory. In spite of the fact that
the level of antibodies decreases rapidly 1 yr after vaccination, it seems that the
level of antibodies required for protection persists for at least 10 yr (1207).
There is an increased effort to develop inactivated HAV vaccines with en-
hanced immunogenicity. Such vaccines were prepared by incorporation of
HAV antigen into influenza virosomes (1208) or into liposomes (1209).

4. SUBUNIT VACCINES

Subunit vaccines represent a variant of inactivated vaccines produced by
purification from bacteria of antigens that bear epitopes able to induce the syn-
thesis of protective antibodies. Table 33 lists licensed subunit vaccines used
for the vaccination of children.

The bacterial subunit vaccines consist of purified capsular polysaccharides
(PSs). The PSs are type 2 T-independent antigens that are generally poor
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immunogens and induce the synthesis of low-affinity IgM antibodies, which
exert their protective effect by opsonin-dependent phagocytosis mechanisms.
PSs that exhibiting repetitive epitopes induce antibody synthesis subsequent to
the crosslinking of BCRs. The anti-PS antibodies are produced by a subset of B
cells that exhibits an ontogenic-delayed development; this explains the low
efficacy of PS vaccines in young infants and the lack of response in infants
with Wiskott–Aldrich syndrome who bear an X-linked gene that controls the
development of the B-cell subset stimulated by PS. To increase the immunoge-
nicity, a bacterial subunit vaccine is generally covalently linked to a protein
carrier. The PS-protein conjugate vaccine displays an enhanced immune
response related to the T-cell carrier effect.

A subunit vaccine is very stable, and the antibody response is restricted to a
PS epitope. This is a real advantage compared to inactivate bacteria vaccines in
which the antibody response to protective epitopes can be diluted by produc-
tion of antibodies against numerous macromolecules present on the surface of
a bacterium, which also bear nonprotective epitopes.

The major disadvantage of subunit vaccines is that antibody response is
generally weak and requires several boosts. In addition, in the case of bacteria
with multiple serotypes, the subunit vaccines should contain PS extracted
from each serotype.

Polysaccharide-encapsulated bacteria such as Streptococcus pneumoniae,
Neisseria meningitidis, and Haemophilus influenzae are among the most preva-
lent bacterial pathogens in humans and, in particular, a major cause of local
and invasive infections in children. The protective antibodies against these
bacteria are specific for capsular PS and prevent the infection by promoting
opsonin-mediated phagocytosis and subsequent killing of bacteria by neutro-
phils and macrophages. The production of antibodies elicited by PS antigens
does not require antigen processing and presentation of antigen by APCs to T
cells. The role of T cells in the amplification of antibody synthesis elicited by
T-independent type 2 antigens does not result from a physical contact with B
cells but rather from secretion of cytokines into internal milieu where B cells
are sitting. The role of T cells in class switching and affinity maturation of
antibody response induced by T-independent type 2 antigen is often referred as
noncognate T-cell help.

Table 33
Subunit Licensed Vaccines

Haemophilus influenzae type b
Streptococus pneumoniae heptavalent vaccine
Neisseria meningitidis type A and C
Bordetella pertussis acellular vaccine
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Early subunit vaccines containing the purified PS were so poorly
immunogeneic that the need for more immunogeneic vaccine suitable for the
induction of a protective response in children led to the development of a new
generation of PS subunit vaccines. The new generation of PS vaccines exhibit-
ing greater immunogenicity in infants is capable of eliciting immunological
memory and stronger booster response. The new generation of PS vaccines
was produced by coupling the PS with proteins. Various proteins such as diph-
theria toxoid, tetanus toxoid, or meningoccocal outer membrane vesicle were
used to prepare PS-protein conjugate vaccines.

The enhanced protective antibody response in young children results from
carrier protein effect on the immunogenicity of PS in PS-protein vaccine. Pro-
tein carrier activates the CD4 T cells that secrete cytokines, which represent
the second signal required for the activation of B cells subsequent to binding of
PS antigen to specific BCRs. This concept is supported by a study carried out
on infants ages 2, 4, and 6 mo who were vaccinated or not with tetanus toxoid
at age 1 mo . The infants immunized with tetanus toxoid at age 1 mo had a
higher geometric mean of anti-PS antibodies than infants who did not receive
tetanus immunization. Therefore, this finding strongly suggested that the en-
hanced anti-PS response in children immunized with PS-protein conjugate vac-
cine resulted from the carrier priming effect of T cells

4.1. Haemophilus Influenzae Vaccine

Haemophilus influenzae are divided into six serotypes designated a, b, c, d, e,
and f based on antigenic differences in their capsular material.

H. influenzae type b (Hib) was one the most common etiological agents of
infantile bacterial infection. Even today, it continues to be a major cause of mor-
bidity and mortality in developing countries. The virulence factor is the capsular
PS consisting of high-molecular-mass repetitive units of 3-b-D-ribose(1-1) ribo-
syl-S-phosphate. The PS promotes survival of bacterium by inhibiting the phago-
cytosis and killing of bacteria. Whereas the neonates are protected by virtue of
maternal antibodies, the infection rapidly increases, beginning after age 3 mo
when the concentration of maternal antibodies waned and natural immunity elic-
ited by nasopharyngeal colonization or infection by bacterium itself does not de-
velop until about age 24 mo. These conditions explain why the incidence of
infection peaks at age 6–12 mo and the vaccination is important in this age win-
dow. The incidence of infection declines and is rare in children older than age 5
yr. The subunit vaccine based on Hib-PS was poorly immunogenic in infants and
failed to induce memory or a booster response. These drawbacks of earlier Hib-
PS vaccine led to the development of more powerful vaccines that are able to
induce a better response. The second generation of Hib-PS vaccines consists of
chemical linkage of Hib-PS or oligosaccharide with a protein. The PS-protein
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conjugates have greater immunogenicity and are able to elicit recall responses
because they elicit immunological memory.

Various companies produced several vaccines that consist of Hib-PS
covalently linked to carrier proteins. All of them followed a similar rule, namely,
to include in new formulation as carrier a protein from other vaccines known to
display a priming effect in neonates. There are several Hib-PS conjugate vac-
cines that are currently licensed and used in various countries including the
United States. They differ in the structure of PS moiety, the type of carrier pro-
tein, and the chemical nature of the covalent linkage of PS to protein.

The first conjugate vaccine licensed in the United States consisted of Hib-
PS covalently linked to diphtheria. In one of the first trials carried out in Fin-
land, it was shown that this vaccine conjugate is immunogenic and was 94%
effective in the prevention of invasive disease after a schedule of three doses of
vaccination in children at ages 3, 4, and 6 mo (1210). Compared with other
vaccine conjugate developed later, the Hib-PS diphtheria toxoid conjugate ex-
hibits poorest immunogenicity and poor efficacy for the protection of a high-
risk population. A more immunogenic vaccine that is able to elicit antibody
with higher affinity was generated by covalent linkage of an oligosaccharide of
25 repetitive units derived from Hib-PS linked to CRM197, a nontoxic protein
fragment of diphtheria toxin. Furthermore, it was shown that the vaccines pro-
duced by conjugation of Hib-PS with tetanus toxoid or meningococcal outer
membrane vesicles have also been immunogenic in infants after primary im-
munization at ages 2 and 4 mo or a single dose in infants as young as age 2 mo,
respectively. It should be noted that the antibodies elicited by the vaccination
with these two vaccine conjugates have lower avidity and lower bactericidal
activity (reviewed in ref. 1211).

Various clinical trials using these PS-conjugated vaccines alone, in combi-
nation with DTP, (1200,1212) or as pentavalent vaccines Hib-2-conjugated to
tetanus toxoid, DTP, and poliovirus inactivated vaccines (1194,1195) showed
that all children developed protective levels of anti-Hib-PS antibodies. In 5- or
7-yr follow-up studies of the vaccine response in preterm or full-term children
vaccinated at ages 2, 4, and 6 mo (1195) or ages 3, 5, and 12 mo (1194), it was
shown that three priming doses induced higher geometric mean concentrations
of antibodies with relative moderate avidity for all antigens contained in pen-
tavalent vaccines. The positive correlation between the levels of antibody re-
sponse specific for Hib-PS antigen and lack of correlation with antibodies
against other antigens contained in pentavalent vaccines argues against carrier-
induced epitope suppression operating through competition at the level of
APCs that generate relevant peptides from the processing of vaccines. These
vaccines may activate CD4 helper T cells required for the induction of an anti-
body response elicited by T-dependent antigens.



Prophylactic Vaccines and Theracines 289

Studies aimed at characterizing immunochemical and molecular properties
of anti-Hib-PS antibodies have advanced our knowledge on the development
of immunity against Hib-PS. These studies strongly suggest that like murine
anti-PS antibody response (606), in humans anti-Hib-PS antibody response is
oligopauciclonal. This concept is supported by several findings.

First, isoelectrofocusing analysis of affinity-purified anti-PS antibodies from
various individuals showed the presence of only one to four clonotypes, which
persisted even for prolonged periods after the secondary immunization (1213).

Second, anti-Hib-PS antibodies express crossreactive idiotypes that are en-
coded by V gemline genes. The presence of a few crossreactive idiotypes in an
inbred population is strong evidence that the response is oligoclonal, because
the crossreactive idiotypes are encoded by V gemline genes. Two major
crossreactive idiotypes—Hibld-1 expressed on the VKII-A2 allele and Hibd-2
marker of V -VII—are preferentially expressed on specific anti-Hib-PS anti-
bodies (1214). In Hib1d-1 antibodies, the VKII-A2 chain pairs most frequently
with members from the VHIII gene family. It is interesting to mention that the
VKII-A2 gene rearranged preferentially with JK2 segments has a conserved
arginine residue at position 95 at the VK-JK junction (1215). The conservation
of invariant arginine residue at position 95 in the CDR3 of the VKII gene may
play an important role in the binding of the Hib-PS antigen. This is supported
by an experiment by Lucas et al. (1216), who made various VKII-A2 mutants
with different amino acid residues at position 95. VK with a junctional arginine
or lysine at position 95 exhibited the highest affinity, whereas those having
threonine, glycine, tyrosine, alanine, leucine, or serine displayed low affinity.
Interestingly, a construct made of canonical VKII-A2 containing arginine at
position 95 but recombined with JK3 instead of JK1 had a very low affinity for
Hib-PS antigen. Sequencing of VH and V  genes expressed in monoclonal an-
tibodies that were produced by hybridomas obtained from adults vaccinated
with all four types of Hib vaccines showed a biased use of members of VHIII.
There was particular use of VHIII.23 paired with VKII-A2 and of VH 3–15
paired with various V� (V II, V III, V VII) and rarely with VKII-A2, indi-
cating again the pauciclonality of the response. Most Hib-PS antibodies exhibit
somatic mutation, and approx 60% of nucleotide differences resulted in amino
acid replacements. Some human anti-Hib-PS antibodies exhibit multispecific
binding properties to self-antigens, such as DNA, cardiolipin, or myosin, or
crossreactivity with Escherichia coli K100 PS. It is noteworthy that antibodies
exhibiting crossreactivity are not encoded by canonical V3-15 or -23 with VKII-
A2, however, most frequent various V3 members pair with other VK or VL
genes (e.g., VK1 or VK3) (reviewed in ref. 1211).

Study of the expression of major crossreactive idiotypes and avidity of anti-
PS antibodies of children vaccinated at ages 2, 4, and 6 mo with Hib-PS conju-
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gate showed variations with the type of vaccine used. For example, HibId-1
idiotype is expressed on 46–68% of antibodies from children vaccinated with
PS linked to tetanus toxoid or with oligosaccharide linked to CRM197 protein,
whereas it is expressed on only 47% of antibodies from those vaccinated with
PS-meningococcal outer membrane protein formulation. Based on the antigen-
binding property, in particular to Hib-PS and other antigens and to the ability
of PS to inhibit the binding of anti-idiotype antibodies, infant anti-PS antibod-
ies were classified into two categories: (a) high affinity, antigen inhibitable
and (b) low affinity, non-Hib-PS inhibitable (1214).

The sequencing of a few monoclonal antibodies obtained from vaccinated
children showed 100% homology with germ line genes in the case of V3-23
gene and VKII. They also have an arginine at the VKII–JK3 junction that is
typically found in the adult Hib-PS repertoire. Low-affinity monoclonal anti-
bodies expressing noninhibitable idiotypes of infants are encoded by multiple
genes belonging to the VH3 family (V3-7, V3-21, V3-23, V3-30) and a VH4
family member. Eight different VK and V  segments, including the VKII-A2
gene, were paired with VH genes. The nucleic acid homology of VH and V
genes encoding infant non-PS inhibitable antibodies that display low affinity
exhibited 96–100% homology with the corresponding germ line genes and had
low frequency of replacement mutations (1211).

The analysis of binding properties, the affinity, the usage of the V gene
family, and the rate of somatic mutation of infant PS-specific antibodies sug-
gest that the Hib-PS repertoire of infants is more diverse than that of adults
vaccinated with Hib-PS conjugates. Thus, it is possible that more restricted
pauciclonal adult repertoires derive from memory cells expressing a BCR with
high affinity in the infant repertoire.

Antibodies elicited by vaccination represent an important defense mecha-
nism in young children. Whereas neonates are rarely affected because of the
presence of maternal antibodies, the incidence of infection rapidly increases
beginning at about age 3 mo and peaks at age 6–12 mo. The infection declines
in older children because the vaccination induces memory cells that can be
stimulated repetitively in older children and adults by Hib, which is found in
the upper respiratory tract of approx 30% of individuals.

4.2. Streptococcus Pneumoniae Vaccine

The pneumococci are divided into more than 80 serotypes on the basis of the
structural differences in their PS capsules. Antibodies against PS are protec-
tive. The pneumococcal cell wall also contains a C carbohydrate analogous to
the Lancefield antigen and an M protein that is similar to group streptococci.
Unlike group streptococci M protein, the pneumococcal M protein is not
antiphagocytic and anti-M protein antibodies are not protective.
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S. pneumoniae is the causative agent of pneumonia, meningitis, and acute
otitis media in children. Antipneumococcal vaccine is a subunit vaccine con-
taining PS from seven different serotypes.

The heptavalent PS vaccine is recommended for children with recurrent or
severe otitis and to prevent invasive pneumococcal disease. Plain PS
pneumoccocal vaccine is poorly immunogeneic in infants. In the new pneumo-
coccal vaccine, the PS is covalently linked to CRM197 protein. The PS-protein
conjugate vaccine caused an impressive reduction in invasive pneumococcal
disease over a period of 1 yr in 1-, 2-, and 5-yr-old children. The vaccine may
be protecting against otitis media as well as against 98% of antibiotic-resistant
isolates (1217). The vaccine has also been highly effective in preterm infants.
A recent trial aimed to evaluate the efficacy of the vaccine in the prevention of
otitis media in older children who have had previous episodes of acute otitis. In
vaccinated toddlers and children, vaccination with heptavalent PS-protein con-
jugate followed by a boost with plain PS vaccine containing PS from 23 sero-
types did not prevent acute otitis media in children older than age 1 yr who had
recurrent episodes before vaccination (1218).

The pneumococcal vaccine induces the production of low-avidity IgM anti-
bodies and in 50–60% of subjects a twofold increase of IgG antibodies. The
protection is related to an enhanced opsoin-mediated killing of bacteria.

4.3. Neisseria Meningitidis Vaccines

The meningococci are strict microbes in humans that can be found in the
nasopharynx of carriers. In a small percentage of cases, meningococci may
enter into the bloodstream and cause acute otitis, meningitis, and in rare cases
meningococcemia resulting in explosive Waterhouse–Frederichsen syndrome
or disseminated intravascular coagulation syndrome. Based on the structure of
capsular PS, the meningococci were classified into seven serotypes. Among
them, serotypes A and C are the more frequent bacteria that cause disease in
children.

The development of menigococcal PS-conjugate vaccines provided a new op-
portunity for prevention of meningococcal diseases in children, because, unlike
the plain PS vaccines, they are immunogeneic in infants and memory primers.

In 1974, a quadrivalent vaccine consisting of purified PS from serotypes A,
C, Y, and W-135 was successfully used to stop an epidemic in Brazil. The
immunogenicity of meningococcal PS in assorted age groups varied. Whereas
serotype A PS elicits bactericidal antibodies in 3-mo-old children, children
younger than age 2 yr respond poorly to C, Y, and W-135 serotypes. Serotype
B PS is not immunogeneic in humans.

New generations of the meningococcal vaccine consist of PS covalently
linked to CRM197 protein absorbed onto aluminum hydroxide. The vaccine is
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safe and it does not cause serious side effects among groups of children with
different vaccination schedules. There are important differences in the induc-
tion of the immune response in infants between plain PS and PS-protein conju-
gate vaccines.

Serotype C PS vaccine induces a largely T-independent response character-
ized by low, short-lived antibody response and short-lived protection. There
are data that indicate that plain serogroup C PS vaccine may induce a
hyperresonsiveness that is not observed after vaccination with serotype A vac-
cine (1219). In contrast, the thymic-dependent PS-conjugate vaccines are more
immunogeneic in toddlers and infants. These vaccines induce a mucosal im-
mune response and immunological memory.

The induction of mucosal immunity is an important advantage because
meningococcus is a mucosal pathogen colonizing nasopharynx and, there-
fore, may play a role in the defense reaction against infection and carriers. In
a study of pre- and postvaccination concentrations of salivary IgG and IgA
antibodies after primary vaccination with serotype C PS-protein conjugate
vaccine, a significant increase of specific IgG antibodies was found, but there
was no significant increase of IgA (1220). An increase of salivary IgA anti-
bodies was observed in a study in which a bivalent serotype A and C PS-
conjugate vaccine was used (1220). Salivary IgA is likely to be locally
produced as a secretory form, because no increase of serum IgA concentra-
tion was observed after vaccination (1221). Increased concentrations of sali-
vary PS-specific IgG and IgA antibodies resulted in reduction of
nasopharyngeal carriage after vaccination (1222).

Vaccination of toddlers with menigococcal C conjugate vaccine induced
high titers of anti-PS and bactericidal antibodies, which persisted for at least
12 mo (1219). After the first boost, the bactericidal titer in 90% of vaccinees
was low; however, the second dose given 2 mo after the primary immunization
increased the titer more than eightfold.

Longlasting memory induced by vaccination with meningococcal A/C con-
jugate was demonstrated in a study in which the infants were revaccinated at
age 5 yr (1223). The induction of memory probably is related to recruitment of
T-cell help by revaccination, providing the necessary signals to maintain the
memory B cells. Therefore, these vaccines have the potential to provide long-
term protection of infants (1220).

5. RECOMBINANT PROTEIN VACCINES

The preparation of recombinant protein is based on cloning a microbial gene
encoding a protein that bears protective epitopes linked to a promoter and
inserted into a suitable plasmid replicon. The plasmid replicon is used to trans-
form a bacterium such as E. coli or to stabilize transfected mammalian cells,
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insect cells, or yeast. The proteins are then purified from transfected cells or
from the culture if the gene in the construct is linked to a secretory sequence.

Recombinant proteins are safe and induce strong protective antibody
responses; however, they generally are unable to stimulate CTL responses
because the recombinant protein is processed via the exogenous pathway, gen-
erating peptides recognized by CD4 T cells in the context of MHC class II
antigens.

HBV causes acute hepatitis, a disease that can vary anywhere from a mild
form to a destructive disease leading to cirrhosis or liver cancer. About 300
million people worldwide are thought to be carriers of HBV; of those carriers,
40% are expected to die of liver diseases. Vaccination provides a tool for the
control of HBV. The vaccine consists of yeast-derived recombinant containing
hepatitis B surface antigen (HbsAg). In the case of unresponsiveness to the
current vaccine, an experimental vaccine containing both HbsAg recombinant
protein and pre-S proteins are under evaluation (1124).

The HbsAg vaccine is highly immunogeneic and given soon after birth. Suc-
cessful vaccination induces high levels of protective antibodies, dramatically
reducing the HBV infection rate and preventing chronic infection and the life-
threatening sequelae (reviewed in ref. 1225).

Immunoprophylaxis can be achieved by vaccination during pregnancy. Vac-
cination during pregnancy is safe and highly immunogeneic. The passive trans-
fer of maternal antibodies to newborns confers protection for the first 4 mo of
life. In offspring born to mothers vaccinated with three doses, the level of anti-
bodies is 95 mIU/mL at birth, 57 mIU/mL at a 2-mo follow-up, and 37 mIU/
mL at a 4-mo follow-up (1226).

HBV can be transmitted vertically from infected mothers to newborns. In
this case, it is recommended that immune Ig be administered within 12 h of
birth, with three doses of vaccine administered at ages 1, 2, and 6 mo.

HBV vaccine is also very efficient in preterm babies. Good anti-HBV levels
of antibody were detected in 60% of preterm babies after primary vaccination
and in 100% of preterm babies after the third dose (1227). Different studies
clearly demonstrated that immunization at birth with HbsAg recombinant vac-
cine is beneficial in endemic area injection.

6. DNA VACCINES

The principle of the use of naked DNA as vaccines is based on observations
that injection of plasmids containing a foreign gene may lead to in vivo trans-
fection of cells. Wolff et al. (640) demonstrated that a foreign gene contained
in a plasmid was transcribed and translated in muscle cells subsequent to intra-
muscular based on the use of plasmid that contained microbial genes bearing
protective epitopes. Soon after this finding, Johnston et al. (641) showed that
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the intramuscular injection of a plasmid expressing the bovine growth hor-
mone gene induced the production of antibodies specific for the hormone. This
basic information galvanized a new research area, because it opened a new
avenue for the development of vaccines that induce a longlasting antibody re-
sponse.

Several advantages made genetic immunization very appealing for
vaccinologists:

1. DNA is as stable as subunit vaccines and more stable than live-attenuated vac-
cines.

2. The immunogeneic dose is small, in terms of micrograms.
3. Manufacturing procedures are low-cost and, therefore, suitable for global vac-

cine programs—in particular, for developing countries that can not afford the
high cost of some vaccines.

4. The DNA vaccines can be rapidly constructed. This is an important property for
preparation of vaccines against microbes that exhibit natural genetic variation
such as influenza virus, HIV, trypanosome, etc.

5. There is the possibility to express in the same plasmid genes encoding protective
epitopes from different microbes.

6. Lack of proteins in plasmids precludes the induction of side effects such as aller-
gic reaction, brain damage, and inflammatory reaction at the site of injection.

7. Genetic immunization does not require adjuvants because the plasmids are them-
selves endowed with immunostimulatory sequences rich in CpG motifs, which
bind to Toll-R9.

8. Genetic immunization induces not only protective antibody response but also
CTL response, which can not be elicited by inactivated, subunit, and recombinant
protein vaccines.

9. Longlasting persistence of plasmids, as episome results in sustained synthesis of
antigens at low levels, which precludes the induction of high-dose tolerance, and
drives the immune response to memory.

10. Plasmid DNA does not integrate into host DNA by homologous recombination.

Numerous studies have addressed the ability of DNA vaccines to induce
immune responses in neonates. These studies demonstrated that neonatal in-
oculation of DNA vectors expressing a wide range of microbial antigens into
mice or non-human primates overcame the neonatal immune unresponsiveness
and resulted in efficient priming of B cells, CD4, and cD8 T cells. Table 34
lists the animal models in which the genetic immunization of neonates induced
humoral and CMI responses.

There are qualitative and quantitative differences between the immune re-
sponses induced by genetic immunization in neonates and adults. In neonates,
the antibody response is generally low, however, the priming of B cells is very
efficient. In spite of the fact that the magnitude of the antibody response elic-
ited by DNA neonatal immunization is lower compared to adult DNA immuni-
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zation, the protection against a challenge with infectious agents carried out
during adulthood was similar in mice immunized as newborns and as adults.

Whereas the neonatal response induced by various antigens is characterized
by Th2 dominance, the profile elicited by neonatal immunization with naked
DNA comprises an important Th1 component similar to that described after im-
munization at birth with BCG live-attenuated vaccine. Our studies carried out in
mice demonstrated that immunization after birth with a plasmid containing the
HA gene of influenza virus induced a mixed Th1/Th2 response (951). The polar-
ization toward a Th1 response can be induced by co-injection of plasmid con-
taining a microbial gene with plasmids containing IL-12 or IFN-  genes (1228).

Although immunization of newborns with viruses induced a meager or no
CTL response, the neonatal immunization with plasmids containing gene-en-
coding proteins that bear epitopes recognized by CD8 CTL efficiently primed
the CTL. This was well illustrated in our study in which we measured the fre-
quency of CTL precursors in mice immunized at birth with a plasmid contain-
ing influenza virus nucleoprotein (NP) gene. We found that memory CTL pool
was expanded between 1 and 3 mo (1076). This finding strongly suggests that
exposure to antigens secreted by transfected cells continues after neonatal im-
munization with a plasmid and expanded the CTL precursors. Based on the
long persistence of plasmids in transfected cells, it was assumed that DNA
vaccines should generate memory cells. Using sensitive techniques such as
measuring the frequency of precursors of antigen-specific lymphocytes or
intracellular staining of cytokines producing T cells, various groups showed a
remarkable lifelong persistence of memory T cells after neonatal immuniza-
tion with naked DNA (reviewed in ref. 651).

The studies on immunity induced by DNA vaccines clearly demonstrated that
DNA vaccines administered after birth are immunogeneic rather than
tolerogeneic. The neonatal immunity conferred by neonatal vaccination resembles
that elicited in adults by DNA or live-attenuated vaccines. This is remarkable,
taking into account the low response induced by vaccination of newborns with
inactivated or subunit vaccines and the induction of tolerance by neonatal immu-
nization with foreign antigens and alloantigens.

Efficient induction of immunity by DNA immunization of neonates may be
related to several factors:

a. Long persistence of plasmids as episomes in transfected cells allows the exposure
and priming of newly emerging B cells from the bone marrow and T cells from
the thymus to small amounts of antigens, circumventing the possibility to induce
high-dose tolerance.

b. The plasmid has intrinsic adjuvant properties, which contain CpG motifs able to
bind to Toll-R9 and to activate immature neonatal APCs. Co-injection of CpG
oligonucleotide with plasmid induced higher responses and crosspriming (1068).
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In addition, we have shown that CpG oligonucleotide can induce the expression
of MHC class II and the increased production of chemokines in myocytes, which
acquired the ability to present to CD4 T cell a peptide derived from a protein
encoded by corresponding genes expressed in the plasmid (965).

c. The plasmids rich in CpG motifs may accelerate the maturation of APCs, leading
to upregulation of genes encoding MHC molecules; upregulation of costimulatory
molecules such as CD40, B7.1, and B7.2; and production of IL-12, which is re-
quired for the activation of IFN-  in Th1 cells. The coadministration of CpG
motif-rich plasmids with plasmids containing GM-CSF accelerates the matura-
tion of dendritic cells, which are the major target of in vivo transfection by plas-
mids (88–91). Thus, the recruitment and the activation/maturation of APCs by
immunostimulatory CpG motifs overcome the limiting number and immaturity
of neonatal APCs.

d. There exists a lack of interference of genetic immunization with maternal anti-
bodies (697–702).

The efficacy of DNA vaccination of neonates in rodents and non-human
primates was well established in various studies (reviewed in ref. 1230). The
findings generated from these preclinical trials represent a basis for the use of
DNA vaccines for the immunization of newborns and infants.

We believe that ensuing years will see the use of DNA vaccines in infants.

7. THERACINES

Vaccines have been developed to prevent infectious diseases. The fervent
development of immunobiology and molecular biology has led to an expan-
sion of vaccines to prevent or alter the course of immunity-mediated diseases,
including autoimmune, allergic, and some inflammatory diseases. These thera-
peutic vaccines are called theracines.

The basic principle of theracines is to use different platforms to deliver pep-
tides that either suppress the T cells, which mediate such diseases, or expand
regulatory T cells, exerting an inhibitory effect on pathogenic T cells.

Such vaccines can be used in autoimmune diseases mediated by T cells, such as
multiple sclerosis, type I diabetes, uveitis, Crohn’s disease, and allergic diseases.

Because the synthetic peptides corresponding to epitopes recognized by T
cells have a short half-life, several new methods of delivery of peptides have
been developed. The ideal delivery system of T-cell epitopes consists of the
use of self-molecules as platforms. In our laboratory, we have developed three
main approaches:

a. The expression of foreign or self-epitopes in CDRs of VH genes that encode an
antibody molecule (1072).

b. Enzymatically engineered immunoglobulins expressing T-cell epitopes linked to
oligosaccharide moiety of Ig molecules (1231).

c. Soluble chimeric peptide-class II molecules (855,1232).
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The construction of such molecules and their properties was recently
described (1229–1231).

Peptides corresponding to epitopes of self-protein antigens inducing autoim-
mune diseases alone or presented on self-platforms were used in various
experimental models of autoimmune diseases. Of particular interest is the use
of theracines in neonates to prevent autoimmune or allergic diseases.

Experimental allergic encephalomyelitis (EAE) is an animal model of anti-
gen-specific Th1-mediated disease. The characteristic clinical and histological
features of chronic relapsing paralysis and demyelination with perivascular
lymphocyte infiltration of the central nervous system resembles human mul-
tiple sclerosis. The pathogenic T cells initiating EAE are specific for myelin
basic protein (MBP). The EAE can be induced by immunization with MBP as
well as with synthetic peptides corresponding to different regions of MBP. The

-acetylated N-terminal peptide corresponding to nine amino acids is the domi-
nant encephalitogenic T-cell epitope in certain strains of mice expressing H-2u

or H-2s MHC haplotype. Neonatal administration of the peptide 1152de greatly
reduced not only the response to MBP but also prevented the induction of EAE
(1151). These results demonstrated that the immunodominant peptide admin-
istered after birth can tolerize pathogenic T cells.

In our laboratory, we constructed a chimeric immunoglobulin molecule in
which the CDR3 of a murine VH gene was replaced with an immunodominant
epitope derived from influenza virus NP recognized by the CD8 T cell in the
context of MHC class I molecules or from HA recognized by CD4 T cells in
association with MHC class II molecules. These chimeric Ig molecules acti-
vate NP- or HA-specific T cells (1072,1232).

Zagouhani’s laboratory constructed a chimeric Ig molecule in which the
CDR3 of the same VH gene was replaced with a peptide derived from encepha-
litogenic proteolipid protein (PPL). The Ig-PPL peptide is presented to T cells
100-fold better than the free PPL peptide (1162). Neonatal exposure to chi-
meric Ig-PPL peptide confers resistance to EAE by polarizing the response
toward Th2 and IFN- -mediated T cell anergy (1162). T cells from neonatal
tolerized mice failed to proliferate and produce IFN-  upon incubation with
peptide but secreted significant amounts of IL-2. The pathogenic PPL-specific
T cells tolerized subsequent to neonatal exposure to Ig-PPL peptide chimeric
molecules are defective in the expression of CD40 ligand; this leads to nonef-
fective interaction with APCs and lack of production of IL-12, which is
required for the production of IFN-  by pathogenic Th1 cells.

These findings demonstrated that neonatal exposure to a PPL-derived pep-
tide presented on an Ig platform can anergize pathogenic Th1 cells, thereby
preventing the induction of EAE later in adult animals.
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The role of T cells in pathogenesis of type I autoimmune diabetes has been
overtly demonstrated by studies in animal models. Thus, it was shown that (a)
neonatal thymectomy in genetically prone mice for diabetes prevents the oc-
currence of disease (1233); (b) athymic nonobese diabetic (NOD) nu/nu mice
do not develop diabetes (1234); (c) T cells are the majority of early infiltrating
lymphocytes in the pancreatic islets of NOD mice (1235); (d) diabetes is trans-
ferred in neonates, adult F1 mice, and SCID mice either by bone marrow cells,
splenic T cells, or pancreatic T cells from diabetic mice (1236–1238); (e) trans-
plantation of pancreatic islets in the thymus of genetically prone mice for dia-
betes, or administration of diabetogenic synthetic peptides, leads to negative
selection of diabetogenic T-cell precursors with subsequent prevention of the
disease onset (1239,1240); (f) treatment of prediabetic NOD mice with anti-
CD4 antibodies prevents the insulitis (1241); and (g) treatment of diabetic NOD
mice with anti-CD4 monoclonal antibodies followed by grafting homologous
islets can restore the normoglycemia (1242).

In humans and animal models for spontaneous autoimmune diabetes, the T-
cell reactivity against -cell antigens (i.e., glutamic acid decarboxylase 65
(GAD65) (1243), insulin (1244), tyrosine phosphatase IA-2 (1245), heat shock
protein 60 (hsp60) (1246), and the islet-cell antigen 69 (ICA69) (1247)) were
demonstrated. The high-risk susceptibility to type 1 diabetes in humans is
genetically associated with the expression of HLA-DR*0301, HLA-DR*0401,
and HLA-DQ8 haplotypes. Similarly, the expression of I-Ag7 but not I-E allele
leads to the development of type 1 diabetes in NOD mice (1248–1250).

The pathogenicity of CD4 T cells in diabetes is much related to the Th1
cells, whereas protection is associated with the Th2 and CD4 T regulatory cells
(1251,1252). The pathogenic role of Th1 cells was demonstrated by induction
of diabetes in adoptive transfer experiments using Th1 clones specific for islet
antigens (1253,1254) or by polarization of T cells toward a Th1 response upon
injection of rIL-12 (1255)..Alternatively, downregulation of Th1 cells by anti-
IFN-  monoclonal antibodies or the expansion of Th2 cells in the pancreas by
expression of the IL-4 gene in pancreatic -islets abrogated the insulitis and
autoimmune diabetes in NOD mice (1256,1257). The CD4 T regulatory cells
(e.g., CD4+CD25hi), IL-10-secreting CD4 Tr1-cells, and/or TGF- -secreting
CD4 T cells can suppress the diabetogenic process (1258–1262).

The diabetogenic role of Th1 cells is much related to the activation of CD8
T cells, which ultimately lyse the pancreatic -islets. Wang et al. showed that
knocking out the CD8 T cells in NOD mice during a discrete age window could
inhibit the development of insulitis (1256). Alternatively, Katz et al. and Skyler
et al. showed that autoimmune diabetes does not occur in NOD 2m-deficient
mice, which are unable to mount an efficient CD8 T-cell response (1263,1264).



300 Neonatal Immunity

Although diabetic mice and humans manifest pleiotropic humoral responses to
the islet antigens (1265), the autoantibodies do not play a pathogenic role in type
I diabetes, as demonstrated in passive immunity experiments in animal models.

Several approaches have been undertaken to develop reagents aimed at pre-
venting the occurrence of autoimmune diabetes. These approaches have been
performed in animal models of type I diabetes through induction of neonatal
tolerance to antigens expressed on B cells.

The effect of theracines in the prevention of type I diabetes was studied in
experimental models.

An NOD mouse is a model in which the disease is prevalent in females and
overt diabetes occurs at age 8 wk. Like in human type CD4 T cells (1258)
mediate 1 diabetes, the IDDM in NOD mice. It is believed that some diabeto-
genic T cells in NOD mice are specific for GAD65 antigen, because antibodies
and GAD65-specific T cells were detected in the majority of patients with
recent-onset of type 1 diabetes (1253,1265). The administration of 100 mg
GAD65 into female NOD mice 24 h after birth delayed the onset of overt dia-
betes compared to NOD mice injected after birth with PBS or bovine serum
albumin (1266). NOD mice from the GAD65-injected group displayed nearly
complete absence of insulitis, suggesting that neonatal tolerization with
GAD65 prevented not only hyperglycemia but also islet cell autoimmunity
during the first 18 wk of life. It is noteworthy that the prevention of type 1
diabetes was temporary, because 60% of mice developed diabetes during the
60-wk observation period.

The insulin B chain (InsB) also bears a major epitope recognized by diabe-
togenic human and NOD T cells. The injection of a plasmid containing the
gene that encodes InsB protein in NOD neonates resulted in a substantial pro-
tection of female NOD mice against type 1 diabetes. This was associated with
a polarization of the response toward Th2 cells, which are considered to have
protective properties. In the same mice, the Th2-associated cytokine IL-4 pro-
duction was critical for protection. This concept was strongly supported by
demonstration of development of type 1 diabetes in IL-4-deficient NOD mice
injected with the InsB plasmid (1270).

In our laboratory, we characterized a transgenic mouse model of juvenile
type 1 diabetes. This transgenic model consists of double-transgenic mice
expressing the HA of A/PR8/8/34 influenza virus under the control of rat insu-
lin promoter in -cells (INS-HA) and the TCR recognizing the
immunodominant HA110-120 peptide in association with I-Ed MHC molecule
(TCR-HA). Double-transgenic mice exhibited perinsulitis beginning 3 d after
birth, hyperglycemia at age 7 to 14 d, and hypoinsulinemia at age 28 d. The
occurrence of diabetes was associated with a gradual accumulation of T cells
specific for HA in the pancreas (948).
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We have generated a soluble dimeric class II peptide chimeric molecule
consisting of the extracellular domains of I-Ed-  and -  chains dimerized
trough a murine Fc 2 region at the C-terminus of I-E -  chain. This molecule,
called DEF, stimulates the proliferation of T cells, induces the differentiation
of T cells toward Th2, and binds complement (1269).

The administration of soluble DEF in 7-d-old prediabetic mice prevented
the onset of hyperglycemia and normalized glycemia values as long as DEF
was injected every 5 d. The prevention of type 1 diabetes after the administra-
tion of DEF is related to the expansion of Tr1 cells producing IL-10 (1269).

In summary, the prevention of type 1 diabetes by administration of DEF in
young mice depends on several factors, among which the TCR/CD4 occupancy
and ligand valence plays a key role in determining the resultant effects.

The generation of theracines containing peptides recognized by pathogenic
T cells that mediate will open new avenues for the prevention and/or alteration
of the course of human immune-mediated diseases.
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65(GAD65) 65, 229, 300
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histone 185
HSP60 299
insulin -chain 299
islet-cell antigen (ICA69) 299
Ku 185
mitochondria 114
myelin basic protein (MBP) 114, 298
myelin oligodendrocyte

glycoprotein 270
myosin 289
nuclear 114
nucleolin 185
platelet (HPA) 184
proteolipid protein (PLP) 264, 266,

267, 270, 298
pyruvate dehydrogenase (PDC-E2) 183
Ro 185
S-antigen 260
Sm 114, 185
ssDNA185
thyroglobulin 114, 182
thyroid peroxidase 182
z-DNA 185
zona pellucida (ZP3) 118, 189, 267

Autoanti-idiotype 176
Autoimmune disease

alloimmune neutropenia 188
CREST syndrome 179
Crohn’ disease 180, 297
experimental allergic

encephalomyelitis (EAE) 264,
266, 298

glomerulonephritis 270
Graves’ disease 180, 182
hemolytic anemia 180
insulin-dependent diabetes mellitus

(IDDM) 180, 190, 266, 289, 297,
299, 300

juvenile IDDM 300
MCTD 185
multiple sclerosis (MS) 180, 190, 266, 297
myasthenia gravis (MG) 180
neutropenia 188
oophoritis 190, 266, 267
ovarian disease (AOV) 189,190,216
pemphigus 184
polymyositis 179
primary biliary cirrhosis 181
rheumatoid arthritis (RA) 185, 190
scleroderma (SSc) 170
Sjögren’s syndrome 185, 266, 267
systemic lupus erythematous (SLE) 185

thrombocytopenia purpura (AITP)
180, 183, 184

thyroiditis 179
uveitis 180, 190, 266, 267

B

Bacteriophage
F X174 131, 132, 134
T2 132
T4 132,134
Basophil 2, 12, 18, 19, 65
Basophilpoietin 65
Bacillus Calmette -Guerin (BCG) 6,

146, 245, 276
B cell lymphopoiesis 75, 76, 78, 79, 98, 122
B cell memory156
B cell precursor

Pro B 75, 79, 81, 93, 106, 119
PreB1 75, 77–79, 93, 107, 110, 112, 119,

129, 162, 195, 224, 256
Pre-B2 75, 78, 89

B cell progenitor 75, 77, 91, 92, 104, 115,
116, 224

B cell repertoire of 157
anuran 110
cattle 125
fetal liver 113
neonatal 113, 123
sheep 124

B cell subsets
B1 (CD5+) 34, 77–79, 81, 97, 99, 102,

105, 106, 115, 116, 127, 204, 259,
260

B2 (CD5-) 34, 77–79, 81, 99, 102, 103,
104, 106, 115, 116, 129, 259

B cell receptor (BCR) 33, 34, 73, 75, 79,
80, 91–101, 103–107, 109–111, 116,
118, 119, 135, 147, 153, 162, 171,
173, 176, 224, 256–258, 260, 261,
282, 287, 290

BCR-associated molecule
BDCA2 29
BDCA-4 29
BP-1 45 82
CD79a (mb1, Ig ) 80, 98
CD79b  (B29,Ig ), 80, 82, 97, 98

Birbeck granule 29, 30, 70, 226
Blastocyte 220
Biogenic amine

-islet 299
Histamine 20, 21
Serotonin 21
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Blood group antigens
ABO 189
Colton 189
Diego 189
Duffy 189
Kel 189
Rh 189

Bordetela pertussis 159, 246, 284
filamentous HA 246, 284
pertractin 284
toxin antigen 246

Borellia burgendorfi 6
Bovine herpes virus (BHV-1) 146, 170
Branchial cleft 211
Breast-feeding 164, 165
Brefaldin A 224
Bromodeoxy uridine (BuDUrd), 207
Brugia malayi 234
Bursa of Fabricius 9, 37, 38, 76, 77, 83

Endodermal bud 76
Epithelium 76
Extrabursal stage 76
Lumen 110
Lymphoid follicle 110

C

c-AMP 182
c-Fes 63
C-type lectin 4, 9, 61, 86, 204
Caenorhabitidis elegans 65
Calcineurin (CaN) 199
Calcium channel 187
Calnexin 45,
Calreticulin 45
Camphylobacter 161
Candida 235
Carboxypeptidase 21
Cardiomegaly 183
Carnypox recombinant virus 244
Cathepsin

C 5, 14, 17
G 21

Cationic protein 12, 14, 17
Cell lines

CH27 99
Ms-55 59
WEHI-231 99

Centriole 23
Cesarian section
Charcot-Leyden crystalloid 17, 19, 64
Chemokines

CCL3 (MIP-1 ) 31, 54

CCL17 (TARK) 31, 54
CCL26 (eotaxin) 54
CCXCL7 15
CLCX14 (BCA-1) 53
CX3CL1 (fraktalkine) 54
CXCL2 15
CX CL3 15
CX CL4 MIPb) 16
CXCL5 15
CXCL8 (IL-8) 15
CXCL9 (MIG) 15, 53
CXCL11
CXCL12 (MCP1) 15, 48, 54
XCL1 (lymphotactin) 54
XCL2 (SCM-1B) 54

Chemotaxis 13, 236
Chicken pox 279
Chimeric class II peptide Fc molecule

(DEF) 200
Chlamydia 148, 235
Cholestatic hepatitis 182, 184
Chondroclast 24, 29
Choriamnionitis 163, 171, 234
Chronic vasculitis 234
Cidofovir 277
Cirrhosis 181, 293
CITA (transactivator of MHC class II

gene) 223
Clavinin 3
Clonal ignorance 254
Clonal theory 10, 11, 105, 253, 257, 258, 261
Cold agglutinin 105
Collagen 4, 15
Collagenase 12, 14
Colony forming assay (CFA) 16
Colostrum 160, 161, 165, 167, 181
Common progenitors

Common lymphoid precursor (CLP)
69, 73, 77, 83, 97, 203, 205

Common myeloid precursor (CMP)
65, 66, 69, 70, 73, 229

Complement
C1q 17
C2b 15
C3 3
C3b 15, 53, 96, 204, 280
C3d 53, 96, 204, 224
C3g 96, 204, 224
C4b15, 53
C5a 15–17

Complement fixation assay 201
Colony forming unit (CFU) 59,61
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CFU eosinophil-basophil progenitor
64,65

CFU megakaryocyte-basophil
progenitor 64

Concavalin A(ConA) 255
Condroitin sulfate 4, 20
Congenital heart block(CHB) 185, 187, 188
Congenital infection with
CMV 149

syphilis 148
toxoplasmosis 148
trypanosoma cruzi  224

Congestive heart failure 183
Cord Blood 69, 101, 127, 128, 148, 185,

204, 216, 225, 229, 233–236, 238–240,
242, 244, 245

Cortico-adrenal gland 227
Corticoid hormone 227
Corticotrophin-releasing factor 227
Costimulatory molecule

CD40 28, 30, 94–96, 101, 103, 225, 242,
244, 262, 269, 297

CD80 (B7.1)28, 30, 47, 49, 69, 94–96,
100, 101, 103, 156, 201, 202, 244,
255, 262, 297

CD86 (B7.2) 28, 48, 49, 69, 94–96,
100, 101, 103, 201, 202, 244, 255,
262, 297

LAF-1 295
CpG motif 6, 7, 21, 71, 119, 154, 158, 244,

294, 296
Craniosynostosis 183
Crossing over 127
Crustacean 3
Cyclooxigenase 21
Cystic fibrosis 165
Cytochalasin D 49
Cytochrome b 4,12
Cytodifferentiation antigens.

B220 59, 70,72,77,78,81,98,119,121,206
BPM 209
BU-1 77
CD1 9,34,36. 52, 68, 70, 77, 89, 207,

214, 219, 239, 240
CD2 31, 52, 70, 72, 86, 197, 203, 204,

207, 209, 212–214
CD5 34, 52, 78, 79, 81, 85, 86, 99, 103,

105, 116, 127, 179, 180, 197, 198,
204, 207, 209, 212, 214, 238, 259

CD8  28, 69, 70, 87, 207, 225
CD8  87, 207
CD13 30, 61, 64, 67, 70

CD16 31
CDw17  22
CD19 30, 52, 77, 80, 82, 91, 93, 96, 127
CD20 52, 79, 82
CD22 30, 91, 111, 93, 99, 103, 205
CD24-HSA 52, 72, 82, 87, 98, 104,

106, 207
CD29 30
CD33 22, 30, 70
CD34 61–63, 67, 70, 79, 80, 86, 94, 188,

197, 203, 204, 207, 214
CD38 70, 86, 87
CD43 49, 72,77, 78, 82, 98, 112
CD44 22, 87, 97, 203, 206, 213
CD45 30, 51, 52, 59, 60, 64, 65, 79, 92,

93, 98, 100, 185, 202, 204, 214
CD45RA 70, 205, 234–238
CD45RB 205, 255
CD45RO 205, 245
CD48 52, 204, 217, 228, 234, 235, 238, 239
CD56 31, 59, 73
CD57 31
CD58 (LAF-1) 31, 52, 103, 213
CD59, 52, 203
CD62L 239
CD62P 184
CD64 30, 68
CDD65 15, 22
CD68 70
CD69 15, 22, 87, 209, 211, 239, 257
CD70 52
CD72 102, 204
CD73 52
CD74 30
CD75 52, 105
CD81 (TAPA) 96
CD83 68, 245
CD90 (Thy1) 52, 59, 85, 206, 258
CD94 8, 15, 59
CD105 66
CD144 (E-cadherin) 60, 70, 181
CD149 52
CD154 202, 203
CD156 52
CD165 15, 22
CD203 64
CT-1 213
F40/80 68
Flk-1 66
GR-1 53, 61, 72, 206
GL-7 119, 121
MAC-1 50, 61, 81, 206
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PGP-1 85
SCAL.1 69, 72
SwC3a 214
Tar 11, 59
TTS24 209
XTLA-1 86, 212

CD40L (CD154)  68, 69, 71, 94, 101, 151,
202, 269, 295

CRAC-channel 199
CTLA-4 98
Cryptosporidium parvum 164
Cyclic-ADP-ribose 102
Cystatin 31
Cytokeratin 84
Cytokine network 51, 228
Cytomegalovirus (CMV) 166, 259

D

Defensin 1, 3, 5, 14
DC-LAM 30, 69
DEC205 28, 30, 69, 226
Dendritic cell 2, 3, 5, 27, 38, 45, 48, 53, 67,

68, 70, 71, 83, 170, 220, 236, 237,
240, 242, 245, 263, 268, 274, 278

DC1 240
DC2 240
Follicular 30, 31, 51, 274
Interstitial 28, 68, 70
Langerhans 29–31, 68 ,70, 226, 270
Plasmacytoid 28–31, 70, 71, 270

Deaggregated Ig 259, 270
Delayed type hypersensitivity (DTH) 36,

237, 241, 276
Dematophagoides pternyssius  245
Demyelination 295
Desquamation 164
Devonian period 109
Dexamethasone 236
Diacylglycerol 92, 199
Dick toxin 2, 4
Digoxin 183
Dipeptidylpeptidase 54
Diphtheria toxin 2, 146
DISC-HIV 243
DNA-dependent protein kinase

Ku70 98
Ku80 98

Dorsal-Cactus complex 30
Dorsal lateral plate (DLP) 242
Dorsal root ganglia 279
Drosophila 2, 3, 5–7, 65
Ductual mammary gland epithelial cell 161

E

E-cadherin 29
Earth worm (Eisenia fetida)
ECSIT protein 7
Ecto-5' nucleotidase 54
Ectoderm 84
Eczema vaccinatum 227
Eiseniapore 3
Elastase 14, 63
Elastin 186
ELISA 157
Embryonic body 202
Emitin 224
Encephalomyelitis 277
Endocardial fibroelastosis 186
Endoderm 211
Endodermal bud 76
Endosome 14, 223, 224
Endoplasmic reticulum (ER) 23, 28, 37,

43–45, 199, 223, 224
Endothelial cell 3, 68
Endothelin 21
Endotoxin 2,17
Enhancer TCR loci

( 1- 3) 195, 196
 (NF 1-NF 6) 195, 196
 ( E1- E7) 195, 196

Eosinophil 2, 16, 19, 61, 65, 221
Eosinophil-derived neurotoxin 64
Eosinophilia 18
Eosinophilic chemotactic factor 20, 21
Eotaxin 65
Epidemics 178
Episome 170, 293, 296
Epithelial cell 38
Epstein-Barr virus 103, 127, 154, 204, 205
Erythropoietin 27, 59, 61
Erzin cytoskeletal protein 192, 201
Escherichia coli 151, 161
Escherichia coli K100 289
Exophthalmos 183

F

F-actin 48
F-protein (Sendai) 244
Fas ligand (CD ) 54
Fascin 49
Ferret 164
Ferritin 131
Fetal hyperthyroidism 183
Fetal lamb 213
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Fetidin 3
Fibrinogen 15
Fibronectin 15, 53
Ficoll 151
Filariasis 149
Fish

Aleutian skate 75
Angelfish 57
Atlantic cod 75, 76, 81
Catfish 76
Elasmobranch 57
Rainbow trout 57, 58, 75, 81, 85
Raja eglanteria 75
Teleocast 57
Zebra 58, 65, 76, 85, 86

Flagellin 6, 8, 146
Fluorescence-activated cell sorter

(FACS) 59
Formyl peptide (FP) 12
Freund’s complete adjuvant (FCA) 118,

151, 154, 163, 169, 220, 223, 246,
264, 266, 267

Freund’s incomplete adjuvant
(FIA)151,216,243

Frog
Mexican axolotl 81
Rana 58
Xenopus 58, 65, 86, 212, 220

Fulminant sepsis 163
Funisitis 234

G

G-protein 49, 182, 183
Galactan 150
Galactose 4
Galactose rich protein 4,
Galactosidase( ) 14, 81, 155
Galactosyl-ceramide 240
Gastritis 243
Gastrulation 60
Gene conversion 43, 108, 110, 123, 125, 126
Gene encoding for

Helios 81
Hemoglobin 60
Ikaros 81
Keratin 85
Ndr195
Neor 113
Rb1 95
Rb2 95
SPA-1 95
Sr1 108

Gene not expressed
Orphon 126

Gene promoter
5  81, 84, 102

B28 81
B29 82, 84
BLK 84
CD13 62
CD19, 82, 84
CD20 82, 84
CD22 84
CD72 82, 84
Elastase I 264
EOS47 64
GM-CSF R 66
IgE 95
IgG1 95
IgH 84
Ig  84
insulin 266
keratin IV 265
keratin-14 210
liver-specific albumin 265
mb1 82, 84
RAG 84
TCR  94
TdT 81, 84
Vpre-B1 1, 81, 82, 84
Vpre-B2 81, 82

Germinal center 38, 41, 119, 121, 180
Apical light zone 38, 41
Basal light zone 38, 41
Centroblast 38
Centrocyte 38
Dark zone 38, 41
 follicular mantle 38, 41
marginal zone 104

Giardia 161
Graft 267
Graft rejection 242
Graft versus host (GVH) 268
Glucocorticoid 183
Glycoprotein D (BHV-1) 146
Glycoprotein G (BHV-1) 146
GMP-ganglioside 51
Goiter 183
Golgi apparatus 23, 25, 43, 45
Granule

Azurophilic 12
Primary 12
Secondary 12

Granuloma 274
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Granulopoiesis 61
Growth factor

c-Kit 21, 64, 72, 77, 82, 98, 188
Flc-3 207
G-CSF 15, 17, 31, 66, 69
GM-CSF 15, 17, 18, 21, 61, 64, 65, 69,

70, 158, 237, 239, 297
M-CSF 69
PDGF 54
Steel factor 61
Stem cell factor 60, 72

Growth factor hormone (bovine) 155
Glucuronidase ( ) 14,20
Glycophosphatase ( ) 14
Guanosine monophosphate (cGMP) 204
Guinea pig 3–5, 17, 23, 24, 33, 47, 148
Guinea pig CMV (GPCMV) 166

H

Hapten
dimethylphenyl aminophophtalen-

sulfonyl (Dansyl) 134
2,4 dinitrophenol (DNP) 121, 132, 134,

137, 138, 146
2,4 dinitrofluorobenzene 270
fluorescein (FTC) 134
phenylarsonate 137
2-phenyl-5 oxazolone 178
2.4.6 trinitrophenol (TNP) 134, 137, 138

Hapten conjugate
BSA-DNP 132
FITC-Dextran 225
FITC-DNP 133
Inulin-BSA 173
Isomaltohexose-KLH 143
KLH-DNP  132, 133
NP-BSA 110
NP-CGG 118
TNP-BGG 215
TNP-Brucella abortus 99, 139
TNP-Ficoll 118, 138, 151, 154
TNP-HGG 261
TNP-LPS 138
TNP-UPC10 176

Harderian gland 72
Hassal’s corpuscle 38,214
Heat shock  224
HeLA 82
Heliobacter jyeni  243
Hemagglutination 136, 141
Hemagglutination inhibition 136, 156, 157

Hematopoiesis 57–59, 62, 66, 79
Hematopoietic stem cell (HSC) 37, 58–

60, 62, 64, 73, 76, 79, 80, 86, 111,
202, 205, 206, 211, 212, 214, 215

Hemoangioblast 60, 66, 73
Hemocyte 65
Hemocytoblast  66
Hemolysis 149
Hemophilus influenzae 148, 165, 163,

286, 287
Heparin 20, 21
Hepatitis A virus 285
Hepatitis B virus 148, 259, 274, 293
Herpes simplex virus (HSV) 148, 170
Herpes-zoster virus 279
Histamine 20, 21, 65
Histamine decarboxylase 65
Histiocyte 24, 29
Homologous recombination 294
Horor autotoxicus concept 104, 205
Horseradish peroxidase 34
HSP60 7
HSP70 221
Human immunodeficiency virus (HIV)

165, 148, 201, 251, 254, 274
Hyaluuronan 4
Hydrops 189
Hyperthyroidism 182,183
Hypothalamus 227
Hypothyroidism 183

I

ICAM-1.3 15
ICAM1 15, 47–49, 95
Idiopathic thrombocytopenia 184
Idiotype, Crossreactive (IdX) 177, 178,

227
A48IdX 132, 152, 153, 176, 177
HibId-1 289, 290
HibId-2 289
IdX E (lysozyme) 151
IdX E109, G,X,A (inulin) 140, 174
J558 173, 175
MOPC460 138
QUPC 52
T15 138
X24 135

IL-2-associated protein kinase (IRAK4)
7, 8

Imiquimod 6
Immune paralysis 260
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Immune synapse (IS) 43, 45–48, 51
Supramolecular activation cluster

(SMAC) 47, 49
Immunity

Adaptive 1, 10, 16, 33, 37, 45, 60, 228,
233, 273

Adoptive transfer 9, 251, 255
Artificial passive acquired 9, 159,

162, 178
Cell-mediated (CMI) 193, 212, 216,

221, 226, 233, 241, 242, 273–275,
277, 281, 285, 294

Contact sensitivity 226
Herd 178
Immunological memory 10, 51, 273,

274, 276, 283, 285, 287, 288,
290, 292

In ovo adoptive transfer 58
Innate 1, 2, 3, 16, 18, 20, 27, 32, 37, 45,

60, 65, 228, 233, 273
Natural acquired passive 9, 159, 162
Natural active (post-infectious) 287
Protective 243, 274, 279, 280, 294

Immunoadherance 14
Immunodeficiency 283
Immunodominant peptide 298
Immunoglobulin

Chimeric 264, 297
Fab fragment 167
Fc fragment 167, 169
Fc  17
Fc  15, 17, 20, 59
Fc  15, 17, 53
Fcu 21
Fv fragment 172

Individual idiotype (IdI)
J558 175
UPC10 135

Infantile genetic agranulocytosis
(Kostmann’ syndrome) 188

Influenza virosome 285
Influenza virus

Hemagglutinin (HA) 44, 266, 279
Neuraminidase (NA) 155, 156, 279
Nucleoprotein (NP) 155, 264, 296

Inositol phosphate 198
Insulitis 300
Interleukin (cytokine)

IL-1 4, 6, 14, 15, 21, 27, 53–55, 151, 233,
236, 240

IL-1  236

IL-1  16, 69, 224, 236, 238
IL-2 14, 53, 32, 53, 54, 72, 73, 170, 194,

201, 203, 218, 221, 233, 238, 239,
241–243, 255, 262, 269, 270, 277,
295

IL-3 21, 54, 59, 61, 63, 64, 194
IL-4 14, 15, 21, 53, 55, 70, 71, 92, 93,

170, 194, 199, 201, 215, 217, 225,
229, 233, 238, 240, 241, 245, 267,
277, 278, 280, 283

IL-5 53, 63, 71, 194, 215, 234, 235, 239,
243, 245, 254, 293

IL-6 21, 27, 53–55, 151, 194, 233, 234,
236, 238, 240

IL-7 14, 15, 61, 77, 81
IL-8 15, 16, 229, 233, 234, 236, 240
IL-9 283
IL-10 31, 32, 53, 71, 102, 103, 229,

233–235, 255, 262, 270, 289
IL-11 229, 234
IL-12 28, 31, 32, 53, 55, 66, 67, 69, 158,

217, 236, 237, 239, 267, 269, 275,
278, 280, 296–298

IL-13 31, 53, 55, 194, 215, 217, 229, 233,
235, 239, 245, 278, 283

IL-15 15, 31, 32, 236, 353, 355, 373
IL-18 6, 55, 236, 237, 239
IFN  15, 31, 55, 70, 158
IFN  15, 55, 70, 158
IFN  31, 32, 53, 55, 71, 158, 170, 194,

201, 203, 216, 223, 229, 233, 234,
236–240, 243–246, 248, 257, 267,
269, 270, 275, 277, 278, 280, 282,
283, 295–297, 299

Lymphotoxin 32
TGF  16, 27, 54, 70, 187, 193, 254,

262, 299
TNF  15, 16, 21, 27, 32, 53, 54, 68,

187, 201, 203, 210,229, 233, 236,
239, 240

Interferon-induced Cre recombinase 100
Intermediate cellular mass (ICM) 57, 86
Internal image 12
Interspecies crossreactive idiotype 175
Intestinal epithelial cells 221
Intraamniotic infection 233
Invariant chain (Ii) 43, 229
Ionomycine 202
Isoelectrofocusing (IFE) 110, 134, 139,

140, 154, 173, 289



382 Index

J

J558 protein 173,176
Jasplakinoide 49
Jaundice 189
Juvenile periodontitis 13

K

Keratinocyte 265
Kernicterus 189
Kinase

B lymphoid tyrosine kinase (BLK) 80
Mek1/2 7
MKK7 210
p56 lck 197, 198, 200, 201, 204,
Pelle 7
PI3K 61, 92, 93, 95, 198
PKC -serine threonine 49, 198, 199
PKT  93, 205
PLC  209

Knockin mouse119
V J  210

Knockout mouse
B2-microglobulin 84
CBF 62
CD21/CD35 96
CD28 210
CD40 210
CD45 93
C/EBPaa 63
EBF 82
E2A82
G-CSF 61
Grb2 210
Ikarios 81, 83
LCK 93, 94
MHC class I 210
NOD 2-microglobulin deficient 299
NOD-IL-4 deficient 300
Rel 69, 70
PAX 5
PhospholipaseC- 2 94
Pre-TCR 206
PU.1 69
STAT4 270
STAT6 270
TNF  210
TNFR1 210
TNFR2 210
TCR 209
V-pre B 82
V-preB1,VpreB2, 5 (triple) 77

L

Lactoferrin 14, 63, 67, 159
LAF-1 47, 95
Lamb (fetal) 79, 124, 131, 145
Laminin 15, 53, 63, 185
Lamprey 4
Langerin 30, 70
Latrunculin A 49
Lazy leukocyte syndrome 188
Lecithinase 4, 5
Leprosy 259
Leptospire saxkoebing 147
Leukotriene 17, 21
Leyding organ 76
Lipoarabino mannan 6
Lipase 14
Lipoic acid 182
Lipoteichoic acid 6,7
Lipopolysaccharide (LPS) 3, 7, 16, 34, 36,

41, 49, 50, 69, 93, 108, 114, 150, 151,
154, 225, 229, 233, 235–237, 245, 260

Lipoprotein 6
Liposome 245, 260
Listeria monocytogenis 223
Lizard 4

Chalcides ocelattus 76
LPS binding protein 3
Lumbricin 3
Lymphochoriomeningitis murine virus

(LCMV) 220, 250
Lymphoid tissue

Bronchial associated (BALT) 38, 42, 161
Gut associated (GALT) 38, 42, 79, 110,

122–124
Lymph node 23, 27, 38, 77
Periarterilar lymphoid sheet (PALS) 42
Skin-associated 38

Lysenin 3
Lysin 3
Lysophospholipase 17, 21
Lysosome 13, 23, 25, 33, 43, 223
Lysozyme 1,11,12,14, 24 , 23, 27, 33, 43,

49, 51, 63, 67, 108, 133, 151, 169,
243, 256, 270

multivalent 256
oligovalent 256

M

Macrophage 2, 3, 5, 12, 23, 25, 27, 29, 46,
49, 50, 55, 65, 67, 68, 223, 228, 237,
274
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alveolar 25, 223
decidual 223
fetal 223
liver (Kupffer cell) 3, 24
peritoneal 223
pulmonary 25, 223, 279

Mammary tumor virus (Mtv) 269
Mast cell 2, 18, 55, 61, 62, 64, 65
Maternal antibody 108, 131, 143, 156,

159–163, 165, 166, 169–171, 178,
256, 257, 258, 280, 281, 287, 293

Maternal idiotype suppression 174, 175
Maternal pathogenic autoantibody 180,

181, 185, 186, 189, 190
McCune-Albright syndrome 183
Mediastinum 38
Megakaryocyte 60
Meningitis 163, 188, 291
Meningococcal outer membrane vesicle 291
Meningococcemia 291
Measles virus 159, 280
Mercuric chloride 270, 271
Merozoite 37
Mesenchyme 76, 86, 221
Mesengial cell 29
Mesoderm 57, 65
Mesonephros 75
Metamyelocyte 188
Methyl-D-galactoside 136
Micrococcus luteus 170
Microglia 24, 29, 68
Microglobulin ( 2) 160, 161, 219
Microtubular organizer 49
Mitochondria 23–25, 33, 37
Mitogen-activating protein kinase

(MAPK) 92, 94, 95
ERK 14, 93, 198, 199,  210
JNK 7, 63, 95, 199, 210
p38 8, 9, 50, 210

Mixed lymphocyte culture (MLC) 263
Mollusca 51
Monoclonal antibody specific for

CD4 99, 204
CD40 (CD40.G1) 203
GL7 119
IFN-  299
MTS24 cell 84
Pan-T cell 212
PNA 119, 220
RAG 119, 220
TCR  213

Monkey
Baboon 147, 157
Chimpanzee 157
Rhesus macaque 82, 87, 170

Monocyte 2,12, 23, 25, 58, 65–67, 69, 229,
236, 239

Monophosphoryl Lipid A 151
Multiparous 221
Multivesicular body 25
Mumps virus 148, 150
Murine leukemia virus 248
Mutation

point 118
replacement 118, 128, 290
reverse 282
silent 118, 128
somatic 10, 43, 108, 124, 290

Mutant murine strain
C3H/HeJ 133
CBA/N (xid) 133, 286
Motheaten 103
MRL/lpr 104
NOD 86, 190, 300
nude 225
SCID 86
W/wv 21

Mycobacteria tuberculosis 6, 37, 234, 246
MyD66 28, 78
Myeloid cell 60, 69
Myelokathexis 187
Myeloma protein

ABPC48 195
E109 173, 174
MOPC315 138
MOPC384 136, 152
MOPC460 136
S107 137
SP2/0 246
TEPC15 137
UPC10 135, 176
XRPC24 173, 174

Myelomonocyte progenitor 61
Myeloperoxidase 14, 63, 67
Myelopoiesis 60, 62
Myoblast 221
Myocardial fibroelastosis 188
Myofibroblast 187
Myoglobin 133
Mytilus 3
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N

N-Acetyl galactosamine 3
N-Acetyl glucosamidase 14
N-addition 51, 108, 118, 124, 128, 212
N-region diversity 115, 157
Natural antibody (multispecific) 179,

180, 259
Natural killer cell (NK) 2, 5, 8, 12, 31, 32,

47, 51, 55, 59, 71, 73, 83, 87, 89, 236,
238, 239, 268, 273, 280

NK receptor
CD94/NKG 72, 87
KIR 8, 32, 73
Ly49 8, 72, 87
Nematode 51

NK surface antigens
NK1.1 36, 71, 89, 72, 268
NKRP-SH 230

NKCD8+ 269
Negative selection 262
Neisseria meningitis 163,206,291
Neonatal autoimmune disease

Graves’s disease 182, 183
Lupus 180, 185, 186
Myasthenia gravis 180
Pemphigus 180, 185
Thrombocytopenia (NAT) 183

Neonatal repertoire 16,108,109, 176
Network theory 11
Neuraminidase 4
Neurotoxin 2
Neutrophil  12–16, 188, 236
Nocardia water soluble mitogen

(NWSM) 78, 103, 141, 142, 172
Nucleolus 23, 28

O

Oligoclonal 135, 260, 289
Omentum 79
Omphalomesenteric artery 58
Oncogene

c-Myb 58
Flo-1 58

Oncostatin M 59
Opossum 135
Opsonin 12, 14, 114, 285, 286, 291
Opthalmopathy 183
Orphan steroid receptor (Nurr77) 210
Orphon 126
OspA 6,151
Osteoclast 24, 29, 68

Otitis 163
Ovalbumin (OVA) 17

P

Pandemics, 147
Paraaortic splachnopleura (p-Sp) 58
Parabiosis 267
Pathogen-associated molecular pattern

(PAMP) 5, 28
Pathogenic antibody 179, 180, 184, 185, 253
Parvovirus B19 188
Pauciclonal 138, 154, 290
Peanut agglutinin (PNA) 120
Pentraxin 3
Peptidoglycan 6, 246
Perforin 221, 274
Pericardium 24
Periodic acid 3
Peroxisome 12,14
Peroxidase 14
Peritoneum 24, 260
Peyer’s patches 27, 29, 79, 122, 124, 126, 154
Phagocytosis 2–5, 10, 14, 65
Phagocyte 273
Phagolysosme 13
Pharyngeal pouches 83, 84, 211
Phenyl arsonate 137
Phosphatidyl choline (Ptc) 105, 145
Phosphatidyl serine 4
Phosphoryl choline (PC) 105, 133, 137
Phytohemagglutinin (PHA) 233, 235,

238, 245, 278
Piglet 86
Pinocytosis 3, 4, 14, 17, 34, 65, 160, 223
Placentomme 147
Plaque forming assay (PFC) 46, 130, 140,

141, 151, 173, 176
Plasma cell 34, 37, 148
Plasmacytosis 148
Plasmid bearing genes encoding for

Bovine growth hormone 294
Bovine herpes virus

gD glycoprotein 120, 295
Clostridium tetanii

C fragment, 157, 244, 295
Hepatitis B virus

surface antigen 157, 244, 295
Herpes simplex virus

gB glycoprotein 295
HIV

Envelop gag-pol protein 295
IFN  244
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IL-12  244
Influenza virus

Hemagglutinin (pHA) 119–121,
171, 244, 254, 295

Nucleoprotein (NPVI) 155, 245–247,
249–251, 295, 296

LCMV
Glycoprotein (gp) 254
Nucleoprotein (NPV1) 25, 254, 295

Measles virus
Hemagglutinin 157, 170, 171, 295

Murine retrovirus
Cas-Br-M protein 250, 295

Plasmodium yeolii
CSP 295

Pseudorabies
gD glycoprotein 295

Rabies virus
glycoprotein 155, 295

RSV
F antigen 295

Sendai virus
Nucleoprotein 157, 244, 295

SV40
promoter 155

Plasmodium falciparum 37, 149, 255
PMA 61, 101, 202
Pneumonia 188
Pockweed mitogen (PKM) 103, 155
Poliomyelitis 159, 278
Polyclonal activator (B-cell mitogen) 91,

172, 224
Polyoma virus 255, 278
Portal hypertension 181
Positive selection 209
Proapoptotic agent

bac95
bax 95
caspase -1, -3 8, 68, 95

Promyelocyte 214
Pronephros 58, 75
Proteasome 221

Lmp-1 221
Lmp-7 221

Protein A 103
Prostaglandin (PGE2) 2, 217
Protein tyrosine kinase family

CsK 205
Frg (p55) 100, 103
Fyn (p30) 92, 100, 103, 201, 204
Lyn (p50) 92, 93, 99, 100
Src 92, 93, 99, 100, 198, 205, 209

Syk 14, 61, 92, 93, 111, 209
Tyrosine kinase (PTK) 49, 137

Protein-specific antigen peptide
transporter (TAP) 45

Proteoglycan 19
Proteus morganii 137
Protooncogene

c-fens 66
vav 198

Pseudomonas gingivitis 6
Purified protein derivative (PPD) 234,

235, 245, 278

R

Rabies virus 169
Radioimmune assy (RIA) 156
Rag 75, 78, 84–86, 97, 98, 119–121, 125,

195, 205, 207, 211, 212
RANKL 68
Ras 194, 198, 209
Ras-GRP 209
Ras-related Rho-Rec protein 198
Receptor editing 118
Receptor revision 118
Receptor expressed on white blood cells

Adenosine 22
Apoptotic receptor

CD95 52
Cannabinoid

CB1 22
CB2 22

Chemokine receptors
CCR2 22, 54
CCR3 22, 54
CCR4  54
CCR6 53
CCR7 28, 31
CXCR1 15, 28, 54
CXCR3 22
CXCR5  28, 53

Chemotactic receptor
FPR1 12, 14, 15
FPR3 12, 14

Complement receptors.
CD21 30, 52, 53, 88, 91, 96, 102, 103,

199, 204, 295
CD35 15, 53
CD46 15, 53, 280
CD88 22

Endocytic-lectin type 226
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Fc receptor 3, 4, 8, 17, 160, 224
CD16 (FcR IIb) 22, 31, 53, 63, 96
CD 64(Fc RI) 15, 22, 30, 53, 66, 68
CD 23(Fc R) 5, 22, 30, 53, 65, 91,

96, 102, 104
CD 32(Fc RIII) 22, 53, 63, 66, 96, 101
FcμR 31
Neonatal FcR (FcRn) 161,16

Growth factor
CD114  (G-CSF) 22, 61, 63, 67
CD116 (GM-CSF) 22, 63, 64, 67
CD117 (c-Kit) 21, 22, 54, 64, 72, 77,

82, 98, 188
CD117 (SCF) 65, 206
GM-CSF R 66, 67

Integrin receptors
CD11a 15, 22, 30, 31, 53, 213
CD11b 15, 22, 30, 53, 68, 70, 188
CD11c 15, 22, 29, 30, 69, 70, 220, 225
CD18  53, 188
CD31 53, 217
CD49a 53
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CD49c 53
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Interleukin receptors
CD10 (IL-10R) 53, 80
CD25 (IL-2R)  53, 70, 72, 73, 82, 85,

87, 203, 204, 217, 235, 245,
255, 261

CD118 (IFNa,b) 14
CD121 (IL-1R) 5, 7
CD122 (IL-2, IL-15) 53
CD123 (IL-3R) 30, 53, 65, 70
CD124  (IL-4 R) 53, 235
CD125 (IL-5R) 53
CD126 (IL-6R 53, 235
CD128 (IL-8R) 53
CD132 (IL-15R) 14, 72, 73
CD153 (TNFR) 7, 154, 210, 217, 235
CD212 (IL-12R) 53
CD213  (IL-13R) 53, 217
IFN  R 223, 237
IL-7R 77, 225
IL-18R 239

LPS receptor
CD14 22, 30, 53, 67–69, 229

Scavenger receptor 3
CD36 (oxidized LDL) 4, 54
collagen 4

Hyaluronan 4
mannose 4

Toll receptor 5–8, 21, 154, 244, 246
Transferrin

CD71  52
Recombinant protein 151
Recombinant signal sequence (RSS) 97,

98, 114, 123, 125
Red blood cells (RBC)

allogeneic-fraternal 269
autologous 5, 14
sheep 3, 45
sickled 4

Respiratory distress syndrome 239
Respiratory syncial virus (RSV) 160, 167
Restriction fragment length

polymorphism (RFLP) 125
Reticulocyte 149
Reticuloendothelial system 160, 167
Ribonuclease (RNase) 17, 133
Rosette forming cells (RFC) 214
Rotavirus 163
RT-PCR 72, 100
Rubella 259

S

Sacculus rotundus 122
Salmonella

enteritidis 36
tel-aviv 136
thphimurium 7
tranaroa 136
typhosa 146

Schistosoma
hematobium 234
mansoni 152

Schistostomsomiasis 259
Schwartzman phenomenon 49
Seaurchin 3
Selection

negative 104
positive 104

Sendai virus 164, 244
Seroconversion 281, 283
Shigella 161
Shingles 279
Smallpox virus 273
Somatic recombination 97
Spatzle protein 5
Splenic focusing assay 135
Starfish 2
Staphylococcus aureus 5, 14, 154
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STAT-1 238
STAT-3 61
Streptococcus  group B 163
Streptococcus pneumoniae 137, 163,

260, 286
Synchorial parabiosis 258
Syncytiotrophoblast 160

T

T-cell replacing factor 215
T-cytotoxic cell (CTL) 55, 155, 241, 242,

263, 279
T-regulatory cell

CD4 +CD25 high 34, 193, 254, 255,
262, 299

Th3 34, 193, 254, 262
Tr1 34, 193, 254, 255, 299, 301

T cell
CD28 94, 101, 201

Costimulatory receptor
CTLA-4 94, 101, 291, 202
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DN1 206
DN2 206
DN3 206
DN4 206
Double negative (CD4-CD8-) 85, 195,

201, 203, 204, 207, 210, 214, 261
Double positive (CD4+CD8+) 87, 197,

204, 206, 207, 209–211, 262–264
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) 85, 86, 203, 204
T/NK 71, 206, 214, 215, 239, 261

T cell subsets
/  34, 37, 87, 203, 212–215, 261

g/  34, 36, 55, 87, 89, 212, 214, 215
NKT 34, 36, 239, 268
Th1 34, 55, 71, 193, 199, 201, 216–218,

229, 237, 241, 243, 251, 254, 264,
267, 269, 275, 276, 278, 296, 298,
299

Th2 34,55 71, 193, 199,201, 215, 217,
218, 229, 238, 241, 243, 251, 262,
264, 267, 269–271, 275, 277, 278,
284, 296, 298, 299, 301

Tachycardia 183
TCR

CD3 72, 109, 114, 116, 123, 127, 128,
130, 157, 162 ,191, 194, 197, 198,
203, 211

Pre-TCR 197, 261, 262

TCR loci
TCR  194, 195, 197, 204, 210, 211, 261
TCR  194, 195, 197, 204
TCR  194, 195, 197, 204
TCR  194, 195, 197, 204

TdT 77, 85, 98, 115, 212
Theracine 273, 275, 300
Thromboxane 27
Thymic epithelial cell (ETC) 85, 209, 211,

212, 214, 264
Thymic stromal cell 209
Thymus

cortex 38, 84, 208, 209, 225
cortical medullary junction 208, 209
medulla 38, 84, 85, 207, 208, 264
primordium 84, 85, 211, 212

Thyroid somatic hormone receptor
(TSHR) 182

Thyroidectomy 183
TNF receptor activation factor (TRAFG) 7
Tolerance

central 11, 179, 254–257, 262, 264
fetal 253, 255–257, 259
natural 258
neonatal 242, 255, 257, 262, 268, 300
peripheral 179, 254, 257, 262, 265
split 262

Trancytosis 160
Trans-Golgi 45
Transcription factors

AML-1 884
AP-1 7, 8 , 95, 199, 201
AP-2 195
BSAP 82, 84
C/EBP  62, 64, 67
c-Jun 7, 8, 95
c-Myb 62, 67
CBF 62, 195
CDP 67
CP-1 195
E2A 82, 84
E12 82
EBF 82, 84
Egr-1 67, 209
ELF-1 84
EPS 6, 84
Ets-1, 64, 67, 82, 84, 195
GABP 67
GATA-1  58, 67, 195
GATA-2 60, 62, 84
GATA-3 245
Hox 62, 63, 67
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ICSBP 64
Ikaros 75, 84, 86
KE2 195
MZF-1 63, 67
NF-Y/CB 84
NF B 7, 8, 28, 82, 84, 92
NF b-RelA 69, 84
NFAT 92, 95, 199, 201
NFIL-6 84
OCA-B,84,
Oct,-2, 84
PAX-5  82,83,84
P.U.1 69 84
Scal-tal 84
Schnurr1 209
Sox-4 84
Sp-1 67, 194
STAT4 270
STAT6 270
T-bet 245
TCF-1 195

Transgenic mouse
Double tg ds DNA 256
Double tg INSHA/TCRHA 265, 300
Double tgVH-VL( lysozyme) 105, 257
IgHm/d 104
IgM 100
IM/CD79b 98
K14OVA 211
Kb-hepatocyte 265
mMT/mMT 162
Ot-1211
Pancreas specific elastase I 264
VH81X112

Treponema palidum 148
Trophoblast 160
Trypanosome 294
Trypsin 4
Tuberculosis meningitis 277
Tunicate 3,51

U–V

V genes encoding BCR
5 80, 112

C 122
C  122
C 122
Ck 97, 116, 122, 126
Cl  95,122, 125
DH  97, 110, 112, 114, 123, 125–127
DJ 109, 110, 113, 114, 127

DJμ 127
J  111, 123, 125, 126, 129
JH 97, 114, 123, 126
Jk 111, 122, 126, 129, 289, 290
pseudo  80
V-preB 77, 80
V-preB 5 162
V  97, 110, 111, 124–126, 129
Vb1(bird) 86
Vb2(bird) 86
V(D)J 80 97, 109–112, 114, 122–124,

147, 212
VH  97,109–117, 123,–128, 289, 290
Vk 97, 111, 112, 115, 116, 121, 124, 129,

289, 290
V genes encoding TCR

C 195
C  198
J 36 89
J  195
V  gene 36, 85, 89
V 36 89
V  85, 87
V  85, 87

Vaccine
Inactivated

Bordetella pertussis heat-inactivated
150, 282, 283

Diphtheria toxoid 10, 282, 283
filamentous HA 284
Hepatitis A formalin-inactivated

285
Influenza virus formalin

inactivated 155, 164, 221,
282, 283

Japanese encephalitis virus 283
Salk polio vaccine 282, 283
Tetanus toxoid 154, 159, 244, 282,

283, 287
toxoid 284

Live attenuated
BCG 277, 296
influenza virus cold attenuated

251, 277, 279
Measles 159, 243, 244, 277, 280, 281
Mumps 277, 280
Rubella 277, 280, 281
Sabin poliovirus 159, 277, 278
Vaccinia 10, 159, 243, 244, 277, 282
Varicella-zoster 277, 280
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Recombinant protein
Hepatitis B surface antigen 278, 293

Recombinant virus
vaccinia influenza virus

recombinant 166
Sub-vaccines

Bordella pertussis acellular
vaccine 170, 284, 285

Hemophilus influenzae type b
(Hib) 287,288

Neisseria meningitidis type A and
C 291

Streptococcus pneumoniae
heptavalent vaccine 291

Vaccinia 10
Vaginal delivery 233

Varicella 279
Varicella-zoster (VZV) 279
Variola 273,276
Vasolin 198
VCAM-1  30
Ventricular hypertrophy 186
Vesicle-associated protein 3 (VAMP3) 14
Vitamin B12 binding protein 12,14

W–Z

Waterflee Daphnia 2
Waterhouse-Fredericksen syndrome 291
Wiskott-Aldrich 286
Yolk sac 57,58,59,60,65
Zap-70 198
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