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It has been a great pleasure to prepare and present this comprehensive resource
on allergy and asthma. Allergy and Asthma: The Basics to Best Practices is the
first comprehensive collection of up-to-date information on allergy and asthma
of Springer Nature’s Major Reference Works (MRW). In the last five years, a
lot has changed in the field of allergy and immunology, one of many reasons
that have made the timing of this collection a priority.

The present book consists of 41 chapters and is a collective effort of over 80
known experts in the field. From basic immunology to sublingual immuno-
therapy, this book covers a wide variety of topics useful to the practice of
allergy and immunology. The book also benefits from the expertise of two
well-known colleagues, Dennis Ledford, professor of medicine at the Univer-
sity of South Florida, and Tim Craig, professor at Penn State University, as
section editors. What makes this and other MRW publications unique is the
fact that each peer-reviewed chapter is published electronically prior to the
print; this makes the information available to the reader in a timely manner. To
show the viability of newly presented information, each chapter is periodically
updated to serve as an ongoing resource for new information.

The completion of this book would not have been possible without the
support of the editorial team at Springer Nature. I would like to express my
gratitude to Caitlin Prim who invited me to head this project and Andrew
Spencer, senior editor of MRW projects, Daniela Heller, and NithyaPriya
Renganathan. Finally, a special thanks to Richard Lancing, director clinical
medicine, who has supported my relationship with Springer and now Springer
Nature for my previous five books.

Massoud Mahmoudi, DO., Ph.D.
Editor-in-Chief
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Abstract

Immunological protection of the individual
from infection requires the coordinated
involvement of numerous tissues, cell types,
and secreted factors collectively referred to as
the immune system. This is equally true for the
immune response to environmental antigens
that is the underlying cause of diseases such
as allergic asthma and food allergies. This
sequence of events is set in motion by a T cell
response defined by the cytokines that it pro-
duces and their impact on neighboring B cells
to produce antibody that uniquely sensitizes
the host to the offending allergen. Granule-
laden cells of the innate immune system are
the ultimate sources of the powerful inflamma-
tory mediators of the allergic response. To fully
understand the factors which contribute to the
development of allergies and that are discussed
in this book, this chapter provides the reader
with an introduction to the cellular and chem-
ical mediators of the immune response, begin-
ning with those of the innate immune system.
The chapter then works its way to the media-
tors of the adaptive immune system, along the
way covering important topics such as major
histocompatibility complex (MHC), antigen
processing and presentation, and lymphocyte
development. The chapter concludes with an
introduction to hypersensitivity mechanisms,
focusing on the allergic response.

Keywords
Innate - Adaptive - Hypersensitivity
Effector - Differentiation - CD4 - Allergy

1.1 Introduction

A key component of the maintenance of health
and physiological homeostasis is the inherent
ability of the host to protect itself from the many
potential pathogens with which we share our
environment. These measures of protection are
diverse and range from keratinized-stratified skin
offering a physical barrier to infection to cytotoxic
T lymphocytes (CTL) capable of discerning the
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presence of a foreign cytosolic virus and trigger-
ing apoptosis of the infected cell. Collectively, the
tissues, cells (known as leukocytes), and secreted
factors which provide protection against infection
are referred to as the immune system. The mobi-
lization of this system of secreted factors and bone
marrow-derived cells, some of which are resident
to tissues and others of which circulate through
the blood and lymph, takes place in two waves of
recruitment and activation. The first wave consists
of fairly nonspecific cellular and chemical media-
tors whose job it is to rapidly eliminate microbes
that have entered host tissues. Because this pro-
tection is provided by components of the immune
system that are always present at maximum capac-
ity to rapidly respond to an infectious threat, this is
termed innate or natural immunity. While the ben-
efit of the innate immune response is its rapid
mobilization, its limitation is that its mechanisms
of protection are fairly nonspecific in that it deals
with many different microbes using a fairly
restricted set of mechanisms. Additionally, pro-
tection by the innate immune system is not
enhanced by repeated exposure to a pathogen
(i.e., it has no immunological memory). The sec-
ond wave of the immune response is more finely
adapted to deal with the specific pathogen encoun-
tered, and as such takes more time to develop.
Because this form of immunity adapts to specific
infectious agents and is shaped by the host’s his-
tory of pathogen encounter, it is referred to as
adaptive or acquired immunity. It is the adaptive
immune response that provides enhanced protec-
tion from a pathogen that the host has already
encountered, and as such is the functional basis
of the practice of vaccination. It is also the adap-
tive immune system that is responsible for
targeting the harmless antigens of the environ-
ment known to trigger the allergic response. This
chapter begins with an overview of the mediators
of the innate and adaptive immune system,
followed by an in-depth discussion of their
recruitment, activation, and effector function dur-
ing the antimicrobial response. The chapter also
includes a section on the development of the anti-
gen receptors of the adaptive system so that the
reader better appreciates the capacity of the
immune system to recognize and respond to a
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virtually unlimited number of antigens. The chap-
ter concludes with an overview of the ways in
which the immune response can cause tissue
injury with an emphasis on the allergic response.

Features of the Innate Immune
System

1.2

The “ever-present” protection provided by the
innate immune system utilizes different anatomi-
cal and chemical barriers of the host, including the
skin and the epithelial lining of the mucosal sur-
faces of the airway, gastrointestinal, and reproduc-
tive tracts. This barrier is enhanced in the airways
by the mucociliary escalator, whereby would-be
pathogens are trapped in secreted mucus and
forced up by the continuous beating of the cilia
which extend from the respiratory epithelium.
Low physiological pH, secretion of antimicrobial
peptides (defensins and cathelicidins), and the
production of opsonizing surfactants are addi-
tional chemical measures in the digestive tract
and mucous membranes that provide continuous
protection from infection. In the event of an epi-
thelial injury providing the opportunity for infec-
tion, or the penetration of this first line of defense
by a pathogen, additional components of the
innate immune system are rapidly mobilized to
actively respond to the infectious threat. This
includes neutrophils, which are the first cells of
the immune system recruited to the site, followed
by monocytes-macrophages. Both cell types
phagocytose (engulf) and then use proteolytic
enzymes and reactive oxygen species to break
down pathogens and cellular debris. Natural killer
(NK) cells are also rapidly recruited to the site of
an infection and are important in response to
invading viruses (Brown et al. 2001). Dendritic
cells (DCs) in their immature state are resident to
the epithelial tissues of the host. These cells also
take up pathogens and debris but serve a different
ultimate purpose, which is to transport bits of the
infectious invader to the draining lymph nodes for
recognition by lymphocytes of the adaptive
immune system. For this reason, DCs are seen as
the bridge between innate and adaptive immunity
(Mellman and Steinman 2001). Other cells of the

innate immune system, such as mast cells, eosin-
ophils, and basophils, play an important role in the
immune response to parasites and helminths but in
the absence of such types of pathogens are best
known for their roles in acute and chronic allergic
responses (Eckman et al. 2010; Galli et al. 2005;
Blanchard and Rothenberg 2009). Finally, the
innate immune response also includes secreted
factors found in blood and tissue fluids. Principal
among these are proteins of the complement sys-
tem, which are produced by the liver and circulate
in an inactive form. Activation of the complement
system can be triggered in different ways, but
ultimately it contributes to the recruitment of neu-
trophils and destruction of bacterial targets. Addi-
tional secreted factors produced early during the
immune response include the inflammatory cyto-
kines tumor necrosis factor alpha (TNFa) and
interleukin-1 (IL-1), which together have numer-
ous effects on the developing immune response,
such as promoting the recruitment and activation
of neutrophils and macrophages and the induction
of fever.

1.3 Features of the Adaptive

Immune System

If the innate immune response does not remove
the infectious threat, an adaptive immune
response is triggered. The cellular mediators of
the adaptive immune response are called lympho-
cytes. Lymphocytes are found in the bloodstream,
lymph, peripheral lymphoid organs (such as the
spleen and lymph nodes), mucosal epithelial sur-
faces, and sites of infection. There are two princi-
pal types of lymphocytes: B cells and T cells. Both
B and T cells express a diverse repertoire of recep-
tors of the immunoglobulin superfamily that dif-
ferentiate between normal tissue constituents (i.e.,
self) and foreign material derived from microbes,
referred to as antigen. It is estimated that the cells
of the B and T cell compartments have the poten-
tial to express as many as 10''-10'® different
antigen receptors, thereby providing the host
with the capacity to recognize and respond to a
virtually limitless array of foreign antigen and
guaranteeing that no infectious threat will go



unchallenged (Abbas et al. 2012). If there is a
downside to this design, it is that maintaining
such a diversity of lymphocytes limits the number
of cells specific for any one particular microbe. To
compensate for this apparent limitation, antigen
recognition triggers multiple rounds of clonal
expansion of that cell, thereby creating many
daughter cells bearing an identical antigen recep-
tor with specificity for the offending microbe.
Once the microbe has been cleared and the need
for so many cells has passed, a process called
“activation-induced cell death” (AICD) will result
in the contraction of lymphocyte numbers and the
re-establishment of homeostasis. With such an
enormous diversity of antigen receptors and
aggressive amplification of lymphocyte numbers
upon stimulation comes the additional concern of
unintended injury to the host. The likelihood of
this is dramatically reduced, however, by an elab-
orate process of “negative selection” that purges
the repertoire of developing lymphocytes that
express antigen receptors which bind to self-
antigen with high affinity, thereby helping to
establish tolerance to the components of normal
tissue.

Morphologically, B and T cells are indistin-
guishable but are phenotypically quite unique.
To begin with, B and T cells can be distinguished
by the expression of certain molecules on their
cell surface: B cells uniquely express CDI19,
CD20, and CD21, whereas T cells express CD2
and CD3. Furthermore, all CD3 T cells can be
further subdivided into those which express CD4
and CDS. Before encounter with their foreign
antigen, lymphocytes circulate between the
blood, peripheral lymphoid organs, and lymph in
an inactivated or “naive” state. Such cells do not
exhibit an effector function and instead continu-
ously follow this pattern of recirculation in search
of their cognate foreign antigen. Antigen recogni-
tion in the peripheral lymphoid organs will inter-
rupt this pattern, and instead of passing from these
sites to the lymph and later back to the blood, the
lymphocytes will be sequestered as they become
activated, undergo clonal expansion, and differ-
entiate into the powerful effector cells of the adap-
tive immune system (Springer 1994; Zhu et al.
2010). This process takes time, and in an
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individual who has not been previously exposed
to a particular pathogen, a “primary immune
response” can take 7-10 days to develop. Thus,
it becomes clear why the rapid response of the
innate immune system is so important to limiting
the early growth of a pathogen while the adaptive
immune response develops. The T and B cell
response to subsequent exposure to the same path-
ogen will occur with hastened kinetics (3—5 days),
such that the infection may be cleared before the
individual feels ill. This enhanced ‘“secondary
immune response” is the result of the creation of
memory T and B cells during the primary response
that respond rapidly and in greater numbers to
repeated exposure to the same pathogen (Murphy
and Weaver 2017).

Humoral immunity is the term used to describe
B cell-mediated immunological protection, which
is most effective against extracellular microbes
and their toxins. B cells have the capacity to
recognize a diverse array of foreign antigenic
compounds that may be constituent parts of an
invading microbe, including polysaccharides,
proteins, lipids, and nucleic acids. Once fully acti-
vated, B cells differentiate into plasma cells which
produce large amounts of antibody (also called
immunoglobulin) that bind with high affinity to
the original cognate antigen, thereby neutralizing
the pathogen or its toxin or marking it for destruc-
tion by the complement system or a phagocyte.
Alternatively, T cells are most capable of dealing
with intracellular pathogens through mechanisms
collectively referred to as cellular immunity. T cell
antigen receptors recognize microbial proteins
that have been broken down into small peptides
and are displayed on the surface of infected cells
or professional antigen-presenting cells (APCs).
Central to this process of antigen presentation are
the major histocompatibility complex (MHC) pro-
teins that serve as the scaffolding used to display
foreign peptides to T cells. Once activated, CD4 T
cells are most helpful in dealing with intracellular
bacteria and fungal pathogens that have the capac-
ity to survive within macrophages after being
phagocytosed, whereas CD8 T cells are adept at
killing host cells harboring intracellular microbes
in their cytoplasm. In addition, CD4 T cells help to
orchestrate a fully functional humoral immune
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response by providing signals to B cells that
induce a process of antibody affinity maturation
and functional class switching. A third and func-
tionally distinct subset of T cells is best known for
its capacity to suppress the immune response
rather than to promote it. These regulatory T
cells express the CD4 and CD25 cell surface pro-
teins and have been the focus of intense research
over the past 20 years that has clarified some of
the ways in which the immune system balances
pro- and anti-inflammatory signals (Sakaguchi
et al. 2008; Roncarolo et al. 2001).

This chapter will introduce the reader to the
principle cellular and chemical mediators of the
innate and adaptive waves of the immune
response. Because it is the mediators of the adap-
tive immune system that determine one’s likeli-
hood of developing allergies, the focus of this
book, more emphasis will be placed on the devel-
opment, recruitment, and function of these medi-
ators in health and disease.

14 The Innate Immune Response

1.4.1 Recruitment and Function
of the Cellular Mediators
of the Innate Immune Response

The function of the cellular and chemical media-
tors of the innate immune system is to recognize
the presence of tissue injury or microbes that
have defeated the epithelial barriers of the body
and to quickly control, or even eradicate, the
infectious threat. The cellular mediators derive
from common myeloid precursor cells in the
bone marrow under the influence of growth fac-
tors, such as granulocyte colony-stimulating fac-
tor (G-CSF) and monocyte colony-stimulating
factor (M-CSF), that drives the production of neu-
trophils and monocytes/macrophages, respec-
tively (Abbas et al. 2012; Wynn et al. 2013).
Activating an innate immune response begins
with the tissue macrophages, DCs, and mast cells
that are optimally located in the epithelium and
other tissues of the body to serve as sentinel cells
responsible for sensing the presence of invading
microbes and cellular damage (Wynn et al. 2013;

Shortman and Liu 2002). Activation of these
cells is triggered by the recognition of common
structural motifs shared among broad groups
of pathogens, referred to as pathogen-associated
molecular patterns, or PAMPs. PAMPs are not
expressed by host tissues and are often structures
that are essential for the survival and infectivity of
the microbes (Beutler and Rietschel 2003). Exam-
ples are lipopolysaccharide (LPS), a component
of the cell wall of gram-negative bacteria, and
flagellin, a central component of bacterial flagella.
Recognition of these structures is imparted by a
collection of germline DNA-encoded receptors
referred to as pathogen recognition receptors
(PRRs) (Takeuchi and Akira 2010). PRRs are
less diverse than lymphocyte antigen receptors
and are found widely expressed among different
cells of the innate immune system. A major family
of PRRs are called Toll-like receptors (TLR), so
named because of homology with the Toll gene,
first identified by its role during drosophila
embryogenesis and later found to be critical for
adult fly antimicrobial defense (Beutler and
Rietschel 2003; Lemaitre et al. 1996, 1997).
TLRs are numbered one through nine, with each
recognizing distinct bacterial or viral PAMPs such
as LPS, bacterial peptidoglycan, or viral single-
stranded or double-stranded RNA (Takeuchi and
Akira 2010). TLRs specific for microbial compo-
nents encountered as part of the cell wall of extra-
cellular bacteria are expressed at the cell surface,
while those specific for motifs associated with
microbial nucleic acids are found within endo-
somes, where ingested microbes are digested and
their nucleic acids released.

PRR binding to its cognate microbial ligand
triggers a cascade of intracellular signaling events
resulting in the activation of transcription factors,
most notably NF-kB and interferon regulatory
factor (IRF). Following activation and transloca-
tion into the nucleus, NF-kB will promote the
expression of various cytokines and adhesion
molecules important for the early recruitment of
neutrophils and monocytes to the site of infection,
while IRFs drive the production of the antiviral
type I interferons (Hiscott et al. 2006; Honda and
Taniguchi 2006). Two of the most important cyto-
kines produced as a result of PRR engagement



and NF-xB activation are IL-1 and TNFa
(Svanborg et al. 1999). These cytokines play an
early role in the recruitment of neutrophils to the
site of infection by activating the endothelial cells
of local venules. In response, endothelial cells
express the adhesion molecules E-selectin and
ICAM-1 and VCAM-1 (Alon and Feigelson
2002; Bunting et al. 2002). Carbohydrates
expressed by circulating neutrophils bind with
relatively low affinity to E-selectin. Stable adhe-
sion to the endothelium requires the local secre-
tion of the chemokine CXCL-8 (IL-8) which
triggers a conformational change in the leukocyte
integrins LFA-1, MAC-1, and VLA-4, allowing
for high-affinity binding to the endothelial
ligands, ICAM-1 and VCAM-1 (Yoshie 2000;
Luster 2002). Once firmly attached to the endo-
thelium, neutrophils, and later monocytes, will
extravasate into the tissue and follow the chemo-
kine gradient to the site of infection. Once in the
infected tissue, neutrophils and macrophages
engage the pathogen via their PRRs which trig-
gers phagocytosis (uptake) of the microbe into
phagosomes. These loaded phagosomes will fuse
with lysosomes that contain the reactive oxygen
species, nitric oxide, and proteolytic enzymes that
destroy the bacteria. In addition to phagocytosis
and killing of the pathogen, activated macro-
phages are significant sources of IL-1 and TNFaq,
which further enhance the inflammatory reaction
and recruitment of inflammatory mediators. IL-6
and IL-12 are also produced by macrophages and
are important for triggering the production of
acute phase proteins such as C-reactive protein
(CRP) by the liver and promoting a cell-mediated
adaptive immune response, respectively. IL-12
produced by macrophages is also significant for
its activation of NK cells, which in turn enhance
macrophage function through their production of
the critical cytokine IFNy (Godshall et al. 2003).

In addition to enhancing the macrophage
response, NK cells are important for the innate
killing of infected or neoplastic host cells. NK
cells are unique in that they derive from the
same lymphoid progenitor as T and B cells; how-
ever, they do not express a similar repertoire of
diverse antigen receptors. Rather, NK cells utilize
a complement of killer inhibitory and activating
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receptors to differentiate between healthy and
injured or infected cells, and it is the balance of
signals delivered through these receptors that
determine the activation of NK cell-mediated kill-
ing. One well-described activating receptor,
NKG2D, recognizes the MHC class I-like pro-
teins MIC-A and MIC-B that are found on virally
infected and tumor cells but not on healthy cells
(Bauer et al. 1999; Gonzalez et al. 2006). NKG2D
recognition of these molecules delivers signals
that activate NK cytolytic killing of infected cell.
In contrast, inhibitory receptors recognize the cell
surface molecule MHC class I, which is expressed
by all healthy nucleated cells and is critical for
presentation of cytosolic antigen to CD8 T cells
(Borrego et al. 2002; Long 2008). Engagement of
inhibitory receptors suppresses NK cell-mediated
killing of the MHC class I-bearing cell; however,
viruses that replicate in the cytosol and whose
antigen is displayed to CD8 T cells via the MHC
class I molecule have mechanisms to suppress
MHC class I expression. In this situation, inhibi-
tion of NK cell activation is lost and signals deliv-
ered through the activating receptors will
dominate, resulting in NK cell killing of the
infected target cell (Vivier et al. 2008).

1.4.2 Complement System

Vasodilation and increased vascular permeability
at the site of infection or injury not only will result
in the recruitment of cellular mediators such as
neutrophils and monocytes but also will draw in
components of the complement system which are
constitutively found in the blood. The comple-
ment system is composed of multiple plasma pro-
teins, many of which are proteolytic enzymes that
circulate in an inactive form. Activation of the
complement system results in the sequential acti-
vation of these enzymes that serve to cleave other
complement proteins into “a” and “b” fragments
that, as a result, acquire specific functions in the
immune response. The culmination of these
actions is the creation of a transmembrane chan-
nel, called the membrane attack complex (MAC),
in bacterial cell walls that disrupts osmotic bal-
ance and cause lysis of the microbes.
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The cascade of complement protein activation
can be initiated by three different pathways. The
alternative pathway of activation is initiated as
part of the innate immune response and depends
upon the low-level spontaneous hydrolysis of the
C3 complement protein and formation of C3b.
C3b is readily hydrolyzed in the blood and tissue
fluid and is only stabilized upon attachment to the
surface of a microbe. The microbe-bound C3b
then becomes the nucleus for the formation of
convertase enzymes that cleave large amounts of
C3 and later C5 into biologically active “a” and
“b” cleavage products (Gros et al. 2008). The
lectin pathway of complement activation is also
considered part of the innate immune response;
however, it takes longer to become activated
because it requires the production of mannose-
binding lectin (MBL), an acute phase protein, by
the liver. When MBL binds to terminal mannose
residues on the surface of microbes, it becomes
enzymatically active and cleaves circulating C2
and C4 complement proteins, the products of
which contribute to the pathway’s C3 and C5
convertase enzymes (Fujita 2002). The classical
complement pathway is unique in that it requires
the presence of antibody bound to the surface of a
microbe to become activated and is therefore con-
sidered to be an effector function of the adaptive
immune response (McGrath et al. 2006). The
bound antibody becomes a target for the C1 com-
plement protein, which is very similar in function
to MBL in that once bound to antibody, it
becomes enzymatically active to cleave C2 and
C4 complement proteins which lead to the path-
way’s C3 and C5 convertase enzymes. The three
complement pathways converge following the
formation of the C5 convertases and the creation
of large amounts of C5b, which initiates the for-
mation of the (MAC). In addition to microbial
lysis by the formation of the MAC, activated
complement proteins such as C3a and C5a pro-
mote recruitment of neutrophils, while C3b and
C4b are highly effective opsinins that enhance
microbe phagocytosis (Schraufstatter et al. 2002;
Helmy et al. 2006). Complement activation not
only plays an important role in immunity to
pathogens but also is an important player in
tissue damage caused by dysregulated immune

responses, such as those seen during autoim-
mune disease (Hadders et al. 2007).

1.5 The Adaptive Inmune
Response
1.5.1 Organs and Tissues

of the Immune System

While innate immunity is optimal for quickly
recognizing the presence of an infectious agent
and controlling the infection, it is often insuffi-
cient by itself to completely eradicate an infection.
In this regard, the importance of the adaptive
immune system is illustrated in those individuals
with a congenital immunodeficiency that prevents
normal T and B cell development and who often
succumb to infectious disease within the first year
of life unless corrective action is taken, such as a
bone marrow transplant.

T and B cells are derived from common lym-
phoid precursors found in the bone marrow, com-
mitting to either lineage under the influence of
signals delivered through several cell surface
receptors. Signals downstream of these receptors
induce lineage-specific transcription factors that
promote the creation of either T or B cell antigen
receptors. Although both cell types derive from
precursors in the bone marrow, they undergo the
majority of their differentiation in two different
locations: T cells in the thymus and B cells in the
bone marrow. The thymus and bone marrow are
collectively known as the generative, or primary,
lymphoid organs. Lymphocyte development in
both sites follows a similar sequence of progenitor
proliferation under the influence of cytokines such
as IL-7, gene segment rearrangement for the pur-
pose of creating a diverse repertoire of antigen
receptor-bearing cells, and selection of cells with
useful antigen receptors (described in more detail
below).

Following export to the blood from the primary
lymphoid organs, mature naive B and T cells on
the lookout for their cognate microbial antigens
home to peripheral or secondary lymphoid organs
of the body, including the lymph nodes and
spleen. Lymph, derived from plasma that has
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leaked from blood vessels and contains debris
from dying cells and antigens of any infectious
organisms, drains from tissues via a network of
lymphatic vessels. These vessels direct the lymph
into regional lymph nodes where antigen is cap-
tured in T and B cell zones. In addition to antigen
carried passively from infected tissues by lymph,
it is also actively picked up and transported to the
draining lymph nodes by mature DCs. It is there-
fore in the regional lymph nodes, as well as in the
spleen, in which blood-borne antigen is filtered,
where antigen is concentrated from larger regions
of the body and first displayed to the lymphocytes
that continuously home there. Mucosal epithelial
surfaces, such as the small intestine, which are the
portals of entry for the vast majority of infectious
agents that invade the human body, have devel-
oped equally elaborate processes to surveil for the
presence of pathogenic microbes. Specialized
intestinal epithelial cells, called M cells, actively
take up and transport antigens from the intestinal
lumen to the underlying Peyer’s patches, which
consist of aggregates of macrophages, DCs, and
circulating lymphocytes.

1.5.2 Lymphocyte Trafficking

Similar to the trafficking of neutrophils to sites of
infection and inflammation, lymphocytes migrate
to specific sites based upon their particular expres-
sion pattern of select homing and chemokine
receptors. L-selectin and CCR7 are homing recep-
tors found to be highly expressed by naive T cells.
Interaction between L-selectin and its ligand
(PNAJ) expressed by lymph node high endothe-
lial venules (HEVs) initiates a low-affinity, tran-
sient interaction along the local endothelium
(Rosen 2004). CCL19 and CCL21 chemokines,
which are produced in the paracortical T cell areas
of the lymph node, bind to the CCR7 receptor,
which triggers a conformational change in the
LFA-1 integrin allowing it to firmly bind to its
endothelial ligand, ICAM-1, thereby arresting the
lymphocyte. Collectively, these events allow the
naive T lymphocyte to enter the lymph node
which will now follow the CCL19 and CCL21
gradient to the structure’s T cell area (Cyster 1999,
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2000). In a beautifully choreographed interaction,
DCs carrying antigen captured from regional tis-
sue sites and also bearing the CCR7 chemokine
receptor will be equally drawn in by the CCL19
and CCL21 gradients to the T cell zone, thereby
allowing for the DC presentation of captured anti-
gen to the circulating T cells. Alternatively, circu-
lating naive B cells, which localize to the follicles
of the lymph node cortex, express the chemokine
receptor CXCRS, which specifically recognize
and follow the CXCL13 chemokine produced
only in the follicles (Cyster et al. 2000). In this
way, naive T and B cells localize to specific areas
of the lymph node to test their antigen receptors
against antigen originating from surrounding tis-
sues. As we will see, a fully functional B cell
response to an antigen requires signals provided
by CD4 T cells. To facilitate this interaction, a
cohort of the activated B and CD4 T cells will
“flip” their chemokine receptor expression caus-
ing the CD4 T cells to move toward the follicles
and B cells to move toward the paracortical T cell
areas.

It is estimated that each of the body’s 1 x 10'2
lymphocytes passes through each lymph node
about once a day in search of their cognate antigen
(Abbas et al. 2012). In the absence of an antigen-
recognition event, naive lymphocytes will exit the
lymph node via the efferent lymphatic and enter
the next lymph node in the chain, surveilling for
foreign antigen before eventually returning to the
blood by way of the thoracic duct. Recognition
of foreign antigen triggers the activation of tran-
scription factors and genes that drive the clonal
expansion and differentiation of the particular
lymphocyte into effector cells. As part of this
program of expansion and differentiation, the acti-
vated cells will decrease expression of the cell
surface molecules responsible for recirculation
through the peripheral lymphoid organs (CCR7
and L-selectin) and instead increase those ligands
(E- and P-selectin ligand) and chemokine recep-
tors (e.g., CXCR3) that will allow them to traffic
to the site of infection. At the same time, TNFa
and IL-1 produced at the site of infection will
activate the local endothelium to express the com-
plementary selectins and cell adhesion molecules
which, along with local chemokine production,
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will efficiently draw in the powerful effector cells
required to fight the infection.

A more recent advancement in our understand-
ing of the mechanisms that control lymphocyte
circulation is the elucidation of the role that the
molecule termed phospholipid sphingosine
I-phosphate (S1P) and its receptor plays in the
egress of T cells from the lymph node (Cyster and
Schwab 2012). S1P’s influence on T cell’s traf-
ficking behavior is due to its high level of expres-
sion in the blood and lymph and low level inside
the lymph node. In response to the high level of
S1P in the blood, circulating naive T cells express
low levels of the S1P receptor. Upon entering the
lymph node, where the S1P level is lower, naive T
cells begin to upregulate the receptor, thereby
becoming more sensitive to its gradient, causing
the T cell to leave the node through the efferent
lymphatic. T cell recognition of antigen in the
lymph node will delay the increased expression
of the S1P receptor, thereby causing the cell and
its progeny to be sequestered in the lymph node
during the clonal expansion and differentiation
phase of the T cell response. Upon completion of
this process, the level of S1P receptor on the
effector cells is allowed to increase, thereby draw-
ing the cells back into the lymph and blood after
which they will selectively traffic to the site of
infection (Cyster and Schwab 2012).

1.5.3 Antigen and Antigen Receptors

Pathogen recognition by cells of the innate
immune system is accomplished through PRRs
that detect common motifs shared among broad
groups of pathogens such as lipopolysaccharide
and double-stranded viral RNA. It is therefore
outside the scope of the function of the innate
immune system to differentiate between closely
related organisms or to mount an immune
response tailored to the characteristics of a unique
pathogen. The adaptive immune system, however,
is designed for such tasks. As discussed, naive T
and B cells first encounter their cognate antigen as
they circulate through the peripheral lymphoid
organs of the body. Recognition of antigen occurs
through antigen receptors which triggers the
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activation of the lymphocyte on which the recep-
tor is expressed. As we will see, this activation
leads to the transcription and translation of genes
that encode cytokines and other effector mole-
cules that allow the lymphocyte to divide, differ-
entiate, and mediate its effector function. The
activation signal is delivered through invariant
accessory molecules associated with the antigen
receptors, including the CD3 complex and CD4
and CD8 molecules for T cells, and the immuno-
globulin alpha and beta (Iga and Igf) proteins for
B cells.

B and T cells recognize different types of anti-
gen. B cell antigen receptors can recognize the
three-dimensional structure of a wvariety of
microbe-derived macromolecules, including poly-
saccharides, nucleic acids, lipids, and proteins.
These may be present on the microbe’s cell surface
or be in soluble form (e.g., a secreted microbial
toxin). The antigen receptors of most T cells, how-
ever, recognize peptide fragments from microbial
protein antigens that have been broken down and
displayed to the cells in the context of MHC pro-
teins. Because a fully functional B cell response
requires activation signals that can only be pro-
vided by antigen-stimulated CD4 T cells, foreign
protein antigens are most effective at eliciting all
functions of cellular and humoral immunity and are
referred to as T-dependent antigens. Large macro-
molecular antigens may contain multiple different
epitopes, which are the precise parts of the macro-
molecule recognized by different antigen receptors.
A macromolecule with multiple identical epitopes
is referred to as poly- or multivalent, an example of
which are the long-chain polysaccharides of some
bacteria capsules. The repeating sugar subunits of
these polysaccharide chains engage multiple B cell
antigen receptors of a cell at once, thereby gener-
ating a strong activation signal. Such antigens can
activate a limited B cell response independent of T
cell help and are therefore called T-independent
antigens. Clinically, this is very significant because
capsular polysaccharide vaccines induce protective
immunity against encapsulated bacteria such as
Streptococcus pneumoniae and Haemophilus
influenzae by eliciting opsonizing antibodies that
promote phagocytosis and killing of the microbe.
Newborns mount poor T-independent responses,
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and, therefore, pure capsular polysaccharide vac-
cines fail to induce protective immunity in this
population. The development of conjugated vac-
cines, whereby bacterial polysaccharides are con-
jugated to foreign proteins thereby creating a T cell-
dependent antigen, has dramatically decreased
morbidity and mortality in newborns and infants
caused by infection from encapsulated bacteria
(Klein Klouwenberg and Bont 2008).

An additional significant difference between T
and B cell antigen receptors is that T cell antigen
receptors are only found in a membrane-bound
form and do not serve any additional role beyond
recognition of peptide antigen displayed by MHC.
In contrast, the B cell antigen receptors are a
membrane-bound form of antibody which is
secreted prodigiously by fully differentiated plasma
cells as the principle effector molecule of the
humoral immune response. This antibody may be
produced as one of five different “isotypes.” While
all secreted antibody must bind to its target antigen
to contribute to the immune response, the mecha-
nism by which it contributes will vary depending
upon the isotype. Antibody effector functions
include activation of the classical complement
pathway, opsonization of pathogens for enhanced
phagocytosis, mast cell sensitization, mucosal
immunity, and pathogen/toxin neutralization.

1.5.4 Properties of MHC

The MHC gene was first identified for its role in the
immunological rejection of tissue transplanted
between genetically disparate individuals, whereby,
in experimental mouse models, skin graft trans-
plants were only accepted if the recipient and
donor strains exhibited the same MHC genes
(Rosenberg and Singer 1992). Today, we under-
stand that MHC molecules are membrane proteins
whose physiological function is to display peptides
derived from protein antigens to T lymphocytes and
that their significance in the setting of tissue trans-
plantation is because of the polymorphic nature of
the MHC genes across the population. The pre-
sented peptides may be derived from either micro-
bial or self-proteins; however, normally only
microbial peptides will be recognized by T cell
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antigen receptors. In humans, the MHC proteins
are called human leukocyte antigens (HLA) and
are encoded on chromosome 6, where two sets of
genes are found, called the class I and class Il MHC
genes.

The MHC class I locus includes three HLA
genes: HLA-A, HLA-B, and HLA-C. Each of
the genes displays extensive polymorphism
across the population, as evidenced by over
2600 known HLA-B alleles (Murphy and Weaver
2017). Each MHC class I molecule consists of an
alpha chain covalently bound to a P2-micro-
globulin molecule. The class II locus includes
the HLA-DP, HLA-DQ, and HLA-DR genes,
each of which encodes an alpha chain and a beta
chain that together form an MHC class II mole-
cule. HLA-DR is the most polymorphic of the
class II genes, represented by over 1200 different
alleles (Murphy and Weaver 2017). MHC class 1
molecules are expressed by all nucleated cells.
This is in contrast to MHC class II molecules,
which are expressed mainly by antigen-presenting
cells, which are dendritic cells, B cells, and
macrophages.

Both MHC class I and class II gene products
demonstrate a tertiary protein structure that
includes a peptide-binding cleft accommodating
peptides of 8—10 and 10-30 amino acids in length,
respectively. Many of the polymorphic differ-
ences between unique MHC class I and class 11
alleles translate into structural differences in the
molecules’ peptide-binding clefts determining the
complementary array of antigenic peptides that
are presented by each MHC. The existence of
many different MHC alleles is therefore beneficial
at the level of the population as it provides the
capability to display a vast array of peptide anti-
gens within the group, thereby ensuring that mem-
bers will be able to display and mount effective
responses to the diversity of microbes in the envi-
ronment. This is further ensured at the level of
each individual by the fact that MHC genes are
codominantly expressed, meaning that alleles
inherited from both parents are transcribed and
translated. This maximizes the number of differ-
ent MHC molecules in an individual, thereby
expanding the breadth of antigenic peptides
presented.
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1.5.5 Antigen Processing
and Presentation

Different microbes may establish infections in
different locations inside the host. For example,
bacteria such as Haemophilus influenza and
Staphylococcus pneumoniae replicate outside of
host cells, while viruses, including rabies,
hepatitis B, and HIV, establish infections inside
of host cells where they utilize different compo-
nents of the cell’s own machinery to create new
viral particles. Microbial antigen may, therefore,
originate in either extracellular or intracellular
locations within the host. This becomes signifi-
cant as the extra- or intracellular habitat of the
microbe not only has implications for how antigen
is processed by host cells and presented to T cells
but also for what mechanisms the immune system
must use to clear the infection. Accordingly, anti-
gen derived from organisms such as bacteria,
fungi, and parasites that originate outside of host
cells will be taken up by antigen-presenting cells
(macrophages and dendritic cells) and enzymati-
cally digested in the cell’s phagolysosomes. The
resulting microbial peptide fragments will be
loaded onto MHC class Il molecules as they are
transported to the cell surface from the endoplas-
mic reticulum, where they are synthesized
(Guermonprez et al. 2002). Once at the cell sur-
face, the MHC class II-peptide complexes are
surveyed for recognition by circulating CD4 T
cells. On the other hand, antigen produced in the
cytoplasm of virally infected cells is digested by
the proteasome. The resulting peptide fragments
are then shuttled into the endoplasmic reticulum
by way of the transporter associated with antigen
presentation (TAP), where they are loaded onto
MHC class I molecules as they are being synthe-
sized (Williams et al. 2002). The stable MHC
class I-peptide complex then makes it way to the
cell surface via the exocytic pathway. Once at the
surface, the peptide-MHC complexes are interro-
gated for recognition by CD8 T cells.

The physical interaction of the T cell antigen
receptor with the MHC-peptide complex spans
both the peptide and the MHC molecule. As a
result, T cell antigen receptors can only recognize
peptide antigens when presented in the context of
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one’s MHC class 1 or II molecules, a concept
called MHC restriction. Antigen recognition
above a threshold affinity triggers a cascade of
intracellular signaling events that leads to the acti-
vation of the lymphocyte on which the receptor is
expressed and the development of effector func-
tions that are specific to the type of pathogen
encountered. Therefore, CD4 T cells activated by
microbial antigen taken up in phagosomes and
presented by MHC class II may respond by pro-
ducing cytokines (e.g., IL-17 and IFNy) that
enhance the recruitment and killing ability of
phagocytes, whereas CD8 T cells activated by
viral antigen produced in the cytosol and pre-
sented by MHC class I will respond by producing
perforin and granzyme and the expression of Fas
ligand (FasL) which trigger the induction of apo-
ptosis of the virally infected cell (Murphy and
Reiner 2002; Russel and Ley 2002).

1.5.6 Molecular Structure of Antigen
Receptors

The molecular structure of B and T cell antigen
receptors is similar in that they both include var-
iable and constant regions. The variable region is
so named because of the extent to which antigen
receptors from different B and T cell clones dem-
onstrate amino acid sequence variability in this
area. Within each variable region, variability of
the amino acid sequences is concentrated in what
are termed hypervariable regions, also known as
complementarity determining regions (CDRs), as
these are the regions of the receptor that determine
antigen specificity based upon their complemen-
tary interaction with antigen. On the other hand,
the constant region of the B and T cell antigen
receptors demonstrates minimal variability
between different clones. This region is required
for structural integrity and, in the case of secreted
antibody, their specific protective function.

The B cell receptor is built from four polypep-
tide chains, two identical larger (heavy) chains
and two identical smaller (light) chains. Each
chain has a variable region and a constant region.
The assembled antibody molecule has a “Y”
shape with two antigen-binding sites at the top,
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each of which is formed by the association of one
heavy chain and one light chain variable region.
The lower portion of the “Y” is built from the
constant region of the heavy chains, which con-
sists of three to four constant domains. As a
membrane-bound antigen receptor, it is this
C-terminal end of the heavy chain that is anchored
in the plasma membrane; however, activated B
cells will produce antibodies that lack the mem-
brane anchor and are therefore produced as a
secreted protein. Early investigation into antibody
structure and function identified the portion of the
antibody responsible for antigen binding as the
Fab (fragment, antigen binding) fragment and
that portion responsible for its biologic activity
as the Fc (fragment, crystalline) fragment (Porter
1991). Therefore, each antibody has two identical
Fab fragments and a single Fc fragment. As we
will see, the phagocytosis of antibody-coated
microbes is facilitated through neutrophil and
macrophage recognition of antibody via a number
of different Fc receptors.

Antibody heavy chains contain one of five
different constant regions, termed p, 9, v, €, and
a. Antibodies produced with the different heavy
chain constant regions are grouped together into
classes or isotypes named according to their heavy
chain: IgM, IgD, IgG, IgA, and IgE. Each of the
different isotypes is characterized by its special-
ized role(s) in providing immunological protec-
tion to the host. IgM and IgD are remarkable
because these are the isotypes specifically used
by naive B cells as membrane-bound antigen
receptors (Abney et al. 1978). Once activated, B
cells will produce secreted IgM which is charac-
terized by its pentameric form and low affinity for
antigen. Cooperation between CD4 T cells and B
cells responding to the same microbe will result in
CD4 T cell-derived activation signals that lead to
full B cell activation and switching to the produc-
tion of either IgG, IgA, or IgE.

The most common form of the T cell receptor is
built from two polypeptide chains, termed the o
and P chains. Each chain contains a single variable
and constant region, with the antigen-binding site
formed by the association of the alpha and beta
chain variable regions. As mentioned already, the
T cell antigen receptor recognizes antigenic
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peptide displayed by one’s MHC molecules, a
feature known as “MHC restriction” of the TCR.
Thus, portions of the TCR interact with the MHC,
while others interact with the antigenic peptide.
Remarkably, a T cell response can occur as a
result of the TCR recognizing as few as 1-3
amino acid residues of the bound antigenic pep-
tide (Sant’Angelo et al. 1996). Additionally, not
all of the potential epitopes of a complex antigen
will be recognized to stimulate a T cell response.
Those that do trigger an immune response are
referred to as “immunodominant epitopes”
(Kjer-Nielsen et al. 2003).

1.5.7 Development of T Cells and B
Cells

As mentioned earlier, development of B cells in
the bone marrow and T cells in the thymus follows
a sequence of progenitor proliferation, recombi-
nation of antigen-receptor gene segments, and
selection of cells with useful antigen receptors.
Developing lymphocytes are characterized
according to their stepwise progression through
this process. The early proliferation of lympho-
cyte progenitors driven by cytokines such as IL-7
gives rise to a large number of progenitors called
pro-B and pro-T cells. Generation of such a large
number of cells is critical because only a fraction
will fully mature to competent lymphocytes. It is
during the pro-B and pro-T cell stage when gene
segment recombination begins in order to create
the genetic code for each cell’s unique antigen
receptor, beginning with the immunoglobulin
(Ig) heavy chain and TCR f chain, respectively.
Prior to this recombination, the “germline” con-
figuration of these loci includes multiple adjacent
gene segments belonging to the variable (V),
diversity (D), and joining (J) families. For exam-
ple, on the Ig heavy chain locus, there are about
45 different V gene segments, 23 D segments, and
6 J segments, among which is the potential for a
million of different V-D-J combinations, each of
which yields a unique Ig heavy chain variable
domain (Abbas et al. 2016). In addition, the
heavy chain locus also includes a number of con-
stant (C) region genes which encode for the heavy
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chain constant domains that specify the different
antibody isotypes. The germline TCR f chain
locus is similarly constructed, however, with a
different number of V, D, and J segments and
fewer constant region genes.

Genetic recombination during the pro-B and
pro-T cell stage includes the random selection of
one each of the V, D, and ] DNA segments which
are spliced together to create an in-frame V-D-J
coding exon of the Ig heavy chain or TCR f chain
DNA loci, respectively, which then undergo gene
transcription (Early et al. 1980; Shinkai et al.
1992). It is at the level of the RNA transcript that
the recombined antigen-receptor variable region
is connected to the heavy chain or f§ chain constant
(C) region gene, thereby creating a complete set of
RNA instructions for the first half of the B cell and
T cell antigen receptor. For pro-B cells, this RNA
splicing always occurs between the recombined
heavy chain variable region and the mu (pt) con-
stant region RNA. As a result, Ig recombination
during the pro-B cell stage results in the produc-
tion of a heavy chain of the IgM isotype (i.c., the p
heavy chain), a central feature of B cell develop-
ment (Goding et al. 1977). Translation of the
recombined p heavy chain and TCR B chain pro-
teins marks the progression of the developing
lymphocytes from the pro- to the pre-B and
pre-T cell stage, at which point an almost identical
process of random genetic recombination and
subsequent expression occurs at the Ig light
chain and TCR a chain loci. Successful expres-
sion of the fully recombined IgM B cell receptor
and TCR marks advancement to the immature
lymphocyte stage.

For B cells, the final step to full maturity may
take place in the bone marrow or the spleen and
involves the co-expression of both IgM and IgD
isotype antigen receptors (Abney et al. 1978).
Immature T cells express both the CD4 and CD8
co-receptor (referred to as “double-positive” thy-
mocytes) and have the potential to terminally dif-
ferentiate into either subset, a fate determined by
which self-MHC molecule the randomly gener-
ated TCR recognizes (von Boehmer et al. 1989).
As a result of this process, called positive selec-
tion, double-positive thymocytes that recognize
peptide antigen presented by one’s own MHC
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class II molecules become CD4 T cells, while
those that recognize peptide antigen presented
by MHC class I molecules become CD8 T cells.
Importantly, only cells that recognize peptide/
MHC complexes with low to moderate affinity
will become positively selected to either the
CD4 or CDS subset. Cells that do not recognize
either MHC would not be helpful during an
immune response in that individual and therefore
die by apoptosis. On the other hand, double-
positive lymphocytes that bind with high affinity
to self-peptides in the thymus presented by either
MHC class I or class II pose a significant threat to
the individual because of the likelihood of becom-
ing activated by self-antigens and initiating an
autoimmune response. Therefore, these cells are
also removed from the maturation process, either
by apoptosis or redirection of their development
into regulatory T cells, a population of CD4 T cells
identified by their constitutive expression of
CD25 (Shortman et al. 1990; Jordan et al. 2001).
Regulatory T cells enter the peripheral tissues and
function to control T cell reactivity to self-
antigens through the production of inhibitory
cytokines IL-10 and TGF-B, and expression of
CTLA-4 (Sakaguchi et al. 2008; Saraiva and
O’Garra 2010). This process of purging poten-
tially autoreactive immature lymphocytes from
the repertoire is called negative selection. Imma-
ture B cells are also screened against self-antigen
found in the bone marrow; however, developing B
cells that bind to self-antigen at this site have the
opportunity to create a different light chain
(an event called receptor editing) and thus change
the specificity of the antigen receptor.

This elaborate process of building antigen
receptors from randomly selected gene segments
spliced together from the germline DNA creates a
tremendously diverse repertoire of millions of
different antigen receptors, a concept termed
“combinatorial diversity.” The diversity of anti-
gen receptors is further enhanced by a process
whereby nucleotides are randomly deleted and
added from the V-D-J sites of recombination,
thereby expanding many times the number of
unique antigen receptors generated during the
process of lymphocyte development. This
so-called “junctional diversity” increases the
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number of unique antigen receptors by a million
fold or more. The incredible number of different
antigen receptors generated as a result of this
complex process ensures that the immune system
has the capacity to recognize and respond to any
infectious threat it may encounter.

The genetic recombination process requires a
lymphoid-specific enzyme called VDJ recombinase
that is composed of the recombinase-activating gene
1 and 2 proteins, termed RAG 1 and RAG 2 (Jung
et al. 2006). The critical role of these proteins in the
development of B and T cells is highlighted by the
fact that mutation in the RAG genes is responsible
for an autosomal recessive form of severe combined
immune deficiency (SCID), characterized by a defi-
ciency in T and B cell numbers.

1.5.8 T Cell Activation

After reaching full maturity and export from the
central lymphoid organs, naive B and T cells will
begin a pattern of circulation, discussed earlier
under Lymphocyte Trafficking, which facilitates
the antigen receptor—mediated screening of the
antigens concentrated in the peripheral lymphoid
organs. Our attention now turns to the molecular
interactions involved in T and B cell activation
and the effector mechanisms brought to bear by
these cell types during the immune response,
beginning with T cells.

As already established, activation of naive T
cells during an immune response depends upon
their recognition of foreign antigen by way of
their T cell antigen receptor (TCR). Antigen is
displayed to T cells within the context of MHC
class I and class I molecules, which are presented
on the surface of antigen-presenting cells. DCs are
the most critical APCs for the activation of naive
T cells as they are either transporting antigen to
the regional lymph nodes from the peripheral
tissues or capturing antigen in the lymph nodes
that is carried there by the flowing lymph
(Banchereau and Steinman 1998). A complemen-
tary interaction between the TCR and the
MHC-peptide complex that is of high enough
affinity and long enough duration will lead to the
biochemical signals needed to activate a T cell
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response. The strength of the interaction is
assisted by integrins, such as LFA-1, on the T
cell binding to integrin ligands, such as ICAM-1,
expressed by the DCs (Friedl and Brocker 2002).
As seen earlier, under resting conditions, integrins
such as LFA-1 are in a low-affinity conformation
and only bind to their ligands with high affinity
under the influence of chemokines, as well as, in
this case, antigen recognition.

If antigen recognition occurs, then T cell acti-
vation is achieved as a result of a biochemical
signaling cascade involving the CD3 complex
and its associated { chains, as well as the CD4
and CD8 co-receptors (described below). The
activation of naive T cells also requires a
“costimulatory” signal delivered to the T cell
when its cell surface CD28 molecule engages
either of its ligands, B7-1 and B7-2 (Bour-Jordan
and Bluestone 2002). Because B7-1 and B7-2 are
only expressed by DCs which have become acti-
vated through innate recognition of pathogens via
their pathogen recognition receptors, this
co-stimulation requirement for naive T cells to
become activated serves as a checkpoint to help
ensure that T cells are responding to foreign, and
not self, antigens. T cells whose receptors engage
self-antigen in the absence of costimulation may
become unresponsive to antigen stimulation
going forward, a condition referred to as anergy.
Cells can be maintained in the anergic state by the
T cell expression of CD28-like molecules that
deliver an inhibitory (rather than costimulatory)
signal, such as cytotoxic T lymphocyte-associated
antigen 4 (CTLA-4) or programmed death pro-
teinl (PD-1) (Schneider et al. 2008). While
CTLA-4 and PD-1 prevent the response to self-
antigens and the development of autoimmunity,
they are also seen to suppress potentially helpful
immune responses against tumor cells, an area of
study that led to the development of drugs termed
“checkpoint inhibitors” that block the immuno-
suppressive function of CTLA-4 and PD-1,
thereby unleashing the immune system to more
aggressively attack developing and established
tumors. So significant was this body of work that
it earned immunotherapy pioneers James Allison
and Tasuku Honjo the 2018 Nobel Prize in Med-
icine (Peggs et al. 2009).
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Successful T cell antigen recognition and
costimulation will result in a cell-signaling cas-
cade initiated by the Lck tyrosine kinase, which is
associated with the cytoplasmic domain of the
CD4 and CDS8 co-receptors. The Lck kinase phos-
phorylates tyrosine residues of the CD3 ( chains,
which become docking sights for another tyrosine
kinase, Zap-70, which also becomes activated
when phosphorylated by Lck (Au-Yeung et al.
2009). The activation of ZAP-70 leads to the
activation of the transcription factors NFAT,
NF«xB, and AP-1, which move into the nucleus
and activate genes required for T cell proliferation,
cytokine production, and effector function
(Brownlie and Zamoyska 2013). Key among
these genes are those that encode the cytokine
IL-2 and the IL-2 receptor. IL-2 is important
early during the T cell response as it stimulates
the clonal proliferation and survival of activated T
cells, thereby expanding many fold the number of
antigen-specific cells capable of responding to
current infectious threat.

1.5.9 T Cell Effector Functions

It is critical at this point to recognize the diversity
of the different kinds of pathogens that the
immune system must be able to protect against,
including bacteria that survive in phagosomes,
viruses that replicate in the cytoplasm, and para-
sites that infect the lumen of the gut. The immune
response to these different types of infections
must be tailored to their unique features and vul-
nerabilities. To provide this capability, activated T
cells differentiate under the influence of signals,
some of which were generated during the innate
immune response, into specific effector cell
populations capable of mounting an effective
immune response to the particular offending path-
ogen. We will begin this discussion with the dif-
ferent subsets of activated CD4 T cells and the
pathogens that they defend against (Table 1).
Once activated by antigen, CD4 T cells differ-
entiate into different subsets of effector cells that
are primarily defined by the cytokines that they
produce. These cytokines are the critical factors
responsible for recruiting and/or activating unique
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effector functions of the immune system that are
optimal for responding to different pathogens.
The first CD4 T cell subsets to be defined were
referred to as T helper subsets 1 and 2 (Thl and
Th2). Subsequently, a third, Th17, subset was
identified. Today, we understand that Thl cells
are critical for the immune response to intracellu-
lar microbes, Th2 cells are most protective against
parasitic helminth infections, and Th17 cells are
best at combating extracellular bacteria and fungal
infections (Annunziato and Romagnani 2009).

CD4 T cells differentiate into Th1 cells under
the influence of the cytokines produced during the
innate immune response to intracellular bacteria
and viruses. These cytokines include IL-12 pro-
duced by DCs and interferon y (IFNy produced by
NK cells. At the molecular level, this Th1 differ-
entiation is driven by the activation of the tran-
scription factors STAT1, STAT4, and T-bet that
occurs in response to the early secreted IL-12 and
IFNy (Murphy and Reiner 2002). By this mecha-
nism, naive CD4 T cells which recognize antigens
of these microbes will be triggered by IL-12 and
IFNy to differentiate into Thl cells. IFNy is not
only important for the differentiation of the Thl
cells, but it is also the principal effector cytokine
produced by this CD4 T cell subset and is critical in
their role of enhancing macrophage killing of
microbes that have been phagocytosed (Annunziato
and Romagnani 2009). Thl cell-derived IFNy
works in concert with a molecule found on the
surface of Thl cells, called CD40L. The CD40L
receptor, CD40, is expressed by macrophages and B
cells, and this ligand-receptor interaction is neces-
sary for Thl-mediated help during the immune
response, as evidenced by the cellular and humoral
immunodeficiency observed when CD40L is not
sufficiently expressed (Kamanaka et al. 1996). The
enhanced ability of Thl-activated macrophages to
kill phagocytosed microbes is due to their increased
production of reactive oxygen species, nitric oxide,
and damaging lysosomal enzymes. Thl cells also
enhance the antigen-presenting cell function of mac-
rophages by inducing their expression of MHC class
II and the B7-1/B7-2 costimulatory molecules
(Annunziato and Romagnani 2009).

Whereas pathogens such as intracellular bacte-
ria and viruses induce strong innate immune
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Table 1 T cell differentiation and effector mechanisms
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Inducing Signature
Effector | cytokines/ | effector
T cells factors molecules Immune mechanisms Host defense | Pathological mechanisms
Thl 1L-12, IFNy Enhanced macrophage Intracellular Tissue injury caused by
IFNy killing and antigen microbes cytokines elicited by
presentation; opsonizing activated macrophages
antibodies; promotes Thl; during autoimmune
inhibits Th2 and Th17 responses and chronic
infection
Th2 IL-4 IL-4, IL-5, IgE production; eosinophil Helminth Allergic responses
IL-13 activation; alternative parasites
macrophage activation;
promotes Th2
Th17 1L-1, IL-17, Neutrophil and monocyte Extracellular | Tissue injury caused by
IL-6, 1L-22 recruitment; epithelial bacteria, recruited neutrophils and
1L-23, barrier fungi monocytes during
TGF-p autoimmune responses
CTL 1L-2, Perforin/ Target cell apoptosis Viruses Cytolytic injury during
IL-12, granzymes, cell-mediated autoimmune
type | FasL responses
IFNs

responses that drive the production of inflamma-
tory cytokines, parasitic helminths are much less
of a trigger for the innate immune response. In the
absence of these strong inflammatory signals, it
appears that antigen-activated CD4 T cells may
default to producing low levels of the cytokine
IL-4, which activates the transcription factors
GATA-3 and STAT6 that promote the differentia-
tion to the Th2 subset (Paul and Zhu 2010). As
noted above, Th2 cells are especially protective
against helminth infections, which is achieved via
a number of different mechanisms. To begin with,
committed Th2 cells are strong producers of IL-4
and IL-5, which trigger B cells to class switch to
the IgE antibody isotype and promote eosinophils
responses, respectively. Eosinophils and mast
cells express high levels of the Fc receptor for
IgE (FceR1) and, therefore, will be activated
through these receptors by IgE-coated helminths.
Once activated, eosinophils release their granule
contents which destroy the helminths. IL-4, along
with another Th2 cytokine, IL-13, induce intesti-
nal mucus secretion and peristalsis, which also
contribute to helminth expulsion (Anthony et al.
2007). Another effect of the IL-4/IL-13 cytokine
pair is that they promote the development of
so-called alternatively activated macrophages

that have anti-inflammatory and tissue repair
functions (Van Dyken and Locksley 2013).

The most recent Th cell subset to be described
are the Th17 cells. Th17 cells are characterized by
secretion of the cytokines IL-17 and IL-22. IL-17
is most well-known for promoting the recruitment
of phagocytes, mainly neutrophils, to the site of
an infection and, therefore, are important con-
tributors to defense against extracellular bacte-
ria and fungal infections (Littman and Rudensky
2010). Differentiation of Th17 cells requires a
number of different cytokines, including TGF-p
and the inflammatory cytokines IL-1 and IL-6
(McGeachy and Cua 2008).

A fundamental feature of CD4 T cell responses
is the extent to which the balance between the
production of Thl, Th2, and Thl7 cytokines
impacts the outcome of the immune response.
This is because many of the cytokines produced
by one subset are inhibitory to the others. For
example, IFNy produced by Thl cells inhibits
the development of Th2 and Thl7 responses,
while 1L-4, IL-10, and IL-13 produced by Th2
cells inhibit the killing ability of macrophages,
thereby suppressing Th1-mediated cellular immu-
nity (Murphy and Reiner 2002; Annunziato and
Romagnani 2009). This can be demonstrated
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experimentally using different strains of mice
with either a Th1 or Th2 predisposition, but it is
most profoundly demonstrated in different
populations of people infected with Mycobacte-
rium leprae. This pathogen has the capacity to
survive and replicate in phagosomes once taken
up by macrophages. Control of the infection
requires macrophage activation by a dominant
Thl response. If this occurs, the result is the
tuberculoid leprosy form of disease, character-
ized by localized infection and low infectivity.
On the other hand, Mycobacterium leprae infec-
tion of an individual who mounts a more dom-
inant Th2 response that impedes macrophage
activation and strong cellular immunity results
in the more severe lepromatous leprosy, charac-
terized by unchecked growth of mycobacterium,
disseminated infection, and high infectivity
(Modlin 1995).

As opposed to bacteria and fungi that originate
outside of host cells and, therefore, can be phago-
cytosed and killed, opsonized, neutralized, or
lysed, viruses that replicate in the cell’s cytoplasm
are comparatively more difficult to reach. CD8 T
cells have evolved to meet this challenge. As
described earlier, viral antigen synthesized in the
cytoplasm during the viral replication is presented
to CD8 T cells via MHC class I molecules. Anti-
gen recognition by CD8 T cells will result in their
activation and expression of cell membrane and
secreted proteins which will be used to induce
apoptosis in the infected cell, thereby preventing
the production of new virons. The CD8 T cell
membrane protein is called Fas ligand (FasL),
which binds to its receptor, called Fas, on the
infected cell. This receptor-ligand interaction
will trigger the activation of caspases in the
infected cell, resulting in its apoptosis. Target
cell apoptosis can also be induced through the
CD8 T cell release of the granule proteins:
granzyme B and perforin. Granzyme B is the
protein responsible for the activation of caspases
and induction of apoptosis, while perforin is
required to facilitate entry of granzyme B into
the infected cell (Russell and Ley 2002).

The final phase to the T cell response to infec-
tion will be the contraction of effector T cell
numbers and the establishment of a much smaller
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number of long-lived memory T cells, which will
surveil for the re-occurrence of infection. Memory
cells, which can be found in lymphoid organs or
the peripheral tissues, do not continue to exhibit
their effector functions during this period of sur-
veillance but are poised to rapidly expand and
re-establish effector function upon re-encounter
with their target antigens. The survival of mem-
ory CD4 and CDS8 T cells does not require anti-
gen stimulation; however, their maintenance is
dependent on stimulation by the cytokines IL-7
and IL-15 (Murali-Krishna et al. 1999; Seddon
et al. 2003).

1.5.10 B Cell Activation

While different types of B cells have been
described, such as marginal zone B cells and B-1
B cells that uniquely reside in certain areas of the
spleen and mucosal tissues and respond to poly-
saccharides and lipids, the discussion on B cell
activation and effector function in this chapter will
focus on follicular B cells that are the source of
high-affinity class-switched antibodies, the prin-
cipal mediators of humoral immunity. Follicular B
cells reside in and circulate through the lymphoid
follicles and become activated by protein or
protein-associated antigen that has been trans-
ported to and concentrated here. We will see that
antigen recognition is just the first step in the
activation of follicular B cells that also involves
interaction with helper CD4 T cells responding to
the same microbial antigens.

Similar to the CD3 complex on T cells, the Igp
and Iga chains associated with the B cell antigen
receptor serve important roles in the cascade of
signaling events induced upon B cell recognition
of antigen. The phosphorylation of Igp and Iga
tyrosine residues, recruitment of kinases, and acti-
vation of adaptor proteins lead to the activation of
transcription factors that control genes involved in
B cell proliferation and differentiation. As seen
with T cells, B cells also benefit from innate
costimulatory signals during the activation process,
provided by complement receptors such as CR2 and
TLRs which engage components of the microbe
(Pasare and Medzhitov 2005). Collectively, these
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events induce the early phase of the B cell
response, characterized by increased survival
and proliferation and functional changes that will
facilitate the B cell-T cell interaction that will
occur next. These changes include the B cell’s
transition into an antigen-presenting cell, accom-
plished by the internalization of the receptor-
bound antigen and the increased expression of
MHC class II and B7-1/B7-2 costimulatory
ligands. The activated B cell will also increase
its expression of the CCR7 chemokine receptor
at the same time that activated helper T cells in the
paracortex are increasing expression of CXCRS
(Okada and Cyster 2006). Recall that the CCR7
and CXCRS5 chemokine receptors direct leuko-
cyte trafficking to the T cell and B cell areas
of the lymph node, respectively. Therefore, the
outcome of this flip in chemokine receptor expres-
sion will be that B and helper CD4 T cells
responding to antigen will migrate toward each
other. At this point, the B cell is functioning as a
professional antigen-presenting cell, expressing
high levels of MHC Class II/peptide complexes
and costimulatory ligands. If CD4 T cell recogni-
tion of antigen presented by the B cell occurs, the
CD4 T cell will provide activating signals through
its secretion of cytokines and expression of
CD40L, which will bind to CD40 expressed by
the activated B cell (Meng et al. 2018). As aresult,
the fully activated B cell will undergo clonal
expansion and antibody synthesis and secretion.
Following this T-B cell interaction, a smaller num-
ber of activated CD4 T and B cells will be drawn
into the B cell follicle. These CD4 cells, referred
to as follicular helper T cells, provide signals to
the B cells that induce their rapid division, creat-
ing clusters of dividing B cells referred to as
germinal centers (Crotty 2014). A sequence of
somatic mutation of the B cell Ig genes followed
by selection of those clones producing the anti-
body with highest affinity or antigen now occurs,
a process referred to as affinity maturation. The
selected high-affinity clones will differentiate into
long-lived antibody-producing plasma cells and
memory B cells.

As noted earlier, antibodies are produced in a
number of different forms called isotypes. The
isotype of an antibody is significant as different
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isotype antibodies have different immunological
functions. While the first antibody produced dur-
ing a primary B cell response is always IgM,
isotype class switching during the immune
response, and subsequent exposures to the antigen
(secondary response), will lead to the production
of larger amounts of other isotypes, including
IgG, IgA, and IgE. This isotype class switching
is under the control of the cytokines produced
by follicular helper T cells providing help to
germinal center B cells (Crotty 2014). For
example, IFNy, the signature Thl cytokine,
causes isotype switching to the IgG1 and IgG3
isotypes. During the immune response to extra-
cellular bacteria, these isotypes are notable for
their role as effective opsonins, which work in
concert with IFNy—activated macrophages that
have enhanced phagocytic and killing ability. In
contrast, the IL-4 produced by Th2 CD4 T cells
stimulates class switching to IgE, which works
together with eosinophils to eliminate hel-
minths (Anthony et al. 2007).

The ability of B cells to class switch from [gM
to other Ig isotypes, as directed by the CD4 T
cells, allows the humoral response to be optimized
to fight a particular infection (Davies and Metzger
1983). At the molecular level, the isotype is deter-
mined by the unique constant region (i, 3, v, €, or
a) incorporated into the antibody’s heavy chain.
Isotype class switching, therefore, requires
recombination of the heavy chain DNA such that
the variable region is combined with the appropri-
ate constant region. The importance of isotype
class switching is underscored by the occurrence
of X-linked hyper-IgM syndrome, an immune
deficiency caused by a mutation in the gene
encoding the T cell CD40L molecule (Meng
et al. 2018). In this syndrome, activated B cells
receive early activation signals through their anti-
gen receptor but do not get help from CD4 T cells
because of the CD40L mutation, therefore pre-
venting class switching from occurring. Patients
of this disease produce mainly low-affinity IgM
that has limited protective function and therefore
suffer from recurrent infections with pyogenic
bacteria due to reduced opsonizing IgG. Impor-
tantly, these people also experience reduced cell-
mediated immunity because of the important role
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of CD40L in providing CD4 T cell help to mac-
rophages, as described in Sect. 5.9 of this chapter.

1.5.11 Antibody Effector Function

The importance of antibody to the immunological
protection of the host is illustrated by the
increased frequency of infectious disease in
those individuals with compromised B cell
development. These individuals commonly suf-
fer from recurrent respiratory infections by pyo-
genic bacteria, such as Streptococcus pneumonia
and Haemophilus influenzae. The main virulence
factor of these encapsulated bacteria is their
polysaccharide capsule that protects them from
phagocytosis. The B cell response to antigens of
the polysaccharide capsule results in the produc-
tion of antibody that when bound to the capsule
facilitates the effective phagocytosis of the bac-
teria by neutrophils and macrophages (Klein
Klouwenberg and Bont 2008). Antibodies that
facilitate phagocytosis of coated microbes are
referred to as opsonins. When bound to the
microbe, the Fc portion of the antibody extends
away from the microbe’s surface. Antibodies of
the IgG (IgG1 and IgG3) isotype are the most
effective opsonins because their Fc region read-
ily binds to a high-affinity Fc receptor, called
FcyR1, expressed by phagocytes. This interac-
tion between the Fc receptor and its ligand trig-
gers the phagocytosis of the coated microbe.

Antibodies of the IgM and IgG isotypes that
have coated a microbe can also indirectly facil-
itate its phagocytosis by the activation of the
complement system, discussed in detail during
the section on innate immunity (Diebolder et al.
2014). It is the classical complement pathway
that is activated by antibody bound to a
microbe, resulting in the deposition of the C3b
complement protein on the microbial cell mem-
brane, a potent opsonin recognized by the CR1
complement receptor, expressed on phagocytes.
In addition to the deposition of the C3b opso-
nins, activation of complement also results in
the production of factors chemotactic for neu-
trophils (C3a and C5a) and the formation of the
bactericidal MAC.
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IgG antibodies may also coat host cells during
the course of an infection with enveloped viruses,
such as influenza. In this situation, antibodies are
binding to viral glycoproteins that are embedded
in the host cell membrane as part of the viral life
cycle. These IgG isotype antibodies can be recog-
nized by FcyRIII, an Fc receptor expressed
uniquely by NK cells. When engaged these recep-
tors generate signals that activate the cytolytic
function of NK cells resulting in the induction of
apoptosis of virally infected cell, a process called
antibody-dependent cell-mediated cytotoxicity
(ADCC) (Chung et al. 2009).

Individuals with humoral immune deficiencies
are also susceptible to infections by viruses which
are normally neutralized by antibody, such as the
enteroviruses (e.g., poliovirus and coxsackievirus).
Neutralization refers to an antibody’s capacity to
block the infectivity of a microbe by binding to and
neutralizing microbial surface molecules required
to establish infection. Antibodies can also attach to
microbial toxins, thereby preventing them from
mediating their dangerous effects. This is exempli-
fied by the use of the tetanus vaccine, where recip-
ients are vaccinated with an inactivated version of
the tetanus toxin (toxoid) in order to induce pro-
duction of antibodies capable of binding to and
neutralizing the toxin. Although any isotype anti-
body can neutralize, most neutralizing antibodies in
the blood and tissue are IgG (Ward and Ghetie
1995). In the mucocal organs, this job is performed
by IgA, the principal class of antibody produced in
mucosal tissues (Suzuki et al. 2004). The vast
majority of infectious agents invade the human
body via the mucosal organs, underscoring the
importance of strong immunological protection at
these sites. The plasma cells responsible for the
production of mucosal IgA are found in the lamina
propria, beneath the mucosal epithelium. Once
secreted by the plasma cell, the dimeric IgA is
ferried across the mucosal epithelium into the
organ lumen by a special Fc receptor called the
poly-Ig receptor (Lamm 1998). Once released
into the lumen, the IgA will neutralize would-be
pathogens, preventing them from crossing the epi-
thelial barrier and establishing an infection. In the
lactating mother, dimeric IgA binds to the same
poly-Ig receptor to get transcytosed across the
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