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LYMPHOPOIESIS
Introduction
Lymphocytes, also referred to as “immunocytes”, are the second most frequently found white blood cells in peripheral blood with a percentage of about 20% (neutrophils are the most encountered with a percentage of about 70%).  As their other name (immunocytes) indicates, these cells play an important and crucial role in immunity (discussed in detail, below).  They are classified as “mono-nuclear” cells due to the single non-lobulated nucleus shape they have.  The two mononuclear white blood cells are monocytes, and lymphocytes.  On the other hand, neutrophils, basophils, and eosinophils are classified as “poly-morphonuclear” cells (due to the multi-lobulated nucleus they have).  The life span of lymphocytes varies with the majority dying within days, but some types live for months and years, e.g., memory cells (a type of lymphocytes) can live for decades.

Lymphocytes are very unique blood cells in certain features, and different from other blood cells in many ways, such as:

1- They are heterogeneous group of cells:

Although the cells might look similar (or identical, in some cases) morphologically, they are very different physiologically ( or functionally) from to another.  That is, different sub-types of lymphocytes have very different function from one to another (even though, they are indistinguishable from each other morphologically).  This feature is different from other WBC types, where all of the cells in a certain type, e.g., neutrophils carry the same exact function.   Similarly, all monocytes carry the same exact function, but that is not the case in lymphocytes where some lymph's perform different function than the other lymphs.

2- Lymphocytes are capable of migration in all directions (Re-circulation):

All blood cells originate in the bone marrow from which they migrate to peripheral blood and finally reach the tissues.  Usually, the direction of this migration is from the BM to the pb and ending in tissue, as illustrated in the diagram below.
BM → pb → tissue (only this direction is allowed for all WBC except lymphs).

However, lymphocytes are the only cells capable of “reversed migration” or migration in all directions.  That is, the cells can move from BM to pb to tissue or can go back to the BM after they reached pb or the tissue, as illustrated in the diagram below. 

BM ↔ pb ↔ tissue.  As well as the migration from the BM to tissue, and vise versa:

BM ↔ tissue.
3- Lymphocytes are capable of proliferation in pb or in tissues:

Usually only immature blood cells in the BM are capable of proliferation, however, mature lymphocytes have the ability to proliferate even out side the BM (whether in pb or tissue).  This is due to the release of the BM of semi mature lymphocytes, i.e., the cells are not 100% mature but are very close to that.  The other reason for proliferation outside of BM is due to the “activation” of lymphocytes.  Activation is the term used when lymphocytes are exposed to an antigen and start their defense function by producing antibodies.  Under certain conditions, such activation leads to changes in the shape of lymphocytes.  Normally, lymphocytes are small round cell (about 9 microns in size) with a round nucleus occupying the majority of the cell (i.e., high N/C ratio).  Once “activated”, some lymphocytes become “reactive” (the condition is described as “reactive lymphocytosis”) and change their shape to many different forms.  The changes might include: variable sizes, i.e., small, medium, or large; shape, round, oval, or irregular, they might have very pale blue clear cytoplasm, and also might contain granules (note: normal lymphocytes, which are known as “small resting lymphocytes”, do not contain granules).  See description of lymphocytes, below.   

Types of lymphocytes

As mentioned above, lymphocytes are a heterogeneous group of cells.  That is, they contain a group of sub-types among themselves.  Broadly, the lymphocytes are divided to three major types: 1- B-lymphocytes, 2- T-lymphocytes, and 3- Non-T/non-B lymphocytes (null cells).

T-lymphocytes (Thymocytes)

These cells are involved in “delayed hyper-sensitivity” reactions or what is known as “cell mediated” immunity.  That is, these cells do not produce antibodies.  The thymus plays an important role in the maturation and development of these cells, and hence the name (T lymph’s for Thymocytes).  The BM release semi-mature (not completely differentiated) T-lymphs precursors (known as pro-T, and pre-T) to the thymus, where these cells continue their differentiation or proliferation ending in the production of fully mature T-lymphocytes (see diagram for lymphocytes development & differentiation, below).  About 95% of T-lymphs remain in the thymus and the remainder 5% is found in pb.  There are 4 sub-types of T-lymphs:

1- T Helper/Inducer (TH): these cells activate B-lymphs to produce antibodies whether by direct or indirect contact.

2- T Suppressor (TS): these cells regulate humoral, and cell-mediated immunity.

3- T Cytotoxic (TC): these cells recognize antigens, which have been coated or “labeled” with MHC complex, and attack them.

4- T Delayed hypersensitivity (TD): these cells produce chemotactic factors for macrophages and neutrophils.

B-lymphocytes

These cells main function is the production of immunoglobulins (antibodies).  Antibodies are the molecules, which get attached to the foreign invading antigen, and start destructing the antigen internally.  Once a B-lymph is exposed to antigen, the cells are activated and start producing specific antibodies to kill the antigen (about 10% of pb lymph’s are activated, while the remaining 90% are non activated and referred to as “resting lymphocytes”).  B-lymphs that are producing antibodies are known as “plasma” cell.  Plasma cells have a unique shape where the cell is oval with an eccentric nucleus (not in the center but towards one of the sides).  That is, the nucleus is located close to one of the poles of the cell.  Memory cells (as the name indicates) are a sub-class of B-cells, which have the capability to remember specific antigens, and thus on second exposure to such antigen(s) can respond very promptly.  B-lymphs development takes place mostly in the BM but a part of it is achieved in the spleen and lymph nodes. 

Non-B/non-T lymphocytes

These cells do not carry the markers for either B-lymphs or T-lymphs and therefore are classified as non-T/non-B.  They are also referred to as “null” cells and have different functions in the delayed type immunity (cell mediated).  There are four major sub-types of this class:

1- Natural Killer cells (NK)
2- Killer cell (K)

3- Lymphokine Activated Killer cells (LAK)

4- Large Granular Lymphocytes (LGL)

Lymphocytes development and maturation

All hematopoietic cells rise from the pluripotent stem cell, which gets “specialized” or “committed” to a certain lineage (e.g., erythroid, myeloid, or lymphoid, etc.).  This is achieved by differentiation of the pluripotent stem cell into the “committed” stem cell, and the later differentiates into the mature blood cell after many cycles of division.  Lymphocytes are a little different from the rest of blood cell types in that their pluripotent stem cell is specialized only for lymphocytes differentiation.  Another hypothesis on lymphocytes differentiation suspects the presence of a committed lymphoid cell called the CFU-L, the equivalent to the CFU-GEMM (CFU-mix), in the myeloid cells.  Nevertheless, whether the CFU-L or the pluripotent stem cell, a cascade of differentiation divisions starts leading to the three major types of lymphocytes found in pb.  In other words, the CFU-L (or the pluripotent stem cell) differentiates to pro-B, pro-T, and/or non-T/non-B precursors (pro-NK).  The end result of further differentiation leads to B-lymph’s, T-lymph’s, and non-B/non-T lymph’s, respectively (see diagram below).

Organs involved in lymphocytic development
The lymphoid organ consists of two compartments: 1- the Primary Lymphoid Organ (PLO), and 2- the Secondary Lymphoid Tissue (SLT).
1- The primary lymphoid organ consists of: the BM, thymus, and SLT.

2- The secondary lymphoid tissue consists of: the spleen, lymph nodes, tonsils, Peyer’s patches (nodules in the small intestines), and sub-endothelial and sub-epithelial foci of lymphocytes, monocytes, and macrophages.  

Lymphopoiesis development & maturation diagram






The broken lines illustrate the hypothesis of the direct differentiation of the pluripotent stem cell to the lymphoid cell precursors (i.e., pro-B, pro-T, or pro-NK).  On the other hand, the solid lines illustrate the hypothesis of differentiation of pluripotent stem cell to the LYMPHOID STEM CELL (CFU-L) which in turn then differentiates to the lymphoid precursors (i.e., pro-B, pro-T, or pro-NK). 
Lymphocyte markers (CD markers)
The technology of immunophenotyping using the FACS scanner and monoclonal antibodies conjugated to fluorescent compounds has allowed a new method of classification and identification of almost all hematopoietic cells (as well as non-hematopoietic cells).  These antibodies have a great sensitivity and specificity to bind to their respective antigens on the cell.  The antigen is a specific factor such as a protein, an enzyme, etc.  These antibodies are usually known as CD markers standing for CLUSTERS of DIFFERENTIATION (or CLUSTERS of DESIGNATION).  Every cell (whether hematopoietic or not) has its own profile of CD's.  Scientists can differentiate among various types of cells using their CD profile.  For example, the pluripotent stem cells (or blasts) are known as CD 34+ (CD 34 positive) because they have the antigen number 34 (CD 34).  On the other hand, mature blood cells do not have CD 34 (i.e., CD 34-).  Conversely, neutrophils are CD 11, 11a, 11b, 11c, 13, 15 and 33 positive, while blasts (stem cells) are negative for all of those CD's. 

Similarly, certain CD markers are associated with the lymphocytic series, only and not the myeloid, erythroid, or megakaryocytic ones.  Some of these lymphoid CD's are general to all sub-types of lymphocytes, while the others are specific for B-lymphs only, or T-lymphs only.  Non-T/non-B lymphocytes carry some markers of both cell types, i.e., markers for T and B lymph’s on the same cell, and hence the classification as “non-B/non-T”.  Some of these markers are:

CFU-L:
HLA-DR+, Tdt + (Terminal deoxy nucleotidyl transferase), SCF+ (c-kit), and CD 34+
The B-lymph series:

1- Pro-B: Same as CFU-L plus CD19 & CD24

2- Pre-B: same as pro-B plus CD20, and the immunoglobulin gene re-arrangement is evident.  Tdt could be absent (Tdt-ve), and CD 34-ve
3- Mature B cells: the most important marker is the presence of surface immunoglobulins (s Ig) such as Ig M or Ig D.  In addition to the complement receptor FcR, and the presence of CD 21, 22, and 24. Tdt, SCF, and HLR-DR are all absent (negative).    

The T-lymph series:

1- Pro-T: same as CFU-L plus CD 3 (the hallmark of the T cell lineage) & CD7

2- Pre-T: same as pro-T plus CD 1, 4, and 5 but negative for CD 34, HLA-DR, c-kit (SCF)
3- Mature T cells: do not have HLA-DR, SCF (c-kit), CD 34, and Tdt (negative for all) but positive for CD 2, 3, 4, 5, and 7.  In addition to the most important marker of mature T-lymphs, the T cell Receptor (TCR).

Morphology

Lymphoblasts:

Similar to myeloblasts and monoblasts and therefore it is advised not to specify the type of blast on the basis of morphology alone.  Extra techniques are necessary for the proper identification of blasts.  Such techniques include CD markers, cytochemical stains, immunological assays, molecular studies such as PCR, etc.

Lymphocytes:

Identification of mature lymphocytes could be troublesome for the beginners due to the variation in shape, and size of lymphocytes.  There are three different sizes of lymph’s with different shapes from one another.  These are small, medium, or large lymphocytes.

Small resting lymphocytes

Normally, lymphocytes are round small (6-9 microns) cells with round or slightly oval nucleus occupying the majority of the cell (i.e., high N:C ratio).  The nucleus is deep blue to purple with very condensed (thick) chromatin.  Nucleoli are not usually seen in this type but could be confused with the parachromatin (the whitish area in the nucleus).  The cytoplasm is very scant but regular in shape (round with no psuedopods) with deep blue color and no granules or vacuoles.  This type of lymph is most encountered during a normal adult differential count.  However blood of new borns and virus-infected patients might have other forms of lymph’s (medium or large lymph’s).  Such lymph’s are referred to as “atypical lymph’s”, or “reactive lymph’s”.

Medium to large lymph’s

Also known as “reactive lymph’s” or “atypical lymph’s”, these are less frequently encountered in normal pb.  Their size ranges from 8-15 microns with variable nucleus shape.  That is, round, oval, indented, kidney shaped, or irregular.  The chromatin is less basophilic (light blue) with slightly less condensed chromatin.  The parachromatin is not clear and there might be 1-2 true nucleoli.  The cytoplasm is abundant (i.e., low N:C ratio) with light blue color and very rarely with granules.  These cells often are confused with MONOCYTES.  To differentiate between them and monocytes, the color of cytoplasm is very important.  Usually atypical lymph’s have a darker blue color than that of mono’s (monocytes have almost gray cytoplasm).  Furthermore, monocytes nucleus is usually indented, folded, or U shaped.  Also the cytoplasm of atypical lymph’s is usually clear where as monocytes cytoplasm contain small Azurophilic granules.
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