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1.1 Introduction

The immune system evolved as a defence against infectious
diseases. Individuals with markedly deficient immune re-
sponses, if untreated, succumb to infections in early life.
There is, therefore, a selective evolutionary pressure for
an efficient immune system. The evolution to adaptive re-
sponses has improved the efficiency of immune responses,
though a parallel evolution in pathogens means that all spe-
cies, plants, insects, fish, birds and mammals, have contin-
ued to improve their defence mechanisms over millions of
years, giving rise to redundancies.

An immune response consists of four parts: an early in-
nate (non-specific) response to invasion by material recog-
nized as foreign, a slower specific response to a particular
antigen and a non-specific augmentation of this response.
There is also memory of specific immune responses, provid-
ing a quicker and larger response the second time that a par-
ticular antigen is encountered.

Innate immunity, though phylogenetically older and
important in terms of speed of a response, is currently less
well defined. Humoral components (soluble molecules in
the plasma) and cells in blood and tissues are involved. Such

responses are normally accompanied by inflammation and
occur within a few hours of stimulation (Table 1.1).

Specific immune responses are also divided into humoral
and cellular responses. Humoral responses result in the gen-
eration of antibody reactive with a particular antigen. Anti-
bodies are proteins with similar structures, known collective-
ly asimmunoglobulins (Ig). They can be transferred passively
to another individual by injection of serum. In contrast, only
cells can transfer cellular immunity. Good examples of cellu-
lar immune responses are the rejection of a graft by lymphoid
cells as well as graft-versus-host disease, where transferred
cells attack an immunologically compromised recipient.

Gowans demonstrated the vital role played by lym-
phocytes in humoral and cellular immune responses over
50 years ago; he cannulated and drained rat thoracic ducts
to obtain a cell population comprising more than 95% lym-
phocytes. He showed that these cells could transfer the
capacity both to make antibody and to reject skin grafts.
Antibody-producing lymphocytes, which are dependent
on the bone marrow, are known as B cells. In response to
antigen stimulation, B cells will mature to antibody-secret-
ing plasma cells. Cellular immune responses are depend-
ent on an intact thymus, so the lymphocytes responsible are
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Table 1.1 Components of innate and adaptive immunity

Features Innate Adaptive
Foreign molecules Structures shared by microbes, recognized ~ Wide range of very particular molecules or fragments of
recognized as patterns (e.g. repeated glycoproteins) molecules on all types of extrinsic and modified self structures

Nature of recognition
receptors

Speed of response
Memory
Humoral components

Cellular components

Germline encoded—limited

Immediate
None
Complement components

Neutrophils, macrophages, NK cells, B1
cells, epithelial cells, mast cells

Somatic mutation results in wide range of specificities and
affinities

Time for cell movement and interaction between cell types
Efficient

Antibodies

Lymphocytes—T (To3, Tyd), B, NKT

Lymphocyte development

Peripheral effector cells
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Fig. 1.1 Development of different types of lymphocytes from a pluripotential stem cell in the bone marrow. The developmental pathway
for natural killer (NK) cells is shown separately because it is thought NK cells may develop in both the thymus and the bone marrow.

known as thymus-dependent (T) cells. The developmental
pathways of both cell types are fairly well established (Fig.
1.1).

All immune responses, innate and adaptive, have two
phases. The recognition phase involves antigen-presenting
cells, in which the antigen is recognized as foreign. In the ef-
fector phase, neutrophils and macrophages (innate immu-
nity) and antibodies and effector T lymphocytes (adaptive
immunity) eliminate the antigen.
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1.2 Key molecules

Many types of molecules play vital roles in both phases of
immune responses; sonte are shared by both the innate and the
adaptive systems (see p. 10). Antigens are substances that are
recognized by immune components. Detection molecules
on innate cells recognize general patterns of ‘foreign-ness’
on non-mammalian cells, whereas those on adaptive cells
are specific for a wide range of very particular molecules
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or fragments of molecules. Antibodies are not only the sur-
face receptors of B cells that recognize specific antigens, but,
once the appropriate B cells are activated and differentiate
into plasma cells, antibodies are also secreted into blood and
body fluids in large quantities to prevent that antigen from
causing damage. T cells have structurally similar receptors
for recognizing antigens, known as T-cell receptors. Major
histocompatibility complex (MHC) molecules provide a
means of self-recognition and also play a fundamental role
in T lymphocyte effector functions. Effector mechanisms
are often dependent on messages from initiating or regulat-
ing cells; soluble mediators, which carry messages between
cells, are known as interleukins, cytokines and chemokines.

1.2.1 Molecules recognized by immune systems

Foreign substances are recognized by both the innate
and adaptive systems, but in different ways, using differ-
ent receptors (see below). The innate system is activated
by ‘danger signals’, due to pattern recognition receptors
(PRRs) on innate (dendritic) cells recognizing conserved
microbial structures directly, often repeated polysaccharide
molecules, known as pathogen associated molecular pat-
terns (PAMPs). Toll-like receptors (receptors which serve a
similar function to toll receptors in drosophila) make up a
large family of non-antigen-specific receptors for a variety
of individual bacterial, viral and fungal components such as
DNA, lipoproteins and lipopolysaccharides. Activation of
dendritic cells by binding to either of these detection recep-
tors leads to inflammation and subsequently activation of the
adaptive system.

Phagocytic cells also recognize particular patterns associ-
ated with potentially damaging materials, such as lipopro-
teins and other charged molecules or peptides.

Traditionally, antigens have been defined as molecules
that interact with components of the adaptive system, i.e.
T- and B-cell recognition receptors and antibody. An antigen-
ic molecule may have several antigenic determinants (epitopes);
each epitope can bind with an individual antibody, and a
single antigenic molecule can therefore provoke many an-
tibody molecules with different binding sites. Some low-
molecular-weight molecules, called haptens, are unable to
provoke an immune response themselves, although they
can react with existing antibodies. Such substances need to
be coupled to a carrier molecule in order to have sufficient
epitopes to be antigenic. For some chemicals, such as drugs,
the carrier may be a host (auto) protein. The tertiary struc-
ture, as well as the amino acid sequence, is important in de-
termining antigenicity. Pure lipids and nucleic acids are also
poor antigens, although they do activate the innate system
and can be inflammatory.

Antigens are conventionally divided into thymus-de-
pendent and thymus-independent antigens. Thymus-

1405127619_4_001.indd 3 @

dependent antigens require T-cell participation to provoke
the production of antibodies; most proteins and foreign red
cells are examples. Thymus-independent antigens require
no T-cell cooperation for antibody production; they directly
stimulate specific B lymphocytes by virtue of their ability to
cross-link antigen receptors on the B-cell surface, produce
predominantly IgM and IgG, antibodies and provoke poor
immunological memory. Such antigens include bacterial
polysaccharides, found in bacterial cell walls. Endotoxin,
another thymus-independent antigen, not only causes spe-
cific B-cell activation and antibody production but also acts
as a polyclonal B-cell stimulant.

Factors other than the intrinsic properties of the antigen
can also influence the quality of the immune response (Table
1.2). Substances that improve an immune response to a sepa-
rate, often rather weak, antigen are known as adjuvants. The
use of adjuvants in humans is discussed in Chapter 7.

Superantigen is the name given to those foreign proteins
which are not specifically recognized by the adaptive system
but do activate large numbers of T cells via direct action with
an invariant part of the T-cell receptor (see Chapter 2).

Self-antigens are not recognized by dendritic cells of the
innate system, so inflammation and co-stimulation of naive
T cells (see section 1.4.1) is not induced. There are mecha-
nisms to control adaptive responses to self-antigens, by pre-

Table 1.2 Factors influencing the immune response to an
antigen, i.e. its immunogenicity

1 Nature of molecule:
Protein content
Size
Solubility

2 Dose:

Low dose — small amounts of antibody with high affinity and
restricted specificity

Moderate dose — large amounts of antibody but mixed
affinity and broad specificity

High dose — tolerance

3 Route of entry:

ID, IM, SC — regional lymph nodes

IV — spleen

Oral — Peyer’s patches

Inhalation — bronchial lymphoid tissue

4 Addition of substances with synergistic effects,
e.g. adjuvants, other antigens

5 Genetic factors of recipient animal:
Species differences
Individual differences

ID, Intradermal injection; IM, intramuscular injection;
IV, intravenous injection; SC, subcutaneous injection.
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Table 1.3 Markers on dendritic cells

Immature dendritic cells Mature dendritic cells

Function
Co-stimulatory molecule expression, e.g. CD80, CD86
Adhesion molecules, e.g. ICAM-1
Cytokine receptors, e.g. IL-12R
Pattern recognition receptors (PRRs), e.g. mannose receptor
MHC class II:

turnover

density

Antigen capture Antigen presentation to T cells
Absent or low ++

Absent or low ++

Absent or low {F

++ =

Very rapid Persist > 100 h

Reduced (approx. 1 x 10°) Very high (approx. 7 x 10°)

ICAM-1, Intercellular adhesion molecule-1.

vention of production of specific receptors and limitation of
the response if the immune system is fooled (see Chapter 5,
Autoimmunity).

1.2.2 Recognition molecules

There are several sets of detection molecules on innate cells:
PRRs, such as Toll-like receptors, as well as chemotactic re-
ceptors and phagocytic receptors. PRRs may be soluble or
attached to cell membranes (see Table 1.3). Mannan binding
lectin is a protein that binds sugars on microbial surfaces;
if attached to a macrophage, it acts as a trigger for phago-
cytosis and, if soluble, it activates the complement cascade
resulting in opsonization. Others belonging to this family
are less well defined.
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Toll-like receptors (TLRs) are part of this family too.
Theseareevolutionarily conserved proteins found on macro-
phages, dendritic cells and neutrophils; like other PRRs, the
precise structures are as yet undefined. At least ten different
TLRs are found in humans, each TLR recognizing a range
of particular motifs on pathogens, such as double-stranded
RNA of viruses (TLR3), lipopolysaccharides of Gram-nega-
tive bacterial cell walls (TLR4), flagellin (TLR5) and bacterial
DNA (TLR9), all highly conserved motifs unique to microor-
ganisms. Upon binding to their ligands, TLRs induce signal
transduction, via a complex cascade of intracellular adaptor
molecules and kinases, culminating in the induction of nu-
clear factor kappa B transcription factor (NF-xB)-depend-
ent gene expression and the induction of pro-inflammatory
cytokines (Fig. 1.2). The clinical consequences of a defective

Fig. 1.2 Sequential cellular events
induced by engagement of Toll-like
receptors by microbial ligands
(TRAF, TNF receptor-associated
factor; IKB, inhibitor kappa B;
MAPK, mitogen-activated protein
kinase; IRAK, interleukin-1
receptor-associated kinase).
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BOX 1.1 CLINICAL CONSEQUENCES
OF A DEFECTIVE TOLL-LIKE RECEPTOR
PATHWAY

In humans, deficiency of IRAK-4 (interleukin-1 receptor-as-
sociated kinase), a key intracellular kinase responsible for TLR
signal transduction (Fig. 1.2) is associated with recurrent pyo-
genic bacterial infection (including pneumococcal) accompa-
nied by failure to mount an appropriate acute phase response.

Mice lacking TLR4 are exceptionally susceptible to infection

with Gram-negative bacteria

TLR pathway are discussed in Chapter 3 (see Box 1.1 in this
chapter also).

CD1 molecules are invariant proteins (MHC-like and
associated with B,-microglobulin—see below), which are
present on antigen presenting cells and epithelia. CD1 com-
bine with lipids, which are poor antigens and not usually
well presented to the adaptive immune system, and so act as
recognition molecules for the intestine and other microbial
rich surfaces. CD1 present lipids to the non-MHC-restricted
natural killer (NK) T cells and y8T cells in the epithelium.

Each T cell, like B cells, is pre-committed to a given epitope.
It recognizes this by one of two types of T-cell receptors
(TCRs), depending on the cell’s lineage and thus its final
function. T cells have either ofTCR [a heterodimer of
alpha (o) and beta () chains] or YdTCR [a heterodimer of
gamma (y) and delta (8) chains]. afTCR cells predominate
in adults, although 10% of T cells in epithelial structures
are of the YdTCR type. In either case, TCRs are associated
with several transmembrane proteins that make up the
cluster differentiation 3 (CD3) molecule (Fig. 1.3), to make
the CD3-TCR complex responsible for taking the antigen
recognition signal inside the cell (signal transduction). Sig-
nal transduction requires a group of intracellular tyrosine
kinases (designated p56 Ick, p59 fyn, ZAP 70) to join with
the cytosolic tails of the CD3-TCR complex and become

D3 Q Var.iable
region

IC g ¥ 8 e e
Constant
region
8
) ) ) % %

% Plasma
membrane
ZAP70 p59fyn

p56Ick

Fig. 1.3 Diagram of the structure of the T-cell receptor (TCR). The
variable regions of the alpha (o) and beta () chains make up the T
idiotype, i.e. antigen/peptide binding region. The TCR is closely
associated on the cell surface with the CD3 protein.
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phosphorylated. Nearby accessory molecules, CD2, LFA-1,
CD4 and CDS, are responsible for increased adhesion (see
section 1.2.6) but are not actually involved in recognizing
presented antigen.

The genes for TCR chains are on different chromosomes:
B and y on chromosome 7 and o and § on chromosome 14.
The structures of TCRs have been well defined over the last
15 years; each of the four chains is made up of a variable
and a constant domain. The variable regions are numerous
(although less so than immunoglobulin variable genes).
They are joined by D and ] region genes to the invariant
(constant) gene by recombinases, RAG1 and RAG2, the same
enzymes used for making antigen receptors on B cells (BCRs) and
antibodies (see below). The diversity of T-cell antigen recep-
tors is achieved in a similar way for immunoglobulin, al-
though TCRs are less diverse since somatic mutation is not
involved; perhaps the risk of ‘self recognition” would be too
great. The diversity of antigen binding is dependent on the
large number of V genes and the way in which these may be
combined with different D and ] genes to provide different
V domain genes. The similarities between TCRs and BCRs
have led to the suggestion that the genes evolved from the
same parent gene and both are members of a ‘supergene’ fam-
ily. Unlike immunoglobulin, T-cell receptors are not secreted
and are not independent effector molecules.

A particular T-cell receptor complex recognizes a proc-
essed antigenic peptide in the context of MHC class I or I
antigens (see below) depending on the type of T cell; helper
T cells recognize class II with antigen, and the surface ac-
cessory protein CD4 (see below) enhances binding and in-
tracellular signals. Suppressor/cytotoxic T cells recognize
antigens with class I (see section 1.3.1) and use CD8 acces-
sory molecules for increased binding and signalling. Since
the number of variable genes available to T-cell receptors
appears to be more limited, reactions with antigen would
have low affinity were it not for increasing binding by these
accessory mechanisms. Recognition of processed antigen
alone is not enough to activate T cells. Additional signals,
through soluble interleukins, are needed; some of these are
generated during ‘antigen processing’ (see Antigen process-
ing below).

Major histocompatibility complex molecules (MHC) are
known as ‘histocompatibility antigens” because of the vig-
orous reactions they provoked during mismatched organ
transplantation. However, these molecules also play a fun-
damental role in immunity by presenting antigenic peptides
to T cells. Histocompatibility antigens in humans [known as
human leucocyte antigens (HLA)] are synonymous with the
MHC molecules. MHC molecules are cell-surface glycopro-
teins of two basic types: class I and class II (Fig. 1.4). They
exhibit extensive genetic polymorphism with multiple al-
leles at each locus. As a result, genetic variability between
individuals is very great and most unrelated individuals
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Fig. 1.4 Diagrammatic representation of MHC class I and class II
antigens. §,m, §,-microglobulin; CHO, carbohydrate side chain.

possess different HLA molecules. This means that it is very
difficult to obtain perfect HLA matches between unrelated
persons for transplantation (see Chapter 8).

Extensive polymorphism in MHC molecules is best ex-
plained by the need of the immune system to cope with an
ever-increasing range of pathogens adept at evading im-
mune responses (see Chapter 2).

The TCR of an individual T cell will only recognize anti-
gen as part of a complex of antigenic peptide and self-MHC
(Fig. 1.5). This process of dual recognition of peptide and
MHC molecule is known as MHC restriction, since the
MHC molecule restricts the ability of the T cell to recognize
antigen (Fig. 1.5). The importance of MHC restriction in the
immune response was recognized by the award of the Nobel

T cell T cell T cell

v v v

0] (if) (iif)
Fig. 1.5 MHC restriction of antigen recognition by T cells. T cells
specific for a particular peptide and a particular MHC allele will
not respond if the same peptide were to be presented by a different
MHC molecule as in (ii) or as in (iii) if the T cell were to encounter
a different peptide. APC, Antigen-presenting cell; TCR, T-cell
receptor.

1405127619_4_001.indd 6

o\l
T

Classil™\ pq | ' Bf caB’
DR C2 C4A TNF

\
//uuu |||| il

Centromere - 7

-~ -

Cell
membrane

l
s,

Class Il \

IClass |

i

HINEE EE . -O;Ifll- | |

Fig. 1.6 Major histocompatibility complex on chromosome 6; class
III antigens are complement components. TNF, Tumour necrosis
factor.

prize in Medicine to Peter Doherty and Rolf Zinkernagel,
who proposed the concept on the basis of their studies with
virus-specific cytotoxic T cells.

MHC class I antigens are subdivided into three groups:
A,Band C. Each group is controlled by a different gene locus
within the MHC on chromosome 6 (Fig. 1.6). The products of
the genes at all three loci are chemically similar. MHC class I
antigens (see Fig. 1.4) are made up of a heavy chain (o) of 45
kDa controlled by a gene in the relevant MHC locus, associ-
ated with a smaller chain called B,-microglobulin (12 kDa),
controlled by a gene on chromosome 12. The differences be-
tween individual MHC class I antigens are due to variations
in the o chains; the B,-microglobulin component is constant.
The detailed structure of class I antigens was determined by
X-ray crystallography. This shows that small antigenic pep-
tides (approx. nine amino acids long) can be tightly bound
to a groove produced by the pairing of the two extracellular
domains (o, and o) of the o chain. The affinity of individual
peptide binding depends on the nature and shape of the groove,
and accounts for the MHC restriction above.

The detailed structure of MHC class II antigens was
also determined by X-ray crystallography. It has a folded
structure similar to class I antigens with the peptide-bind-
ing groove found between the o, and B, chains (see Fig. 1.4).
Whereas most nucleated cells express class I molecules, ex-
pression of class II molecules is restricted to a few cell types: den-
dritic cells, B lymphocytes, activated T cells, macrophages,
inflamed vascular endothelium and some epithelial cells.
However, other cells (e.g. thyroid, pancreas, gut epithelium)
can be induced to express class Il molecules under the influ-
ence of interferon (IFN)-y released during inflammation. In
humans, there are three groups of variable class Il antigens:
the loci are known as HLA-DP, HLA-DQ and HLA-DR.
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In practical terms, MHC restriction is a mechanism by
which antigens in different intracellular compartments can
be captured and presented to CD4* or CD8* T cells. Endog-
enous antigens (including viral antigens) are processed by
the endoplasmic reticulum and presented by MHC class I-
bearing cells exclusively to CD8* T cells. Prior to presentation
on the cell surface, endogenous antigens are broken down
into short peptides, which are then actively transported from
the cytoplasm to endoplasmic reticulum by proteins. These
proteins act as a shuttle and are thus named ‘transporters
associated with antigen processing’ (TAP-1and TAP-2). TAP
proteins (coded in MHC class II region) deliver peptides to
MHC class I molecules in the endoplasmic reticulum, from
where the complex of MHC and peptide is delivered to the
cell surface. Mutations in either TAP gene prevent surface
expression of MHC class I molecules.

In contrast, exogenous antigens are processed by the
lysosomal route and presented by MHC class II antigens to
CD4* T cells (Fig. 1.7). Aswith MHC class I molecules, newly
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Fig. 1.7 Different routes of antigen presentation.
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synthesized MHC class II molecules are held in the endo-
plasmic reticulum until they are ready to be transported to
the cell surface. Whilst in the endoplasmic reticulum, class
IT molecules are prevented from binding to peptides in the
lumen by a protein known as MHC class II-associated invar-
iant chain. The invariant chain also directs delivery of class I
molecules to the endosomal compartment where exogenous
antigens are processed and made available for binding to
class IT molecules.

The MHC class III region (see Fig. 1.6) contains genes en-
coding proteins that are involved in the complement system
(see section 1.4.1): namely, the early components C4 and C2
of the classical pathway and factor B of the alternative path-
way. Other inflammatory proteins, e.g. tumour necrosis fac-
tor (TNF), are encoded in adjacent areas.

Invariant MHC-like proteins, such as CD1 lipid-recogni-
tion receptors, are not coded for on chromosome 6, despite
being associated with B,-microglobulin. Other genes for
invariant proteins coded here, such as enzymes for steroid
metabolism and heat shock proteins, have no apparent role
in adaptive immunity.

Antigen receptors on B cells — BCRs — are surface-bound
immunoglobulin molecules. As with TCRs, they have pre-
determined specificity for epitopes and are therefore ex-
tremely diverse. The immune system has to be capable of recog-
nizing all pathogens, past and future. Such diversity is provided
by the way in which all three types of molecules, TCR, BCR
and antibody, are produced.

The basic structure of the immunoglobulin molecule is
shown in Fig. 1.8. It has a four-chain structure: two identical
heavy (H) chains (mol. wt 50 kDa) and two identical light (L)

Vy N
terminal
Hinge
region CH1
Vi
CH3 CH2
C terminal ::
Fc Vi

Fab
VH

Fig. 1.8 Basic structure of an immunoglobulin molecule. Domains
are held in shape by disulphide bonds, though only one is shown.
CH, ,, constant domain of a heavy chain; C,, constant domain of
alight chain; V ,, variable domain of a heavy chain; V,, variable
domain of a light chain. =5=, disulphide bond.
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chains (mol. wt 25 kDa). Each chain is made up of domains
of about 110 amino acids held together in a loop by a disul-
phide bond between two cysteine residues in the chain. The
domains have the same basic structure and many areas of
similarity in their amino acid sequences. The heavy chains
determine the isotype of the immunoglobulin, resulting in
pentameric IgM (Fig. 1.9) or dimeric IgA (Fig. 1.10).

The amino (N) terminal domains of the heavy and light
chains include the antigen-binding site. The amino acid se-
quences of these N-terminal domains vary between different
antibody molecules and are known as variable (V) regions.
Most of these differences reside in three hypervariable areas
of the molecule, each only 6-10 amino acid residues long.

IgM

N/

IgM) /\IgM

J chain

= —

IgM ‘ I IgM

Fig.1.9 Schematic representation of IgM pentamer (MW 800 kDA).

J chain
IgA

IgA
N 7
7k @ S

Secretory piece

Fig.1.10 Schematic representation of secretory IgA (MW 385 kDA).

Table 1.4 Immunoglobulin classes and their functions

In the folded molecule, these hypervariable regions in each
chain come together to form, with their counterparts on the
other pair of heavy and light chains, the antigen-binding
site. The structure of this part of the antibody molecule is
unique to that molecule and is known as the idiotypic deter-
minant. In any individual, about 10°-107 different antibody
molecules could be made up by 10° different heavy chain
variable regions associating with 10° different light chain
variable regions.

The part of the antibody molecule next to the V region is
the constant (C) region (Fig. 1.8), made up of one domain in
a light chain (C|) and three or four in a heavy chain (C).
There are two alternative types of C, chain, known as kappa
() and lambda (A); an antibody molecule has either two k or
two A light chains, never one of each. Of all the antibodies in
a human individual, roughly 60% contain x and 40% contain
A light chains. There are no known differences in the func-
tional properties between x and A light chains. In contrast,
there are several possible different types of C, domain, each
with important functional differences (Table 1.4). The heavy
chains determine the class (isotype) of the antibody and the
ultimate physiological function of the particular antibody
molecule. Once the antigen-binding site has reacted with its
antigen, the molecule undergoes a change in the conforma-
tion of its heavy chains in order to take part in effector reac-
tions, depending on the class of the molecule.

The mechanisms for this supergene family are identical
in terms of recombination, though the coding regions for
the a,B,y and 8 chains for the TCRs are obviously on differ-
ent chromosomes. Immunoglobulin production, whether
for BCR or antibody production, is the same. The light and
heavy chain genes are carried on different chromosomes
(Fig. 1.11). Like those coding for other macromolecules, the
genes are broken up into coding segments (exons) with in-

Heavy Serum Complement Placental Reaction with
Isotype chain concentration* Main function fixationt passage Fc receptorst
IgM n 0.5-2.0 Neutralization and opsonization +++ = L
IgG, Y, 5.0-12.0 Opsonization +++ ++ M,N,P L, E
IgG, Y, 2.0-6.0 + + AN
IgG, Yo 0.5-1.0 Opsonization +4++ +4 M,N,P L, E
IgG, Y, 0.1-1.0 - + N,L,P
IgA, o, 0.5-3.0 Neutralization at mucosal surfaces = = M,N
IgA, o, 0.0-0.2 - - -
IgDh d Trace Lymphocyte membrane receptor = = =
IgE [3 Trace Mast cell attachment - - B,E, L

*Normal adult range in g /1.
tClassical pathway.

$Fc receptors on: basophils /mast cells, B; on eosinophils, E; on lymphocytes, L; on macrophages, M; on neutrophils, N; on platelets, P.
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Fig.1.11 Immunoglobulin genes
(see text for explanation).

tervening silent segments (introns). The heavy chain gene
set, on chromosome 14, is made up of small groups of exons
representing the constant regions of the heavy chains (e.g.
mu (u) chain) and a very large number of V region genes,
perhaps as many as 10°. Between the V and C genes are two
small sets of exons, D and J (Fig. 1.11). In a single B cell, one
V region gene is selected, joined to one D and ] in the chro-
mosome and the VD] product is joined at the level of RNA
processing to C, when the B cell is making IgM. The cell can
make IgG by omitting the C‘l and joining VD] to a Cy. Thus,
the cell can make IgM, IgD and IgG/A/E in sequence, while
still using the same variable region. VD] gene recombination
is controlled by the same enzymes used for the TCRs, and
coded for by two recombination activating genes: RAG1 and
RAG?2. Disruption of the RAG1 or RAG2 function in infants
with mutations in these genes causes profound immune
deficiency, characterized by absent mature B and T cells, as
neither TCR or BCR can be produced. On a different chro-
mosome in the same cell, a V gene is joined to a ] gene (there
isno D on the light chain) and then the V product is joined at
the RNAlevel to the C_or C, (Fig. 1.11).

The wide diversity of antigen binding is dependent on
the large number of V genes and the way in which these may
be combined with different D and ] genes to provide different
rearranged VDJ gene segments. Once V, D and ] rearrange-
ment has taken place to produce a functional immunoglobu-
lin molecule, further V region variation is introduced only
when antibodies rather than BCRs are produced.

Natural killer cells also have recognition molecules.
These cells are important in killing virally infected cells and
tumour cells. They have to be able to recognize these targets
and distinguish them from normal cells. They recognize and
kill cells that have reduced or absent MHC class I, using two
kinds of receptors [called inhibitory (KIR) and activating
(KAR)] to estimate the extent of MHC expression. They also
have one type of Fc IgG (Fcy) receptor, that for low-affinity

~ LT

N
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‘Silent’ area = Intron
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The product is VuCy i.e. an IgM heavy
chain with a particular variable region Final
product
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<
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A

NEe e
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£

binding, and are able to kill some cells with large amounts
of antibody on their surfaces.

The major purpose of the complement pathways is to pro-
vide a means of removing or destroying antigen, regardless
of whether or not it has become coated with antibody. This
requires that complement components recognize damag-
ing material such as immune complexes (antigen combined
with antibodies) or foreign antigens. The four complement
pathways are discussed in more detail in section 1.4.1.

1.2.3 Accessory molecules

The binding of a specific TCR to the relevant processed an-
tigen-MHC class II complex on an antigen-presenting cell
provides an insufficient signal for T-cell activation. So ad-
ditional stimuli are provided by the binding of adhesion
molecules on the two cell surfaces. Accessory molecules
are lymphocyte surface proteins, distinct from the antigen
binding complexes, which are necessary for efficient bind-
ing, signalling and homing. Accessory molecules are invari-
ant, non-polymorphic proteins. Each accessory molecule has a
particular ligand—corresponding protein to which it binds.
They are present on all cells which require close adhesion
for these functions; for example, there are those on T cells for
each of the many cell types activating /responding to T cells
(antigen-presenting cells, endothelial cells, etc.) and also on
B cells for efficiency of T-cell help and stimulation by fol-
licular dendritic cells.

There are several families of accessory molecules, but
the most important appear to be the immunoglobulin su-
pergene family of adhesion molecules, which derives its
name from the fact that its members contain a common
immunoglobulin-like structure. Members of their family
strengthen the interaction between antigen-presenting cells
and T cells (Fig. 1.12); those on T cells include CD4, CDS,
CD28, CTLA-4, CD45R, CD2 and lymphocyte function anti-
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Cell membrane

Cell membrane

MHC class | or Il

(ICAM-1) CD54 O [ (LFA-1) CD11a/CD18

(LFA-3) CD58 CD2

A

(B7.1) CD8O
! (B7.2) CD86
CD40

APC/virus infected
target cell

Fig.1.12 Diagrammatic representation of adhesion molecules on
T cells and their ligands on antigen-presenting cells/virus-infected
target cells.

gen 1 (LFA-1). For interaction with B cells, CD40 ligand and
ICOSareimportant for class switching (see section 1.4.3). Ad-
hesion molecules, for binding leucocytes (both lymphocytes
and polymorphonuclear leucocytes) to endothelial cells and
tissue matrix cells, are considered below in section 1.2.6. On
B cells, such molecules include CD40 (ligand for CD40L,
now named CD154), B-7-1 and B7-2 (ligands for CD28).

1.2.4 Effector molecules

There are humoral and cellular effector molecules in both the
innate and the adaptive immune systems (Table 1.5). Several
of the same mechanisms are used in both types of immune
responses, especially in killing of target cells, suggesting
that evolution of immune responses has been conservative
in terms of genes, though with much redundancy to ensure
the life-preserving nature of the immune systems in the face
of rapid evolution of pathogenic microbes.

Table 1.5 Effector molecules in immunity

Antibodies
Antibodies are the best described important effector mecha-
nisms in adaptive immunity. They are the effector arm of B
cells and are secreted by plasma cells in large quantities, to
be carried in the blood and lymph to distant sites. As shown
in Table 1.4, there are five major isotypes of antibodies, each
with different functions (see also Box 1.2).

IgM is a large molecule whose major physiological role
is intravascular neutralization of organisms (especially vi-
ruses). IgM has five complement-binding sites, resulting in

BOX 1.2 IMMUNOGLOBULIN ISOTYPES
AND THEIR SIGNIFICANCE

IgM is phylogenetically the oldest class of immunoglobulin. It
is a large molecule (Fig. 1.9) and penetrates poorly into tissues.
IgM has five complement-binding sites, which results in excel-
lent complement activation.

IgG is smaller and penetrates tissues easily. It is the only im-
munoglobulin to provide immune protection to the neonate
(Table 1.4). There are four subclasses of IgG, with slightly
different functions.

IgA is the major mucosal immunoglobulin—sometimes
referred to as ‘mucosal antiseptic paint’. IgA in mucosal secre-
tions consists of two basic units joined by a ] chain (Fig. 1.10);
the addition of a ‘secretory piece’ prevents digestion of this
immunoglobulin in the intestinal and bronchial secretions.

IgD is synthesized by antigen-sensitive B lymphocytes, is not
secreted, acting as a cell-surface receptor for activation of these
cells by antigen.

IgE is produced by plasma cells but is taken up by specific
IgE receptors on mast cells and basophils. IgE then provides
an antigen-sensitive way of expelling intestinal parasites by
increasing vascular permeability and inducing chemotactic
factors via mast cell degranulation (see section 1.7).

Adaptive

Innate
Humoral = Complement components for opsonization or lysis
Cellular Perforin in NK cells creates pores in target cell membranes

Granzymes in NK cells induce apoptosis in target cells

Lysosomes in phagocytic vacuoles result in death of
ingested microbes

Preformed histamine and related vasoactive substances as
well as leukotrienes in mast cells

Specific antibodies for opsonization and phagocytosis or
lysis with complement

Perforin in cytolytic (CD8) T cells creates pores in specific
target cell membranes

NKT cells induce apoptosis? by perforin production

1405127619_4_001.indd 10
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excellent complement activation and subsequent removal of
the antigen—antibody-complement complexes by comple-
ment receptors on phagocytic cells or complement-medi-
ated lysis of the organism (see section 1.4).

IgG is a smaller immunoglobulin which penetrates tis-
sues easily. Placental transfer is an active process involving
specific placental receptors for the Fc portion of the IgG mol-
ecule, termed FcRn (Fc receptor of the neonate). The FcRn
receptor is also present on epithelial and endothelial cells
and is an important regulator of IgG metabolism (see section
7.4 and Fig. 7.8). Of the four subclasses, IgG, and IgG, acti-
vate complement efficiently and are responsible for clearing
most protein antigens, including the removal of microor-
ganisms by phagocytic cells (see section 1.5). IgG, and IgG,
react predominantly with carbohydrate antigens (in adults)
and are relatively poor opsonins.

IgA is the major mucosal immunoglobulin. Attachment
of ‘secretory piece’ prevents digestion of this immunoglob-
ulin in the intestinal and bronchial secretions. IgA, is the pre-
dominantsubclassinsecretionsand neutralizes antigens that
enter via these mucosal routes. IgA , the main IgA in serum,
is capable of neutralizing antigens that enter the circulation
but IgA is sensitive to bacterial proteases and therefore less
useful for host defence. IgA has additional functions via its
receptor (FcoR or CD89), present on mononuclear cells and
neutrophils, for activation of phagocytosis, inflammatory
mediator release and antibody-dependent cell-mediated
cytotoxicity (ADCC) (see section 1.5).

There is little free IgD or IgE in serum or normal body
fluids, since both act as surface receptors only.

As mentioned above, mechanisms of recombination in
immunoglobulin production, whether for BCR or antibody
production, are the same (Fig. 1.11). Once V, D and ] region re-
arrangement has taken place, further variation is introduced
when antibodies are made, by the introduction of point mu-
tations in the V region genes. This process, known as somatic
hypermutation, occurs in the lymphoid germinal centres
and is critically dependent on activation-induced cytidine
deaminase (AID), an enzyme responsible for deamination of
DNA. Somatic hypermutation helps to increase the possible
number of combinations and accounts for the enormous di-
versity of antibody specificities (10'), which by far exceeds
the number of different B cells in the body (10%).

Cytokines and chemokines

Cytokines are soluble mediators secreted by macrophages
or monocytes (monokines) or lymphocytes (lymphokines).
These mediators act as stimulatory or inhibitory signals
between cells; those between cells of the immune system are
known as interleukins. As a group, cytokines share several
common features (see Box 1.3). Amongst the array of cy-
tokines produced by macrophages and T cells, interleukin-1
(IL-1) and IL-2 are of particular interest due to their pivotal

1405127619_4_001.indd 11 @

BOX 1.3 COMMON FEATURES OF
CYTOKINES
e Their half-lives are short.

e They are rapidly degraded as a method of regulation and
thus difficult to measure in the circulation.

Most act locally within the cell’s microenvironment.

® Some act on the cell of production itself, promoting activa-
tion and differentiation through high-affinity cell-surface
receptors.

Many cytokines are pleiotropic in their biological effects, i.e.
affecting multiple organs in the body.

Most exhibit biologically overlapping functions, thus illus-
trating the redundancy of the group. For this reason, thera-
peutic targeting of individual cytokines in disease has had
limited success (effects of deletion of individual cytokine
genes are listed in Table 1.7).

role in amplifying immune responses. IL-1 acts on a wide
range of targets (Table 1.6), including T and B cells. In con-
trast, the effects of IL-2 are largely restricted to lymphocytes.
Although IL-2 was originally identified on account of its
ability to promote growth of T cells, it has similar trophic
effects on IL-2 receptor-bearing B and NK cells. The consid-
erable overlap between actions of individual cytokines and
interleukins is summarized in Table 1.7.

Cytokines that induce chemotaxis of leucocytes are re-
ferred to as chemokines, a name derived from chemo +
kine, i.e. something to help movement. Some cytokines and
interleukins have been redefined as chemokines, e.g. IL-8
= CXCLS8. Chemokines are structurally similar proteins of

Table 1.6 Actions of interleukin-1

Target cell Effect
T lymphocytes Proliferation
Differentiation
Lymphokine production
Induction of IL-2 receptors
B lymphocytes Proliferation
Differentiation
Neutrophils Release from bone marrow
Chemoattraction
Macrophages
g:t:zil::fs Proliferation/activation
Epithelial cells
Osteoclasts Reabsorption of bone
Hepatocytes Acute-phase protein synthesis
Hypothalamus Prostaglandin-induced fever
Muscle Prostaglandin-induced proteolysis
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small molecule size (8-10 kDa), which are able to diffuse
from the site of production to form a concentration gradi-
ent along which granulocytes and lymphocytes can migrate
towards the stimulus. The migration of leucocytes to sites
of inflammation differs from that of differentiating cells
moving to a specific site for activation (see section 1.2.5), al-
though chemokines are involved in both. There are therefore
two main types: the inflammatory chemokines (CXC) coded
for by genes on chromosome 17 and attractants for granulo-
cytes, and the homeostatic chemokines acting as attractants
for lymphocytes (CC) and coded by genes on chromosome 4.
The corresponding receptors on inflammatory cells are des-
ignated CXCR on neutrophils and CCR on lymphocytes; of
course, there are exceptions!

Molecules for lysis and killing

The other major sets of effector molecules are the cytolytic
molecules, though less is known about their diversity or
mechanisms of action. They include perforin in CD8 T cells
and in NK cells, as well as granzymes, enzymes that induce
apoptosis in target cells (Table 1.5). Macrophages and poly-
morphonuclear leucocytes also contain many substances for
the destruction of ingested microbes, some of which have
multiple actions, such as TNF. The duplication of many of the
functions of this essential phylogenetically ancient protein
during evolution underlines the continued development of
mammalian immunity to keep up with microbial invaders.

1.2.5 Receptors for effector functions

Without specific cytokine receptors on the surface of the
cells for which cytokines play an important role in activa-
tion, cytokines are ineffective; this has been demonstrated in
those primary immune deficiencies in which gene mutations
result in absence or non-functional receptors, such as the
commonest X-linked form of severe combined immune de-
ficiency (see Chapter 3), IL-12 receptor or IFN-yreceptor de-
ficiencies (see Chapter 3). Some cytokines may have unique
receptors but many others share a common structural chain,
such as the y-chain in the receptors for IL-2, IL-4, IL-7, IL-9,
IL-15 and IL-23, suggesting that these arose from a common
gene originally. There are other structurally similar cytokine
receptors, leading to the classification of these receptors into
five families of similar types of receptors, many of which
have similar or identical functions, providing a safety net
(redundancy) for their functions, which are crucial for both
immune systems.

Less is known at present about chemokine receptors (see
above). These receptors are sometimes called differentiation
‘markers’, as they become expressed as an immune reaction
progresses and cells move in inflammatory responses.

Receptors for the Fc portions of immunoglobulin mol-
ecules (FcR) are important for effector functions of phago-

1405127619_4_001.indd 14

cytic cells and NK cells. There are at least three types of Fcy
receptors; FcRyI are high-affinity receptors on macrophages
and neutrophils that bind monomeric IgG for phagocytosis,
FcRyII are low-affinity receptors for phagocytosis on mac-
rophages and neutrophils and for feedback inhibition on
B cells, and FcRyIII on NK cells as mentioned above. There
are also FcRn involved in the transfer of IgG across the pla-
centa (see Chapter 18, Pregnancy); these receptors are also
involved in IgG catabolism. IgE receptors are found on mast
cells, basophils and eosinophils for triggering degranulation
of these cells, but the role of IgA receptors remains unsure.

Complement receptors for fragments of C3 produced dur-
ing complement activation (see section 1.4.b) also provide a
mechanism for phagocytosis and are found on macrophages
and neutrophils. However, there are several types of com-
plement receptors: those on red blood cells for transport of
immune complexes for clearance (CR1), those on B cells and
dendritic cells in lymph nodes to trap antigen to stimulate a
secondary immune response (CR2) (see section 1.4.3), those
on macrophages, neutrophils and NK cells to provide ad-
hesion of these mobile blood cells to endothelium, prior to
movement into tissues (CR3).

1.2.6 Adhesion molecules

Adhesion molecules comprise another set of cell surface
glycoproteins that play a pivotal role in theimmune response
by mediating cell-to-cell adhesion, as well as adhesion
between cells and extracellular matrix proteins. Adhesion
molecules are grouped into two major families: (i) integrins
and (ii) selectins (Table 1.8). The migration of leucocytes to
sites of inflammation is dependent on three key sequential
steps mediated by adhesion molecules (Fig. 1.13): rolling of
leucocytes along activated endothelium is selectin depend-
ent, tight adhesion of leucocytes to endothelium is integrin
dependent and transendothelial migration occurs under the
influence of chemokines. Cytokines also influence the selec-
tin and integrin-dependent phases.

Integrins are heterodimers composed of non-covalently
associated o and B subunits. Depending on the structure of
the B subunit, integrins are subdivided into five families (j3,
to B, integrins). B, and B, integrins play a key role in leu-
cocyte-endothelial interaction. B, integrins mediate lym-
phocyte and monocyte binding to the endothelial adhesion
receptor called vascular cell adhesion molecule (VCAM-1).
B, integrins share a common B chain (CD18) that pairs with
a different a chain (CD11a, b, ¢) to form three separate mol-
ecules (CD11a CD18, CD11b CD18, CD11c CD18) and also
mediate strong binding of leucocytes to the endothelium. f3,
to B, integrins mediate cell adhesion to extracellular matrix
proteins such as fibronectin and vitronectin.

The selectin family is composed of three glycoproteins
designated by the prefixes E (endothelial), L (leucocyte) and
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Table 1.8 Examples of clinically important adhesion molecules.

Adhesion molecule Ligand Clinical relevance of interaction Consequences of defective expression
B, integrin family
VLA-4 (CD49d-CD29) VCAM-1 on Mediates tight adhesion between  ? Impaired migration of lymphocytes
expressed on lymphocytes, activated lymphocytes, monocytes and and monocytes into tissue. Defective
monocytes endothelium endothelium expression of either B1integrins or
VCAM-1 has not yet been described in
humans
B, integrin family
CD18/CD11 expressed on ICAM-1on Mediates tight adhesion between  Defective expression of CD18/
leucocytes endothelium all leucocytes and endothelium CD11 is associated with severe
immunodeficiency, characterized
by marked neutrophil leucocytosis,
recurrent bacterial and fungal
infection, and poor neutrophil
migration into sites of infection
Selectin family
E-selectin (CD62E) expressed  Sialyl Lewis Mediates transient adhesion Defective expression of CD15 is
on activated endothelial cells ~ X (CD15) on and rolling of leucocytes on associated with severe endothelium
neutrophils, monocytes immunodeficiency — clinical features
eosinophils similar to CD18 deficiency. Mice
deficient in both E- & P-selectin exhibit
a similar clinical phenotype
L-selectin (CD62L) expressed =~ CD34, Gly CAMon  L-selectin mediates transient L-selectin-deficient mice exhibit
on all leucocytes high endothelial adhesion and rolling of leucocytes  reduced leucocyte rolling and
venules in lymph nodes, and also acts impaired lymphocyte homing.

as a homing molecule directing
lymphocytes into lymph nodes

VLA, very late activation antigen; VCAM, vascular cell adhesion molecule; ICAM, intercellular adhesion molecule.

Lumen of blood vessel
Blood flow —»

Tight adhesion

Migration
into tissue

All leucocytes . .. Neutrophils Lymphocytes .. Allleucocytes
o Monocytes @
L-selectin | | —cp1s CD49d/CD29 — | — cD18/D11
CD34/GlyCAM-1 —I I— E-selectin VCAM-1 —I I— ICAM-1

Selectin Integrin
dependent dependent
Step 1 Step 2

Fig.1.13 Adhesion molecules and leucocyte—endothelial interactions.

Cytokine (chemokine)

dependent
Step 3

1405127619_4_001.indd 15

P (platelet) to denote the cells on which they were first de-
scribed. Selectins bind avidly to carbohydrate molecules on
leucocytes and endothelial cells and regulate the homing of
the cells to sites of inflammation.

1.3 Functional basis of innate responses

The aim of an immune response is to destroy foreign anti-
gens, whether these are inert molecules or invading organ-

01/03/2006 12:10:54



®

16 CHAPTER 1

isms. To reach the site of invasion, the components of the
immune systems have to know where to go and to how to
breach the normal barriers, i.e. the endothelial cells of the
vascular system. Humoral factors (such as antibodies and
complement) are carried in the blood and enter tissues fol-
lowing an increase in permeability associated with inflam-
mation. Immune cells (innate and antigen specific) are ac-
tively attracted to a site of inflammation and enter the tissues
via specific sites using active processes of adhesion.

Non-specific factors are older, in evolutionary terms, than anti-
body production and antigen-specific T cells. The major cells
involved in the innate system are phagocytic cells (macro-
phages and polymorphonuclear leucocytes), which remove
antigens includingbacteria. The major humoral components
of the four complement pathways can either directly destroy
an organism or initiate/facilitate its phagocytosis. Dendritic
cells recognize pathogens (section 1.4.1).

1.3.1 Endothelial cells

The endothelium forms a highly active cell layer lining the
inside of blood vessels and thus pervades all tissues. In ad-
dition to the critical role in maintaining vasomotor tone, the
endothelium is closely involved in inflammation, wound
healing and the formation of new blood vessels (angio-
genesis). Immunologically, endothelial cells are intimately
involved in interactions with leucocytes, prior to their exit
from the circulation to enter sites of tissue damage (Fig. 1.13).
The endothelium also plays an important role in regulating
the turnover of IgG, through the presence of FcRn, a receptor
that prevents IgG from undergoing lysosomal degradation
(see sections 1.2.4 and 7.4). The immunological importance
of the endothelium is summarized in Box 1.4.

1.3.2 Neutrophil polymorphonuclear leucocytes

Neutrophils are short-lived cells that play a major role in
the body’s defence against acute infection. They synthesize
and express adhesion receptors so they can adhere to, and

BOX 1.4 IMMUNOLOGICAL IMPORTANCE
OF THE ENDOTHELIUM

* Expresses a wide range of molecules on the cell surface
(E-selectin, ICAM-1, VCAM-1, complement receptors) and
thus plays a critical role in leucocyte-endothelial interac-
tions (Fig. 1.13).

* Major site of IgG turnover.

* Forms important component of the innate immune response
by expressing Toll-like receptors.

¢ Capable of antigen presentation.
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migrate out of, blood vessels into the tissues. They move
in response to chemotactic agents produced at the site of
inflammation; substances include CXCLS8, complement-
derived factors (such as C3a and C5a), kallikrein, cytokines
released by TH1 cells and chemotactic factors produced by
mast cells.

Neutrophils are phagocytic cells. They are at their most
efficient when entering the tissues. Morphologically, the
process of phagocytosis is similar in both neutrophils and
macrophages. Neutrophils are also able to kill and degrade
the substances that they ingest. This requires a considerable
amount of energy and is associated with a ‘respiratory burst’
of oxygen consumption, increased hexose monophosphate
shunt activity and superoxide production.

1.3.3 Macrophages

Macrophages and their circulating precursors, monocytes,
representthe mononuclear phagocyticsystem. Lymphocytes
and macrophages are derived from closely related stem cells
in the bone marrow (Fig. 1.1); each cell lineage has a differ-
ent colony-stimulating factor and, once differentiated, they
have entirely different functions. Whilst most polymorpho-
nuclear leucocytes develop in the bone marrow and emerge
only when mature, macrophages differentiate in the tissues,
principally in subepithelial interstitia and lymphatic sinuses
in liver, spleen and lymph nodes, sites where antigens gain
entry. Monocytes circulate for only a few hours before enter-
ing the tissues, where they may live for weeks or months as
mature macrophages. Tissue macrophages are heterogene-
ous in appearance, in metabolism and also in function; they
include freely mobile alveolar and peritoneal macrophages,
fixed Kupffer cells in the liver and those lining the sinusoids
of the spleen. When found in other tissues, they are called
histiocytes.

A major function of the mononuclear phagocyte system
is to phagocytose invading organisms and other antigens.
Macrophages have prominent lysosomal granules contain-
ing acid hydrolases and other degradative enzymes with
which to destroy phagocytosed material. The material may
be an engulfed viable organism, a dead cell, debris, an anti-
gen or an immune complex. In order to carry out their func-
tions effectively, macrophages must be ‘activated’; in this
state, they show increased phagocytic and killing activity.
Stimuliinclude cytokines (see above), substances which bind
to other surface receptors (such as IgG:Fc receptors, Toll-like
receptors for endotoxin and other microbial components, re-
ceptors for bacterial polysaccharides and for soluble inflam-
matory mediators such as C5a (see Fig. 1.14). Activation may
result in release of monokines (cytokines from monocytes)
such as TNF or IL-1, which may cause further damage in
already inflamed tissues.
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Fig.1.14 Receptors and functions
of mononuclear phagocytic cells.

Monocytes are also the precursors of dendritic cells, im-
portant for the processing of antigen to other cells of the im-
mune system (section 1.4.1).

1.3.4 Complement

The complement system consists of a series of heat-labile
serum proteins that are activated in turn. The components
normally exist as soluble inactive precursors; once activated,
a complement component may then act as an enzyme (Fig.
1.15), which cleaves several molecules of the next compo-
nent in the sequence (rather like the clotting cascade). Each
precursor is cleaved into two or more fragments. The major

Inactive
precursor

Small fragment (a) 4—/\> Large fragment (b)

Enzyme site

Attachment site

Mediator of
inflammation If attachment — > Breakdown
of next
component
in cascade
If no attachment —> Decay

Fig.1.15 Basic principle underlying the cleavage of complement
components.
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fragment has two biologically active sites: one for binding
to cell membranes or the triggering complex and the other
for enzymatic cleavage of the next complement component
(Fig. 1.16). Control of the sequence involves spontaneous
decay of any exposed attachment sites and specific inactiva-
tion by complement inhibitors. Minor fragments (usually
prefixed ‘a’) generated by cleavage of components have
important biological properties in the fluid phase, such as
chemotactic activity.

The history of the discovery of the complement path-
ways has made the terminology confusing. Several of the
components have numbers, but they are not necessarily ac-
tivated in numerical order; the numbering coincides with
the order of their discovery and not with their position in
the sequence. Activated components are shown with a bar
over the number of the component (e.g. C1 is activated to
C1) and fragments of activated components by letters after
the number (e.g. C3 is split initially into two fragments C3a
and C3b).

The major purpose of the complement pathways is to
provide a means of removing or destroying antigen, regard-
less of whether or not it has become coated with antibody
(Fig. 1.16). The lysis of whole invading microorganisms is a
dramatic example of the activity of the complete sequence
of complement activation, but it is not necessarily its most
important role. The key function of complement is probably
the opsonization of microorganisms and immune com-
plexes; microorganisms coated (i.e. opsonized) with immu-
noglobulin and/or complement are more easily recognized
by macrophages and more readily bound and phagocytosed
through IgG:Fc and C3b receptors.
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Similarly, immune complexes are opsonized by their acti-
vation of the classical complement pathway (see below); in-
dividuals who lack one of the classical pathway components
suffer from immune complex diseases. Soluble complexes
are transported in the circulation from the inflammatory site
by erythrocytes bearing CR1 which bind to the activated C3
(C3b) in the immune complex. Once in the spleen or liver,
these complexes are removed from the red cells, which are
then recycled (Fig. 1.17).

C3b receptor Macrophage
(CR1, CD35)
Red
cell
eﬁkp&'{xy ;
Antigen S 0®
Opsonised Immune complex Fc receptor X\ AW
immune transported by
complex red blood cells

Immune complex
stripped off red
cells by macrophage

Red cell released

into circulation @
Fig.1.17 Transport of immune complexes by erythrocytes to
macrophages in liver and spleen.
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Minor complement fragments are generated at almost
every step in the cascade and contribute to the inflamma-
tory response. Some increase vascular permeability (C3a),
while others attract neutrophils and macrophages for sub-
sequent opsonization and phagocytosis (C5a) (Fig. 1.16).
Cba not only promotes leucocytosis in the bone marrow, but
mobilizes and attracts neutrophils to the inflammatory site
where it increases their adhesiveness; it also up-regulates
complement receptors CR1 and CR3 on neutrophils and
macrophages to maximize phagocytosis.

Complement activation occurs in two phases: activa-
tion of the C3 component, followed by activation of the ‘at-
tack’” or lytic sequence. The critical step is a cleavage of C3
by complement-derived enzymes termed ‘C3 convertases’.
The cleavage of C3 is achieved by three routes, the classical,
alternative and lectin pathways, all of which can generate C3
convertases but in response to different stimuli (Fig. 1.18).
The pivotal role of C3 in complement activation is under-
lined by patients with a deficiency of C3, who cannot op-
sonize pathogens or immune complexes, predisposing them
to bacterial infection as well as immune complex diseases.

The classical pathway was the first to be described. It is
activated by a number of substances, the most widely rec-
ognized being antigen—antibody complexes where the an-
tibody is either IgM or IgG (Fig. 1.18). The reaction of IgM
or IgG with its antigen causes a conformational change in
the Fc region of the antibody to reveal a binding site for the
first component in the classical pathway, Clq. Clq is a re-
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Fig.1.18 Complement pathways and their initiating factors.
MBL, Mannan-binding lectin.

markable, collagen-like protein composed of six subunits,
resembling a ‘bunch of tulips’ when seen under the electron
microscope. Clq reacts with Fc via its globular heads; at-
tachment by two critically spaced binding sites is needed for
activation. The Fc regions of pentameric IgM are so spaced
that one IgM molecule can activate Clg; in contrast, IgG is
relatively inefficient because the chance of two randomly
sited IgG molecules being the critical distance apart to acti-
vate Cl1q is relatively low. IgA, IgD and IgE do not activate
the classical pathway.

Once Clq is activated, Clr and Cls are sequentially
bound to generate enzyme activity (C1 esterase) for C4
and C2 (see Fig. 1.16), splitting both molecules into a and
b fragments. The complex C4b2b is the classical pathway
C3 convertase. Other fragments released are C4a, C2a and a
vasoactive peptide released from C2. C4b2b cleaves C3 into
two fragments, C3a possessing anaphylotoxic and chemo-
tactic activity and C3b that binds to the initiating complex
and promotes many of the biological properties of comple-
ment. The C4b2b3b complex so generated is an enzyme, C5
convertase, which initiates the final lytic pathway (the ‘at-
tack’ sequence).

The alternative pathway is phylogenetically older than
the classical pathway. It is relatively inefficient in the tissues,
and high concentrations of the various components are re-
quired. The central reaction in this pathway, as in the clas-
sical one, is the activation of C3, but the alternate pathway
generates a C3 convertase without the need for antibody, C1,
C4 or C2. Instead, the mostimportant activators are bacterial
cell walls and endotoxin (Fig. 1.18).

The initial cleavage of C3 in the alternative pathway hap-
pens continuously and spontaneously (see Fig. 1.18), gener-
ating a low level of C3b. C3b is an unstable substance and, if
a suitable acceptor surface is not found, the attachment site
in C3b decays rapidly and the molecule becomes inactive. If,

1405127619_4_001.indd 19 @

however, an acceptor surface is nearby, the C3b molecules
can bind and remain active. C3b is then able to use factors
D and B of the alternate pathway to produce the active en-
zyme ‘C3bBb’. This latter substance has two properties. It
can break down more C3, providing still more C3b; this
is known as the ‘positive feedback loop” of the alternative
pathway (Fig. 1.16). Alternatively, C3bBb becomes stabi-
lized in the presence of properdin to form the C5 convertase
of the alternate pathway.

There are thus two ways of producing C5 convertase. In
the classical pathway, C5 convertase is made up of C3b, C4b
and C2b, while in the alternate pathway it is produced by
C3b, Bb and properdin (Fig. 1.16).

The third pathway of complement activation is initiated
by mannan-binding lectin, MBL (also known as mannan-
binding protein), a surface receptor (see Fig. 1.16) shed into
the circulation, binding avidly to carbohydrates on the sur-
face of microorganisms. MBL is a member of the collectin
family of C-type lectins, which also includes pulmonary
surfactant proteins, A and D. MBL is structurally related to
Clq and activates complement through a serine protease
known as MASP (MBL-associated serine protease), simi-
lar to Clr and Cls of the classical pathway. Inherited defi-
ciency of MASP-2 has recently been shown to predispose to
recurrent pneumococcal infections and immune complex
diseases.

The final lytic pathway (‘attack’ sequence) of complement
involves the sequential attachment of the components C5,
C6, C7, C8 and C9 and results in lysis of the target cell such
as an invading organism or a virally infected cell. The lytic
pathway complex binds to the cell membrane and a trans-
membrane channel is formed. This can be seen by electron
microscopy as a hollow, thin-walled cylinder through which
salts and water flow, leading to the uptake of water by a
cell, swelling and destruction. During the final lytic path-
way, complement fragments are broken off. C5a and the ac-
tivated complex C567 are both potent mediators of inflam-
mation. C5a, along with C3a, are anaphylotoxins, i.e. cause
histamine release from mast cells with a resulting increase
in vascular permeability. C5a also has the property of being
able to attract neutrophils to the site of complement activa-
tion (i.e. it is chemotactic) (see Fig. 1.16).

The control of any cascade sequence is extremely im-
portant, particularly when it results in the production of
potentially self-damaging mediators of inflammation. The
complement pathway is controlled by three mechanisms
(see Box 1.5).

These mechanisms ensure that the potentially harmful
effects of complement activation remain confined to the ini-
tiating antigen without damaging autologous (host) cells.
Table 1.9 lists some of the clinically important complement
regulatory proteins. When considering their role in pathol-
ogy, there are important caveats (see Box 1.5).
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Table 1.9 Proteins controlling classical and alternative complement pathways*

Protein Function

Clinical consequences of DEFICIENCY

Circulating inhibitors
C1 esterase inhibitor

Binds to activated Clr, C1s uncoupling

Uncontrolled activation of classical pathway

it from Clq leading to hereditary angioneurotic oedema
Factor H Binds C3b displacing Bb; cofactor for Acquired C3 deficiency leading to recurrent
factor I bacterial infection
Factor I Serine protease that cleaves C3b; acts As for factor H

synergistically with factor H

Membrane inhibitors

Complement receptor 1 (CR1; CD35)
Decay accelerating factor (DAF; CD55)

Protectin (CD59)

Receptor for C3b

Accelerates decay of C3b Bb by
displacing Bb

Inhibits formation of lytic pathway
complex on homologous cells; widely
expressed on cell membranes

Protect mammalian cells. Low CR1 numbers on
red cells in SLE is a consequence of fast turnover
DAF deficiency alone does not cause disease

In combination with DAF deficiency leads to
paroxysmal nocturnal haemoglobinuria (see
Chapter 16)

SLE, Systemic lupus erythematosus.
*This is not an exhaustive list.

BOX 1.5 PHYSIOLOGICAL CONTROL OF
COMPLEMENT

1 Anumber of the activated components are inherently un-
stable; if the next protein in the pathway is not immediately
available, the active substance decays.

2 There are also a number of specific inhibitors, for example
C1 esterase inhibitor, factor I and factor H.

3 There are, on cell membranes, proteins that increase the rate
of breakdown of activated complement components.

These mechanisms ensure that the potentially harmful effects
of complement activation remain confined to the initiating
antigen without damaging autologous (host) cells. Table 1.9
lists some of the clinically important complement regulatory

proteins.

1.3.5 Antibody-dependent cell-mediated cytotoxicity

ADCC is amechanism by which antibody-coated target cells
are destroyed by cells bearing low-affinity FcyRIII receptors
(NK cells, monocytes, neutrophils) (see section 1.2.4) (Fig.
1.19), without involvement of the MHC. Clustering of sever-
al IgG molecules is required to trigger these low-affinity re-
ceptors to bind, resulting in secretion of IFN-yand discharge
of granules containing perforin and granzymes, as found in
cytotoxic T cells. The overall importance of ADCC in host
defence is unclear, but it represents an additional mecha-
nism by which bacteria and viruses can be eliminated.

1405127619_4_001.indd 20

1.3.6 Natural killer cells

NK cells look like large granular lymphocytes. They can kill
target cells, even in the absence of any antibody or antigenic
stimulation. The name ‘natural killer’ reflects the fact that,
unlike the adaptive system, they do not need prior activa-
tion but have the relevant recognition molecules on their
surfaces already. Non-specific agents, such as mitogens,
IFN-y and IL-12, can activate them further. NK cells form
an integral part of the early host response to viral infection
(Fig. 1.20). The exact mechanisms by which NK cells distin-
guish between infected and non-infected cells is not clear

Phagocytic m Phagocytosis
cell
(“ cC— None Feeble
Antigen alone
Fc (I9G)
receptor 19G Slow
(FcRIIN) Antigen + antibody (IgG)
C3b
receptor C3b Better
(CRI) Antigen + antibody
(IgM/IgG) + complement
iC3b
SJ receptor IgG, C3b Excellent

(CR3) and iC3b

Immune complex + C

Fig.1.19 Opsonins and the relationship to phagocytosis.
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Fig.1.20 Role of natural killer cells in early immune response to
virus infection.

but is likely to involve cell-surface receptors (Fig. 1.21).
NK cells express two types of surface receptor (see section
1.2.2). Expression of MHC class I proteins by most normal
cells prevents NK cells from killing healthy cells. Interfer-
ence with this inhibition, by virally induced down-regula-
tion or alteration of MHC class I molecules, results in NK-
mediated killing.

NK cells are not immune cells in the strictest sense be-
cause, like macrophages, they are not clonally restricted; in
addition, they show little specificity and they have no mem-
ory. The range of their potential targets is broad. Animals
and rare patients with deficient NK cell function have an
increased incidence of certain tumours and viral infections.
A subset of NK cells, NKT cells, are therefore important in
‘immune’ surveillance against tumours (see p. 25).

Table 1.10 Lymphocytes involved in adaptive immune responses

killing —>»

NKR-P1(CD161) Carbohydrate

KIR MHC class |
inhibition —»

NK cell Target cell

Fig.1.21 Natural killer (NK) cell recognition of target cells. NK cell
killing is mediated by engagement of the receptor NKR-P1 with

its carbohydrate ligand on the target cell. This is inhibited by the
interaction between the inhibitory receptor (KIR) and MHC class I
on the target cell.

1.4 Functional basis of the adaptive immune
responses

Antigen-specific effector lymphocytes are of two types: B
cells and T cells. B cells are ultimately responsible for anti-
body production and act as antigen-presenting cells in sec-
ondary immune responses. T cells act as effector cells and
haveseveral different functional activities (Table 1.10). Other
T cells have a regulatory rather than effector role. T-cell func-
tions of help, killing or regulation may depend on different
stimuli resulting in different cytokines being produced with
predominantly activating or inhibitory effects.

The factors regulating a normal immune response (see
later Box 1.7) are complex and include antigen availability,
specific suppression by T cells and the balance of cytokines
produced (section 1.4.2)

Cell type Function of cell Product of cell Function of product
B Produce antibody Antibody Neutralization
Antigen presentation Opsonization
Cell lysis
TH2 TB cell antibody production Cytokines IL-3, -4, -5,-10, -13 Help Band T cells
TActivated T,
TH1 Inflammation: initiation and IL-2, IEN-y, TNF Inflammatory mediators
augmentation
T, 1 B cell antibody production Suppressor factor(s), e.g. TGF-B Suppress TH and therefore
LActivated T indirectly Band T,
T. Lysis of antigenic target cells IFN-y Enhances MHC expression
Activates NK cells
Perforins Disrupt target cell membranes
NKT Target cell killing IL-4, IFN-y

T, Cytotoxic T cell; TH1 and TH2, helper T cell types; T,, regulatory T cell (see text).
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1.4.1 Antigen processing

The first stage of an antigen-specific immune response in-
volves capture and modification of that antigen by special-
ized cells, prior to presentation to the immune cells. This is
not an antigen-specific process, unlike the subsequent restricted
binding of antigen to lymphocytes predetermined to react with
that antigen only. Antigen is processed by specialized cells,
known as antigen-processing cells (APCs), then carried
and ‘presented’ to lymphocytes. T cells cannot recognize
antigen without such processing; since activation of T cells
is essential for most immune responses, antigen processing
is crucial. The specialized cells involved are dendritic cells
(and some macrophages) for a primary immune response
and B cells for a secondary immune response when the an-
tigen has been recognized and responded to on a previous
occasion.

Dendritic cells are the only cell type whose sole function
is to capture, process and present antigen. They are mononu-
clear cells derived from bone marrow precursors and closely
related to monocytes. Immature dendritic cells are ubiqui-
tous, particularly in epithelia that serve as a portal of entry
for microbes, where they capture antigens. Subsequently,
these activated dendritic cells migrate to draining lymph
nodes and mature to become antigen-presenting cells (Fig.
1.22). Immature and mature dendritic cells have different
sets of surface proteins (which act as distinct markers), in
keeping with their different functions (see Table 1.3).

The interaction between dendritic cells and T cells is
strongly influenced by a group of cell surface molecules
which function as co-stimulators: CD80 (also known as B7-

1) and CD86 (B7-2) on the activated dendritic cell, each of
which engages with counter receptors on the T-cell surface
referred to as CD28 and CTLA-4. A functional co-stimulato-
ry pathway is essential for T-cell activation. In the absence of
a co-stimulatory signal, interaction between dendritic cells
and T cells leads to T-cell unresponsiveness (Fig. 1.23). The
importance of the co-stimulatory pathway is underlined by
the ability of antagonists to co-stimulatory molecules to in-
terrupt immune responses both in vitro and in vivo. This
observation has been exploited therapeutically in mice with
advanced lupus, in which treatment with a CTLA-4 antago-
nist leads to significant improvement in disease activity.

Processed antigen is presented to T cells alongside the
MHC class II antigens on the APC surface, since T cells do
not recognize processed antigen alone. The most efficient
APCs are the interdigitating dendritic cells found in the T-
cell regions of a lymph node (Figs 1.22 and 1.31). Such cells
have high concentrations of MHC class I and II molecules,
co-stimulatory molecules (CD80, CD86) as well as adhesion
molecules on their surfaces (Table 1.3) and limited enzymatic
powers, which enable antigen processing but not complete
digestion. Being mobile, they are able to capture antigen in
the periphery and migrate to secondary lymphoid organs
where they differentiate into mature dendritic cells and in-
teract with naive T cells. These cells are known as Langer-
hans cells when present in the skin.

These cells differ from the follicular dendritic cells in
the follicular germinal centre (B-cell area) of a lymph node
(see Figs 1.22 and 1.31). Follicular dendritic cells have recep-
tors for complement and immunoglobulin components and
their function is to trap immune complexes and to feed them

Present to:
Interdigitating Paracortex of Mobile T cells
dendritic cells lymph node
Langerhans' cells Skin Mobile T cells
Veiled cells Lymph Mobile T cells
Follicular Lymph node follicles Static B cells
dendritic cells
@0 o Lymph node medulla Mobile
Macrophages o o | Liver (Kupffer cells) Static T and B cells
‘i»oﬂ (JD Brain (astrocytes) Static
B cell (especially Lymphoid tissue Mobile T cells
if activated)
Fig.1.22 Antigen-presenting cells

* Appears on activation and their surface molecules
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Fig. 1.23 Role of co-stimulatory pathway in T-cell activation.

to B cells in the germinal centre. This is part of the secondary
immune response, since pre-existing antibodies are used,
accounting for B-cell memory. Activated B cells themselves
are also able to present antigen (Fig. 1.22).

1.4.2 T cell-mediated responses

T-cell help

T-cell help is always antigen-specific. Only helper T cells, which
have responded to antigen previously presented in the con-
text of MHC class II, can subsequently help those B cells
already committed to the same antigen (Burnet’s clonal se-
lection theory). Helper T cells recognize both antigen and
MHC class II antigens as a complex on the presenting cells.
They then recognize the same combination of antigen and
the particular class II antigen on the corresponding B cell.
Co-stimulation is essential for T-cell activation and acces-
sory molecules are vital (Fig .1.23).

MHC class Il molecules play an important role in the acti-
vation of helper T cells. T cells from one individual will not
cooperate with the APCs and B cells from a different person
(i.e. of different HLA type). Certain MHC class Il molecules
on the presenting cells fail to interact with some antigens (as
a prelude to triggering helper T cells) and so fail to trigger
an adaptive immune response. This provides a mechanism
for the genetic regulation of immune responses (originally
attributed to distinct immune response genes). The MHC
class I molecules thus determine the responsiveness of an
individual to a particular foreign antigen, since they interact
with the antigen before T-cell help can be triggered.

When helper T cells meet an antigen for the first time,
there is a limited number that can react with that antigen
to provide help for B cells; these T cells therefore undergo
blast transformation and proliferation, providing an in-
creased number of specific helper T cells when the animal
is re-exposed, i.e. an expanded clone. The immune response
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on second and subsequent exposure is quicker and more
vigorous.

Two other mechanisms also help to improve efficiency.
Memory T cells (which bear the surface marker CD45RO)
haveincreased numbers of adhesion molecules (LFA-1,CD2,
LFA-3, ICAM-1) (see section 1.2.6) as well as a higher pro-
portion of high-affinity receptors for the relevant antigen.
Memory cells are therefore easily activated and produce
high concentrations of IL-2 to recruit more helper T cells of
both types, TH1 and TH2 (see below). Thus T-cell memory is
a combination of an increase of T cells (quantitative) as well
as a qualitative change in the efficiency of those T cells.

Antigen-specific cell-mediated effector responses are car-
ried out by T lymphocytes. T cells can lyse cells expressing
specific antigens (cytotoxicity), release cytokines that trig-
ger inflammation (delayed hypersensitivity) or regulate im-
mune responses (regulation). Distinct T-cell populations
mediate these types of T-cell responses: CD8* T. cytotoxic
cells, CD4*T /1 cells and CD4*CD25* T  cells (see below).

T helper cells

Helper T cells are grouped into two distinct subgroups de-
pending on their cytokine profile. T, 1 cells secrete TNF and
IFN-y and consequently mediate cellular immunity. In con-
trast, T ;2 cells predominantly secrete IL-4, IL-5, IL-10 and
IL-13 (Fig. 1.24) and are responsible for stimulating vigorous
antibody production by B cells. T cells expressing cytokine
profiles common to both T, 1 and T2 cells are designated
T,,0. It is unclear how a naive T cell selects which cytokine
profile to secrete, but there is evidence to suggest that expo-
sure to certain cytokines is an important influence. Exposure
to IL-4 and IL-6 stimulates development of T, 2 cells while
IL-12 and IFN-y result in a developing T cell acquiring T ;1
properties. Recent evidence suggests that CD8 T cells are
also capable of secreting cytokine profiles typical of T,;1 or
T,2 cells.
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Fig.1.24 T helper cells and their cytokine profiles; broken arrows
indicate inhibition.

Inhumans,aT 1 cytokine profileis essential for protection
against intracellular pathogens, while a T, 2 cytokine profile
is associated with diseases characterized by overproduction
of antibodies including IgE. The clinical consequences of
inducing a particular T,, response are strikingly illustrated
in patients with leprosy, an infectious disease caused by
Mycobacterium leprae, an intracellular bacterium. Patients
who mount a protective T,,1 response develop only limited
disease (tuberculoid leprosy), since their macrophages are
able to control M. leprae efficiently. In contrast, patients who
produce a predominant T, 2 response develop disabling lep-
romatous leprosy, since antibody is ineffective in tackling an
intracellular pathogen.

T cells for inflammation

Delayed-type hypersensitivity (DTH) reactions are medi-
ated by specific T cells that produce T, 1-type cytokines on
exposure to antigen. The tuberculin test (Mantoux test) is
a good example of a DTH response. Individuals who have
previously been infected with Mycobacterium tuberculosis
mount a T-cell response that evolves over 24-72 h follow-
ing intradermal injection of tuberculin. This is clinically
manifest as local swelling and induration; biopsy of the
site reveals T-cell and macrophage infiltration. The histol-
ogy of tissue granulomas in tuberculosis and sarcoidosis are
further examples of DTH. Like the induction of T-cell help,
the induction of delayed hypersensitivity varies with MHC
polymorphism.

T cell lysis

CD8* cytotoxic T cells lyse cells infected with virus and
possibly those tumour cells with recognizable tumour anti-
gens too. Such cytotoxicity is antigen specific and only cells
expressing the relevant viral proteins on their surfaces are
killed (see Fig. 1.5), so obeying the rules of the clonal selec-
tion theory. Since infected cells express surface viral proteins
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prior to the assembly of new virus particles and viral bud-
ding, cytotoxic T cells are important in the recovery phase
of aninfection, destroying the infected cells before new virus
particles are generated.

In contrast to helper T cells, cytotoxic T cells recognize
viral antigens together with MHC class I molecules on both
dendritic cells for activation and target cells for effector
function. They show exquisite specificity for self-MHC mol-
ecules, in that they can lyse only cells expressing the same
MHC class I molecules. MHC class I molecules may affect
the strength of the effector cytotoxic T-cell response to a
particular virus, providing a further strong selective stimu-
lus for the evolution of a polymorphic MHC system. All en-
dogenous antigens (including viral antigens) are presented
in the context of MHC class I antigens (see Fig. 1.7). This
combination on the dendritic cells directly activates CD8*
T cells and provides the appropriate target cells for virally
induced T-cell cytotoxicity as well as mechanisms for graft
rejection and tumour surveillance. Their relevance to trans-
plantation is discussed in Chapter 8.

Regulatory T cells

After initial scepticism in the 1980s regarding the existence
of suppressor T cells (re-named regulatory T cells), there is
now good evidence to support the presence of a subset of
CD4+ T cells (T,) with a distinct phenotype (CD4*, CD25*)
which play a key role in immunoregulation by dampening
down a wide range of immune responses, including re-
sponses to self-antigens, alloantigens, tumour antigens as
well as to pathogens.

Regulatory T cells develop from a distinct lineage of
thymic T cells and are responsible for the maintenance of pe-
ripheral tolerance by actively suppressing the activation and
expansion of self-reactive T cells. Itis thought that T, cells act
by producing immunosuppressive cytokines such as trans-
forming growth factor-f and IL-10, as well as through direct
cell-to-cell contact.

The development of CD4* T cells is under the control of
a gene called FOXP3 that encodes a transcription repressor
protein specifically in CD4*, CD25* T cells in the thymus as
well as in the periphery. Mutations in the FOXP3 gene result
in severe autoimmune disease and allergy (see Box 1.6).

BOX 1.6 EVIDENCE THAT CD4+CD25*
T CELLS ARE IMPORTANT IN
IMMUNOREGULATION

Depletion of CD4*CD25* T cells in humans, due to muta-

tions in the FOXP3 gene, is associated with the rare IPEX
syndrome—immune dysregulation, polyendocrinopathy, en-
teropathy, X-linked syndrome—characterized by autoimmune

diabetes, inflammatory bowel disease and severe allergy.
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NKT cells

Afew T cells express some of the markers of NK cells and are
therefore known as NKT cells. These cells are not only CD3*
buthave o .chains of TCR, with limited diversity, and are able
to recognize lipids in conjunction with CD1, MHC class I-
like molecules of equally limited diversity. Their precise role
in immune surveillance is not yet clear.

1.4.3 Antibody production

Antibody production involves at least three types of cell:
APCs, B cells and helper T cells (Table 1.10).

B cells

Antibodies are synthesized by B cells, and their mature
progeny, plasma cells. B cells are readily recognized because
they express immunoglobulin on their surface, which acts
as the BCR (see section 1.2.2). During development, B cells
first show intracellular p chains and then surface IgM (u
combined with one light chain—i or ). These cells are able
to switch from production of IgM to one of the other classes
as they mature, so that they later express IgM and IgD and,
finally, IgG, IgA or IgE, a process known as isotype switch-
ing. The final type of surface immunoglobulin determines
the class of antibody secreted; surface and secreted immu-
noglobulin are identical. This immunoglobulin maturation
sequence fits with the kinetics of an antibody response; the
primary response is mainly IgM and the secondary response
predominantly IgG (Fig. 1.25). Isotype switching is medi-
ated by the interaction of several important proteins: for ex-
ample, CD40 on the B-cell surface engages with its ligand
(CD40L) on activated T cells (Fig. 1.26), under the influence
of IL-4. Deficiency of either molecule (CD40 or CD40L) in
mice and humans leads to a severe immunodeficiency char-
acterized by inability to switch from IgM to IgG production
with consequently low serum concentrations of IgG and IgA
but a normal or even high serum IgM (hence called a hyper-
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Fig.1.25 Primary and secondary antibody (Ab) responses.
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Fig.1.26 Interaction between CD40L on T cells and CD40 on B
cells under the influence of IL-4 leading to isotype switching.

IgM syndrome), poor germinal centre formation and inabil-
ity to produce memory B cells.

Each B cell is committed to the production of an antibody which
has aunique V,~V | combination (see section 1.2.4). This unique-
ness is the basis of Burnet’s clonal selection theory, which
states that each B cell expresses a surface immunoglobulin
that acts as its antigen-binding site. Contact with antigen
and factors released by helper T cells (IL-4, -5, -13) stimulate
the B cells to divide and differentiate, generating more anti-
body-producing cells, all of which make the same antibody
with the same V, -V, pair. Simultaneously, a population of
memory cells is produced which expresses the same surface
immunoglobulin receptor. The result of these cell divisions
is that a greater number of antigen-specific B cells become
available when the animal is exposed to the same antigen at
a later date; this is known as clonal expansion and helps to
account for the increased secondary response.

As well as being quicker and more vigorous (Fig. 1.25),
secondary responses are more efficient. This is due to the
production of antibodies that bind more effectively to the
antigen, i.e. have a higher affinity. There are two reasons for
this. First, as antigen is removed by the primary response,
the remaining antigen (in low concentration) reacts only
with those cells that have high-affinity receptors. Second,
the rapid somatic mutation, which accompanies B-cell divi-
sionin the germinal centre, provides B cells of higher affinity,
a process known as “affinity maturation’. In the secondary
response, these B cells bind preferentially to antigen already
bound to antibody and hence the follicular dendritic cell. C3
fragments play a key role in the antibody response by inter-
acting with the co-stimulation receptors on B cells.

A minority subset of B cells will respond directly to an-
tigens called T-independent antigens (see section 1.2.1).
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They have repeating, identical, antigenic determinants and
provoke predominantly IgM antibody responses. These re-
sponses are relatively short-lived and restricted in specifi-
city and affinity, due to the lack of T-cell involvement. Some
T-independent antigens provoke non-specific proliferation
of memory B cells and are therefore known as polyclonal
B-cell mitogens.

Agiven B cell is pre-selected to produce particular V,, and
V, domains and all the daughter cells of that B cell produce
the same V|, and V. Initially, the B cell produces intracel-
lular antigen-specific IgM, which then becomes bound to
the surface of the cell (surface immunoglobulin) and acts
as the antigen receptor for that cell; the B cell is then ‘anti-
gen-responsive’. On exposure to that antigen, a committed
B cell fixes the isotype (or class) of immunoglobulin that it
will produce, and divides; all the progeny produce identical
immunoglobulin molecules (known as monoclonal immu-
noglobulins). Many of these cells then mature into plasma
cells, whilst others act as antigen-presenting cells (section
1.4.1) or memory cells.

1.5 Physiological outcomes of immune
responses

Once the immune response is initiated, the end result de-
pends on the nature and localization of the antigen, on
whether the predominant response has been humoral or
cell mediated, on the types of T cells and / or antibodies pro-
voked and whether the augmentation processes have been
involved.

1.5.1 Killing of target cells

Target cells killed as a result of an immune response include
organisms and cells bearing virally altered or tumour-spe-
cific antigens on their surfaces. They may be killed directly
by antigen-specific mechanisms such as antibody and com-
plement, ADCC following binding of specific antibody or
antigen-specific cytotoxic T cells.

Cytokine production results in activation of NK cells, neu-
trophils and macrophages and subsequently non-specific
killing by mechanisms similar to those in adaptive immu-
nity (see section 1.2.3).

1.5.2 Direct functions of antibody

Although some forms of antibody are good at neutralizing
particulate antigens, many other factors, such as the concen-
tration of antigen, the site of antigen entry, the availability of
antibody and the speed of the immune response, may influ-
ence antigen removal (Box 1.7).

Neutralization is one direct effect of antibody and IgM
is particularly good at this. A number of antigens, includ-
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BOX 1.7 SOME FACTORS AFFECTING
IMMUNE RESPONSES

Antigen

* Nature: polysaccharide antigens tend to elicit a predominant
IgM +1gG, response in contrast to protein antigens, which
elicit both cellular and humoral responses.

 Dose: in experimental animals large doses of antigen induce
tolerance.

* Route of administration: polio vaccine administered orally
elicits a stronger antibody response than intramuscular
injection.

Antibody

* Passive administration of antibody can be used to modulate
immune responses, e.g. maternal administration of antibod-
ies to the red cell Rh antigen is used to prevent haemolytic
disease of the newborn by removing fetal red cells from the
maternal circulation.

Cytokines

e Cytokines released by TH1/TH2 lymphocytes influences
type of immune response. TH1 cytokines favour develop-
ment of cellular immunity, while TH2 cytokines favour
antibody production.

Genes

* MHC-linked genes control immune responses to specific
antigens, e.g. studies in mice have identified strains that are
high responders to certain antigens but poor responders to
others. This is mirrored in humans by the strong link be-
tween certain MHC genes and the development of autoim-
mune diseases.

* Non-MHC genes may also influence immune responses, e.g.
mutations in the recombinase gene responsible for immu-
noglobulin and T-cell receptor gene rearrangement result in
severe combined immunodeficiency in babies.

ing diphtheria toxin, tetanus toxin and many viruses, can be
neutralized by antibody. Once neutralized, these substances
are no longer able to bind to receptors in the tissues; the re-
sulting antigen—antibody complexes are usually removed
from the circulation and destroyed by macrophages.
Although the physiological function of IgE antibody is un-
known, it may have a role in the expulsion of parasites from
the gastrointestinal tract. IgE antibody is normally bound
to tissue mast cells. Attachment of antigen to IgE antibodies
results in mast cell triggering, and release of a number of
mediators of tissue damage (see Fig. 1.27 and Chapter 4).

1.5.3 Indirect functions of antibody

Opsonization is the process by which an antigen becomes
coated with substances (such as antibodies or complement)
that make it more easily engulfed by phagocytic cells. The
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Fig. 1.27 IgE-mediated hypersensitivity.

coating of soluble or particulate antigens with IgG antibod-
ies renders them susceptible to cells that have surface re-
ceptors for the Fc portions of IgG (FcRIII) (Fig. 1.19). Neu-
trophils and macrophages both have these Fc receptors and
can phagocytose IgG-coated antigens; however, this proc-
ess is relatively inefficient if only Fc receptors are involved.
The activation of complement by antibody (via the classical
pathway) or by bacterial cell walls (via the alternate path-
way) generates C3b on the surface of microorganisms and
makes them susceptible to binding by several types of C3
receptors on macrophages and neutrophils (see Fig. 1.19). C3
receptors are very efficient in triggering phagocytosis.

1.5.4 Inflammation: a brief overview

Inflammation is defined as increased vascular permeabil-
ity accompanied by an infiltration of ‘inflammatory” cells,
initially neutrophil polymorphonuclear leucocytes and
later macrophages, lymphocytes and plasma cells. Vascu-
lar permeability may be increased (resulting in oedema) by
a number of agents, which include complement fragments
such as C3a, C5a, factor Ba and C2 kinnin. Some fragments
(C3a, C5a and C567) also attract neutrophils and mobilize
them from the bone marrow; cytokines generated by acti-
vated dendritic cells, T cells and macrophages, such as IL-
1, IL-6, TNF and IL-12, have similar properties, as well as
activating vasodilation to increase blood flow (resulting in
erythema). Inflammatory chemokines also attract a variety
of cells to migrate into tissues.

The triggering of mast cells via IgE is also a method of
causing inflammation, due to release of histamine and leu-
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kotrienes (which are quite distinct from cytokines). This is
discussed further in Chapter 4.

The inflammatory cytokines (IL-1, IL-6 and TNF) also
provoke increased synthesis of particular serum proteins in
the liver. The proteins are known as ‘acute-phase proteins’
and include proteins that act as mediators (as in opsoni-
zation—C3 and C4 complement components, C-reactive
protein), enzyme inhibitors (o -antitrypsin) or scavengers
(haptoglobin); the increased serum concentrations of such
proteins are helpful in resolving inflammation. In practical
terms, serial measurements of C-reactive protein (CRP) give
auseful indication of the extentand persistence of inflamma-
tion; since the half-life of CRP is only a few hours, changes in
serum levels reflect rapid changes in inflammation (such as
after antibiotic therapy) sufficiently quickly to be clinically
useful. This is in contrast to fibrinogen [another acute-phase
protein and the major factor in the erythrocyte sedimenta-
tion rate (ESR)], where changes are much slower.

1.6 Tissue damage caused by the immune
system

Unfortunately, the recognition of antigen by antibodies can
cause incidental tissue damage as well as the intended de-
struction of the antigen. Reactions resulting in tissue dam-
age are often called "hypersensitivity” reactions; Gell and
Coombs defined four types (Table 1.11) and this classifica-
tion (though arbitrary) is still useful to distinguish types of
immunological mechanisms. Most hypersensitivity reactions
are not confined to a single type; they usually involve a mixture
of mechanisms.

Immediate hypersensitivity (type I) reactions are those in
which antigen interacts with IgE bound to tissue mast cells
or basophils. IgE responses are usually directed against anti-
gens that enter at epithelial surfaces, i.e. inhaled or ingested
antigens. IgE production requires helper T cells and is regu-
lated by T-cell-derived cytokines.IL-4and IL-13stimulateIgE
production, while IFN-y is inhibitory. The balance between
help and suppression depends on many variables, including
the route of administration of the antigen, its chemical com-
position, its physical nature, and whether or not adjuvants
were employed and the genetic background of the animal.
Following the interaction of cell-surface IgE and allergen,
activation of the mast cell causes the release of pharmaco-
logically active substances (see Chapter 4). Type I reactions
are rapid; for example, if the antigen is injected into the skin,
‘immediate hypersensitivity’ can be seen within 5-10 min as
a‘weal and flare reaction’, where the resulting oedema from
increased vascular permeability is seen as a weal and the
increased blood flow as a flare. In humans, there is a familial
tendency towards IgE-mediated hypersensitivity, although
the genes related to this “atopic tendency’ do not determine
the target organ or the disease. Clinical examples of type I re-
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actions include anaphylactic reactions due to insect venoms,
peanuts and drugs, as well as the atopic diseases of hay fever
and asthma (see Chapter 4).

Type II reactions are initiated by antibody reacting with
antigenic determinants that form part of the cell membrane.
The consequences of this reaction depend on whether or not
complement or accessory cells become involved, and wheth-
er the metabolism of the cell is affected (Fig. 1.28). IgM and
IgG can be involved in type II reactions. The best clinical
examples are some organ-specificautoimmune diseases (see
Chapter 5), and immune haemolytic anaemias (see Chapter
16) (see Table 1.11).

Although type Il reactions are mediated by autoantibod-
ies, T cells are also involved. For example, in Graves’ dis-
ease, which is known to be due to autoantibodies stimulat-
ing thyroid-stimulating hormone (TSH) receptors, specific
reactive T cells are present also. It is not clear whether T cells
are only instrumental in promoting antibody production
(primary effect) or whether sensitization is secondary to
tissue damage. In contrast, the autoreactive T cells cloned
from patients with rheumatoid arthritis and multiple scle-
rosis have a primary role in tissue damage.

Type III reactions result from the presence of immune
complexes in the circulation or in the tissues. Localization
of immune complexes depends on their size, their charge,
and the nature of the antigen and the local concentration of

complement. If they accumulate in the tissues in large quan-
tities, they may activate complement and accessory cells and
produce extensive tissue damage. A classic example is the
Arthus reaction, where an antigen is injected into the skin of
an animal that has been previously sensitized. The reaction
of preformed antibody with this antigen results in high con-
centrations of local immune complexes; these cause comple-
ment activation and neutrophil attraction and result in local
inflammation 6-24 h after the injection. Serum sickness is
another example: in this condition, urticaria, arthralgia and
glomerulonephritis occurabout 10 days afterinitial exposure
to the antigen. This is the time when maximum amounts of
IgG antibody, produced in response to antigen stimulation,
react with remaining antigen to form circulating, soluble im-
mune complexes (Fig. 1.29). As these damaging complexes
are formed, the antigen concentration is rapidly lowered;
the process only continues as long as the antigen persists
and thus is usually self-limiting. Further clinical examples
include systemic lupus erythematosus (SLE) (see Chapter
5), glomerulonephritis (see Chapter 9) and extrinsic allergic
alveolitis (see Chapter 13).

Type IV reactions are initiated by T cells which react with
antigen and release T,1 cytokines. Cytokines attract other
cells, particularly macrophages, which in turn liberate lyso-
somal enzymes. Histologically, the resultant acute lesions
consist of infiltrating lymphocytes, macrophages and occa-
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Table 1.11 Types of hypersensitivity—mechanism, examples of disease and relevant therapy

Types Mechanism Therapy Disease example
Immediate (type I) IgE production Antigen avoidance Anaphylaxis
Mast cell degranulation Mast cell stabilizers (disodium Atopic diseases
cromoglycate)
Mediators:
Histamine Antihistamines
Leukotrienes Leukotriene receptor antagonists

Cell-bound antigen (type II)

Immune complex (type III)

Delayed-type
hypersensitivity (type IV)

Granule-associated mediators

IgG/IgM autoantibodies:
Complement lysis
Neutrophil activation

Opsonization

Metabolic stimulation
Blocking antibodies

High concentrations of immune
complexes, due to persistent
antigen and antibody production,
leading to complement activation
and inflammation

TH1 cytokine production

Macrophage activation

Corticosteroids

Immune suppression and/or
plasma exchange

Splenectomy /intravenous
immunoglobulin

Correct metabolism
Replace factors missing due to
atrophy

Removal/avoidance of antigen if
possible

Anti-inflammatory drugs:
Non-steroidals
Corticosteroids

Immune suppression:
Cyclophosphamide

Plasma exchange to reduce

mediator levels

Block cytokine production:
Cyclosporin
Azathioprine

Anti-inflammatory:
Corticosteroids

Reduce macrophage activity:
Corticosteroids

Remove antigen

Cold autoimmune
haemolytic anaemia
Myasthenia gravis
Goodpasture’s syndrome
Warm autoimmune
haemolytic anaemia
Immune
thrombocytopenic
purpura

Graves’ disease
Pernicious anaemia
Myxoedema
Infertility (some cases)

Serum sickness
Extrinsic allergic
alveolitis
Lepromatous leprosy

Systemic lupus
erythematosus

Cutaneous vasculitis

Some
glomerulonephritides
Graft rejection
Graft-versus-host disease

Tuberculosis, tuberculoid
leprosy
Contact dermatitis

sionally eosinophil polymorphonuclear leucocytes. Chronic

lesions show necrosis, fibrosis and, sometimes, granuloma-

tous reactions. An understanding of mechanisms that lead

to tissue damage helps to find relevant therapy (Table 1.11).

1405127619_4_001.indd 29

1.7 Organization of the immune system: an

overview

All lymphoid cells originate in the bone marrow. The nature of
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Fig.1.29 Immune complex formation in acute serum sickness.

the uncommitted lymphoid stem cell is not yet clear (see Fig.
1.1). An understanding of the developmental pathways is im-
portant, not only to clarify the physiology of the normal im-
mune response, but because some leukaemias and immuno-
deficiency states represent maturation arrest of cells in their
early stages of development (see Chapter 6) and some forms

CORTEX

of therapy, such as bone marrow transplantation and gene
therapy, depend on the identification and use of stem cells.
Lymphoid progenitors destined to become T cells migrate
from the bone marrow into the cortex of the thymus. Under
the influence of stromal cells and Hassalls’ corpuscles in the
thymic cortex, further differentiation into mature T cells oc-
curs. The passage of T cells from the thymic cortex to medul-
la is associated with the acquisition of characteristic surface
glycoprotein molecules so that medullary thymocytes even-
tually resemble mature, peripheral T cells. T-cell develop-
ment in the thymus (Fig. 1.30) is characterized by a process
of positive selection whereby T cells that recognize and bind
with low affinity to fragments of self-antigen in association
with self-MHC proceed to full maturation. In contrast, other
T cells which do not recognize self-MHC or recognize and
bind self-antigen with high affinity are selected out (nega-
tive selection) and do not develop any further. Negatively
selected T cells kill themselves by apoptosis (programmed
cell death). Deletion of self-reactive, developing T cells in
the thymus is an important mechanism by which autoim-
mune disease is prevented (Chapter 5). The role of the thy-
mus in T-cell selection has been succinctly summarized by
Von Boehmer, who stated that the thymus selects the useful,
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neglects the useless and destroys the harmful (a reference to
autoreactive T cells).

In contrast, B-cell development occurs in the bone mar-
row and is closely dependent upon interaction between a
surface glycoprotein on non-lymphoid stromal cells called
stem cell factor (SCF) and its receptor on B-cell precursors,
Kit tyrosine kinase. Activation of Kit by SCF triggers the
early stages of B-cell development; later stages of B-cell de-
velopment occur under the influence of cytokines secreted
by stromal cells, principally IL-7.

The thymus and the bone marrow are primary lymphoid
organs. They contain cells undergoing a process of matura-
tion from stem cells to antigen sensitivity and restriction.
This process of maturation is independent of antigenic stimulation
within the animal. In contrast, secondary lymphoid organs
are those that contain antigen-reactive cells in the process of
recirculating through the body. They include lymph nodes,
spleen, bone marrow (part) and mucosal-associated lym-
phoid tissues. Antigenic stimulation changes the relative
proportions of the mature cell types in secondary tissues.

Peripheral T and B cells circulate in a definite pattern
through the secondary lymphoid organs (Fig. 1.31). Most
of the recirculating cells are T cells and the complete cycle
takes about 24 h; some B cells, including long-lived memory
B cells, also recirculate. Lymphocyte circulation is strong-
ly influenced by chemokine receptors on the lymphocyte

Fig.1.31 Recirculation pathways
of lymphocytes. The majority of
naive T cells entering the lymph
node cortex from blood will
leave the node immediately via
efferent lymphatics. Naive T cells
that recognize specific antigen

Post-capillary
venule in
paracortex

Capillaries

surface that act as homing agents. There are also adhesion
molecules directing cells to their respective ligands on high
endothelial venules of lymph nodes and mucosal tissue. For
instance, L-selectin is a surface glycoprotein on lymphocytes
responsible for homing into lymph nodes (see section 1.2.6
and Table 1.8).

Lymph node architecture is well adapted to its function
(Fig. 1.31). The lymphatic network, which drains the ex-
travascular spaces in the tissues, is connected to the lymph
nodes by lymphatic vessels; these penetrate the lymph node
capsule and drain into the peripheral sinus, from which
further sinuses branch to enter the lymph node, passing
through the cortex to the medulla and hence to the efferent
lymphatic vessel. This sinus network provides an excellent
filtration system for antigens entering the lymph node from
peripheral tissues (Fig. 1.31).

The cortex contains primary follicles of B lymphocytes,
surrounded by T cells in the “paracortex’. There is a mesh-
work of interdigitating cells throughout the lymph node.
Antigen is probably filtered and then presented to lymphoid
cells by these interdigitating cells. On antigen challenge, the
‘primary’ follicles of the lymph node develop into ‘second-
ary’ follicles. In contrast to primary follicles, secondary folli-
cles contain germinal centres. These comprise mainly B cells
with a few helper T cells and a mantle zone of the original
primary follicle B cells. B cells in a secondary follicle are an-
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tigen-activated and more mature; most have IgG on their
surfaces, whereas those B cells in the primary follicle and
mantle zone are less mature, bearing both IgD and IgM. Ac-
tivated B cells migrate from the follicle to the medulla, where
they develop into plasma cells in the medullary cords before
releasing antibody into the efferent lymph.

The architecture of the spleen is similar. The white pulp
around arterioles is arranged into T- and B-cell areas with
primary and secondary follicles (Fig. 1.32). Antigen chal-
lenge results in expansion of the white pulp with B-cell acti-
vation and the development of secondary follicles. Plasma
cells migrate to the red pulp.

1.8 Conclusions

The aim of this chapter is to give an overview of the normal
workings of the immune systems, so that the pathological
processes involved in diseases are easily understood. Unlike
the subsequent chapters, this one starts with descriptions of
the molecules involved, moving onto the role of each in the
immune processes rather than the more traditional sequence
of anatomical structure, cellular composition and then mo-

1405127619_4_001.indd 32
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Periarteriolar lymphoid
sheath (T)

Follicle (B)
Red pulp

Venous sinuses
(plasma cells, macrophages)

Fig. 1.32 Organization of spleen.

lecular components. It is hoped that this gives a sense of
their relationship in terms of immediacy and dependency as
well as the evolution of the two immune systems.

FURTHER READING

See website: www.immunologyclinic.com
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