 Lecture4
Development of immune cells 
Development of Lymphocytes (Part I) Pluripotent stem cells and fetal liver are considered as hematopoietic stem cells in the body which give rise to lineages of blood cells. Hematopoietic stem cells also differentiate into B cells, T cells, and antigen presenting cells following maturation. The maturation of B cells mostly occurs in the fetal liver before birth and in the bone marrow after birth. The T cells form in the liver before birth and complete maturation in thymus after birth. The most common form of T cells i.e αβ T cells develop in the bone marrow while less common form γδ T cells develop in neonatal liver. The differentiation of B and T lymphocytes from precursor stem cells largely depends on the signals induced by the surface receptors present over the hematopoietic stem cells which induce different transcriptional factors involved in its maturation. 15.1 Differentiation of B and T lymphocytes from progenitor cells 15.1.1 B cells differentiation Pluripotent hematopoietic stem cells differentiate into B cells under the influence of transcription factors E2A, EBF, and Pax5. These transcription factor works synergistically to induce the transcription of specific genes and their recombination responsible for the development of B lymphocytes. Pluripotent hematopoietic stem cells are differentiated into Pro-B cells which give rise to follicle B cells, marginal B cells, and B-1 B cells. 15.1.2 T cell differentiation Pluripotent hematopoietic stem cells first give rise to common lymphoid progenitor cells. The common lymphoid progenitor cells can either give rise to natural killer cells or Pro-T cells under the influence of different transcriptional factors. The lymphoid progenitor cells activates the Notch receptor which cleaves and migrates to nucleus to activate transcription factor GATA-3 that in turn give rise to Pro-T cells. These Pro-T cells are further differentiated into αβ and γδ T cells under the influence of interleukin-7. Interleukin-7 is produced by stromal and epithelial cells of bone marrow and thymus, respectively.
15.2 Expression of antigen receptor T and B cell express certain specific receptor over their surface that is responsible for their specificity towards different MHC class molecules. All the B and T cells are having unique receptors over their surface that makes it a diverse population of cells present in the human body. The functional antigen receptor genes are rearranged and produced over a B and T lymphocyte during the early embryonic development. It is quite remarkable that an antigen receptor is expressed over an immature lymphocyte before encountering any antigen (clonal selection theory). 15.3 Selection of lymphocyte repertoires 
The development of lymphocyte involves many steps that screen the best among all to be continued downstream in the developmental cycle. The first step is to check the integrity of the polypeptide chain of the antigen receptor followed by the complete assembly of the receptor. The cells which pass these steps stood apart from other in terms of successful rearrangement of genes and therefore more likely to undergo the actual maturation step.
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Figure 15.1 Differentiation of B and T lymphocytes from stem cells:

The screening also involves the removal of lymphocyte that is reactive to self antigens. The process where the cells are selected for further developmental stages and lineages for the lymphocyte population is called positive selection. Alternatively, both B and T lymphocytes are eliminated based on their reactivity to self antigens by the process of negative selection. The T lymphocyte reactive towards the self antigens is removed by apoptosis and the phenomenon is called as clonal deletion.

15.4 Development of lymphocyte subsets The precursor cells that are positively selected for further developmental steps express both CD4+ and CD8+ on their surface. These cells are differentiated into either CD4+ or CD8+ but not both, any cells expressing both the receptors during the downstream developmental steps are eliminated by apoptosis. The naïve CD4+ cells are differentiated into helper T cells while naïve CD8+ cells into cytotoxic T lymphocyte. Similarly B cell lineages also develop into different subsets, bone marrow derived B cells develop into follicular B cells (mediates T cell dependent immune response) or marginal zone B cells (mediates T cell independent immune response).
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Figure 15.2 Different stages of T and B cells maturation:

Lecture 16: Development of Lymphocytes (Part II) 16.1 Rearrangement of gene in B and T lymphocytes The genes responsible for the diverse antigen receptors on B and T cells are generated by the arrangement of variable (V), diversity (D), and joining (J) regions in the gene segment. This phenomenon of rearrangement of chromosomal segment is called V (D) J recombination. The V(D)J recombination is the reason for the diversity of the immune cells in the body. This was proved by Susumu Tonegawa who demonstrated that DNA segments in the loci responsible for light and heavy chain of an immunoglobulin molecule is different in developing B cells than in any other cell types. 16.1.1 Organization of immunoglobulin and T cell receptor gene The organization of the germline genetic loci of immunoglobulin and T cell receptor gene are similar in terms of their organization. The immunoglobulin heavy chain is encoded by chromosome 14, κ light chain by chromosome 2, and λ light chain by chromosome 22. The 5’ end of the gene contains clusters for the variable region of around 300bp. The joining segments start after the variable region, which is around 30-50 bp long. The diversity region occupies the space between the variable and joining region. The length and size of these three V, D and J regions varies among different species of animals. The immunoglobulin locus also contains different constant region that encodes the C chain of the Ig molecule. The T cell receptor α and δ chains are encoded by chromosome 14 while β and γ chains by chromosome 7. The loci on the T cells are similar to that of the immunoglobulin. The detailed structure of the genome orientation for both B and T cells are beyond the scope of this course. 16.1.2 V(D)J recombination 
The germline genes cannot be transcribed into mRNAs that encode the functional receptor proteins. The functional genes are only generated in developing B and T lymphocytes after rearrangement of V, (D), and J chains. The process involves the selection of one segment of each V, (D), and J chains in any lymphocyte and arrange it into a single exon that encodes the variable region of an antigen receptor. Conserved heptamer (7 bp) and nonamer (9 bp) are located adjacent to the V and J exons. The V (D) Joint initiative of IITs and IISc – Funded by MHRD Page 7 of 28 J recombinase recognizes these signals and brings the segments together. The specific factors that mediate the V, (D), and J chain recombination recognizes the recombination signal sequences (RSS) that are located at 3’ end of V and 5’ end of J segment. The V and J chain combine together after deletion of the intervening sequence or inversion of the sequence if they are oriented in the opposite direction.

16.2 Mechanism of V (D) J recombination The recombination of V, (D), and J chains is a type of non homologous recombination which is mediated by many enzymes including DNA double stranded break repair (DSBR) enzymes. The whole process is divided into four distinct phases. Synapsis Cleavage Hairpin-opening and processing of ends Joining 16.2.1 Synapsis This is the process by which the antigen receptor genes are made accessible for the recombination machinery. The selected regions are brought together by looping of the chromosome for subsequent processes. 16.2.2 Cleavage DNA in the specific region is broken with the help of recombination activating gene-1 (Rag-1) and Rag-2 to bring the RSS-coding sequence closer. The Rag-1/Rag-2 complex is known as V (D) J recombinase. Rag-1 acts as a restriction endonuclease to recognize and cleave the heptamer sequences. Rag-2 protein helps to bring the Rag-1/Rag-2 tetramer complex together. Rag genes are only expressed in lymphoid origin cells i.e. B and T lymphocytes. 16.2.3 Hairpin-opening and processing of ends The broken ends are modified by addition or deletion of the base pairs to produce maximum diversity among the sequences. Artemis an endonuclease opens up the hairpin for any further modification. Another unique enzyme called terminal deoxynucleotide transferase (TdT) helps to add the nucleotide sequence in the 3’ end of the broken region that again is responsible for the maximum diversity. Nucleotides may be added to asymmetrically cleaved hairpin structure in a template manner those nucleotides are called P sequences. Nucleotides may be added to the recombination site in a nontemplated manner by TdT enzyme; those are referred as N sequences. 16.2.4 Joining The broken ends are joined by double stranded repair process. DNA end-binding proteins Ku70 and Ku80 are involved in recruiting protein kinase which helps in the ligation of broken ends and are carried out by DNA ligase.
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Figure 16.1 Organization of gene loci of immunoglobulin gene:

16.3 Development of B lymphocytes The precursor cells formed from the bone marrow stem cells are called pro-B cells. The pro-B cells do not express any antibody. Recombination process of Ig chains starts during pro-B cell stage because of the expression of Rag gene. Once the V (D) J recombination of heavy chain is completed, the pro-B cell is differentiated into pre-B cells. Pre-B cell expresses the heavy chain of the Ig over their surface and are identified by the presence of B220 surface markers. Pre-B cells are differentiated into immature B cells after the synthesis of light chains of the Ig over their surface. The immature B cells are differentiated into mature B cells after the synthesis of mature IgM and IgD molecules over their surface.
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Figure 16.2 Different events during V(D)J recombination:

16.4 Development of T lymphocytes The precursor stem cells in the bone marrow are differentiated into pro-T cells into thymus. The pro-T cell is differentiated into pre-T cell with the recombination of β chain. The pre-T cell express only the β chain of T cell receptor that further differentiates into double positive T cells which expresses both α and β chain over the surface. In addition double positive T cell expresses both CD4 and CD8 over their surface. The double positive T cells undergoes positive and negative selection to differentiate into immature T cells that express membrane associated α and β chain. The immature T cells are differentiated into mature T cells after coming into the peripheral circulation.
