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• The ability to respond faster and stronger 
to repeated exposure to the same microbe

• Part of the adaptive immune response

• Relies on both T (CD4+ and CD8+) and B 
cells

Immunological memory



1. Memory B cells
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develops, activated B cells that produce antibodies that 
bind to antigens with increasing affinity progressively 
dominate the response; this process is called affinity 
 maturation.

 !  The type and amount of antibodies produced vary 
according to the type of antigen driving the immune 
response, the involvement of T cells, a prior history 
of antigen exposure, and the anatomic site at which 
activation occurs. The influence of these factors on 
the humoral immune response is discussed in detail 
later in this chapter.

 !  Antibody responses to protein antigens require that the 
antigen be internalized by specific B cells, processed, 
and peptides presented to CD4+ helper T lymphocytes, 
which then activate the B cells. For this reason, pro-
teins are classified as T-dependent antigens. The 
term helper T lymphocyte arose from the realization that 
T cells stimulate, or help, B lymphocytes to produce 
antibodies. A specialized type of helper T cell, called a 
follicular helper T cell, facilitates the formation of 
germinal centers, which are structures generated in 
lymphoid organs where several aspects of T-dependent 
humoral immune responses occur.

 !  Antibody responses to multivalent non-protein an-
tigens with repeating determinants, such as polysac-
charides, some lipids, and nucleic acids, do not require 
antigen-specific helper T lymphocytes. Multivalent 
anti gens (so called because each antigen molecule con-
tains multiple identical epitopes) are therefore called 
T-independent antigens. These responses are elic-
ited by engagement of the B cell receptor (BCR) and 
may be enhanced by the signals from other receptors 
on the B cells.

 !  Activated B cells differentiate into antibody-secreting 
plasma cells. In T-dependent responses, the plasma cells 
or their precursors migrate from germinal centers in the 
peripheral lymphoid organs, where they are produced, 
to the bone marrow, where they may live for many 
years. These long-lived plasma cells continuously secrete 
antibodies that provide immediate protection whenever 
a microbe recognized by those antibodies infects the in-
dividual.

 !  Some progeny of B cells activated in a T-dependent man-
ner may differentiate into memory cells. These memory 
T cells survive in a resting state without secreting anti-
bodies for many years, but they mount rapid responses 
on subsequent encounters with the antigen.

 !  Isotype switching and affinity maturation are typically 
seen in helper T cell–dependent humoral immune re-
sponses to protein antigens. Both of these processes 
result from the stimulation of B cells by helper T cells. 
The T cell signals that drive isotype switching and af-
finity maturation, and their molecular mechanisms 
and functional significance, are discussed later in the 
chapter.

 !  Primary and secondary antibody responses to protein 
antigens differ qualitatively and quantitatively (Fig. 
12-2). Primary responses result from the activation 
of previously unstimulated naive B cells, whereas 
secondary responses are due to the stimulation of ex-
panded clones of memory B cells. Therefore, the sec-
ondary response develops more rapidly than does the 
primary response, and larger amounts of antibodies 
are produced in the secondary response. Heavy chain 
isotype switching and affinity maturation also increase 
with repeated exposure to protein antigens.
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FIGURE 12-1 Phases of the humoral immune response. The activation of B cells is initiated by specific recognition of antigens 
by the surface Ig receptors of the cells. Antigen and other stimuli, including helper T cells, stimulate the proliferation and differentiation of the 
specific B cell clone. Progeny of the clone may differentiate into plasma cells that produce IgM or other Ig isotypes (e.g., IgG), may undergo 
affinity maturation, or may persist as memory cells.
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 !  Distinct subsets of B cells respond preferentially to dif-
ferent types of antigens (Fig. 12-3). Follicular B cells in 
peripheral lymphoid organs primarily make antibody 
responses to protein antigens that require collaboration 
with helper T cells. Marginal zone B cells in the spleen 
and other lymphoid tissues recognize multivalent anti-
gens, such as blood-borne polysaccharides, and mount 
primarily T-independent antibody responses. B-1 cells 
in mucosal tissues and the peritoneum also mediate 
largely T-independent responses.

  
With this background, we proceed to a discussion of B 

cell activation, starting with the interaction of antigen with 
B cells. We will then describe the role of helper T cells in 
B cell responses to protein antigens and the mechanisms 
of isotype switching and affinity maturation. We conclude 
with a discussion of T-independent antibody responses.

ANTIGEN RECOGNITION AND ANTIGEN-INDUCED  
B CELL ACTIVATION

To initiate antibody responses, antigens have to be captured 
and transported to the B cell areas of lymphoid organs. The 
antigens then initiate the process of B cell activation, often 
working in concert with other signals that are generated 
during innate immune responses triggered by microbes 
during infections or by adjuvants in vaccines. We will next 
describe these early events in B cell activation.

Antigen Capture and Delivery to B Cells

Most mature naive B lymphocytes are follicular B cells 
(sometimes also called recirculating B cells) that constantly 
recirculate in the blood and migrate from one secondary 
lymphoid organ to the next in search of antigen. Follicular 
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FIGURE 12-2 Primary and secondary humoral immune responses. In a primary immune response, naive 
B cells are stimulated by antigen, become activated, and differentiate into antibody-secreting cells that produce antibodies 
specific for the eliciting antigen. A secondary immune response is elicited when the same antigen stimulates memory 
B cells, leading to production of greater quantities of specific antibody than are produced in the primary response. Note 
that the characteristics of secondary antibody responses summarized in the table are typical of T-dependent antibody 
responses to protein antigens.
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B cells enter secondary lymphoid tissues (spleen, lymph 
nodes, mucosal lymphoid tissues) through blood vessels 
located in the T cell zones, and then they migrate into 
the follicles, the B cell zones of these tissues. The move-
ment into lymphoid follicles is guided by the chemokine 
CXCL13 secreted by follicular dendritic cells, the major 
stromal cell type in the follicle, as well as by other stromal 
cells. CXCL13 binds to the CXCR5 chemokine receptor 
on the recirculating naive B cells and attracts these cells 
into the follicles. As we will discuss later, the same che-
mokine-receptor pair is also important during immune 
responses because it can attract a subset of activated T 
cells to the follicle.

Antigen may be delivered to naive B cells in lymphoid 
organs in different forms and by multiple routes. Anti-
gens that enter by crossing an epithelial barrier as well as 
antigens in the circulation are collected and brought to 
the follicles by several mechanisms (Fig. 12-4).
  
 !  Most antigens from tissue sites are transported to 

lymph nodes by afferent lymphatic vessels that drain 
into the subcapsular sinus of the nodes. Soluble anti-
gens, generally smaller than 70 kD, may reach the B 
cell zone through conduits that extend between the 
subcapsular sinus and the follicle and interact directly 
with specific B cells.

 !  Subcapsular sinus macrophages capture large microbes 
and antigen-antibody complexes and deliver these to 
follicles, which lie under the sinus.

 !  Many relatively large antigens that enter the node 
through afferent lymphatic vessels are not captured 
by subcapsular sinus macrophages and are too large 
to enter the conduits. These antigens may be cap-
tured in the medullary region by resident dendritic 

cells and transported into follicles, where they can 
activate B cells.

 !  Antigens in immune complexes may bind to comple-
ment receptors (in particular the complement receptor 
type 2 or CR2) on marginal zone B cells, and these cells 
can transfer the immune complex–containing antigens 
to follicular B cells.

 !  Immune complexes may also bind to the complement 
receptor CR2 on the surface of follicular dendritic cells 
and the antigens in these complexes are then presented 
to antigen-specific B cells.

 !  Blood-borne pathogens may be captured by plasmacy-
toid dendritic cells in the blood and transported to the 
spleen, where they may be delivered to marginal zone 
B cells.

 !  Polysaccharide antigens can be captured by mac-
rophages in the marginal zone of splenic lymphoid 
follicles and displayed or transferred to B cells in this 
area.

  
In all of these cases, the antigen that is presented to B 

cells is generally in its intact, native conformation and is not 
processed by antigen-presenting cells. This, of course, is one 
of the important distinctions between the forms of antigens 
recognized by B and T lymphocytes (see Chapter 6).

Activation of B Cells by Antigens and Other Signals

Antigen and cytokines play important roles in the sur-
vival of naive B cells. Naive follicular B cells survive for 
limited periods until they encounter antigen (see Chap-
ter 2). Follicular B cell survival depends on signals from 
the BCR as well as on inputs received from a tumor 
necrosis factor (TNF) superfamily cytokine called BAFF 
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FIGURE 12-3 Distinct B cell subsets mediate different types of antibody responses. Follicular B cells respond to protein 
antigens and thus initiate T-dependent antibody responses. T-independent responses to multivalent antigens are mediated mainly by marginal zone 
B cells in the spleen and B-1 cells in mucosal sites. These functional distinctions between subsets are not absolute.
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differentiation of T cells into TFH cells. The interactions 
between activated B cells and helper T cells are medi-
ated by integrins and by members of the SLAM family of 
costimulators. A signaling molecule that associates with 
these SLAM family proteins in TFH cells is called SAP, and 
SAP signaling stabilizes the expression of transcriptional 
regulators, particularly Bcl-6, that are required for TFH 
cell development. SAP is mutated in patients with a dis-
ease known as X-linked lymphoproliferative syndrome, 
which is associated with defects in antibody and cytotoxic 
T cell responses (see Chapter 21).

The defining cytokine of TFH cells is IL-21. This cyto-
kine is required for germinal center development and con-
tributes to the generation of plasma cells in the germinal 
center reaction. IL-21 secreted by TFH cells also facilitates 

germinal center B cell selection events and the differentia-
tion of activated B cells into plasmablasts. In addition to 
IL-21, TFH cells secrete other cytokines, including IFN-γ or 
IL-4, and likely low levels of IL-17 as well, and all of these 
cytokines participate in isotype switching.

TFH cells play several important roles in the activation and 
differentiation of B cells in the germinal center reaction. These 
roles depend on several signals, including ICOSL, CD40L, and 
IL-21, and will be discussed in detail below.

Heavy Chain Isotype (Class) Switching

In T-dependent responses, some of the progeny of acti-
vated IgM- and IgD-expressing B cells undergo heavy 
chain isotype (class) switching and produce antibodies 

FIGURE 12-12 The germinal center 
reaction in a lymph node. Activated B 
cells migrate into the follicle and proliferate, 
forming the dark zone of the germinal center. 
These B cells undergo extensive isotype 
switching and somatic hypermutation of Ig 
V genes, and migrate into the light zone, 
where they encounter follicular dendritic cells 
displaying antigen and TFH cells. B cells with 
the highest affinity Ig receptors are selected 
to survive, and they differentiate into antibody-
secreting cells and memory B cells. The 
antibody-secreting cells leave and reside in 
the bone marrow as long-lived plasma cells, 
and the memory B cells enter the recirculating 
lymphocyte pool.
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Primary response Secondary response

Responding cell Naive B cell Memory cell

Frequency of antigen-specific 
cell

1:104 – 1:105 1:103

Isotype of secreted antibody IgM>IgG IgG, IgA, IgE

Latency period following 
activation

4-7 days 1-3 days

Affinity of antibody low high

Somatic hypermutation low high

Quantity of antibody low 100-1000x higher

Recirculation Secondary lymphoid tissues Periphery

Complement receptor 
expression

low high

Comparison of the primary and secondary 
antibody response
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With this overview, we will proceed to a discussion 
of the signals required for T cell activation and the steps 
that are common to CD4+ and CD8+ T cells. We will con-
clude with a discussion of memory cells and the decline 
of immune responses.

SIGNALS FOR T LYMPHOCYTE ACTIVATION

The proliferation of T lymphocytes and their differentia-
tion into effector and memory cells require antigen recog-
nition, costimulation, and cytokines. In this section, we 
will summarize the nature of antigens recognized by T 
cells and discuss specific costimulators and their receptors 
that contribute to T cell activation. Cytokines are discussed 
later in this chapter and in Chapter 10.

Recognition of Antigen

Antigen is always the necessary first signal for the activa-
tion of lymphocytes, ensuring that the resultant immune 
response is specific for the antigen. Because CD4+ and 
CD8+ T lymphocytes recognize peptide-MHC complexes 
displayed by APCs, they can respond only to protein 

antigens, the natural source of peptides, or to chemi-
cals that modifiy proteins. In addition to the TCR rec-
ognizing peptides displayed by MHC molecules, several 
other T cell surface proteins participate in the process 
of T cell activation (see Fig. 7-9). These include adhe-
sion molecules, which stabilize the interaction of the T 
cells with APCs; coreceptors, which deliver biochemical 
signals that work in concert with signals from the TCR 
complex; and costimulators, which are described later. 
The biochemical signals delivered by antigen receptors 
and coreceptors are discussed in Chapter 7.

Activation of naive T cells requires recognition of anti-
gen presented by dendritic cells. This critical role of den-
dritic cells in initiating T cell responses is because these 
APCs are at the appropriate location to interact with naive 
T cells (see Chapter 6). In addition, the activation of naive 
T cells is dependent on signals such as costimulators (dis-
cussed later) that are highly expressed by dendritic cells. 
Protein antigens that cross epithelial barriers or are pro-
duced in tissues are captured by dendritic cells and trans-
ported to lymph nodes. Antigens that enter the circulation 
may be captured by dendritic cells in the spleen. If these 
antigens are components of microbes or are adminis-
tered with adjuvants (as in vaccines), the resulting innate 
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FIGURE 9-2 Phases of T cell responses. Antigen recognition by T cells induces cytokine (e.g., IL-2) secretion, particularly in 
CD4+ T cells, clonal expansion as a result of cell proliferation, and differentiation of the T cells into effector cells or memory cells. In the 
effector phase of the response, the effector CD4+ T cells respond to antigen by producing cytokines that have several actions, such as 
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• Long-lived cells

• Survive in a quiescent state until re-
encounter with antigen

• Enhanced ability to react with antigen

• Generate new effector cells upon 
encounter with antigen

Memory T cells



• Central memory T cells
– CD45RO+ Lselhi CCR7hi
– migrate to secondary lymphoid organs
– rapid proliferation upon antigen challenge

• Effector memory T cells
– CD45RO+ Lsello CCR7lo
– migrate to peripheral sites
– rapid effector function upon antigen challenge

Central and effector memory T cells



= CD62L

Central and effector memory T cells



Important characteristics of memory T cells 
1. Clonal expansion: higher number of antigen-specific cellsChapter 9 – Activation of T Lymphocytes210

importance of immunologic memory, many fundamental 
questions about the generation of memory cells have still 
not been answered.

Memory cells may develop from effector cells along a 
linear pathway, or effector and memory populations fol-
low divergent differentiation and are two alternative fates 
of lymphocytes activated by antigen and other stimuli 
(Fig. 9-13). The mechanisms that determine whether 
an individual antigen-stimulated T cell will become a 
short-lived effector cell or enter the long-lived memory 
cell pool are not established. The signals that drive the 
development of memory cells are also not fully under-
stood. One possibility is that the types of transcription fac-
tors that are induced during T cell activation influence the 
choice between the development of effector or memory 
cells. For instance, expression of the transcription factor 
T-bet drives differentiation toward effector cells in CD4+ 
and CD8+ populations, whereas expression of a different 

transcription factor Blimp-1 promotes the generation of 
memory cells. Whether induction of these transcription 
factors is a random (stochastic) process or is influenced by 
specific external signals is not yet clear.

Properties of Memory T Cells
The defining properties of memory cells are their ability 
to survive in a quiescent state after antigen is eliminated 
and to mount larger and enhanced responses to antigens 
than do naive cells. Several features of memory cells 
account for these properties.
  
 !  Memory cells express increased levels of anti-apoptotic 

proteins, which may be responsible for their prolonged 
survival. Whereas naive T cells live for weeks or 
months and are replaced by mature cells that develop 
in the thymus, memory T cells may survive for months 
or years. Thus, as humans age in an environment in 

FIGURE 9-13 Development of memory  
T cells. In response to antigen and costimulation, 
naive T cells differentiate into effector and memory 
cells. A, According to the linear model of memory T 
cell differentiation, most effector cells die and some 
survivors develop into the memory population.  
B, According to the branched differentiation model, 
effector and memory cells are alternative fates of 
activated T cells.
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FIGURE 9-12 Clonal expansion of 
T cells. The numbers of CD4+ and CD8+ 
T cells specific for microbial antigens and 
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during immune responses are illustrated. 
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Important characteristics of memory T cells 
2. Memory T cells express the CD45RO isoform

180 kDa
Shorter extracellular domain à tigher contact with TcR à more effective 
signal transduction

200 kDa



Important characteristics of memory T cells 
3. Effector memory T cells migrate to peripheral tissuesChapter 3 – Leukocyte Circulation and Migration into Tissues46
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Important characteristics of memory T cells 
4. Memory T cells are less dependent on costimulation
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lymphocytes. They are absent or expressed at low lev-
els on resting APCs and are induced by various stimuli, 
including microbial products that engage Toll-like recep-
tors and cytokines such as interferon-γ (IFN-γ) produced 
during innate immune reactions to microbes. The induc-
tion of costimulators by microbes and by the cytokines of 
innate immunity promotes T cell responses to microbial 
antigens. This is an excellent illustration of the role of 
innate immune responses in enhancing adaptive immu-
nity (see Chapter 4). In addition, activated CD4+ T cells 
themselves enhance the expression of B7 costimulators 
on the APCs by a pathway dependent on CD40, described 
later, providing a feedback loop that serves to amplify T 
cell responses. Of all potential APCs, mature dendritic 
cells express the highest levels of costimulators and, as a 
result, are the most potent stimulators of naive T cells. The 
temporal patterns of expression of B7-1 and B7-2 differ; 
B7-2 is expressed constitutively at low levels and induced 
rapidly after activation of APCs, whereas B7-1 is induced 
hours or days later.

In Chapter 6, we mentioned the essential role of adju-
vants in inducing primary T cell responses to protein 
antigens such as vaccines. Many adjuvants are products 
of microbes, or mimic microbes, and one of their major 
functions in T cell activation is to stimulate the expression 
of costimulators on APCs.

Unactivated, or resting, APCs in normal tissues are 
capable of presenting self antigens to T cells, but because 
these tissue APCs express only low levels of costimulators, 
potentially self-reactive T cells that see the self antigens 

are not activated and may be rendered permanently unre-
sponsive (see Chapter 15). Regulatory T cells, which are 
important for tolerance to self antigens (see Chapter 15), 
are also dependent on B7:CD28- mediated costimulation 
for their generation and maintenance. It is possible that 
the low levels of B7 costimulators that are constitutively 
expressed by resting APCs function together with the self 
antigens that are displayed by these APCs to maintain 
regulatory T cells.

CD28 signals work in cooperation with antigen rec-
ognition to promote the survival, proliferation, and dif-
ferentiation of the specific T cells. Costimulatory signaling 
via CD28 amplifies signaling pathways that are also 
induced downstream of the T cell receptor (see Chapter 
7) and may trigger additional signals that cooperate with 
TCR-induced signals (Fig. 9-4). PI3-kinase is recruited to 
the cytoplasmic tail of CD28, and this in turn activates 
the downstream pro-survival kinase Akt as well as Itk 
and PLCγ, which can trigger calcium signaling. CD28 
can also contribute to the activation of the JNK MAP 
kinase via the Rac small G protein and can amplify the 
activation of the NF-κB pathway. The net result of these 
signaling pathways is the increased expression of anti-
apoptotic proteins such as Bcl-2 and Bcl-XL, which pro-
mote survival of T cells; increased metabolic activity of T 
cells; enhanced proliferation of the T cells; production of 
cytokines such as IL-2; and differentiation of the naive 
T cells into effector and memory cells. Previously acti-
vated effector and memory T cells are less dependent on 
costimulation by the B7:CD28 pathway than are naive 
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FIGURE 9-4 Mechanisms of T cell costimulation 
by CD28. CD28 engagement induces signaling pathways 
that enhance or work together with TCR signals to stimulate 
the expression of survival proteins, cytokines, and cytokine 
receptors; to promote cell proliferation; and to induce 
differentiation toward effector and memory cells by activating 
various transcription factors (not shown, see Chapters 10 and 
11). These differentiation events may be secondary to the 
increased clonal expansion and may also involve increased 
production of various transcription factors.



T cell type Naive Effector Memory

Phenotype small large, activated small

High affinity IL-2R 
(CD25)

low high low

Lymph node homing 
receptor (CD62L)

high low low, variable

Adhesion molecules: 
Integrins, CD44

low high high

Chemokine receptor
CCR7

high low variable

CD45 Isoform CD45RA CD45RO CD45RO, variable

Effector function After days Yes After hours !!!

APC mainly DCs - B cells, macrophages, 
DCs

Migration, homing Lymph nodes Site of inflammation Site of inflammation
Mucosa, skin

Changes in T cells during the immune response


