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2
Introduction to Basic Immunology

2.1. Introduction

The goal of this chapter is to introduce readers to the main components of the 
immune system and how they are thought to function, to prepare readers for 
the more detailed mechanistic exploration of some topics in the following 
chapters. More comprehensive descriptions of immunobiology can be found 
in standard immunology textbooks, such as the two listed in the suggested 
readings at the end of this chapter. We begin with a very brief elaboration of 
the history of the development of modern immunology mentioned in 
chapter 1.

2.2. A Very Brief History of Immunology

The history of the development of immunology until the eighteenth century 
can be traced by following the story of how humans battled smallpox. Small-
pox probably started circulating in humans about 12,000 years ago and killed 
millions of people over many centuries. Our ancestors observed that people 
who recovered from smallpox could become caregivers to those afflicted with 
the disease without becoming sick again. This led to the practice of a form of 
vaccination against smallpox in India and China (since probably as early as 
1500 AD). In China, material from smallpox sores was dried and powdered, 
and after a waiting period, the powder was inhaled nasally through a silver 
tube. In India, a similar procedure involved storing material from smallpox 
sores for a while and then mixing it with rice and rubbing it into punctures 
made in the skin of uninfected people. This procedure was called variolation, 
after the name of the causative virus, variola. The technique was brought to 
the West by an Englishwoman, Mary Wortley Montagu, and for a while it 



10  C h a p t e r  2

was practiced by some, as it could protect against smallpox. However, variola-
tion caused unpleasant smallpox-like symptoms, and it was a dangerous pro-
cedure that could result in the full-blown disease and even cause small epidem-
ics. Thus, it was not widely adopted.

Edward Jenner developed the first effective and safe procedure to protect 
humans from smallpox infection. Jenner heard that dairy maids who were ex-
posed to cowpox (which is usually harmless to humans) did not contract 
smallpox or respond to variolation. After researching this subject for some 
years, in May 1796, Jenner inoculated a boy named James Phipps with pus 
from a cowpox-infected milkmaid named Sarah Nelmes. Two months later, 
Jenner showed that Phipps was protected from smallpox, as he did not acquire 
any symptoms upon being variolated. Subsequently, Jenner carried out the 
procedure on others and showed that they also were protected from the dis-
ease, and his technique became widely practiced. Coordinated international 
vaccination drives ultimately eradicated smallpox from the planet, thus ending 
tremendous suffering. Jenner is thus rightly regarded as a heroic historic figure. 
More broadly, vaccination has protected humanity from diverse diseases and 
saved millions of lives.

When Jenner did his work, nothing was known about the immune system 
or that microorganisms cause disease. Although many people contributed to 
the science, Louis Pasteur and Robert Koch led efforts showing that infectious 
diseases were caused by microorganisms.

Observations such as mold growing on bread led to the popular idea that 
microorganisms were spontaneously generated. Although others had previ-
ously provided evidence against this notion, Pasteur conducted a clever 
experiment that clearly demonstrated that microorganisms were not spon-
taneously generated. He had previously described that heating liquid food 
products to high temperatures and sealing the container prevented spoil-
ing. This is the basis for the process of pasteurization of beer and milk. 
Pasteur stored boiled water in two swan-necked flasks, one of which was 
tilted as shown in Fig. 2.1. Microorganisms grew in the water only in the 
tilted flask. In the upright flask, airborne germs that entered the neck were 
trapped on the glass surfaces and so could not access and colonize the 
water. This demonstration was the death knell of the spontaneous genera-
tion theory.

Koch worked on diverse bacteria, such as those that cause cholera, anthrax, 
and tuberculosis. He developed procedures to isolate and grow bacteria, which 
allowed them to be studied in detail. Based on his studies, Koch established 
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the following postulates for determining that a particular pathogen is the caus-
ative agent of a disease:

1.	 The microorganism must be present in every instance of the disease.
2.	 The microorganism must be isolated from a human with the disease 

and grown in culture. Culturing bacteria involves providing nutrients 
that enable bacteria to multiply.

3.	 The microorganism grown in culture must cause the same disease 
upon injection in animal models.

4.	 Samples from the animal in which disease thus occurs must contain 
the same organism that was present in the original human with the 
disease.

Koch’s postulates are still used to establish the causative agents of bacterial 
infections.

Koch and Pasteur were vigorous competitors, and both developed vaccines 
against diseases that mostly affected animals. A serendipitous observation led 
Pasteur to develop a new paradigm for vaccination that was different from 
Jenner’s. In experimenting with chicken cholera, Pasteur inoculated chickens 
with the causative bacteria. When the chickens did not get sick, he found that 
the culture in which the bacteria were grown had spoiled, and so the bacteria 
were damaged. After culturing the bacteria anew, Pasteur inoculated the same 
chickens again, presumably to save resources. They still did not get sick! This 

figure 2.1. Schematic depiction of Pasteur’s experiment disproving the idea 
that microorganisms are spontaneously generated.
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is how he discovered that inoculation with a killed or attenuated (thus harm-
less) form of the same pathogen could safely confer protection. This was a 
paradigm shift compared to Jenner’s strategy, which required finding harmless 
pathogens related to the dangerous pathogen that caused severe human dis-
ease. Since Pasteur’s discovery, many vaccines have been developed that are 
composed of weakened, killed, or altered variants of a pathogen that causes 
human disease. The annual influenza vaccine and polio vaccines are 
examples.

The success of vaccination strategies devised by Jenner, Pasteur, Koch, and 
others motivated scientists to seek the mechanisms underlying how vaccina-
tion works, which led to the development of the modern science of immunol-
ogy. A major advance was made by Metchnikoff, who, in 1882, showed that 
certain cells could eat and digest (phagocytose) invading species as part of the 
immune response. In 1890 von Behring and Kitasato had a very significant 
insight into the mechanism by which vaccines might work. They showed that 
blood (or serum) from vaccinated or infected people contained a substance 
that specifically bound to the pathogen. They termed this substance antibodies. 
Antibodies were used as a therapy for diphtheria, which used to kill many 
children.

Since then, major advances have been made in understanding the funda-
mental aspects of immunology. It is now clear that antibodies and various 
other cell types (such as the ones discovered by Metchnikoff) play important 
roles in mediating an immune response. The following is an incomplete list of 
scientists who made major contributions to these advances: Landsteiner, Eh-
rlich, Pauling, Burnett, Tonegawa, Baltimore, Doherty, Zinkernagel, Unanue, 
Eisen, Benacerraf, Davis, Mak, Bjorkman, Wylie, Weiss, Steinman, Janeway, 
Hoffmann, Medzhitov, Boettler, Miller, and Nussenzweig. We will learn about 
some of their discoveries in later parts of this chapter and book.

2.3. Classes of Microbial Pathogens

Prior to learning how the immune system combats pathogens, let us briefly 
consider the different types of pathogens that infect humans and cause disease. 
Table 2.1 lists common pathogens and the routes they take to invade human 
bodies. Pathogens are typically classified into four categories: viruses, bacteria, 
fungi, and parasites. Examples of viruses include influenza and the human 
immune deficiency virus (HIV). The World Health Organization (WHO) 
estimates that 290,000 to 650,000 people die each year from influenza 
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infections. HIV, the causative agent of acquired immune deficiency syndrome 
(AIDS), is estimated by the WHO to have killed well over 40 million people. 
While the immune system usually combats influenza successfully and clears 
the virus, HIV is not documented to have been definitively cleared by natural 
immune responses by anyone, although the immune system of rare individuals 
can control the virus to persist only at very low levels. There is no vaccine or 
cure for HIV, but new drugs are highly effective at prophylaxis, and lifelong 
use of antiretroviral drugs can control the virus to undetectable levels.

A bacterium that poses a major global health challenge is Mycobacterium 
tuberculosis, the causative agent of tuberculosis. The WHO estimates that tu-
berculosis killed 1.25 million people in 2023 alone. Antibiotics are adminis-
tered to treat bacterial infections like tuberculosis, but strains resistant to such 
drugs have evolved and pose a major challenge. Currently, there is no effective 
vaccine against tuberculosis that provides long-term protection.

The immune system usually combats fungi (like Candida) very effectively, 
except when the immune system is compromised (e.g., in persons infected with 
HIV). Parasites live at the expense of the host they invade. Parasitic infections are 
common in tropical countries and are major causes of human suffering in, for 

table 2.1. Examples of pathogens, the diseases they cause, and their portals  
of entry

Route of entry Pathogen Disease

Mucosal surfaces
Airway Influenza virus 

Neisseria meningitidis
Influenza 
Meningococcal meningitis

Gastrointestinal tract Salmonella typhi 
Rotavirus

Typhoid fever
Diarrhea

Reproductive tract Treponema pallidum Syphilis

External epithelia
External surface Tinea pedis Athlete’s foot
Wounds and abrasions Bacillus anthracis 

Clostridium tetani
Pasteurella tularensis

Anthrax 
Tetanus 
Tularemia

Insect bites Flavivirus 
Borrelia burgdorferi 
Plasmodium spp.

Yellow fever 
Lyme disease 
Malaria

Source: Adapted from C. Janeway, P. Travers, M. Walport, and M. Shlomchik, Immunobiology, 
5th edition, Garland (2001).
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example, parts of Africa and Asia. A prominent example of a disease-causing para-
site is Plasmodium, which is the causative agent of malaria. The WHO estimates 
that in each of the years 2022 and 2023 roughly 600,000 people died of malaria.

2.4. The Immune System of Higher Organisms Comprises 
Diverse Organs and Cells

The immune system of organisms that evolved after jawed vertebrate fish can 
roughly be divided into two inextricably linked parts called the innate and 
adaptive immune systems. The innate immune system comprises various 
types of cells and molecules that serve as first responders when a pathogen 
invades the host. These first responders perform two critical functions. Many 
types of innate immune cells can engulf pathogens and secrete substances that 
create an inhospitable environment for the pathogen. These actions of the 
innate immune system aim to control the pathogen, but they also make the 
host feel unwell (with fever, loss of appetite, chills, and the like). Despite the 
effects of innate immunity on pathogens, infection can be established.

The second key function of the innate immune system is to alert the cells 
of the adaptive immune system to the presence of the pathogen and its type, 
and to mediate the activation of adaptive immunity. The innate immune re-
sponse subsequently begins to wane. The host starts feeling well in 7–10 days 
when the adaptive immune system mounts a bespoke response tailored to the 
specific infecting pathogen. A memory of this specific pathogen is imprinted 
in the adaptive immune system when the infection is cleared. This pathogen-
specific immunological memory enables robust and rapid responses upon 
reinfection with the same pathogen, and this is the basis of vaccination.

In contrast, the innate immune response is not specific to a particular patho-
gen and, to our knowledge, does not exhibit immune memory of specific patho-
gens. However, recent evidence suggests that some cells of the innate immune 
system can maintain a hypersensitive state for some time after exposure to cer-
tain components common to many bacteria. This phenomenon can offer some 
protection against different pathogens in the same class for some time.

Figure 2.2 depicts the cell types that make up the innate and adaptive im-
mune systems, all of which originate in the bone marrow. Hematopoietic stem 
cells differentiate into platelets, red blood cells, and the precursors of immune 
cells. Cells of the innate and adaptive immune systems originate from the com-
mon myeloid progenitor and the common lymphoid progenitor, respectively.
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The common myeloid progenitor differentiates into the granulocyte/
macrophage progenitor, from which the innate immune cells are derived 
(granulocytes, monocytes, dendritic cells). Granulocytes are so called because 
granules are observed inside them. Monocytes differentiate in tissues into cells 
called macrophages. Mast cells are also a part of the innate immune system, and 
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figure 2.2. The various cell types of the immune system differentiate from 
pluripotent hematopoietic stem cells that originate in bone marrow. The 
common lymphoid progenitor also differentiates into NK cells (not shown). 
Redrawn from C.A. Janeway, P. Travers, M. Walport, and M. Shlomchik, 
Immunobiology, 5th edition, Garland Publishing (2001).
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they are derived from an unknown progenitor. Erythrocytes are red blood cells, 
and platelets play an important role in blood clotting.

The common lymphoid progenitor differentiates into T lymphocytes 
(T cells) and B lymphocytes (B cells), and these are the key players that 
mount pathogen-specific adaptive immune responses. The common lymphoid 
progenitor also differentiates into cells called natural killer (NK) cells, which 
are considered to be a part of the innate immune system that play an important 
role in immune defense. We will not consider NK cells further.

In this book, we will largely focus on the adaptive immune system and how 
it responds to and overcomes most pathogen infections. The goal is to illus-
trate how the convergence of ideas from physics, biology, and medicine can 
lead to advances in immunology that can potentially be harnessed to prevent 
and cure diseases. However, the adaptive immune system’s function is depen-
dent on the innate immune system, and so we begin with a short description 
of the functions of its cells.

2.5. Overview of the Innate Immune System

The innate immune system can detect the presence of pathogens, as well as 
the type of infection (e.g., bacterial, viral, parasitic), and then signal the adap-
tive immune system to mount appropriate responses. Cells of the innate im-
mune system express several types of receptors on their outer membrane and 
in intracellular endosomal compartments that recognize specific types of 
pathogen components. For example, some receptors can bind to specific types 
of sugars and other constituents typically expressed on the surface of bacteria 
and not in higher organisms. Others can detect intracellular viral DNA and 
RNA. The innate immune system also comprises molecules that can detect 
chemicals produced by a functioning intracellular pathogen. The sensing of 
conserved elements of pathogens, together with signatures of their functions, 
informs the innate immune system about the nature of invading pathogens.

Many types of cells and molecules mediate the functions of innate immu-
nity. For example, eosinophils and basophils play an important role in control-
ling parasites. Mast cells reside near small blood vessels and are implicated in 
allergic reactions. We will focus on cells called phagocytes because they are 
very important for both innate and adaptive immunity. Phagocytic cells were 
discovered by Metchnikoff. They engulf and “digest” microorganisms in intra-
cellular vesicles, and this process is called phagocytosis (derived from phagein, 



I n t r o du c t i o n  t o  B a s i c  I m m u n o l o g y   17

the ancient Greek word for “to eat”). Neutrophils, macrophages, and dendritic 
cells (DCs) are important examples of phagocytic cells.

Neutrophils express receptors on their surface that can bind to common 
substances on pathogen surfaces (such as carbohydrates and lipids). They can 
then engulf the pathogen and produce hydrogen peroxide, superoxide anion, 
and other substances toxic to bacteria. Neutrophils die shortly after phagocy-
tosis, and dead neutrophils are a major component of pus. Neutrophils are 
among the first lines of immune defense. Individuals with neutrophil defi-
ciency suffer from uncontrolled bacterial infections and live for only a short 
time without therapeutic interventions.

Macrophages and DCs play key roles in activating adaptive immunity. A 
hierarchical set of blood proteins called complement is normally inactive. The 
first protein in the hierarchy is activated by interactions with a pathogen or 
with antibodies bound to a pathogen. The activated component of the comple-
ment then activates the next protein in the hierarchy, and so on, thus setting 
up a chain reaction of activation of many complement proteins that are able 
to bind to pathogens. Phagocytic cells have receptors on their surface that can 
bind to complement bound to pathogens, which promotes their activation and 
concomitant pathogen engulfment. Macrophages internalize pathogens in 
phagosomes (Fig 2.3), and the actions of enzymes therein can break down the 
proteins of many pathogens. Lysosomes, which are bodies containing antimi-
crobial agents within macrophages, can fuse with phagosomes, and the anti-
microbial agents can damage bacterial pathogens.

Macrophages and DCs express a family of evolutionarily ancient receptors 
called toll-like receptors (TLRs). The importance of TLRs for mediating an 
immune response was first discovered in fruit flies, and different types of TLRs 
and other types of receptors that can detect pathogens have now been identi-
fied. These receptors “recognize” different types of pathogen components. For 
example, some TLRs recognize viral DNA or RNA, while others recognize 
bacterial cell-wall components (e.g., lipopolysaccharide). Thus, receptors like 
TLRs inform the immune system of the type of infection (viral, bacterial, 
etc.). DCs are long-lived cells that reside in tissues in immature form. When 
their TLRs bind to pathogen components, the DCs engulf them, and the DCs’ 
phenotype changes into a mature form that does not engulf pathogens. Mature 
DCs migrate from tissues to organs, where they encounter cells of the adaptive 
immune system and help activate the adaptive immune response. TLRs are 
also expressed in endosomes, and they detect the presence of nucleic acids. 
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Regulatory mechanisms have evolved that allow endosomal TLRs to differen-
tiate between self and foreign nucleic acids.

TLR binding to pathogen components or their complexes with blood pro-
teins initiates a cascade of biochemical reactions in macrophages and DCs 
resulting in transcription of new genes that cause them to secrete molecules 
called cytokines and chemokines. These chemicals are important for many 
functions, including the type of immune response that results. For example, 
certain kinds of cytokines, as well as complement components, cause inflam-
mation, which is critical for the immune response for many reasons. Interest-
ingly, this issue was heatedly debated in Metchnikoff ’s times, when many be-
lieved inflammation was part of the pathogenesis of disease-causing microbes, 
rather than part of the immune response.

Inflammation is characterized by heat, redness, swelling, and pain. The action 
of cytokines results in the dilation of local blood vessels and increased blood 
flow, which manifest as heat and redness. Inflammation induces blood vessel 
walls to express molecules that can bind to cells of the immune system, promot-
ing their adhesion to the blood vessel walls. Inflammation also causes the endo-
thelial cells making up the walls of blood vessels to separate from one another, 

Lysosome

Phagosome

Macrophages engulf and digest 
bacteria to which they bind

Macrophage
internalizing pathogen

figure 2.3. Macrophages are an important class of phagocytes. Phagosomes 
are bodies inside macrophages wherein enzymes break down pathogens. 
Lysosomes are bodies in macrophages that contain antimicrobial agents. 
Redrawn from C.A. Janeway, P. Travers, M. Walport, and M. Shlomchik, 
Immunobiology, 5th edition, Garland Publishing (2001).
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thus increasing the permeability of the blood vessel walls. Enhanced adhesion 
of immune cells to the more permeable walls results in migration of these cells 
from blood vessels into tissues. The enhanced permeability of blood vessel walls 
also results in leakage of blood components into tissues, causing swelling. Cyto-
kines also activate certain types of neurons associated with experiencing pain.

Cytokines have many additional functions that regulate immune responses. 
One of these functions is to act on pathogens (effector functions). For ex-
ample, the cytokine TNFα induces localized clotting of blood, thereby isolat-
ing the infected area. Other cytokines raise the body temperature (fever), 
which serves to lower pathogen activity. A family of cytokines called interferons 
(IFNs) has potent antiviral activity—for example, blocking viral replication. 
Cytokines and chemokines also attract neutrophils and macrophages to the 
site of an infection. In addition to these types of effector functions, cytokines 
secreted by innate immune cells also regulate the adaptive immune response. 
Depending upon the kind of pathogen detected, different kinds of cytokines 
are secreted, stimulating particular types of adaptive immune responses (dis-
cussed later in this chapter).

All immune responses result in a cost to the host, with different types of re-
sponses associated with particular costs. For example, the inflammatory re-
sponse makes one feel sick, and certain types of responses cause host tissue 
damage. If a pathogen or its products are detected deeper in the host, more se-
vere immune responses with a higher cost to the host arise. For example, a patho-
gen detected in skin may result in localized inflammation, whereas the same 
pathogen detected in blood causes a severe systemic response. It is thought that 
the immune system balances the cost to the host due to the pathogen against the 
cost due to damage caused by the immune response (immunopathology). Aber-
rant regulation of these processes can be very dangerous for the host. For ex-
ample, uncontrolled secretion of cytokines, called cytokine storms, are such 
events often accompanying severe infections and can lead to death.

2.6. The Adaptive Immune System

Pathogens evolve strategies to evade innate immune responses and, despite 
these responses, may succeed in establishing infection. As noted earlier, the in-
nate immune system also mediates the activation of cells of the adaptive immune 
system, which then results in a response specific for a particular pathogen (e.g., 
a particular strain of influenza virus or a specific coronavirus).
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An obvious question then arises: How can the adaptive immune system 
mount pathogen-specific responses against an enormous number of existing 
and future pathogens? In the 1950s, an Australian immunologist, Macfarlane 
Burnet, proposed an answer to this question. Since the late nineteenth century, 
it was known that blood from animals and humans infected or immunized 
with a specific pathogen contained substances, called antibodies, that could 
bind specifically to the pathogen or the toxins it produced. Burnet proposed 
that lymphocytes were the source of antibodies, arguing that each lymphocyte 
displayed a few (maybe even one) antibodies. When an individual is exposed 
to a pathogen, the lymphocytes displaying antibodies specific for this patho-
gen (specific clones) are activated, and they proliferate and carry out functions 
that damage this pathogen and eliminate it.

Burnet’s idea, which was not based on hard experimental data, is called the 
clonal selection theory. While reality is more complex, Burnett was in essence 
correct, and his work had an enormous impact on immunology. Today we know 
lymphocytes orchestrate pathogen-specific adaptive immune responses, there 
are two kinds of lymphocytes, and precursors to both types are first produced 
in the bone marrow. The lymphocytes that then develop and mature in the organ 
called the thymus (T) are called T lymphocytes (T cells), and those that develop 
in the bone marrow (B) are called B lymphocytes (B cells). B cells produce anti-
bodies, and T cells have many functions, which include killing infected cells.

Humans have many billion T cells and a similar number of B cells. T cells 
and B cells express receptors on their surface called T cell receptors (TCRs) 
and B cell receptors (BCRs), respectively. A huge diversity of TCRs and BCRs 
is generated, and most, but not all, T cells and B cells express a single type of 
receptor. Thus, with high probability, the TCR (BCR) expressed by a T cell 
(B cell) is distinct from that expressed by another T cell (B cell). A given TCR 
or BCR can bind to a specific molecular component of a particular pathogen 
(the receptor’s ligand), and TCRs and BCRs bind to very different types of 
pathogen-derived ligands. Receptor specificity means that a TCR or BCR that 
binds well to a particular ligand will likely not bind well to another ligand that 
is even somewhat different. Most T cells exhibit distinct specificities, but some 
can exhibit the same specificity, meaning they can bind to the same ligand. 
Each T cell can also exhibit some cross-reactivity, in that it can bind to a few 
ligands. These statements are also true for B cells. Thus, because the repertoire 
of B cells and T cells in every individual can generate a huge diversity of TCRs 
and BCRs, each person’s immune system has the potential to mount pathogen-
specific responses against diverse pathogens.
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We next discuss how lymphocytes encounter pathogens, how the diversity 
of receptors is generated, the structures and ligands of TCRs and BCRs, and 
the functions of T cells and B cells.

2.6.1. T cells and B cells First Encounter Pathogens  
in Lymphoid Tissues

Humans and other organisms with an adaptive immune system have a number 
of lymphoid organs, the primary ones of which are the thymus and the bone 
marrow. As discussed in the previous section, T cells and B cells are produced 
in the bone marrow. B cells mature in the bone marrow, and T cells mature in 
the thymus (discussed in detail in chapter 3). After maturation, lymphocytes 
enter the bloodstream. The other lymphoid organs, called peripheral or sec-
ondary lymphoid organs, are distributed throughout the body (Fig. 2.4A). 
These organs include the spleen, ubiquitously distributed lymph nodes, and 
other lymphoid tissues. Lymphocytes first encounter pathogens in the periph-
eral lymphoid organs.

A set of vessels, called the lymphatic vessels, connect tissues to peripheral lym-
phoid organs (Fig. 2.4B). For example, the so-called afferent lymphatic vessels 
drain extracellular fluid from tissues to the closest lymph node. Upon infection 
this fluid, called lymph, contains pathogens as well as DCs and macrophages that 
may have detected and phagocytosed pathogens. Lymphocytes circulating in 
blood enter lymphoid organs by squeezing through blood vessels in lymph 
nodes. Multiphoton microscopy techniques that image lymph nodes in anesthe-
tized mice vividly show the dynamics of this process. A snapshot from such a 
video (Fig. 2.5) shows T cells labeled with fluorescent markers squeezing 
through the walls of a large blood vessel called the high endothelial venule to 
enter a lymph node.

The lymph nodes are highly organized structures (Fig. 2.6). B cells are largely 
present in structures called follicles. T cells are present in structures around the 
follicles. T cells and B cells encounter pathogens and innate immune cells that 
can activate lymphocytes in lymph nodes and other peripheral lymphoid organs. 
After activation and proliferation, lymphocytes and their products (e.g., antibod-
ies), as well as lymph, leave a lymph node by so-called efferent lymphatic vessels 
and return to the blood by the thoracic duct (Fig. 2.4B). Activated effector lym-
phocytes and antibodies then migrate into tissues by squeezing through blood 
vessel walls and attack pathogens at the sites of infection. The principal effector 
functions of lymphocytes are described later in this chapter.
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2.6.2. The Structures of the BCR 
and TCR

Figure  2.7A shows an X-ray crystal 
structure of a BCR. Each receptor is 
composed of two identical light chains 
(of molecular weight ~25 kDa each) 
and two identical heavy chains (of mo-
lecular weight ~50  kDa each). As 
shown in the schematic (Fig. 2.7B), the 
two heavy chains are linked to each 
other by disulfide bonds, and each 
heavy chain is associated with a light 
chain. There are two types of light 
chains, called λ and κ. Both light chains 
of a particular BCR are of the same 
type, either λ or κ. There do not appear 
to be any functional differences be-
tween these two types of light chains, 
but it is interesting that the ratio of λ 
and κ chains varies among species. Each heavy and light chain has a so-called 
constant region and a variable region. The constant regions exhibit very 
limited diversity from one BCR to another. The different forms of heavy-chain 
constant regions and their functions will be discussed later in this chapter. 
Most of the diversity among BCRs is focused on the variable regions of the 
heavy and the light chains. The variable regions of the two chains come to-
gether to form a BCR’s antigen binding site. Since each BCR consists of two 
identical heavy and light chains, each BCR has two identical binding sites that 
can bind to a pathogen’s molecular components. Different BCRs are likely to 
have different variable regions and so are likely to exhibit different binding 
specificities. Each short arm of the Y-shaped BCR is called a fragment for 

figure 2.4. (A) The primary lymphoid organs (bone marrow and thymus), 
secondary lymphoid organs, and lymphatic vessels. (B) The flow of immune 
cells and antigens through lymphatic vessels and blood. Redrawn from C.A. 
Janeway, P. Travers, M. Walport, and M. Shlomchik, Immunobiology, 5th edition, 
Garland Publishing (2001).

figure 2.5. T cells labeled with 
a fluorescent marker are shown 
squeezing out of a large blood 
vessel (high endothelial venule) 
to enter a lymph node. The cells 
shown in white are those that have 
internalized an antigen (e.g., a DC). 
Image from the laboratory of U. 
von Andrian. Reproduced with 
permission.
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antigen binding (Fab) and is often used in experiments to determine the bind-
ing properties and antigen specificities of a BCR.

When a BCR is bound to a ligand, the part of the BCR protruding into the 
cytoplasm of the B cell on which the BCR is expressed associates with other 
cytoplasmic molecules to initiate a cascade of biochemical reactions that ulti-
mately can lead to new gene transcription programs and activation of the 
B cell. Activated B cells can mount potent pathogen-specific responses, by 
mechanisms discussed later in this chapter and in more detail in chapter 5.

The TCR is also composed of two chains of different types linked by disulfide 
bonds (Figs. 2.8A and B). The most common type of TCR is one with two types 
of chains, called α and β. A less common type of TCR is made up of chains called 
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lymphatic vessel

Paracortical area
(mostly T cells)

Primary lymphoid 
follicle (mostly 
B cells)

Medullary cords 
(macrophages 
and plasma cells)

Medullary sinus

Artery

Vein

Germinal center
Marginal sinus

E�erent 
lymphatic vessel

figure 2.6. Schematic representation of the organization of different types of 
immune cells in a lymph node. Fluid from lymphatic vessels enters the lymph 
node via the afferent lymphatic vessel and leaves by the efferent lymphatic 
vessel. The organization of the lymph node helps promote interactions between 
T helper cells and B cells. The germinal centers discussed in section 2.6.8 are 
also depicted. Redrawn from C.A. Janeway, P. Travers, M. Walport, and M. 
Shlomchik, Immunobiology, 5th edition, Garland Publishing (2001). Copyright 
© 2001 by Garland Publishing.
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γ and δ; the function of these γδ T cells is not completely understood. Each 
chain of an αβ TCR has a constant region and a variable region. The variable 
regions of the α and β chains come together to form the binding site of the TCR. 
The binding sites of different TCRs are usually distinct, but the short tail of the 
TCR protruding into the cytoplasm of the T cell on which the TCR is expressed 
does not vary from one TCR to another. In chapter 6 we will discuss how this 
tail on a TCR bound to a ligand associates with other cytoplasmic molecules to 
initiate a cascade of biochemical reactions that can ultimately lead to new gene 
transcription programs and T cell activation. The effector functions of activated 
T cells help mount an adaptive immune response.

2.6.3. How a Great Diversity of Lymphocyte Receptors Is Generated

According to current estimates, roughly 107 different TCR β chain amino acid 
sequences and a similar or higher diversity of BCR sequences are generated in 
each individual. As there are roughly 20,000 protein-coding genes in humans, 
if receptor variants were encoded in the human genome as separate genes, with 
each lymphocyte expressing one possible variant, the number of genes 
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figure 2.7. (A) A crystal structure of a BCR. The two identical heavy chains 
are shown in white and dark gray for clarity, and the light chains are shown in 
lighter gray. (B) Schematic representation of the BCR showing the disulfide 
bonds that link the two chains. Both heavy and light chains have variable and 
constant regions, labeled VH, VL, CH, and CL, respectively. Reproduced from 
C.A. Janeway, P. Travers, M. Walport, and M. Shlomchik, Immunobiology, 
5th edition, Garland Publishing (2001).
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encoding for lymphocyte receptors would greatly exceed the total number of 
human coding genes. Susumu Tonegawa’s elegant experiments in 1976 re-
vealed the mechanism underlying the generation of the observed enormous 
diversity of BCR sequences. The mechanism for generating diverse TCR se-
quences is very similar.

The genes that code for a BCR are inherited from one’s parents not as a 
single gene but as gene segments. The variable regions of light chains are en-
coded in two segments: the light chain variable region, VL and the light chain 
joining region, JL, which is so called because it joins the variable region to the 
constant region of the BCR gene. Similarly, the variable region of the heavy 
chain is made up of three segments: the VH region, the JH region, and the DH 
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figure 2.8. (A) The structure of an αβ TCR. The α and β chains have 
constant and variable regions. The variable regions of the two chains come 
together to form the antigen binding region of the TCR. (B) Schematic 
representation of the structure of the TCR showing the disulfide bond that 
links the α and β chains. The cytoplasmic tail of the TCR is important for 
intracellular biochemical reactions that can lead to T cell activation upon TCR 
binding to an antigen. Reproduced from C.A. Janeway, P. Travers, M. Walport, 
and M. Shlomchik, Immunobiology, 5th edition, Garland Publishing (2001).
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region (diversity region). There are many variants of each type of variable gene 
segment. During the development of each B cell, one variant of each type of 
gene segment is stochastically selected and connected by the process of DNA 
recombination to result in a single gene for a heavy or a light chain. The single 
gene resulting from this process of recombination codes for a particular vari-
able region of a heavy chain or a light chain sequence. The entire process is 
called VDJ recombination. The variable regions of the heavy and the light 
chains are joined to the gene segments that code for their corresponding con-
stant regions. The translated heavy and light chain proteins, whose gene seg-
ments recombine independently, then pair to form a particular BCR. The 
process of DNA recombination is irreversible, so if a B cell divides, the prog-
eny will express the same BCR as the parent. In circumstances to be described 
later, the progeny can also express a mutated form of the receptor.

Noncoding regions adjacent to the different types of gene segments ensure 
that a VL region can combine only with a JL region (and not a different type of 
VL region), DH regions combine with JH regions, and VH regions are joined to 
the DH-JH complex. Some enzymes mediating recombination are lymphocyte 
specific, but others are not.

The diversity of BCRs that can be generated this way in a single human is 
enormous. As noted earlier, there are two types of light chains, κ and λ. For κ 
chains, there are 40 types of VL regions and 5 types of JL regions, so there are 200 
different possible combinations of VL and JL genes that could code for a κ light 
chain. For λ chains, there are ~30 types of VL regions and 4 types of JL regions, 
resulting in 120 possible genes for λ light chains. Thus, there are 320 possible 
variants of light chains. There are roughly 40 possible VH gene segments, 27 types 
of DH segments, and 6 types of JH segments. Therefore, there are roughly 6500 
types of heavy chains. This simple calculation suggests that 6500 × 320 ~ 2 × 106 
distinct BCR genes could be assembled. This diversity is significantly augmented 
by junctional diversity, that is, the stochastic addition or deletion of some nucleo-
tides at the junctions during recombination of the gene segments.

The actual diversity of the BCR repertoire available to a human is different 
from that obtained from the simple estimates just discussed, for several rea-
sons. For example, although most combinations of heavy and light changes 
fold into functional BCRs, some do not. Also, the frequency of recombination 
of the different types of variable gene segments is not uniform, as assumed for 
making simple estimates.

The availability of high-throughput sequencing data has made it possible 
to create statistical models to quantitate the process of VDJ recombination 
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and thus characterize the statistical properties of T cell and B cell repertoires. 
We will not describe these models in detail, but the suggested readings at the 
end of this chapter will lead the reader to these elegant efforts to learn the 
statistical rules of VDJ recombination.

The basic approach is to write a model for the probability of observing a 
sequence that is the product of VDJ recombination, considering the possibil-
ity of different recombination scenarios resulting in the same sequence and 
the effects of sequencing errors. The probabilistic model for sequence genera-
tion contains parameters that are inferred by maximizing the likelihood of the 
observed sequence data. The TCR and BCR sequences in blood samples taken 
from organisms (including humans) have been used as data for inferring these 
maximum likelihood probabilistic models for VDJ recombination and char-
acteristics of receptor repertoires.

The general scheme employed to generate a diversity of TCRs is very simi-
lar to that described for B cells. The α chains are encoded by diverse V and J 
genes, and the β chains are encoded by V, D, and J genes. But there are some 
differences. For example, the constant regions of the α and β chains of TCRs 
exhibit essentially no diversity. There is only one type of Cα region, and there 
are two types of Cβ regions, with no functional differences between them. The 
reason is that the constant regions of T cells are important only for transduc-
ing biochemical signals inside the cell when a TCR is productively bound to 
its ligand and do not mediate T cell effector functions. The constant regions 
of BCRs have more diversity in helping carry out different B cell effector func-
tions, as we shall soon describe.

2.6.4. What Features of Pathogens Do BCRs Bind (Recognize)?

BCRs can bind to diverse pathogenic components, including proteins, parts 
of proteins, and parts of sugar molecules or proteins on the surfaces of bacteria 
and viruses. The part of the pathogenic component that a BCR binds to is 
called its epitope. BCRs bind to their epitopes via the antigen binding site cre-
ated by the variable regions of their heavy and light chains. A BCR’s epitope 
can comprise amino acids that are not contiguous along the sequence of the 
pathogenic protein, sugar, or other component, owing to the nonlinear shapes 
of pathogenic proteins or sugars and the BCR antigen binding site. Antibody-
antigen binding is mediated by noncovalent interactions like hydrogen bonds 
and electrostatic and van der Waals interactions. Three-dimensional shape 
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complementarity between the BCR’s antigen binding site and the epitope 
favors stronger noncovalent interactions.

B cells principally interact with pathogens present in blood, lymph nodes, 
and extracellular spaces in tissues. They can also interact with intracellular patho-
gens, such as viruses, because such pathogens traverse extracellular spaces to 
infect new host cells. If a BCR binds to a surface protein of a pathogen suffi-
ciently strongly, intracellular biochemical reactions can result in B cell activation. 
Activated B cells undergo processes described later in this chapter and chapter 5 
that ultimately lead to the secretion of modified and soluble forms of the BCR, 
called antibodies. Antibody binding to pathogens in blood and extracellular 
spaces results in functions mediated by the innate immune system that can elimi-
nate the pathogen (discussed later). It is important to note that some antibodies 
bind to epitopes of the pathogen’s proteins that prevents the pathogen from in-
fecting new cells. For example, an antibody can bind to an epitope on the surface 
protein of a virus that includes the region that binds to host cell receptors to 
infect cells. Such antibodies are called neutralizing antibodies and are very potent, 
because they inhibit infection and act through other effector functions. Antibod-
ies can also act on infected cells via various effector functions, for example, by 
binding to virus particles budding out of the infected cell.

2.6.5. What Features of Intracellular Pathogens  
Do TCRs Recognize?

The immune system mounts pathogen-specific responses against infected cells 
principally through the action of T cells. Molecular markers of intracellular 
pathogens in phagocytic cells and other cell types infected by pathogens are 
displayed on the surface of these cells, appropriately called antigen presenting 
cells (APCs). Through their TCR, T cells recognize the presence of the 
pathogen-derived molecular markers displayed by APCs.

Viruses replicate by synthesizing their proteins in host cells. For example, 
most infecting RNA viruses make many copies of their RNA genome in the 
cytoplasm of infected cells, and the host cell’s ribosome then translates these 
RNA molecules into proteins. Retroviruses, like HIV, integrate their genome 
into the host cell’s DNA and hijack the host transcriptional and translational 
apparatus to produce viral proteins, which are then assembled into new virus 
particles in the cytosol and on the host cell’s membrane. Some bacteria also 
replicate in the cytosol. Proteins in the cytosol can be cleaved into short 
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peptides by the host cell’s proteasomes, which are large protein complexes that 
usually degrade used or misfolded host proteins. The pathogen-derived pep-
tides generated in the cytosol by proteasomes are the molecular markers of 
pathogens ultimately displayed on the surface of APCs.

Proteins or peptides that are eventually transported to the cell surface are 
assembled in a subcellular structure called the endoplasmic reticulum (ER). Spe-
cialized proteins transport peptides generated in the cytosol across intracellular 
membranes into the ER. The major histocompatibility complex (MHC) genes in 
vertebrates encode information for two classes of proteins called MHC class I 
and MHC class II molecules. MHC class I molecules are present in excess in the 
ER, which allows them to rapidly bind to some of the peptides transported from 
the cytosol to the ER. Subsequently, the peptide-MHC complexes (pMHC) are 
transported to the cell surface and act as molecular flags of infection.

Cytotoxic T lymphocytes (CTL) are a kind of T cell with TCRs that can 
potentially recognize (i.e., bind sufficiently strongly to) peptides bound to 
MHC class I molecules. In addition to the TCR, the CTLs display a molecule 
called CD8 on their surface. CD8 can bind to MHC class I molecules, and the 
TCR binds to the pMHC complex (Fig. 2.9). An enzyme called Lck that can 
initiate downstream biochemical reactions necessary for T cell activation is 
linked to the cytoplasmic tail of CD8. Other molecules also bind across the 
T cell–APC junction to mediate T cell activation. In chapter 6 we will discuss 
the biochemical signals triggered by TCR-pMHC interactions that result in 
activation. In chapter 3 we will describe the conditions necessary for activated 
T cells to proliferate and mediate effector functions. The effector functions of 
CTLs will be described later in this chapter.

Many bacteria and some parasites are taken up by phagocytic cells in cell 
membrane–bound cytosolic vesicles called endosomes. B cells also internalize 
pathogens in endosomes upon their BCR binding to them sufficiently 
strongly—a process necessary for potent antibody production (discussed in a 
later section). Pathogens that live and replicate in vesicles and endosomes are 
not accessible to proteasomes. Proteases and peptidases in endosomes and 
vesicles can degrade proteins to generate short peptides, which are then deliv-
ered to the cell surface by binding to MHC class II proteins. MHC class II pro-
teins are also present in the ER, but they are prevented from binding peptides 
in this compartment because a protein called MHC class II–associated invariant 
chain binds to MHC class II and partially blocks the peptide-binding groove in 
the molecule. MHC class II–associated invariant chain also plays a key role in 
targeting MHC class II molecules to acidic vesicles and endosomes. In these 
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acidic compartments, the invariant chain is cleaved, allowing the binding of pep-
tides therein to MHC class II molecules. Specialized intracellular vesicles trans-
port the pMHC class II complexes thus generated to the cell surface.

T helper cells are another type of T cell. They can bind to peptide-MHC 
class II molecules displayed on the surface of phagocytic cells and B cells that 
have ingested pathogen. T helper cells express a molecule called CD4 on their 
surface that can bind to MHC class II molecules, and the TCR binds to the 
pMHC complex (Fig. 2.9). The same enzyme bound to CD8 is also bound to 
CD4, and it can initiate downstream biochemical reactions necessary for 
T cell activation. There are many varieties of T helper cells, which mediate 
different effector functions, as will be described later in this chapter.

Almost all types of cells express MHC class I proteins, perhaps because all 
cells can potentially be infected by viruses, which replicate in the cytosol. Red 
blood cells do not express MHC Class I. The parasite that causes malaria can 
live in red blood cells protected from the action of CTLs. MHC class II mol-
ecules are largely expressed on B cells and cells presenting antigen to T cells 
(DCs, macrophages, etc.).

Lck

CD4/8

Ag

MCHI/
MCHII

TCR

figure 2.9. The TCR on a CD8 T cell (CTL) can interact with an antigenic 
peptide (Ag) bound to MHC class I molecules. CTLs also express a molecule 
called CD8 that can bind to MHC class I molecules. An enzyme called Lck 
bound to the cytoplasmic tail of CD8 is important for initiating intracellular 
biochemical reactions upon TCR binding to antigen. The TCR on T helper cells 
can bind to Ag bound to MHC class II molecules. In T helper cells, a molecule 
called CD4 binds to MHC class II; CD4 is also associated with Lck.
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2.6.6. There Is a Great Diversity of MHC Molecules in a Population, 
Exhibiting Different Peptide Binding Characteristics

In humans the MHC genes are located in chromosome 6 and are called human 
leukocyte antigen (HLA) genes. Three loci code for HLA class I molecules, and 
three code for HLA class II molecules. The three major HLA class I genes are 
called HLA-A, HLA-B, and HLA-C, and the three class II genes are called HLA-
DR, HLA-DP, and HLA-DQ. Another type of HLA molecule (HLA-E) is also 
expressed on most cells, but usually at low levels. The HLA genes are among the 
most polymorphic genes in humans, with thousands of variant alleles in the 
human population. Each individual can express up to two alleles (one from each 
parent) at each locus. Thus, an individual can typically express three to six types 
of HLA class I molecules and three to six types of HLA class II molecules. Dif
ferent HLA molecules tend to bind to different peptides, thereby enabling an 
individual to bind to peptides derived from diverse pathogens. Because of the 
enormous diversity of HLA alleles in the population, two individuals who are 
not identical twins are highly unlikely to express an identical set of HLA mole-
cules, although some may be common. To emphasize the importance of the 
polymorphism of HLA genes for protecting the human population from diverse 
pathogens, consider the scenario in which a single type of HLA molecule was 
expressed in all humans. If a pathogen evolved whose peptides did not bind to 
this HLA molecule, no one in the population would be able to mount a T cell 
response to this pathogen, thus potentially wiping out the population.

To generalize for vertebrates, we will return to referring to the molecules 
that present peptides to T cells as MHC molecules. MHC class I molecules 
consist of two chains that form four domains (Fig. 2.10A). One chain, called 
the α chain, has a molecular weight of 43 kDa and comprises three domains 
(α1, α2, and α3). The other chain, called β2-microglobulin, has a molecular 
weight of 12 kDa and is noncovalently associated with the α chain. Only the 
α chain spans the cell membrane. The α1 and α2 domains of MHC class I 
molecules come together to form the peptide-binding groove. The free amino 
and carboxy terminal ends of peptides bind to the MHC groove by hydrogen 
bonding and electrostatic interactions to invariant sites found at both ends of 
MHC class I molecules (Fig. 2.10B). The peptides sit in elongated forms in the 
groove; peptides that are 8–11 amino acids long can bind to MHC class I 
molecules, with 9-mers being most common. Two amino acids of the peptide, 
called anchor residues, are buried in the MHC class I molecule groove to fur-
ther facilitate peptide binding, with diverse peptides able to bind to a given 
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MHC class I molecule. Different MHC class I alleles prefer different types and 
distinct positions of anchor residues. The major sites of polymorphism in 
MHC molecules lie in the peptide-binding groove, thus enabling them to bind 
to different sequences of peptides. Machine learning–based models trained 
on experimental data have been developed to predict the binding of different 
peptides to distinct MHC molecules. They are reasonably accurate in predict-
ing whether a peptide will bind to a given MHC class I molecule.

MHC class II proteins are made up of two chains (α and β), both of which 
span the membrane (Fig. 2.11A). There are four domains: α1, α2, β1, and β2. 
The ends of the peptide-binding groove in MHC class II molecules are more 
open compared with those of MHC class I molecules, and the ends of the 
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figure 2.10. (A) A schematic representation of an MHC class I molecule 
showing the α1, α2, and α3 domains and the β2 microglobulin. (B) A bound 
peptide is shown in the MHC molecule’s peptide binding groove. Reproduced 
from C.A. Janeway, P. Travers, M. Walport, and M. Shlomchik, Immunobiology, 
5th edition, Garland Publishing (2001). Copyright © 2001 by Garland 
Publishing. Used by permission of W.W. Norton & Company, Inc.
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peptide hang out of the groove (Fig. 2.11B). Thus, MHC class II molecules 
bind to peptides that are longer and of more variable length (~13–17 amino 
acids). Anchor residues are buried in the groove and are essential for peptide 
binding. Because of the open ends and diversity of peptide lengths that can 
bind to MHC class II proteins, it is harder to predict which peptides are likely 
to bind to MHC class II molecules using machine learning–based inference 
(compared with predictions for MHC class I molecules), but these models are 
becoming increasingly more accurate.

Crystal structures of TCRs interacting with pMHC molecules show that 
the TCR is oriented diagonally over the peptide and peptide-binding groove 
(Fig. 2.12). In MHC class I molecules, the α chain of the TCR sits over the α2 
domain of the MHC and the amino terminal end of the peptide; the β chain 
of the TCR lies over the α1 domain and the carboxy terminal of the peptide. 
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figure 2.11. (A) A schematic representation of an MHC class II molecule 
showing the different α and β domains. (B) A bound peptide is shown in the 
MHC class II molecule’s peptide binding groove, which is more open than the 
MHC class I molecule’s groove. Reproduced from C.A. Janeway, P. Travers, M. 
Walport, and M. Shlomchik, Immunobiology, 5th edition, Garland Publishing 
(2001). Copyright © 2001 by Garland Publishing. Used by permission of W.W. 
Norton & Company, Inc.
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The most variable regions of the 
TCR are the complementary de-
termining region 3 (CDR) loops. 
CDR3 loops of the TCR are 
aligned on top of the central ex-
posed amino acids of the peptide. 
Structures of pMHC class II–TCR 
complexes reveal similar features.

2.6.7. T Cell Activation  
and Effector Functions

Phagocytes, such as DCs and mac-
rophages, internalize pathogens and 
display pathogen-derived pMHC 
molecules on their surface. Suffi-
ciently long-lived binding of a 
T cell’s TCR to a pMHC molecule 
results in intracellular biochemical 
reactions that can lead to new gene 
transcription programs and T cell 
activation. In chapter 6 we will dis-
cuss these biochemical reactions 
that enable T cell activation and 
why sufficiently long-lived TCR-
pMHC binding is required. Host 
proteins (e.g., misfolded ones) are 
also processed into short peptides 
and displayed on the surface as 
pMHC molecules. Considered to-
gether, the topics discussed in chap-
ters 3 and 6 will provide insights 
into how T cells discriminate be-
tween self- and pathogen-derived 
pMHC molecules and how the bio-
chemical network in T cells enables T cells to respond to just a few pathogen-
derived pMHC molecules in a background of many self-pMHC molecules. Ac-
tivated T cells can proliferate and mediate different effector functions.
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figure 2.12. A crystal structure of a 
TCR binding to a peptide bound to an 
MHC class I molecule. The text 
describes more details of the structure. 
Reproduced from C.A. Janeway, P. 
Travers, M. Walport, and M. Shlomchik, 
Immunobiology, 5th edition, Garland 
Publishing (2001). Copyright © 2001 by 
Garland Publishing. Used by permission 
of W.W. Norton & Company, Inc.
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A CD8 T cell expressing a TCR that binds sufficiently strongly to a pMHC 
molecule displayed on an APC can become activated and proliferate. If an 
activated CD8 T cell interacts with another infected cell displaying the same 
pMHC molecule that activated it, it can secrete various products that can kill 
the infected cell, which is why CD8 T cells are also called cytotoxic T lympho-
cytes (CTLs) or killer T cells. CTLs mediate an important effector function 
of the immune system by clearing infected cells.

As noted earlier, phagocytes, B cells, and others express MHC class II pro-
teins, and T helper cells can be activated by sufficiently long-lived interactions 
between their TCRs and pMHC class II molecules. Activated T helper cells 
can proliferate and differentiate into a variety of effector cell types and coor-
dinate an immune response in different ways. Regulatory T cells (Tregs) are one 
type of T helper cell, and as we will discuss in chapter 3, they play an important 
role in suppressing autoimmune responses. Activated T helper cells that are 
not Tregs differentiate into two broad classes of effector cells called Th1 and 
Th2 cells. Innate immune cells, especially phagocytes, secrete specific cyto-
kines based on the kind of pathogen detected, and the cytokine environment 
drives the response of the adaptive immune system. Cytokine IL-12 promotes 
differentiation to Th1 cells, and IL-4 is necessary for generating Th2 cells. 
Various other factors, such as the types of hormones in the environment and 
antigen dose, also determine whether activated T helper cells differentiate into 
Th1 or Th2 cells. This differentiation occurs 48–72 hours after activation, so 
there is ample time for innate immunity to sense the type of danger and in-
struct the adaptive immune system appropriately.

The two broad categories of immune responses to infection with a micro-
bial pathogen are called type I and type II and are principally orchestrated by 
Th1 and Th2 cells, respectively. While these two types of cells carry out differ
ent functions and secrete various cytokines, the clearest difference between 
them is that Th1 cells secrete interferon-gamma (IFNγ), and Th2 cells secrete 
IL-4. IFNγ stimulates upregulation of MHC class I and II molecules, intracel-
lular killing of pathogens, and secretion of cytokines that cause inflammation. 
Such a proinflammatory response accompanied by CTL activation and killing 
of infected cells is the hallmark of a type I immune response. Type II responses 
directed by Th2 cells are characterized by production of large amounts of an-
tibodies (see next section). Responses to parasites and allergens are type II 
responses. It is important to note that type I responses do not actively suppress 
type II responses, and so antibodies are produced during a type I response. 
Conversely, type II responses actively suppress type I responses.
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2.6.8. B Cell Activation and Antibody Production

As noted earlier, if a B cell’s BCR binds sufficiently strongly to its epitope, in-
tracellular biochemical reactions inside the B cell contribute to its activation. 
A BCR bound to its pathogenic epitope can also internalize the pathogen, 
because the B cell membrane, and its associated cytoskeleton, exerts a force 
that pulls the BCR toward the membrane. If the BCR binds sufficiently 
strongly to the pathogenic epitope, the pathogen is internalized. Otherwise, 
the BCR-pathogen epitope bond breaks. (The process of antigen internaliza-
tion is discussed later in this section.) Internalized antigen is then processed, 
and the resulting pMHC class II complexes are displayed on the B cell surface. 
B cells with BCR that bind more strongly to the antigen are likely to internalize 
more antigen and display more pMHC molecules on their surface.

T helper cells that have been independently activated by APCs can then in-
teract with B cells displaying antigen-derived pMHC molecules. The probability 
of interactions between these B cells and T cells activated by the same pathogen 
is enhanced by the organization of the lymph node (Fig. 2.6). The B cells migrate 
through the T cell zone in lymph nodes to increase the encounter probability. 
Interactions between the TCR on T cells and pMHC molecules displayed on B 
cells with internalized antigen can result in B cell activation, and B cells display-
ing larger numbers of pMHC molecules are more likely to have productive in-
teractions with T cells. Activation also requires other molecules on the T cell 
surface and depends on the cytokines secreted by the T cells.

A key interaction is that between a protein called CD40 expressed on the 
B cell surface and its ligand on the T cell surface.

The BCR has a hydrophobic constant region anchoring it to the B cell mem-
brane. Activated B cells proliferate, with some differentiating into a form called 
plasma cells, and secrete a form of the BCR with a hydrophilic constant region. 
This soluble form of the BCR is an antibody. As mentioned in the previous chap-
ter, antibodies are what von Behring and Kitasato found in the serum of vacci-
nated or infected individuals, and they have important effector functions.

The first phase of antibody production just described is consistent with 
Burnet’s proposal that there are many B cell clones with different antibodies, 
and those binding to a particular infecting pathogen sufficiently strongly ex-
pand upon encounter. The discovery of VDJ recombination explained how a 
diverse repertoire of B cell clones is created in a single individual.

But an important puzzle remained. The antibodies produced during the first 
stage of their production have a relatively low affinity for the pathogen. Well 
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before the discovery of VDJ recombination, it was observed that the antigen 
affinity and potency of antibodies increased with time after immunization. This 
was definitively demonstrated by Eisen and coworkers, who immunized rabbits 
with small-molecule antigens called haptens (Fig. 2.13). Antibodies specific for 
the immunizing hapten, and not the others, developed, and the affinity of the 
antibodies increased with time after immunization. It was subsequently shown 
that the increase in affinity with time is accompanied by mutations (so-called 
somatic mutations) in the BCR sequences initially activated by the immunizing 
antigen. These mutations and the increasing affinity of antibodies for the patho-
gen with time after infection or vaccination are the result of a Darwinian evolu-
tionary process called affinity maturation. Studies in mice revealed the mecha-
nisms underlying affinity maturation, which we now describe.

After the first phase of the antibody response described earlier, activated B 
cells form and enter structures in lymph nodes (Fig 2.14) called germinal cen-
ters (GCs), where affinity maturation occurs. GCs contain many types of cells 
in addition to B cells, notably phagocytes called tingible-body macrophages.

The GC is divided into two zones (Fig. 2.14), labeled the dark zone (DZ), 
because it appears dark in images obtained by light microscopy, and the light 
zone (LZ), because it has a lighter appearance. The DZ contains B cells, and 
the LZ contains a network of cells called follicular dendritic cells (FDCs), 
B cells, and T cells (mostly CD4 T cells).

Affinity maturation has been studied extensively over the years, and recent 
studies using multiphoton microscopy to image GCs in live animals or ex-
planted lymph nodes kept “alive” in culture have clarified several aspects of the 

NH2

COOH

NH2

COOH

NH2

COOH

Simplest haptens

figure 2.13. The haptens shown are isomers; immunization with one of them 
results in antibodies specific for the immunizing hapten and not for others.

(continued...)
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