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   The high specificity of antibodies for a particular antigen means they can be used in a range of applications, beyond their natural role in the immune system. Antibodies are immunoglobulins and in humans there are five classes: IgM, IgA, IgG, IgE and IgD, with IgG being the most abundant.
[image: ]Figure 1- structure of an IgG
  
 All antibody classes have a common Y-shaped structure, similar to the IgG structure, consisting of two heavy (μ, α, γ, ε or δ) and two light, (κ or λ) polypeptide chains, the heavy chains are glycosylated in the constant regions. The Fc is responsible for activating antibody dependent cell mediated cytoxicity and complement mediated cytotoxicity by binding to receptors on the complement or effector cells. The Fabs are responsible for binding to its complementary antigen.1 Each heavy chain consists of over 400 amino acids and each light chain consists of over 2002, hence the high variability of antibodies, each with a different specificity resulting from different sequences of these amino acids.
   During an immune response, several different B cells proliferate and differentiate into antibody secreting plasma cells, each producing antibodies complementary to different epitopes on the same antigen. Therefore the antibodies found in the blood are polyclonal as they are formed from different cell lines. Monoclonal antibodies, which are derived from the same parent cell so that they all target the same epitope, in contrast, must be made in vitro.3 Although the production process of these is complex, monoclonal antibodies are useful as the fact each one in a batch targets only one specific epitope means they are less likely to bind to other molecules, whereas polyclonal antibodies bind with several epitopes, one of which is likely to also to appear on molecules other than the original antigen, which would decrease the effectiveness of the antibodies.
   Monoclonal antibodies have a variety of uses: they form the basis of many in vitro diagnostic tests such as ELISAs or pregnancy tests, as well as in vivo diagnostics for imaging of diseases such as by joining them to a radioactive isotope; they are used to purify proteins, and they are used in therapeutics, on their own as direct therapeutic agents to elicit effector functions or block receptors, or as targeting therapeutic agents joined to a cytotoxic molecule4. Monoclonal antibodies have many significant current and potential future successes, but when they are used, particularly in vivo, many problems must first be overcome, by altering the production process or by modifying them after they have been produced. 
 
Production of Monoclonal Antibodies:
   Monoclonal antibodies were initially produced by Milstein and Koehler in 1975. The production of these monoclonal antibodies was done by injecting an antigen into a mouse and then by extracting an antibody producing spleen cell from the mouse and fusing it with with a myeloma cell, to produce a hybridoma. A hybridoma has the rapid cell division ability of the the myeloma cell to produce a large number of clones, as well as the antibody secreting function of the spleen cell, therefore meaning many monoclonal antibodies can be produced from one cell line.5
   However, monoclonal antibodies derived by hybridoma technology have a very short half life as they are murine antibodies and therefore have high immunogenicity in the human body.6 This means they are often unable to trigger effector functions as they do not last long enough in the body. However, this problem can be reduced by humanising the antibodies. Initially, they were modified into chimeric antibodies which have the constant regions of a human antibody, but the variable regions of a murine antibody. Later, even less immunogenic antibodies were created, called humanised antibodies, with only the complementarity determining regions from the murine antibody being combined with the framework of the human variable and constant regions.7 Fully human monoclonal antibodies can also be made rather than murine ones using hybridoma technology, via the use of transgenic mice to produce human antibodies, hence minimising immunogenicity.8 However, the use of transgenic animals may be considered unethical and can be expensive.
  More recently, a new way to produce monoclonal antibodies has been developed due to advancements in genetic engineering, by display methods, predominantly phage display. This method allows not only full antibodies to be produced but also fragments of antibodies to be produced. The genes for the antibody or part of the antibody are spliced into the protein coat genes of the bacteriophage, a virus, so that the desired protein is displayed on the surface of the phage. A library of these antibody presenting phages can be built up, each one with slightly different amino acid sequences. The antibody phage with the greatest affinity for a particular antigen is then selected and uses a bacteria as a host, which causes the virus to replicate. The antibody genes can then be extracted from the phage and used to make many genetically identical antibodies.9,10,11
   Phage display technology does have difficulties, it is hard to express whole human antibodies in the phage as the antibodies produced may not develop the correct complex folding in the polypeptide chain. Therefore, most approved whole antibodies for commercial use are still made by hybridoma technology.8 The antibodies produced are also not glycosylated as the phage lack all the enzymes required for glycosylation, meaning they bind much less easily to Fc receptors on immune cells and the complements so can not activate effector functions. This means antibodies produced by phage display are more likely to be used for targeting in therapeutics as opposed to acting directly, or will be fragments of antibodies which do not have glycosylation sites and which have less complex folding.12

Modifying monoclonal antibodies- altering the Fc region:
   Although not involved in binding to the antigen, the Fc significantly impacts the effector functions as it is responsible for binding to Fc receptors on effector cells and the complement. In antibodies produced by hybridomas, the oligosaccharide at the glycosylation sites can be changed to improve the binding between the antibody and the Fc receptor, or can be removed to reduce binding with the Fc receptor when not required if they are used as targeting therapeutic agents, such as antibody-drug conjugates, which work without the need of effector functions. In human IgGs, an oligosaccharide is attached to the asparagine residue, which is 297 along the amino acid sequence13, on each heavy chain by a glycosidic bond to acetylglucosamine. This one can be hydrolysed by glycosidases to remove the oligosaccharide from each heavy chain14.The antibody can then be left like this or another oligosaccharide can be joined to the asparagine residue, depending on the use of the antibody. In antibodies produced by phage display which are not glycosylated, an oligosaccharide may be attached to the 297 asparagine residue if the antibody is being used as a direct agent in therapeutics.
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Figure 2- hydrolysis of a glycosidic bond between the asparagine residue and acetylglucosamine at the start of the oligosaccharide on one side of the IgG.

Modifying monoclonal antibodies- antibody fragmentation:
   In many situations, not a whole antibody, but only the variable regions are required. For example: when they are only needed to be small in order to block a signalling receptor on an antigen; to eliminate the non-specific binding of the Fc region with Fc receptors on cells; when a whole antibody is too large to reach the inside cells in a tumour15, or when the short half life of an antibody fragment is desired- such as if it has been joined to a radioactive isotope, to reduce radioactive exposure time for the person16. The antibody can be fragmented through the enzymatic method of proteolysis. The two main enzymes used are: papain and pepsin. Papain is used to separate the Fabs and the Fc in an IgG by catalysing the breaking of peptide bonds above the disulfide bonds in the hinge region, but below the disulfide bonds joining the light and heavy chains together. Whereas pepsin is used to separate most of the Fc region from the two Fabs and some of the hinge region binding them together17,18. Both enzymes catalyse the hydrolysis of peptide bonds between amino acids in the antibodies but pepsin requires a more acidic pH to work optimally.
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Figure 3- hydrolysis of a peptide bond between any two amino acids in the antibody, with the assistance of pepsin or papain.
   Antibody fragments are also easier to make than whole antibodies through phage display as fewer genes are required, only 3 are currently approved for commercial use, but 
more are being developed. An example is certolizumab pegol, a Fab bound to two polyethene glycol molecules. This blocks receptors on the protein, tumour necrosis factor, reducing inflammation in treatment of diseases such as arthritis19.

Alternative antibody formats- Bispecific monoclonal antibodies:
   Bispecific antibodies have been created in which each Fab on the antibody has a different specificity20. One Fab may bind to an antigen whilst the other to an effector cell, and bring the two into close contact, enhancing the effector function on the antigen. Alternatively each Fab may bind to a different antigen both expressed on the same pathogen or abnormal cell, increasing the likelihood of the antibody binding to the antigen. 
   They can be produced by fusing two hybridomas to form a quadroma which secretes antibodies with one antigen binding site from each parent cell. However only a small proportion of the antibodies are like this due to the random possible combinations of the heavy and light chains from each hybridoma21. DNA recombinant technology methods and phage display are therefore preferred to make bispecific antibodies to avoid this problem, such as the 'knobs into holes' method. The genes are altered in one heavy chain of two different antibodies so that one has a 'knob' shape, and the other has a complementary 'hole' shape so they can bind to each other to form a whole bispecific antibody21. An example of an antibody made in this way is onartuzumab which is currently in clinical trials. This antibody targets the hepatocyte growth factor receptor, commonly expressed on tumour cells, particularly in the lungs and therefore causes the death of these cells- so it is hoped it will be able to be used in the treatment of lung cancer22.

Alternative antibody formats- Antibody-cytotoxic agent conjugates:
   Monoclonal antibodies have been modified to create antibody-drug conjugates, this allows abnormal or infected cells and pathogens to be targeted more specifically which also means fewer healthy cells are harmed than if the drug was issued on its own. Furthermore, often more than one molecule of the drug can be attached to each antibody by different amino acid residues on the surface of the antibody, increasing the cytoxicity of each antibody further. Linkers are typically attached to lysine or cysteine residues present on the surface of the antibody due to their side chains which can bond with other molecules23.
   One example of this includes: inotuzumab ozogamicin. This is being trialled in the hope it will be used to treat lymphoblastic leukaemia. The antibody is joined to the drug calicheamicin by a 4-(4-acetylphenoxy)butanoic linkage in which the amine group on a lysine amino acid residue is condensed to bind to the carboxyl group of the linker, which in turn forms a hydrazone bond with calicheamicin. After binding to the CD22 epitope on the cancer cell, the antibody-drug conjugate is taken into the cell by endocytosis at which point the acidic conditions cause the hydrazone bond to be hydrolysed, releasing the drug and allowing it to carry out its function24.
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Figure 4- hydrolysis of a hydrazone bond in the 4-(4-acetylphenoxy)butanoic linker, which separates the antibody from the drug, calicheamicin
   Similarly, antibodies can be tagged with a radioactive isotope, which localises the cytotoxic radioactive effect. These can be used in cancer therapy, an example of which is I131-tositumomab. To form this particular conjugate, a tyrosine residue on the antibody undergoes electrophilic substitution of a hydrogen on its phenolic ring with the iodine131 isotope. This targets the epitope CD20, present on healthy and cancerous B-cells. The method of joining the radioactive isotope and antibody varies with the specific antibody and isotope used25,26. Radioactively labelled antibodies are also used in imaging of tumours, as the areas of high emitted radiation can be detected, signifying where the antibodies have bound to tumour cells, thus allowing the patient to be given suitable treatment.
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Figure 5- substitution reaction of a hydrogen atom on a tyrosine residue with a I131 isotope.

Antibody mimics:
  An alternative to monoclonal antibodies is antibody mimics which are created by molecular imprinting. The first step in molecular imprinting is self assembly in which free monomers in solution join to the desired antigen, which acts as a template. The next step is polymerisation involving cross linkers to join the attached monomers around the template. Then the template is extracted by hydrolysis, leaving the newly formed polymer with a cavity containing a complementary recognition site to the target molecule, thus creating a polymer with a high specificity, similar to that of antibodies27,28.
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Figure 6- the basic principle of molecular imprinting
  
The advantages of using artificial antibodies, includes that they are smaller than whole antibodies so if used in therapeutics, similarly to antibody fragments, they can reach areas which antibodies can not and they can be made to target molecules for which no antibodies exist. They are currently used in vitro in diagnostics, however use of these in vivo for humans has not yet been explored due to concerns over their immunogenicity. However, in 2010, the first molecularly imprinted antibody mimic was successfully used in mice against the target molecule, melittin, a toxin present in bee venom, giving promise for future use in humans29.

   It has been over 100 years since antibodies were described as 'magic bullets'30, before many of their applications were even known and before monoclonal antibodies had even been produced, undoubtedly there are still more applications to be discovered. From whole monoclonal antibodies to antibody mimics, the progress of their use in therapeutics, particularly for treating cancerous tumours, has been highly successful, with 47 therapeutic monoclonal antibody products approved for commercial use as of November 2014 and many more are used for non-therapeutic purposes31, Perhaps in the future, new recombinant antibodies or antibody mimics will be made for antigens for which no natural antibodies exist at all, for example, they could be used if a pandemic occurs of a rare disease, new disease or new strain of disease, in which the pathogens have antigens for which humans have not yet developed natural antibodies for.
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