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preface


In 1992, we published the first edition of an entirely new text on allergic diseases and their mechanisms based on specifically designed, clear and informative diagrams. This allowed us to produce a text that found a unique niche between the more heavily referenced books and the more superficial guides. In this edition, the reader was introduced to the individual cells and mediators that participate in the allergic response and this information was then built on to describe the histopathological features, diagnoses and treatment of allergic responses occurring in all major organs.


When preparing the second edition, we took note of the feedback of many clinicians who asked us if we could put primary emphasis on the clinical manifestations of allergy and augment this with a solid scientific background. We kept this format for the third edition. This format has appeared to be very successful with our readers, so much so that it was awarded ‘Book of the Year’ prize by the British Medical Association.


Now, 19 years after the original Allergy we are at the fourth edition with two new editors. Dr Lawrence Lichtenstein has retired and we welcome Dr David Broide and Dr Fernando Martinez to the editorial team. We have also updated the format slightly by emphasising the clinical aspects while reducing the cellular science to a single chapter introducing mechanisms of allergic disease. Furthermore, two new chapters have been added, one on eosinophilia, including eosinophilic oesophagitis and the other on systemic mastocytosis.


One thing that has not changed is our policy of inviting international authorities, often two or more authors from different countries, to work together to produce their sections. Although this approach is not without its logistical problems, we believe it has produced a more authoritative text and we thank all the authors for their forbearance. Indeed, we owe a great debt of gratitude to the many experts who have contributed such informative chapters.


As readers, we hope that you will appreciate the fourth edition of Allergy and that you find its content enjoyable and educative to read. As we requested in the first three editions, please give us your feedback on the book so that we can refine it even further in the future.


STH, MKC, DHB, FDM 2012
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1 Introduction to mechanisms of allergic disease




Hans Oettgen and David H. Broide









Definition


An improved understanding of the mechanisms mediating allergic inflammation provides a rationale for the development of targeted therapies to prevent and treat allergic disorders.









Introduction to the immune response


The immune system has evolved to play a pivotal role in host defence against infection as without a functioning immune system individuals would be predisposed to develop a variety of infections from viruses, bacteria, fungi, protozoa, and multicellular parasites. The key components of a well-functioning immune system include the ability to generate both innate and adaptive immune responses (Fig. 1.1). The innate immune system comprises cellular elements that are both resident in tissues (i.e. epithelium, macrophages, mast cells) for a rapid response and circulating leukocytes that are recruited from the blood stream (neutrophils, eosinophils, basophils, mononuclear cells, natural killer (NK) cells, and NK T cells). In addition to the cellular response the innate immune system has humoral elements (complement, antimicrobial peptides, mannose-binding lectin), which provides a mechanism for an immediate response to infection that is not antigen specific and does not have immunological memory. In contrast, the adaptive immune response generated by its component T and B cells is slower to respond to infections (taking days) but has the advantage of exhibiting antigen specificity and immunological memory. A malfunctioning immune system may lead not only to immunodeficiency with recurrent infections, but also to autoimmunity and allergic diseases. In this chapter, we focus on the cellular and molecular mechanisms through which an aberrant immune response to low levels of otherwise innocuous and ubiquitous environmental exposures such as airborne grass pollens or ingested foods may trigger a range of allergic responses from chronic symptoms affecting quality of life to acute severe allergic reactions that are life threatening.





[image: image]

Fig. 1.1 Innate and adaptive immune response. The human microbial defence system can be simplistically viewed as consisting of three levels: (1) anatomical and physiological barriers; (2) innate immunity; and (3) adaptive immunity. In common with many classification systems, some elements are difficult to categorize. For example, NK T cells and dendritic cells could be classified as being on the cusp of innate and adaptive immunity rather than being firmly in one camp.


(Adapted from: Figure 2 in Turvey SE, Broide DH. J Allergy Clin Immunol. 2010; 125:S24–32.)












Overview of the allergic immune response


Allergic diseases such as allergic rhinitis, asthma, and food allergy are characterized by the ability to make an IgE antibody response to an environmental allergen. There is both a strong genetic (see Ch. 2) as well as environmental contribution to the development of allergic disease (see Chs 3 and 4). Immunoglobulin E (IgE)-mediated allergic responses most frequently occur on mucosal (nose, conjunctiva, airway, gastrointestinal tract) or skin surfaces as these anatomical sites contain high levels of mast cells to which IgE is affixed. Initial exposure of a genetically predisposed individual to low levels of allergens such as grass pollens results in uptake of the pollen allergen by antigen-presenting cells (APCs), intracellular digestion of the allergen into peptide fragments, and display of the allergen peptide fragments in an human leukocyte antigen (HLA) groove on the APC surface (Fig. 1.2). When circulating T cells (expressing an antigen cell surface receptor specific for the allergen peptide) interact with the APC, the interaction activates the T cell to express cytokines characterized by a helper T cell type 2 (Th2) cytokine profile (Fig. 1.3). Th2 cytokines (Table 1.1) play an important role in inducing B cells to switch class and express IgE (e.g. interleukin-4, IL-4), induce eosinophil proliferation in the bone marrow (i.e. induced by IL-5), and up-regulate adhesion molecules on blood vessels to promote tissue infiltration of circulating inflammatory cells associated with allergic inflammation such as eosinophils and basophils. The allergen specific IgE (induced by initial exposure to allergen) binds to high-affinity IgE receptors on mast cells and basophils. These IgE sensitized mast cells upon re-exposure to specific allergen are activated to release histamine and many other proinflammatory mediators that contribute to the allergic inflammatory response (Fig. 1.4). Although this induction of a Th2 response is characteristic of allergic inflammation, it is increasingly evident that additional immune and inflammatory responses contribute to allergic inflammation. In this chapter we explore these mechanisms in greater detail to gain insight into the cellular and molecular events that contribute to the development of the allergic inflammatory response. Such important insights provide the rationale for the development of novel therapies for the targeted treatment of allergic disease, as well as the potential development of biomarkers to assess allergic disease severity, progression, or response to therapy.





[image: image]

Fig. 1.2 Antigen uptake. Antigens may be taken up by antigen-presenting cells through several different mechanisms including: (i) phagocytosis – performed by phagocytes such as monocytes and macrophages, (ii) B-cell receptor (BCR) – very efficient performed by antigen-specific B cells only, (iii) FcγR1 receptors (CD64) expressed by monocytes and macrophages; FcγR2a receptors (CD32a) expressed by many different antigen-presenting cells (APCs), (iv) FcεRI receptors expressed by dendritic cells, and monocytes, and FcεRII (CD23) expressed by dendritic cells, macrophages, and B cells; especially important in allergy; CD23 can be induced on dendritic cells and monocytes by IL-4, (v) mannose receptors – very efficient and allow APCs (mostly dendritic cells) to bind sugar (mannose) residues of glycosylated proteins, (vi) pinocytosis – not efficient as large quantities of antigen are needed; theoretically performed by all types of APC.







[image: image]

Fig. 1.3 Allergen-induced immune and inflammatory responses. Allergen challenge induces activation of Th2 cells that express cytokines including IL-4, which induces class switching to IgE, and IL-5, which induces eosinophil proliferation. IL-9 induces mucus and mast cell proliferation, while IL-13 induces class switching to IgE and airway hyperreactivity. Treg cells (natural and adaptive) have the ability to inhibit Th2 responses. Theoretically, a deficiency of Treg function in allergic inflammation could promote continued Th2-mediated inflammation. TCR, T-cell receptor; nTreg, natural T-regulatory cell.


(Adapted from: Figure 2 in Broide DH. J Allergy Clin Immunol 2008; 121:560–572.)





Table 1.1 Signature cytokine production patterns of Th1 vs Th2 cells






	Th1

	Th2






	IFN-γ

	IL-4






	 

	IL-5











	Th1 and Th2

	IL-9






	IL-2

	IL-13






	IL-3

	IL-25






	GM-CSF

	IL-31






	 

	IL-33
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Fig. 1.4 Mast cell. Upon cross-linking of IgE affixed to FcεRI by allergen, mast cells immediately release preformed mediators from storage in secretory granules via exocytosis. In addition, leukotrienes and PGD2 are generated from arachidonic acid, and cytokine and chemokine transcription is induced.











Central role of IgE and mast cells


Atopy, the tendency to produce IgE antibodies specific for environmental allergens, affects 30–40% of the population of developed nations. The production of IgE results in a range of hypersensitivity disorders including, anaphylaxis, allergic rhinitis, atopic dermatitis and asthma. IgE antibodies, IgE receptors, and several lineages of effector cells activated by IgE have persisted through vertebrate evolution implicating this antibody isotype in important physiological immune functions. IgE probably serves to eliminate helminthic parasites during primary infection and in parasite endemic regions to protect previously exposed individuals against re-infection. In current practice however, the clinically relevant function of IgE is to trigger mast cells and basophils following allergen encounter leading to the release of preformed and newly synthesized mediators of immediate hypersensitivity and expression of acute allergic symptoms. In addition, the production of immune-modulating and proinflammatory cytokines by these activated effector cells sets into motion an array of processes leading ultimately to the persistent allergic tissue inflammation experienced by individuals with chronic allergies. In recent years, IgE blockade using the monoclonal antibody omalizumab has been introduced as an important new therapeutic option. As IgE plays a central role in allergic inflammation, it is important to understand the structural properties of IgE antibodies, the organization of the immunoglobulin heavy chain locus and the cellular and molecular events regulating IgE production by B cells.






IgE structure


Hardly a day passes when a practising allergist does not employ skin testing or in vitro diagnostic techniques to detect IgE antibodies. Establishing the presence of IgE specific for environmental aeroallergens, food antigens, and insect venom components is the cornerstone of allergic diagnosis. In this light it may seem surprising from a historical perspective that the IgE antibody isotype was the last one identified, discovered only in the 1960s, decades after IgM, IgD, IgG, and IgA. Biochemical characterization of the reaginic fraction of serum, the activity capable of passively transferring cutaneous sensitivity from an allergic donor to the skin of a non-allergic recipient (Prausnitz–Küstner reaction), along with the serological classification of some unusual myeloma antibodies established the existence of a novel isotype that was heat labile, failed to fix complement, did not cross the placenta and did not give antibody : antigen precipitates (precipitin lines) in immunodiffusion assays. This apparently novel isotype resided in the γ-globulin fraction of serum and was identified as IgE by investigators in Japan, Sweden, and England.


IgE remained elusive for so long primarily because of its very low plasma concentrations and short half-life compared with other immunoglobulin isotypes. Whereas IgG antibodies are typically present at levels >500 mg/dL, IgE normally circulates at logs lower concentration even in atopic individuals with a normal range of <0.2 mg/dL. Although its presence in the circulation is transient, with a half-life of only about 2 days, considerably shorter than that of IgG (3 weeks), IgE is quite stable when bound to tissue mast cells where it may persist for months. This has important clinical implications. Transplantation of solid organs harboring IgE-coated mast cells from donors with allergy to food or drugs can confer sensitivity for systemic anaphylaxis to previously allergen-tolerant recipients.


IgE shares its basic structural features with other immunoglobulin isotypes. It consists of two heavy chains (the ε-chains) and two light chains (κ or λ) assembled into a tetrameric structure (Fig. 1.5). The heavy chains are composed of five immunoglobulin domains, a shared structural motif of many proteins with immunological function characterized by a stretch of approximately 100 amino acids with a series of antiparallel β-strands assembled into a sandwich of β-sheets which forms an immunoglobulin fold. Disulphide bonds between conserved cysteine residues at each end of the domain stabilize the structure. Four of the ε-chain domains are constant-region domains, encoded by the Cε exons (Cε1–4) in the IgH locus. Thus IgE heavy chains have one more constant domain than do IgG γ-chains, which have only three. The N-terminal variable domain of the ε-heavy chain contains complementarity-determining sequences encoded by the VDJ cassette at the 5′ end of the IgH locus and is responsible for specific antigen binding. In addition to the secreted form of IgE, whose heavy chains are composed of one variable and four constant domains, IgE-committed B cells also express a transmembrane form of the antibody, generated by alternative mRNA splicing and containing an additional C-terminal M-domain responsible for anchoring the antibody in the plasma membrane. ε-heavy chains are encoded by a gene (Fig. 1.6) assembled by somatic genomic recombination only in B cells that have differentiated to produce IgE.





[image: image]

Fig. 1.5 Structure of IgE. Immunoglobulin E (IgE) consists of two heavy chains, each with a total of five immunoglobulin domains, and two light chains, containing two immunoglobulin domains each. Each immunoglobulin domain contains an intrachain disulphide bond. Intrachain disulphide bonds covalently attach the heavy and light chains to form a tetrameric structure. Sites of glycosylation are indicated with circles. Antigen specificity is conferred by the variable (VH and VL) domains. The biological functions of IgE are mediated by interaction with its receptors (FcεRI and CD23) via amino acids in the CH2 and CH3 domains.







[image: image]

Fig. 1.6 IgE gene structure. The ε-heavy chain of IgE is located in the IgH (Ig heavy chain) locus. A VDJ cassette encodes the VH domain, while exons Cε 1–4 encode the constant region domains. Additional M exons encode transmembrane sequences in alternatively spliced transcripts for the membrane-associated form of IgE.











B-cell development and differentiation: generation of antibody diversity


IgE antibodies are produced by B cells and their specialized antibody-producing progeny, plasma cells. The generation of B cells producing allergen-specific IgE has two major phases: an antigen-independent phase of B-cell development occurring in the bone marrow, which provides a systemic pool of B cells with a wide range of antigen specificities, followed by an antigen- and T-cell-dependent process in the periphery, during which allergen-responsive B-cell clones expand and differentiate to produce antibodies of the IgE isotype.


During B-cell development in the bone marrow, common lymphoid progenitors undergo a complex process of regulated gene expression and somatic gene rearrangements that ultimately give rise to mature B cells of fixed antigenic specificity (Fig. 1.7). Commitment to the B-cell lineage is first evidenced by the expression of B-cell surface markers, including CD19, on pro-B cells. These do not yet produce any immunoglobulin chains. An ordered series of DNA rearrangements is set into motion in these precursors in which V, D, and J elements at the 5′ end of the IgH locus (Fig. 1.8) are assembled into a VDJ cassette that constitutes a complete VH exon encoding the variable region domain of the Ig heavy chain (Fig. 1.9). This is a stochastic process in which one of many V, D, and J elements separately encoded in the germline IgH locus is randomly selected for insertion into the evolving VDJ cassette, leading to combinatorial diversity of VH domains. Additional diversity is provided by imprecise joining of the V–D–J borders (junctional diversity) and by the insertion of extra nucleotides at these joints. Assembling the VH exon in this manner gives rise to an enormous spectrum of possible structures and resultant array of antigenic specificities, a range of diversity that could not be achieved by separately encoding each potential sequence in the germline. Completion of recombination results in the assembly of an intact VH exon just upstream of the Cµ exons. This constitutes a complete transcriptional unit that gives rise to mRNA encoding µ heavy chains (early pre-B cell). Although isolated µ heavy chains cannot be expressed at the surface in the absence of immunoglobulin light chains, they can be detected in the cytosol and can be assembled with so-called surrogate light chains (λ5 and V-pre-B) for surface expression, marking the late pre-B-cell stage. Assembly of this pre-B-cell B-cell receptor (BCR) triggers both a second round of VDJ rearrangements, this time at the light chain loci (κ or λ) and, at the same time, the cessation of further rearrangements at the IgH locus on the chromosome (allelic exclusion), assuring that a B cell can make antibodies only of a single specificity. Completion of the light chain rearrangement process renders a cell competent to produce full IgM (and IgD), completing the process of B-cell development.





[image: image]

Fig. 1.7 B-cell development. B cells arise in the bone marrow from pluripotent progenitors in an antigen-independent process marked by sequential expression of B-cell lineage markers (including CD19), µ-heavy chain and, finally intact cell surface IgM. Expression of membrane IgM defines a B cell. Antigen-driven processes outside the bone marrow can drive expansion of antigen-specific B-cell clones and, in the setting of T-cell help, lead to switching of immunoglobulin isotypes to confer antibody effector functions appropriate for the immune challenge.







[image: image]

Fig. 1.8 Immunoglobulin heavy chain (IgH) locus. The genetic elements encoding variable and constant sequences in immunoglobulins are encoded in a very large locus (>1000 kb) on chromosome 14. A major portion of IgH contains the VH genes, which, together with DH and JH sequences, encode the variable domains of immunoglobuin heavy chains. Heavy chain constant region domains are encoded in clusters of CH exons corresponding to each isotype. The exons encoding each isotype are preceded by switch regions (indicated as circles), which mediate isotype switch recombination.
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Fig. 1.9 V–D–J recombination. Assembly of a highly diverse repertoire of heavy chain variable regions is mediated by a process of somatic DNA rearrangement occuring during B-cell development in the bone marrow. VH, DH, and JH segments are randomly selected and annealed. Combinatorial diversity is provided by the random assortment of V, D, and J elements while additional variability is introduced by imprecision in joining (junctional diversity) and by the introduction of extra junctional nucleotides. This random and plastic process of somatic DNA rearrangment leads to a far greater variety of VH sequences than could ever be separately encoded in the germline genome.











Immunoglobulin isotype switching: regulation of the B-cell switch to IgE


The ongoing process of B-cell development is antigen independent and generates a large pool of cells producing antibodies with a highly diverse repertoire of specificities. Upon exiting the bone marrow, each of these B-cell clones is initially committed to the production of IgM and IgD antibodies of defined antibody specificity. In order to generate antibodies of other immunoglobulin isotypes (IgG, IgE, and IgA), B cells must execute a process known as ‘immunoglobulin isotype switching’. This is an antigen-driven and T-cell-dependent process that occurs outside the bone marrow in secondary lymphoid organs and mucosal sites. Isotype switching greatly enhances the range of effector functions of the antibody response by producing antibodies in which the immunoglobulin heavy chains express the same V region (hence retaining the originally committed antibody specificity of the B-cell clone) but now in association with a new set of CH domains, resulting in production of a new isotype. At the molecular genetic level, immunoglobulin isotype switching is mediated by deletional class switch recombination, a process that, like the VDJ recombination involved in B-cell development, involves irreversible somatic gene rearrangements.


Isotype switching in B cells is tightly regulated by both cytokine signals and the interaction of accessory cell surface molecules. In the case of IgE, the combined effects of signals provided by IL-4 and/or IL-13 secreted by activated T cells and by CD40 ligand (CD154) expressed on the surface of those same helper T cells sets this process in motion. Both the cytokine and accessory signals are necessary to efficiently drive switching. Exposure to these stimuli triggers an ordered cascade of events in the nucleus of the responding B cell in which targeted activation of transcription at specific regions in the IgH locus leads to DNA breaks, followed by repair resulting ultimately in the juxtaposition of the VDJ cassette with the appropriate CH exons.


The immunoglobulin heavy chain (IgH) locus spans over 1000 kb of genome on chromosome 14q32.33, beginning with the V, D, and J exons, followed by the Cµ and Cδ exon clusters and then by groups of CH exons encoding each of the other Ig heavy chain isotypes (see Fig. 1.8). The earliest detectable event in a cytokine-stimulated B cell initiating the process IgE isotype switching is the generation of germline mRNA transcripts. IL-4 and IL-13 trigger STAT-6-driven germline transcription at the Cε locus (Fig. 1.10). In its germline configuration, the Cε locus contains not only the four Cε exons encoding the ε-heavy-chain constant region domains but also an IL-4 responsive promoter (harbouring response elements for STAT-6), an Iε exon, a switch recombination region (Sε), and, downstream of Cε1-4, M sequences encoding the transmembrane form of IgE. Although the transcripts that arise in this process do not encode functional protein (the Iε codon present at the 5′ end of these mRNAs actually contains stop codons), the process of transcription is nevertheless critical for the initiation of switch recombination.
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Fig. 1.10 Germline structure of the Cε locus. Prior to class switch recombination, the genetic elements encoding IgE constant region domains reside in the Cε locus near the 3′ end of the IgH locus (see Figure 1.8). The locus has the genetic structure of a fully autonomous gene, including an IL-4 responsive promoter (containing STAT-6-binding elements), Cε 1–4 exons, encoding the heavy chain constant region domains of IgE and M exons, encoding the hydrophobic sequences present in the transmembrane form of IgE in switched B cells. Exposure of B cells to IL-4 or IL-13 leads to activation of transcription and gives rise to ε-germline transcripts (εGLT). These do not encode any functional product. Rather, transcription serves to recruit important elements of the class switch recombination apparatus to the Cε locus. Sε is a C-rich region at which double-stranded DNA breaks are introduced during the process of class switching.




Transcription initiated at the ε-promoter results in recruitment of the enzyme activation-induced cytidine deaminase (AID), which is induced by CD40L signalling, to the ε–locus. AID functions to deaminate deoxycytidine residues in the C-rich Sε region to deoxyuracils. These, in turn, are substrates for another enzyme, uracil DNA-glycosylase (UNG), which acts to introduce single-stranded DNA nicks within Sε. High-density introduction of such nicks can lead to endonuclease-induced double-stranded breaks (DSB) in the DNA. Both UNG and AID are critical for switching. Individuals with mutations in either gene suffer from the autosomal recessive form of immunodeficiency with hyper-IgM, a syndrome in which patients are capable of producing high levels of IgM antibodies but are completely unable to switch to other isotypes resulting in antibody deficiency and susceptibility to recurrent and severe bacterial sinopulmonary infections.


In parallel with the events driven by transcription at the ε-locus, a similar process takes place many kilobases upstream at the Sµ locus, resulting in DSB introduction there. Finally, via the action of components of the DNA repair mechanism (Artemis, DNA ligase IV, ATM), the DSB of these distant sites are annealed leading to both juxtaposition of the VDJ cassette from the 5′ end of the IgH locus with the downstream Cε exons and the simultaneous formation of a switch excision circle (Fig. 1.11). Both ε-germline transcripts and ε-switch excision circles are detectable in the respiratory mucosa of aeroallergen-exposed subjects indicating that this is a locally active process in the airway. B cells that have undergone this process have now irreversibly lost their capacity to produce IgM and the IgG isotypes encoded 5′ of the ε-locus and are committed to the production of IgE antibodies.
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Fig. 1.11 Deletional class switch recombination. In IL-4- and CD40L-stimulated B cells, transcription at the Cε locus targets enzymes that introduce double-stranded breaks (DSB) into the Sε region of the Cε locus in the germline configuration of genomic DNA. DSB are concurrently generated far upstream at the Sµ locus. Annealing of the distant DSB is mediated by cellular DNA repair mechanisms resulting in the generation of two products: a complete ε-heavy-chain gene, with VDJ sequences juxtaposed to Cε exons, and a circular episomal piece of DNA (switch excision circle) which is gradually diluted during subsequent cell divisions of the switched B cell.











T-cell help in IgE class switching


IgE switching, while occurring in B cells, is completely dependent on help provided by CD4+ Th cells. Help is provided both in the form of secreted cytokines and by the interaction of cell surface molecules during direct cell–cell contact (Fig. 1.12). Antigenic peptides displayed on the B-cell surface, bound to major histocompatibility complex (MHC) class II molecules, engage the T-cell receptor of Th cells of the same antigenic specificity (a cognate interaction) leading both to cytokine transcription (including IL-4) and to expression of CD40L (CD154), an activation molecule not present on resting Th cells. CD40L in turn engages CD40 back on the B-cell surface, where CD40 is constitutively expressed, providing a stimulus that, in concert with IL-4, induces ε-germline transcription and AID expression, setting into motion the molecular machinery of immunoglobulin class switch recombination to IgE. CD40–CD40L engagement also drives the expression of B7-family accessory molecules on the B-cell surface that bind to receptors on the T-cell surface to amplify the cytokine signal further. This tightly choreographed sequence ensures the delivery of antigen-specific help for class switching.
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Fig. 1.12 T-cell help in IgE switching. An ordered sequence of T–B cell interactions involving both cell–cell contact and secreted cytokines drives class switching. B cells take up their specific antigen in a process enhanced by the presence of antigen-specific cell surface Ig. Following processing, antigenic peptides are presented by B-cell surface MHC II molecules to the T-cell receptor (TCR) of responding T-cell clones. This interaction drives expression of both CD40L (CD154) on the T-cell surface and cytokines, including IL-4. CD40L binding to CD40 (back on the presenting B cell), along with IL-4, drives germline transcription and activates the expression of components of the pathway of deletional class switching. CD40 activation also drives expression of B7 family costimulatory molecules, which engage receptors on the Th cell and amplify cytokine responses and proliferation. εGLT, ε-germline transcripts; CSR, class switch recombination.




Targeting transcription and consequent immunoglobulin switching to the ε-locus require that the cytokine signal be in the form of IL-4, which is provided by the Th2 subset of Th cells (Fig. 1.13). Th2 cells, which produce the allergy-associated cytokines, IL-4, IL-5, IL-10, and granulocyte–macrophage colony-stimulating factor (GM-CSF), arise from antigen-stimulated Th0 precursors. Their differentiation is supported by the presence of IL-4 and by the activation of the transcription factor STAT-6 upon IL-4 receptor signalling. STAT-6-induced transcription results in the production of both Th2 cytokines and transcription factors (including GATA-3, Maf, and NIP45), which stabilize the Th2 gene expression profile. As Th2 clones expand through further cell divisions, the early induction of a specific gene expression pattern by STAT-6 signalling and lineage-specific transcription factor expression as well as the silencing of non-Th2 cytokine genes is permanently stabilized by epigenetic mechanisms including DNA demethylation and chromatin remodelling. In addition to their cytokine profile, Th2 cells are characterized by surface expression of CRTH2 (a receptor for prostaglandin D2 (PGD2), a product of activated mast cells) and ST2 (a receptor for the IL-1 family member IL-33, a cytokine that enhances Th2 cytokine responses).
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Fig. 1.13 T-helper cell subsets. Induction of IgE switching in B cells is dependent on a subset of Th cells (Th2 cells) that produce IL-4. During antigen-driven activation and expansion, uncomitted Th0 antigen-specific T cells can take on one of several T-helper phenotypes. The presence of IL-4 in the environment of responding T cells favours their differentiation into Th2 T cells producing IL-4 and IL-13 (which can drive IgE production as well as other aspects of the allergic response), as well as IL-10, IL-5, and GM-CSF, which are important in eosinophilopoiesis (Eos). Th0 cells exposed to IL-12 and interferon-γ (IFN-γ) differentiate into Th1 cells, which produce IFN-γ, IL-2 and TNF-α and are important in the elimination of intracellular pathogens. The presence of IL-6 and TGF-β drives Th17 induction. IL-17 family cytokines derived from this cell type are important in responses to extracellular bacterial pathogens and in some inflammatory diseases. Each of the Th lineages is characterized by expression of a specific set of transcription factors: T-bet for Th1, GATA-3, Maf and NIP45 for Th2 and RORγT for Th17.




A central paradox in the Th-differentiation paradigm is that Th2 cells require IL-4, which they themselves produce, for their own induction. Similarly, Th1 cells require their own product interferon-γ (IFN-γ) to differentiate. An important and not fully understood question in allergy is ‘what is/are the earliest priming sources of IL-4 in tissues during an evolving allergic response?’ Several candidates, all effector cells of innate immune functions, have been considered and probably play overlapping roles. It is known that activated mast cells produce IL-4. As these cells reside in the skin and mucosal tissues, sites of initial allergen encounters, and since they can be activated by non-specific stimuli, it is possible that mast-cell-derived IL-4 could start the cascade towards Th2 expansion. Recently basophils, which like mast cells express surface FcεRI and are important sources of mediators of immediate hypersensitivity but, unlike mast cells, do not express the surface receptor c-kit, have been identified as Th2 inducers. Basophils constitutively produce large amounts of IL-4 and their depletion in animal models of allergic disease has been shown to result in attenuation of Th2 responses. NK T cells, which express cell surface markers of both NK and T cells, have an invariant Vα14 T-cell receptor specific for glyco- and phospho-lipid antigens presented in the context of MHC class I-like CD1 molecules, also express abundant IL-4 and have been implicated in allergic responses in humans and animal model systems.









IgE receptors


IgE mediates its biological functions via two separate receptors: FcεεRI (the high-affinity receptor) and CD23 (also known as FcεRII or the low-affinity IgE receptor). FcεRI can be expressed in one of two forms: an αβγ2 tetramer, which is found on mast cells and basophils, and a trimeric form, αγ2, lacking the β-chain, present on a number of other cell lineages (Fig. 1.14). The α-chain, which contains two extracellular immunoglobulin domains, is responsible for binding IgE and interacts specifically with sequences in the Cε2–3 region of the ε-heavy chain. This is a very high-affinity interaction with a Kd of 10−8 M and, in contrast to Fcγ receptors, FcεRI is constitutively occupied by ligand (IgE) at physiological IgE levels. The β-chain of the receptor, present only in the tetrameric form found on mast cells and basophils, belongs to a tetraspanner family of proteins that cross the cytoplasm four times with both N- and C-termini residing in the cytosol. This β-chain has been shown to have an important amplification function in FcεRI signalling. However the most important chain with respect to signal transduction by the receptor is probably the γ-chain, present as a disulphide-linked dimer. Both γ- and β-chains contain intracellular sequences known as immunoreceptor tyrosine-based activation motifs (ITAMs) that are targets for phosphorylation by receptor-associated tyrosine kinases.
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Fig. 1.14 FcεRI structure and signalling. The high-affinity IgE receptor (FcεRI) on mast cells and basophils is a tetrameric structure (αβγ2). A trimeric form lacking the tetra-membrane spanning β-chain exists on other cell types. The α-chain of the receptor, which contains two extracellular immunoglobulin domains, binds to IgE via residues in the Cε2–3 domains. Interaction of FcεRI-bound IgE with polyvalent antigen leads to receptor clustering. In the cytosol, the protein tyrosine kinase, lyn, which is associated with FcεRI, phosphorylates tyrosine residues in immunoreceptor tyrosine-based activation motifs (ITAMs) contained in the β- and γ-chains. These phosphotyrosines serve as docking sites for the SH2-family tyrosine kinase, syk, which the phosphorylates a number of cellular targets leading to the assembly of a signalling complex around the linker proteins, LAT, SLP-76, Gads and others. Recruitment of phospholipase Cγ to this complex and its subsequent activation via phosphorylation, leads to hydrolysis of membrane phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P2) to generate inositol 1,4,5-trisphosphate (PIP2) and diacylglycerol (DAG). PIP2 triggers increased cytosolic calcium concentrations (via Ca2+ release from endoplasmic reticulum stores). Activation of protein kinase C (PKC) by DAG and Ca2+ lead to signalling events driving gene expression. Simultaneous activation of Ras-GTP exhange factors by vav lead to activation of the SAPK pathway and cytolskeletal (WASP/WIP) pathways, both of which also drive downstream gene expression.




The src-family tyrosine kinase, lyn, is associated with FcεRI and aggregation of FcεRI in the membrane by extracellular receptor-bound IgE with polyvalent allergens favours lyn-mediated phosphorylation of the cytosolic ITAMs. These, in turn, serve as docking sites for the SH2-domain containing tyrosine kinase, syk, which is recruited and, via phosphorylation of linker molecules including LAT, Gads, and SLP-76, leads to the assembly of a signalling complex. Among the signalling molecules recruited to this complex is phospholipase-Cγ (PLCγ), which hydrolyses membrane phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P2) to generate inositol 1,4,5-trisphosphate (PIP2) and diacylglycerol (DAG). PIP2 induces the release of Ca2+ from endoplasmic reticulum stores, resulting in increased intracellular Ca2+. This rise in Ca2+ is a critical trigger for mast cell degranulation. Activation of protein kinase C (PKC) by both DAG and increased Ca2+ leads to signalling events driving mast cell gene activation. In addition to the PLCγ pathway, several parallel cascades of signalling events including the stress-activated protein kinase (SAPK) and cytoskeletal (WASP) pathways are set into motion by FcεRI aggregation, all converging to regulate mast cell degranulation and gene expression. Cell surface levels of FcεRI are regulated by ambient IgE levels in a positive-feedback loop. As a result, one of the consequences of anti-IgE therapy is a downregulation of FcεRI levels with a resultant increase in the antigen stimulation threshold required for mast cell activation.


CD23, the so-called low-affinity IgE receptor, has an entirely different structure and exerts biological functions distinct from those of FcεRI. It is a C-type lectin family member and type II membrane protein (N-terminus intracellular) expressed in two alternatively spliced isoforms, CD23a and CD23b, with CD23a present predominantly on B cells and CD23b present on a wide range of cell types including Langerhans cells, follicular dendritic cells, T cells, eosinophils, and gastrointestinal epithelium. CD23 is assembled as a trimeric structure with a long extracellular coiled-coil stalk that is abundantly N glycosylated terminating in three globular head domains that bind to IgE (Fig. 1.15). CD23 is susceptible to cleavage from the cell surface by a variety of proteases including those present in some allergens (like Der p 1 of dust mites) and the metalloprotease ADAM 10. Like FcεRI, CD23 expression is regulated by ambient IgE levels. Occupancy of the receptor by IgE protects it from protease-mediated shedding.





[image: image]

Fig. 1.15 CD23 structure. CD23 is expressed as a type II (amino terminus intracellular) transmembrane protein with globular IgE-binding heads sitting on top of long coiled-coil stalks. The receptor contains a protease-sensitive site that can be targeted by endogenous (ADAM 10) or allergen (including Der p 1) proteases to shed a soluble form of the receptor, sCD23. Occupancy of the receptor by IgE inhibits this process, stabilizing cell surface CD23.




A variety of functions have been attributed to membrane-bound and soluble CD23. It has been shown that, in the presence of allergen-specific IgE, CD23 can mediate B-cell uptake of allergen/IgE complexes in a process described as IgE-facilitated antigen presentation. CD23 is expression on the luminal surface of gut epithelial cells and, in a similar fashion, may mediate transcytosis of food allergens in individuals with preformed allergen-specific IgE. Engagement of the membrane form of CD23 on B cells appears to suppress IgE production. In contrast, it has been reported that soluble CD23 fragments enhance IgE production – perhaps by preventing the interaction of IgE with transmembrane CD23. Alternatively, CD23 is known to bind the B-cell surface antigen CD21 (the receptor for Epstein–Barr virus, EBV), and the interaction of soluble CD23 with CD21 might exert its IgE-inducing effect.












The immune response in allergy






Dendritic cells


Dendritic cells in the skin and mucous membranes perform a unique sentinel role in that they recognize antigens through their expression of pattern recognition receptors [e.g. Toll-like receptors (TLR), NOD-like receptors, C-type lectin receptors] that recognize motifs on virtually any pathogenic organism, allergen, or antigen. Dendritic cells (DC) can also sense tissue damage through receptors for inflammatory mediators (e.g. damage-associated molecular patterns like uric acid, high-mobility group box 1) allowing them to serve as a bridge between innate and adaptive immune responses. DCs arising from a CD34+ precursor in the bone marrow further differentiate under the influence of various cytokines into subsets including myeloid DC (e.g. Langerhans cell, inflammatory dendritic epidermal cell) and plasmacytoid DC, which express specific markers. A unique feature of DCs is their typical morphology with long dendrite-like extensions that express high levels of MHC to present antigen (Fig. 1.16).
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Fig. 1.16 Dendritic cell networks in the respiratory tract. (a) Airway dendritic cells (rat) stained for major histocompatibility complex (MHC) II (normal healthy airway epithelium, tangential section; (b) MHC II+ dendritic cells in rat alveolar septal wall.




Allergens are taken up by DCs and this plays a very important role in the subsequent immune response. Allergens can also activate DCs through indirect mechanisms involving cells such as epithelium. For example, house dust mite allergen can activate epithelial cells through several epithelial-expressed receptors (TLR, C-type lectin, protease-activated receptor 2), which leads to the release from epithelial cells of innate cytokines [thymic stromal lymphopoietin (TSLP), IL-25, IL-33] that programme dendritic cells to become Th2 inducers.


Of particular importance to allergic inflammation, dendritic cells express the high-affinity IgE receptor that can mediate allergen presentation to T cells. The FcεRI complex in dendritic cells differs from that described in mast cells and basophils in that it expresses only two (α, γ) of the three (α, β, γ) chains known to be expressed by mast cells and basophils (Fig. 1.17). The presence of allergen-specific IgE bound to the high-affinity IgE receptor on dendritic cells can lead to a 100-fold lowering of the threshold dose for allergen recognition by Th2 cells. Once activated, dendritic cells migrate to regional lymph nodes where they present the processed antigen to T cells. Following allergen challenge, dendritic cells are a prominent source of the Th2-cell-attracting chemokines TARC (CCL17) and MDC (CCL22). Thus, dendritic cells not only present allergen to activate T cells but also play an important role in Th2-cell recruitment to sites of allergic inflammation.
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Fig. 1.17 Comparison of high-affinity IgE receptor structure on mast cells and dendritic cells. Mast cells express a four-chain αβγ2 FcεRI receptor whereas dendritic cells express a three-chain αγ2 FcεRI receptor lacking the β chain.











Effector T-cell subsets


Naïve CD4+ cells can differentiate into Th1, Th2, Th9, or Th17 effector cells based on microenvironmental stimuli to which they are exposed in the presence of antigen. Each of these T-cell subsets can promote different types of inflammatory response based on the profile of cytokines they express. In particular Th2 cells have a prominent association with allergic inflammation.









Th1 vs Th2 cells


CD4+ T cells were initially identified and classified in the mouse into functionally distinct Th1 or Th2 subsets on the basis of distinct cytokine profiles expressed by each subset (see Table 1.1). Whereas Th1/Th2 polarization is clear-cut in murine models, the situation is not as clear-cut for human T-cell subsets, which can secrete a mixed pattern of cytokines. Thus, Th1 and Th2 cells are not two distinct CD4+ T-cell subsets, but rather represent polarized forms of the highly heterogenous CD4+ Th-cell-mediated immune response. Additional T-cell populations including Th17 and Th9 cells have been identified underscoring the limitation of a pure Th1 vs Th2 paradigm of immune responses (Fig. 1.18). With these caveats in mind, Th1 cells nevertheless play a prominent role in cellular immunity by expressing cytokines that promote the development of cytotoxic T cells and macrophages [e.g. IFN-γ, IL-2, and tumor necrosis factor-α (TNF-α)], while Th2 cells regulate IgE synthesis (IL-4), eosinophil proliferation (IL-5), mast cell proliferation (IL-9), and airway hyperreactivity (IL-13). A Th2 pattern of cytokine expression is noted in allergic inflammation and in parasitic infections, conditions both associated with IgE production and eosinophilia. The cytokine environment encountered by a naïve T cell plays a prominent role in determining whether that naïve T cell develops into a Th1 or Th2 cell. Thus, the same naïve Th cell can give rise to either Th1 or Th2 cells under the influence of both environmental (e.g. cytokine) and genetic factors acting at the level of antigen presentation. In particular cytokines such as IL-4 play a prominent role in deviating naïve T cells to develop into Th2 cells, whereas IFN-γ and IL-12 are important in the development of Th1 cells. In addition to the local cytokine environment, the level of antigen-induced activation of the T-cell receptor (high- versus low-dose antigen), the delivery of co-stimulatory signals from the APC, and the number of postactivation cell divisions influence the development of Th1 versus Th2 cells. A large number of studies have supported the hypothesis that Th2-type responses are involved in the pathogenesis of several allergic diseases including atopic asthma, allergic rhinitis, and atopic dermatitis. However, there are still aspects of this paradigm that require further investigation.
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Fig. 1.18 Effector T-cell subsets. After antigen presentation by DCs, naïve T cells differentiate into Th1, Th2, Th9, and Th17 effector subsets. Their differentiation requires cytokines and other cofactors that are released from DCs and also expressed in the microenvironment. T-cell activation in the presence of IL-4 enhances differentiation and clonal expansion of Th2 cells, perpetuating the allergic response. IL-12, IL-18, and IL-27 induce Th1-cell differentiation; IL-4 and TGF-β induce Th9 differentiation; and IL-6, IL-21, IL-23, and TGF-β induce the differentiation of Th17 cells.


(Adapted from: Figure 1 in Akdis CA, Akdis M. J Allergy Clin Immunol. 2009; 123:735–746.)









Transcription factors and expression of Th2 cytokine responses


There is increasing interest in the role of transcription factors in the regulation of cytokine gene expression in asthma and allergy, as therapeutically targeting transcription factors may provide a novel approach to inhibiting the function of several cytokines important to the genesis of allergic inflammation. Transcription factors are intracellular signalling proteins that bind to regulatory sequences of target genes, resulting in the promotion (transactivation) or suppression (transrepression) of gene transcription, with resultant effects on subsequent cytokine mRNA and protein production. Transcriptional control of genes involved in the allergic inflammatory response is mediated by several classes of signal-dependent transcription factors that can be categorized according to their structure. Examples of transcription factors important in mediating Th2 immune responses include GATA-3, STAT-6, c-MAF, and NF-ATc. In contrast, STAT-4 and T-bet are transcription factors that are important in mediating Th1 immune responses.






STAT-6


The transcription factor STAT-6 is involved in the upregulation of IL-4-dependent genes, such as the genes encoding the IL-4 receptor, IgE, and chemokine receptors (CCR4, CCR8), which play key roles in allergic responses. STAT-6 expression in bronchial epithelium has correlated with the severity of asthma. STAT-6 is also activated by other Th2 cytokines such as IL-5 and IL-13, contributing to the local amplification of the Th2 response.









GATA-3


The transcription factor GATA-3 is selectively expressed in Th2 cells and plays a critical role in Th2 differentiation in a STAT-6-independent manner. GATA-3 regulates the transcription of IL-4 and IL-5, and like STAT-6, has been suggested to act as a chromatin-remodelling factor, favouring the transcription of Th2 cytokines IL-4 and IL-13.









c-MAF


The transcription factor c-MAF is a Th2-specific transcription factor that is induced in the early events of Th2 differentiation and transactivates the IL-4 promoter. Asthmatic patients display an increased expression of c-MAF.









NF-AT


The NF-AT transcription factors comprise four different members, which are expressed in T and B lymphocytes, mast cells, and NK cells. One of the NF-AT transcription factors NF-ATc (also known as NF-AT2) plays an important role in the development of Th2 responses.









T-bet


Deficiency in T-bet (a transcription factor that regulates expression of Th1 rather than Th2 cytokines) is associated with increased airway responsiveness in mouse models of asthma. Reduced levels of T-bet have also been noted in the airway of human asthmatics.















Th9 cells


IL-9 has been considered a Th2-cell-derived cytokine that contributes to mucus expression and mast-cell hyperplasia (see Fig. 1.3). More recently, a novel Th9 cell population that differs from Th2 cells has been described that does not express any well-defined transcription factors such as GATA-3, T-bet, RORγt or Foxp3, emphasizing that Th9 cells are different from Th2, Th1, Th17, and Treg populations (see Fig. 1.18). It is currently unknown whether, during the allergic response in vivo, IL-9-secreting T cells are distinct from Th2 cells or whether Th2 cells can be reprogrammed into Th9 cells.









Th17 cells


Th17 cells are associated with neutrophil-mediated inflammation and have therefore been studied in diseases associated with neutrophils including bacterial infection, chronic obstructive pulmonary disease (COPD), and cystic fibrosis. Since the discovery of IL-17, several other homologous proteins have been identified, resulting in a six-member IL-17 cytokine family in which the members are designated as IL-17A through IL-17F. The IL-17 family members IL-17A and IL-17F share the greatest homology and are perhaps the best-characterized cytokines in the family. In contrast, IL-17E, also referred to as IL-25, is the most divergent member. In asthma, elevated IL-17A levels correlate with increased neutrophilic inflammation, a characteristic of severe asthma and corticosteroid-resistant asthma. Increased IL-17A has also been correlated with increased airway responsiveness in asthmatics. Th17-cell-released cytokines include IL-17A, IL-17F, and IL-22 (see Fig. 1.18), which induce multiple chemokines and growth factors to promote neutrophil and macrophage accumulation. Induction of Th17 cells requires signalling through STAT-3 and activation of transcription factors RORγT and RORα.









Treg cells


The term regulatory T cell (Treg) refers to cells that actively control or suppress the function of other cells, generally in an inhibitory fashion. Thus, in allergic inflammation Treg cells that suppress the function of Th2 cells may have an important role in limiting allergic responses (Fig. 1.19). For example, allergen immunotherapy induces Treg cells, which express inhibitory cytokines [transforming growth factor-β (TGF-β), IL-10] that can down-regulate the allergic inflammatory response. Thus, one potential mechanism through which allergen immunotherapy is hypothesized to be effective in allergic rhinitis is through induction of Treg cells. Several different Treg cell populations have been described (CD4+CD25+, Th3, TR1, TR, and NK T cells) of which the CD4+CD25+ Treg cells express the transcription factor Foxp3 have been most studied in allergic inflammation. They are naturally occurring regulatory cells that prevent autoimmune disease, and also inhibit Th2 responses.
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Fig. 1.19 Treg and suppression of allergic inflammation. Foxp3+ CD4+ CD25+ and TR1 cells contribute to the control of allergen-specific immune responses in several major ways. Suppression of DCs that support the generation of effector T cells; suppression of Th1, Th2, and Th17 cells; suppression of allergen-specific IgE and induction of IgG4, IgA, or both; suppression of mast cells, basophils, and eosinophils; interaction with resident tissue cells and remodelling; and suppression of effector T-cell migration to tissues.


(Adapted from: Figure 2 in Akdis CA, Akdis M. J Allergy Clin Immunol. 2009; 123:735–746.)















The inflammatory response in allergy






Allergens


Allergens initiate the immune and subsequent inflammatory response by being processed by APCs to activate T cells. In addition certain allergens such as house dust mite also have protease activity that can increase epithelial cell permeability to enhance allergen penetration of the mucosa, as well as activate protease receptors on epithelial cells to release cytokines that promote Th2 cytokine responses. Although allergens are mostly large glycoproteins, there does not appear to be a common amino acid structure that confers the ability of a protein to initiate allergic disease. Occupational allergens also share no common structural features and are represented by a wide variety of low- and high-molecular weight compounds, including metal anhydrides, amines, wood dusts, metals, organic chemicals, animal and plant proteins, and biological enzymes. Platinum salts and low-molecular-weight acid anhydrides can interact with mast cells by acting as haptens and are recognized by IgE only after conjugation with a protein.









Mast cells


Mast cells play a pivotal role in the initiation of the IgE-mediated allergic response to allergen exposure on mucosal surfaces. Cross-linking of high-affinity IgE receptors induces release of preformed mediators stored in cytoplasmic granules (e.g. histamine, tryptase, TNF-α), the generation of lipid mediators (e.g. PGD2 and LTC4), as well as the transcription of cytokine genes. The important role of the mast cell is further discussed below in the section on early phase response to allergen challenge, as well as above in the section on IgE.









Early response cytokines: TNF-α and IL-1β


IL-1β and TNF-α up-regulate a broad range of proinflammatory activity in these cells and have been termed the early response proinflammatory cytokines. Macrophages are the major source of IL-1β and TNF-α. However, TNF-α is also released by mast cells, lymphocytes, eosinophils, fibroblasts, and epithelial cells. TNF-α and IL-1β initiate further synthesis and release of cytokines and mediators, up-regulate the expression of adhesion molecules on endothelial cells, and promote production of extracellular matrix by fibroblasts.









Epithelium


The integrity and barrier function of epithelial cells minimizes the underlying tissue exposure to potential antigens. The proteolytic function of some allergens (e.g. Der p 1) confers additional properties that facilitate their penetration through the cleavage of intercellular adhesion molecule. Epithelial cells are activated by the early response cytokines including IL-1β and TNF-α. In response to these stimuli, epithelial cells generate chemokines, cytokines, and autacoid mediators, which promote the allergic response (Fig. 1.20). In particular, epithelial products have powerful chemoattractant activity for eosinophils, lymphocytes, macrophages, and neutrophils. The epithelium is a major source of eosinophil chemoattractants (including eotaxin-1, RANTES, and monocyte chemotactic peptide-4), as well as CD4+ T memory lymphocyte chemoattractants (RANTES, MCP-1, and IL-16).
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Fig. 1.20 Epithelial cell influence on innate and adaptive immune responses. Epithelial cells express pattern-recognition receptors and release antimicrobial products into the airways. They also interact with interepithelial DCs and subepithelial DCs to alter the ability of DCs to skew T cells. During inflammatory and immune responses, epithelial cells release specific chemokines that recruit subsets of granulocytes and T cells that are appropriate to the particular immune response. Finally, epithelial cells regulate the adaptive immune response by expression of soluble and cell-surface molecules that alter the function of DCs, T cells, and B cells in the airways. PAMP, pathogen-associated molecular pattern; PRR, pathogen-recognition receptor; PMN, polymorphonuclear leukocyte; EOS, eosinophil; BASO, basophil; APRIL, a B-cell proliferation-inducing ligand; TSLP, thymic stromal lymphopoietin; BAFF, B-lymphocyte-activating factor of the TNF family.


(Adapted from: Figure 1 in Schleimer RP, Kato A, Kern R, et al. J Allergy Clin Immunol. 2007; 120:1279–1284.)









TSLP, IL-25, IL-33


The cytokines thymic stromal lymphopoietin (TSLP), IL-25, and IL-33 have been recognized to play an important role in initiating, amplifying, and maintaining Th2 responses important to allergic inflammation (see Fig. 1.20).






TSLP


Increased levels of TSLP have been noted in skin biopsies from subjects with atopic dermatitis as well as in the airways of subjects with asthma. The increased levels of TSLP in the airway in asthma correlate with disease severity. TSLP is derived from epithelial cell and non-epithelial cell sources and acts on dendritic cells to up-regulate the co-stimulatory molecule OX40 ligand and hence favours Th2 responses.









IL-25


IL-25 (also known as IL-17E) is a member of the IL-17 cytokine family. Increased levels of IL-25 have been detected in asthma and atopic dermatitis. Studies in mouse models of asthma suggest that IL-25 may play an important role in promoting or sustaining an ongoing Th2 immune response. IL-25 is produced by multiple cell types including epithelial cells, mast cells, eosinophils, and basophils.









IL-33


IL-33 (a member of the IL-1 cytokine family) increases cytokine production from polarized Th2 cells. Cellular sources of IL-33 include epithelial cells, macrophages, and dendritic cells. Increased levels of IL-33 have been detected in the airway of subjects with severe asthma.









Epithelial cells and Th2 responses


As TSLP, IL-25, and IL-33 are all produced by epithelial cells, the potential for these three cytokines to enhance Th2-mediated allergic inflammation at mucosal surfaces is evident. In addition, both IL-25 and IL-33 induce TSLP production from epithelial cells suggesting a potential mechanism by which these three cytokines interact and potentiate their function at mucosal surfaces.















Eosinophils


The allergic inflammatory response is characterized by the presence of increased numbers of eosinophils in the bone marrow, blood, and tissues. IL-5, a Th2-cell-derived cytokine, is an important lineage-specific eosinophil growth factor that plays an important role in the generation of eosinophils in the bone marrow. Eosinophils travel from the bone marrow through the blood stream and bind to adhesion molecules expressed by endothelium at sites of allergic inflammation. Eosinophils chemotax into tissues in response to CC chemokines in particular eotaxin-1 and RANTES. Once in the extracellular matrix, eosinophil survival is enhanced by IL-5 and GM-CSF and by adhesion of eosinophils to fibronectin components of the extracellular matrix. Normal eosinophil life span in tissue is about 2–5 days but, under the influence of these factors, survival may be extended to 14 days or more by rescue from apoptosis. This prolongation of the eosinophil life span probably contributes to the increased eosinophil numbers observed at sites of allergic inflammation. Mature eosinophils have cytoplasmic granules that contain several proteins toxic to parasites and in allergic inflammation to a variety of host cells including epithelium. In established allergic disease, activated eosinophils are a major source of cysteinyl leukotrienes, which cause smooth muscle contraction, mucus hypersecretion, microvascular leakage, and airway hyperresponsiveness. The precise mechanism responsible for eosinophil activation in vivo is not known, although in vitro cross-linking of IgA receptors on eosinophils, or eosinophil adhesion to the CS-1 region of fibronectin, are capable of stimulating mediator release.


Eosinophils are considered to be proinflammatory cells that mediate many of the features of asthma and related allergic diseases. They have a characteristic bilobed nucleus and the cytoplasm of each cell contains about 20 membrane-bound, core-containing, specific granules that contain basic proteins such as major basic protein (MBP) (Fig. 1.21). In addition, eosinophils contain a number of primary granules, which lack a core and are of variable size. These granules contain Charcot–Leyden crystal protein (CLC protein), a characteristic feature of asthmatic sputum. Normal eosinophils contain about five non-membrane-bound lipid bodies, which are the principal store of arachidonic acid and also contain the enzymes cyclooxygenase and 5-lipoxygenase, which are required to synthesize prostaglandins and leukotrienes. Generally, the amount of cytokines produced by eosinophils is low compared with that produced by other cell types, though the increased number of eosinophils at sites of allergic inflammation may partially compensate.
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Fig. 1.21 Eosinophils. Eosinophils express receptors that, when engaged by ligand, induce their proliferation (IL-5 receptor, IL-5R), chemoattraction into tissues (CCR-3), and apoptosis (Siglec-8). Eosinophils can contribute to inflammation through release of preformed cytoplasmic granule mediators (e.g. major basic protein, MBP), newly generated lipid mediators (e.g. LTC4) and transcribed cytokines (e.g. TGF-β1).


(Adapted from: Figure 3 in Broide DH. J Allergy Clin Immunol. 2008; 121:560–570.)





Studies with anti-IL-5 have demonstrated that it significantly reduces eosinophil levels in the blood by >90%. In the idiopathic hypereosinophilic syndrome, administration of anti-IL-5 reduces eosinophil levels as well as the amount of corticosteroid therapy needed to control the disease. In asthma, anti-IL-5 reduces exacerbations in asthmatics who have elevated levels of eosinophils in sputum but does not influence symptoms or airway hyperreactivity in asthmatics who are not recruited for clinical studies based on sputum eosinophil levels. In addition anti-IL-5 reduces levels of extracellular matrix remodelling in mild asthmatics. This reduction in remodelling is associated with reduced numbers of eosinophils and reduced expression of the pro fibrotic growth factor TGF-β1 by eosinophils in the airway.









Neutrophils


Tissue neutrophilia is the hallmark of inflammation induced by bacterial infection. Allergen challenge induces a more prominent influx of eosinophils than neutrophils. Increased numbers of neutrophils can be detected in asthma exacerbations and in subjects with severe asthma as well as in subjects who die suddenly of asthma. The increased numbers of neutrophils in these more severe asthma populations may be related to infections, the use of corticosteroids that inhibit neutrophil apoptosis, or the active recruitment of neutrophils in severe asthma. Increased levels of the neutrophil chemoattractant IL-8 and Th17 cells have also been detected in severe asthma. Neutrophils have the ability to generate a variety of proinflammatory mediators including enzymes, oxygen radicals as well as lipid mediators and cytokines that attract and activate more neutrophils (Fig. 1.22). At present it is not known whether the neutrophil contributes to airway responsivenes in asthma. The development of selective inhibitors of neutrophils (i.e. targeting IL-8 or the IL-8 receptor) will allow further study of the effect of selectively depleting neutrophils on the development of subsequent asthma or allergic inflammatory responses.
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Fig. 1.22 Neutrophil mediators. The neutrophil is a source of range of preformed and newly synthesized mediators. MMP-9, matrix metalloprotease 9; G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte–macrophage colony-stimulating factor.











Macrophages


Macrophages are an important component of the innate immune system and clear organisms through their phagocytic function (Fig. 1.23). Toll-like receptors expressed by macrophages play an important role in their activation. Macrophages at tissue sites of allergic inflammation originate from mononuclear cell in the bone marrow. In addition to their phagocytic and antigen presenting role, macrophages have the potential to be proinflammatory or antiinflammatory based on the spectrum of mediators they are able to release. For example, macrophages release proinflammatory cytokines (e.g. IL-1β, TNF-α) and chemokines (e.g. IL-8), which have all been detected at sites of allergic inflammation. In addition macrophages release biologically active lipids, reactive oxygen and nitrogen metabolites. Macrophages may be activated by allergen via the low-affinity IgE receptor (FcεRII) as well as by Th2 cytokines (IL-4 and IL-13) and LTD4. Thus, there are several mechanisms through which macrophages could be acivated to express proinflammatory cytokines at sites of allergic inflammation. Macrophages are also able to express antiinflammatory cytokines including the IL-1 receptor antagonist, IL-10 and IL-12, which provides a potential for macrophages to down-regulate allergic inflammatory responses. There is some evidence that the antiinflammatory cytokine IL-10 is reduced in both blood monocytes and alveolar macrophages from allergic patients with asthma.
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Fig. 1.23 Macrophage mediators. The macrophage is a source of a range of preformed and newly synthesized mediators. MCP, macrophage chemoattractant protein.








Macrophage subsets: M1 vs M2 macrophages


There is emerging evidence of distinct macrophage subsets (M1 and M2) with the M2 macrophage playing a greater role in Th2-mediated inflammation. The ability of the Th2 cytokine IL-4 to induce the differentiation of M2-like macrophages suggests that M2 macrophages may be important at sites of allergic inflammation. In contrast, Th1 cytokines such as IFN-γ or bacterial products such as LPS promote M1 macrophages, which induce strong IL-12-mediated Th1 responses. There is also emerging evidence of distinct monocyte subsets (Gr1−/Ly-6Clow and Gr1+/Ly-6Chigh) with distinct functions and fates, such as the differentiation into cells with features of M1 or M2 macrophages respectively.









Primary functions of macrophages in allergy


Alveolar macrophages in health may subserve a suppressive role in inflammation, but are phenotypically altered in asthma towards a more stimulatory role. In addition, antigen presentation through the high-affinity receptor for IgE, which is increased on the surface of human monocytes of atopic patients, results in an approximately 100-fold or greater increased efficiency in activating antigen-specific T cells. Thus, in allergic inflammation, changes occur in the alveolar macrophage population, which results in an enhanced capacity to present antigen and a loss of their immunosuppressive phenotype. This is attributed to changes in the local environment with evidence for an important role of GM-CSF. In addition, an increase in newly recruited monocytes that demonstrate increased antigen-presenting function is likely to contribute to enhanced antigen presentation in the asthmatic lung.












Bone marrow


The bone marrow is likely to play an important effector role in allergic inflammation through production of leukocyte effector cells and leukocyte progenitors. Most of the leukocyte effector cells associated with allergic inflammation, namely basophils, eosinophils, neutrophils, and monocytes, are produced in the bone marrow and travel to sites of allergic inflammation. In addition, allergen challenge induces trafficking of bone marrow progenitors such as eosinophil progenitors to sites of allergic inflammation in the tissues where under local microenvironmental stimuli they can differentiate into mature eosinophils. Thus, the bone marrow may be a source not only of mature leukocytes but also of precursor leukocyte populations that travel to sites of allergic inflammation.









Nerves


Neural mechanisms may play a role in allergic inflammation through interactions with inflammatory cells or through direct effects on target organs such as smooth muscle, mucous glands, and blood vessels. Studies have investigated the role of cholinergic nerves, adrenergic nerves, non-adrenergic non-cholinergic nerves, and neuropeptides such as substance P, calcitonin gene-related peptide (CGRP), vasoactive intestinal polypeptide (VIP) and nerve growth factor (NGF) in contributing to allergic inflammation. One of the best-studied neural pathways is the sensory nerve reflex. Activation of local tissue sensory nerves at sites of allergic inflammation may activate cholinergic reflexes. Stimulated cholinergic nerves can rapidly induce smooth muscle contraction, mucus hypersecretion, and vasodilation. The vasodilation may contribute to nasal congestion at sites of allergic inflammation. Sensory nerves at sites of allergic inflammation can be triggered by non-specific chemical and physical irritants, bradykinin, histamine, leukotrienes, and prostaglandins particularly after the loss of overlying epithelium. In addition, inflammatory mediators may act on various prejunctional nerve receptors to modulate the release of neurotransmitters. For example, mast cell products (especially histamine and PGD2) and eosinophil mediators can up-regulate the activity of the cholinergic ganglia.












Modulation of allergic responses by cytokines, chemokines, and adhesion molecules






What are cytokines?


Cytokines are extracellular signalling molecules that bind to specific cell surface cytokine receptors to regulate both the immune and the inflammatory response. Currently over 70 cytokines have been identified (e.g. interleukins 1 to 35, growth factors, etc.) of which a subset is known to be expressed during episodes of allergic inflammation (Table 1.2). Cytokines predominantly act on closely adjacent cells (the paracrine effect), but can also act on the cells of their origin (the autocrine effect), and rarely on distant cells in another organ (the systemic effect). Cytokines are involved in orchestrating the initiation, maintenance, and resolution of the allergic inflammatory response. In allergic inflammation, cytokines are both active in the bone marrow where they regulate the development and differentiation of inflammatory cells (e.g. IL-5 induces eosinophilopoesis), and are also expressed at tissue sites of allergic inflammation (e.g. lower airway in asthma) where they regulate the immune and inflammatory response. Cytokines function through complex cytokine networks to promote or inhibit inflammation. During an inflammatory response the profile of cytokines expressed, as well as the profile of cytokine receptors expressed on responding cell types and the timing of their expression, will determine whether the response is predominantly pro- or anti-inflammatory. Activation of high-affinity cytokine receptors on target cells induces a cascade of intracellular signalling pathways that regulate the transcription of specific genes and the ultimate cellular inflammatory response. Considerable progress has been made in characterizing the cellular sources and actions of the numerous cytokines involved in allergic inflammation (see Table 1.2). Overall, these studies suggest that cytokines exhibit redundancy (i.e. several cytokines can often subserve the same function), and that several cell types can generate or respond to the same cytokine. Thus, therapeutic strategies in allergic inflammation aimed at neutralizing a single cytokine may not always be successful if an alternate cytokine can subserve the same function. However, in rheumatoid arthritis, a disease associated with expression of multiple cytokines, neutralizing a single cytokine (e.g. TNF) has resulted in a significant therapeutic benefit. Thus, in allergic inflammation an improved understanding of the mechanism through which cytokines promote allergic inflammation may identify key cytokine targets for therapeutic intervention.


Table 1.2 Cytokines in allergic inflammation






	Cytokine

	Cell source

	Actions






	IL-1β

	Predominately monocytes, macrophages; also smooth muscle, endothelium, epithelium

	Activation of T cells and endothelium






	IL-2

	Predominantly T cells; also NK cells

	Promotes T-cell proliferation and clonal expansion






	IL-3

	T cells, mast cells, eosinophils

	Stimulates development of mast cells and basophils; promotes eosinophil survival






	IL-4

	Predominantly Th2 cells; also basophils, NK T cells, mast cells, eosinophils

	Promotes T-cell differentiation to Th2 phenotype, class switching to IgE, up-regulation of VCAM-1 on endothelial cells






	IL-5

	T cells, mast cells, eosinophils

	Promotes eosinophil growth, differentiation and survival






	IL-6

	Predominantly monocytes, macrophages; also eosinophils, mast cells, fibroblasts

	Differentiation of T cells into Th17 cells and B cells into plasma cells






	IL-8

	Predominantly macrophages; also T cells, mast cells, endothelial cells, fibroblasts, neutrophils

	Neutrophil activation and differentiation; chemotactic factor for neutrophils






	IL-9

	T cells, T9 cells

	Enhances mast-cell growth; increases mucus expression






	IL-10

	T cells, B cells, macrophages, monocytes

	Inhibits T-cell proliferation and down-regulates proinflammatory cytokine production by Th1 and Th2 cells






	IL-12

	Predominantly dendritic cells, monocytes, macrophages

	Promotes Th1 phenotype and IFN-γ production; inhibits Th2 development and cytokine expression; suppresses IgE production






	IL-13

	Predominantly Th2 cells; also mast cells, basophils, eosinophils

	Promotes class switching to IgE, increased expression of VCAM-1 on endothelial cells, increased airway hyperactivity






	IL-16

	Predominantly CD8+ T cells; also mast cells, airway epithelium

	Recruitment of CD4+ T cells and eosinophils






	IL-17

	Th17 cells, CD4+ T cells, neutophils, basophils

	Induces neutrophil recruitment and activation






	IL-18

	Predominantly macrophages; also airway epithelial cells

	Member of IL-1 family; activates B cells. Induces IFN-γ, promoting Th1 phenotype






	IL-21

	Predominantly T cells

	Activates NK cells and promotes proliferation of B and T cells






	IL-22

	Predominantly Th17, Th1 as well as NK and mast cells

	Activates innate immune response






	IL-23

	Predominantly dendritic cells

	Induces IFN-γ; influences Th17 differentiation






	IL-25

	Predominantly Th2 lymphocytes; IL-25 is also known as IL-17E

	Stimulates IL-4, IL-5 and IL-13 release from non-lymphoid accessory cell; increases eotaxin-1 and RANTES expression






	IL-26

	Predominantly monocytes and T memory cells

	Induces IL-8, IL-10, and ICAM-1






	IL-27

	Predominantly macrophages and dendritic cells

	Synergizes with IL-12 to induce IFN-γ






	IL-31

	Predominantly expressed by T cells

	Induces chemokines that mediate neutrophil, monocyte, and T-cell recruitment






	IL-33

	Predominantly epithelium, fibroblasts, smooth muscle, DC

	Member of IL-1 family; increases Th2 cytokines, IgE, and eosinophils






	GM-CSF

	Macrophages, eosinophils, neutrophils, T cells, mast cells, airway epithelial cells

	Priming of neutrophils and eosinophils; prolongs survival of eosinophils






	TNFα

	Mast cells, macrophages, monocytes, epithelial cells

	Up-regulates endothelial adhesion molecule expression; chemoattractant for neutrophils and monocytes






	TSLP

	Epithelium

	Activates DC to promote Th2 cytokine response






	TGFβ1


	Macrophagse, eosinophils, epithelium, Treg cells

	Profibrotic effects involved in airway remodeling; chemotactic for monocytes, fibroblasts and mast cells; promotes tolerance






	IFN-γ

	T cells, NK cells

	Suppression of Th2 cells; inhibits B-cell switching to IgE; increases ICAM-1 expression on endothelial and epithelial cells







IL, interleukin; GM-CSF, granulocyte–macrophage colony-stimulating factor; ICAM-1, intercellular adhesion molecule-1; IFN-γ, interferon-γ; NK cells, natural killer cells; TGF-β1, transforming growth factor-β1; TNF-α, tumor necrosis factor-α; VCAM-1, vascular cell adhesion molecule-1; TSLP, thymic stromal lymphopoietin.









Cytokine regulation of IgE synthesis


Cytokines such as IL-4 play a very important role in class switching of B cells to generate IgE an essential component of allergic responses (see Section on IgE).









Cytokine regulation of blood vessel adhesion molecule expression






Leukocyte adhesion molecules


Adhesion molecules are glycoproteins expressed on the surface of leukocytes that mediate leukocyte to endothelium, as well as leukocyte to extracellular matrix adhesion and communication. The role of adhesion molecules expressed by circulating leukocytes and adhesion counter-receptors expressed by endothelial cells has been extensively investigated to determine pathways for general tissue recruitment of leukocytes, as well as to identify mechanisms that mediate selective tissue recruitment of leukocyte subpopulations (e.g. eosinophils at sites of allergic inflammation). In order to accumulate in the airway in diseases such as asthma, circulating leukocytes derived from the bone marrow must adhere to the endothelium lining the blood vessels of the bronchial microcirculation, penetrate the vessel wall, and migrate to the airway lumen. Cell adhesion molecules are involved in all stages of this process.









Cell adhesion molecules and leukocyte adhesion to endothelium


Adhesion molecules involved in leukocyte trafficking are grouped into three families based on structural features: the selectins, the integrins, and the immunoglobulin (Ig) gene superfamily (Table 1.3). Studies of leukocyte adhesion to endothelium in vitro, as well as in vivo, and observation of the living microcirculation using intravital microscopy (Fig. 1.24), have delineated the coordinated sequence of events responsible for the tissue accumulation of circulating leukocytes. In the absence of inflammation, circulating leukocytes rarely adhere to the blood vessel wall that does not constitutively express adhesion molecules. However, allergic individuals when exposed to an allergen on a mucosal surface (e.g. nasal mucosa) release cytokines (e.g. IL-1, IL-4, IL-13, and TNF-α) and mediators (e.g. histamine) derived from cell types including mast cells and macrophages. These released cytokines and mediators bind to their respective receptors on endothelial cells and up-regulate local endothelial cell adhesion molecule expression. The local up-regulation of adhesion molecule expression by endothelium at the site of allergen challenge localizes circulating leukocytes to that site. Circulating leukocytes are tethered to adhesion molecules expressed by endothelium via a transient adhesive interaction that results in leukocytes rolling along the endothelium of postcapillary venules (Fig. 1.25). The selectin family of adhesion molecules expressed by endothelium and their glycoprotein ligands expressed by leukocytes largely mediate this process, although the very late antigen-4 (VLA-4) integrin is also able to subserve this tethering function in eosinophils and lymphocytes. Subsequent activation of leukocyte integrins by chemoattractants (e.g. chemokines, anaphylatoxins, formylated peptides, and lipid mediators) causes the rolling leukocyte to arrest, firmly adhere, and flatten (reducing exposure to shear forces generated by blood flow and increasing surface area in contact with endothelium) (see Fig. 1.25). Integrins and immunoglobulin superfamily member adhesion molecules mediate these steps of leukocyte firm adhesion to endothelium. Finally, the leukocytes migrate between endothelial cells (diapedesis) into the interstitium and move towards the source of the stimulus (chemotaxis). The importance of leukocyte adhesion molecules to leukocyte tissue recruitment is suggested from genetic disorders that result in defective leukocyte integrin adhesion molecules [leukocyte adhesion deficiency I (LAD I)], or defective leukocyte sialyl Lewis X (sLex) expression (LAD II). Patients with either of these leukocyte adhesion deficiencies have neutrophil adhesion defects, tissues that lack neutrophils, associated blood neutrophilia, and recurrent infections as neutrophils cannot bind to endothelial cells and emigrate into infected tissues to mediate host defence against infection.




Table 1.3 Adhesion molecules in leukocyte–endothelial cell adhesion
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Fig. 1.24 Postcapillary leukocyte recruitment. The photograph shows the stages of leukocyte recruitment in a postcapillary venule of a mouse cremaster muscle. The picture was taken 10 minutes after initiating surgery.


(Courtesy of Dr Keith Norman, University of Sheffield.)
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Fig. 1.25 The leukocyte endothelial cell adhesion cascade. Circulating leukocytes initially tether via selectins to endothelium, firmly adhere to endothelium via β1 and β2 integrins, and subsequently diapedese between endothelial cells. ICAM-1, intercellular adhesion molecule-1; PECAM-1, platelet endothelial cell adhesion molecule-1; PSGL-1, P-selecting glycoprotein ligand-1; VCAM-1, vascular cell adhesion molecule-1.











Selectins and leukocyte adhesion to endothelium


All three members of the selectin family (E-, L-, P- selectin) (Fig. 1.26) may contribute to recruitment of circulating leukocytes to sites of allergic inflammation as E- and P-selectin are induced to be expressed on endothelium and L-selectin is expressed constituitively on circulating leukocytes. L-selectin is expressed constitutively on the surface microvilli of all leukocyte classes including eosinophils and basophils. P-selectin is synthesized and stored in Weibel–Palade bodies in endothelial cells. Stimulation of endothelial cells with inflammatory mediators such as histamine rapidly induces preformed P-selectin to be expressed at the endothelial cell surface. P-selectin is also up-regulated transcriptionally by several inflammatory cytokines expressed during episodes of allergic inflammation including TNF-α and the Th2 cytokine IL-4. In animal models of allergic inflammation inhibiting any of the three selectins reduces eosinophil tethering to endothelium and tissue recruitment of eosinophils. As the selectin pathway is used for recruitment of all circulating leukocytes, targeting this pathway would not selectively reduce tissue recruitment of a particular leukocyte subset.
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Fig. 1.26 Molecular structure of the Selectin family. Each selectin contains a lectin ligand binding domain, an epidermal growth factor (EGF)-like domain, and different numbers of complement binding domains or consensus repeats (numbered 1–9).








Selectin ligands


All three selectins can recognize glycoproteins and/or glycolipids containing the tetrasaccharide sialyl-Lewisx. P-selectin glycoprotein ligand 1 (PSGL-1) is the best characterized selectin ligand, whose counter-receptor is P-selectin. PSGL-1 is localized to microvilli on all leukocytes and is therefore in a prime position to adhere to P-selectin when it is induced to be expressed by endothelium at sites of allergic inflammation. Limited human studies of pan selectin antagonists have demonstrated only a minor inhibitory effect on allergen-induced sputum eosinophilia in asthmatics.









Leukocyte integrins (β1, β2, and β7) and adhesion to endothelium


Integrins are heterodimeric proteins consisting of non-covalently linked α and β chains that mediate leukocyte adhesion to endothelial cells and matrix proteins (Fig. 1.27). Integrin-mediated adhesion is an energy-requiring process that also depends on extracellular divalent cations. There are 18 α and 8 β known integrin chains. Although leukocytes express 13 different integrins, the most important for mediating leukocyte adhesion to endothelial cells are the β1, β2, and β7 integrins (Fig. 1.28).
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Fig. 1.27 The structure of an integrin heterodimer with its α and β subunits. Examples of integrin heterodimers include: β1 integrins (α4β1 or VLA-4), β2 integrins (αLβ2 or LFA-1), and β7 integrins (α4β7).
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Fig. 1.28 Leukocyte integrins and their ligands. Leukocytes bind through β1, β2, β3, and β7 integrins to counter-receptors expressed on endothelial cells (VCAM-1, ICAM-1), as well as to extracellular matrix components (e.g. laminin, collagen, fibronectin). ICAM-1, intercellular adhesion molecule-1; MAdCAM-1, mucosal address in cell adhesion molecule-1; PECAM-1, platelet/endothelial cell adhesion molecule-1; VCAM-1, vascular cell adhesion molecule-1.











β1 integrins


The β1 integrin VLA-4 (α4β1) is expressed on circulating leukocytes important to allergic inflammation (including eosinophils, T cells, basophils, mononuclear cells), but is not significantly expressed on neutrophils. VLA-4 binds to counter-receptors expressed by endothelial cells [i.e. vascular cell adhesion molecule-1 (VCAM-1)], as well as to receptors in the extracellular matrix (the CS-1 region of fibronectin). The α4 integrins support firm adhesion of leukocytes to VCAM-1, and can also support leukocyte rolling on endothelium in vivo.









β2 integrins


The β2 integrin subfamily is highly expressed on all circulating leukocytes and consists of a common β2 subunit (CD18) linked to one of four α subunits: CD11a, CD11b, CD11c, or CD11d. The leukocyte β2 integrins mediate firm adhesion of leukocytes to intercellular adhesion molecule-1 (ICAM-1) expressed by endothelial cells. Thus, firm adhesion of leukocytes to endothelium can either be mediated by leukocyte β1 integrin binding to endothelial-expressed VCAM-1, or by leukocyte β2 integrin binding to endothelial expressed ICAM-1. β2 integrins expressed by lymphocytes are primarily CD11a/CD18 (LFA-1) while neutrophils, eosinophils, and monocytes express all four β2 integrins. On neutrophils, surface expression of the β2 integrin CD11b (Mac-1) is rapidly increased after exposure to chemoattractants due to mobilization from intracellular granule stores. In contrast, CD11a (LFA-1) is constitutively expressed and a change in the conformation of this integrin regulates its affinity for its counter-receptor ICAM-1.









β7 integrins


β7 integrins such as α4β7 are expressed on eosinophils and a subset of gut-homing lymphocytes. On eosinophils, α4β7 mediates binding to two different ligands on endothelial cells (VCAM-1, and MAdCAM-1). As MAdCAM is not significantly expressed in the lung compared with the GI tract, MAdCAM plays a more important role in homing of cells expressing α4β7 to the gut, but less of a role in mediating eosinophil recruitment to the lung via α4β7 integrins.












The immunoglobulin superfamily of endothelial cell expressed adhesion molecules


Endothelial cells express several immunoglobulin superfamily adhesion molecules (ICAM-1, VCAM-1, MAdCAM-1, and PECAM-1), which bind to integrin counter-receptors expressed by circulating leukocytes (see Table 1.3).






ICAM-1


Cytokines such as TNF-α induce endothelial cell ICAM-1 expression, which binds to β2 integrins on leukocytes (see Table 1.3). ICAM-1 deficient mice show substantially impaired lymphocyte and eosinophil trafficking into airways following antigen challenge.









VCAM-1


VCAM-1 is another member of the Ig superfamily that is expressed on endothelial cells and binds to the β1 integrin VLA-4. Basal expression of VCAM-1 on endothelial cells is very low, and is up-regulated by cytokines including IL-4, IL-13, and TNF-α.









MAdCAM-1


MAdCAM-1 (mucosal address in cell adhesion molecule-1) is expressed by endothelial cells and is a major ligand for the β7 integrin α4β7 expressed by leukocytes such as eosinophils.









PECAM-1


PECAM-1 (platelet endothelial cell adhesion molecule-1) is expressed constitutively on endothelial cells and leukocytes. Cytokines such as TNF-α induce a redistribution of PECAM-1 to the endothelial cell periphery without affecting the total amount expressed by each cell. This redistribution of PECAM-1 facilitates leukocyte migration between adjacent endothelial cells particularly for neutrophils and mononuclear cells.















What are chemokines?


Chemokines are a group of structurally related cytokine proteins of low molecular weight (8–10 kDa) expressed by a wide variety of cell types that induce activation and the directed migration of specific leukocyte subsets to sites of inflammation.






Chemokine families


The chemokines are a large family of chemotactic cytokines that have been divided into four groups, designated CXC, CC, C, and CXXXC (or CX3C), depending on the spacing of conserved cysteines in their amino acid sequence (C is cysteine; X is any amino acid). Over 50 different chemokines are now recognized and many of these are involved in the recruitment of inflammatory cells from the circulation during episodes of allergic inflammation. The CC chemokines (Table 1.4) target a variety of cell types important to allergic inflammation including eosinophils, basophils, lymphocytes, macrophages, and dendritic cells, whereas the CXC chemokines mainly target neutrophils and mononuclear cells.


Table 1.4 CC chemokines and CC receptors to which they bind






	CC Chemokine (CCL 1–28)

	Corresponding Chemokine Receptors (CCR 1–10)






	CCL1 (l-309)

	CCR 8






	CCL2 (MCP-1)

	CCR 2






	CCL3 (MIP-1 α)

	CCR 1, 5






	CCL4 (MIP-1 β)

	CCR 5






	CCL5 (RANTES)

	CCR 1,3,5






	CCL6 (C-10)

	CCR 1






	CCL7 (MCP-3)

	CCR 2,3






	CCL8 (MCP-2)

	CCR 1,2,3,5






	CCL9 (MIP-1α)

	CCR 1






	CCL10 (Unknown)

	Unknown






	CCL11 (Eotaxin-1)

	CCR 3






	CCL12 (Unknown)

	CCR 2






	CCL13 (MCP-4)

	CCR 2, 3, 5






	CCL14 (HCC-1)

	CCR 1






	CCL15 (HCC-2)

	CCR 1, 3






	CCL16 (HCC-4)

	CCR 1






	CCL17 (TARC)

	CCR 4






	CCL18 (PARC)

	Unknown






	CCL19 (ELC)

	CCR 7






	CCL20 (LARC)

	CCR 6






	CCL21 (SLC)

	CCR 7






	CCL22 (MDC)

	CCR 4






	CCL23 (MPIF 1)

	CCR 1






	CCL24 (eotaxin-2)

	CCR 3






	CCL25 (TECK)

	CCR 9






	CCL26 (eotaxin-3)

	CCR 3






	CCL27 (CTAK)

	CCR 10






	CCL28 (MEC)

	CCR 10







CCL, CC chemokine ligand; CCR, CC chemokine receptor; MCP, monocyte chemotactic protein; MIP, macrophage inflammatory protein; HCC, hemofiltrate derived CC chemokine; RANTES, regulated on activation normal T cell expressed and secreted.









Stimuli that induce chemokine expression


Many of the stimuli for secretion of chemokines are the early signals elicited during innate immune responses including proinflammatory cytokines (such as IL-1β and TNF-α), which are released at sites of allergic inflammation. Chemokines are induced rapidly (i.e. within 1 hour) by these triggers and provide an important link between early innate immune responses and adaptive immunity (by recruiting and activating T cells). Chemokines are produced by a variety of cells at mucosal surfaces especially structural cells such as epithelium, as well as recruited inflammatory cells (monocytes, lymphocytes).









Chemokine function


The chemokine gradient from the epithelium (high concentration of chemokine) to the blood vessel (lower concentration of chemokine) assists in directing the migration of extravascular leukocytes to the epithelium (Fig. 1.29). Chemokines also play a role in activation-dependent adhesion of circulating leukocytes to endothelium. In the vascular lumen, chemokines presented by endothelial cells bind to chemokine receptors on circulating leukocytes when the leukocytes are tethering to the endothelium. This binding of chemokines to chemokine receptors on the tethering leukocyte induces a rapid change in affinity of integrin adhesion receptors on the circulating leukocyte. This change in leukocyte integrin affinity from a low-affinity to a high-affinity integrin binding state leads to tight adherence of the leukocyte to endothelium and subsequent leukocyte extravasation. Once the leukocyte extravasates between endothelial cells into the extracellular space, the chemokine concentration gradient promotes directed cell migration to the site of inflammation.
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Fig. 1.29 Chemokines in leukocyte recruitment. Circulating leukocytes (e.g. eosinophil) adhere to endothelial adhesion molecules, diapedese between endothelial cells, and migrate along the chemokine gradient towards the site of inflammation. Chemokines up-regulate the affinity of integrins on leukocytes [e.g. VLA-4, or lymphocyte-function-associated antigen (LFA-1)] promoting tight adhesion of leukocytes to corresponding counter-receptor molecules expressed by vascular endothelium [e.g. vascular cell adhesion molecule-1 (VCAM-1) or intercellular adhesion molecule-1 (ICAM-1)]. In addition, chemokines play a primary role in promoting chemotaxis of leukocytes into inflamed tissues.











CC chemokines and allergic inflammation


As CC chemokines are expressed at increased levels at sites of allergic inflammation and attract cells important to the perpetuation of the allergic inflammatory response (e.g. eosinophils, basophils, monocytes, and lymphocytes), they have received attention as a target to modulate the allergic inflammatory response. Studies in asthmatics have established that CC chemokines are expressed by airway epithelial cells, and that allergen challenge can up-regulate expression of chemokines in the airway. The levels of chemokines expressed during allergen-induced late phase responses demonstrate correlations between individual chemokines and subsets of leukocytes which respond to these chemokines. During inflammatory responses epithelial cells, macrophages and, to a lesser extent, eosinophils and lymphocytes localized to the subepithelial layer are significant sources of chemokines. CC chemokines important to allergic inflammation include TARC (CCL17) and MDC (CCL22), which attract Th2 cells, and eotaxins-1,-2-3 (CCL11, CCL24, CCL26), which attract eosinophils, while MCP-1 (CCL2) is a potent mononuclear cell attractant (see Table 1.4).









Chemokine receptors


Chemokine receptors belong to the seven transmembrane receptor superfamily of G-protein-coupled receptors and include ten human CC chemokine receptor genes (they are known as CCR1 through CCR10), and seven CXCR receptors have been identified (they are referred to as CXCR1 through CXCR7).






CCR chemokine receptor family


The CCR chemokine receptors are expressed on cells important to allergic inflammation including eosinophils, basophils, lymphocytes, macrophages, and dendritic cells, whereas the CXCR are expressed mainly on neutrophils and lymphocytes. Activation of chemokine cell surface receptors by specific chemokines results in activation of a cascade of intracellular signalling pathways, including guanosine triphosphate-binding proteins of the Ras and Rho families, leading ultimately to the formation of cell surface protrusions termed uropods and lamellipods, which are required for cellular locomotion. Some chemokine receptors are expressed only on certain cell types, whereas other chemokine receptors are more widely expressed. In addition, some chemokine receptors are expressed constitutively whereas others are expressed only after cell activation. A given leukocyte often expresses multiple chemokine receptors, and more than one chemokine typically binds to the same receptor. Examples of chemokine receptor expression by circulating cells important to allergic inflammation include: eosinophils and basophils, which express the CC chemokine receptor CCR3, T cells, which express CCR4 and CCR8, and dendritic cells, which express CCR6.









CXCR chemokine receptor family


Neutrophils express CXCR1 and CXCR2 receptors, which bind IL-8 and this mediates neutrophil tissue recruitment. In addition to the predominant expression of CC chemokine receptors, eosinophils, basophils, and mononuclear cells express the CXC chemokine receptor CXCR4, which is also expressed on neutrophils. The ligand for CXCR4 is the CXC chemokine SDF-1 (stromal cell derived factor-1).









T-cell subsets and chemokine receptors


Although certain chemokine receptors have been associated with specific T-cell subsets, chemokine receptor expression in vivo is complex and overlapping. Examples of chemokine receptors expressed on T-cell subsets include CCR4 and CCR8 on Th2 cells, and CCR5, CXCR3, and CXCR6 on Th1 cells (Fig. 1.30).
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Fig. 1.30 Chemokine receptors and T-cell subsets. The pattern of chemokine receptor expression allows for recruitment of a variety of T cells under inflammatory. However, the pattern of CCR and CXCR chemokine receptors expressed by a given T-cell subset indicated in the figure does not define that subset nor is it necessarily specific for that subset. Th, T-helper cell.











CCR3 antagonists and allergic inflammation


The CC chemokine receptor CCR3 is expressed on multiple leukocytes important to the allergic inflammatory response including eosinophils, basophils, and activated Th2-type lymphocytes. As several CC chemokines (eotaxin-1, eotaxin-2, eotaxin-3, RANTES, MIP-1, macrophage chemoattractant protein-2, -3, -4 or MCP-2, -3, -4) activate a common CCR-3 receptor, there has been particular interest in the therapeutic potential of using chemokine-receptor antagonists targeting one receptor (i.e. CCR3) to inhibit the actions of multiple CC chemokines on eosinophils and other inflammatory cells. Several small molecule inhibitors of CCR3 are effective in inhibiting eosinophil recruitment in animal models of allergic inflammation and are currently undergoing clinical trials.















Lipid chemoattractants


In addition to chemokines, lipid chemoattractants also play an important role in recruiting leukocytes to sites of allergic inflammation. For example leukotriene B4 attracts neutrophils, platelet-activating factor (PAF) attracts multiple leukocyte cell types, and PGD2 recruits T cells expressing CRTH2 receptors.












Resolution of allergic inflammation and remodelling


The vast majority of episodes of allergic inflammation resolve with no significant structural changes to the tissues involved. However, in a minority of subjects remodelling of tissues occur and this has been best studied in the lung in asthma.






Apoptosis as a mechanism for resolution of inflammation


Apoptosis and necrosis are two mechanisms by which cell death occurs. Apoptosis, or programmed cell death, is a mechanism for resolution of allergic or other forms of inflammation. Apoptotic cells are removed by neighboring phagocytic cells without loss of their potentially harmful cell contents. In contrast to apoptosis, necrosis is a pathological form of cell death resulting from acute cellular injury. Necrosis is always associated with loss of intracellular mediators and enzymes into the extracellular environment and the consequential potential induction of an inflammatory response. Biochemically, apoptosis is characterized by a controlled autodigestion of the cell. Intracellular proteases called caspases are essential mediators of the apoptotic death machinery. Caspases are processed by cleavage at specific aspartate residues to form active heterodimeric enzymes. It appears that caspases work in a hierarchical system similar to other proteolytic cascades such as complement activation or blood coagulation. Caspase-mediated proteolysis results in cytoskeletal disruption, cell shrinkage, membrane blebbing, and nucleus condensation. More recently a third form of cell death autophagy has been described in which starving cells, or cells deprived of growth factors, generate energy and metabolites by digesting their own organelles and macromolecules.


Eosinophils provide an example of a cell type that has receptors that if activated can increase eosinophil survival [e.g. IL-5, GM-CSF, or IL-3 receptor] as well as receptors that when triggered induce eosinophil apoptosis (Siglec-8, Fas). Thus, depending upon the profile of ligands for these receptors expressed at sites of allergic inflammation, eosinophils may undergo apoptosis. Interestingly, incubating eosinophils with the survival cytokine IL-5 does not prevent their apoptosis being induced by activation of Siglec-8 receptors.









Remodelling as a consequence of chronic allergic inflammation


In contrast to the complete resolution of allergic inflammation without significant structural changes in the vast majority of individuals, a subset of subjects best studied in asthma may be predisposed to develop structural tissue changes termed ‘airway remodelling’. These structural changes include subepithelial fibrosis, smooth muscle hypertrophy/hyperplasia, angiogenesis, mucus metaplasia, and deposition of increased amounts of extracellular matrix. Allergen challenge in asthmatics can also induce expression of TGF-β1, a proremodelling cytokine, and increased expression of extracellular matrix genes. Anti-IL-5, which reduces levels of eosinophils expressing TGF-β1 in the airway, can reduce levels of deposition of extracellular matrix proteins in the airway. However, other factors in addition to allergic inflammation, such as viral infections, tobacco smoke, pollutants, as well as genetic factors are likely to contribute to the development of significant remodelling in a subset of allergic asthmatics.









Fibroblasts


Fibroblasts proliferate in response to several cytokines and mediators generated during an allergic inflammatory response. Recognized fibroblast mitogens include histamine, heparin, and tryptase derived from mast cells, and major basic protein (MBP) and eosinophil cationic protein (ECP) from eosinophils. The cytokines TGF-β as well as platelet-derived growth factor (PDGF), b-fibroblast growth factor (b-FGF), insulin-like growth factor 1 (IGF-1), IL-1, and endothelin released during chronic allergic inflammation promote fibroblast proliferation, differentiation, and activation.


TGF-β enhances production of a range of extracellular matrix components, and decreases the synthesis of matrix-degrading enzymes while increasing the synthesis of protease inhibitors. Thus, TGF-β promotes the deposition of extracellular matrix while inhibiting its degradation, and contributes to the widespread subepithelial extracellular matrix deposition that may be associated with chronic allergic inflammation.


Chronic allergic inflammation may lead to the deposition of types III and V ‘repair’ collagens in the lamina reticularis beneath the types IV and VII ‘reticular’ collagens, which largely make up the basement membrane. The altered sub-basement membrane region also contains increased deposition of extracellular matrix components including fibronectin, tenascin, and lamin. Myofibroblasts present below the basement membrane are increased in number in asthma and are the source of many of the extracellular matrix products that are expressed after allergen challenge.









Extracellular matrix






Extracellular matrix proteins


The extracellular matrix produced by fibroblasts consists of a variety of proteins and complex carbohydrates. Approximately one-third of the dry mass of lung tissue is collagen, largely types 1, 3, and 5, whereas collagen types 4 and 7 are the main components of basement membrane. Elastin makes up another one-third of the dry mass of lung tissue, and the remainder is composed of glycoproteins – fibronectin, tenascin, laminin, the proteoglycan heparan sulphate, hyaluronan, and other minor matrix components. The composition of matrix elements may be altered by several products of the allergic inflammatory response especially matrix-degrading proteases (i.e. matrix metalloproteases or MMPs). Thus, the allergic inflammatory process may alter the dynamic balance between matrix breakdown and synthesis.









Extracellular matrix metalloproteases


MMPs play a role in remodelling of the extracellular matrix and thus may play a role in the development of airway remodelling and airway hyperresponsiveness. MMPs are zinc-dependent endopeptidases present in many leukocytes that have specific and selective activity against many components of the extracellular matrix which they degrade into fragments. MMP-9, MMP-2 and ADAM-33 are examples of proteases that have been most extensively studied in allergic inflammation because of their increased levels of expression in allergic inflammation or in the case of ADAM-33 genetic linkage to asthma. All MMPs are inhibited by related compounds called tissue inhibitors of metalloproteases (TIMPs). For example, TIMP-1 binds to both pro-MMP-9 and active MMP-9, inhibiting MMP-9 function.















In vivo studies of the allergic inflammatory response






Early phase response (EPR) and late phase response (LPR)


In allergic subjects the immune and inflammatory response to an allergen challenge can be investigated in the nose, lung, or skin. In allergic subjects the response to allergen challenge is characterized by an immediate or early phase response (EPR), which is followed in approximately 50% of adults and 70% of children by a late phase response (LPR) (see Fig. 1.32). The EPR is initiated by the release of mast cell mediators following allergen challenge of a sensitized individual. Although the spectrum of mediators is essentially the same in all tissues, the symptoms provoked are different due to differences in the anatomy of their target tissues (e.g. bronchoconstriction in the lower airways, rhinorrhoea and congestion in the nose, and a wheal and flare response in the skin). The EPR generally develops within approximately 10 minutes of allergen exposure, reaching a maximum at 30 minutes, and resolving within 1–2 hours. In the absence of further allergen inhalation, a LPR may also occur, reaching a maximum at 6–12 hours and resolving by 24 hours. The EPR results from IgE-dependent activation of mast cells which release preformed mediators including histamine, as well as newly generated lipid mediators including leukotrienes (LTC4, LTD4, and LTE4), prostanoids [prostaglandins D2, F2α (PGD2, PGF2α), and thromboxane A2 (TXA2)].


A characteristic feature of the LPR is the recruitment of inflammatory cells particularly eosinophils, as well as CD4+ Th2 cells, mononuclear cells, and basophils. These inflammatory cells recruited from the circulation release cytokines and proinflammatory mediators. The profile of cytokines released during the LPR is characterized by the expression of Th2 cytokines (IL-4, IL-5, IL-9, IL-13) rather than Th1 cytokines [interferon-γ (IFN-γ, IL-12)]. Corticosteroids have an inhibitory effect on the LPR and also reduce the number of cells expressing IL-4 mRNA and IL-5 mRNA, and the number of eosinophils.






EPR and LPR in the lung


Inhalation of allergen by sensitized individuals results in an early phase response with airway narrowing which develops within 10–15 minutes, reaches a maximum within 30 minutes, and generally resolves within 1–3 hours response. The main clinical manifestation of the early phase response is dyspnea, chest tightness, wheezing, and cough. In some of these subjects, a late phase response occurs after 3–4 hours and reaches a maximum at 6–12 hours (Fig. 1.31). The mechanism of bronchoconstriction is complex and results from a combination of bronchial smooth muscle contraction, increased vascular permeability leading to oedema, and increased airway mucus production. Histamine, PGD2, and CysLTs all have the ability to contract human bronchial smooth muscle. In addition to causing bronchoconstriction, histamine and the CysLTs can increase vascular permeability and stimulate mucus production. The LPR in the lung is associated with significant recruitment of eosinophils. Anti-IgE inhibits both the EPR as well as the LPR response in the lung. Interestingly, anti-IL-5 does not significantly inhibit the LPR response to allergen challenge.
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Fig. 1.31 Early and late phase responses in asthma. The asthmatic response to allergen inhalation challenge with house dust mite allergen (green line) and diluent control (red line), demonstrating both an early and a late phase allergic response. FEV1, forced expiratory volume in 1 second.











EPR and LPR in the nose


In the nose, topical allergen challenge of sensitized individuals causes immediate nasal reactions involving itching, sneezing, congestion, and watery discharges. The early response usually abates within 1–3 hours. In contrast to the dual allergic response in the lower airways, distinct late phase responses are not common in the nose although low-grade nasal inflammation and symptoms may continue well beyond the first 3 hours after challenge with large amounts of allergen. Furthermore, nasal allergen challenge has a ‘priming’ effect, with the nasal mucosa exhibiting an increased responsiveness to histamine or to a second allergen challenge on the day after the initial challenge. Rhinorrhoea, caused by a combination of local vasodilatation and mucous gland stimulation, is largely histamine mediated, thus explaining the effectiveness of antihistamines in treating these symptoms. As most of the early phase obstruction to airflow in the upper airways is reversed by α-adrenergic receptor vasoconstrictor drugs, this suggests that acute filling of venous sinuses rather than tissue oedema is responsible for nasal blockage. Nasal congestion is poorly inhibited by antihistamines, suggesting that mediators other than histamine are playing a more prominent role.









EPR and LPR in the skin


Intradermal injection of allergen induces a characteristic ‘triple response’ characterized by an almost immediate reddening of the skin (histamine-mediated arteriolar vasodilatation) at the site of allergen injection, which is followed within 5–10 minutes by the development of an area of oedema, or wheal (histamine-mediated increased permeability) (Fig. 1.32). The third component of the triple response is an area of erythema, or flare, around the wheal. This is initiated by the stimulation of histamine receptors on afferent non-myelinated nerves, which results in the release of neuropeptides with consequent vasodilatation and skin erythema. Histamine-induced nerve stimulation also results in itch. The size of the flare is again dose dependent and may measure several centimetres across. The wheal-and-flare generally resolves within about 30 minutes. However, in up to 50% of subjects challenged intradermally with a high dose of allergen the immediate reaction evolves into a late phase reaction characterized by an indurated erythematous inflammatory reaction. The latter reaches a peak at about 6–8 hours and often persists for 24 hours. The reduction in the size of the LPR to intradermal allergen challenge correlates well with the clinical response to subcutaneous allergen immunotherapy in patients with allergic rhinitis.
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Fig. 1.32 The cutaneous response to allergen. (a) A wheal-and-flare response 10 minutes after the intradermal injection of allergen into a sensitized individual; (b) a late cutaneous response 8 hours after the intradermal injection of allergen into a sensitized individual.











Mast cell dependence of EPR


The detection of extracellularly released mast-cell-derived mediators (i.e. histamine, PGD2, tryptase) at sites of early phase responses, as well as the ability of mast-cell-directed therapies such as anti-IgE and cromolyn to block the early phase response provide evidence for the important role of the mast cell in the early phase response. At therapeutic doses antihistamines can inhibit approximately 75% of the skin wheal-and-flare response induced by intradermal allergen, suggesting an important role for histamine in this mast-cell-mediated event.









Leukotrienes and EPR and LPR


Pretreatment of patients with specific CysLT1-receptor antagonists and LT-biosynthesis inhibitors significantly attenuate allergen-induced early asthmatic responses, as well as partially attenuate late asthmatic responses, providing evidence for a role of CysLTs in the development of allergen-induced responses. No studies with antileukotrienes have demonstrated complete protection against EPR.












Prostaglandins


Several prostaglandins are generated during episodes of allergic inflammation. These include stimulatory prostaglandins, such as PGD2 and PGF2α, which are potent bronchoconstrictors, and inhibitory prostaglandins, such as PGE2, which can reduce allergen-induced bronchoconstrictor responses and attenuate the release of acetylcholine from airway nerves. PGD2 is a cyclooxygenase product generated by mast-cell activation. PGD2 binds to two different receptors: DP1 (the classic PGD2 receptor) and DP2 or CRTH2 (a chemokine receptor expressed by Th2 cells). Based on this dual PGD2 action, there has been renewed interest in determining whether blocking both these PGD2 receptors will influence the clinical outcome in allergic disease.









Methods for studying the early and late phase reactions


Atopic subjects with mild asymptomatic allergic rhinitis or asthma can be challenged with an allergen to which the individual is sensitized in the nose or lower airway to understand the molecular and cellular pathways that are up-regulated by allergen challenge. In addition, pre-treatment with a therapeutic intervention prior to allergen challenge can assist in determining whether the intervention reduces the EPR and/or LPR as well as effects on inflammation (cells, mediators measured in nasal lavage, sputum, or bronchoalveolar lavage), symptoms, and physiological end-points (rhinomanometry, FEV1, methacholine airway responsiveness).












Conclusion


IgE and mast cells play a central role in the expression of allergic inflammation. In addition, Th2 cytokine responses and eosinophilic inflammation are a characteristic feature of chronic allergic inflammation. Cytokines, chemokines, and adhesion molecules play a key role in regulating the immune and inflammatory response in allergic inflammation. An improved understanding of the complex molecular mechanisms of allergic diseases will help to identify potential novel targets for therapeutic intervention. Anti-IgE, leukotriene antagonists, and anti-IL-5 are examples of therapies that have targeted specific pathways associated with allergic inflammation and provided important insight into the contribution of these pathways to the pathogenesis of individual diseases associated with allergic inflammation. Clinical trials with cytokine antagonists, chemokine inhibitors, adhesion molecule antagonists, or compounds that interfere with intracellulalar signalling pathways or the transcription of genes important to allergic inflammation will improve our understanding of the function of these individual molecules in allergic inflammation. The use of any of these antagonists in clinical practice will be dependent on their relative potency in inhibiting allergic inflammation (e.g. therapeutic efficacy), as well as evidence that they do not significantly impair host defence to infection or immune surveillance (e.g. side-effect profile).





Summary of important messages






[image: image] The key components of a well-functioning immune system include the ability to generate both innate and adaptive immune responses



[image: image] Th2 cells expressing IL-4, a switch factor for IgE synthesis, and IL-5, an eosinophil growth factor, are associated with allergic inflammation



[image: image] IgE antibodies affixed to high-affinity IgE receptors on mast cells and basophils play a central role in mediating allergic responses



[image: image] Eosinophils are bone-marrow-derived leukocytes that travel to tissue sites of allergic inflammation (i.e. nose, lung, skin)



[image: image] Cytokines, chemokines, and adhesion molecules play a key role in regulating the immune and inflammatory responses during episodes of allergic inflammation



[image: image] Anti-IgE, leukotriene antagonists, and anti-IL-5 are examples of therapies that have targeted specific pathways associated with allergic inflammation
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2 The genetic basis of allergy and asthma
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Definition


Allergic diseases cluster in families indicating an important role for susceptibility genes. Multiple genes interact with environmental factors to generate the different allergic phenotypes.









Introduction


In the twentieth century, a major theme in biomedical science was the ‘nature vs nurture debate’. For most phenotypes and disease it is now recognized that both factors play an important role and it is the interaction between these factors that determines an individual’s susceptibility to disease. The dawn of the new century has seen a revolution in our understanding of the genetic basis of common diseases such as obesity, diabetes, heart disease, cancer, and neuropsychiatric conditions. These diseases are termed ‘complex genetic diseases’ as they result from the effect of multiple genetic and interacting environmental factors (see Appendix 2.1, p. 50 for common genetic terms).


Like these other common conditions, the role of a heritable component to susceptibility to allergic disease has long been recognized, with atopy and the clinical manifestation of allergy such as asthma and atopic dermatitis resulting from the interaction between an individual’s genetic make-up and their environmental exposures. Recent years have seen considerable progress in unravelling the contribution of specific genetic factors to an individual’s susceptibility, subsequent development, and severity of allergic disease. This has resulted in increasing insight into novel areas of allergic disease pathophysiology. Furthermore, studies of gene–environment interaction have lead to greater insight into the importance of environmental triggers for the initiation, exacerbation, and persistence of allergic diseases. Studies of the timing of action of genetic variants in determining disease susceptibility have highlighted the importance of in utero development and early life in determining susceptibility to allergic disease. In the future, genetic discoveries in allergic disease will potentially lead to better endophenotyping, prognostication, prediction of treatment response, and insights into molecular pathways in order to develop more targeted therapy for these conditions.









Heritability of allergic disease


Heritability is the proportion of observed variation in a particular trait that can be attributed to inherited genetic factors in contrast to environmental ones. The fact that a disease has been observed to ‘run in families’ is insufficient evidence to begin molecular genetic studies because this can occur for a number of reasons, including common environmental exposure and biased ascertainment, as well as having a true genetic disposition. There are a number of approaches that can be taken to determine whether genetics contributes to a disease or disease phenotype of interest – including family studies, segregation analysis, twin and adoption studies, heritability studies, and population-based relative risk to relatives of probands.


In twin studies, heritability is estimated by comparing the concordance rates of monozygotic twins for particular traits with those of dizygotic twins for the same traits, with monozygotic twins being genetically identical (for nuclear DNA) and dizygotic twins (on average) sharing 50% of their segregating DNA variation in common. Therefore, a disease that has a genetic component is expected to show a higher rate of concordance in monozygotic than in dizygotic twins. In adoption studies, if the disease has a genetic basis the frequency of the disease should be higher in biologic relatives of probands than in members of their adopted family.


Family studies involve the estimation of the frequency of the disease in relatives of affected compared with unaffected individuals. The strength of the genetic effect can be measured as λR, where λR is the ratio of risk to relatives of type R (e.g. sibs, parents, offspring, etc.) compared with the population risk. The stronger the genetic effect, the higher is the value of λ. For example, for a recessive single gene mendelian disorder such as cystic fibrosis the value of λ is about 500; for a dominant disorder such as Huntington’s disease it is about 5000. For complex disorders the values of λ are much lower e.g. 20–30 for multiple sclerosis, 15 for insulin-dependent diabetes mellitus (IDDM), and 4 to 5 for Alzheimer’s disease. It is important to note though that λ is a function of both the strength of the genetic effect and the frequency of the disease in the population. Therefore a disease with a λ of 3 to 4 does not mean that genes are less important in that trait than in a trait with a λ of 30 to 40. A strong effect in a very common disease will have a smaller λ than the same strength of effect in a rare disease.


In 1860, Henry Hyde Salter in his magnus opus, On asthma its pathology and treatment, wrote ‘Is asthma hereditary? I think there can be no doubt that it is.’ Subsequent to this, many studies have now conclusively shown that susceptibility to asthma and other allergic diseases has a heritable component.


The results of many studies have now established that both atopy and atopic disease such as asthma, rhinitis, and eczema have strong genetic components. Family studies have shown an increased prevalence of atopy, and phenotypes associated with atopy, among the relatives of atopic compared with non-atopic subjects. Studies of specific genetic diseases have shown that there is a striking association between asthma in the parent and asthma in the child, between hay fever in the parent and hay fever in the child, and between eczema in the parent and eczema in the child, suggesting that ‘end-organ sensitivity’ or the type of allergic disease that an allergic individual will develop is controlled by specific genetic factors, differing from those that determine susceptibility to atopy per se.


Many twin studies have shown a significant increase in concordance for atopy among monozygotic twins as compared with dizygotic twins, providing evidence for a genetic component to that condition. Atopic asthma has also been widely studied, and both twin and family studies have shown a strong heritable component to this phenotype, although estimates of the contribution of genetics to atopy and allergic disease susceptibility vary widely from 40 to >80% and it is apparent that the genetic contribution to risk of allergic disease such as asthma (λSib ~2–3) is weaker than that of other common conditions such as rheumatoid arthritis (λSib 8), type 1 diabetes (λSib 14) and Crohn disease (λSib 30) . The heritability of many allergic disease related phenotypes has also been studied and has shown that genetic factors influence not just disease susceptibility per se but all aspects of disease. For example, for asthma, heritability studies have shown there is genetic influence in many aspects, from susceptibility to atopy and regulation of total and specific IgE levels, to blood eosinophil levels, susceptibility to asthma per se, degree of bronchial hyperresponsiveness, severity of asthma symptoms, and even risk of mortality from asthma. Genetic factors also play a major role in determining asthma remission, with a family history of both atopy and asthma being associated with lower rates of remission.


Once familial aggregation with a probable genetic aetiology for a disease has been established, the mode of inheritance can be determined by observing the pattern of inheritance of a disease or trait by observing how it is distributed within families. For example, is there evidence of a single major gene, and is it dominantly or recessively inherited? Segregation analysis of allergic disease phenotype failed to find evidence of any consistent clear inheritance pattern for a number of allergic phenotypes and diseases. This confirms that, in contrast to rare monogenic diseases such as Netherton syndrome, ichthyosis vulgaris, and hyper-IgE syndrome, whose phenotypes include aspects of allergic disease such as high serum IgE levels and atopic dermatitis, common forms of these conditions are determined by the actions, and the interactions, of multiple genetic factors (Fig. 2.1).
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Fig. 2.1 Monogenetic versus complex genetic disease. Single gene diseases such as cystic fibrosis result from mutations in a single gene. Complex, or polygenic, diseases arise from the additive effect of multiple risk variants in multiple genes together with environmental effects.











Finding genes for allergic disease


Variation in DNA sequences occurs once in approximately every 200–500 base pairs in the human genome. This means that in every human population most genes can be expected to show variation. Sequence variations (mutations) occurring in over 1% of the population are termed ‘polymorphisms’ and those that occur in less than 1% are termed ‘rare alleles’. Polymorphism in DNA sequence between individuals can take many forms including differences at a single base pair involving substitution, insertion, or deletion of a single nucleotide (commonly termed ‘single nucleotide polymorphisms’ or SNPs) and repetition, insertion, or deletion of longer stretches of DNA ranging from a few base pairs to many thousands of base pairs, often termed ‘copy number variations’ or CNVs. The different versions of the nucleotide sequence present at any one location in the genome (locus) are termed ‘alleles’. Polymorphisms form the basis of human diversity, including our responses to environmental stimuli. Genetic epidemiology has provided statistical methods for measuring the effects of gene polymorphisms on a clinical phenotype.
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