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I
ANTIBODIES:  GENERAL OVERVIEW
1.
Origin, Location and Nomenclature.

Antibodies (immunoglobulins) are a heterogeneous group of glycoproteins produced by B‑lymphocytes in response to foreign substances (antigens).  Under normal conditions, antibodies are located in the peripheral blood serum and in the mucosal secretions and interstitial spaces of the gut, respiratory and genitourinary tracts.  In inflammatory and disease processes, antibodies can be found in other tissues as well, usually in the form of immune complexes with their specific antigens.  Antibodies are also located on the surface of B‑lymphocytes, where they serve as antigen receptors.  There are five immunoglobulin (Ig) classes, which differ structurally and in the types of biological functions they mediate.  These are:  IgG, IgM, IgA, IgE and IgD.

2.
Basic Structure of Immunoglobulins.

The basic immunoglobulin monomeric structure consists of two identical light chains (approx. 25KDa each) and two identical heavy chains (approx. 50‑77 KDa depending on the Ig class).  The light chains (LC) are linked to each heavy chain (HC) and the two HC are linked to each other by disulfide bonds (S‑‑S) formed between cysteine amino acid residues in the primary sequence of each chain.  For all the Ig classes, there are two types of LC (designated k and g) and five types of HC, designated q (IgG), m (IgM), a (IgA), w (IgD) and e (IgE).

Antibodies are bifunctional molecules ‑ i.e, their amino terminal ends bind specifically to antigens, while their carboxy terminal ends bind to other molecules (such as complement or cellular receptors) to carry out the biological function of the antibody.

The amino acid sequences of the amino terminal portions of the HC and LC show considerable variability between antibody molecules and hence, are called variable domains.  There is one variable domain in each LC and HC.  These portions of the HC and LC are folded together to form the antigen binding site of the antibody molecule (designated Fab').  The amino acid sequence variability found in these regions allow each antibody molecule to form a unique antigen binding site and, therefore, constitute the "antigen specific" portion of the antibody molecule.

The amino acid sequences of the carboxy terminal portions of the HC and LC show a large degree of homology for a given LC or HC type and hence are called constant domains.  Each LC has one constant domain, while the number of constant domains in the HC depends on the HC type.  The constant domains of the two HCs are linked via disulfide bonds to form the Fc portion of the molecule.  The HC constant domains mediate various biological functions.  For example, in the IgG molecule, the first and second HC constant domains bind complement and initiate the complement cascade leading to inflammation or removal of the antigen by lysis or uptake by phagocytic cells;  the third HC constant domain binds to Fc receptors on the membranes of monocytes and macrophages allowing the antigen to be phagocytosed (a process called opsonization).  Similarly, the second and third HC constant domains bind to Fc receptors on the membranes of neutrophils, cytotoxic (killer) cells to bring the antigen into close proximity, so that it may be destroyed in a process called antibody dependent cellular cytotoxicity (ADCC).  These domains also bind to Fc receptors on placental syncytiotrophoblast, allowing IgG to be transported from the maternal to fetal circulation (passive transfer of maternal immunoglobulin).

Immunoglobulin molecules have a flexible hinge region located between the first and second HC domains.  The hinge region contains amino acids, such as proline, which allow it to bend, imparting mobility to the Fab' (antigen binding) portions of the molecule.  This allows the antigen binding sites to interact more readily with the antigen.  Immunoglobulins are glycoproteins containing polysaccharides (carbohydrates), which are attached to constant regions of the HC.  The sites and amount of polysaccharide vary between the Ig classes.  The polysaccharides help delay biological degradation of the antibody molecule, allowing it to remain functional for longer periods of time.

3.
Antibody Variation
Three kinds of amino acid sequence variation are observed in antibody molecules.  This variation gives rise to the differences in specificity, function and biological efficacy of antibody molecules.

As described above, the amino acid sequence variation observed in the variable domains of the LC and HC allow each antibody molecule to express a unique antigen combining site, which is "tailor made" for a particular antigen.  This variation (called idiotypic variation) occurs because of the large number of antibody variable region genes, which can be brought together in different combinations to produce a vast repertoire of potential antigen binding sites on immunoglobulin molecules.  As a result, there exists in the antibody repertoire of the immune system, a unique antibody for each antigen.

The amino acid sequence variation that occurs between the different HC chain types for IgG, IgM, IgA, IgE, and IgD is called isotypic variation.  Hence, these antibody classes are often referred to as isotypes.  The different HC types mediate somewhat different biological functions.  For example, IgG and IgM are very efficient at fixing complement, whereas IgA is not.  IgA is transported effectively across mucosal membranes, whereas IgM is too large to be transported into the tissues and is usually found only within blood vessels.  IgE binds to receptors on blood basophils and tissue mast cells and when crosslinked by specific antigen, causes release of histamine and other inflammatory mediators from these cells initiating a Type I hypersensitivity (anaphylactic) response.

Individual genetic variation in LC or HC constant domains can come about as a result of different alleles.  This type of variation is called allotypic variation.  In humans, certain allotypes have been associated with either increased or decreased ability of the antibody to deal with bacterial pathogens or tumors, increased responsiveness to dietary antigens in food allergy, and as autoantibodies directed to "self" antigens.

4.
Immunoglobulin Classes
As described above, isotypic variation in immunoglobulin HC gives rise to the different antibody classes.  In the human, there are five:  IgG, IgM, IgA, IgE, and IgD, which differ structurally and functionally, and in their levels and distribution within the blood and other tissues.

IgG is the major immunoglobulin found in human serum (approx. 70‑75% of the total antibody content).  Structurally, IgG is an approx. 150 KDa monomer, consisting of one four chain unit as described above.  Because it contains two antigen binding sites (Fab'), an IgG is functionally divalent.  However, in some cases, only one antigen binding site may be occupied with antigen.  There are four subclasses of IgG, designated IgG1, IgG2, IgG3, and IgG4, which have similar molecular weights, carbohydrate content and amino acid structure.  The major structural differences occur in the hinge region and in the positions of the disulfide bonds between the HC and LC.  Under normal conditions, IgG1 is the most prevalent subclass found in serum.  IgG2 levels increase in response to immunization with bacterial polysaccharides, such as those used in meningococcal vaccines.  There are functional differences between the IgG subclasses.  IgG4 does not fix complement, and therefore cannot participate in antigen clearance, or inflammation mediated by complement.  However, IgG4 binds to Fc receptors on tissue mast cells, replacing IgE, and can therefore block anaphylactic reactions by preventing histamine release (blocking antibody function).  The serum half lives of the IgG subclasses are approx. 21‑23 days, with the exception of IgG3, which has an extended hinge region that makes it susceptible to proteolysis.  As a result, the serum half life of IgG3 is 7‑8 days.  Because IgG molecules are relatively small, they can penetrate into tissues and cross the placenta into the fetal circulation.  IgG molecules will also bind via their Fc regions to membrane receptors on monocytes/macrophages, neutrophils, platelets and lymphocytes.  

IgM represents approx. 10% of the total Ig content of human serum, where it is found as a 950 KDa pentamer consisting of five of the monomeric units described above, linked together via their fourth HC constant domains by a polypeptide called the J‑chain.  However, as a receptor on the surface of B‑lymphocytes, IgM is found as a monomer.  As a pentamer in serum, IgM is functionally decavalent (i.e., it has ten antigen binding sites, which can potentially engage antigen).  However, this is rarely the case, as accessibility to antigen may not be optimal to allow all antigen binding sites to become occupied.  Also, because of its large molecular size, IgM does not readily pass into tissues and is almost always located intravascularly.

IgA constitutes approx. 15‑20% of total serum immunoglobulins.  There are two subclasses, IgA1 and IgA2.  In serum, IgA is generally found as a monomer.  Secretory IgA, which is produced by mucosal B‑lymphocytes in the gut, genital and urinary tracts and mammary gland, and is located on mucosal membrane surfaces and in mucosal secretions, such as colostrum, milk, tears, etc., is dimeric, consisting of two monomers linked together via their HC by a J‑chain.  Dimeric IgA also has an additional polypeptide chain, called the secretory piece, which functions to facilitate its transport across mucosal membranes and to protect it from proteolysis.

IgE is normally found in only trace amounts in human serum.  However, in severe allergy, prolonged infections with certain parasites, and certain immunodeficiency disorders (Hyper IgE Syndrome, or Job's Disease), serum levels of IgE may be very high.  IgE is also found on the surface of blood basophils and tissue mast cells, where it fixes, via high affinity, Fc receptors and mediates anaphylactic responses to allergens.  IgE also binds to Fc receptors on eosinophils, which serve as killer cells for certain parasites and thus mediates antibody dependent cellular cytotoxicity (ADCC).

IgD is also a trace immunoglobulin in human serum, accounting for less than 1% of the total serum antibody.  It is found mainly on the surface of immature B‑lymphocytes, where it is often co‑expressed with another Ig class, usually IgM.  Its function, in either serum or on the lymphocyte surface, is poorly understood.

II.
ANTIGEN‑ANTIBODY INTERACTIONS:  THE ANTIGEN BINDING SITE.

1.
Clonal Selection:  the Polyclonal Response to Antigen
As seen by the immune system, an antigen is multivalent, consisting of many molecular subregions that are recognized individually by different T‑ and B‑lymphocytes.  These antigenic subregions are referred to as antigenic sites, or antigenic determinants, or epitopes.

As described above, due to the large number of immunoglobulin variable region genes and their ability to recombine to direct the synthesis of multiple variable region sequences for antibody HC and LC, there is a large pre‑existing repertoire of different antigen binding sites on immunoglobulin molecules.  This array of antigen binding sites is represented on the surface of virgin B‑lymphocytes (i.e., not yet exposed to antigen), because immunoglobulin molecules also serve as antigen receptors (usually in the form of monomeric IgM) on B‑cells.  Each B‑cell expresses a different immunoglobulin species (i.e., with a unique antigen binding site) on its surface.  When these B‑cells are exposed to antigen, those B‑cells which have an immunoglobulin molecule that best fits an antigenic determinant on the antigen, bind to the antigen and are triggered into clonal proliferation, giving rise to identical daughter cells, which begin to synthesize and secrete that particular antibody species.  Thus, if an antigen molecule has several different antigenic determinants, each site can interact with a unique immunoglobulin receptor on many different lymphocytes, also triggering their proliferation.  As a result, the antibody response to even a simple antigen may be polyclonal, consisting of several different antibody molecules with slightly different specificities and reactivities.  In the primary response to antigen, the antibody class generated is usually IgM.  After about two weeks, the responding B‑lymphocytes switch to the synthesis of another class (usually IgG), without changing the structures of the antigen combining sites of the antibodies being produced.  This comes about at the gene level by linking a new set of HC genes to the variable region genes used in the original antibody molecule (a process called isotype switching).

2.
The Molecular Structure of the Antigen Binding Site
The variable domains of each pair of HC and LC fold together to form a hydrophobic pocket for the antigenic determinant to fit into.  This binding pocket excludes water, allowing the antigenic determinant to fit more snugly into the binding pocket.  In addition, certain amino acids within the binding pocket make contact with portions of the antigenic determinant, increasing the strength of binding by intermolecular forces, such as electrostatic interactions.

3.
Intermolecular Forces Involved in Antigen‑Antibody Binding:  Antibody Affinity
The intermolecular forces involved in antigen‑antibody interactions occurring within the antigen binding pocket are relatively weak, but are cumulative.  These forces include:  hydrogen bonding, electrostatic (charge) interactions, Van der Waals forces, hydrophobic interactions.  As these forces are relatively weak on an individual basis, the intermolecular distances over which they have to act is important.  Hence, the closeness of fit of the antigenic determinant within the antigen binding site of the antibody molecule is important to the strength of the interaction.  The measurement of this interactive strength occurring within a given antigen binding site is called affinity and is the net result of attractive and repulsive forces between the antigenic determinant and the amino acids lining the antibody binding pocket.  As antigen‑antibody reactions are reversible, antibody affinity may be described mathematically as the equilibrium constant (K) by applying the Law of Mass Action:

Antigen (Ag)  +  Antibody (Ab)    ══   Immune Complex (AgAb)
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A more global or functional estimate of the strength of antigen‑antibody binding, which takes into account the relative numbers and accessibility of binding sites on the antibody molecule and antigenic determinants on the antigen molecule, is called avidity (functional affinity).  Avidity depends, not only upon the individual affinities of the antigen binding sites on the antibody molecule, but also the numbers and accessibility of antigenic determinants.  Hence, IgM, which is decavalent (10 antigen binding sites), has the greatest potential for avidity if all 10 of its antigen binding sites could engage their antigenic determinant.  Since all 10 sites on a given IgM molecule are identical, this would require repetitive antigenic determinants to be present and distributed along the antigen molecule in such a way that the antibody molecule could interact with them.  However, this is rarely the case.

In a primary immune response to an antigen, the antibodies generated are usually IgM, but are often of low affinity for the reasons described above.  As the immune response continues, higher affinity antibodies (usually of the IgG class) are produced.  This process is called affinity maturation.  Most biological responses mediated by antibodies require high affinity antibodies.  If affinity maturation does not occur, then the antibody response may be ineffective in clearing the antigen, allowing it to persist and giving rise to small circulating immune complexes.  These immune complexes can be deposited in various tissue sites, where they fix complement, or cause platelet aggregation, causing inflammation and tissue damage.

5.
Antibody Specificity
The specificity of an antibody for antigen is dependent upon physicochemical features of the antigen, such as conformation, or configuration, and electrical charge.

 

Antibodies can recognize either linear arrays of amino acids (called continuous antigenic sites), or folded parts of a molecule (called discontinuous antigenic sites).  These latter (conformational) antigenic sites will be destroyed if the antigen molecule is physically (e.g. by heat), or chemically (e.g. by reducing agents) denatured and, consequently, antibody reactivity may be lost.  This is a problem encountered in preparing subunit (as opposed to whole organism) vaccines.  Such vaccines may induce specific antibody directed only to continuous (linear) antigenic sites;  however, this antibody may not recognize the antigenic determinants in the intact micro‑organism and, therefore, as such, would not protect the host from disease.  Although most antibodies are thought to be directed to conformationally sensitive discontinuous antigenic sites, in some instances, antibodies directed to continuous antigenic sites may also be protective.

Similarly, antibodies may be specific for certain steric configurations of antigenic molecules and an antibody raised to one stereoisomer may not recognize the opposite member of the pair.  Antibodies may also show specificity for charged portions of an antigen and antibody reactivity could be lost by conditions which alter the electrostatic charge on the antigen molecule.

Occasionally, an antiserum raised to a particular antigen may show weak, partial reactivity with another related (or even non‑related) antigen.  This is termed crossreactivity and comes about as a result of shared antigenic determinants between the antigens.  As the antiserum contains multiple species of antibodies directed to the various determinants on the antigen, antibodies directed to shared determinants will crossreact with the second antigen (i.e., the one not used for immunization).  There are numerous examples of biological crossreactivity, which have in vivo pathogenetic effects.  For example, in streptococcal rheumatic fever, anti‑streptococcal antibodies crossreact with similar antigenic structures on cardiac muscle, causing heart tissue damage.

III.
ANTIBODY FUNCTIONS:  ROLE OF THE Fc PORTION
As related above, the HC constant domains located in the carboxy terminal portions and linked together by S‑‑S bonds to form the Fc portion of the antibody molecule, dictate its biological function.

A major biological function of antibodies is in host defense against infectious micro‑organisms (bacteria, viruses, some fungi, and certain parasites).  In some cases (e.g., certain bacterial infections), antibodies constitute the sole protective response.  In other cases (viral, parasitic infections), they may supplement protective immunity mediated by T‑lymphocytes.  In protection against micro‑organisms, antibodies function in:

1.
Neutralization of bacterial toxins (such as those produced by diphtheria and tetanus organisms).

2.
Complement‑mediated lysis through the classical pathway initiated by binding of complement C1q to the antibody Fc.

3.
Opsonization: enhancement of phagocytic uptake of antibody‑coated micro‑organisms by phagocytes, such as neutrophils and macrophages.  This may occur in one of two ways:  by direct interaction of the antibody Fc with Fc receptors on the phagocyte plasma membrane, or after fixation and activation off complement and interaction of complement fragment C3b with specific receptors on phagocytes.

4.
Virus neutralization or blockade of cellular attachment:  blocking of virus penetration into host cells, or of virus replication within host cells.  Similarly, antibodies may prevent pathogenic bacteria from adhering to mucosal surfaces, such as in the gut or respiratory tract.

5.
Antibody dependent cellular cytotoxicity (ADCC):  antibody‑coated micro‑organisms are brought into close association with cytotoxic cells, such as neutrophils, macrophages, or eosinophils, through interaction with Fc receptors on these cells.  The cytotoxic cells then kill the micro‑organisms, by injecting toxins which ultimately cause cell death by lysis or by nuclear disintegration.

Although host defense against pathogens is the major role of antibodies, they may also function in immune regulation by facilitating antigen removal by phagocytic cells of the reticulo‑endothelial system.  This effectively removes the antigen and stops the immune response.  Antibodies may also enhance antigen uptake by antigen presenting cells (APC) and thereby facilitate the T‑cell response to the antigen.  Antibodies may also alter the profile of the immune response by masking major (immunodominant) antigenic sites and/or by inducing conformational changes in the antigen, thereby allowing exposure of the immune system to minor antigenic determinants.

IV.
SUMMARY
Antibodies are bifunctional molecules, with two or more antigen combining sites (Fab'), which are specific for the antigenic determinant that induced antibody synthesis, and a carboxy terminal Fc portion, which dictates the biological function of the antibody molecule.

The molecular structure of both the antigen binding sites and the Fc portion will determine how effective an antibody molecule will be in providing preventing or resolving a disease process.  In order to provide immune protection for antigen, and have the appropriate heavy chain structure to mediate the desired biological effect (e.g. complement‑mediated lysis of bacteria).  Thus, although an antibody response may occur, it may not always be protective.  Inappropriate antibody responses can not only result in failure to clear the offending antigen, but may also have pathologic consequences, such as the development of circulating immune complexes, which may lodge in tissue sites and cause damage or crossreactivity with host tissues, which may lead to tissue destruction.
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