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Bacteriology, mycology and 
parasitology

Introduction
Bacteria are the smallest organisms capable of a free-
living existence. That is, with the exception of a few 
highly evolved examples, they are able to take up nutri-
ents from the environment, grow and self-replicate 
independently of other living cells. Their biochemical 
pathways are similar to those of other organisms, but 
they are morphologically less complex than the cells  
of higher organisms. The adjective ‘prokaryotic’ distin-
guishes the absence of membrane-bound organelles 
characteristic of bacteria from the ‘eukaryotic’ cell 
characterized by the presence of a nuclear membrane.

Morphology and structure

Most bacteria are 1 µm in diameter or larger, which 
means that they are readily visible by light microscopy 
and conventional bright-field illumination. However, to 
visualize the internal structures of the cell, the resolv-
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The cell wall of acid-fast bacteria such as the myco-
bacteria and Nocardia spp. contains a high lipid 
content. They are difficult to stain by most stains, but 
a solution of hot phenolic carbol fuchsin, or the fluoro-
chrome auramine, which binds to the lipid, will  
resist decoloration with sulphuric acid, and stain the 
organism.

The nucleus is a tightly coiled circular double strand 
of DNA, which replicates by simple fission. Other units 
of straight or circular DNA termed ‘plasmids’ may 
occur loosely in the cytoplasm. These may code for 
non-essential features such as antibiotic resistance or 
ability to ferment certain sugars such as lactose. The 
ability of bacteria to transfer plasmid DNA between 
bacteria of the same or different species may result in 
the spread of antimicrobial resistance (plasmid medi-
ated). Bacteria may also transfer genetic material from 
the nucleus (the so-called ‘jumping gene’), leading to 
stable, chromosomally mediated resistance.

Projecting through the cell wall may be flagellae, 
fimbriae or pili. Flagellae are long whip-like structures 
associated with motility. Fimbriae form a fringe around 
bacteria allowing gliding movement. Pili are longer than 
fimbriae, and more numerous than flagellae. They are 
associated with conjugation between bacteria of the 
same or different species, during which the exchange 
of genetic material, and hence transferable antibiotic 
resistance, can occur.

The majority of bacteria are either rod-shaped 
(bacilli) or spherical (cocci). Cocci may be in chains, 
e.g. streptococci, or in clusters, e.g. staphylococci. 
Comma-shaped bacteria called ‘vibrios’ and the spiro-
chaetes are examples of spirally coiled bacteria. The 
actinomycetes are the only genus-forming branching 
filaments. However, in smears, lactobacilli which are 
morphologically similar may appear to branch, leading 
to confusion in the evaluation of cervical specimens for 
actinomycosis.

A few bacteria will produce endospores, a highly 
resistant resting phase. This is a particular feature of 
the genera Bacillus spp. and Clostridium spp.

Classification and typing

The classification of bacteria is complicated by the lack 
of clearcut evolutionary relationships between differ-
ent members. Although the familiar hierarchy of 
species, genus, family, order, etc. is preserved, it often 
represents a grouping of organisms with shared charac-
teristics rather than evolutionary relatedness. Know-
ledge of a simple classification is however important for 
a number of reasons. It enables communication between 
scientists, gives a broad picture of how the organism 
may behave in vitro and in vivo, and may give some 
indication of the likely efficacy of proposed antimicro-
bial chemotherapy. Properties used in the classification 

ing power of an electron microscope is required. Figure 
7.1 is a diagrammatic representation of the internal 
structures of the prokaryotic cell.

Many bacteria have a capsule or loose slime around 
the cell wall. This is an important protective mecha-
nism. The ability of organisms such as Staphylococcus 
epidermidis to produce slime (glycocalyx) on the sur-
faces of cannulae results in the protection of the organ-
ism from the action of antimicrobial agents, and 
difficulty in eradicating the organism in catheter- 
associated sepsis.

The cell wall of bacteria is unique. It consists of  
a backbone of N-acetyl-glucosamine and N-acetyl-
muramic acid residues linked to polypeptides,  
polysaccharides and lipids, called ‘peptidoglycan’. Pep-
tidoglycan is responsible for the rigidity of the cell wall, 
and maintenance of the characteristic shape of an 
organism. Gram’s stain differentiates bacteria into 
those that take up and retain a complex of crystal violet 
and iodine, and those that do not. This ability is a func-
tion of the cell wall. Gram-positive organisms (stained 
blue/black) have a cell wall consisting largely of pepti-
doglycan linked to teichoic acids. In contrast, the cell 
wall of Gram-negative organisms (usually counter-
stained pink) is far more complex with an outer mem-
brane of lipoprotein and lipopolysaccharide (also 
unique to bacteria), separated from the peptidoglycan 
layer by the periplasmic space. This arrangement has 
important consequences for the ability of Gram-nega-
tive bacteria to neutralize the activity of certain anti-
microbial agents such as the cell wall active β-lactams 
(penicillins and cephalosporins). Peptidoglycan is syn-
thesized with the assistance of transpeptidases, also 
known as penicillin-binding proteins (PBPs), which are 
a target for β-lactams. This group of antibacterial agents 
is thus acting against a metabolic pathway unique to 
bacteria, with consequent low toxicity to eukaryotic 
cells. The presence of β-lactamases in the periplasmic 
space may result in the bacteria being resistant to these 
agents. Mycoplasmas are unique among bacteria in not 
having a rigid cell wall, while the chlamydiae lack pep-
tidoglycan. Not surprisingly, these bacteria are essen-
tially resistant to β-lactams.

Flagellum

Nucleus

Ribosomes

Cytoplasm

Cytoplasmic membrane
Pili

Mesosome
Capsule
Cell wall
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Figure 7 .1 • Prototype bacterial cell .
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of bacteria include: morphology, staining reaction, need 
for oxygen, utilization or production of various chemi-
cals, chemical constitution and, increasingly, genomic 
make-up. The latter includes genome size, guanosine 
and cytosine ratio (GC ratio) and DNA relatedness  
as determined by hybridization and sequencing  
techniques.

The naming of bacteria follows the conventional 
Latin binomial system which is overseen by an interna-
tional body that applies strict rules. The genus is always 
written with a capitalized first letter, and followed  
by the specific epithet commencing with a lower-case 
letter. Both components are written in italics – thus, 
Staphylococcus spp. and Staphylococcus aureus. The 
generic name may be abbreviated after first use, thus 
S. aureus, or if confusion is likely to Staph. aureus. All 
other references to specific bacteria are not italicized, 
including family names such as ‘Enterobacteriaceae’, 
trivial names such as ‘coliform’, or adjectives such as 
‘staphylococcal’. Table 7.1 is a simple classification of 
medically important bacteria based on these character-
istics.

In addition to a need to classify bacteria, it is often 
necessary to distinguish between infecting organisms of 
the same species, for example when trying to trace the 
source of a staphylococcal outbreak, or confirming the 
chain of infection in a case of alleged sexual abuse. A 
variety of methods are available; some more applicable 
to some species than others. It is always much easier 
for bacteriologists to prove that two organisms are dif-
ferent, than the converse.

The protein and polysaccharide components of  
the bacterial cell are highly antigenic. Differences in 
the structure of lipopolysaccharides in the cell wall  
of Enterobacteriaceae (see Table 7.2) are the basis for 
somatic or O typing of strains. Capsular polysaccharide 
antigens are used for K typing and flagella antigens 
provide the H antigens. Typing using antibodies to H 
and O antigens is of particular importance in ‘speciat-
ing’ Salmonella spp. The Vi antigen is a further viru-
lence marker particularly associated with S. typhi. 
Shigella spp. and enteropathogenic Escherichia coli iso-
lates are also typed using antibodies to the O antigens.

Staphylococci are infected with highly host-specific 
viruses called ‘phages’. These phages may transfer 
genetic material between different staphylococci in a 
way analogous to plasmid transfer in other bacteria. 
The pattern of phages infecting a staphylococcus can 
also be used to demonstrate that the same strain of 
staphylococcus is responsible for an outbreak. Other 
methods include biotyping on biochemical features, 
serotyping based on specific antibodies, antibiograms 
based on antimicrobial resistance, protein composition 
(e.g. gel electrophoresis and isoelectric focusing) and 
plasmid typing. Application of molecular technology 
has produced highly specific techniques based on 

Table 7.1 A simple classification of medically important 
bacteria

Free living organisms

  Gram-positive cocci
    Aerobic
      Staphylococcus spp.
      Streptococcus spp., Enterococcus spp.
    Anaerobic
      Peptostreptococcus
  Gram-positive bacilli
    Aerobic
      Spore forming
        Bacillus spp.
      Non-spore forming
        Lactobacillus spp.
        Corynebacterium spp., Listeria spp.
    Anaerobic
        Clostridium spp.
  Gram-negative cocci
    Aerobic
        Neisseria spp., Moraxella spp.
    Anaerobic
        Veillonella spp.
  Gram-negative bacilli
    Aerobic or facultative anaerobic
      Small rod-shaped
        Legionella spp., Haemophilus spp.
        Bordetella spp., Brucella spp.
        Pasteurella spp., Bartonella spp.
      Comma-shaped
        Vibrio spp.
      Helically curved
        Campylobacter spp., Helicobacter spp.
      Large rod-shaped
      Fermentative
        Escherichia spp., Klebsiella spp.
        Enterobacter spp.
        Salmonella spp., Shigella spp., Yersinia spp.
      Non-fermentative
        Pseudomonas spp., Stenotrophomonas spp.
      Anaerobic
        Bacteroides spp.
        Prevotella spp.
  Gram-variable cocco-bacilli
    Mobiluncus spp., Gardnerella spp.
  Stain with acid-fast stains (e.g. Ziehl–Neelsen)
    Mycobacterium spp., Nocardia spp.

Obligate intracellular organisms

    Chlamydia spp., Rickettsia spp., Coxiella spp.
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restriction fragment length polymorphism and the 
polymerase chain reaction.

Pathogenesis

The distinction between commensal and pathogenic 
organisms is far from clearcut. Indeed, many of the 
organisms associated with common infections are part 
of the normal or transient flora of the body. Mere 
isolation of the organism from a specimen does not 
necessarily equate with disease, rather it is isolation of 
the organism in a site normally sterile. The presence of 
E. coli in the bowel reflects its normal habitat, but its 
presence in bladder urine indicates urinary tract infec-
tion. Haemophilus influenzae, Streptococcus pneumo-
niae and Moraxella catarrhalis are all on the one hand 
normal inhabitants of the upper respiratory tract, and 
on the other capable of causing lower respiratory tract 
infection.

Some organisms are always pathogenic to humans. 
Examples include the plague bacillus, Brucella spp. and 
Treponema pallidum. At the other extreme are organ-
isms that are usually quite innocuous unless the host’s 
defences are markedly impaired. These are the ‘oppor-
tunistic’ organisms, such as Pseudomonas aeruginosa, 
often associated with sepsis in the immunosuppressed. 
These organisms are much more at home in the envi-
ronment than growing on or in the patient. It is not 
possible to maintain a biological surface as sterile. The 
surface (e.g. an initially sterile burn) will soon become 
colonized with whatever organisms are around. If in 
addition the biological surface has become selective 
because of antibiotic administration, the colonizing 
organism is likely to be resistant to that antibiotic. The 
concept of creating the selective medium is important; 
it is, after all, what the laboratory does to select a single 
organism from a mixture – merely an in-vitro version 
of what the clinician may unwittingly be doing in vivo.

While a breakdown in the host immune system may 
lead to commensal organisms causing disease, bacteria 
have evolved a number of mechanisms to enhance their 
disease-causing potential, and allow them to evade the 
immune system. Resistance to lysis by serum is a 
feature of the Enterobacteriaceae, associated with the 
presence of lipopolysaccharide at the cell surface. 
Initial contact with the host may be facilitated by a 
variety of adhesions. Once attached, the next obstacle 
will be the host’s immune system. The presence of  
a capsule, with or without antigenic similarity to the 
host, or the production of a protective biofilm may 
protect the organism. More sophisticated evasive 
mechanisms include the production of proteases that 
cleave IgA, a feature of pathogens invading via mucosal 
surfaces such as Neisseria spp., or coating with host 
proteins, such as fibronectin as found in T. pallidum. 
Chlamydia trachomatis is able to prevent the fusion of 

lysosomes to the intracellular phagosome containing 
the infectious elementary body; thus the host protects 
the invading organism from destruction.

In order to initiate an infection of a clean wound 
with Staph. aureus, some 105 organisms are required. 
However, the presence of a foreign body, be it trau-
matic or a medically inserted cannula, reduces the 
required inoculum by 99% to 103. Such numbers are 
small by microbiological standards.

Iron is an important growth factor for some bacteria, 
and they are able to fix iron-binding proteins either by 
having specific receptors for lactoferrin or transferrin 
(e.g. Staph. aureus), or by producing extracellular che-
lators (e.g. some coliforms). Other extracellular  
products such as hyaluronidase and the ureases of 
Proteus spp. and Helicobacter pylori may contribute to 
pathogenesis.

Toxin production is important for the ability of 
many pathogens to cause disease (virulence). These 
toxins may be found extracellularly as exotoxins, or 
released on cell death as endotoxins. Exotoxins are a 
feature of Gram-positive and Gram-negative organ-
isms. Examples of the action of exotoxins include the 
neuromuscular effects of Clostridium botulinum and 
Cl. tetani toxins, gastrointestinal symptoms of cholera, 
E. coli, Shigella spp. and Staph. aureus, and skin necro-
sis from Staph. aureus. Some toxins require the infec-
tion of the bacteria with a phage for expression, for 
example diphtheria toxin which affects the heart and 
lungs, and the erythrogenic toxin of Str. pyogenes 
(Group A streptococcus). Staphylococcal toxic shock 
syndrome toxin is a potent pyrogen. Some exotoxins 
can be formalin fixed to produce toxoids, which are 
used as vaccines, e.g. tetanus toxoid.

Endotoxin is a feature of the Gram-negative cell 
wall. It is otherwise known as lipopolysaccharide 
(LPS). The important component is lipid A, which 
links the LPS to the outer membrane. Lipid A seems 
to be responsible for the inflammatory responses asso-
ciated with the endotoxic shock found in severe Gram-
negative septicaemia.

Laboratory identification

Specimen collection

The quality of the specimen is particularly important 
in microbiology. There is little point in taking a poor 
specimen and transporting it to the laboratory under 
less than ideal conditions. At best, the result will be 
unhelpful, and, at worse, highly misleading. In general, 
specimens from sites thought to be infected will be 
collected for microscopy, culture and antigen or 
genome detection. In addition, serum samples may be 
sent for antibody determination. While the pressures 
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on a clinician are appreciated, it is important that full 
clinical details including any current or intended anti-
microbial therapy are given. The laboratory will be 
putting up tests, and interpreting the results in the light 
of the clinical information supplied.

Specimens should almost always be taken before 
treatment is commenced. Sensitive bacteria will not 
survive in the presence of antibiotics, and even if clin-
ically resistant may not be recoverable on artificial 
media. The correct transport medium should always be 
used for swabs, to maintain the balance of organisms 
as similar to the clinical situation as possible, and to 
ensure the likely survival of pathogens. Because organ-
isms will continue to divide at ambient temperature, 
specimens should be kept at +4°C and transported to 
the laboratory as soon as feasible. Some organisms, for 
example chlamydiae and viruses, survive better at 
−70°C. The use of a conventional deep freeze at −20°C 
is satisfactory for preserving bacteria and storing serum 
samples, but is lethal to chlamydiae. Exceptions to 
these rules are fastidious organisms such as the gono-
coccus, which do not survive well out of the clinical 
situation and should be either direct plated at the 
bedside or rapidly transported to the laboratory. To 
increase the likelihood of a positive result, liquid pus 
should always be preferred to a swab dipped in the pus; 
gas liquid chromatography which in skilled hands can 
rapidly discriminate different anaerobes is now rarely 
used in practice. Different antigen or genome tests 
require different collection media, even where the 
same organism is being detected. It is therefore neces-
sary to check with the laboratory before sending these 
specimens. If the possibility of sexual abuse arises, it is 
vital to set up a formal chain of evidence with the 
laboratory, or the evidence may not be admissible in 
court.

Culture

The majority of bacteria are still identified by culture 
on solid agar media. This means that a minimum of 
18 h will elapse before even presumptive results are 
available. Microscopy will assist in some cases, but 
where there is a heavy normal flora, such as in the 
respiratory tract, identification of potential pathogens 
may be impossible. It is never possible to speciate 
organisms on microscopy. Thus intracellular Gram-
negative cocci are not necessarily synonymous with N. 
gonorrhoeae, and should never be reported as such until 
confirmatory results are available. Culture of organisms 
is necessary in most circumstances to define a full 
picture of the organisms colonizing or infecting a par-
ticular site. Sites that are normally sterile, such as blood 
and cerebrospinal fluid, should present little problem 
to the laboratory as any organism ought to be signifi-
cant. However, the possibility of contamination of the 

specimen during collection, even under optimal condi-
tions, may make interpretation difficult. The problem 
is much greater with specimens from a site with normal 
flora, because, as previously stated, many potentially 
pathogenic organisms may also be part of the normal 
flora. Further, it is not yet routinely possible to predict 
sensitivity to antibiotics without exposure of actively 
dividing organisms to them.

Antigen detection

No microbiological test is 100% sensitive, but the spe-
cificity of culture approaches 100%. The same may not 
be true of antigen-detection systems, although even 
here the tendency is to concentrate on good specificity 
over sensitivity. This is because a false-positive diagno-
sis is more likely to mislead than a false-negative one. 
In the latter situation clinical impression will override 
the negative report from the laboratory. Non-culture 
detection tests provide two useful functions. First, they 
may be used in situations where rapid diagnosis has 
important therapeutic and public health consequences, 
e.g. in meningitis. Second, the tests are useful to diag-
nose pathogens that are difficult or slow to isolate in 
the laboratory. The best example of this group is in the 
diagnosis of chlamydial infection. Because of the need 
for cell culture to isolate the organism, the develop-
ment of non-culture detection tests has served to high-
light the prevalence and importance of the organism, 
and also to make diagnostic facilities more widely avail-
able. The disadvantage is that the tests are of variable 
sensitivity, and in some hands specificity is less than 
optimal. Direct immunofluorescence tests are of good 
sensitivity, but are subjective; in contrast enzyme-
immunoassay systems are of high specificity, but gener-
ally of lower sensitivity. The importance of this 
discussion is that, in low prevalence populations, a low 
sensitivity (around 90%) may lead to a positive predic-
tive value of under 50%. That is, one in two positive 
results may be a false positive.

Nucleic acid detection

Molecular technology is revolutionizing diagnostic 
microbiology. Tests based on the polymerase chain 
reaction (PCR) and the closely related ligase chain 
reaction (LCR) are now established in the routine diag-
nosis of certain pathogens such as Neisseria meningi-
tidis and C. trachomatis. These techniques are 
extremely powerful, and as such are subject to con-
tamination problems. Only validated tests should ever 
be used for routine diagnostic purposes. Biological 
inhibitors may reduce the sensitivity of these tests in 
practice.
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Antibody detection

Antibody detection tests have the theoretical advan-
tage that all that is required is a sample of clotted 
blood. Unfortunately, in practice, it is unusual for a 
definitive diagnosis to be made on a single sample of 
serum. The antibody rise takes a minimum of 10–14 
days, and in some infections, e.g. chlamydial infections, 
more than 3 weeks may elapse. The safest criterion for 
the diagnosis of infection using serology is a greater 
than four-fold rise in specific antibody titre in at least 
a pair of sera. The exceptions are diseases where anti-
bodies to the organism in question are rare in the 
normal population, or the organism cannot be cultured. 
An example of the former is plague, and of the latter 
syphilis. In the case of syphilis, several different tests 
are carried out on a single specimen in an attempt to 
confirm the treponemal infection, and also to define 
the stage of the disease.

Bacteria and disease

Normal flora

The relationship between humans and their microbes 
is complex. Products synthesized by one organism may 
assist the growth of another organism, which may in 
turn produce factors which will protect the host from 
invasion by extraneous organisms. Constant stimula-
tion of the host immune system by resident bacteria 
will lead to early recognition and elimination of related 
but potentially pathogenic organisms, as well as con-
tributing to the control of potentially neoplastic host 
cells by virtue of antigens similar to aberrant host ones. 
Bowel organisms are capable of synthesizing vitamins. 
The interactions of the various species of organism 
found on the skin are important for maintaining a 
healthy integument by production of fatty acids and 
other substances that inhibit the growth of potential 
pathogens. Disruption of this delicate balance will 
result in symptoms; for example antibiotics that affect 
the normal gut flora will result in a change in the pro-
portion of different bacterial species, with overgrowth 
of some at the expense of others. This imbalance is 
manifest by diarrhoea. A more sinister consequence 
may be the proliferation of Cl. difficile, an anaerobic 
rod usually present in small amounts, leading to toxin-
mediated pseudomembranous colitis.

The interaction of aerobic organisms with anaerobic 
organisms is particularly intriguing. The aerobes serve to 
consume oxygen, thus lowering the oxygen tension (eH) 
to very low levels, and allowing the proliferation of 
strictly anaerobic organisms. The anaerobes outnumber 
the aerobes by 10 : 1 to 100 : 1 on the skin, rising to over 
1000-fold excess in the large intestine. One gram of 

faeces contains some 108 aerobic organisms and 1011 
anaerobic organisms. Maintenance of the anaerobic gut 
flora is essential for health, and the use of anaerobe-
sparing antibiotics (e.g. ciprofloxacin) where indicated 
is less likely to lead to diarrhoea as a side-effect.

The predominantly Gram-positive resident flora of 
the skin is supplemented by transient organisms, usually 
from the environment, and often Gram-negative. They 
are unable to establish themselves, but may survive for 
several hours. This is long enough for transfer to occur 
to susceptible individuals via the examining fingers.

Normal genital tract flora of women

The normal flora of the vagina changes under the influ-
ence of circulating oestrogens. The presence of oestro-
gen leads to an environment rich in glycogen, which 
favours the growth of lactobacilli and other acid- 
tolerant organisms. The metabolism of glycogen to 
lactic acid results in a pH < 4.5. Other bacteria com-
monly present include anaerobic cocci, diphtheroids, 
coagulase-negative staphylococci and α-haemolytic 
streptococci. In addition, a number of organisms that 
are also potential pathogens may colonize. These 
include β-haemolytic streptococci including Str. aga-
lactiae, and Actinomyces spp. The balance between 
health and disease in the vagina is delicate. Factors 
leading to alteration of this balance will lead to over-
growth of organisms at the expense of the lactobacilli 
leading to bacterial vaginosis. Specific disease is caused 
by yeast-like fungi (e.g. Candida spp.), or infection 
with the protozoon Trichomonas vaginalis. Gonococcal 
and chlamydial infections affect the cervix, causing 
upper genital discharge. Bacterial vaginosis, gonococcal 
and chlamydial infections all predispose to ascending 
infection resulting in endometritis and salpingitis, with 
the attendant sequelae of ectopic pregnancy or infertil-
ity. Bacterial vaginosis also appears to be a factor in the 
pathogenesis of pre-term labour.

Gram-positive and  
Gram-negative bacteria

Table 7.2 lists some of the more medically important 
bacteria. Staph. aureus is distinguished from other sta-
phylococci by production of coagulase. Increasingly, 
these organisms are proving to be resistant to the anti-
staphylococcal β-lactam antibiotics (penicillins and 
cephalosporins). Such strains are designated methicil-
lin-resistant Staph. aureus (MRSA) after the now obso-
lete antibiotic used as a laboratory test to detect them. 
Strains are frequently also multi-resistant, and some 
are able to spread easily through clinical areas (epi-
demic MRSA – EMRSA). MRSA are usually no more 
virulent than other coagulase-positive staphylococci, 
and frequently colonize wounds and carrier sites. 
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Table 7.2  Bacterial species of medical importance

Group or genus Important species Diseases caused, comments

Gram-positive cocci

  Staphylococci Staphylococcus aureus Wound infections, abscess, bacteraemia/septicaemia, 
osteomyelitis, tampon-associated toxic shock 
syndrome, food poisoning

S. epidermidis Vascular cannula-associated infection

Staph. saprophyticus Urinary tract infections

  Streptococci (α-haemolytic) Streptococcus milleri Normal mouth flora, deep-seated abscesses, endocarditis

S. pneumoniae Lobar pneumonia

Enterococcus 
(Streptococcus) faecalis

Normal bowel flora, urinary tract infection, opportunistic 
wound infection

  Streptococci (β-haemolytic) S. pyogenes (Group A) Bacterial upper respiratory tract infection, wound 
infection, abscesses, bacteraemia/septicaemia, puerperal 
sepsis, necrotizing fasciitis, scarlet fever, septic arthritis

S. agalactiae (Group B) Normal vaginal flora, neonatal bacteraemia/septicaemia 
and meningitis

  Peptostreptococcus P. anaerobius Anaerobic abscesses

Gram-positive bacilli

  Bacillus spp. B. anthracis Anthrax

B. cereus Normal flora of air, food poisoning with diarrhoea and 
vomiting

  Lactobacilli Lactobacillus casei Normal vaginal flora

  Corynebacteria Corynebacterium 
diphtheriae

Diphtheria

C. jeikeium Skin flora, line- (cannula/vascular) associated 
bacteraemia/septicaemia

  Listeria L. monocytogenes Maternal and neonatal listeriosis

  Clostridium spp. C. perfringens Gas gangrene

C. tetani Tetanus

  Actinomycetes Actinomyces israelii Pelvic actinomycosis

  Nocardia N. asteroides Chronic infection in transplant patients

Gram-negative cocci

  Neisseriae Neisseria gonorrhoeae Gonorrhoea, pelvic inflammatory disease, arthritis, 
bacteraemia/septicaemia, infertility, neonatal ocular 
infection

N. meningitidis Meningitis

  Moraxellae Moraxella (Branhamella) 
catarrhalis

Respiratory flora, exacerbations of chronic bronchitis

  Veillonella Veillonella spp. Normal oropharyngeal flora
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Group or genus Important species Diseases caused, comments

Gram-negative bacilli

  Haemophilus spp. H. influenzae Respiratory flora, exacerbations of chronic bronchitis

  Legionella spp. L. pneumophila Atypical pneumonia

  Pasteurella spp. P. multocida Animal bites

  Yersinia Y. pestis Plague

Y. enterocolitica Mesenteric adenitis

  Comma-shaped Vibrio cholerae Cholera

  Helically curved Campylobacter fetus Normal flora of chickens, food poisoning with diarrhoea

Helicobacter spp. Gastritis and peptic ulcers

  Bartonellae Bartonella henselae Cat-scratch disease, bacillary peliosis, bacillary 
angiomatosis

  Enterobacteriaceae Escherichia coli, Klebsiella 
pneumoniae, Enterobacter 
cloacae

Urinary tract infection, abdominal sepsis, wound 
infection, bacteraemia/septicaemia, nosocomial 
respiratory infection

Proteus mirabilis Enteric fever

Salmonella typhi, 
Salmonella enteritidis

Food poisoning with diarrhoea

Shigella dysenteriae Dysentery

  Pseudomonads Pseudomonas aeruginosa Nosocomial urinary tract infection and respiratory 
infection, opportunistic wound infection, bacteraemia/
septicaemia

Stenotrophomonas 
maltophilia

  Anaerobic Gram-negative bacteria Bacteroides fragilis Normal gut flora, abdominal sepsis, pelvic inflammatory 
disease

Prevotella melaninogenica Respiratory tract infection

P. bivia Normal vaginal flora, abdominal sepsis, pelvic 
inflammatory disease

Fusobacterium nucleatum Severe oral sepsis

Others

  Gram-variable coccobacilli Mobiluncus curtisii Normal vaginal flora, but predominant in bacterial 
vaginosis

Gardnerella vaginalis Associated with clue cells

  Mycobacteria Mycobacterium 
tuberculosis

Tuberculosis

M. avium-intracellulare Chronic respiratory infection and bacteraemia in 
severely immunosuppressed patients

Table 7.2  Bacterial species of medical importance (cont’d)
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Group or genus Important species Diseases caused, comments

  Spirochaetes Treponema pallidum Syphilis

T. pertenue Yaws

Leptospira interrogans Leptospirosis

Borrelia recurrentis Relapsing fever

  Mycoplasmas Mycoplasma pneumoniae Atypical pneumonia

M. hominis Normal vaginal flora, pyelonephritis, pelvic inflammatory 
disease

Ureaplasma urealyticum Normal vaginal flora, non-gonococcal non-chlamydial 
urethritis, neonatal respiratory infection

  Chlamydiae Chlamydia trachomatis Non-gonococcal urethritis, cervicitis, endometritis, 
pelvic inflammatory disease, infertility, neonatal ocular 
and respiratory infection

C. pneumoniae Atypical pneumonia, possible association with coronary 
heart disease

C. psittaci Animal pathogen, atypical pneumonia in humans

  Rickettsiae and Coxiella spp. Rickettsia prowazekii Typhus

Coxiella burnetii Q fever

Table 7.2  Bacterial species of medical importance (cont’d)

However, when they do cause infection the antibiotic 
choice is considerably limited compared with methicil-
lin-sensitive strains.

Streptococci are divided into three broad groups 
based on their haemolysis of horse blood agar. Strains 
producing partial haemolysis (resulting in a greenish 
pigmentation of the agar) are termed α-haemolytic. 
This group comprises a number of commensal strains 
found particularly on the skin and in the mouth (‘viri-
dans’ streptococci), but they are also important patho-
gens in deep-seated abscesses and endocarditis. The 
pneumococcus and enterococci (Enterococcus (Strepto-
coccus) faecalis and Ent. faecium) are also important 
members of this group. Pneumococci are showing 
increasing resistance to penicillin. The enterococci are 
frequent super-infecting organisms, particularly associ-
ated with cephalosporin therapy. Glycopeptides (van-
comycin and teicoplanin) are often required to treat 
enterococcal infection; consequently the emergence of 
vancomycin- and teicoplanin-resistant strains (VRE)  
is a major worry. Complete haemolysis is termed 
β-haemolysis. Organisms in this group are further sub-
divided into the Lancefield Groups A to O. Some 
α-haemolytic strains also have Lancefield antigens, e.g. 
the enterococcus is Lancefield Group D. The major 
human pathogens are in Groups A, B, C and G. 
However, members of these four groups may also 

occur as normal human flora. The Group A streptococ-
cus is the most important pathogen (Str. pyogenes) and 
remains fully sensitive to penicillin. The third broad 
group is the non-haemolytic streptococci, which are 
commensal organisms, although anaerobic streptococci 
may cause wound infections.

The corynebacteria are Gram-positive rods widely 
distributed over the skin and upper respiratory tract. 
It is important to differentiate rapidly the pathogenic 
C. diphtheriae strains from the commensals, and to 
determine whether the former are toxin-producing 
strains. C. jeikeium strains have achieved some notori-
ety by their ability to colonize intravenous cannulae, 
particularly in the immunosuppressed. Strains are fre-
quently multiply resistant, and may require glycopep-
tide therapy, or removal of the cannula.

Listeria monocytogenes is of particular importance in 
obstetrics. It is a motile Gram-positive rod widely dis-
tributed in nature. The organism is capable of active 
division at low temperatures, e.g. in display refrigera-
tors. Depending on regional, occupational and animal 
exposure, between 5% and 70% of the population carry 
the organism in the bowel, and strains can be isolated 
from soil, vegetables, salads and dairy products, and 
uncooked or partly cooked chicken. Of the 13 serovars, 
only two are of importance in human disease. Infection 
in adults is an important cause of meningitis. Maternal 
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commonest bacterial cause of meningitis. Both organ-
isms are capable of causing genital infection. N. gonor-
rhoeae infects columnar cells; it is therefore a parasite of 
the cervix, not the vagina. Moraxella catarrhalis strains 
are usually resistant to penicillins, which may compro-
mise treatment of exacerbations of chronic bronchitis.

The enteric Gram-negative rods comprise a large 
group of morphologically identical organisms. All are to 
be found in the gut. The simplest classification divides 
them into those that ferment lactose, and those that 
do not. The lactose fermenters include Escherichia coli, 
Enterobacter spp. and Klebsiella pneumoniae. The non-
lactose fermenters include the enteric pathogens such 
as Shigella spp. and the salmonellae. There are over 
2000 types of salmonella, including enteric fever-caus-
ing typhoid and paratyphoid, and the common species 
associated with food poisoning such as Sal. typhimu-
rium and Sal. enteritidis. Other important Gram-
negative aerobic bacilli include Pseudomonas spp. and 
Acinetobacter spp. These are predominantly environ-
mental organisms that will colonize and infect wounds 
opportunistically – that is, wounds in patients who are 
debilitated, immunosuppressed or on long-term inap-
propriate broad-spectrum antibiotics.

The anaerobic Gram-negative bacilli are non- 
sporing. Although their growth requirements are very 
precise, they are widely distributed in the body, colo-
nizing bowel, oropharynx and vagina. They may contrib-
ute to the formation of abscesses in association either 
with other anaerobes, or with aerobic organisms.

The precise cause of bacterial vaginosis is unknown. 
However, the effect is a change in the balance of the 
bacterial species making up the normal flora. The nor-
mally predominant Gram-positive lactobacilli are 
replaced by Gram-variable coccobacilli. These organ-
isms characteristically adhere to the squamous cells and 
are called ‘clue cells’ when seen in vaginal smears. The 
organisms include the anaerobic Mobiluncus spp. and 
the microaerophilic Gardnerella vaginalis. The term 
‘vaginosis’ implies that there is no inflammation of the 
vaginal wall, but a fishy smelling, watery vaginal dis-
charge is produced with a pH > 5.0.

Spirochaetes, mycoplasmas, 
chlamydiae and other bacteria

T. pallidum, the spirochaete that causes syphilis, cannot 
be cultivated in the laboratory. It is also serologically 
indistinguishable from the spirochaetes that cause yaws 
and pinta. In consequence, the laboratory can only 
provide evidence of current or past treponemal infec-
tion. It cannot diagnose syphilis. This unsatisfactory 
state means that, if there is any doubt as to the cause 
of serum treponemal antibodies, the patient must be 
assumed to have active syphilis and be treated accord-
ingly. Syphilis in pregnancy will affect the fetus, result-

infection usually occurs late in pregnancy, and symp-
toms range from mild ‘flu-like’ to chills, fever and back 
pain and bacteraemia. Neonates infected during preg-
nancy are ill at or soon after birth. Symptoms are non-
specific, but respiratory distress is common, with 
bradycardia, jaundice and hepatosplenomegaly; neuro-
logical symptoms and skin rashes are also found. The 
characteristic lesions found in the placenta, and at post-
mortem examination of infected neonates are miliary 
granulomata with focal necrosis. Routine macroscopic 
inspection of the placenta to exclude these macro-
scopic lesions should be encouraged. Intrapartum neo-
natal infection will lead to predominantly meningitic 
symptoms with an incubation period of 5–7 days.

The only bacteria to show branching are the actino-
mycetes. These are regarded as higher bacteria, with 
some characteristics similar to those of fungi. The 
organism occurs in the mouth, gut and female genital 
tract. The organism may also colonize intrauterine 
devices. Pelvic actinomycosis is a rare chronic granulo-
matous disease. The diagnosis can be made by observ-
ing the yellow mycelial masses (sulphur granules) in 
tissue. Symptoms may mimic pelvic neoplasia, and the 
distinction is important because actinomycosis may be 
treated with extended courses of appropriate antibiot-
ics such as amoxicillin or co-trimoxazole. Cytologists 
frequently report Actinomyces-like organisms seen on 
cervical smears. This statement is not synonymous with 
actinomycosis. The organisms seen are usually com-
mensal lactobacilli, which are also long Gram-positive 
rods and may appear to show branching in smears.

Clostridium perfringens is a component of normal 
bowel flora. Resistant spores are produced under 
certain conditions, which may survive inadequate dis-
infection or sterilization. The organism will proliferate 
in necrotic or poorly perfused tissue, giving rise to gas 
gangrene. The source is almost always the patient’s own 
flora. Cl. difficile is also found in the normal bowel, in 
small numbers. Antibiotics may lead to overgrowth of 
this organism, and production of an exotoxin which 
gives rise to pseudomembranous colitis. Practically all 
antimicrobials may lead to this condition, but it is par-
ticularly associated with clindamycin, cephalosporins 
and more recently ciprofloxacin. Neonatal tetanus may 
be encountered in areas of poor hygiene, acquired via 
the umbilical stump wound. Cl. botulinum produces a 
powerful neurotoxin. The disease in adults results from 
ingestion of the pre-formed toxin, but neonatal botu-
lism may develop from bacteria growing in the gut.

The Gram-negative cocci of medical importance are 
contained within the genus Neisseria. Both N. gonor-
rhoeae and N. meningitidis are fastidious organisms, and 
care is necessary with specimen collection to ensure that 
the organisms remain viable. The organisms are usually 
found within inflammatory exudate cells. N. meningi-
tidis is a common nasopharyngeal commensal, and the 
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specific antibacterial activity and low host toxicity (see 
also Ch. 12). The β-lactam antibiotics comprise two 
main groups – the penicillins and cephalosporins – each 
of which contains a large number of members giving an 
antibacterial spectrum, at least in theory, spanning the 
bacterial genera of medical importance. Other members 
of the class include the monobactams and carbapenems 
(e.g. imipenem). All act selectively on the penicillin-
binding proteins unique to the region of the bacterial 
cell wall. Glycopeptides such as vancomycin and teico-
planin are also important inhibitors of the cell wall 
construction, preventing incorporation of new units.

The cell membrane structure of all living organisms 
is very similar, so polymyxins, which are active at the 
bacterial cell membrane, are toxic to humans and rarely 
used systemically. The antifungal agents, nystatin and 
amphotericin B, act on the unique sterol-containing 
membrane of fungi, but are in themselves also toxic to 
animals. The azole antifungals block sterol synthesis 
and are less toxic.

Similarities of the basic metabolic and nucleic acid 
synthesizing pathways of plants, animals, fungi and bac-
teria also causes problems of selective toxicity. Conse-
quently, it is necessary to exploit differing enzyme 
affinities or alternative pathways to kill infecting organ-
isms selectively with minimal adverse effects on the 
host. The 70S ribosomes of bacteria are different to the 
80S ribosomes of mammals, so that antibiotics affecting 
bacterial protein synthesis are likely to be ineffective 
against the host’s mechanism. Examples include the 
macrolides (e.g. erythromycin) and lincosamides (e.g. 
clindamycin), tetracyclines, aminoglycosides (e.g. gen-
tamicin), fusidic acid and chloramphenicol.

Antibiotics can also affect nucleic acid synthesis. 
Differing enzyme affinities ensure that toxicity to 
humans is minimized. The quinolones inhibit the 
α-subunit of bacterial DNA gyrase, preventing super-
coiling of the DNA. The ansamycins (e.g. rifampicin) 
inhibit bacterial DNA-dependent RNA polymerase. 
Bacteria need to synthesize folic acid in the same way 
as other organisms. Sulphonamides and trimethoprim 
act at different points along the folic acid pathway. 
Bacteria must synthesize folic acid, while mammalian 
cells require pre-formed folate, and hence are not 
affected by sulphonamides, which inhibit folic acid 
formation. Further along the pathway, the reduction of 
dihydrofolate to tetrahydrofolate requires the action of 
dihydrofolate reductase. Trimethoprim, the anti- 
protozoal pyrimethamine and the anti-cancer drug 
methotrexate all act at this site. Selective toxicity 
reflects selective affinity for the relevant enzyme.

The actual site of action of nitroimidazole drugs 
such as metronidazole is unknown. However, the active 
compound is known to be a reduced form of the drug 
which is produced only at the very low oxygen tension 
(eH) produced in the cells of anaerobic bacteria. The 

ing in a number of characteristic clinical features such 
as rashes, snuffles, teeth abnormalities, hepatospleno-
megaly, proceeding over months and years to osteo-
chondritis and gummata. Specific treatment at any 
time in pregnancy will result in a healthy neonate.

Mycoplasmas are widely distributed throughout 
plants and animals. There are more than a dozen species 
colonizing humans, in the oropharynx, bowel and 
genital tract. The majority of these strains are com-
mensal, and their role in disease is controversial.  
Mycoplasma pneumoniae is an important cause of atyp-
ical pneumonia. Mycoplasma hominis is found in some 
20% of sexually active women, and may be associated 
with bacterial vaginosis and PID; it causes some cases 
of pyelonephritis. Ureaplasma urealyticum is present 
in up to 80% of sexually active women. Its role in 
disease is less clear. Both U. urealyticum and M. 
hominis have been isolated from chorioamnionitis. 
Mycoplasma should be considered as a cause of post-
partum pyrexia and treatment with tetracyclines con-
sidered if the fever does not settle. M. hominis differs 
from other mycoplasmas infecting humans by being 
resistant to macrolides (e.g. erythromycin) but sensi-
tive to clindamycin. Mycoplasma genitalium is difficult 
to isolate in the laboratory for routine purposes, but 
there is evidence from molecular studies that it plays 
a role in pelvic inflammatory disease.

The chlamydiae are among the most sophisticated 
bacteria known. They are obligate intracellular para-
sites with a unique lifecycle involving an extracellular 
transport phase – the elementary body (EB) – and an 
intracellular phase – the reticulate body (RB). The 
lifecycle is about 48 h, during which the EB is taken 
up into a phagosome within the host cell, and trans-
forms into a RB. Division of the RB leads to an inclu-
sion full of daughter RBs, which condense to form  
the much smaller EBs. Release of the EBs by rupture 
of the host cell allows infection of further cells. The 
organisms cannot be cultured on artificial media, 
requiring living cells. This makes their laboratory isola-
tion inconvenient. Culture has for routine purposes 
been superseded by antigen detection, e.g. direct 
immunofluorescence or enzyme immunoassay, or by 
molecular technology using PCR. Serology is of limited 
use in the diagnosis of acute chlamydial genital infec-
tion owing to cross-reaction of C. trachomatis with the 
commoner respiratory species C. pneumoniae. As with 
N. gonorrhoeae, C. trachomatis also infects columnar 
epithelium, and so is found in cervical cells.

Killing bacteria

Action of antibiotics

The unique structure of the bacterial cell wall has led 
to the development of chemotherapeutic agents with 
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penetrates surfaces poorly, or moist heat in the form 
of pure steam. The process of sterilization by heat 
requires a heating-up period, a sterilizing time at the 
correct sterilizing temperature, a further safety period 
at this temperature, to give a total holding time at the 
sterilizing temperature, and a cooling period. The 
entire process time is the cycle time, and will depend 
on the method of sterilization and the type of load, e.g. 
an open tray of instruments or a wrapped operative 
pack containing metal and other materials.

Dry heat is of limited use in surgical practice because 
it requires a holding time of 1 h at 160°C, giving a cycle 
time of over 2 h. At this temperature, materials other 
than metal may char. The use of pure steam is consid-
erably more efficient, requiring lower temperatures for 
shorter holding times. The basic time/temperature 
used in the UK is 134–137°C held for 3 min. This 
equates to a cycle time of some 10 min, and should not 
be confused with the American standard of 137°C with 
a holding time of 10 min. Two basic forms of steam 
sterilizer are in use. The downward displacement auto-
clave relies on the incoming steam to displace air from 
the load. Any combination of air and steam will result 
in sterilizing conditions not being achieved. Therefore 
a downward displacement autoclave using the UK 
cycle cannot be used to sterilize wrapped loads or loads 
with narrow lumens, such as liposuction cannulae. To 
achieve reliable air removal and steam penetration, a 
vacuum autoclave is required, which draws a high pre-
vacuum before steam is introduced to the autoclave 
chamber. It is important that the instruments placed 
in a downward displacement autoclave are packed 
loosely, not placed within impervious containers. In 
contrast a high vacuum autoclave is packed tightly to 
physically remove the bulk of air in the chamber. 
Recently, benchtop vacuum autoclaves have been 
developed. These allow small wrapped loads or a few 
items with lumens to be processed away from sterile 
service departments. These machines must not be 
overloaded. The quality of water used to generate the 
steam is also important. Water for irrigation should be 
used in benchtop autoclaves and changed at least daily; 
this prevents the build-up of pyrogens such as endo-
toxin, which may remain despite the organisms being 
killed. It is important that autoclaves are properly 
maintained, with daily, weekly, quarterly and annual 
checks being performed relevant to the machine and 
type of cycle and an audit loop of recording these 
checks.

Disinfection by heat usually involves the use of 
machines called washer disinfectors. These are in use 
for disinfection of crockery, as bedpan washers, and for 
processing instruments before sterilization. The key is 
obtaining a temperature of at least 80°C for 1 min. The 
load is usually heat-dried to avoid the use of drying 
cloths.

action of this active form is thought to be against the 
nucleus.

Bacterial resistance may be mediated by one of four 
mechanisms:

1 . The antibiotic may not get into cells, e.g. 
vancomycin and Gram-negative organisms.

2 . It may be rapidly eliminated by efflux 
mechanisms, e.g. tetracycline resistance.

3 . Enzymes may destroy the antibiotic, such as 
β-lactamases and aminoglycoside-modifying 
enzymes.

4 . The target site may be altered or blocked, such 
as by rifampicin or quinolone resistance.

What is apparent is that the ingenuity of the bacterial 
cell knows no bounds when it comes to the battle for 
survival. The antibiotic that has no resistance to it has 
not yet been discovered. Multi-resistant bacteria are 
becoming more common, and more difficult or even 
impossible to treat with currently available drugs.

Physical methods

The technological advances in medicine have resulted in 
a vast array of different materials being used to manu-
facture devices for insertion into the body for therapeu-
tic purposes. Ever since antisepsis was first demonstrated 
to reduce postoperative sepsis by Joseph Lister in 1867, 
it has been axiomatic that devices should be pathogen 
free. Antisepsis was replaced by asepsis at the turn of 
the century, but the comment that is ascribed to the 
surgeon Berkeley Moyhnihan (1865–1936) that ‘every 
operation in surgery is an experiment in bacteriology’ 
remains as true today as in the 1920s.

Sterilization/disinfection
Sterilization is the removal of all microorganisms 
including spores, and is defined internationally as a 
viable organism count of less than 10−6. That is, a single 
viable organism in one of a batch of 1 million surgical 
packs would mean that sterile conditions had not been 
achieved. Disinfection is the removal of all actively 
dividing organisms, and may not necessarily include 
spores of fungi or bacteria, nor viruses or prions (such 
as the spongiform encephalopathy agents). It equates 
to a reduction in bacterial load in excess of 105. The 
difference between the two concepts is crucial. Steri-
lization is not easy to obtain reliably and disinfection 
may be adequate in some circumstances if done prop-
erly. Sterilization is always preceded by disinfection, 
in order to reduce the bioburden. The three compo-
nents of disinfection are: (1) cleaning, (2) heat and (3) 
chemicals.

Heat
Heat results in coagulation of proteins and loss of via-
bility. Heat can be in the form of dry heat, which 
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embedded in a matrix of protein and the polysaccha-
rides mannan or glucan.

Most fungi that infect humans grow at a wide range 
of temperatures, although the optimal temperature for 
the majority is between 25°C and 30°C. The dermato-
phytes responsible for skin infections, such as ring-
worm, grow best between 28° and 30°C, while organisms 
such as C. albicans or Aspergillus fumigatus, which are 
responsible for systemic infections, grow best at 37°C. 
Fungi are predominantly aerobic, but many yeasts can 
produce alcohol by fermentation as an end-product of 
anaerobic metabolism. Virtually all fungi have the 
potential to reproduce by production of asexual spores. 
These may be conidia, produced in large numbers by 
moulds, such as aspergillus or the dermatophytes, or the 
chlamydospores produced in small numbers for survival 
in extreme conditions by fungi such as C. albicans.

The majority of fungi pathogenic to humans were 
thought to lack a sexual phase in their lifecycle and 
were therefore classified as ‘fungi imperfecti’. A sexual 
phase has now been demonstrated in the laboratory for 
many of these pathogenic fungi, allowing them to be 
more accurately classified; however, it is convenient in 
the medical context to leave them under a single group-
ing of ‘fungi imperfecti’.

Pathogenic fungi

There are four main groups of pathogenic fungi:
1 . Moulds (filamentous fungi)
2 . True yeasts
3 . Yeast-like fungi
4 . Dimorphic fungi.

Most pathogenic fungi are easily cultured in the labora-
tory, using Sabouraud’s dextrose agar, with and without 
supplements. Candida spp. and many other pathogenic 
fungi will also grow on blood agar.

Moulds
These grow as long, branching filaments called ‘hyphae’, 
which intertwine to form a ‘mycelium’. Reproduction 
is by spores, including sexual spores, which are charac-
teristic and are important in identification. The fungi 
often appear as powdery colonies on culture owing to 
the presence of abundant spores. Included in this group 
are the dermatophytes, responsible for common super-
ficial skin, nail and hair infections, and belonging to the 
genera Trichophyton, Microsporum and Epidermophy-
ton, and also the moulds causing systemic infections 
in the immunocompromised, for example Aspergillus 
fumigatus or Mucor spp.

True yeasts
These are unicellular, round or oval fungi. Reproduc-
tion is by budding from the parent cell. Characteristi-
cally, cultures show creamy colonies. The major 

Chemicals
The inappropriate use of chemicals is a potential source 
of infection. Chemicals are incapable of reliable steri-
lization, except under very carefully controlled circum-
stances, seldom reached in clinical practice. The term 
‘high-grade disinfection’ describes attempts to achieve 
chemical sterilization of articles that cannot be steri-
lized by conventional means. Chemicals are markedly 
affected by a number of factors, including:
• Spectrum of activity
• Temperature of use
• Presence of organic debris
• Contact time and penetrability
• Dilution
• Stability at in-use dilution
• Inactivators (such as plastics and hard water).
Many disinfectants are odourless and have the ‘disin-
fectant’ smell added. ‘Pine fluid’ has practically no 
disinfectant action. Cetrimide is widely used in the 
laboratory as a selective medium for growing P. aeru-
ginosa. It is vital that the correct disinfection process 
is used for the proposed task. Prior cleaning must 
always occur. For the processing of endoscopes, this 
should involve a mechanical washer because cleaning is 
likely to be more efficient than manually, reducing the 
chances of biofilm build up in the lumens. All disinfect-
ants are toxic to humans and require care in use. Many 
disinfectants are corrosive, and it is prudent to ensure 
that the manufacturer has confirmed that the intended 
process will not damage the instrument and will be 
effective in decontamination. The machines used to 
clean scopes must also be fully maintained to avoid 
their becoming colonized and recontaminating the 
scopes at the end of the process.

Other
Ethylene oxide gas may be used to sterilize heat-sensi-
tive devices. The process is difficult to control, and 
requires a prolonged aeration phase after sterilization. 
More recently, gas plasma has become practical. Thor-
oughly cleaned and dried instruments are placed in a 
chamber with hydrogen peroxide. Low-frequency radio 
waves are used to generate a plasma, which converts 
the hydrogen peroxide to lethal superoxide and super-
hydroxyl ions. The process is suitable for heat- 
sensitive items. Radiation is used to sterilize single-use 
items such as syringes after manufacture. It has little 
practical role in medical practice.

Mycology
Fungi are generally larger than bacteria and are com-
monly multicellular. Fungal cell walls do not contain 
peptidoglycan but owe their rigidity to fibrils of chitin 
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T. vaginalis infects the vagina. The organism is sexu-
ally transmitted, and although men may become colo-
nized they generally clear the organism from the urethra 
within a few days. The organism is similar in size to a 
white blood cell (10–20 µm), and readily identified by 
flagella movement in wet preparations under a ×40 
microscope objective. The organism has three free flag-
ella, and a fourth is embedded in an undulating mem-
brane along the anterior two-thirds of the cell. The 
organism may cause an irritant, purulent vaginal dis-
charge, with a pH > 5.0. The vaginal wall may be ery-
thematous. In the USA, some 5–10% of men with a 
non-gonococcal urethritis (NGU) are infected with T. 
vaginalis. Treatment is with metronidazole.

T. gondii is an intracellular protozoon with a world-
wide distribution, causing infection in humans and a 
wide range of animals. The asexual phase of the organ-
ism (bradyzoite) is able to develop in the tissues of a 
wide variety of vertebrate hosts, including humans. The 
definitive host is the cat, both domestic and wild cats, 
in which the sexual cycle occurs in the intestine. 
Human infection rates may be as high as 90% in some 
populations. Infection is most often acquired by ingest-
ing bradyzoites in undercooked meat. It may also 
follow ingestion of oocysts containing tachyzoites 
resulting from the sexual cycle in the intestine of a cat, 
which are then excreted in its faeces. Cat litter trays 
and garden soil contaminated with cat faeces are a 
likely source to be avoided in pregnancy. After inges-
tion, the tachyzoites are distributed to many organs and 
tissues via the bloodstream and invade nucleated cells 
in all parts of the body and fetus. They multiply within 
the host cells, disrupting them by producing tissue 
cysts containing large numbers of slowly metabolizing 
bradyzoites. Focal areas of necrosis occur in many 
organs, particularly the muscles, brain and eye. Human 
infection is usually subclinical but may produce a glan-
dular fever-like syndrome or choroidoretinitis. Trans-
placental infection may occur during an acute infection 
in the mother, which may not be diagnosed but may 
result in serious disease in the fetus. Infection early in 

pathogen in this group is Cryptococcus neoformans, 
which has a large polysaccharide capsule. Encapsulated 
yeasts seen in biological fluids are diagnostic of crypto-
coccal infection.

Yeast-like fungi
Like yeasts, these appear as round or oval cells and 
reproduce by budding. They also form long branching 
filaments known as ‘pseudohyphae’. Candida is the 
characteristic genus in this group with C. albicans 
being the major pathogen. Formation of germ tubes  
in serum broth distinguishes C. albicans from other 
members of the genus for practical purposes. C. albi-
cans may be normal flora of the gastrointestinal tract, 
vagina or skin. Vaginal carriage is increased in preg-
nancy. Vaginal candidosis (thrush) is a common cause 
of vaginal discharge. Systemic candidal infection is a 
feature of the immunosuppressed, or severely ill patient 
on broad-spectrum antibacterial therapy.

Dimorphic fungi
These grow as yeast forms in the body and at 37°C on 
culture media, and in a mycelial form in the environ-
ment or on culture media at 22°C. Histoplasma capsu-
latum is a well-known member of this group. Infection 
is usually asymptomatic, but may produce calcified 
lung lesions. Chronic infection may lead to lung cavi-
ties, but a rare acute progressive disease involving  
widespread infection of the reticuloendothelial cells  
is usually fatal.

Pneumocystis carinii was originally considered to be 
an uncommon parasite until, as a result of DNA analy-
sis, it was re-classified in 1988 as an unusual fungus 
which is very difficult to culture. The human form of 
Pneumocystis was named P. jiroveci in 2002, although 
the acronym PCP for the respiratory disease caused has 
been retained.

Parasites

Protozoa

These are unicellular eucaryotic organisms. They are 
able to reproduce by simple asexual binary fission, or 
by a more complex sexual cycle with the formation of 
cystic forms. Among the parasitic protozoa, both forms 
may occur in a single host.

The protozoa of medical importance are usefully 
classified into three groups: the sporozoa (containing 
the non-flagellate blood and tissue parasites), the 
amoebae, and the flagellates (containing the trypano-
somes that cause sleeping sickness, Giardia lamblia 
and T. vaginalis). A list of some medically important 
species is given in Table 7.3. The two protozoa of 
importance in obstetrics and gynaecology are T. vagi-
nalis and Toxoplasma gondii.

Table 7.3  Some protozoal parasites of humans

Protozoa Site of infection

Entamoeba spp., Giardia lamblia, 
Cryptosporidium parvum

Intestine

Trichomonas vaginalis Vagina

Plasmodium spp. Blood

Trypanosoma spp. Blood and tissue

Toxoplasma gondii Tissues
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dependent on the host cell machinery for protein syn-
thesis and energy metabolism. Consequently, they are 
totally dissimilar from other microorganisms; they can 
reproduce themselves from a single nucleic acid mol-
ecule.

Viral nucleic acid
Viruses contain either DNA or RNA as their genetic 
material, usually as single molecules but never both. In 
contrast, all other microorganisms contain both forms 
of nucleic acid. Viral nucleic acid may be either single-
stranded (ss) or double-stranded (ds) and the nucleic 
acid may be in the form of a single piece or it may be 
segmented, as in influenza and rotaviruses. The nucleic 
acid content of viruses is very small when compared 
with that of the cell. For example, influenza viruses 
have about one-hundredth of the nucleic acid of the 
cells they infect. RNA viruses (riboviruses) represent 
the only form of ‘life’ utilizing RNA as genetic material.

Replication

Viruses can only replicate in living cells, which may be 
of plant, bacterial (infecting viruses being termed 
phage) or animal origin. The result of infection of a cell 
is two-fold: first, and most usually, the formation of 
new virus particles and, second, some change in the cell 
(often but not always resulting in its destruction). 
Thus, viruses may establish latent infection in the cells 
they infect (e.g. the herpes group of viruses, papova-
viruses and some adenoviruses). Alternatively, some 
viruses (e.g. papillomaviruses and the Epstein–Barr 
virus) may induce malignant transformation in the cells 
they infect.

The host cell provides the source of all the machin-
ery required for viral reproduction; the invading virus 
introduces specific information relating to its own 
structure and constitution, as well as that required to 
divert cellular mechanisms to viral ends and for the 
construction of enzymes needed to manufacture viral 
products. This information is contained, in coded form, 
in the sequence of bases in the viral nucleic acid. Thus, 
infection with the virus results in the introduction into 
the living cell of an infective and foreign nucleic acid 
with specific biological properties. Once the virus par-
ticle has been taken into the cell, the virus merges its 
identity with it and the whole entity becomes a  
new and different cell which may be considered as ‘a 
virus–cell complex’.

Details of the method by which different viruses 
replicate can be found in standard textbooks. In simple 
terms for DNA viruses, viral messenger RNA is tran-
scribed from the parental virus DNA within the host 
cell, and codes for the formation of virus-specific pro-
teins. For RNA viruses, the viral genome acts as a 

pregnancy may result in a stillbirth, or the birth of a live 
baby with disseminated infection. Features include: 
choroidoretinitis, microcephaly or hydrocephalus, 
intracranial calcification, hepatosplenomegaly and 
thrombocytopenia. Maternal infection during the third 
trimester can also be transmitted to the fetus, but at 
this stage of development it usually causes no damage. 
Controversy surrounds the benefits of antenatal screen-
ing. Maternal infection may go undetected unless sero-
logical screening is carried out, but a single estimation 
of antibody may give rise to unnecessary anxiety 
because of infection before pregnancy began, which 
carries no risk to the fetus. A rise in the mother’s 
toxoplasma antibody titre during pregnancy or the 
finding that she has IgM antibodies, indicating recent 
infection, raises the question of whether to treat the 
infection, given that treatment does not guarantee the 
infant will be unaffected, or to terminate the pregnancy 
even though it is not certain that the fetus has been 
damaged. Spiramycin (a macrolide) is the drug of 
choice for treatment of the mother and her fetus.

Helminths (worms)

The helminth parasites of humans belong to three zoo-
logically distinct groups: trematodes (flukes), cestodes 
(tapeworms) and nematodes (roundworms, e.g. hook-
worm, Ascaris lumbricoides). None of the infections has 
particular significance during pregnancy other than as a 
cause of chronic anaemia with intestinal infection.

Virology

Introduction
The layperson (and some doctors) think of viruses as 
being ‘small germs’. Although it is true that most 
viruses are indeed very small, size is not a distinguishing 
feature since some of the larger viruses (e.g. pox 
viruses) are larger than small bacteria. Some idea of the 
size of viruses may be obtained by comparing the size 
of an animal cell to a lecture theatre seating about 200 
people; in such circumstances, a polio virus would be 
about the size of a squash ball, rubella virus the size of 
a tennis ball, and measles virus the size of a football.

Viruses are distinguished from other microorgan-
isms by their nucleic acid content and method of rep-
lication. Microorganisms other than viruses are really 
cells; they contain both forms of nucleic acid but DNA 
is their repository of genetic information. They have 
their own machinery for producing energy and can 
synthesize their own macro-molecular constituents, i.e. 
nucleic acid, proteins, carbohydrates and lipids. They 
all multiply by binary fission. Viruses contain no  
ribosomes, mitochondria or other organelles; they are 
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template for the synthesis of new viral RNA. Single-
stranded RNA viruses are classified as positive or nega-
tive strand according to the way in which coding 
information is stored in the viral genome. With  
positive-strand RNA viruses, the viral genome is of the 
same polarity as messenger RNA, and may itself act as  
messenger RNA, being translated into code for virus-
specific proteins. With negative-strand viruses, a com-
plementary RNA copy of the viral genome, or part of 
it, acts as messenger RNA. One further group of RNA 
viruses known as reversi viruses replicates by reverse 
transcription of viral genomic RNA to form a DNA 
intermediate, from which both messenger RNA and 
progeny viral genomes are transcribed. This group 
includes retroviruses, such as the human immuno-
deficiency virus (HIV), and hepadnaviruses, such as 
hepatitis B virus (HBV).

Structure of viruses

Even before negative staining techniques by electron 
microscopy were available to determine the fine struc-
ture of viruses, X-ray diffraction studies indicated that 
viruses displayed distinct symmetry properties. Because 
of the limited genetic information available and for 
reasons of economy, Crick and Watson postulated that 
the nucleic acid of viruses would code for a virus coat 
(capsid) consisting of identical subunits arranged in a 
single repetitive form; negative staining techniques 
have confirmed these findings. There are two main 
types of symmetry: cubic and helical. Helical symme-
try is generally associated with rod-shaped viruses and 
cubic symmetry with the more spherical ones.

In its simplest form, a virus consists of nucleic acid 
and a protein coat, and it is this protein coat which 
contains the regular assembly of protein molecules. 
Some viruses, e.g. viruses of the herpes group and 
myxoviruses (e.g. influenza), are surrounded by an 
envelope, which is derived from the host cell mem-
brane during release of the virus particles. The capsid 
consists of numerous identical smaller units, designated 
capsomeres, which are constant in number and identi-
cal in shape. Figure 7.2 illustrates cubic symmetry and 
Figure 7.3 helical symmetry. The nucleic acid and 
capsid (nucleocapsid) of viruses exhibiting helical sym-
metry bear a resemblance to a spiral staircase. Each 
step bears a constant relationship to its neighbours 
around a central axis which could be represented by 
the well of the staircase. Cubic symmetry is more 
complex and describes a group of regular units which 
have symmetry properties in common with a cube. 
Specifically for viruses, it includes the tetrahedron, 
octahedron and icosahedron. Most viruses exhibiting 
cubic symmetry that infect humans have icosahedral 
symmetry (Fig. 7.4). The particle is three-dimensional 
with 20 identical faces with 12 vertices; each face is in 

Figure 7 .2 • Axes of symmetry of a cube: 4-fold, 3-fold, 
2-fold .

Figure 7 .3 • Capsomeres arranged helically around central 
nucleic acid . Model of tobacco mosaic virus . (Reproduced 
from Advances in Virus Research 1960; 7:274 .)

Figure 7 .4 • Axes of symmetry of a icosahedron: 5-fold, 
3-fold, 2-fold .

the form of an equilateral triangle. Figure 7.5 illustrates 
the fine structure of some of the viruses discussed in 
this chapter. No satisfactory electron micrographs of 
the hepatitis C virus have been published to date and, 
although an electron micrograph of Japanese B virus is 
not included, it is somewhat similar in its fine structure 
to the rubella virus.
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Figure 7 .5 • Electron micrographs of common viral types . (A) Herpes simplex virus from a vesicular lesion from a patient 
with herpes simplex . (B) Hepatitis B virus showing 42 nm virions – the ‘Dane’ particles – and 22 nm HBsAg spheres and 
filaments . The serum sample was from an HIV-positive male, hence the large proportion of intact virions . (C) Human 
immunodeficiency virus . (D) Rubella virus . (E) Human parvovirus . The serum sample was from an HIV-positive male .  
(F) Human papillomavirus . (G) Enterovirus . (H) Influenza virus .
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Diagnosis of viral infections

An understanding of the nature, including the struc-
ture, of viruses is of importance in the diagnosis of viral 
infections. Viruses may be identified by demonstrating 
the effect they induce in living cells (cell culture), 
which can be visualized by low-power light microscopy. 
Different viruses induce different changes (cytopathic 
effects) in different cell lines and the virus may be 
identified by neutralizing the virus infectivity in cell 
culture by specific antisera.

Whole virus may also be visualized by electron 
microscopy but high virus concentrations are necessary 
and electron microscopy cannot distinguish viruses 
which are morphologically identical within a single 
group, e.g. different members of the herpesvirus group. 
Nevertheless, electron microscopy may rapidly identify 
a herpesvirus from a vesicular lesion, which may be all 
that is necessary for clinical purposes. Another virus 
belonging to the herpes group (cytomegalovirus) may 
be visualized in the urine of congenitally infected 
infants.

Using specific antibodies, most usefully monoclonal 
antibodies, the presence of viral antigens may be iden-
tified directly from clinical samples. Alternatively, non-
structural proteins may also be identified in clinical 
samples. Such techniques are used for the identifica-
tion of respiratory syncytial virus in children with res-
piratory infections, and cytomegalovirus in the blood 
and urine of patients with suspected cytomegalovirus 
infection.

More recently, techniques of considerable sensitiv-
ity and specificity have been employed to identify viral 
nucleic acid. Thus, nucleic acid hybridization and gene 
amplification techniques (particularly polymerase chain 
reaction) are now frequently used in diagnosis to iden-
tify a number of viral infections, including infections 
by the herpes group of viruses, enteroviruses, hepatitis 
C, hepatitis B and HIV viruses. These methods can also 
be used to quantify the amount of virus in specimens. 
This is useful for monitoring virus infections in patients 
who are immunosuppressed or receiving antiviral 
therapy.

Serological techniques can be used to determine 
evidence of immunity to viruses, usually by detecting 
the presence of virus-specific IgG responses. Diag-
nostically, a significant rise in antibody titre (> 4-fold) 
between acute and convalescent sera is significant for 
determination of recent infection. However, more fre-
quently, evidence of current, recent or persistent infec-
tion may be detected by a virus-specific IgM response 
directed towards viral capsid proteins. Such responses 
are useful in the diagnosis of intrauterine and some 
perinatal infections, e.g. rubella, cytomegalovirus and 
parvovirus B19 infections.

Viruses of importance in 
obstetrics and gynaecology
Rather than provide basic information on different 
groups of viruses, attention will be focused on the 
importance of viruses which may induce severe infec-
tions in pregnancy, as well as intrauterine, perinatal and 
gynaecological infections. The classification and prop-
erties of these viruses is shown in Table 7.4. Some of 
these viruses, such as the influenza virus, cause classical 
acute infections, characterized by a rapid onset of 
symptoms and a brief period of viral replication, fol-
lowed by clearance of the virus and resolution of symp-
toms. Naturally acquired infection with a particular 
strain of influenza A or B results in long-term immunity 
to that strain, but not those influenza strains which 
have exhibited major antigenic changes (antigenic shift) 
or even minor degrees of variation (antigenic drift). 
Others cause persistent infections, in which the patient 
often remains infected for life. Persistent infections 
may be characterized by an acute phase of infection, 
which may or may not be symptomatic, followed by 
life-long latency, where the virus persists in a non-
replicative form with restricted viral gene expression. 
Subsequent reactivations of infection may occur, 
although in the immunocompetent person reactivated 
infection is usually more limited than primary infec-
tion, and may be asymptomatic. This pattern of persist-
ence is typical of herpesviruses such as herpes simplex 
virus (HSV) and varicella-zoster virus (VZV). Other 
persistent viral infections such as HIV and hepatitis B 
and C viruses (HBV and HCV) are characterized by 
ongoing virus replication and chronic, evolving disease.

Viruses which may induce severe 
infection in pregnancy

The features of these viral infections, together with 
preventive measures where applicable, are listed in 
Table 7.5. Some infections may be prevented by immu-
nization, e.g. influenza A and B, and poliomyelitis, and 
recombinant-derived vaccines are under trial for the 
hepatitis E virus, which carries a high mortality rate 
among pregnant patients in developing countries. 
Although there is some doubt as to whether varicella 
is more severe in pregnancy, infection is often severe 
and occasionally fatal among adults generally, particu-
larly those who smoke. Thus, pregnant women who 
give no history of varicella, or in whom screening tests 
for VZV antibodies indicate susceptibility, should be 
protected by the administration of varicella-zoster 
immune globulin (VZIG) within 72 h of an exposure. 
Aciclovir treatment should also be used for pregnant 
women with established infection as they are at 
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Table 7.4  Classification and characteristics of viruses of significance in pregnancy

Virus Maternal, 
intrauterine or 
perinatal 
infection

Classification Properties of virus

Genome Symmetry Diameter Envelope

Herpes simplex 
virus types 1 and 
2

Perinatal Herpesvirusa dsDNA Cubic 120–300 nm Yes

Varicella-zoster 
virus

Maternal, 
intrauterine

Herpesvirusa dsDNA Cubic 180–200 nm Yes

Cytomegalovirus Intrauterine Herpesvirusb dsDNA Cubic 150–200 nm Yes

Hepatitis B virus Perinatal Hepadnavirus dsDNA Cubic 40–42 nm Yes

Hepatitis C virus Perinatal Hepacivirus (+) ssRNA Cubic Not known Yes

Hepatitis E virus Maternal Uncertain (+) ssRNA Cubic 27–34 nm No

Human 
immunodeficiency 
virus types 1 and 
2

Intrauterine, 
perinatal

Retrovirus (+) ssRNA Cubic 110 nm Yes

Human T cell 
lymphotropic 
virus type 1

Perinatal 
(breastfeeding)

Retrovirus (+) ssRNA Cubic 110 nm Yes

Rubella virus Intrauterine Rubivirus (+) ssRNA Cubic 58 nm Yes

Human parvovirus 
B19

Intrauterine Parvovirus (+) or (−) 
ssDNA

Cubic 18–26 nm No

Human 
papillomavirus

Perinatal Papovavirus dsDNA Cubic 55 nm No

Enteroviruses Intrauterine, 
perinatal

Picornavirus (+) ssRNA Cubic 24–30 nm No

Influenza virus A 
and B

Maternal Orthomyxovirus (−) ssRNA Helical 120 nm Yes

Japanese B virus Maternal Flavivirus (+) ssRNA Cubic 40–60 nm Yes

Lassa fever virus Maternal Arenavirus Ambisense 
ssRNA

Cubic 90–110 nm Yes

aHerpes simplex viruses and varicella-zoster viruses are subclassified as alphaherpesviruses. These herpesviruses have a variable host range, 
grow rapidly in cell culture, destroy infected cells efficiently, and establish latency in vivo in primarily sensory ganglia.
bCytomegalovirus is subclassified as a betaherpesvirus. These herpesviruses usually have a restricted host range and grow slowly in cell culture; 
infected cells often show cytomegalic inclusions both in vivo and in vitro. They establish latency in a variety of tissues including secretory glands, 
the kidney and lymphoreticular cells.
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Table 7.5  Virus infections that may be severe or fatal in pregnancy

Virus infection Comments Prevention

Influenza A (B) Increased mortality in 1918 and 
1957 associated with chronic heart 
disease

Influenza vaccine (inactivated)

Varicella Mortality associated with pneumonia 
among adults. Possibly more severe 
in pregnancy

Varicella-zoster immune globulin preferably within 72 h of contact 
(treat established infections if severe with aciclovir systemically)
Varicella vaccine for specific at-risk groups

Poliomyelitis Spinal paralysis increases with 
gestational age

Polio vaccine (attenuated or inactivated) for travellers to any 
remaining endemic areas

Measles Increased mortality and 
complications in pregnancy

In the absence of previous vaccination or history of measles give 
normal human immunoglobulin

Hepatitis E 12–18% mortality rate with fetal 
death in last trimester. Endemic in 
many developing countries

Trials in progress with recombinant-derived vaccines

Lassa fever 70–90% mortality rate with fetal 
death in last trimester. Endemic in 
West Africa

? Prophylactic ribavirin to pregnant household contacts (treat 
patient with ribavirin systemically)

Japanese B 
encephalitis

20–40% mortality rate; higher in 
pregnancy with fetal death. Widely 
distributed in South-East Asia and 
the Far East

Vaccine available on named-patient basis for travellers to endemic 
areas

increased risk of varicella pneumonia, and this has a 
high mortality rate. Japanese B encephalitis is one of 
the more widely distributed arbovirus infections, being 
present in Asia. Although subclinical infection is 
common, those exhibiting clinical features may experi-
ence a mortality rate of up to 20% in outbreaks. Fetal 
death is common. An inactivated vaccine is available on 
a ‘named-patient basis’, but since it may be reactogenic 
is not recommended in pregnancy. Lassa fever may be 
particularly severe in the latter stages of pregnancy, and 
the fetal death rate is high.

SARS and other coronaviruses

Severe acute respiratory syndrome (SARS) is caused 
by a coronavirus that first emerged in the southern 
Chinese province of Guangdong in November 2002. 
Pregnant women with SARS appear to have a worse 
prognosis and a higher mortality rate. Therefore early 
delivery or termination of pregnancy should be consid-
ered in those who are seriously ill. The following crite-
ria for early delivery have been proposed by Wong et al 
(2003).
• Maternal rapid deterioration
• Failure to maintain adequate blood oxygenation

• Difficulty with mechanical ventilation due to the 
gravid uterus

• Multi-organ failure
• Fetal compromise
• Other obstetric indications.
There seems to be no reason for elective pre-term 
delivery in those women who are relatively well with 
SARS infection. Pregnant women should be treated 
empirically since a laboratory diagnosis may be pro-
longed. It has been suggested that the treatment of 
pregnant women with SARS should be without the use 
of ribavirin.

Infections due to other coronaviruses are relatively 
mild and have not been reported as causing problems 
during pregnancy.

Intrauterine infections

Viruses which may damage the fetus are shown in 
Table 7.6. The rubella virus, and two viruses belonging 
to the herpesvirus group – cytomegalovirus (CMV)  
and varicella-zoster virus (VZV) – as well as human 
parvovirus B19 may induce persistent infections in the 
fetus.
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tion. In contrast with rubella, primary maternal CMV 
infection is often asymptomatic, but may result in fetal 
infection and damage throughout pregnancy. The viral 
transmission rate to the fetus is of the order of 30–
40%, but fetal damage occurs in only about 10% of 
infected conceptuses. Nevertheless, the burden 
induced by congenitally acquired CMV infection is 
considerable; it has been estimated that somewhere in 
the order of 300–400 CMV-damaged babies are born 
in the UK each year. CMV is the commonest microbial 
cause of psychomotor retardation, although deafness 
may be the sole manifestation of congenitally acquired 
disease. Recurrent CMV infection or reactivation is 
rarely associated with fetal damage.

Varicella
Although very few indigenous adult women born in the 
UK are susceptible to varicella, the proportion may be 
considerably higher – up to 35% – among those born 
and brought up in rural areas of developing countries. 
The overall risk of congenitally acquired disease follow-
ing maternal varicella is restricted to the first 20 weeks 
of gestation, but, in contrast to rubella and CMV, the 
risks are low (about 1% overall); the incidence is greater 
between 13 and 20 weeks of gestation (2%) than 
between 1 and 12 weeks (0.4%). Defects involve the 
CNS and musculoskeletal system; limb hypoplasia and 
cicatricial scarring may be present.

If acquired towards term, the infant may develop 
varicella after delivery. If maternal varicella occurs 8 
days or more before delivery, neonatal varicella is 
usually mild. In contrast, maternal varicella infection 

Rubella
As a result of immunization programmes against 
rubella, now being directed against pre-school children 
of both sexes and rubella-susceptible adult women, 
only about 2% of women of childbearing age born and 
brought up in Britain are susceptible to infection. 
However, susceptibility rates equivalent to or higher 
than those observed in developed countries during the 
pre-vaccination era are present in many developing 
countries. Congenitally acquired rubella is now rare in 
Britain and most industrialized countries, although 
rubella-induced defects have been reported with 
varying frequencies in other parts of the world.

Rubella virus produces an anti-mitotic protein and 
consequently, if infection occurs during the critical 
phase of organogenesis (i.e. during the first 8 weeks of 
pregnancy), severe and multiple defects are likely to 
occur. If infection occurs during the first trimester, 
fetal infection is almost invariable, and 75–80% of con-
ceptuses are damaged. After the first trimester, the 
incidence and spectrum of defects is much less. 
Although congenital heart disease, eye defects (par-
ticularly cataracts) and deafness are the commonest 
manifestations of congenitally acquired infection if 
maternal infection is acquired in early pregnancy, 
rubella induces a generalized and persistent infection 
with multi-organ involvement, and a wide spectrum of 
defects may be present at birth or evolve in infancy.

CMV
About 40–50% of women of childbearing age in Britain 
have no serological evidence of previous CMV infec-

Table 7.6  Viruses which may infect or damage the fetus

Virus infection Birth defects Persistent infection Fetal death

Rubella Yes Yes Yes

CMV Yes Yes Yes

Varicella Yes Possible Yes

Parvovirus B19 No Yes Yes

HIV-1 and -2 No Yes Yes

Hepatitis C No Yes Unknown

Hepatitis E No ? Yes Yes

Poliomyelitis No No Yes

Coxsackie B virus No No Yes

Japanese B encephalitis Unknown Unknown Yes

Lassa fever No No Yes
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molecular techniques; serological techniques are of 
limited value since maternal antibody may persist for 
up to 18 months.

Enteroviruses (polioviruses, coxsackie A and 
B viruses, echoviruses)
Most developed countries are now free of poliomyelitis, 
and the WHO Expanded Programme of Immunization 
has resulted in a marked decline in poliomyelitis cases in 
developing countries. Very occasionally, maternal polio-
myelitis results in the delivery of infants with limb 
paralysis. Maternal infection by other entero viruses may 
result in the delivery of infants with severe generalized 
infections in which myocarditis and central nervous 
system (CNS) disease are prominent features. Scandina-
vian studies suggest that enterovirus infection, if acquired 
in utero, may be associated with the subsequent develop-
ment of insulin-dependent diabetes mellitus (type 1 
diabetes) in childhood. Infection may also be acquired 
during delivery, transmission occurring via contamina-
tion with enterically shed maternal virus. Infected babies 
may also transmit infection nosocomially.

Perinatal infections

Viruses which may cause severe infection if acquired 
perinatally or during the neonatal period are listed in 
Table 7.7. A range of diagnostic methods may need  
to be employed to confirm viral infection in such  
cases including qualitative and quantitative molecular 
techniques.

HSV
About 75% of genital infections are caused by HSV-2 
and about 25% by HSV-1. Infants may be infected by 
maternal genital lesions, fetal scalp monitoring, mater-
nal non-genital lesions or contact with HSV-infected 
nursery staff or visitors. Primary maternal lesions carry 
a much higher risk of infection than recurrent lesions, 

that occurs less than 1 week before delivery may be 
severe and, without treatment, occasionally fatal. 
VZIG should therefore be given to infants whose 
mothers develop varicella 8 days or less before delivery; 
aciclovir may be given if neonatal infection is severe, 
despite administration of VZIG. Varicella-susceptible 
pregnant women exposed to infection during the last 
3 weeks of pregnancy should be given prophylactic 
VZIG.

Parvovirus B19
About 40% of women of childbearing age in Britain are 
susceptible to parvovirus B19 infection. Human parvo-
virus may induce a rubella-like rash, sometimes accom-
panied by arthralgia, although infection may also be 
asymptomatic. The fetus is infected in about 33% of 
cases, and in about 10% of these spontaneous abortion 
may occur, usually in the second trimester. Parvovirus 
B19 binds to a globoside (P antigen) expressed on the 
membrane of erythrocytes and fetal heart, and this 
results in a reduction of fetal erythroid progenitor cells, 
which may result in a severe fetal anaemia, leading to 
heart failure and development of hydrops fetalis. Heart 
failure may also result from viral myocarditis. However, 
developmental defects have not been recorded. Parvo-
virus infection is therefore not a reason for therapeutic 
abortion. Fetal anaemia and hydrops may be ‘rescued’ 
by fetal blood transfusion.

HIV-1 and -2
WHO estimates that, globally, 38.0 million adults and 
2.3 million children were living with HIV at the end 
of 2005. In developing countries, infection is usually 
contracted heterosexually. In Britain, HIV infection 
tends to be concentrated in London. In its inner-city 
areas, up to 0.5% of pregnant women are now HIV-1 
positive. In the absence of treatment with a combina-
tion of antiretroviral drugs, HIV-1 is transmitted to the 
fetus of infected mothers in about 12–15% of cases. 
Combination antiretroviral therapy has reduced the 
HIV transmission rate, and studies suggest that chemo-
therapy together with delivery by caesarean section 
further reduces the risk of transmission to 1–2%. Infec-
tion may be transmitted in utero but occurs more fre-
quently during delivery, or when breastfeeding. In 
contrast to HIV-1, HIV-2 is transmitted in only about 
1% of cases, and this is almost certainly a manifestation 
of the much lower maternal viral load present. If HIV 
infection occurs in utero, it is usually possible to estab-
lish a diagnosis during the first few weeks of life. If 
infection occurs during delivery or via breastfeeding, or 
in infants born to mothers on antiretroviral treatment, 
it may take considerably longer to establish a diagnosis 
of HIV infection in infancy. Diagnosis of HIV infection 
in infancy is usually made by detecting the virus by 

Table 7.7  Perinatal infections

Herpes simplex virus (HSV)

Varicella-zoster virus (VZV)

Cytomegalovirus (CMV)

Hepatitis B

HIV

Enteroviruses

Papillomaviruses

Human T cell leukaemia virus (HTLV-1)
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whether using molecular methods to detect HBV DNA 
in mothers with anti-HBe may detect those with high 
levels of viraemia, whose children should be given 
active/passive vaccination.

Hepatitis C
It is estimated that there are about 170 million HCV 
carriers worldwide, relatively high carrier rates (2.5–
5%) occurring in some developing countries, particu-
larly in sub-Saharan Africa, Asia and Latin America. In 
Britain, infection is common among multi-transfused 
persons, injecting drug users, and those from countries 
with a high prevalence. The prevalence among pregnant 
women in some inner-city areas in London is about 
0.25%. Infection may be transmitted in utero if acute 
maternal infection occurs in the last trimester of preg-
nancy, but mothers who are carriers may also occasion-
ally transmit in utero since HCV RNA has been 
detected in neonates at birth, and caesarean section 
may not prevent transmission. Neonatal infection 
occurs in about 6% of infants delivered of mothers who 
are HCV carriers and who are HCV RNA positive, but 
in mothers co-infected with HIV the transmission 
rate is 30–35%. Mothers who are HCV antibody posi-
tive but HCV RNA negative are very unlikely to trans-
mit infection. HCV-infected infants are likely to 
develop persistent HCV infection which may in due 
course result in chronic liver damage.

Human papillomavirus (HPV)
About 100 different genotypes have been identified, of 
which at least 30 are found in the genital tract. HPV 
types 6 and 11 cause genital warts, and are known as 
‘low risk’ types as they are rarely found in cancers. 
HPV types 16, 18, 31 and a few other types are des-
ignated as ‘high risk’ as they are associated with pre-
malignant and malignant cervical disease; viral DNA 
can be detected in ~95% of cancers, often integrated 
into host cell chromosomes, and virus-encoded onco-
proteins, which bind to and inactivate the p53 and pRB 
tumour suppresser proteins, are expressed.

HPV 6 and 11 may be transmitted from mother to 
infant at delivery and may cause juvenile laryngeal or 
genital warts, but this is rare. High-risk types may also 
be transmitted at birth and may persist in infancy, but 
they are not associated with obvious disease and the 
consequence of these infections is unknown. Girls aged 
12–13 years are now vaccinated with HPV vaccine to 
protect against cervical cancer.

Human T cell lymphotrophic virus  
type 1 (HTLV-1)
This virus is endemic in South-West Japan, the South 
Pacific, parts of West Africa, the Caribbean basin, 
southern USA and parts of South America. Persons 
who have emigrated from these areas may also be car-

since primary infections are associated with high con-
centrations of virus over a long period.

The incidence of neonatal herpes in Britain is esti-
mated to be of the order of 1.6 per 100 000 deliveries, 
whereas in Sweden and USA it is considerably higher 
(5 and 7 per 100 000, respectively). The presence of 
maternal lesions at or within 6 weeks of birth is an 
indication for caesarean section provided membranes 
are intact, or ruptured less than 6 h before delivery. 
Infants delivered via an infected birth canal should be 
given prophylactic aciclovir intravenously. Although it 
is recommended that women with evidence of a recur-
rent lesion at delivery should deliver by caesarean 
section, transmission is rare; studies from the Nether-
lands have shown that the risks of acquiring neonatal 
HSV following caesarean section and vaginal delivery 
are not significantly different. Testing mothers with a 
history of recurrent herpes, or whose partners give a 
history, is no longer recommended, since virus shed-
ding in late pregnancy does not correlate with transmis-
sion to the neonate. There is some evidence to suggest 
that treatment of mothers with oral aciclovir who have 
a history of recurrent genital herpes during the last 
month of pregnancy may reduce the incidence of 
lesions at delivery and consequently the necessity for 
caesarean section.

Clinical manifestations may be delayed until 10–14 
days after birth. Infants may present with lesions of the 
skin and mucous membranes (60% will disseminate), 
CNS involvement or generalized infection.

Hepatitis B
There are 350–400 million HBV carriers worldwide, 
the highest rates being in South-East Asia (~15%) and 
sub-Saharan Africa (~10%). In some inner-city areas 
in Britain, the HBV carrier rate among pregnant women 
is about 1%. Pregnant women with acute HBV infec-
tion are likely to transmit infection to newborn infants 
perinatally. Infants delivered of mothers who are HBV 
surface antigen (HBsAg) and ‘e’ antigen (HBeAg) pos-
itive should be protected by the administration of 
hepatitis B immune globulin (HBIG) and HBV vaccine 
(active/passive immunization) at birth. Provided a full 
course of vaccine is given (three doses and a booster), 
this procedure will effectively reduce the risk of per-
sistent HBV infection in the infant by about 95%, 
thereby reducing the risk of long-term chronic liver 
damage and primary hepatocellular carcinoma. Infants 
delivered of mothers who have antibody to HBeAg 
(anti-HBe) should be given HBV vaccine without 
HBIG. Infants whose mothers are HBsAg positive 
without ‘e’ markers, or where the ‘e’ marker status has 
not been determined, or whose mothers had acute 
hepatitis B during pregnancy, should be given active/
passive immunization. There is currently a debate on 
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riers. The prevalence of antibodies among antenatal 
patients in London and Birmingham is 0.14–0.26%. 
Studies in Japan and the Caribbean have shown that 
this virus is transmitted via breast milk. Of the carriers 

of this retrovirus, 2.5–4.0% who have not acquired 
infection through blood transfusion may develop adult 
T cell leukaemia or tropical spastic paraparesis 10–30 
years after infection.
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Chapter 7

Bacteriophage

Bacteriophage or phage for short are viruses that infect only bacteria. In contrast
to cells that grow from an increase in the number of their components and reproduce
by division, viruses are assembled from pre-made components. Viruses are nucleic
acid molecules surrounded by a protective coating. They are not capable of generat-
ing energy and reproduce inside of cells. The nucleic acid inside the coating, called 
the phage genome in a bacteriophage, encodes most of the gene products needed
for making more phage. The phage genome can be made of either double- or 
single-stranded DNA or RNA, depending on the bacteriophage in question. The
genome can be circular or linear. The protective coating or capsid surrounding the
phage genome is composed of phage-encoded proteins.

Many important discoveries have been made using phage as model systems. From
the discovery that a nonsense codon stopped protein synthesis to the first develop-
mental switch to be understood at the molecular level, phage have proven to be very
useful. In this chapter, we will look at phage development using T4, l (lambda), P1,
and M13 as examples. Each of these phage infect E. coli. We will examine specific dis-
coveries using these phage or specific properties of the phage that have made them
particularly useful to biologists.

The structure of phage

All phage have a chromosome encased in a capsid that is composed of phage-encoded
proteins. For many phage types, the capsid is attached to a tail structure that is also
made from phage-encoded proteins. T4 and P1 contain a linear double-stranded DNA
genome enclosed in a capsid and attached to a tail (Fig. 7.1a). The T4 genome is 172
kb, while P1 is a smaller phage with a genome of 90kb. The T4 capsid is an elongated
icosahedron. T4 has a very elaborate tail structure including a collar at the base of the
head and a rigid tail core surrounded by a contractile sheath. The core and sheath are
attached to a hexagonal base plate. Also attached to the tail plate are tail pins and six
kinked tail fibers. P1 also has an icosahedral capsid, a tail with a contractile sheath, a
base plate, and tail fibers. l contains a linear double-stranded DNA genome of 48.5kb,
a capsid, and a tail (Fig. 7.1b). The finished capsid is again shaped like an icosahedron
whereas the tail is a thin flexible tube that ends in a small conical part and a single tail
fiber. M13 contains a circular single-stranded DNA genome of 6407 nucleotides sur-
rounded by five phage-encoded proteins (Fig. 7.1c). The M13 chromosome is coated

FYI 7.1

Discovery of phage

Phage were first described in
1915 by Frederick Twort and
1917 by Felix d’Herelle. Both
men discovered phage when
the bacteria they were working
with lysed. The agent
responsible for the lysis was
transferable from culture to
culture, invisible by light
microscopy, and would go
through the smallest filter they
had. d’Herelle coined the term
“bacteriophage”, signifying an
entity that eats bacteria.
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by a single layer of ~2700 subunits of gene VIII encoded protein (gpVIII) giving it a fil-
amentous appearance, the reason M13 is also known as a filamentous phage. At
one end of the filament are bound the M13 proteins encoded by genes VII and IX
(gpVII and gpIX) and at the other end are bound the M13-encoded gene III and VI pro-
teins (gpIII and gpVI).

The lifecycle of a bacteriophage

All phage must carry out a specific set of reactions in order to make more of them-
selves. First, the phage must be able to recognize a bacterium that it can multiply in by
binding to the bacterial cell surface. Next, the phage must inject its genome and the
genome must be protected from the bacterial nucleases in the cytoplasm. The phage
genome must be replicated, transcribed, and translated so that a large number of
genomes, capsid proteins, and tail proteins, if present, are produced at the same or
nearly the same time. Complete phage particles are then assembled and the phage
must get back out of the bacterium. Different phage use different strategies to carry
out each of these reactions.
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Fig. 7.1 The structures of (a) T4,
(b) l, and (c) M13.
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Phage are very choosy as to what bacteria they infect. This is referred to as the host
range of the phage. For example, l only infects certain E. coli, whereas Spo1 phage 
infect only Bacillus subtilis. Several phage types may infect a single bacterial species. 
E. coli can be infected by l, M13, P1, T4, and Mu phages, to name a few.

The number of phage that can be released from one bacterium after infection and
growth by one phage is known as the burst size. Every phage has a characteristic
burst size. Different phage also take different amounts of time to go through one
growth cycle. We know when a phage has successfully reproduced when we are able
to detect plaques or circular areas with little or no bacterial growth on an agar plate
covered with a thin layer of bacteria.

Once bound to the cell, the phage must get its genome into the cytoplasm. The rate
of phage DNA transport can be very rapid. It is different for different phages but can
reach values as high as 3000 base pairs per second. In contrast, two other methods for
getting DNA from the outside of the cell to the cytoplasm (conjugation, Chapter 10
and transformation, Chapter 11) transfer the DNA at a rate of approximately 100
bases per second. In many cases the details of how a phage genome gets into the cyto-
plasm are not known. From the information we do have, it is clear that not just one
mechanism is used.

Lytic–Lysogenic options

The process of a phage infecting a bacterium and producing progeny is referred to as a
lytic infection. Some phage, like T4, are only capable of lytic growth. Some phage are
also capable of maintaining their chromosome in a stable, silent state within the bac-
teria. This is called lysogeny. Phage that are capable of both a lytic and lysogenic
pathway are called temperate phage. P1 and l are temperate phage. M13 is unusu-
al because phage continually exit from a bacterium without killing it. For this reason,
M13 is not considered to have a true lysogenic state and is not a temperate phage.
When the bacterium contains a silent phage chromosome, it is referred to as a lyso-
gen. The incorporated phage genome is referred to as a prophage.

The l lifecycle

l adsorption

Phage identify a host bacterium by binding or adsorbing to a specific structure on the
surface of the cell. Many different cell surface structures can be used as binding sites.
The basics of adsorption are that a specific structure on the surface of the phage inter-
acts with a specific structure on the surface of the bacterium. l binds to an outer mem-
brane protein called LamB via a protein that resides at the tip of the l tail called the J
protein. LamB normally functions in the binding and uptake of the sugars maltose
and maltodextrin.

l DNA injection

Initially, l binds to LamB and the binding is reversible. This step requires only the l
tail and the LamB protein. Next, the bound phage undergoes a change and the bind-
ing to LamB becomes irreversible. The nature of the change is unknown but it requires
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that a phage head be attached to the phage tail. Next the l DNA is ejected from the
phage and taken up by the bacterium. The DNA in the phage head is very tightly
packed. If the condensed state of the phage DNA is stabilized, ejection of the DNA
does not occur. The addition of small positively charged molecules such as putrescine
to the phage counteracts the negatively charged DNA and stabilizes the DNA in the
phage head. This implies that the tight packing of the DNA is used to help eject the
DNA from the phage particle. When l DNA is put into the capsid, one end known as
the left end is inserted first. When the l DNA comes out of the phage head, the right
end exits first. Unlike phage T4 (see below), no change in the l tail structure is seen
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when the DNA is ejected. In addition to LamB, l also uses an inner membrane protein
called PstM to gain entry to the cytoplasm. How the l DNA physically traverses the
peptidoglycan and periplasm and gets through PtsM is not known.

Protecting the l genome in the bacterial cytoplasm

What protection the phage genome needs in the cytoplasm depends on the physical
state of the injected nucleic acid. l contains a linear double-stranded DNA molecule
in its capsid. In the bacterial cytoplasm, dsDNA molecules are subject to degradation
by exonucleases that need a free end to digest the DNA. The first event that happens
to newly injected l DNA is that the DNA circularizes to prevent it from being 
degraded.

l has a specific site on its DNA, termed the cos site, which it uses to circularize the
DNA (Fig. 7.2). The cos site is a 22bp sequence that is cut asymmetrically when the l
DNA is packaged (see below). The cut cos site has a 12bp overhang. There is one cut cos
site at the left end of the l genome and another cut cos site at the right end of the l
genome (Fig. 7.2a). When the l DNA is injected into the cytoplasm, the cut cos sites at
either of the linear l genome anneal (Fig. 7.2b). A host enzyme, DNA ligase, seals the
nicks at either end of the cos site generating a covalently closed, circular l genome.
The host encoded enzyme, DNA gyrase, supercoils the l molecule.

What happens to the l genome after 
it is stabilized?

The l genome contains six major promoters known as PL
for promoter leftward, PR for promoter rightward, PRE for
promoter for repressor establishment, PRM for promoter
for repressor maintenance, PI for promoter for integra-
tion, and PR¢ for secondary rightward promoter (Fig. 7.3).
After the genome is circularized and supercoiled, tran-
scription begins from PL and PR. A series of genes known as
early genes are transcribed and translated. These gene
products are the initial proteins needed for further phage
development. E. coli RNA polymerase interacts with PL to
give rise to a short mRNA transcript that is translated into
the N protein (Fig. 7.4a). E. coli RNA polymerase interacts
with PR to give rise to a short mRNA transcript that is
translated into the Cro protein (Fig. 7.4a).

The N protein is able to extend transcription when RNA
polymerase encounters a sequence in the DNA that tells it
to stop. For this reason, N is called an anti-termination
protein. N allows RNA polymerase to transcribe through
the tL and tR1 termination signals resulting in the synthe-
sis of longer mRNA transcripts (Fig. 7.4b). The longer
transcripts from PR encode the O, P, and CII proteins, and
a small amount of another anti-terminator, the Q protein.
From PL, CIII, the recombination proteins Gam and Red and a small amount of Xis
and Int are made.

The N protein anti-terminates by binding to RNA polymerase after a specific base
pair sequence, located upstream of the transcriptional termination site, has been
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Fig. 7.3 The location of the six
major promoters on the l
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transcribed into mRNA (Fig. 7.4c). This sequence is called nut for N utilization. Other
E. coli proteins contribute to anti-termination. These proteins have been named Nus,
for N utilization substance.

At this point, all of the players needed to make the lytic–lysogenic decision have
been made. CII and CIII are needed for lysogenic growth. Cro and Q are needed for
lytic growth. The O and P proteins are used for replicating the l DNA.

l and the lytic–lysogenic decision

The decision between lytic or lysogenic growth for l was the first developmental
switch understood at the molecular level. At the most basic level, the decision de-
pends on the amounts of two phage-encoded proteins called CI (pronounced C-one)
and Cro, and their binding to their promoter control regions (Fig. 7.5). When CI is
bound, the expression of the lytic genes is repressed and the phage follows the 
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Fig. 7.4 The first transcription and translation events that take place
on the l genome after infection. (a) Transcription from PL leads to the
production of N protein. Transcription from PR leads to Cro protein.
(b) N is an anti-terminator that allows RNA polymerase to read
through the tL and tR1 terminators. From PL, N and CIII proteins will

be produced. From PR, Cro, CII, O, P, and Q proteins will be produced.
(c) N binds to the nutL site on the DNA. In conjunction with four
bacterial proteins, NusA, NusB, NusD, and NusE, N allows RNA
polymerase to read through the terminator tL.
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lysogenic pathway (Fig. 7.5a). For this reason, CI is also known as CI repressor or 
l repressor. The expression and binding of Cro leads to lytic development.

Cro is made from PR and CI is made from either PRE or PRM. Both Cro and CI bind to
the same DNA sequences called operators (Fig. 7.5b). l contains two operators that
bind Cro and CI. One, called OR, overlaps the PRM and PR promoters. The other, called
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Fig. 7.5 CI and Cro are the proteins responsible for the two developmental fates of l. (a) CI leads to
lysogeny and Cro leads to lytic growth. (b) Both CI and Cro bind to two operator regions, OR and OL. OR
overlaps with both PR and PRM. OL overlaps with PL. (c) OR is required for the switch between
developmental pathways. It is composed of three 17 base pair sequences called OR1, OR2, and OR3. They
are similar in sequence but not identical. (d) CI binds to OR1 first then OR2. It will bind to OR3 but only at
very high concentrations. When CI binds to OR, it represses transcription from PR and activates it from
PRM. CI binding to OR is actually required for PRM to be activated. CI binding leads to lysogeny. (e) Cro also
binds to OR1, OR2, and OR3 but in the opposite order from CI. Cro binds to OR3 first then OR2 and at high
concentrations OR1. Cro binding to OR3 inhibits PRM and leads to lysogeny.
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Fig. 7.6 The CII protein is the
major player in the switch
between lytic and lysogenic
growth. CII is unstable and
rapidly degraded by the host-
encoded HflA protease. Inactive
CII leads to lytic growth. CII can
be protected by the phage-
encoded CIII protein. Active CII
leads to lysogenic growth.

OL, is behind the PL promoter. OR is a major player in the lytic–lysogenic decision,
while OL is not part of the decision.

OR is composed of three 17 base pair sequences called OR1, OR2, and OR3 (Fig. 7.5c).
CI repressor binds to OR1 10 times better than it binds to OR2 or OR3. At increasing con-
centrations of CI, it will bind to OR2 and eventually to OR3. When CI is bound to OR, it
stimulates the PRM promoter and the production of CI repressor and inhibits the PR
promoter and the production of Cro, leading to lysogeny (Fig. 7.5d). Cro also binds to
OR1, OR2, and OR3 but in the reverse order from CI repressor. Cro binds to OR3 first, then
OR2, and finally at high concentrations to OR1. When Cro is bound to OR, it inhibits
the PRM promoter and the production of CI, leading to lytic growth (Fig. 7.5e). This is
the basis for either lytic or lysogenic growth.

How does the phage switch between these two developmental pathways? The
major protein involved in the switch is another phage-encoded protein called CII
(pronounced C-two, Fig. 7.6). CII activates the PRE and PI promoters. This leads to the
production of repressor and the Integrase protein, which is also needed for lysogeny
(Fig. 7.6b). The gene for CII (cII) resides just to the right of the cro gene. When l infects
a cell, transcription automatically begins from PL and PR using host proteins. Tran-
scription from PR leads to production of both the Cro and CII proteins. If CII is active
it will lead to production of CI and Integrase and lysogeny. If CII is inactive then Cro
will repress PRM, preventing expression of CI and leading to lytic growth.

The CII protein is inherently unstable. Several factors influence this feature of the
protein. CII is degraded by the bacterial-encoded HflA protease. When cells are 
actively growing in nutrient-rich conditions, the amount of HflA in the cell is high,
leading to degradation of CII and lytic growth. When cell are growing slowly, HflA
levels are low, leading to stabilization of CII, production of CI, and lysogeny. In this
manner, CII is used to monitor the health of the cell and impact the lytic–lysogenic
decision accordingly. It is thought that l wants to produce more phage when cells are
healthy, nutrients are plentiful, and the prospect of completing phage development

is good. Lysogeny is a better
bet when cells are growing
poorly. CII is also stabilized
by a phage-encoded protein
called CIII. CIII is produced
from PL by infecting phage.

The l lysogenic
pathway

If CII prevails, CI will be
produced, initially from the
PRE promoter and eventu-
ally from the PRM promoter.
CI activates PRM ensuring
that a continuous supply of
CI is made. CI also activates
the PI promoter, leading to
the production of the Inte-
grase protein. The recombi-
nation of l DNA into the
chromosome occurs at a
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specific site in the l DNA
called attP and at a specific
site in the bacterial chro-
mosome called attB (Fig.
7.7). The recombination of
l DNA into the chromo-
some requires Integrase and
the host-encoded IHF pro-
tein (for integration host
factor). Once in the chro-
mosome, the phage DNA is
bounded by hybrid att sites
called attL and attR. The 
reverse of this reaction, 
recombination of l DNA
out of the chromosome re-
quires Int, IHF, and a third protein Xis (for excision and pronounced excise). Because
the recombination always occurs at specific sites and requires very specific enzymes,
it is known as a site-specific recombination event (Chapter 5). Once the l DNA is
recombined into the chromosome, it is replicated and stably inherited by daughter
cells as part of the bacterial chromosome. The attB site on the chromosome lies be-
tween the gal and bio genes and does not disrupt either gene. When l DNA has re-
combined into the bacterial chromosome it is quiescent, except for the continued
production of CI from PRM.

What prevents the expression of the late genes coding for lytic function? The ex-
pression of late genes is prevented by the action of the l repressor. l repressor binding
to the operator sequences OR and OL blocks transcription from PL and PR. Since PR is
blocked, the l Q protein is not made and transcription of the late genes does not
occur.

The l lytic pathway

If enough of the Q protein accumulates in the cell, RNA polymerase will continue its
transcription from a third promoter, PR¢, located in front of the Q gene (Fig. 7.8). This
extends transcription into the late genes located downstream of Q. The late genes en-
code the proteins needed to complete the lytic infection including the head, tail, and
lysis proteins.
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Fig. 7.7 l recombines into the
chromosome using a specific site
on the phage called attP and a
specific site on the bacterial
chromosome called attB. When
the l DNA is in the
chromosome, it is bounded by
attL and attR, which are hybrid
attP/attB sites.

Int + IHFInt + IHF
Xis

l DNA

attP

E. coli DNA

attB

attL attR

E. coli E. colil

cro O P Q Squt tR'

PR PR'

Q

Q

mRNA

Fig. 7.8 The Q protein which is
made from PR when N is present
is a second anti-termination
protein. It acts on the qut site
and allows transcription
through tR¢. Q is necessary for
synthesis of the head and tail
genes.
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DNA replication during the l lytic pathway

After the infecting l DNA has been converted to a double-stranded circular molecule,
it replicates from a specific origin using both the phage-encoded O and P proteins and
bacterial-encoded proteins. Replication proceeds bidirectionally, much like the E. coli
chromosome. This form of replication produces molecules that look like the Greek
letter theta and is called theta replication (Fig. 7.9a). Later in lytic development, l
switches to a second mode of replication called rolling circle replication.

Rolling circle replication of l DNA commences when an endonuclease, en-
coded by l exo, cuts one strand of the covalently closed circular double-stranded DNA
molecule (Fig. 7.9b). The cut strand is called the plus strand. The 5¢ end of the cut plus
strand is peeled away from the intact minus strand. DNA polymerase adds deoxyri-
bonucleotides to the free 3¢ OH of the cut plus strand using the intact circular minus
strand as the template. This produces new plus strands through a process of continu-
ally elongating the original plus strand. The new plus strands are used as a template to
synthesize new minus strands. Rolling circle replication produces long DNA mole-
cules containing multiple phage genomes called concatamers.

Making l phage 

The structure of the fin-
ished capsid is determined
by the physical characteris-
tics of the structural pro-
teins that they are made
from and the phage and
host proteins used for as-
sembly. Assembly of the
capsids requires at least 
10 phage-encoded proteins
and two host-encoded pro-
teins. The final capsid is
made up of eight proteins,
E, D, B, W, FII, B*, X1, and
X2. Initially, B, C, and Nu3
(all phage proteins) form a
small, ill-defined initiator
structure (Fig. 7.10a). This
structure is a substrate for
the host-encoded GroEL
and GroES proteins. GroEL
and GroES act on proteins
or protein complexes and
help remodel them. The
major coat protein, E, is
added to this structure to
form an immature phage
head (Fig. 7.10b). The 
immature phage head is
converted to the mature
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Fig. 7.9 l has two modes of
DNA replication: theta
replication (a) and rolling circle
replication (b). Theta replication
occurs early in infection and
rolling circle replication occurs
late in infection. Rolling circle
replication produces
concatamers for packaging into
phage heads.
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B
C
Nu3

Convert B B*

Fuse E + C Digest to X1, X2

GroEL
GroES

Terminase

cos cos

D

W + F

Tails

Infective
phage

(a) (b)

(c)

(d)

(e)

(f)

E

Nu3

Fig. 7.10 The assembly pathway for l. (a) The initiator structure for the head is composed of the B, C, and
Nu3 proteins. (b) E, the major head protein, is added to this structure. Nu3 is degraded, B is cleaved to a
smaller form (B*), and E and C are fused and cleaved at a new position to form X1 and X2. This forms the
immature phage head. (c) The immature phage head is now ready for DNA from a concatamer. The D
protein is added to the capsid at this point. (d) Packaging starts at a cos site and proceeds to the next cos
site. (e) The DNA is inserted into the capsid and sealed inside by the W and FII proteins. (f) Tails are added
to the full capsid to form a phage.
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phage head by the degradation of Nu3, the cleavage of B to B*, and the fusion of C pro-
tein and some E protein followed by the cleavage of the fused protein into two new
proteins, X1 and X2 (Fig. 7.10c).

The mature phage head is now ready for DNA. As the DNA is inserted into the phage
head, it expands and the D protein is added to the surface of the capsid. l DNA cannot
be packaged from a monomer of l DNA but only from concatamers usually produced
by rolling circle replication (Fig. 7.10c). The DNA is cut at one cos site by a l encoded
enzyme and put into the phage head. Terminase binds to a cos site and to a phage
head, cuts the cos site, and inserts that end of the l DNA into the phage head (Fig.
7.10d). Terminase cuts the cos site asymmetrically, leaving the 12 base pair overhang.
The terminase enzyme then tracks along the concatamer of l DNA until it reaches a
second cos site. As terminase tracks, the DNA is inserted into the phage head. When a
second cos site is reached, terminase cuts the DNA and the last bit of DNA is inserted
into the phage head (Fig. 7.10e).

This phage head with newly inserted DNA is unstable and not able to join to phage
tails. The W and FII proteins are added to the base of the full head (Fig. 7.10e). This
both stabilizes the DNA-containing head and builds the connector to which the tail
will bind. Tails add spontaneously to this structure (Fig. 7.10f).

Tails are constructed from 12 gene products. Like the capsids, the tails are formed
from an ill-defined initiator complex. This complex requires the J, I, L, K, H, G, and M
phage proteins. They are added to the complex in the order listed beginning with the
J protein. For this reason, it is thought that tails are built from the tip that recognizes
the bacterium towards the end that binds to the phage head. Once the initiator struc-
ture is formed, the major tail protein, V, is added. The H protein is used as a measuring
stick and determines how long the tail will be. Once the tails reaches the correct
length, the U protein is added to prevent further growth and the H protein is cleaved.
The Z protein is added last and is required to make an infectious phage. A tail without
Z will bind to a full phage head but the resulting particle is not infectious.

The l phage packaging system packages DNA molecules on the basis of the cos
sites rather than on the basis of the length of the DNA molecule. Varying lengths of
DNA molecules, within set limits, can be packaged as long as the molecule contains 
a cos site at both ends. If the distance between the two cos sites is less than ~37kb, 
the resulting phage particle will be unstable. When the DNA is inside the capsid, it 
exerts pressure on the capsid. Likewise the capsid exerts an inward force on the 
DNA. If there is not enough DNA inside the capsid, it will implode from the inward
force of the capsid. If the distance between the two cos sites is too far (~52kb), then the
capsid will be filled before the second cos is reached. The tail cannot be added because
the DNA hanging out of the capsid is in the way and no infectious phage particle is
produced.

Getting out of the cell —the l S and R proteins

The l R and S proteins are required for l to release progeny phage into the environ-
ment. The R protein is an endolysin that degrades the peptidoglycan cell wall and 
allows the phage to escape from the cell. The S protein forms a hole in the inner 
membrane to allow the endolysin to gain access to the cell wall. After the hole is
formed, approximately 100 intact l phage particles are released into the environ-
ment. The entire lytic cycle lasts ~35 minutes.
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Induction of l by the SOS System

When a l lysogen is treated with ultraviolet light (UV),
~35 minutes later the cells lyse and release phage. What
does the UV do to the cell? UV damages the DNA and trig-
gers a cellular response called the SOS response to deal
with this damage (Fig. 7.11). The RecA protein, which is
normally used for homologous recombination, is activat-
ed and binds to the LexA protein. The activated RecA
complexed to LexA induces LexA to cleave itself. This
leads to the activation of a number of genes whose prod-
ucts repair the DNA damage in the cell. l has tapped into
this system through the CI protein. CI repressor can inter-
act with activated RecA, leading to the cleavage of CI. This
leads to expression of the phage lytic genes and phage
production. The rational for this response is that l does
not want to risk staying in a cell that has DNA damage and
may not survive.

Superinfection

If a cell is a l lysogen, another l phage that infects is not
able to undergo lytic development and produce phage.
The incoming phage can inject its DNA, however, the DNA is immediately shut down
and no transcription or translation of the l initiates. l lysogens are immune to infec-
tion by another l phage particle, which is called superinfection. Superinfection is
blocked because the lysogen is continuously producing CI repressor. The lysogen 
actually produces more repressor than it needs to shut down one phage. This extra 
repressor binds to the superinfecting phage DNA at OL and OR and prevents 
transcription from PL and PR.

Restriction and modification of DNA

A simple experiment with l leads to the discovery of how bacteria tell their own DNA
from foreign DNA. l is capable of making plaques on two different types of E. coli, E.
coli K12 and E. coli C. If l is grown on E. coli K12, it will form plaques on E. coli K12 or
E. coli C with equal efficiency. If l is grown on E. coli C, it will form plaques on E. coli C
but if it is plated on E. coli K12, only a few phage will form plaques. The efficiency of
forming plaques or efficiency of plating (EOP) is decreased by 10,000-fold. This is
known as restriction. If the E. coli C grown phage that did plaque on E. coli K12 are
replated on E. coli K12, the EOP is 1. This is known as modification. The few phage
that survive the replating on E. coli K12 have been modified so that they can effici-
ently plate on E. coli K12.

While this originated as a curiosity of phage growth, it has proven to be essential for
many molecular techniques. Further investigation showed that the protein responsi-
ble for restriction, a restriction enzyme or restriction endonuclease, actually
recognizes a specific DNA sequence and cleaves the DNA on both strands. The cut or
digested DNA is sensitive to nucleases that degrade DNA. The modification part of the
system is a protein that specifically modifies the DNA sequence recognized by the re-
striction enzyme and prevents the DNA from being digested. E. coli K12 has a restric-

Bacteriophage 117

Fig. 7.11 The SOS response
induces l. UV treatment of cells
(a) damages the DNA and leaves
stretches of single-stranded DNA
(b). The single-stranded DNA
activates RecA (c). Activated
RecA interacts with CI, leading
to cleavage of CI and induction
of the l lysogen (d). Activated
RecA also interacts with LexA
and leads to LexA inactivation
(e). LexA inactivation leads to
expression of a number of genes,
including some DNA repair
enzymes.
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tion/modification system and E. coli C does not. This explains the original observa-
tion with l growth. If a bacterium carries the restriction enzyme, it must also carry the
modification enzyme so that the bacterial chromosome is not digested and degraded.
The restriction/modification system allows a bacterium to tell DNA from its own
species from foreign DNA. Many different bacteria contain restriction/modification
systems that recognize different DNA sequences. The restriction enzymes are purified
and used in vitro to cleave DNA at specific DNA sequences, depending on the recog-
nition sequence of the enzyme in question. Restriction enzymes are used to cleave
and clone DNA fragments as described in Chapter 14.

The lifecycle of M13

M13 adsorption and injection

M13 adsorbs to the tip of the F pilus, a hair-like structure on the surface of some bac-
teria. It can only infect bacteria that carry an F or F-like conjugative plasmid that en-
codes the proteins that make up the F pilus (see Chapter 10). For the filamentous
phage, it is known that infection is initiated by the binding of gpIII to the tip of the F
pilus. GpIII then interacts with the inner membrane protein TolA. Two additional
facts about gpIII suggest a mechanism for phage DNA entry. GpIII contains amino
acid sequences that are fusogenic or promote localized fusion of two membranes and
gpIII is capable of forming pores in membranes that are large enough for DNA to go
through. If each of these properties of gpIII are important for phage entry, then the
phage could bind to the F pilus, promote fusion of the membranes, and use gpIII to
form holes in the membrane to gain entry into the cytoplasm.

Protection of the M13 genome

The M13 DNA that ends up in the cytoplasm is a circular single-stranded DNA mole-
cule. The strand present in phage particle is known as the plus or + strand. After entry
into the cytoplasm, the + strand DNA is immediately coated with an E. coli single-
stranded DNA binding protein known as SSB. The SSB coating protects the DNA from
degradation.

M13 DNA replication

The M13 plus strand is converted to a double-stranded molecule immediately upon
entry into E. coli (Fig. 7.12). Synthesis of the complementary strand is carried out en-
tirely by E. coli’s DNA synthesis machinery. The complementary strand is called the
minus or —strand. Only the minus strand is used as the template for mRNA synthesis
and ultimately it is the template for the translation of the encoded M13 gene prod-
ucts. The SSB that coats the plus strand upon entry of the DNA into the E. coli cyto-
plasm fails to bind to ~60 nucleotides of the molecule (Fig 7.12c). These nucleotides
form a hairpin loop that is protected from nuclease degradation. M13 gpIII from the
phage is found associated with the hairpin loop. The hairpin loop is recognized by E.
coli RNA polymerase as a DNA replication origin and is used to initiate transcription of
a short RNA primer (Fig. 7.12d). The RNA primer is extended by E. coli DNA poly-
merase III to create the minus strand (Fig. 7.12e). The RNA primer is eventually re-
moved by the exonuclease activities of E. coli DNA polymerase I. The gap is filled in by
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FYI 7.2

Pathogenicity in
Vibrio cholera

Cholera is caused by the
bacterium, Vibrio cholera.
Many of the genes that make
this bacteria pathogenic or
disease causing are part of a
prophage located in the V.
cholera chromosome. This
prophage bears striking
resemblance to M13 and other
filamentous phage. It is
possible that the transmission
of these pathogenic genes is as
simple as the phage moving
from one bacterial species to
another sensitive bacterial
species.
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the 5¢ to 3¢ polymerizing activity of the same DNA poly-
merase. E. coli ligase forms the final phosphodiester bond
resulting in a covalently closed double-stranded circular
M13 chromosome. The double-stranded form of M13
chromosome is called the replicative form (RF) DNA.

The RF form is replicated by rolling circle replication
similar to the mechanism used by the l chromosome (see
Fig. 7.9b). The M13 gene II encoded protein is an endonu-
clease that nicks the plus strand of the RF DNA at a specific
place to initiate the replication process for M13 RF DNA.
Approximately 100 copies of M13 RF DNA are made.
While the M13 chromosome is being replicated, the genes
encoding the coat proteins are being transcribed and
translated. When M13 gpV protein accumulates to suffi-
cient levels, a switch from synthesizing RF DNA to syn-
thesizing the plus strand occurs. GpV blocks the synthesis
of the minus strand, presumably by displacing SSB on the
plus strand and preventing the plus strand from being
used as a template. The plus strand is circularized.

M13 phage production and release from the cell

M13 phage particles are assembled and released from 
E. coli cells through a process that does not involve lysing
E. coli or disrupting cell division (Fig. 7.13). The gpV 
coated plus strand makes contact with the bacterial inner
membrane (Fig. 7.13a). This interaction requires a specific packaging sequence on the
DNA and gpVII and gpIX. The protein-coated DNA traverses the membrane and gpV
is replaced by gpVIII in the process (Fig. 7.13b). GpVIII is found in the membrane.
When the last of the phage particle crosses the membrane, gpIII and gpVI are added.
M13 phage are continually released from actively growing infected E. coli.

The lifecycle of P1

Adsorption, injection, and protection of the genome

P1 adsorbs to the terminal glucose on the lipopolysaccharide present on the outer sur-
face of the outer membrane. The P1 tail can contract, suggesting that P1 might inject
its DNA into the cell like T4 (see below). Once inside the cell, P1 DNA circularizes by
homologous recombination. Circularization can occur by recombination because
when the phage DNA is packaged, 107% to 112% of the phage genome is incorporat-
ed into a capsid. This ensures that every phage DNA molecule has between 7 and 12%
homology at its ends; a property called terminal redundancy (Fig. 7.14). The ter-
minal redundancy is used to circularize the genome.

P1 DNA replication and phage assembly

Like l, early P1 replication takes place by the theta mode of replication. Later in 
infection, P1 switches to rolling circle replication, again like l (see Fig. 7.9). At 

Fig. 7.12 The conversion of the
M13 plus strand to a double-
stranded DNA molecule. The
plus strand enters the cell (a and
b) with gpIII attached. It is
immediately coated with host
SSB (c). RNA polymerase
synthesizes a short primer (d)
and DNA polymerase
synthesizes the minus strand.
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Fig. 7.14 P1 genomes are both
circularly permuted and
terminally redundant. Terminal
redundancy means that the
same sequences are present on
both ends of one DNA molecule.
Circular permutation means
that the order of the genes on
each DNA molecule is different
but every DNA molecule
contains the same genes.

approximately 45 minutes
after infection, the cells are
filled with concatamers of
phage DNA, assembled
phage heads, and assem-
bled phage tails. Now as-
sembly of the complete
phage must take place. A
protein made from the
phage genome recognizes a
site on the concatamers of
phage DNA called the pac
site (Fig. 7.15). The protein
cuts the DNA, making a
double-stranded end. This
end is inserted into a phage
head. The DNA continues
to be pushed inside the
head until the head is full, a
process termed headfull
packaging. Once the first
phage head is filled, anoth-
er empty phage starts 
packaging. Experiments 
indicate that up to five
headfulls of DNA can be

packaged sequentially from a single pac site at 100% efficiency. An additional five
headfulls of DNA can be packaged although the efficiency gradually decreases over
these last five headfulls to only about 5%. While each phage head contains the same
genes, the gene order changes. This is known as circular permutation of the

genome (Fig. 7.14). After the head is full of DNA, a double-
stranded cut is made and a tail is attached. This part of
phage development is very much an assembly line. P1 is
thought to encode an endolysin and holin to use in lysing
the cell, similar to those described for l.

The location of the P1 prophage 
in a lysogen

Prophages can be physically located in one of two places
in a lysogen. In the case of l, the phage genome is recom-

bined into the bacterial chromosome. P1 is maintained in the cytoplasm as a stably
inherited extrachromosomal piece of DNA or plasmid (see Chapter 9). P1 contains
an origin for DNA replication and once the phage genome is converted to circular,
double-stranded DNA, it can be established as a plasmid.

P1 transducing particles

One unusual aspect of P1 development is the formation of transducing particles
or phage particles that contain chromosomal DNA instead of phage DNA. The E. coli

Fig. 7.13 M13 is released from
the cell without lysing the
bacterium. (a) The plus strand,
coated with gpV interacts with
the membrane through gpVII
and gpIX. (b) As the DNA
traverses the membrane, the gpV
is replaced by gpVIII.
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chromosome contains many pseudopac sites or sites that can be used to initiate
packaging of host chromosomal DNA into maturing phage. These pseudopac sites are
used much less frequently than the phage pac sites but they are used. The resulting
phage carry random pieces of the chromosome in place of phage genomes. The 
ability to package any piece of chromosomal DNA instead of phage DNA makes P1 a
generalized transducing phage. Transducing particles are used to move pieces 
of host chromosomal DNA from one strain to another for the purposes described 
in Chapter 8.

The lifecycle of T4

T4 adsorption and injection

For T4, the phage binds to the lipopolysaccharide. The tips of the tail fibers contact
the cell first (Fig. 7.16). Once the phage has bound to the cell, the base plate rearranges
creating a hole in the base plate. The outer sheath contracts and the internal tube goes
through the outer membrane, peptidoglycan, and periplasm and comes close to the
cytoplasmic membrane. The DNA is injected and crosses the cytoplasmic membrane
in about 30 seconds. Not all phage that have the structure of T4 inject their DNA this
way. Some phage such as T7, have tails that cannot contract. The T7 genome is only 
40kb but takes 9 to 12 minutes to cross into the cytoplasm. For T7, a small portion of

pac pac pac

pacpac

Concatomers

(a)

(b)

(c) (d)

Fig. 7.15 P1 packages DNA
from a pac site (a) and packages
between 7 and 12% more than
one P1 genome, until the phage
head is full (b and c). Once the
phage head is full, a
preassembled head is added (d).

PYF7  3/21/05  7:59 PM  Page 121



122 Chapter 7

genome (about 8%) crosses both membranes, the peptidoglycan and periplasm, and
enters the cytoplasm. After a 4-minute lag during which two proteins encoded by 
this piece of DNA are synthesized, the rest of the phage DNA enters the 
cytoplasm. Binding of these two phage proteins to the DNA is thought to pull the
DNA into the cytoplasm.

Once T4 DNA is in the cell cytoplasm, it specifies a highly organized and coordin-
ated program of gene expression. A group of genes with similar promoters, called the
early genes, are transcribed and translated by host enzymes. One early gene enco-
ded protein activates a second set of promoters for the middle genes. A different
early gene encoded protein shuts off synthesis of the early genes. One product of 
middle transcription is required to activate the late genes. The early genes encode
the proteins needed for DNA synthesis and late genes encode the proteins needed to
build the capsid and tail structures. Many phage stage the expression of their genes 
in this temporal fashion to ensure proper construction of the phage particles.

The T4 genome does not contain cytosine residues. All of the cytosines are modified
by hydroxymethylated. Several of the early genes encode proteins that degrade the
cytosine-containing host DNA. The phage DNA is protected from degradation. The
T4 genome, like P1 is both circularly permuted and terminally redundant. T4 has
about 3% terminal redundancy. Unlike P1, T4 does not appear to use this terminal re-
dundancy to circularize upon infection. T4 begins replication immediately after the
early gene products are made. T4 replicates as a linear molecule and uses replication
and recombination to both replicate the entire genome and to make concatamers to
package into phage heads (Fig. 7.17). Like other phage, capsids, tails, and con-
catamers of phage DNA are premade and assembled into infectious phage particles
late in phage development.

(a)

(b)

(c)

(d)

DNA

Fig. 7.16 Injection of T4 DNA
into the cell. (a) T4 “looks” for a
susceptible bacterium with its
tail fibers. (b) The tail fibers
recognize the membrane first. (c)
The tail spikes interact with the
membrane. (d) The tail sheath
contacts, driving the internal tail
tube through the outer
membrane, peptidoglycan, and
to the inner membrane where
the DNA is released.
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T4 rII mutations and the nature of the genetic code

The study of two genes in T4 has contributed significantly to our understanding of the
genetic code and the nature of the gene. In the late 1950s and 1960s the understand-
ing of the nature of the gene was in its infancy. The prevailing thought was that the
gene was the smallest genetic unit and it was inherited as a unit. The chemical nature
of DNA had just been described by Watson and Crick. The relationship between DNA
and the gene was not understood. Seymour Benzer used the T4 rII locus and genetic
logic to describe several key features of the gene.

rII encodes two proteins, A and B. Several thousand point mutations and deletions
were isolated in these two genes. These mutations were put to good use. A phage car-
rying one mutation and a phage carrying a second mutation were mixed together and
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Fig. 7.17 T4 replicates its DNA using both replication and recombination. (a) Linear T4 DNA molecules
are injected into the cytoplasm of the host. (b) DNA replication begins at an origin and proceeds
bidirectionally to the ends. However, because of DNA polymerase’s requirement for a primer, a piece of
the DNA at one end of the molecule cannot be replicated and remains single stranded. (c) This piece of
single-stranded DNA can invade duplexed DNA at any place where it has homology, like the initial
reaction in recombination. (d) DNA replication of this molecule will lead to concatamers of the phage
genome. Depending on where strand invasion takes place, branched molecules can also be formed. T4
packages its DNA out of the concatamers. The displaced single strands are free to strand invade the
concatamer structures.
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grown on an appropriate
host to determine if any of
the offspring had recom-
bined back to wild type.
Many of these phage 
crosses were carried out and
used to construct a map 
of where the mutations
resided in the rII locus.

Several conclusions were
drawn from these studies.
Deletion mutations were
defined as mutations that
could not generate wild-
type recombinants when
crossed with more than one
of the other mutations.
Deletion mutations were
missing a part of the gene.
In the thousands of crosses
that were carried out, the
frequency of obtaining
wild-type recombinants
was predictable based on
the positions of the starting
mutations. This led to the
conclusion that DNA was a
linear molecule across the
length of the gene and not a
branched molecule. If DNA
was branched, then the 
recombination frequencies
should be very different

when one mutation resided on one side of a branch and the other mutation resided
on the opposite side of the branch. Using the recombination frequencies, it was de-
termined that recombination can take place within a gene and not just outside of it as
had been thought. This changed the definition of a gene from the unit of heredity
that mutated to altered states and recombined with other genes. It is now recognized
that the gene is a functional unit that must be intact in the DNA to lead to a specific
characteristic or phenotype. Each of these studies shed more light on the behavior of
the gene and the nature of mutations.

One of the deletions fused the A gene to the B gene such that the A gene was not
functional but the B gene was (Fig. 7.18). Some of the point mutations in A could be
crossed onto the same phage that carried the deletion. If a point mutation in A did not
affect the activity of B in the fused genes then the point mutation was interpreted to
be a missense mutation. Missense mutations could cause a change in the genetic code
without affecting the production of the protein product. Other point mutations in A
did affect the activity of B. These were interpreted to be nonsense mutations or
changes that stopped the production of the B protein. These studies led directly to the
modern concepts of a gene and how it functions.

Fig. 7.18 The T4 rII locus was
used to conduct studies on the
nature of the gene. (a) rII is
composed of two genes A and B
that are normally made into
separate proteins. (b) A specific
deletion was described from the
mapping studies. This deletion
(called r1589) fused the A and B
genes, leaving A nonfunctional
but B functional. (c) Some
mutations in A, called missense
mutations did not interfere with
B function. (d) Other mutations
in A did interfere with B
function. These mutations were
said to be “nonsense” and
interfered with the production
of B.

FYI 7.3

The RNA phage MS2

MS2 is a typical phage
containing an RNA genome.
MS2 binds to the F pilus. It has
a genome of 3569 nucleotides
and encodes only four
proteins: the coat protein, an
RNA-directed RNA
polymerase, a lysin and an
adsorption protein. MS2 has
an icosahedral capsid
composed mainly of one type
of protein with a few molecules
of a minor protein in it.
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simplicity of phage have made them favorite model
systems to study many biological processes. While it
may appear that phage carry out some processes
using baroque mechanisms, it usually turns out that
other biological systems share these mechanisms. For
example, the unusual mechanism used to replicate T4
DNA is also used to help maintain bacterial and
eukaryotic chromosomes.

Summary

Bacteriophage are a very diverse group of viruses.
Their genomes can be made from either DNA or RNA.
They can be linear or circular, single stranded or
double stranded. Phage have evolved many different
ways to carry out the limited number of steps in a
phage infection. All phage must recognize the correct
bacterium to infect, get their genome inside the cell,
replicate the genome, transcribe and translate the
genome, and assemble phage particles. The relative

St
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s 1 What processes must be carried out by all phage to produce progeny?
2 What is the phenotype of a l mutant containing a defective cI gene?
3 Which regulatory proteins and promoters are crucial in l’s decision-
making process? Which regulatory proteins and promoters are crucial in l’s
lytic pathway? Which regulatory proteins and promoters are crucial in l’s
lysogenic pathway? Describe the roles for all identified participants.
4 A new phage from local sewage was recently isolated that infects laboratory
strains of E. coli. How would you determine if this new phage is a temperate or
lytic phage using simple genetic tests?
5 Contrast and compare the lytic pathway for l and M13 phage. What do
they do that is similar? What do they do that is different?
6 Contrast and compare rolling circle replication and theta mode replication.
What components of the machinery are similar? What components of the
machinery are different? When would one type of mechanism be preferable
to the other type? Why?
7 How does T4 gets its DNA from the phage head into the cytoplasm?
8 How do restriction/modification systems function?
9 How do different phage protect their DNA in the cell cytoplasm?
10 Why is M13 not considered a temperate phage?
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To generate vaccine-mediated protection is a complex chal-
lenge. Currently available vaccines have largely been devel-
oped empirically, with little or no understanding of how they 
activate the immune system. Their early protective efficacy is 
primarily conferred by the induction of antigen-specific anti-
bodies (Box 2.1). However, there is more to antibody-
mediated protection than the peak of vaccine-induced 
antibody titers. The quality of such antibodies (e.g., their 
avidity, specificity, or neutralizing capacity) has been identi-
fied as a determining factor in efficacy. Long-term protection 
requires the persistence of vaccine antibodies above protective 
thresholds and/or the maintenance of immune memory cells 
capable of rapid and effective reactivation with subsequent 
microbial exposure. The determinants of immune memory 
induction, as well as the relative contribution of persisting 
antibodies and of immune memory to protection against spe-
cific diseases, are essential parameters of long-term vaccine 
efficacy.

The predominant role of B cells in the efficacy of current 
vaccines should not overshadow the importance of T-cell 
responses: T cells are essential to the induction of high-affinity 
antibodies and immune memory, directly contribute to the 
protection conferred by current vaccines such as bacille 
Calmette-Guérin (BCG), may play a more critical role than 
previously anticipated for specific diseases like pertussis, and 
will be the prime effectors against novel vaccine targets with 
predominant intracellular localization such as tuberculosis.

New methods have emerged allowing the assessment of a 
growing number of vaccine-associated immune parameters, 
including in humans. This development raises new questions 
about the optimal markers to assess and their correlation with 
vaccine-induced protection. The identification of mechanistic 
immune correlates—or at least surrogates—of vaccine efficacy 
is a major asset for the development of new vaccines or the 
optimization of immunization strategies using available vac-
cines. Thus, their determination generates a considerable 
amount of interest. During the last decade, the increased 
awareness of the complexity of the immune system and its 
determinants, including at the host genetic level, indicated 
that using system biology approaches to assess how various 
processes and networks interact in response to immunization 
could prove more illustrative than trying to isolate and char-
acterize a few components of vaccine responses.1 Delineating 
the specific molecular signatures of vaccine immunogenicity 
is beginning to highlight novel correlates of protective immu-
nity and better explain the heterogeneity of vaccine responses 
in a population. The tailoring of vaccine strategies for specific 
vulnerable populations, including very young, elderly, and 
immunosuppressed populations, also largely relies on a better 
understanding of what supports or limits vaccine efficacy 
under special circumstances—at the population and individ-
ual levels. Lastly, the exponential development of new vaccines 
raises many questions that are not limited to the targeted 
diseases and the potential impacts of their prevention, but that 
address the specific and nonspecific impacts of such vaccines 
on the immune system and, thus, on health in general. These 
immune-related concerns have largely spread into the  
population, and questions related to the immunological 
safety of vaccines—that is, their capacity for triggering 

2 
non–antigen-specific responses possibly leading to allergy, 
autoimmunity, or even premature death—are being raised. 
Certain “off-targets effects” of vaccines have also been recog-
nized and call for studies to quantify their impact and identify 
the mechanisms at play. The objective of this chapter is to 
extract from the complex and rapidly evolving field of immu-
nology the main concepts that are useful to better address 
these important questions.

HOW DO VACCINES MEDIATE PROTECTION?
Vaccines protect by inducing effector mechanisms (cells or 
molecules) capable of rapidly controlling replicating patho-
gens or inactivating their toxic components. Vaccine-induced 
immune effectors (Table 2.1) are essentially antibodies—
produced by B lymphocytes—capable of binding specifically 
to a toxin or a pathogen.2 Other potential effectors are cyto-
toxic CD8+ T lymphocytes that may limit the spread of infec-
tious agents by recognizing and killing infected cells or 
secreting specific antiviral cytokines and CD4+ T-helper (Th) 
lymphocytes. These Th cells may contribute to protection 
through cytokine production and provide support to the gen-
eration and maintenance of B and CD8+ T-cell responses. 
Effector CD4+ Th cells were initially subdivided into T-helper 
1 (Th1) or T-helper 2 (Th2) subsets depending on their main 
cytokine production (interferon-γ or interleukin [IL]-4), 
respectively. This dichotomy became outdated as Th cells were 
increasingly shown to include a large number of subsets with 
distinct cytokine-producing and homing capacities (see Table 
2.1).3 A recently identified critical subset of vaccine-induced 
CD4+ Th cells are follicular T-helper (Tfh) cells: they are spe-
cially equipped and positioned in the lymph nodes to support 
potent B-cell activation and differentiation into antibody-
secreting-cells4 and were identified as directly controlling anti-
body responses and mediating adjuvanticity.5–7 Another 
important subset are T-helper 17 (Th17) cells which essen-
tially defend against extracellular bacteria that colonize the 
skin and mucosa, recruiting neutrophils and promoting local 
inflammation.8,9 These effectors are controlled by regulatory T 
cells (Tregs) involved in maintaining immune tolerance.10 
Most antigens and vaccines trigger B- and T-cell responses, 
such that there is no rationale in opposing vaccines favoring 
antibody production (“humoral immunity”) and T-cell 
responses (“cellular immunity”). In addition, CD4+ T cells are 
required for most antibody responses, whereas antibodies 
exert significant influences on T-cell responses to intracellular 
pathogens.11

What Are the Main Effectors of  
Vaccine Responses?
The nature of the vaccine exerts a direct influence on the type 
of immune effectors that are elicited and that mediate protec-
tive efficacy (Table 2.2).

Capsular polysaccharides (PSs) elicit B-cell responses in 
what is classically reported as a T-independent manner.12 The 
conjugation of bacterial PS to a protein carrier (e.g., glyco-
conjugate vaccines) provides foreign peptide antigens that  
are presented to the immune system and, thus, recruit  
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BOX 2.1 Main Immunological Definitions

ADJUVANT
Agents that increase the stimulation of the immune system by 
enhancing antigen presentation (depot formulation, delivery 
systems) and/or by providing costimulation signals 
(immunomodulators). Aluminum salts are most often used in 
today’s vaccines.

AFFINITY, AVIDITY
Antibody affinity refers to the tendency of an antibody to bind to a 
specific epitope at the surface of an antigen; that is, to the 
strength of the interaction. Avidity is the sum of the epitope-
specific affinities for a given antigen. It directly relates to its 
function.

AFFINITY MATURATION
Processes through which antigen-specific B cells undergo somatic 
hypermutation and affinity-based selection, resulting in B cells that 
produce antibodies with increased affinity over germline 
antibodies.

ANTIBODIES
Proteins of the immunoglobulin family, present on the surface of B 
lymphocytes, secreted in response to stimulation, that neutralize 
antigens by binding specifically to their surface.

ANTIGEN-PRESENTING CELLS
Cells that capture antigens by endocytosis or phagocytosis, 
process them into small peptides, display them at their surface 
through major histocompatibility complex (MHC) molecules, and 
provide costimulation signals that act synergistically to activate 
antigen-specific T cells. Antigen-presenting cells include B cells, 
macrophages, and dendritic cells, although only dendritic cells are 
capable of activating naïve T cells.

B LYMPHOCYTES
Cells that originate in the bone marrow, mature in secondary 
lymphoid tissues, become activated in the spleen/nodes when 
their surface immunoglobulins bind to an antigen, and differentiate 
into antibody secreting cells (plasma cells) or memory B cells.

CARRIER PROTEIN
A protein that is used as a template to which polysaccharide 
moieties are chemically conjugated to generate glycoconjugate 
vaccines. It is believed that carrier proteins provide antigenic 
epitopes for recognition by CD4+ T-helper cells, in particular 
follicular T-helper cells.

CD4+ T-HELPER 1 LYMPHOCYTES
CD4+ T cells that on activation differentiate into cells that mainly 
secrete interleukin (IL)-2, interferon (IFN)-γ, and tumor necrosis 
factor (TNF)-β , exerting direct antimicrobial functions (viruses), and 
essentially providing support to cytotoxic T cells and 
macrophages.

CD4+ T-HELPER 2 LYMPHOCYTES
CD4+ T cells that on activation differentiate into cells that mainly 
secrete IL-4, IL-5, IL-6, IL-10, and IL-13, exerting direct 
antimicrobial functions (parasites) and essentially providing support 
to B lymphocytes.

CD4+ T-HELPER 17 LYMPHOCYTES
CD4+ T cells that mainly secrete IL-17, IL-21, and IL-22 are 
implicated in host defense against extracellular bacteria colonizing 
exposed surfaces (airways, skin, gut).

CD8+ T CELLS
Lymphocytes that specialize in the killing of infected cells, through 
direct contact or cytokine (IFN-γ, TNF-α) production.

CENTRAL MEMORY T CELLS
Memory T cells traffick through the lymph nodes, ready to 
proliferate and generate a high number of effector cells in 
response to specific microbial peptides.

CHEMOKINES
Small secreted proteins that function as chemoattractants, 
recruiting cells that express the corresponding chemokine 
receptors at their surface and thus migrating toward higher 
concentrations of chemokines.

COSTIMULATORY MOLECULES
Molecules that become expressed at the surface antigen-
presenting cells on activation and deliver stimulatory signals to 
other cells, namely T and B cells.

DENDRITIC CELLS
Cells that constantly sample their surroundings for pathogens 
such as viruses and bacteria, detect dangers, and initiate immune 
responses. Immature patrolling dendritic cells (DCs) have high 
endocytic activity and a low T-cell activation potential. Contact 
with a pathogen induces maturation and the expression of certain 
cell-surface molecules, greatly enhancing their ability to activate T 
cells.

EFFECTOR MEMORY T CELLS
Memory T cells patrol through the body to detect specific 
microbial peptides and are capable of an immediate cytotoxic 
function in case of recognition.

EXTRAFOLLICULAR REACTION
B-cell differentiation pathways that occur outside of germinal 
centers in response to protein or polysaccharide antigens. 
Extrafollicular reaction is rapid, generates B cells that are 
short-lived (days), and produces low-affinity antibodies without 
inducing immune memory.

FOLLICULAR DENDRITIC CELLS
Stromal cells in the spleen and nodes that on activation express 
chemokines (notably CXCL13) to attract activated antigen-specific 
B and T cells and thus nucleate the germinal center reaction. 
Follicular DCs provide antiapoptotic signals to germinal center 
(GC) B cells and support their differentiation into plasma cells or 
memory B cells.

FOLLICULAR T-HELPER LYMPHOCYTES
CD4+ T cells that on activation migrate toward follicular DCs and 
provide critical help to germinal center B cells, influencing isotype 
switching, affinity maturation, and differentiation.

GERMINAL CENTERS
Dynamic structures that develop in the spleen/nodes in response 
to an antigenic stimulation and dissolve after a few weeks. GCs 
contain a monoclonal population of antigen-specific B cells that 
proliferate and differentiate through the support provided by 
follicular DCs and T-helper cells. Immunoglobulin class-switch 
recombination, affinity maturation, B-cell selection, and 
differentiation into plasma cells or memory B cells essentially occur 
in GCs.
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TABLE 2.1 Effector Mechanisms Triggered by Vaccines

• Antibodies prevent or reduce infections by clearing extracellular pathogens through:
– Binding to the enzymatic active sites of toxins or preventing their diffusion
– Neutralizing viral replication (e.g., preventing viral binding and entry into cells)
– Promoting opsonophagocytosis of extracellular bacteria (i.e., enhancing their clearance by macrophages and neutrophils)
– Activating the complement cascade

• CD8 + T cells do not prevent infection but reduce, control, and clear intracellular pathogens by:
– Directly killing infected cells (release of perforin, granzyme, etc.)
– Indirectly killing infected cells through antimicrobial cytokine release

• CD4+ T cells do not prevent infection but participate in the reduction, control, and clearance of extracellular and intracellular pathogens by their 
homing and cytokine-production capacities. Their main subsets include:
– Follicular T-helper (Tfh) cells producing mainly interleukin (IL)-21 and providing B-cell help
– T-helper 1 (Th1) effector cells producing interferon (IFN)-γ, tumor necrosis factor (TNF)-α/TNF-β , IL-2, and mainly involved in protection against 

intracellular pathogens (viruses, Mycobacterium tuberculosis)
– Th2 effector cells producing IL-4, IL-5, IL-13, and responding to extracellular pathogens (bacteria and helminths)
– Th9  effector cells producing IL-9  and also responding to extracellular pathogens
– Th17 effector cells producing IL-17, IL-22, and IL-26 and contributing to mucosal defense (Streptococcus pneumoniae, Bordetella pertussis, 

Mycobacterium tuberculosis)

BOX 2.1 Main Immunological Definitions (Continued)

ISOTYPE SWITCHING
Switch of immunoglobulin (Ig) expression and production from IgM 
to IgG, IgA, or IgE that occurs during B-cell differentiation through 
DNA recombination.

MARGINAL ZONE
The area between the red pulp and the white pulp of the spleen. 
Its major role is to trap particulate antigens from the circulation 
and present them to lymphocytes.

PATTERN RECOGNITION RECEPTORS
Germline-encoded receptors sensing the presence of  
infection via the recognition of conserved microbial pathogen-
associated molecular patterns and triggering innate immune 
responses.

REGULATORY T CELLS
T cells that on activation differentiate into cells that express 
specific cytokines (IL-10, transforming growth factor [TGF]-β /
surface markers) and act to suppress activation of the immune 
system through various mechanisms, maintaining immune 
homeostasis and tolerance to self-antigens.

RESIDENT MEMORY T CELLS
Effector memory T cells residing in specific tissues (lungs, gut, 
skin) and conferring an immediate-early line of defense against 
viral and bacterial pathogens.

SOMATIC HYPERMUTATION
A process that introduces random mutation in the variable region 
of the B-cell receptor (i.e., immunoglobulin) locus at an extremely 

high rate during B-cell proliferation. This mechanism occurs 
through the influence of the activation-induced cytidine deaminase 
enzyme and generates antibody diversification.

T LYMPHOCYTES
Cells that originate in the thymus, mature in the periphery, 
become activated in the spleen/nodes if their T-cell receptors bind 
to an antigen presented by an MHC molecule and they receive 
additional costimulation signals driving them to acquire killing 
(mainly CD8 + T cells) or supporting (mainly CD4+ T cells) functions.

T-INDEPENDENT B-CELL RESPONSES
Differentiation pathway of B cells, mainly elicited by 
polysaccharides, that takes place in the marginal zone and 
extrafollicular areas of the spleen/nodes. Its hallmarks are to be 
rapid (days), while eliciting the transient (months) production of 
antibodies of low affinity without inducing immune memory.

T-DEPENDENT B-CELL RESPONSES
Differentiation pathway of B cells elicited by protein antigens that 
recruit T and B cells into GCs of the spleen/nodes. Its hallmarks 
are to be slow (weeks), while eliciting long-lasting (years) 
production of antibodies of high affinity and immune memory.

TOLL-LIKE RECEPTORS
A family of 10 receptors (TLR1 to TLR10), present at the surface 
of many immune cells, that recognize pathogens through 
conserved microbial patterns and activate innate immunity when 
detecting danger.

antigen-specific CD4+ Tfh cells in what is referred to as a 
T-dependent antibody response.13,14 A hallmark of T-dependent 
responses, which are also elicited by toxoid, protein, inacti-
vated, or live attenuated viral vaccines (see Table 2.2), is to 
induce higher-affinity antibodies and immune memory. In 
addition, live attenuated vaccines usually generate CD8+ cyto-
toxic T cells. The use of live vaccines/vectors or of specific novel 
delivery systems seems necessary for the induction of strong 
CD8+ T-cell responses. Most current vaccines mediate their 
protective efficacy through the induction of vaccine antibod-
ies, whereas vaccine-induced CD4+ T cells contribute to mac-

rophage activation and control of Mycobacterium tuberculosis15 
and prevent varicella-zoster reactivation. In addition, CD8+ T 
cells are also elicited.16

The induction of antigen-specific immune effectors (and/
or of immune memory cells) by an immunization process 
does not imply that these antibodies, cells, or cytokines rep-
resent surrogates—or even correlates—of vaccine efficacy. This 
requires the formal demonstration that vaccine-mediated pro-
tection is dependent—in a vaccinated person—on the pres-
ence of a given marker such as an antibody titer or a number 
of antigen-specific cells above a given threshold.17,18
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concentrations to be of sufficient affinity and abundance to 
result in “protective” antibody titers in saliva or mucosal secre-
tions. As a rule, such responses are not elicited by PS bacterial 
vaccines but achieved by glycoconjugate vaccines, which may 
prevent nasopharyngeal colonization or nonbacteremic pneu-
monia21 in addition to invasive diseases.

Under most circumstances, inactivated vaccines do not 
elicit sufficiently high and sustained antibody titers on mucosal 
surfaces to prevent local infection. It is only after having 
infected mucosal surfaces that pathogens encounter vaccine-
induced IgG serum antibodies that neutralize viruses, opso-
nize bacteria, activate the complement cascade (see Table 2.1), 
and limit their multiplication and spread, preventing tissue 
damage and, thus, clinical disease. That vaccines fail to induce 
sterilizing immunity is not an obstacle to successful disease 
control, although it represents a significant challenge for  

Antigen-specific antibodies have been formally demon-
strated as conferring vaccine-induced protection against many 
diseases19 (see Table 2.2). Passive protection may result from 
the physiological transfer of maternal antibodies (e.g., tetanus) 
or the passive administration of immunoglobulins or vaccine-
induced hyperimmune serum (e.g., measles, hepatitis, vari-
cella). Such antibodies may neutralize toxins in the periphery, 
at their site of production in an infected wound (tetanus), or 
in the throat (diphtheria). They may reduce binding or adhe-
sion to susceptible cells or receptors and limit viral replication 
(e.g., polio) or reduce bacterial colonization (glycoconjugate 
vaccines against encapsulated bacteria) if present at suffi-
ciently high titers on mucosal surfaces.20 The neutralization of 
pathogens at mucosal surfaces is mainly achieved by the  
transudation of vaccine-induced serum immunoglobulin (Ig) 
G antibodies. Neutralization requires serum IgG antibody 

TABLE 2.2 Correlates of Vaccine-Induced Immunity

Vaccines Vaccine Type Serum IgG Mucosal IgG Mucosal IgA T Cells

Cholera Killed ++ +

Cholera Live, oral + ++

Diphtheria toxoid Toxoid ++ (+)

Hepatitis A Killed +++

Hepatitis B (HBsAg) Protein ++

Hib PS PS ++ (+)

Hib glycoconjugates PS-protein +++ ++

Influenza Killed, subunit ++ (+)

Influenza intranasal Live attenuated ++ + + + (CD8 +)

Japanese encephalitis Killed ++

Measles Live attenuated +++ + (CD8 +)

Meningococcal PS PS ++ (+)

Meningococcal conjugates PS-protein +++ ++

Meningococcal group B Proteins

Mumps Live attenuated ++

Papillomavirus (human) VLPs +++ ++

Pertussis, whole cell Killed ++ +? (CD4+)

Pertussis, acellular Proteins ++ +? (CD4+)

Pneumococcal PS PS ++ (+)

Pneumococcal conjugates PS-protein +++ ++

Polio Sabin Live attenuated ++ ++ ++

Polio Salk Killed ++ +

Rabies Killed ++

Rotavirus VLPs (+) (+) ++

Rubella Live attenuated +++

Tetanus toxoid Toxoid +++

Tuberculosis (BCG) Live mycobacteria ++ (CD4+)

Typhoid PS PS + (+)

Varicella (chickenpox) Live attenuated ++ +? (CD4+)

Varicella (zoster) Live attenuated ++ (CD4+)

Yellow fever Live attenuated +++

BCG, bacille Calmette-Guérin; Hib, Haemophilus influenzae type b; PS, polysaccharide; VLP, virus-like particle.
Note: This table may not be exhaustive and includes only currently licensed vaccines.
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the development of specific vaccines against chronic viral 
infection.

Current vaccines mostly mediate protection through the 
induction of highly specific IgG serum antibodies (see Table 
2.2). Live oral or nasal vaccines, such as rotavirus, oral polio, 
nasal influenza, or cholera vaccines, induce serum IgA and 
secretory IgA, which also help limit viral shedding on mucosal 
surfaces.

Under certain circumstances, however, passive antibody-
mediated immunity is inefficient (tuberculosis). There is con-
clusive evidence that T cells are the main effectors of BCG, 
even though specific T-cell frequency and cytokine expression 
profiles do not correlate with protection in BCG-immunized 
infants,15,22 or in zoster immunized adults.23,24 However, there 
is indirect evidence that vaccine-induced T cells contribute to 
the protection conferred by other vaccines. CD4+ T cells seem 
to support the persistence of protection against clinical pertus-
sis in children primed in infancy, after vaccine-induced anti-
bodies have waned,25–28 and may contribute to the longer 
vaccine efficacy of whole-cell pertussis vaccines.29–31 Another 
example is that of measles immunization in 6-month-old 
infants in whom antibody responses largely are not initiated 
because of immune immaturity and/or the residual presence 
of inhibitory maternal antibodies, but significant interferon 
(IFN)-γ–producing CD4+ T cells are generated.32,33 The infants 
remain susceptible to measles infection but are protected 
against severe disease and death, presumably because of the 
viral clearance capacity of their vaccine-induced T-cell effec-
tors. Thus, prevention of infection may be achieved only by 
vaccine-induced antibodies, whereas disease attenuation and 
protection against complications may be supported by T cells, 
even in the absence of specific antibodies. The understanding 
of vaccine immunology requires appraising how B- and T-cell 
responses are elicited, supported, maintained, and/or reacti-
vated by vaccine antigens.

FROM INNATE TO ADAPTIVE IMMUNITY 
ACTIVATION: THE FIRST STEPS  
AFTER IMMUNIZATION
Novel adjuvants essentially enhance vaccine responses by 
modulating innate immunity, which shapes adaptive 
responses.34–38 Indeed, the induction of antigen-specific B- and 
T-cell responses requires their activation in the draining lymph 
nodes by specific antigen-presenting cells (APCs), essentially 
dendritic cells (DCs) that must be recruited into the reaction. 
Immature DCs patrol throughout the body. When exposed to 
pathogens in the tissues or at the site of injection, they undergo 
brisk maturation, modulate specific surface receptors, and 
migrate toward secondary lymph nodes, where the induction 
of T- and B-cell responses occurs. The central role for mature 
DCs in the induction of vaccine responses reflects their unique 
capacity to provide antigen-specific, costimulation signals to 
T cells; these “danger signals” are required to activate naïve T 
cells.39 The very first requirement to elicit vaccine responses is 
to provide sufficient “danger signals” through vaccine antigens 
and/or adjuvants (Fig. 2.1) to trigger an inflammatory  
reaction that is mediated by cells of the innate immune 
system.34–37

DCs, monocytes, and neutrophils express sets of receptors 
directed against evolutionarily conserved pathogen patterns 
that are not contained in self-antigens and are readily identi-
fied as “danger.”40 Through these pattern-recognition recep-
tors, among which Toll-like receptors fulfill an essential role 
(Table 2.3),40 these host cells sense the potential danger when 
they encounter a pathogen and become activated (Fig. 2.2). 
They modulate the expression of their surface molecules and 

produce proinflammatory cytokines and chemokines,34–37 
which result in the extravasation and attraction of monocytes, 
granulocytes, and natural killer cells and the generation of  
an inflammatory microenvironment (see Fig. 2.1) in which 
monocytes differentiate into macrophages and immature DCs 
become activated.38 This activation modifies the expression of 
homing receptors at their surface and triggers DC migration 
toward the draining lymph nodes (see Fig. 2.2). In the absence 
of danger signals, DCs remain immature: On contact with 
naïve T cells, T cells do not differentiate into immune effectors  
but into regulatory CD4+ T cells that maintain immune 
tolerance.10

Live viral vaccines most efficiently trigger the activation  
of the innate immune system through multiple pathogen-
associated signals (such as viral RNA), allowing their  
recognition by pattern-recognition receptors (see Table 2.3).41 
Following injection, viral particles rapidly disseminate 
throughout the vascular network and reach their target tissues. 
This pattern is very similar to that occurring after a natural 
infection, including the initial mucosal replication stage for 
vaccines administered through the nasal and oral routes. DCs 
are activated at multiple sites, migrate toward the correspond-
ing draining lymph nodes, and launch multiple foci of T- and 
B-cell activation. This sequence provides a second explanation 
of the generally higher immunogenicity of live versus “nonlive” 
vaccines (Table 2.4).42 Another consequence of this early dif-
fusion pattern is that the site and route of injection of live viral 
vaccines are of minor importance; for example, the immuno-
genicity and reactogenicity of measles vaccine is similar fol-
lowing intramuscular or subcutaneous injection,43 and measles 
vaccine may be administered by aerosol. Live bacterial vac-
cines, such as BCG, multiply at the site of injection, where 
they generate a prolonged inflammatory reaction, but also at 
a distance, with the preponderance for local draining lymph 
nodes.

Nonlive vaccines, whether containing only proteins, PS, 
glycoconjugates, or inactivated microorganisms (see Table 
2.2), may still contain pathogen-recognition patterns. In the 
absence of microbial replication, however, vaccine-induced 
activation remains more limited, in both time and space. 
Nonlive vaccines essentially activate innate responses at their 
site of injection (see Fig. 2.1). Their site and route of admin-
istration are, thus, more important. The high number of DCs 
in the dermis allows a marked reduction (e.g., 10-fold) of the 
antigen dose with intradermal immunization. This advantage 
of the dermal DC concentration is applied to the prevention 
of rabies in many countries and could prove useful against 
additional targets as novel microneedle and needle-free 
devices become available for intradermal administration.44 
Patrolling DCs are also numerous in well-vascularized muscles, 
which is the preferred route of injection for nonlive vaccines. 
They are fewer in adipose tissues, such that subcutaneous 
injections may be less effective than intramuscular injections 
under conditions of limited immunogenicity, as demonstrated 
for adult immunization against hepatitis B.45 Despite many 
efforts, immunization through the mucosal route remains 
limited to a few live vaccines. The extreme difficulty in produc-
ing nonlive mucosal vaccines reflects the need to overcome a 
large number of physical, immunological, and chemical bar-
riers, which requires the use of live vaccines or strong adju-
vants. This fact is not trivial, as unfortunately illustrated by the 
association of a novel adjuvanted inactivated intranasal influ-
enza vaccine with Bell palsy.46

Following their activation, DCs migrate toward the local 
draining lymph nodes, for example, the axillary and inguinal 
area following deltoid and quadriceps injection, respectively. 
That primary immune responses to nonlive vaccines are  
essentially focal and likely contribute to the fact that the 
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TABLE 2.3 Recognition of Vaccine Determinants by Human Pattern-Recognition Receptors

Receptors Ligands Demonstrated Ligands in Vaccines

TLR1 Certain bacterial lipoproteins

TLR2 Peptidoglycan, lipoproteins, glycolipids, 
lipopolysaccharides

BCG, Hib-OMP, pneumococcal PS

TLR3 Viral double-stranded RNA Poly I:C (in clinical trial as adjuvant)

TLR4 Bacterial lipopolysaccharides BCG, pneumococcal PS, HPV-VLPs, AS02, and AS04 adjuvants

TLR5 Bacterial flagellins Flagellin (in clinical trial as adjuvant)

TLR6 Lipoteichoic acid, lipopeptides

TLR7 Single-stranded RNA Yellow fever, live attenuated influenza, whole-cell influenza, TLR7 
agonists (in clinical trial as adjuvants)

TLR8 Single-stranded RNA Yellow fever

TLR9 Unmethylated CpG oligonucleotides Yellow fever, TLR9  agonists (in clinical trial as adjuvants)

TLR10 Unknown

NALP3 Multiple Alum

NOD1, NOD2 Peptidoglycans Pneumococcal PS

BCG, bacille Calmette-Guérin; CpG, cytosine phosphate guanine; Hib, Haemophilus influenzae type b; HPV, human papillomavirus; NALP, Natch 
domain, Leucine-rich repeat, and PYD-containing protein; NOD, nonobese diabetic; OMP, outer membrane protein; PS, polysaccharide; TLR, 
Toll-like receptor; VLP, virus-like particle.

Figure 2.1. Initiation of a vaccine response. Following injection (1), the pathogen-associated patterns contained in vaccine antigens attract 
dendritic cells, monocytes, and neutrophils that patrol throughout the body (2). Elicitation of sufficient “danger signals” by the vaccine antigens 
(Ag)/adjuvants (Adj) activates monocytes and dendritic cells (3); the activation changes their surface receptors and induces their migration along 
lymphatic vessels (4), to the draining lymph nodes (5) where the activation of T and B lymphocytes will take place. 
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simultaneous administration of several distinct vaccines may 
take place without immune interference if vaccines are admin-
istered at distant sites in different limbs draining into distinct 
lymph node areas. Most nonlive vaccines require their formu-
lation with specific adjuvants to induce danger signals and 

trigger a sufficient activation of the innate system. The under-
standing of the mode of action of current and novel adjuvants 
markedly increased during the last few years, with the long-
used aluminum salts revealing some of their secrets.47 Although 
the adjuvants currently in use do not trigger the degree of 
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Figure 2.2. Extrafollicular and germinal center responses to protein antigens. In response to a protein antigen reaching lymph nodes or 
spleen, B cells capable of binding to this antigen with their surface immunoglobulins (1) undergo brisk activation. In an extrafollicular reaction (2), 
B cells rapidly differentiate in plasma cells (3) that produce low-affinity antibodies (of the immunoglobulin [Ig] M ± IgG/IgA isotypes) that appear 
at low levels in the serum within a few days after immunization (4). Antigen-specific T-helper (Th) cells (5) that have been activated by antigen-
bearing dendritic cells (DCs) trigger some antigen-specific B cells to migrate toward follicular dendritic cells (FDCs) (6), initiating the germinal 
center (GC) reaction. In GCs, B cells receive additional signals from follicular T cells (Tfh) and undergo massive clonal proliferation; switch from 
IgM toward IgG, IgA, or IgE; undergo affinity maturation (7); and differentiate into plasma cells secreting large amounts of antigen-specific anti-
bodies (8). At the end of the GC reaction, a few plasma cells exit nodes/spleen and migrate to survival niches mostly located in the bone marrow, 
where they survive through signals provided by supporting stromal cells. 
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TABLE 2.4 Determinants of Primary Vaccine Antibody Responses in Healthy People

Determinants Mechanisms (Presumed)

VACCINE TYPE

Live vs inactivated Higher intensity of innate responses through the synergistic activation of several PRRs, higher antigen content following 
replication, and more prolonged antigen persistence generally result in higher Ab responses to live than to inactivated 
vaccines.

Protein vs polysaccharide Recruitment of T-cell help and induction of GCs (i.e., memory induction) results in higher and more prolonged Ab 
responses to protein or glycoconjugate than to PS vaccines.

Adjuvants Modulation of antigen delivery and persistence (depot or slow-release formulations) and/or enhancement of Tfh 
responses (immunomodulator) may support or limit Ab responses.

ANTIGEN NATURE

Polysaccharide antigens Failure to induce GCs limits immunogenicity.

Protein antigens Inclusion of epitopes readily recognized by B cells (B-cell repertoire), inclusion of epitopes readily recognized by Tfh, 
elicitation of efficient follicular T-cell help, and the capacity of antigen to associate/persist in association with FDCs 
result in higher Ab responses.

Antigen dose As a rule, higher Ag doses increase the availability of Ag for B-/T-cell binding and activation and for association with 
FDCs.

VACCINE SCHEDULE

Interval between doses A 3-week minimal interval between primary doses avoids competition between successive waves of primary responses.

Genetic determinants The capacity of Ag epitopes to associate with a large panel of MHC molecules increases the likelihood of responses in 
the population. MHC restriction may limit T-cell responses. Gene polymorphisms in molecules critical for B- and 
T-cell activation/differentiation are likely to affect Ab responses.

Environmental factors Mostly unidentified

Age at immunization Early life immune immaturity or age-associated immune senescence

Ab, antibody; Ag, antigen; FDC, follicular dendritic cell; GC, germinal center; MHC, major histocompatibility complex; PRR, pattern-recognition 
response; PS, polysaccharide; Tfh, follicular T-helper cells.
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The Germinal Center Reaction. Antigen-specific B cells that 
receive sufficient help from antigen-specific activated Tfh cells 
proliferate in specialized structures, the GCs, in which they 
differentiate into plasma cells or memory B cells.50,55 The 
induction of GCs is initiated as a few antigen-specific activated 
B cells upregulate their expression of CXCR5 and migrate 
toward B-cell follicles, where they are attracted by CXCL13-
expressing follicular DCs (FDCs). The FDCs fulfill an essential 
role in B-cell responses: they attract antigen-specific B and Tfh 
cells and capture/retain antigen for extended periods. B cells 
attracted by antigen-bearing FDCs become the founders of 
GCs (see Fig. 2.2). Receiving additional activation and survival 
signals from the FDCs and Tfh cells,56,57 notably through 
IL-21,58 B cells undergo massive clonal proliferation—such 
that each GC is constituted by the progeny of a single antigen-
specific B cell. This intense proliferation is associated with two 
major events: Ig class-switch recombination from IgM toward 
IgG, IgA, or IgE, and maturation of the affinity of B cells for 
their specific antigen. This process results in the higher pro-
duction of antibodies with a higher antigen-binding capacity 
(see Fig. 2.3).

The maturation of B-cell affinity results from an extensive 
somatic hypermutation process within the variable-region 
segments of Ig genes.50 In a small minority of B cells, the 
introduction of mutations in their Ig genes increases the affin-
ity of their surface IgG for antigen. This enables these B cells 
to efficiently compete for binding to the small amounts of 
vaccine antigens that are associated with the surface of FDCs 
(see Fig. 2.2). B cells process these vaccine antigens into small 
peptides that they display at their surface through major his-
tocompatibility complex (MHC) class II molecules. MHC-
peptide complexes thus become available for binding by the 
specific subset of CD4+ Tfh cells.56,57 These Tfh cells, which 
express CXCR5, migrate toward CXCL13-expressing FDCs. 
Differing from Th1 and Th2 cells by their chemokine recep-
tors, transcription factors, surface markers, and interleu-
kins,56,57 they are uniquely equipped to provide efficient B-cell 
help through a series of costimulation molecules, including 
CD40L, ICOS (inducible T-cell costimulator), the IL-10 B-cell 
growth factor, and IL-21.56,57 The cellular interactions between 
antigen-specific GC B cells, antigen-bearing FDCs, and 
antigen-specific Tfh cells (see Fig. 2.2) result in the prolifera-
tion, survival, and selection of B cells that have the highest 
possible antigen-specific affinity. They also provide the signals 
required for the subsequent differentiation of GC B cells 
toward plasma cells secreting large amounts of specific anti-
bodies or toward memory B cells. Tfh cells have thus been 
identified a major determinant of adult and early life B-cell 
vaccine responses.5–7

The development of this GC reaction requires a couple of 
weeks, such that hypermutated IgG antibodies to protein 
vaccine antigens first appear in the blood 10 to 14 days after 
priming (see Fig. 2.3).59 Feedback mechanisms terminate GC 
reactions within 3 to 6 weeks, a period during which a large 
number of antigen-specific plasma cells will have been gener-
ated. It is the magnitude of GC responses, that is, the quality 
of DC, B-cell, Tfh-cell, and FDC interactions, which controls 
the intensity of B-cell differentiation into plasma cells and 
thus the peak of IgG vaccine antibody reached within 4 to 6 
weeks after primary immunization (see Fig. 2.3).

T-Independent Responses to Polysaccharide Antigens
Bacterial (Streptococcus pneumoniae, Neisseria meningitidis, Hae-
mophilus influenzae, Salmonella typhi) PS antigens released from 
the injection site reach the marginal zone of the spleen/nodes, 
an area that is equipped by macrophages exhibiting a unique 
set of scavenger receptors through the bloodstream. There, PS 

innate immune activation that is elicited by live vaccines, 
progress is being made: a single dose of the AS03-adjuvanted 
influenza H1N1/09 vaccine in healthy children elicited anti-
body responses similar to those observed in convalescent chil-
dren48 and formulating the varicella-zoster-virus IgE protein 
into the novel AS01b adjuvant system conferred unprece-
dented vaccine efficacy in the elderly.24

VACCINE ANTIBODY RESPONSES
How Are Primary Antibody Responses Elicited?
B cells are essentially activated in the lymph nodes draining 
the injection site. Vaccine antigens reaching the subcapsular 
sinus by free-fluid diffusion are taken up by specific subcap-
sular sinus macrophages and translocated into the B-cell zone. 
The B cells equipped with surface B-cell receptors49 capable of 
binding to the vaccine antigens are activated and migrate to 
the interface between the B-cell (follicle) and the T-cell zones. 
There, B cells engage T cells and initiate their proliferation. 
The cumulative amount of costimulation signals received by 
B cells determines their fate.50 Protein antigens (which are 
taken up and displayed as small peptides on the surface of 
APCs) activate Tfh cells. This induces a highly efficient B-cell 
differentiation pathway, through specific structures (germinal 
centers [GCs]) in which antigen-specific B cells proliferate and 
differentiate into antibody-secreting plasma cells or memory 
B cells.51 Polysaccharide antigens that fail to recruit Tfh cells 
into the response do not trigger GCs, such that they elicit only 
short-lived plasma cells resulting in weaker and less durable 
antibody responses with no immune memory.

T-Dependent Responses to Protein Antigens
The Extrafollicular Reaction. Naïve B cells generated in the 
bone marrow (BM) reside in lymph nodes until they encoun-
ter a protein antigen to which their specific surface IgM recep-
tor binds. Antigen binding initiates B-cell activation and 
triggers the upregulation of CCR7, a chemokine receptor that 
drives antigen-specific B cells toward the outer T-cell zone of 
lymph nodes.52 At this location, vaccine antigen-specific B cells 
are exposed to recently (<24 hours) activated DCs and T cells 
that have upregulated specific surface molecules and, thus, 
provide B-cell activating signals. This T-cell help rapidly drives 
B-cell differentiation into Ig-secreting plasma cells that 
produce low-affinity germline antibodies, in what is called the 
extrafollicular reaction (see Figs. 2.2 and 2.3).53

Ig class-switch recombination from IgM toward IgG, IgA, 
or IgE occurs during this differentiation of B cells, through the 
upregulation of the activation-induced deaminase enzyme. 
Both CD4+ Th1 and Th2 cells exert essential helper functions 
during the extrafollicular differentiation pathway, and the 
engagement of their CD40L molecules with CD40 on B cells 
may skew class-switch recombination into particular Ig classes 
and subclasses. In rodents, IFN-γ–producing Th1 T cells 
promote a switch toward IgG2a, whereas Th2 cells essentially 
support the generation of IgG1 and IgE (via IL-4) and IgG2b 
and IgG3 (via transforming growth factor [TGF]-β ).54 The situ-
ation is less clear-cut in humans, where IgG1 antibodies fre-
quently predominate regardless of the polarization of T-cell 
help. The extrafollicular reaction is rapid, and IgM and low-
level IgG antibodies appear in the blood a few days after 
primary immunization (see Figs. 2.2 and 2.3). These antibod-
ies are of germline affinity, as there is no hypermutation or 
selection process during the extrafollicular reaction. This extra-
follicular reaction is short-lived, as most cells die by apoptosis 
within a few days. Consequently, its role in vaccine efficacy is 
limited to a few months.



24 SECTION 1 General Aspects of Vaccination

IgM to IgG/IgA, and—in rodents—rapidly produce essentially 
nonmutated, low-affinity, germline antibodies. Thus, PS  
vaccines are generally known as triggering T-independent 
responses characterized by the induction of moderate titers of 
low-affinity antibodies and the absence of immune memory.

bind to marginal zone B cells, and their repetitive structure 
crosslinks the Ig receptors on the B-cell surface.53 This activates 
extrafollicular marginal zone B cells (Fig. 2.4).53 During the 
week following immunization, B cells differentiate into 
plasma cells, undergo some degree of isotype switching from 

Figure 2.3. Correlation of antibody titers to the various phases of the vaccine response. The initial antigen exposure elicits an extrafollicular 
response (1) that results in the rapid appearance of low IgG antibody titers. As B cells proliferate in germinal centers and differentiate into plasma 
cells, IgG antibody titers increase up to a peak value (2), usually reached 4 weeks after immunization. The short life span of these plasma cells 
results in a rapid decline of antibody titers (3), which eventually return to baseline levels (4). In secondary immune responses, booster exposure 
to antigen reactivates immune memory and results in a rapid (<7 days) increase (5) of IgG antibody titer. Short-lived plasma cells maintain peak 
antibody levels (6) during a few weeks—after which serum antibody titers decline initially with the same rapid kinetics as following primary immu-
nization (7). Long-lived plasma cells that have reached survival niches in the bone marrow continue to produce antigen-specific antibodies, which 
then decline with slower kinetics (8). Note: This generic pattern may not apply to live vaccines triggering long-term IgG antibodies for extended 
periods. 
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Figure 2.4. Extrafollicular B-cell responses to polysaccharide antigens. B cells use their specific immunoglobulin surface receptors (1) to 
bind to the repetitive structures of polysaccharides reaching the marginal zone of spleen/nodes. In the absence of antigen-specific T-cell help, 
B cells are activated, proliferate (2), and differentiate in plasma cells (3) without undergoing affinity maturation in germinal centers. These plasma 
cells migrate toward the red pulp of the spleen (4), where they survive for a few weeks/months, secreting low levels of low-affinity immunoglobulin 
(Ig) M, IgG, or IgA antibodies (5). 
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and the GC reactions. It is only when capsular PS are conju-
gated to a protein carrier driving effective Tfh differentiation 
that PS-specific B cells are driven toward GC responses, receive 
optimal cognate help from carrier-specific Tfh cells, and  
differentiate into higher-affinity antibody-producing cells, 
longer-lived plasma cells, and/or memory B cells. Protein anti-
gens exhibit markedly distinct carrier properties—regardless of 
their capacity to induce B- and Th-cell responses.77,78 That 
these differences may reflect differences in Tfh induction is a 
likely hypothesis.79,80 The limited number of potent carrier 
proteins implies that an increasing number of conjugate vac-
cines rely on the same carriers (e.g., CRM197, tetanus or diph-
theria toxoids), with the risk of limiting anti-PS responses to 
individual conjugate vaccines (carrier-mediated epitope sup-
pression) and resulting in vaccine interference.81,82 This 
phenomenon may be abrogated by replacing full-length  
proteins with peptides lacking B-cell epitopes,83 suggesting 
that carrier-mediated epitope suppression essentially reflects 
the competition of carrier- and PS-specific B cells for activation/
differentiation signals and factors.

Another determinant of the magnitude of primary  
vaccine antibody responses (see Table 2.5) is the use of an 
optimal dose of antigen, which may be determined only 
experimentally. As a rule, higher doses of nonlive antigens—
up to a certain threshold—elicit higher primary antibody 
responses. This may be particularly useful when immuno-
competence is limited, for example, for hepatitis B immuniza-
tion of patients undergoing dialysis.84,85 Remarkably, a limiting 
dose of antigen may restrict primary antibody responses but 
increase B-cell competition for FDC-associated antigens and, 
thus, result in a more stringent selection of higher-affinity GC 
B cells and stronger secondary responses (see subsequent 
text). Alternatively, adjuvants increasing inflammation at the 
injection site and, thus, cell recruitment and cell-mediated 
antigen transport toward lymph nodes, improve antibody 
responses despite a reduced antigen dose.86 Little is known 
about factors that support or limit the affinity maturation 
process87,88 which may be modulated by carrier proteins89 and 
adjuvants.90–92

The nature of the vaccine directly influences the activation 
of innate immunity and, thus, vaccine responses. The stron-
gest antibody responses are generally elicited by live vaccines 
that are “naturally adjuvanted,” because they activate innate 
reactions, and, thus, support the induction of adaptive 
immune effectors in addition to providing a replicating 
antigen. Nonlive vaccines frequently require formulation with 

In humans, PS immunization generates the production of 
intermediate-affinity IgG antibodies bearing some somatic 
mutations in their variable regions.60,61 One hypothesis is that 
PS immunization activates “memory” B cells that have been 
previously primed by cross-reacting PS bacterial antigens 
somehow linked to protein moieties—and thus eliciting GC 
responses.62 An alternative possibility is that the IgM+, IgD+, 
CD27+ memory B cells that appear in the blood in response 
to PS immunization may be recirculating splenic marginal 
zone B cells.63 This hypothesis is concordant with the fact that 
bacterial PS vaccines are poorly immunogenic in young chil-
dren, that is, before the maturation of the splenic marginal 
zone.64,65

After their differentiation in the extrafollicular pathway, 
PS-specific plasma cells move toward the red pulp of the 
spleen (see Fig. 2.4) where they persist for some time, before 
their death by apoptosis and the waning of corresponding 
antibody responses after a few months. As PS antigens do not 
induce GCs, bona fide memory B cells are not elicited. Con-
sequently, subsequent reexposure to the same PS results in a 
repeated primary response that follows the same kinetics in 
previously primed as in a naïve individual.66 Revaccina-
tion with certain bacterial PS may even induce lower anti-
body responses than the first immunization, a phenomenon 
referred to as hyporesponsiveness,67–69 which is increasingly 
reported70–73 and where the molecular and cellular mecha-
nisms include vaccine-induced B cell depletion by apopto-
sis.74,75 This phenomenon is time-limited, such that if sufficient 
time elapses before the administration of a PS vaccine, the 
B-cell pool would be replenished.

What Are the Determinants of Primary Vaccine Antibody 
Responses? Numerous determinants modulate the intensity 
of vaccine-induced GCs and, thus, of peak antibody responses 
(Table 2.5). The main determinants are the nature of the 
vaccine antigen and its intrinsic immunogenicity. For example, 
tetanus toxoid is intrinsically a stronger immunogen than 
diphtheria toxoid, which becomes more apparent in the face 
of more limited immunocompetence, such as in preterm 
infants.76 Whether this difference reflects a higher capacity of 
tetanus toxoid to provide antigenic epitopes that bind naïve 
B cells, the ability to generate cognate Tfh-cell help for B cells, 
and/or to their association with FDCs is unknown.

The markedly different outcomes of immunization with 
plain bacterial PS and with protein-conjugated glycoconju-
gates67 highlight the differences between the extrafollicular 

TABLE 2.5 Determinants of the Duration of Vaccine Antibody Responses in Healthy People

Determinants Mechanisms (Presumed)

VACCINE TYPE

Live vs inactivated Live vaccines generally induce more sustained Ab responses, presumably through Ag persistence 
within the host.

Polysaccharide antigens Failure to generate Tfh cells and GCs limits the induction of memory responses and of high-affinity 
long-lived plasma cells.

VACCINE SCHEDULE

Interval between primary doses A minimal interval of 3 weeks between primary doses allows development of successive waves of 
Ag-specific primary responses without interference.

Interval before boosting A minimal interval of 4 months between priming and boosting allows affinity maturation of memory 
B cells and thus higher secondary responses.

Age at immunization Early life immune immaturity and age-associated immunosenescence limit the induction/
persistence of long-lived plasma cells.

Environmental factors Mostly unidentified.

Ab, antibody; Ag, antigen; GC, germinal center; Tfh, follicular T-helper cells.
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rapid induction of protection is desirable, for example, before 
travel. However, this raises less-persisting responses than when 
the same number of vaccine doses are given at longer intervals 
(1–2 months),116,117 reflecting the generation of fewer post-GC 
B cells capable of long-term survival and thus requiring later 
boosting. Optimal recall and anamnestic responses require 
longer intervals of at least 3 to 4 months, with longer intervals 
associated with generally greater responses (see below).

Age at immunization also modulates vaccine antibody per-
sistence, which is shorter at the two extremes of life (see sub-
sequent text). Certain conditions may also limit the persistence 
of vaccine antibody responses because of enhanced catabo-
lism (as in HIV)118 or the loss of antibodies in the urinary or 
digestive tract. The identification of the mechanisms that 
support or limit the persistence of vaccine antibody responses 
represents a major challenge.

What Are the Hallmarks of B-Cell Memory Responses? 
Memory B cells are generated during primary responses to 
T-dependent vaccines.50,119 They persist in the absence of anti-
gens but do not produce antibodies (i.e., do not protect), 
unless reexposure to antigen drives their differentiation into 
antibody-producing plasma cells. This reactivation is rapid, 
such that booster responses are characterized by the rapid 
increase to higher titers of antibodies that have a higher affin-
ity for antigens than do antibodies generated during primary 
responses (Table 2.6).

Memory B cells are generated in response to T-dependent 
antigens, during the GC reaction, in parallel to plasma cells 
(Fig. 2.5).50,119,120 At their exit of GCs, memory B cells acquire 
migration properties toward extrafollicular areas of the spleen 
and nodes. This migration occurs through the bloodstream, 
in which postimmunization memory B cells are transiently 
present on their way toward lymphoid organs.

It is essential to understand that memory B cells do not 
produce antibodies—that is, they do not protect. Their partici-
pation in vaccine efficacy requires an antigen-driven reactiva-
tion that may occur in response to endemic pathogens, to 
colonizing or cross-reacting microorganisms (“natural boost-
ers”), or to booster immunization. The activation of memory 
B cells results in their rapid proliferation and differentiation 
into plasma cells that produce very large amounts of higher-
affinity antibodies.120 As the affinity of surface Ig from memory 
B cells is increased, their requirements for reactivation are 
lower than for naïve B cells: memory B cells may thus be 
recalled by lower amounts of antigen and without CD4+ T-cell 
help, although T-cell help supports a second round of GC 
responses, further magnifying the level/persistence of antibod-
ies.121 Antigen-specific memory cells generated after primary 
immunization are much more numerous (and better fit) than 
naïve B cells initially capable of antigen recognition.50,119 Thus, 
the first hallmark of the memory responses (see Table 2.6) is 

adjuvants that enhance and shape vaccine immune responses 
through a variety of mechanisms.34–37 The potency of the 
immune system indeed resides in its highly polymorphic 
nature, enabling sufficient immunological diversity to over-
come a high number of diverse pathogens. This diversity 
impacts vaccine responses.93 Probing how host genetic markers 
may result in variations of vaccine-induced responses is 
expected to identify gene polymorphisms that predict the like-
lihood of successful or adverse vaccine outcome, whereas epi-
genetic studies may help reveal how environmental influences 
affect innate and adaptive immune responses.93 This work is 
still in its infancy, but holds great promise, especially when 
combined with novel systems vaccinology approaches.94–96 
Immune competence obviously affects vaccine antibody 
responses, which are limited at the two extremes of life (see 
subsequent text), and by the presence of acute or chronic 
diseases, acute or chronic stress, and a variety of factors affect-
ing innate and/or B- and T-cell immunity.

Few nonlive vaccines (e.g., hepatitis A and human papil-
lomavirus [HPV] vaccines) induce high and sustained anti-
body responses after a single vaccine dose, even in healthy 
young adults. Primary immunization schedules therefore 
usually include at least two doses, optimally repeated at a 
minimal interval of 3 to 4 weeks (longer intervals enhancing 
rather than reducing the responses) to generate successive 
waves of primary B-cell and GC responses. These priming 
doses may occasionally be combined into a single “double” 
dose, such as for hepatitis A or B and for HPV 
immunization.97–101 In any case, vaccine antibodies elicited 
by primary immunization with nonlive vaccines eventually 
wane (see Fig. 2.3).

What Controls the Persistence of Vaccine Antibody 
Responses? Antigen-specific plasma cells elicited in spleen/
nodes after immunization have only a short life span, such 
that vaccine antibodies rapidly decline during the first few 
weeks and months after immunization. A fraction of plasma 
cells that differentiated into GCs, however, acquire the capac-
ity to migrate toward long-term survival niches that are mostly 
located within the BM, from where they may produce vaccine 
antibodies during extended periods.102–105

Some GC-induced plasma cells are attracted toward the BM 
compartment by cells that provide the signals required for 
their long-term survival.50,106–109 In such BM niches, plasma cell 
survival and antibody production may persist for years. The 
duration of antibody responses reflects the number and/or 
quality of long-lived plasma cells generated by immuniza-
tion103: In the absence of subsequent antigen exposure, anti-
body persistence may be reliably predicted by the antibody 
titers that are reached 6 to 12 months after immunization, that 
is, after the end of the short-term plasma cell response (see 
Fig. 2.3). This is illustrated by the accuracy of mathematical 
models predicting the kinetics of anti–hepatitis B surface 
antigen (HBsAg),110 anti–hepatitis A,111 or anti-HPV112,113 
antibodies.

A few determinants of the persistence of vaccine antibody 
responses (see Table 2.5) have been identified. The nature of 
the vaccine has a crucial role: only live attenuated viral vac-
cines or virus-like particles induce antibody responses that 
persist for several decades, if not lifelong, in absence of sub-
sequent antigen exposure and reactivation of immune memory. 
In contrast, the shortest antibody responses are elicited by PS 
antigens, which fail to trigger Tfh/GC responses and thus do 
not elicit high-affinity plasma cells capable of reaching the BM 
survival niches. Antibody persistence may also be modulated 
by the use of adjuvants.114,115 Vaccine schedules also control 
antibody magnitude and persistence. Closely spaced (1–2 
weeks) primary vaccine doses may be administered when a 

TABLE 2.6 Hallmarks of Memory B-Cell Responses

Memory B cells:
• Are generated only during T-dependent responses inducing 

follicular T-helper cells and thus germinal center responses

• Are resting cells that do not produce antibodies

• Undergo affinity maturation during 4–6 months

• Rapidly (days) differentiate into antibody-secreting plasma cells on 
reexposure to antigen

• Differentiate into plasma cells that produce high(er)-affinity 
antibodies than do primary plasma cells
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factors enhancing plasma cell differentiation and primary 
antibody responses (such as increasing the antigen dose or 
using adjuvants) also support the induction of memory B cells 
(Table 2.7). Postbooster antibody titers are, therefore, higher 
in people with stronger primary responses. For example, 
higher postbooster anti-HBsAg responses are observed in 
people with high (e.g., ≥100 IU/L) rather than intermediate 
(10–99 IU/L) anti-HBsAg after their primary vaccination.127,128 
This is likely to reflect the induction of a larger pool of memory 
B cells.

The dose of antigen is also an important determinant of 
memory B-cell responses (see Table 2.7). At priming, higher 
antigen doses generally favor the induction of plasma cells, 
whereas lower doses may preferentially drive the induction of 
immune memory.129 Closely spaced primary vaccine doses 
may be beneficial for early postprimary antibody responses 
but not for postbooster antibody responses, as illustrated with 
meningococcal group C glycoconjugates.130 As a rule, acceler-
ated schedules in which a 4- to 6-month window is not 
included between priming and boosting result in significantly 
lower booster responses125 (see Table 2.7). At the time of 
boosting, a higher antigen content raises stronger booster 
responses, presumably by recruiting more memory B cells into 
the response. This is illustrated by higher antibody responses 
of children immunized with a higher-antigen-dose pertussis 
vaccine131 or primed with a glycoconjugate vaccine and boosted 
with a higher concentration PS (20–50 μg of PS) when com-
pared with the glycoconjugate (1–3 μg of PS) vaccines.132,133

Residual titers of vaccine antibodies present at time of 
boosting directly influence vaccine antibody responses. As a 
rule, secondary responses to live attenuated viral vaccines are 
minimal, since preexisting antibodies neutralize the vaccine 
virus before in vivo replication. Consequently, even multiple 
doses of live attenuated vaccines do not have undesirable 
effects. Responses to nonlive vaccines are also negatively 
influenced by residual vaccine antibody titers. This may 
reflect the formation of antigen–antibody complexes that 
reduce the load of antigen available for B-cell binding and/or 
antibody-mediated negative feedback mechanisms acting 
directly on B cells through, for example, fragment c (Fc) 

to generate significantly higher antibody levels than primary 
immunization. Should this not be the case, the effective  
generation or persistence of memory B cells should be 
questioned.

The reactivation, proliferation, and differentiation of 
memory B cells occur without requiring the induction and 
development of GC responses. This process is, thus, much 
more rapidly completed than that of primary responses. A 
window of 4 to 7 days after H. influenzae b (Hib) PS immuni-
zation was reported as sufficient for high levels of PS-specific 
vaccine antibodies to appear in the blood of previously primed 
infants.122 The rapidity with which antigen-specific antibodies 
appear in the serum is, thus, another hallmark of secondary 
responses (see Table 2.6). Slower antibody kinetics suggests 
that memory B-cell induction, persistence, and/or reactivation 
may have been suboptimal.

Another hallmark of memory B cells is that they display 
and secrete antibodies with a markedly higher affinity than 
those produced by primary plasma cells, as a result of somatic 
hypermutation and selection. The affinity maturation process 
that is initiated within the GCs extends for several months 
after the end of the GC reaction. Consequently, vaccine anti-
bodies with higher than baseline avidity (defined as the sum 
of epitope-specific affinities) for antigen are induced only 
when sufficient time has elapsed after priming.123–125 A “clas-
sical” prime-boost immunization schedule is, thus, to allow 4 
to 6 months to elapse between priming and booster doses, 
hence the generic “0-1-6 month” (prime-prime-boost) sched-
ule. Secondary antigen exposure (see Table 2.6) thus results in 
the production of higher-affinity antibodies than primary 
responses.126 Notably, this may not be the case when “natural” 
priming, for example, through cross-reactive bacteria, has 
occurred prior to immunization.

What Are the Determinants of B-Cell Memory Responses? 
The factors that drive the differentiation of antigen-specific GC 
B cells toward plasma cells or memory B cells are poorly 
understood.50 In response to protein antigens, both cell popu-
lations are generated in the same GCs, and their differentia-
tion pathway differs only late in the GC reaction. As a rule, 

Figure 2.5. Generation of B-cell memory responses. Memory B cells are generated in response to T-dependent antigens (1), during the 
germinal center (GC) reaction (2), in parallel to plasma cells. At their exit of GCs, these B cells do not differentiate into antibody-secreting plasma 
cells but into memory B cells (3) that transiently migrate through the blood (4) toward the extrafollicular areas of spleen and nodes (5). They 
persist there as resting cells until reexposed to their specific antigens (6). On secondary antigen exposure, memory B cells readily proliferate and 
differentiate into plasma cells (7) secreting large amounts of high-affinity antibodies that may be detected in the serum (8) within a few days after 
boosting. Ag, antigen; BM, bone marrow; FDC, follicular dendritic cell; IgG, immunoglobulin G; Th, T-helper. 
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is also not sufficient to protect against acute hepatitis B after 
the waning of vaccine-induced antibodies.143–145 However, pro-
gression to chronic liver disease has not been reported in fully 
immunized vaccine responders. That immune memory is suf-
ficient to protect against chronic hepatitis B suggests that viral 
replication and reexposure to HBsAg efficiently drive vaccine-
induced memory cells into effector cells before the end of the 
viral incubation period (4–12 weeks). This process requires 
enough HBsAg-specific memory B cells to be stimulated, to 
persist, and to be capable of reactivation even several decades 
after infant priming. It remains to be defined whether T-cell 
memory responses contribute to the maintenance of vaccine-
induced protection after waning of anti-HBsAg antibodies.

Glycoconjugate vaccines against encapsulated bacteria 
illustrate the importance of immune memory for vaccine effi-
cacy and some of its limitations. Glycoconjugate priming 
elicits a bona fide GC reaction, with the induction of high-
affinity memory B cells that can be rapidly (4–7 days) recalled 
on PS immunization.122 Efficient priming (i.e., induction of 
immune memory) is readily demonstrated in children primed 
in infancy.146,147 However, immune memory can be seen in 
children with Hib vaccine failure,148 indicating that their res-
ervoir of memory B cells did not protect them against invasive 
disease, perhaps through a failure of avidity maturation.149 The 
discrepancy between the existence of memory B cells and the 
lack of protection may again reflect the race against microbial 
invasion: the time required for production of sufficient levels 
of circulating antibodies could be too long to interrupt bacte-
rial invasion. Notably, secondary vaccine failures have been 
relatively rare and primarily observed in countries using an 
early accelerated infant schedule without a booster dose,150 the 
use of diphtheria, tetanus, and acellular pertussis (DTaP)/Hib 
vaccines with lower Hib immunogenicity is also associated 
with vaccine failure.151 Similarly, glycoconjugate vaccines 
against group C meningococcal disease proved much more 
efficacious during the first year after infant priming than during 
the following 3 years.141 Thus, infant immunization fails to 
induce sustained protection against group C meningococcus, 
despite the induction and persistence of immune memory.152 
The requirement for boosters to confer long-term vaccine pro-
tection is also well illustrated for pertussis, for which boosters 
are required to extend protection beyond childhood.153 An 
interesting observation is that vaccine-induced memory per-
sists following pertussis immunization—as illustrated by 
anamnestic responses to a booster dose—but is not sufficient 
for protection. Yet the incubation period of pertussis exceeds 

receptors. Consequently, people with residual antibodies to a 
given antigen may show only a limited increase of their anti-
body responses.

The persistence of memory B cells is of utmost importance 
for long-term vaccine efficacy. Antigen persistence may extend 
for prolonged periods on the surface of FDCs (see Table 2.7) 
and contribute to the duration of immune memory.134 This is 
likely to contribute to the extended (indefinite?) memory to 
live attenuated vaccines, recently exemplified by repeated 
administration of smallpox vaccines decades after priming.135 
Fortunately, memory B cells survive for prolonged periods 
(e.g., several decades), even in the absence of reexposure to 
antigen.136 It has been suggested that memory B cells undergo 
a certain degree of homeostatic polyclonal activation.137 
Although this does not seem sufficient to maintain antibody 
responses,138 it likely contributes to their persistence and the 
replenishment of BM plasma cells.

The demonstration of the persistence of memory B cells 
long after vaccine antibodies have eventually disappeared, and 
of their brisk reactivation on antigen exposure, has direct con-
sequences for immunization programs. First, it implies that  
an immunization schedule should never be started all over 
again—but continued where interrupted, regardless of the 
duration of the interruption. Second, it implies that certain 
immunization schedules may not need to include booster 
doses, if the individual is exposed to regular natural boosters. 
It is intriguing to note, that in the absence of childhood boost-
ers, up to 50% of adolescents or young adults primed against 
tetanus or hepatitis B in infancy might not raise anamnestic 
responses, suggesting that infant-induced vaccine memory 
may not last forever.139,140

Immune Memory and Vaccine-Induced Protection: A Race 
Between Reactivation and Microbial Invasion? All existing 
vaccines, except T-independent PS, induce immune memory. 
Nevertheless, vaccine efficacy may be short-term, as illustrated 
following infant immunization against group C meningo-
coccus.141 Demonstration of priming—or “boostability”—is 
therefore not a surrogate marker for long-term vaccine efficacy. 
This requires identifying the determinants that contribute to—
or limit—the persistence of vaccine efficacy. One hypothesis 
is that this essentially results from the race between the reac-
tivation of immune memory and disease pathogenesis.142

It is generally considered that protection by toxoid-based 
vaccines requires the presence of antitoxin antibodies at time 
of toxin exposure/production. Persisting immune memory  

TABLE 2.7 Determinants of Secondary B-Cell Responses

Determinants Mechanisms (Presumed)

Postprimary antibody titers As plasma cells and memory responses are generated in parallel in GCs, higher postprimary Ab titers reflect 
stronger GC reactions and generally predict higher secondary responses.

Residual antibodies at boosting Neutralization of live viral vaccines; negative feedback mechanisms on nonlive vaccines.

Lower antigen dose at priming A limited quantity of antigen may induce B-cell differentiation away from PCs and toward memory B cells (?).

Longer intervals before boosting A minimal interval of 4–6 months is required for optimal affinity maturation of memory B cells.

Higher antigen dose at boosting A higher availability of antigen may drive higher numbers of memory B cells into differentiation.

ANTIGEN AVAILABILITY

Exogenous exposure Exposure to exogenous antigens may reactivate or favor the persistence of memory B cells.

Localization Memory B cells reactivation requires antigens to reach the draining lymph nodes and not be restricted on 
mucosal surfaces (HPV, pertussis [?]).

In vivo persistence Antigen persistence may reactivate or favor the persistence of memory B cells.

Ab, antibody; GC, germinal center; HPV, human papillomavirus; PC, plasma cell.
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Thus, one may expect questions related to the nature (size, 

type, responsiveness) of the pool of memory cells elicited by 
various immunization schedules and the relative contribution 
of long-term antibodies and immune memory to protection 
to be at the core of many vaccine studies in the next decades.

T-Cell Vaccine Responses
How Do Vaccines Induce CD4 + and CD8 + T-Cell Responses? 
The generation of CD4+ Th-cell response begins when DCs 
capture antigen in peripheral tissue and migrate to draining 
lymph nodes, where T-cell vaccine responses are elicited in 
parallel to B-cell responses (see Table 2.1). Thus, DCs fulfill a 
pivotal role in initiating and shaping the immune response to 
vaccine antigens.

Protein vaccine antigens are taken up by immature DCs 
activated by local inflammation, which provide the signals 
required for their migration to draining lymph nodes (see Fig. 
2.1). During this migration, DCs mature and their surface 
expression of molecules changes.159 Simultaneously, antigens 
are processed into small fragments and displayed at the cell 
surface in the grooves of MHC (human leukocyte antigen 
[HLA] in humans) molecules. As a rule, MHC class I molecules 
present peptides from antigens that are produced in the 
cytosol of infected cells, whereas phagocytosed antigens are 
essentially displayed on MHC class II molecules.160–163 Thus, 
mature DCs reaching the T-cell zone of lymph nodes display 
MHC–peptide complexes and high levels of costimulation 
molecules at their surface.164 CD4+ T cells recognize antigenic 
peptides displayed by class II MHC molecules, whereas CD8+ 
T cells bind to class I MHC-peptide complexes (Fig. 2.6).165 
Their recognition is restricted to short peptides (8–11 [CD8+] 
or 10–18 [CD4+] amino acids) displayed on specific MHC 
class I or II molecules, respectively. Antigen-specific T-cell 
receptors may bind only to specific MHC molecules  

4 to 7 days. An interesting hypothesis is that as Bordetella per-
tussis bacteria essentially remain on the mucosal surfaces, anti-
gens may fail to efficiently reach the vaccine-induced B and T 
cells residing in the lymph nodes. For example, the prompt 
reactivation of immune memory is not sufficient to control 
polio viral replication in the digestive tract.154

Live attenuated viral vaccines (measles, rubella) are consid-
ered the prototype inducers of lifelong immunity, although 
prolonged immunity is also induced by certain nonlive vac-
cines (hepatitis A, HPV, inactivated poliovirus vaccine, rabies). 
This derives in part from the induction of sustained antibody 
responses, which, however, tend to slowly decline in the 
absence of recurrent exposure,155 and might eventually result 
in a growing proportion of seronegative vaccinated young 
adults, including women of childbearing age. Whether the 
reactivation of immune memory will be sufficient to curtail 
the replication process and confer protection against measles, 
rubella, or varicella, and whether adult booster doses may 
become needed after microbial control, are essential ques-
tions. The resurgence of mumps outbreaks in fully vaccinated 
young adults may reflect the induction of low numbers of 
memory B cells156 and demonstrates that secondary vaccine 
failure may occur even with live attenuated vaccines.157 The 
questions, which are central to sustained vaccine efficacy, are 
usually unresolved at the time of registration of a new vaccine. 
For example, to vaccinate young girls against HPV requires 
reassurance that vaccine protection will extend during several 
decades. HPV infection of the basal epithelial cells can occur 
within minutes and is not followed by any antigen exposure 
to the immune system. Thus, antibody persistence will be 
required for sustained protection. Remarkably, however, the 
concentration of vaccine antibodies required to neutralize 
HPV at the site of entry is so minute158 and vaccine-induced 
community-protection so efficient that boosters may indeed 
not be needed.

Figure 2.6. Generation of T-cell effector responses. Antigens are phagocytosed by dendritic cells (DCs) (1), processed into small peptides, 
and displayed at the cell surface in the groove of major histocompatibility complex (MHC) class I and/or class II molecules (2). CD4+ T cells with 
the appropriate MHC-peptide specificity are activated, provide activation signals to DCs (3), and differentiate in effector cells (4) that produce 
preferentially T helper (Th)1 or Th2 cytokines. Th1 CD4+ T cells support (5) CD8 + T-cell differentiation, which is in contrast inhibited (6) by Th2-like 
cytokines. CD8 + T cells recognize MHC class I-peptide complexes (7) and differentiate into cytotoxic effector cells (8) capable of killing infected 
cells (9) or pathogens. Ag, antigen; IFN, interferon; TNF, tumor necrosis factor. 
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(e.g., HLA-A2), which differ among individual people and 
populations. Consequently, T-cell responses are highly vari-
able within a population. These T-cell epitopes may be gener-
ated from any region of the vaccine antigens, whether the 
peptide sequence is located within or at the surface of the 
protein. This is in contrast with B-cell recognition, which is 
essentially limited to conformational determinants consti-
tuted by amino acids at the antigen surface. This MHC-peptide 
signal (signal 1) is not sufficient for activation of T cells, which 
remain anergic or become tolerized in absence of costimula-
tion (signal 2). This ensures that only naïve T cells binding to 
the surface of activated DCs (i.e., DCs that have sensed danger 
signals through their Toll-like receptors and responded by a 
modulation of their surface or secreted molecules) receive the 
costimulation signals required for their activation.164

Activated CD4+ T cells essentially exert supportive functions 
for DCs, to which they provide signals (CD40L, etc.) resulting 
in further activation, for B cells (see Fig. 2.2) and for CD8+ 
cytotoxic T cells (see Fig. 2.6 and Table 2.8). They are elicited 
by each vaccine type, except plain PS, which are not properly 
displayed by MHC molecules. Thus, the demonstration of 
postimmunization CD4+ T-cell responses does not imply a 
direct role in vaccine efficacy. CD4+ T-cell activation by DCs 
triggers their differentiation along distinct differentiation 
pathways.164,166 By default, DCs essentially trigger the induc-
tion of Th2-type CD4+ T cells producing IL-4, IL-5, and IL-13, 
which are implicated in the defense against extracellular 
pathogens such as helminths.167 More potently activated DCs 
release IL-12p70, which induces the differentiation into Th1 
cells that essentially produce IFN-γ and tumor necrosis factor 
(TNF)-α and, thus, contribute to the elimination of intracel-
lular pathogens directly (cytokine responses) and indirectly 
through macrophage activation and support to CD8+ T-cell 
differentiation (see Fig. 2.6).168 Th1 and Th2 cells support 
B-cell activation and differentiation during extrafollicular 
responses, whereas Tfh CD4+ cells provide critical help to GC 
B cells (see Fig. 2.3).169 Under certain conditions, activated 

TABLE 2.8 T-Cell Responses to Vaccines

Type Mechanisms (Presumed) Function

CD4+ T-helper cells

Th1 IFN-γ production Extrafollicular B-cell help

Th1 Cell contact, IFN-γ Activation of CD8 + T cells

Th1/Th2 Cell contact, CD40L Dendritic cell activation

Th2 IL-4, IL-5, IL-13 Extrafollicular B-cell help

Th2 Cell contact, IL-4 Suppression of CD8 + T cells

Th17 IL-17, IL-21, IL-22 Mucosal inflammation

CD4+ follicular T-helper cells

Tfh1 IFN-γ Germinal center B-cell help

Tfh2 IL-4, IL-5, IL-13 Germinal center B-cell help

CD4+ regulatory T cells Multiple mechanisms Suppression of CD4+/CD8 + responses

CD8+ T cells IFN-γ, TNF-α Killing of infected cells

Memory T cells

Effector memory T cells Th1/Th2 cytokines, perforin, granzyme Rapid secondary effectors responses in periphery

Central memory T cells IL-2, IL-10, CD40L Delayed activation/proliferation in lymph nodes

Tissue-resident memory T cells Th1/Th2 cytokines, perforin, granzyme Tissue localization enabling immediate-early reactivation

IFN, interferon; IL, interleukin; Th, T-helper; TNF, tumor necrosis factor.

DCs may also release IL-23, supporting the induction of 
inflammatory Th17 cells by TGF-β  and IL-6.

Numerous factors influence the preferential differentiation 
of CD4+ T cells toward the Th1, Th2, Tfh, or Th17 pathway.170 
The main determinant of CD4+ T-cell differentiation is the 
extent and type of DC activation by the innate system,164 
although a recent observation suggests that polarized CD4+ 
T-cell responses may result from preferential expansion rather 
than priming.171 Consequently, DCs are the primary target 
for specific adjuvants, which may preferentially skew CD4+ 
responses toward Th1, Th2, or Th17 responses and impact the 
differentiation of Tfh cells, requiring their careful design and 
selection.34–37,39,172

CD8+ T-cell responses are essentially induced as a result of 
cross-presentation elicited by infectious, live attenuated vac-
cines that introduce antigens within the cell cytosol, ensuring 
their access to MHC class I molecules.163,173 However, novel 
delivery systems such as live-vectored vaccines or DNA vac-
cines delivering antigens directly into the cytosol are now in 
human trials.174

The activation of naïve T cells by vaccine-bearing DCs may 
also induce their differentiation into Tregs (see Table 2.8), a 
heterogeneous population with many levels of complexity.10,175 
Vaccine-induced Tregs may use multiple mechanisms to sup-
press T-cell induction or proliferation: in draining lymph 
nodes, they may prevent DC maturation, block the priming of 
effector T cells, or destroy antigen-bearing DCs. These Tregs 
may be elicited as feedback mechanisms to avoid excessive 
and, thus, potentially harmful inflammatory responses. By 
suppressing immune responses, Tregs may limit the efficacy of 
vaccines, for example, when danger signals are insufficient to 
elicit immunity, as in chronic infections and cancer.176–178 
Defining the determinants of Treg differentiation may be 
needed for novel immunization strategies such as therapeutic 
vaccines. Preclinical studies indicate that adjuvants improving 
the ratio of antigen-specific effector to Tregs enhance vaccine 
immunity,179 opening interesting possibilities.
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T cells (resident memory T cells [Trm]) was recently recognized 
as populations of memory T cells which remain settled within 
specific organs such as the intestine, the lungs, the skin.189 How 
Trm cells are induced and maintained in the specific organs is 
not yet fully deciphered, but as Trm were demonstrated as 
central for the protection against mucosal infections, novel 
vaccine strategies against viral (influenza, respiratory syncytial 
virus [RSV]) or bacterial (pertussis) mucosal pathogens will 
attempt their induction/maintenance.190

Antigen persistence essentially controls the proportion of 
Tcm and Tem memory cells (see Table 2.9): Tcm cells pre-
dominate when antigen is rapidly cleared, whereas Tem/Trm 
cells become preponderant when antigen persists, such as in 
chronic infections.174,180,181 This is a challenge for novel non-
replicating vaccines that should induce and maintain sufficient 
Tem/Trm cells for immediate clearance in infected tissues. The 
long-term persistence of memory T cells is well established. 
Through homeostatic proliferation, memory T cells may 
persist lifelong, even without antigen exposure.180,181,191 Studies 
of the persistence of vaccinia-induced immune memory have 
confirmed this observation in humans.192–194

How Specific Are Vaccine Immune Responses?
The specificity of vaccine responses is at the center of many 
debates. Ideally, one would want vaccine-induced responses 
to be sufficiently broad to extend protection to nonvaccine 
strains (e.g., for influenza, rotavirus, S. pneumoniae, or HPV 
vaccines) and sufficiently restricted to not elicit cross-reactions 
to allergens or self-antigens or other undesirable nonspecific 
effects. The specificity of vaccine responses has received added 
interest as a number of studies have also reported both posi-
tive and negative “nonspecific” effects of vaccinations in low 
income countries.195,196

As B cells recognize conformational epitopes constituted 
by distant amino acids, they may bind to antigenic peptides 
with distinct sequences: It has been estimated that roughly 5% 
of monoclonal antibodies made against 15 viruses cross-
reacted with human proteins.197 That any viral infection is not 
followed by the induction or flare of an autoimmune disease 
highlights the importance of regulatory mechanisms suppress-
ing responses directed against self-antigens. Indeed, the  
specificity of antibody responses is well controlled. Although 
polyclonal stimulation has been suggested to activate memory 
B cells of distinct specificities,137 this response is not associated 
with antibody responses. Vaccination with tetanus toxoid was 
found to expand specific and bystander memory T cells but 
did not modulate antibody responses to unrelated antigens.198 
Altogether, this indicates that the induction of cross-reactive 
antibody responses is extremely limited, which may be impor-
tant in preventing undesirable reactions, but which limits the 
efficacy of vaccine-induced antibody responses to very few 
cross-reacting nonvaccine serotypes.199

T cells need to recognize only a few amino acids of anti-
genic peptides displayed by MHC molecules, which offers a 
much greater potential for cross-reactivity. It has been esti-
mated that each T lymphocyte could potentially bind to a 
million different peptides.197 In addition, memory T cells 
readily respond to homeostatic cytokines, such that bystander 
memory T cells of distinct antigen specificity may be tran-
siently activated and expand during a flu-like illness or an 
immunization process.198,200 However, vaccine-induced exac-
erbations of autoimmune diseases are very uncommon, 
probably reflecting the efficacy of regulatory mechanisms 
limiting the intensity, scope, and duration of the immune 
responses.201,202

The induction of cross-protective T-cell–mediated responses 
has been repeatedly observed in murine experimental models, 

What Are the Determinants of Vaccine-Induced  
T-Cell Memory?
Effector T-cell responses are short-lived, and most (>90%) 
effector T cells die by apoptosis within a few days. Thus, 
immune memory is essential to T-cell vaccine efficacy. It is 
dependent on four main parameters: the frequency of antigen-
specific memory T cells, their phenotype, their persistence,  
and their localization, a recently identified parameter (Table 
2.9).174,180,181 Memory T cells may persist lifelong, even in the 
absence of antigen exposure and despite their quality and 
amount being set during the primary immune response.

The frequency of memory T cells directly reflects the mag-
nitude of the initial T-cell expansion and that of its subsequent 
contraction during which few surviving cells differentiate 
toward memory T cells. The main determinant of the expan-
sion phase is the level of or duration of antigen stimulation 
present during priming.182 This is a major limitation for non-
replicating vaccines, which fail to reach sufficient antigen 
content and typically require the presence of an adjuvant and/
or booster doses. The contraction phase and the transition 
toward memory cells take place soon after antigen is cleared, 
which occurs faster for nonreplicating vaccines. Current efforts 
are, thus, oriented toward the optimization of the primary 
expansion phase through adjuvants and/or booster adminis-
tration. As vaccine-induced immunity limits the subsequent 
“take” of a live vaccine by inducing its rapid neutralization, 
one attractive approach is the use of distinct vaccines for 
priming and boosting, as the adenovirus priming–modified 
vaccinia virus Ankara (MVA) boosting combination currently 
considered against Ebola virus.183–186

The phenotype of memory T cells is also important. Two 
main types of memory T cells have been identified (see Table 
2.8) based on their phenotype and function, central memory 
cells and effector memory cells.187 Central memory T cells 
(Tcm), like naïve T cells, but better equipped, preferentially 
traffic through lymph nodes and BM and do not exhibit much 
cytotoxic capacity but have a high proliferative potential. Their 
role is to recognize antigens transported by activated DCs into 
lymph nodes and to rapidly undergo massive proliferation and 
differentiation, generating a delayed but very large wave of 
effector cells.188 Effector memory T cells (Tem), closer in phe-
notype to recently activated T cells, have a high cytotoxic 
potential that enables them to immediately recognize the 
pathogen. As they essentially lack lymph nodes homing recep-
tors, it was proposed that Tem recirculate from the blood 
through nonlymphoid organs, monitoring tissues for the pres-
ence of specific microbial peptides.188 A third type of memory 

TABLE 2.9 Determinants of Memory T-Cell Responses

Main Factors Determinants

Frequency of memory T cells Magnitude of T-cell expansion 
(initial antigen load, antigen 
persistence)

Phenotype of memory T cells

 Effector memory Induction favored by prolonged 
antigen persistence

 Tissue-resident memory

 Central memory Induction favored by rapid 
antigen clearance

Persistence of memory T cells Supported by interleukin 
(IL)-15, IL-7
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represent a significant proportion of infant hospitalizations. 
This disease burden is caused by a limited number of patho-
gens, such that the availability of a few additional vaccines 
that would be immunogenic soon after birth would make a 
huge difference. Early life responses markedly differ from 
those elicited in mature hosts. The blunting of neonatal 
immune responses has been regarded for many years as result-
ing from “neonatal tolerance,” reflecting the antigen naïveté 
of the immune system and, subsequently, its immaturity. 
Recent work has prompted a change of perspective, leading to 
the recognition that the neonatal and early life immune 
system is, in contrast, specifically adapted to the unique chal-
lenges of early postnatal life and develops over time through 
poorly defined but tightly regulated processes.

These specific neonatal features first affect innate responses 
as pattern-recognition receptors elicit responses biased against 
the induction of proinflammatory cytokines, which could 
cause harmful alloimmune reactions against maternal anti-
gens or excess inflammatory reactions.230,231 In addition, many 
factors determine the quality and quantity of infant antibody 
responses: this includes the state of prenatal and postnatal 
development of the immune system, the type of vaccine and 
its immunogenicity, the number of doses and their spacing, 
and the influence of maternal antibodies.232–234

Early life immune responses are characterized by age-
dependent limitations of the magnitude of responses (Table 
2.10). Antibody responses to most PS antigens are not elicited 
during the first 2 years of life, which is likely to reflect numer-
ous factors, including the slow maturation of the splenic mar-
ginal zone,65,235 limited expression of CD21 on B cells, and 
limited availability of the complement factors.236 Although 
this may be circumvented in part by the use of glycoconjugate 
vaccines, even the most potent glycoconjugate vaccines elicit 
markedly lower primary IgG responses in young infants.237

Early life antibody responses are directly determined by the 
prenatal (e.g., gestational age238) and the postnatal age at 
immunization.236 Accelerated infant vaccine schedules in 
which three vaccine doses are given at 1-month intervals (2, 
3, 4 or 3, 4, 5 months) result in lower immune responses than 
schedules in which more time elapses between doses (2, 4,  
6 months) or between the priming and boosting dose (3, 5, 
12 months). However, the magnitude of infant antibody 
responses to multiple dose schedules reflects the interval 
between doses, with longer intervals eliciting stronger 
responses, and the age at which the last vaccine dose is admin-
istered. That postnatal immune maturation is required for 
stronger antibody responses is best demonstrated by compar-
ing antibody responses to single-dose vaccines given to anti-
gen-naïve infants of various ages.239,240 These studies may be 
confounded by the persistence of maternal antibodies, which 
negatively influence infant antibody responses in both epitope 
and titer specific manners.241,242 Thus, multivariate analyses of 
the data for a large number of infants are required to identify 
the main determinants of vaccine antibody responses.243

The induction of B-cell responses is critically dependent on 
components of the local microenvironment. However, blood 
is the only accessible compartment in infants and the factors 
that specifically limit the magnitude of early life antibody 
responses are difficult to study. Studies in which vaccines rou-
tinely administered to human infants were administered at 
various stages of the postnatal maturation to infant mice indi-
cated that the same limitations of antibody responses are seen 
in both humans and mice, reflecting similar postnatal con-
straints.236 These animal models showed that limitations of 
antibody responses in early life result from the limited and 
delayed induction of GCs in which antigen-specific B cells 
proliferate and differentiate. This was first shown to essentially 
reflect the delayed development of FDCs required to nucleate 

which suggests that cross-reacting viral vaccines could be 
based on T-cell responses.203 Yet, convincing examples of het-
erologous protective immunity in humans are much more 
limited, including neonatal BCG protects against leprosy,204 
and smallpox vaccine protects against monkeypox.205 In con-
trast, the sharing of several T-cell determinants is not sufficient 
for a single oral polio vaccine strain or influenza strain to 
confer cross-protection. Consequently, it is tempting to con-
clude that heterologous protective immunity essentially  
comes into play for T-cell–mediated rather than for antibody-
mediated protective responses. Accordingly, the heterosub-
typic immunity conferred by live attenuated influenza 
vaccines206,207 could be mediated by T cells and/or by mucosal 
IgA antibodies.

Nonspecific effects of vaccines are occasionally associated 
with the fear of immune overload and subsequent enhanced 
vulnerability to infections, a theory not supported by 
evidence.208,209

In addition to B and T cells, it was recently recognized that 
innate cells such as natural killer (NK) cells and monocytes 
acquire a “trained immunity phenotype” upon exposure to 
certain pathogens and have given support to the idea that vac-
cines can have off-target effects. The epidemiological studies 
on this subject have been done mainly by a group working in 
Guinea-Bissau and their thesis is that live vaccines (including 
BCG, measles, and oral polio vaccine [OPV]) can reduce mor-
tality caused by respiratory viral infections, whereas killed 
vaccines, notably diphtheria, tetanus, and pertussis (DTP), can 
reverse those effects and even increase mortality.210–213 Data 
from some other regions are supportive of this theory.214,215 As 
most of the epidemiological studies have been nonrandom-
ized studies, this idea has been met with skepticism, particu-
larly as the causes of mortality have been ill-defined. Following 
a systematic review, the World Health Organization (WHO) 
Strategic Advisory Group of Experts (SAGE) on immunization 
concluded that the available data suggest that BCG “has” and 
measles vaccine “may have” beneficial effects on all-cause 
mortality, whereas it neither excluded nor confirmed the pos-
sibility of beneficial or deleterious nonspecific effects of DTP 
vaccines on all-cause mortality.216,217

Immunologists have now begun to study this issue more 
comprehensively. Evidence has accrued that BCG strongly 
stimulates cytokine production and enhances responses to 
other antigens,218,219 and NK cells—which can develop 
memory220—are stimulated by BCG to respond to antigens 
other than mycobacterial.221 The Danish strain of BCG used in 
Guinea-Bissau is particularly strong in this respect.222 Humans 
given BCG respond with Th1 and Th17 responses and their 
stimulated monocytes show increased receptor expres-
sion.223,224 Wild measles virus infection in monkeys abolishes 
immune memory to other antigens,225,226 making it possible 
that measles vaccine in addition prevents abolition by the 
natural virus of the child’s ability to respond to other infec-
tions.227 The proposed negative effects of killed vaccines on 
mortality remains for the moment based only on observa-
tion,228 although nonlive vaccines typically elicit preferential 
Th2 responses which might hypothetically reduce the Th1 
polarization elicited by live vaccines. This subject is one in 
evolution and a randomized study has begun in Denmark that 
should shed light on the importance, if any, of nonspecific or 
off-target effects in a developed country.228

Vaccine Responses at the Extremes of Age
The Challenges of Neonatal and Early Life Immunization. 
According to UNICEF estimates, 4 million infants younger 
than 6 months die yearly of acute infections.229 In more devel-
oped countries, mortality has been reduced, but infections 
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Isotype switching and somatic hypermutation (i.e., the affinity 
maturation of vaccine induced B cells) are already functional 
in the first year of life,124,255–257 including in preterm infants.238 
However, several months are required for affinity maturation 
even in adults,90 such that high-affinity responses are not 
observed in very young infants.

Neonatal and infant T-cell responses also differ from those 
elicited later in life, in particular in the induction of lower 
IFN-γ236 and higher Th2 and/or Th17 responses.258 As exam-
ples, IFN-γ responses to OPV are significantly lower in infants 
than in adults259; hepatitis B vaccine induces lower primary 
IFN-γ responses and higher secondary Th2 responses in early 
life than in adults260; and tetanus-specific IFN-γ CD4+ T-cell 
responses progressively increase with age.261 Comparing neo-
natal and infant priming with acellular pertussis vaccines indi-
cated the preferential induction of Th2 responses on neonatal 
priming.262 Whether this results from the fact that neonatal 
APC responses to Toll-like and other pathogen-associated 
molecular pattern receptors produce less IFN-α, IFN-γ, and 
IL-12p70, and more IL-10 than adult cells,263–265 or result from 
complex epigenetic controls or the predominance of recent 
thymic emigrants in neonatal blood,266 is unknown. The con-
tribution of other factors, such as the predominance of Tregs 
that are abundant during fetal life267 and the role of CD71+ 
immunosuppressive erythroid cells,268 remains to be defined. 
Remarkably, adult-like Th1 neonatal responses are notoriously 
elicited by BCG.269 Whether neonatal T cells have higher 
intrinsic requirements for antigen-specific activation require 
further investigations.

Importantly, the induction of early life B- and T-cell vaccine 
responses takes place in an environment that may be influ-
enced by the presence of antibodies of maternal origin. IgG 
antibodies are actively transferred through the placenta, via 
the FcRn receptor, from the maternal to the fetal circulation.270 
After immunization, maternal antibodies bind to their specific 
epitopes at the antigen surface, competing with infant B cells 
and, thus, limiting B-cell activation, proliferation, and differ-
entiation. The inhibitory influence of maternal antibodies on 

and support GC reactions244 and subsequently to result from 
the limited induction of Tfh cells in the draining lymph 
nodes.7,245 Direct evidence for a similar mechanism is difficult 
to obtain235 in human infants. Efforts are ongoing to identify 
adjuvants for use in early life. The capacity of the MF59 adju-
vant to induce strong Tfh/GC responses in infant mice7 could 
also be relevant to the ability of the adjuvant to improve the 
efficacy of influenza vaccines in young children.246

In contrast with this blunting of early life antibody 
responses, the neonatal immune system readily allows the 
induction of immune memory, thus reflecting preferential dif-
ferentiation of early life GC B cells toward memory rather than 
Ig-producing plasma cells. Neonatal priming may, thus, be 
used to initiate vaccine responses against hepatitis B or polio-
myelitis. Recent work demonstrated that acellular pertussis 
vaccines may similarly effectively prime neonatal responses, 
resulting in faster acquisition of infant immunity.247–249 
However, neonatal priming with a combined DTaP vaccine 
blunted rather than primed subsequent infant pertussis 
responses,250 and somewhat reduced Hib and HBsAg responses 
were also seen following neonatal acellular pertussis 
priming.248,251 Thus, vaccine interference issues may be exacer-
bated in early postnatal life, requiring further studies.252

The persistence of immune memory has important impli-
cations, especially for infant immunization programs such as 
for hepatitis B that are intended to protect throughout adult 
life. The duration of such responses (e.g., the boostability of 
hepatitis B vaccine antibody responses primed in infancy) 
extends for at least one decade. However, in the absence of 
childhood boosters, the boostability of infant-induced immu-
nity may not persist lifelong.139,140

Antibody responses elicited before 12 months of age 
rapidly wane, and antibody titers soon return to near baseline 
levels,152,253 which may be associated with a resurgence of 
vulnerability to infection.141 This likely reflects the limited 
survival of antigen-specific plasma cells, as confirmed in infant 
mice244 in which early life BM stromal cells provided insuffi-
cient survival signals to plasma cells reaching BM niches.254 

TABLE 2.10 Limitations of Vaccine Responses at the Extremes of Life (Mechanisms Presumed)

IN EARLY LIFE

Limited magnitude of Ab responses to PS Immaturity of marginal zone; low CD21 expression on B cells; limited availability of 
complement

Limited magnitude of Ab responses to proteins Limited GC responses (delayed FDC development?); inhibitory influence of maternal 
antibodies

Short persistence of Ab responses to proteins Limited establishment of bone marrow plasma cell pool (survival niches?)

Shorter duration of immune memory (?) Limited GC responses (magnitude of initial memory B-cell pool?)

Limited IFN-γ responses Suboptimal antigen-presenting cell/T-cell interaction (IL-12, IFN-α)

Limited CD8 + T-cell responses (?) Insufficient evidence

Influence of maternal antibodies Inhibition of B-cell but not T-cell responses

IN ELDERLY PEOPLE

Limited magnitude of Ab responses to PS Low reservoir of IgM+ memory B cells; weaker differentiation into plasma cells

Limited magnitude of Ab responses to proteins Limited GC responses: suboptimal CD4+ helper responses, suboptimal B-cell 
activation, limited FDC network development?; changes in B-/T-cell repertoire

Limited quality (affinity, isotype) of antibodies Limited GC responses; changes in B-/T-cell repertoire

Short persistence of Ab responses to proteins Limited plasma cell survival?

Limited induction of CD4+/CD8 + responses Decline in naïve T-cell reservoir (accumulation of effector memory and CD8 + T cell 
clones)

Limited persistence of CD4+ responses Limited induction of new effector memory T cells (IL-2, IL-7)

Ab, antibody; FDC, follicular dendritic cell; GC, germinal center; IFN, interferon; Ig, immunoglobulin; IL, interleukin; PS, polysaccharide.
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responses decline with age, which increases the frequency and 
severity of infections and reduces the protective effects of  
vaccinations.287 Aging affects the magnitude and the persistence 
of antibody responses to protein vaccines,288,289 as reflected 
by lower serum antibodies to influenza,290,291 tetanus, and tick-
borne encephalitis (TBE) vaccines.292 It also affects responses to 
pneumococcal PS vaccines, although differences in method-
ological issues have yielded contradictory results.293 Remark-
ably, the limitation of antibody responses by aging occurs early: 
After the age of 20 years, each 10-year period reduced antibody 
titers elicited by a potent adjuvanted pandemic influenza 
vaccine in healthy control subjects and immunosuppressed 
patients by 31%.294 Limitations of antibody responses in elderly 
people are also associated with qualitative changes that affect 
antibody specificity, isotype, and affinity, that is, functional 
efficacy (see Table 2.10).295,296

They result from the influence of a large number of under-
lying events.232,297 Responses to PS vaccines are conditioned by 
a decline in the reservoir of IgM+ memory B cells that differ-
entiate less efficiently into antibody producing cells, and, thus, 
limit the IgM responses of aged people.298 Antibody responses 
relying on the induction of GCs are also limited,299 affecting 
the magnitude of antibody responses and resulting into anti-
bodies of weaker affinities/functional capacities296 and distri-
bution of subclass antibodies.300 Numerous factors contribute 
to limiting the induction of GCs in elderly persons, including 
factors that are intrinsic to B cells301 and that affect other cell 
types, including Tfh cells.302 For example, studies in aged mice 
have convincingly demonstrated the existence of age-related 
changes in FDCs.303,304 The limited ability of aged subjects to 
generate high-affinity antibody responses also reflects changes 
in their antibody repertoire.304,305

Age-associated changes in T-cell responses are reflected by 
a progressive decline in naïve T cells, reflecting declining 
thymic output. This is associated with a marked accumulation 
of large CD8+ clones presumably resulting from prior infec-
tions. These large T-cell clones (e.g., elicited in response to 
cytomegalovirus) have reached a state of replicative senes-
cence, and homeostatic mechanisms negatively influence the 
size of the naïve and effector memory T-cell subsets.289 In 
response to influenza immunization, healthy elderly people 
mount CD4+ responses initially similar to those of young 
adults but that fail to maintain or expand.306 This does not 
reflect a functional impairment of CD4+ T memory cells,307 but 
a shift of the T-cell pool from naïve to memory effector CD4+ 
T cells. The failure to maintain CD4+ responses reflects a lower 
induction of new Tem cells in relation to lower IL-7 levels.306,307 
Other studies indicated that frail elderly subjects mount 
blunted and delayed Th1 responses to influenza vaccination, 
which correlated positively with their reduced total and IgG1 
antibody response.308 Limitations also affect the expansion of 
infection-driven influenza-specific CD8+ T cells.308 Strategies to 
enhance vaccine-induced protection in aging people include 
the use of higher vaccine doses309 and/or specific adjuvants. 
This was recently demonstrated by formulating the IgE glyco-
protein of varicella-zoster in the novel AS01E adjuvant.24 Nev-
ertheless, limitations of effector memory and of GC responses 
may continue to require the more frequent administration  
of certain vaccine boosters (e.g., against tetanus or TBE308) to 
compensate for the brevity of B- and T-cell vaccine-induced 
responses in elderly people.

 References for this chapter are available at ExpertConsult.com.

infant B-cell responses affects all vaccine types, although its 
influence is more marked for live attenuated viral vaccines  
that may be neutralized by even minute amounts of passive 
antibodies.271 This inhibition is epitope-specific.272 As a rule, 
maternal antibodies to carrier proteins (e.g., to tetanus toxoid) 
blunt infant responses to tetanus toxoid, but not to the PS 
moiety.273,274 However, responses to conjugate vaccines may be 
blunted if anticarrier immunity is required for immunogenic-
ity (e.g., for CRM197 conjugates) and maternal antibodies inter-
fere with its induction.275 Maternal antibodies were reported 
as inhibiting cotton-rat B-cell responses by interaction with 
the inhibitory/regulatory FcγRIIB receptor on antigen-specific 
B cells.276,277 The extent to which this mechanism accounts 
for the inhibition of human infant responses remains 
undefined.

The inhibitory influence of maternal antibodies is depen-
dent on the antibody titer and reflects the ratio of maternal 
antibodies to vaccine antigen.90 This was elegantly demon-
strated in a study in which Israeli infants were immunized 
with hepatitis A vaccine at 2, 4, and 6 months.278 Overall, 
infant responses were elicited only when maternal antibodies 
declined to a threshold of 300 to 400 mIU/mL.278 The mater-
nal antibody titer at which infant responses may be elicited 
can be defined only experimentally, by comparing antibody 
responses in infants stratified according to maternal antibody 
titers at the time of priming. Few vaccines have these precise 
antibody levels determined by such experimental studies.

The extent and duration of the inhibitory influence of 
maternal antibodies, therefore, increase with gestational 
age,238 for example, with the amount of transferred immuno-
globulins, and decline with postnatal age, as maternal anti-
bodies wane.90 Increasing the dose of vaccine antigen may be 
sufficient to circumvent the inhibitory influence of maternal 
antibodies, as illustrated for hepatitis A,279 measles,280 and 
the higher content of pertussis toxin in acellular versus 
whole-cell pertussis281 vaccines. However, the higher titers 
of maternal antibodies elicited by maternal immunization 
eventually interfere, even with responses to acellular pertussis 
vaccines.275,282

Maternal antibodies usually allow a certain degree of 
priming (i.e., of induction of memory B cells) through yet 
undefined mechanisms. As a rule, the blunting of infant  
antibody responses by maternal antibodies disappears after 
boosting. Importantly, maternal antibodies do not exert  
their inhibitory influence on infant T-cell responses, which 
remain largely unaffected or even enhanced.283–285 This is best 
explained by the fate of maternal antibody–vaccine antigen 
complexes: immune complexes are taken up by macrophages 
and DCs, dissociate into their acidic phagolysosome compart-
ment, and are processed into small peptides. These peptides 
are displayed at the surface of APCs and are available for 
binding by CD4+ and CD8+ T cells.

Thus, the main challenge for further improvement of early 
life immunization strategies are to identify vaccine formula-
tions and strategies capable of inducing, after one or two early 
doses, the strong primary antibody responses required against 
certain early life pathogens—despite the presence of maternal 
antibodies. Importantly, these formulations/strategies will 
have to be demonstrated as safe in immunologically immature 
hosts, adding to the challenges.286

Age-Associated Changes in Vaccine Responses. Innate 
and adaptive antibody and T-cell–mediated cellular immune 
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Defense mechanism against pathogens



Immune System
What is immune system?

Cells and organs within an animal’s body that contribute to 
immune defenses against pathogens (병원체) 

Bacteria
     -Major entry points ;open wounds, inhalation, 
       and ingestion

Parasites
      -Fungi, worms
      -Damage host by using host nutrients or secreting
       toxic chemicals

Viruses
     
     -May kill host cell rapidly or lie dormant for a period
     -May cause cancer

The job of the immune system is to
 1) keep pathogens out and 

2) keep pathogens if they enter the body



Immune System
Types of Immune system

1) Innate immune system (non-specific)

2) Adaptive immune system



Immune System
Types of Immune system

1) Innate immune system (non-specific)

Defense system present at birth 

Protect against foreign cells or matters regardless what they are

Doesn’t require prior exposure to invaders



Innate Immune System

• First line of defense

=> If the first line of defense fails

• Second  line of defense

Keep pathogens out

Players:  •skin (protects body against several pathogens
         •stomach acid (kill pathogens including bacteria)

  •mucus: trap pathogens

Kill pathogens

Players: • Phagocytes



Innate Immune System

• Second  line of defense

Kill pathogens

Phagocytes  : cells capable of phagocytosis 
(engulfing particulate matter and destroy = Eat it up)

- Present in all classes of animals
- Most fundamental and ancestral of body defenses
- In vertebrates, most are leukocytes (WBC)
   e.g., neutrophils, macrophages, natural killer (NK) cells, 
           Basophils, 
- Dendritic cells 

 - Mast cells



Innate Immune System

• Second  line of defense

Kill pathogens

Cells involved in the
 innate immune system



Innate Immune System



Innate Immune System

Bacterium

phagosome

Lysosome

The bacterium (upper right) is engulfed
 in a section of the cell's membrane

Form a structure called a phagosome

Fuse with lysosomes

Digestive enzymes in lysosomes
destroy bacterium



Innate Immune System

• Second  line of defense

Kill pathogens

Phagocytes  : cells capable of phagocytosis 
(engulfing particulate matter and destroy = Eat it up)

- Present in all classes of animals
- Most fundamental and ancestral of body defenses
- In vertebrates, most are leukocytes (WBC)
   e.g., neutrophils, macrophages, natural killer (NK) cells, 
           Basophils, 
- Dendritic cells 

 - Mast cells

Can recognize general features of cancer or virus-infected cells and kill them



Innate Immune System



Innate Immune System

• Second  line of defense

Inflammation

Small injuries e.g., cuts

           - Symptoms: redness, swells, pus, heat 

Why do these symptoms occur?
            Inflammatory response

 
           - Innate local response to infection or injury

   - Destroys or inactivates foreign invaders, clears infected area of 
     dead cells and sets stage for tissue repair

   
  



Innate Immune System
Inflammation

Injury introduce bacteria
⇒Mast cells secrete

   Histamine and endothilial cells
   secrete nitric oxide
=> Dilation of vessel

Capillaries dilate and become 
Leaky

⇒Fluid and leukocytes enter
    the site of wound

neutrophil

Neutrophils and other
phagocytes engulf and 
destroy bacteria

=> Capillaries return to normal



Innate Immune System
Inflammation



Innate Immune System

Other types of innate immune system

Players : Antimicrobial proteins (proteins involved in killing microbes 미생물)
Interferon

Secreted by most cells
Inhibits viral replication inside host cells
Not specific to a particular virus

Complement
Kills microbes without phagocytosis
Uses membrane attack complex (MAC) to create channels in microbial plasma

membrane (=poke holes in the membrane of microbes)
Causes microbe to burst



Innate Immune System

Complement



 Immune System

Innate immune system (non-specific)

•Defense system present at birth 

•Protect against foreign cells or matters
regardless what they are

•Doesn’t require prior exposure to invaders

Acquired immune system (specific)

•Involves antigen (항원) :any molecule that
the host doesn’t recognize as itself

•Requires exposure to foreign substances



Aquired Immune System

•Players

   Lymphocytes (림프구): 
•Type of white cells 

•Required for the acquired 
immune system

Cytotoxic T cells :directly kill target

Helper T cells :Assist in activating B
Cells and cytotoxic T cells



Aquired Immune System

3 stages of response
1)Antigen encounter and recognition by lymphocytes

2) Lymphocyte activation and cell division to produce effector cell and
memory cells

3) Attack launched by activated lymphocytes and/or their secretions



Aquired Immune System
3 stages of response

1) Antigen
encounter
and recognition
by lymphocytes

•During its development, each lymphocyte synthesizes a membrane
receptor that can bind to a specific antigen

•Antigens that bind to a lymphocyte receptor are recognized by the
lymphocyte

•Each lymphocyte is specific for just one type of antigen

Antigen



Aquired Immune System
3 stages of response

1) Antigen
encounter
and recognition
by lymphocytes

2) Lymphocyte 
activation and
 cell division

Antigen

•Upon binding the antigen, lymphocyte undergoes cell division
•progeny all express the same receptor  :clonal selection
•B cells proliferate into plasma cells that make antibodies  (each B  cell can secrete
only one particular type of antibody (항체)



Aquired Immune System
3 stages of response

1) Antigen
encounter
and recognition
by lymphocytes

2) Lymphocyte 
activation and
 cell division

3) Attack against
specific antigen

Antigen

Effector cells carry out the attack
Memory cells that remain poised for future attacks

Secrete antibody 
that bind to antigen
(humoral immunity)

Directly attack antigen 
bearing cells
(cell-mediated immunity)



Aquired Immune System
3 stages of response

1) Antigen
encounter
and recognition
by lymphocytes

2) Lymphocyte 
activation and
 cell division

3) Attack against
specific antigen

Antigen

Later, plasma cells and cytotoxic T cells die to prevent excessive immune response

Memory cells persist,
 waiting future attacks



Humoral Immunity (체액면역)
B cells and Humoral immunity



Humoral Immunity (체액면역)
Antibody

Constant
region

Variable
region

Immunoglobulin protein family
Each composed of 4 interlinked polypeptides

2 long heavy chains
2 short light chains

Constant region : identical for all antibodies of a given class 
   Variable region : antigen binding site, each ab has different variable region => bind to 
          different antigen



Humoral Immunity (체액면역)
B cells do not attack pathogens directly. Instead, secrete antibody( Ab)

Ab can in activate pathogens by

1) Physically link the pathogens to phagocytes, complement proteins and NK cells

2) Ab directly binds to toxin of pathogen: inhibit the function of toxin



Aquired Immune System
3 stages of response

1) Antigen
encounter
and recognition
by lymphocytes

2) Lymphocyte 
activation and
 cell division

3) Attack against
specific antigen

Antigen



Pathogen present

Antigens such as proteins 
from pathogens are broken down
in endosome

Fragments of antigen (epitope)
are complexed with MHCII

Transported to plasma membrane

Epitope-MHC complex is recognized
by T cell receptor

T-cell activation
    e.g., cytokine secretion : IL2
    => promote division of helper

T cells

Helper T- Cell activation
Antigen presenting cells

Phagocytosis by macrophage or
NK cells

Pathogen

Helper T-cell receptor

cytokine secretion : IL2



B Cell activation by activated T-cells

1) Antigen
encounter
and recognition
by lymphocytes

2) Lymphocyte 
activation and
 cell division

3) Attack against
specific antigen

Antigen

Memory cells persist,
 waiting future attacks

Activated helper T
cell

Bind to B-cell
presenting same
antigen=> promote
clonal selection



B Cell activation by activated T-cells

1) Antigen
encounter
and recognition
by lymphocytes

2) Lymphocyte 
activation and
 cell division

3) Attack against
specific antigen

Antigen

humoral immunity



Summary of events in a humoral immune response



Summary of events in a humoral immune response
Most of event
happen within a
lymph node

Bacteria
enter
the body

Bacteria are carried
into lymph node
and phagocytosis
by macrophage
occurs

phagocytosis 
by B cells and B cell present Ag

1

2

Macrophage
present Ag to
a helper T
cells and
secret IL1

helper T cell is
activated
-> secret IL2
and other
cytokines
->Division

Activated Helper T
cellbind to B cell
displaying the same
antigen

Activation of B cells

Some B cells
-> plasma cells

Other B cells
-> Memory B cells

Antibody secretion
by B cells
->destroy bacteria



Cell mediated immunity

1) Antigen
encounter
and recognition
by lymphocytes

2) Lymphocyte 
activation and
 cell division

3) Attack against
specific antigen

Antigen

Memory cells persist,
 waiting future attacks



Cell mediated immunity
Cytotoxic T
cell binds to the
surface of virus
infected cells

Cytotoxic T cells
bind to other
virus-infected cells

Helper T cell activation
(same mechanism as in
humoral immune response)
-> promote proliferastion and
the activation of Cytotoxic T
cells

Cytotoxic T cells secrete perforin
-> inserted into the plasma membrane of
virus-infected cells -> Cells burst



Some cytotoxic T cells do not complete
 full activation and remain as memory cells

Cell mediated immunity



Immune memory

Primary immune response
•Initial exposure to an antigen
•Antibody production
is slower andlower

Secondary immune response
•Subsequent exposure to same antigen
•Faster and larger antibody production
•Memory B cells quickly stimulated
 to differentiate and multiply
•Immunological memory


	Seven Microbiology and virology
	CHAPTER CONTENTS
	Bacteriology, mycology and parasitology
	Introduction
	Morphology and structure
	Classification and typing
	Pathogenesis

	Laboratory identification
	Specimen collection
	Culture
	Antigen detection
	Nucleic acid detection
	Antibody detection

	Bacteria and disease
	Normal flora
	Normal genital tract flora of women
	Gram-positive and  Gram-negative bacteria
	Spirochaetes, mycoplasmas, chlamydiae and other bacteria

	Killing bacteria
	Action of antibiotics
	Physical methods
	Sterilization/disinfection
	Heat
	Chemicals
	Other


	Mycology
	Pathogenic fungi
	Moulds
	True yeasts
	Yeast-like fungi
	Dimorphic fungi


	Parasites
	Protozoa
	Helminths (worms)


	Virology
	Introduction
	Viral nucleic acid
	Replication
	Structure of viruses
	Diagnosis of viral infections

	Viruses of importance in obstetrics and gynaecology
	Viruses which may induce severe infection in pregnancy
	SARS and other coronaviruses
	Intrauterine infections
	Rubella
	CMV
	Varicella
	Parvovirus B19
	HIV-1 and -2
	Enteroviruses (polioviruses, coxsackie A and B viruses, echoviruses)

	Perinatal infections
	HSV
	Hepatitis B
	Hepatitis C
	Human papillomavirus (HPV)
	Human T cell lymphotrophic virus  type 1 (HTLV-1)



	References


