
Chapter 1 – Properties and Overview of Immune Responses2

important advances in immunology have come since the 
1990s, with the development of therapies targeting dif -
ferent components of the immune system that are based 
on fundamental science and are dramatically altering the 
progression of human inflammatory diseases and cancers.

In this chapter, we outline the general features of 
immune responses and introduce the concepts that form 
the cornerstones of modern immunology and that recur 
throughout this book.

INNATE AND ADAPTIVE IMMUNITY

Defense against microbes is mediated by sequential and 
coordinated responses that are called innate and adaptive 
immunity  ( Fig. 1.1  and Table 1.2 ). Innate immunity  
(also called natural immunity  or native immunity ) 
is essential for defending against microbes in the first few 
hours or days after infection, before adaptive immune 
responses have developed. Innate immunity is mediated 
by mechanisms that are in place even before an infection 
occurs (hence innate) and that facilitate rapid responses 
to invading microbes.

In contrast to innate immunity, there are other immune 
responses that are stimulated by exposure to infectious 
agents and increase in magnitude and defensive capabili -
ties with each successive exposure to a particular microbe. 
Because this form of immunity develops as a response to 
infection and adapts to the infection, it is called adaptive 
immunity  (also called specific immunity  or acquired 
immunity ). The adaptive immune system recognizes 
and reacts to a large number of microbial and nonmi -
crobial substances, called antigens . Although many 

AR, Bart KJ, Hadler SC: Immunization. In Mandell GL, Bennett JE, 
Dolin R (eds): Principles and practices of infectious diseases, ed 4, 
New York, 1995, Churchill Livingstone; and Morbidity and Mortality 
Weekly Report 64, No. 20, 2015.

Disease

Maximum 
Number of 
Cases (Year)

Number 
of Cases 
in 2014

Percentage 
Change

Diphtheria 206,939 (1921) 0 −99.99

Measles 894,134 (1941) 669 −99.93

Mumps 152,209 (1968) 737 −99.51

Pertussis 265,269 (1934) 10,631 −95.99

Polio (paralytic) 21,269 (1952) 0 −100.0

Rubella 57,686 (1969) 2 −99.99

Tetanus 1,560 (1923) 8 −99.48

Haemophilus 
influenzae 
type B

~20,000 (1984) 34 −99.83

Hepatitis B 26,611 (1985) 1,098 −95.87

TABLE 1.1  E!ectiveness of Vaccines for Some 
Common Infectious Diseases

This table illustrates the striking decrease in the incidence of 
selected infectious diseases in the United States for which e!ective 
vaccines have been developed.
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FIGURE 1.1  Innate and adaptive immunity.  The mechanisms of innate immunity provide the initial 
defense against infections. Adaptive immune responses develop later and require the activation of lympho -
cytes. The kinetics of the innate and adaptive immune responses are approximations and may vary in di!erent 
infections. Only selected cell types are shown. ILC,  Innate lymphoid cell; NK,  natural killer. 

Data from Orenstein WA, Hinman 
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block in T cell and NK cell development, but normal B 
cell development, reflecting the requirement for IL-7 in 
T cell development in humans and of IL-15 for NK cells.

The greatest proliferative expansion of lymphocyte 
precursors occurs after successful rearrangement of the 
genes encoding one of the two chains of the T or B 
cell antigen receptor, producing a preantigen receptor 
(described later). Signals generated by preantigen recep-
tors are responsible for far greater proliferation of devel-
oping lymphocytes (which have successfully rearranged 
the Ig heavy chain gene or the TCR β chain gene, as the 
case may be) than are cytokines such as IL-7.

Role of Epigenetic Changes and MicroRNAs in 
Lymphocyte Development

Many nuclear events in lymphocyte development are 
regulated by epigenetic mechanisms. Epigenetics refers 
to the control of gene expression and phenotypes by 
mechanisms other than changes in the genetic code itself. 
Uniquely in developing lymphocytes, epigenetic mecha-
nisms also control antigen receptor gene rearrangement 
events. DNA exists in chromosomes tightly bound to his-
tones and nonhistone proteins, forming what is known 
as chromatin. DNA in chromatin is wound around a 
protein core of histone octamers, forming structures 
called nucleosomes, which may be either well separated 
from other nucleosomes or densely packed. Chroma-
tin may therefore exist as relatively loosely packed 
structures, called euchromatin, wherein genes can be 
accessed by transcription factors and other proteins and 
are transcribed, or as tightly packed heterochromatin 
in which genes are maintained in a silenced state. The 
structural organization of portions of chromosomes 
varies in different cells, making certain genes available 
for transcription factors to bind to, while these very 
same genes may be unavailable to transcription factors in  
other cells. Epigenetic mechanisms that regulate the 
accessibility and activity of genes include the methyla-
tion of DNA on certain cytosine residues that generally 
silences genes; posttranslational modifications of the 
histone tails of nucleosomes (e.g., acetylation, methyla-
tion, and ubiquitination) that may render genes either 
active or inactive depending on the histone modified 
and the nature of the modification; active remodeling 
of chromatin by protein machines called remodeling 
complexes that can also either enhance or suppress 
gene expression; and the silencing of gene expression by 
noncoding RNAs.

Some critical components of lymphocyte development 
are regulated by epigenetic mechanisms.

• Histone modifications in antigen receptor gene loci are 
required for recruitment of proteins that mediate gene 
recombination to form functional antigen receptor 
genes. This process is discussed later in the chapter.

• Commitment of developing T cells to the CD4 or 
CD8 lineage depends on epigenetic mechanisms that 
silence the expression of the CD4 gene in CD8+ T 
cells. Silencing involves chromatin modifications that 
place the CD4 gene into an inaccessible heterochro-
matin state.

During B and T cell development, committed progeni-
tor cells proliferate first in response to cytokines and later 
in response to signals generated by a preantigen recep-
tor that select cells that have successfully rearranged the 
first set of antigen receptor genes. Proliferation ensures 
that a large enough pool of progenitor cells will be gen-
erated to eventually produce a highly diverse repertoire 
of mature, antigen-specific lymphocytes. In rodents, 
the cytokine interleukin-7 (IL-7) drives proliferation of 
both early T and B cell progenitors; in humans, IL-7 is 
required for the proliferation of T cell progenitors but 
not of progenitors in the B lineage. IL-7 is produced by 
stromal cells in the bone marrow and by epithelial and 
other cells in the thymus. Mice with targeted mutations 
in either the gene encoding IL-7 or the IL-7 receptor 
show defective maturation of lymphocyte precursors 
beyond the earliest stages and, as a result, profound 
deficiencies in mature T and B cells. Mutations in the 
gene for the common γ chain, a protein that is shared 
by the receptors for several cytokines, including IL-2, 
IL-7, and IL-15 among others, give rise to an immuno-
deficiency disorder in humans called X-linked severe 
combined immunodeficiency disease (X-SCID) 
(see Chapter 21). This disease is characterized by a 
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FIGURE 8.2 Multipotent stem cells give rise to distinct 
B and T lineages. Hematopoietic stem cells (HSCs) give rise to 
distinct progenitors for various types of blood cells. One of these pro-
genitor populations (shown here) is called a common lymphoid progeni-
tor (CLP). CLPs give rise mainly to B and T cells but may also contribute 
to NK cells and some dendritic cells (not depicted here). Pro-B cells can 
eventually differentiate into follicular (FO) B cells, marginal zone (MZ) B 
cells, and B-1 cells. Pro-T cells may commit to either the αβ or γδ T cell 
lineages. Commitment to different lineages is driven by various transcrip-
tion factors, indicated in italics. ILC, Innate lymphoid cells. 
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REARRANGEMENT OF ANTIGEN RECEPTOR GENES 
IN B AND T LYMPHOCYTES

The genes that encode diverse antigen receptors of B and 
T lymphocytes are generated by the rearrangement in 
individual lymphocytes of different variable (V) region 
gene segments with diversity (D) and joining (J) gene 
segments. A novel rearranged exon for each antigen 
receptor gene is generated by fusing a specific distant 
upstream V gene segment to a downstream segment 
on the same chromosome. This specialized process of 
site-specific gene rearrangement is called V(D)J recom-
bination. Elucidation of the mechanisms of antigen 
receptor gene rearrangement, and therefore of the 
underlying basis for the generation of immune diversity, 
represents one of the landmark achievements of modern  
immunology.

The first insights into how millions of different antigen 
receptors could be generated from a limited amount of 
coding DNA in the genome came from analyses of the 
amino acid sequences of Ig molecules. These analyses 
showed that the polypeptide chains of many different 
antibodies of the same isotype shared identical sequences 
at their C-terminal ends (corresponding to the constant 
domains of antibody heavy and light chains) but differed 
considerably in the sequences at their N-terminal ends 

antigen-presenting cells in peripheral tissues. In the B cell 
lineage, positive selection preserves receptor-expressing 
cells and is coupled to the generation of different B cell  
subsets.

Negative selection is the process that eliminates or 
alters developing lymphocytes whose antigen receptors 
bind strongly to self antigens present in the generative 
lymphoid organs. Both developing B and T cells are 
susceptible to negative selection during a short period 
after antigen receptors are first expressed. Developing T 
cells with a high affinity for self antigens are eliminated 
by apoptosis, a phenomenon known as clonal deletion. 
Strongly self-reactive immature B cells may be induced 
to make further Ig gene rearrangements and thus evade 
self-reactivity. This phenomenon is called receptor 
editing. If editing fails, the self-reactive B cells die, also 
called clonal deletion. Negative selection of immature 
lymphocytes is an important mechanism for maintaining 
tolerance to many self antigens; this is also called central 
tolerance because it develops in the central (generative) 
lymphoid organs (see Chapter 15).

With this introduction, we will proceed to a more 
detailed discussion of lymphocyte maturation, starting 
with the key event in the process, the rearrangement and 
expression of antigen receptor genes.
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FIGURE 8.3 Checkpoints in lymphocyte maturation. During development, the lymphocytes 
that express receptors required for continued proliferation and maturation are selected to survive, and cells 
that do not express functional receptors die by apoptosis. Positive selection and negative selection further 
preserve cells with useful specificities. The presence of multiple checkpoints ensures that only cells with 
useful receptors complete their maturation. 
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FIGURE 8.8 V(D)J recombination. The DNA sequences and mechanisms involved in recombination 
in the Ig gene loci are depicted. The same sequences and mechanisms apply to recombinations in the TCR 
loci. A, Conserved heptamer (7 bp) and nonamer (9 bp) sequences, separated by 12- or 23-bp spacers, are 
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The V(D)J recombinase recognizes these recombination signal sequences and brings the exons together.  
B and C, Recombination of V and J exons may occur by deletion of intervening DNA and ligation of the V 
and J segments (B) or, if the RSS is 3′ of a J segment, by inversion of the DNA followed by ligation of 
adjacent gene segments (C). Red arrows indicate the sites where germline sequences are cleaved before 
their ligation to other Ig or TCR gene segments. 
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contribute to holding together gene segments during 
the process of chromosomal folding or synapsis. Rag-1 
then makes a nick (on one DNA strand) between the 
coding end and the heptamer. The released 3′ OH of 
the coding end then attacks a phosphodiester bond 
on the other DNA strand, forming a covalent hairpin. 
The signal end (including the heptamer and the rest of 
the RSS) does not form a hairpin and is generated as a 
blunt double-stranded DNA terminus that undergoes 
no further processing. This double-stranded break 
results in a closed hairpin of one coding segment being 
held in apposition to the closed hairpin of the other 
coding end and two blunt recombination signal ends 
being placed next to each other. Rag-1 and Rag-2, 
apart from generating the double-stranded breaks, 
also hold the hairpin ends and the blunt ends together 
before the modification of the coding ends and the 
process of ligation begins.

RAG genes are lymphoid specific and are expressed 
only in developing B and T cells. Rag proteins are 
expressed mainly in the G0 and G1 stages of the cell 
cycle and are inactivated in proliferating cells. It is 
thought that limiting DNA cleavage and recombina-
tion to the G0 and G1 stages minimizes the risk of 
generating inappropriate DNA breaks during DNA 
replication or during mitosis. Mice without functional 
Rag1 or Rag2 genes (Rag knockout mice) fail to develop 
B or T lymphocytes, and RAG-1 or RAG-2 mutations 
are a cause of severe combined immunodeficiency 
disease (SCID), in which patients lack B and T lym-
phocytes (see Chapter 21).

3. Hairpin opening and end processing: After the for-
mation of double-stranded breaks, hairpins must be 
opened up at the coding junctions, and nucleotides 
may be added to or removed from the coding ends 
to create even greater diversification. Artemis is 
an endonuclease that opens up the hairpins at the 
coding ends. In the absence of Artemis, hairpins 
cannot be opened, and mature T and B cells cannot 
be generated. Mutations in ARTEMIS are a rare cause 
of SCID, similar to patients with RAG1 or RAG2 
mutations (see Chapter 21). A lymphoid-specific 
enzyme, called terminal deoxynucleotidyl transferase 
(TdT), adds nucleotides to broken DNA ends and 
will be discussed later in the context of junctional  
diversity.

4. Joining: The broken coding ends as well as the signal 
ends (the ends that terminate in noncoding RSS 
sequences) are brought together and ligated by a 
double-stranded break repair process found in all cells 
that is called nonhomologous end joining. A number 
of ubiquitous factors participate in nonhomologous 
end joining. Ku70 and Ku80 are DNA end-binding 
proteins that bind to the breaks and recruit the cata-
lytic subunit of DNA-dependent protein kinase 
(DNA-PK), a double-stranded DNA repair enzyme. 
This enzyme is defective in mice carrying the scid 
mutation, and mutations in the gene encoding this 
enzyme also cause SCID (see Chapter 21). Like Rag-
deficient mice, scid mice fail to produce mature lym-
phocytes. DNA-PK also phosphorylates and activates 
Artemis, which, as mentioned before, is involved in 

and associates with and activates Rag-1. The Rag-1 
protein, in a manner similar to a bacterial restriction 
endonuclease, recognizes the DNA sequence at the 
junction between a heptamer and a coding segment 
and cleaves it, but it is enzymatically active only when 
complexed with the Rag-2 protein. Rag-1 and Rag-2 
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FIGURE 8.10 Sequential events during V(D)J recombina-
tion. Synapsis and cleavage of DNA at the heptamer/coding segment 
boundary are mediated by Rag-1 and Rag-2. The coding end hairpin is 
opened by the Artemis endonuclease, and broken ends are repaired by 
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numbers of V, D, and J segments in each locus are 
limited (see Table 8.1), the maximum possible numbers 
of combinations are on the order of 1 to 3 million. This 
is much less than the actual diversity of antigen recep-
tors in mature lymphocytes.

• Junctional diversity. The largest contribution to the 
diversity of antigen receptors is made by the removal 
or addition of nucleotides at the junctions of the V 
and D, D and J, or V and J segments at the time these 
segments are joined. One way in which this can occur 
is if endonucleases remove nucleotides from the germ-
line sequences at the ends of the recombining gene 
segments. In addition, new nucleotide sequences, not 
present in the germline, may be added at junctions 
(Fig. 8.11). As described earlier, coding segments (e.g., 
V and J gene segments) that are cleaved by Rag-1 form 
hairpin loops whose ends are often cleaved asym-
metrically by the enzyme Artemis so that one DNA 
strand is longer than the other. The shorter strand 
has to be extended with nucleotides complementary 
to the longer strand before the ligation of the two 
segments. The longer strand serves as a template for 
the addition of short lengths of nucleotides called 
P nucleotides, and this process introduces new 
sequences at the V-D-J junctions. Another mechanism 
of junctional diversity is the random addition of up 
to 20 non-template-encoded nucleotides called N 
nucleotides (see Fig. 8.11). N region diversification 
is more common in Ig heavy chains and in TCR β 
and γ chains than in Ig κ or λ chains. This addition of 
new nucleotides is mediated by the enzyme terminal 
deoxynucleotidyl transferase (TdT). In mice ren-
dered deficient in TdT by gene knockout, the diversity 
of B and T cell repertoires is substantially less than 
in normal mice. The addition of P nucleotides and N 
nucleotides at the recombination sites may introduce 
frameshifts, theoretically generating termination 
codons in two of every three joining events (if the 

end processing. Ligation of the processed broken ends 
is mediated by DNA ligase IV and XRCC4, the latter 
being a noncatalytic but essential subunit of the  
ligase.

Generation of Diversity in B and T Cells

The diversity of the B and T cell repertoires is created by 
random combinations of germline gene segments being 
joined together and by the addition or deletion of 
sequences at the junctions between these segments. Several 
genetic mechanisms contribute to this diversity, and the 
relative importance of each mechanism varies among the 
different antigen receptor loci (Table 8.1).

• Combinatorial diversity. Different combinations of 
gene segments united by V(D)J recombination produce 
different antigen receptors. The maximum possible 
number of combinations of these gene segments is the 
product of the numbers of V, J, and (if present) D gene 
segments at each antigen receptor locus. Therefore, 
the amount of combinatorial diversity that can be 
generated at each locus reflects the number of germ-
line V, J, and D gene segments at that locus. After 
synthesis of antigen receptor proteins, combinatorial 
diversity is further enhanced by the juxtaposition of 
two different, randomly generated V regions (i.e., VH 
and VL in Ig molecules and Vα and Vβ in TCR mol-
ecules). Therefore, the total combinatorial diversity is 
theoretically the product of the combinatorial diversity 
of each of the two associating chains. The actual 
degree of combinatorial diversity in the expressed Ig 
and TCR repertoires in any individual is likely to be 
considerably less than the theoretical maximum. This 
is because not all combinations of gene segments are 
equally likely to occur and not all pairings of Ig heavy 
and light chains or TCR α and β chains may form 
functional antigen receptors. Importantly, because the 

Immunoglobulin
T Cell  

Receptor αβ T Cell Receptor γδ

Mechanism Heavy Chain κ λ α β γ δ

Variable (V) segments 45 35 30 45 50 5 2

Diversity (D) segments 23 0 0 0 2 0 3

D segments read in all three reading frames Rare — — Often — Often

N region diversification V-D, D-J None V-J V-D, D-J V-J V-D1, D1-D2, D1-J

Joining (J) segments 6 5 4 55 12 5 4

Total potential repertoire with junctional 
diversity

∼1011 — ∼1016 ∼1018

TABLE 8.1 Contributions of Different Mechanisms to the Generation of Diversity in Immunoglobulin 
and T Cell Receptor Genes

The potential number of antigen receptors with junctional diversity is much greater than the number that can be generated only by combinations of 
V, D, and J gene segments. The calculated figures for lymphocyte repertoire magnitudes should be considered very gross approximations. The 
calculations for the Ig repertoire do not account for the phenomenon of somatic hypermutation, which will be discussed in Chapter 12.
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Positive selection

Goal: SELECT thymocytes that recognize self MHC complexes

Thymic epithelial cells express MHC-I and MHC-II loaded with self peptides

 Moderate recognition of self MHC complexes > survival and proliferation

Too week recognition of self MHC complexes> death by apoptosis (death by neglect)



Negative selection
Goal: REMOVE thymocytes that recognize with high affinity self 

peptide-MHC complexes

Removal of self reactive T cell clones

 Strong recognition of self peptide MHC complexes > death by apoptosis 
                                                                  Treg fate

The transcription factor AIRE expressed in thymic epithelial cells 
induce the ectopic expression of tissue-restricted antigens 



Thanks to negative selection, 
central tolerance is established





T cell maturation summary



But how to choose the co-
receptor?

Stochastic model Instructive model

CD4 or CD8 are 
stochastically expressed, 

then selection occurs

High CD4 low CD8 phase, 
based on signals 

downstream of the TCR a 
decision is taken
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transcription of the rearranged TCR β chain gene. After 
the addition and removal of nucleotides during gene 
rearrangement, roughly half of all developing pre-T cells 
contain new nucleotides in the TCR β chain gene that are 
a multiple of three (in one of the two inherited TCR β 
loci), and therefore only approximately half of all  
developing pre-T cells express a TCR β protein. The next 
step in T cell development selects cells that express the 
first chain of the antigen receptor and can pass this 
checkpoint.

Pre-T Cell Receptor

If a productive (i.e., in-frame) rearrangement of the TCR 
β chain gene occurs in a given double-negative T cell, the 
TCR β chain is expressed on the cell surface in association 
with an invariant protein called pre-Tα, along with CD3 
and ζ proteins to form the pre-TCR complex (see Fig. 
8.14B). The pre-TCR mediates the selection of the devel-
oping pre-T cells that have successfully rearranged the β 
chain of the TCR. The function of the pre-TCR complex 
in T cell development is similar to that of the surrogate 
light chain–containing pre-BCR complex in B cell devel-
opment. Signals from the pre-TCR mediate the survival 

primary nuclear transcripts of the TCR β genes contain 
the intron between the recombined VDJβ exon and the 
relevant Cβ gene (as well as the 3 additional introns 
between the 4 exons that make up each Cβ gene, dis-
played in the figure as a single exon for convenience). 
Poly-A tails are added after cleavage of the primary 
transcript downstream of consensus polyadenylation sites 
located 3′ of the Cβ region, and the sequences between 
the VDJ exon and Cβ are spliced out to form a mature 
mRNA in which VDJ segments are juxtaposed to the first 
exon of either of the two Cβ genes (depending on which 
J segment was selected during the rearrangement 
process). Translation of this mRNA gives rise to a full-
length TCR β protein. The two Cβ genes appear to be 
functionally interchangeable, and the use of either Cβ 
gene does not influence the specificity of the TCR. Fur-
thermore, an individual T cell never switches from one C 
gene to another. The promoters in the 5′ flanking regions 
of Vβ genes function together with a powerful enhancer 
that is located 3′ of the Cβ2 gene once rearranged func-
tional V genes are brought close to the C gene by VDJ 
recombination. This proximity of the promoter to the 
enhancer is responsible for high-level T cell–specific 
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FIGURE 8.18 An overview of T cell development in the thymus. Precursors of T cells travel 
from the bone marrow through the blood to the thymus. The progenitors of αβ T cells are double-negative 
(DN) T cells. In the thymic cortex, these cells begin to express TCRs and CD4 and CD8 coreceptors. Selection 
processes eliminate self-reactive T cells in the cortex at the double-positive (DP) stage and also eliminate 
single-positive (SP) medullary thymocytes. They promote survival of thymocytes whose TCRs bind self MHC 
molecules with low affinity. Functional and phenotypic differentiation into CD4+CD8− or CD8+CD4− SP T cells 
occurs in the medulla, and mature T cells are released into the circulation. Some double-positive cells dif-
ferentiate into CD4+CD8− regulatory T cells (Treg, see Chapter 15). The development of γδ T cells is not 
shown. 



Non conventional T cells:  
γδ T cells and NKT cells

Differently from conventional T cells, γδ T cells 
and NKT cells are not MHC-I or MHC-II 

restricted, i.e. their TCR don’t recognize 
peptides loaded on MHC-I or MHC-II

Are considered T cells since they express a TCR

Once activated, these cells can secrete different 
cytokines



γδ T cells express γδTCR  

About 10% of T cells 

Mostly present at epithelial and mucosal barriers

Characterized by a limited TCR diversity (even if 
the loci contain many V-(D)-J)



NKT cells express αβTCR and 
are CD1 restricted

Recognize lipids and glycolipids presented on 
CD1, a membrane complex similar to MHC

Called NKT because they express some markers 
typical of NK cells

Characterized by a limited TCR diversity



B cell maturation (BM)

Pro-B cells

Pre-B cells

no BCR, but expression of B cell 
markers as CD19 and CD10

rearrangement of IgH (μ chain); expression of pre-
BCR, constituted by two heavy chains, surrogate 

light chains, Igα and Igβ




Pre-BCR expression lead to 
light chain rearrangement

Kappa locus is recombined first. If 
recombination in the kappa locus is not 
functional, recombination occurs at the 

lambda locus. 

Surrogate light chains

Allelic exclusion (otherwise 
recombination of 2nd allele)

> IgM surface expression (immature B cell)

Isotype exclusion



Immature B cells further commit 
to three possible programs

Immature cells deriving from fetal liver hematopoietic stem cells 
become B-1 cells (IgM+ CD5+). B-1 cells are abundant in mucosal 
tissues, have limited diversity and spontaneously secrete natural 

antibodies. Respond to lipids and polysaccharides



Immature B cells further commit 
to three possible programs

IgM+

Follicular B cell 
(IgM+IgD+) 
functional 

active and they 
can recirculate

Marginal zone  
B cell (IgM+)

Same specificity same V domain  
generated by alternative splicing

B2



Quality control in the B cell 
repertoire

Positive selection Correct BCR lead to signaling 
important for survival (tonic signal)

Negative selection
Antigen recognition by immature B 

cells (so in the bone marrow) lead to 
receptor editing (deletion of 
recombined light chain, new 
recombination of light chain)

If receptor editing fails, B cell 
undergoes apoptosis


