Immunology

The Ontogeny of
Immune Cells
Chapter two

Hematopoiesis

The cells of the immune response originate in the bone marrow from a pluripotent
stem cell, and depending on the chemical signals in the area, will differentiate down
one of two pathways. In the presence of a predominance of IL-3, the myeloid pathway
will be stimulated, with ultimate production of erythrocytes, platelets, granulocytes and
monocytes. In the presence of a preponderance of IL-7, the lymphoid pathway will be
stimulated, with the production of innate and adaptive lymphocytes.
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Recombinant drugs available for therapy:
For GM-CSF – Sargramostim or Molgramostim
For G-CSF – Filgrastim or Lenograstim
For IL-11 – Oprelvekin
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*PMN – Polymorphonuclear leukocyte, MBP – major basic protein
CD4 – costimulatory molecule for MHC2/TCR interaction
CD14 – endotoxin (bacterial lipopolysaccharide) receptor
CD16 – Fc receptor (tail of antibody molecule)
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CD4 – costimulatory molecule for MHC2/TCR interaction
CD14 – endotoxin (bacterial lipopolysaccharide) receptor
CD16 – Fc receptor (tail of antibody molecule)
Cells of Lymphoid Origin In the Blood
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Secretion of
monoclonal antibody
for two week life span

The Development of Adaptive Lymphocyte Antigen Receptors

B and T lymphocytes have receptors on their surfaces for the 3-dimensional shape of
speciﬁc foreign molecules (antigens). Their production is encoded in the very large
“immunoglobulin superfamily of genes” which encode cell surface or soluble proteins
involved in immunologic signaling, binding and adhesion. The receptors of B
lymphocytes; B cell receptor (BCR) and T lymphocytes; T cell receptor (TCR) are similar
in that they are “Y” shaped structures which have a cytoplasmic tail extending the
COOH-terminus of the protein chain through the cell membrane to assist in signal
transduction. When an appropriate shaped molecule binds to the N-terminus of the
cell receptor (the idiotype or antigen binding site), a cascade of phosphorylation
events will culminate in cellular cloning and activation.
Antigen receptors

Figure 3
Heavy
chain

Idiotype
Variable
domains

Hinge

Allotypic
markers

Light
chain

α chain

Isotype
Cell
membrane

CD19

BCR

Constant
domains

CD21
Signal
transduction

TCR

β chain
Isotype
CD3
Signal
transduction

The heavy chains of the BCR are called:
Mu – two µ heavy chains make up IgM
Delta – two δ heavy chains make up IgD
Gamma – two γ heavy chains make up IgG (and there are 4 subisotypes of gamma
chains)
Alpha – two α heavy chains make up IgA (and there are 2 subisotypes of alpha chains)
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Comparison of the BCR and the TCR
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#MMC (Make Me Care!)
1. How do you suppose we count the different subpopulations of lymphocytes in
clinical medicine?
2. Epstein-Barr virus infects cells which possess CD21 on their surface (B cells and
oropharyngeal epithelial cells). What types of malignancies do you anticipate as a
sequela of this infection?
3. Patients with multiple myeloma and Waldenstrom’s macroglobulinemia have
neoplastic plasma cells. What do you suppose is found in excess in their urine?
4. Can you predict why the immune response to materials that contain protein is
different from that produced against materials without protein?
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The Development of Lymphocyte Antigen Receptor Diversity

There is a small amount of DNA that encodes the production of the BCR and TCR…too
little for it to be possible for a separate gene to exist to produce each unique receptor.
Therefore, the millions of unique antigen binding molecules are created by a process of
gene segment rearrangement which occurs in the primary lymphoid organs (bone
marrow and thymus) in cells developing within the lymphoid lineage.
The gene segments are referred to as V (variable), D (diversity) and J (joining) and when
they are randomly recombined by the action of the RAG (recombination activating)
genes, they are spliced together to create the RNA coding for the N-terminal amino
acids in the variable domains of the BCR or TCR.
An enzyme known as terminal deoxyribonucleotidyl transferase (Tdt) is active during
this process and generates a further level of diversity by randomly inserting non-coded
nucleotides (N-nucleotide addition) each time a V is joined to a D, or a D is joined to a J.
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Allelic Exclusion
If the result of these complex, random rearrangements is an abnormal-shaped or
truncated protein, the cell will be induced to undergo apoptosis. Since each diploid cell
has two copies of each chromosome (one maternal and one paternal), there are two
chances for each rearrangement to be successful. Whichever chromosome is
randomly rearranged ﬁrst, if successful in producing a functional chain, the
homologous chromosome of that set will be inactivated in a process referred to as
allelic exclusion. If unsuccessful, the failed rearranged chromosome will be
inactivated, and the other one of that pair will be used to attempt a successful
rearrangement. (Thus, only one allele of a given chromosome will ever be expressed at
one time). Since the heavy chain genes are all on one chromosome, and the light chain
genes are on two separate chromosomes, the cells have two chances to rearrange
the heavy chain genes and 4 chances to rearrange the light chain genes.
Constant Domain Addition
Once VDJ rearrangement has created the coding for the N-terminal 110 amino acids
(approximately), the downstream DNA contains the coding for all of the constant
domain isotypes in sequence. First is the coding for addition of mu constant domains,
so the ﬁrst isotype of immunoglobulin produced is IgM. By alternative RNA splicing, IgD is
made immediately thereafter, and mature naïve B lymphocytes are allowed to leave
the bone marrow wearing those two isotypes of receptors, each with identical
idiotypes.
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#MMC (Make Me Care!)
1. Can you predict the clinical presentation of a patient with a genetic inability to
produce RAG gene products?
2. A neonatal screening test for severe combined immunodeﬁciency (SCID) uses
detection of T cell receptor excision circles (TRECs) to identify T lymphocyte
development. Can you explain what process this assay is measuring and predict
whether high or low numbers would associate with normal or abnormal phenotype?

10

Selection of Receptors for Central Tolerance
Since the gene segment rearrangements we have been discussing happen in the
primary lymphoid organs in the absence of any foreign antigenic stimulus, and since
Tdt randomly adds bases at the junctures between V and D and J, it should stand to
reason that the process is fraught with potential ﬂaws. We have already discussed the
fact that the accidental formation of aberrant or truncated peptide chains will cause
cells to undergo apoptosis, but a second mechanism of cell selection is critical in the
generative lymphoid organs. If a cell makes a functional receptor, but one that
identiﬁes and binds to components of self antigens, it would be dangerous to the host
to allow that cell to enter the general circulation. In the B cell lineage, central tolerance
is achieved by induction of apoptosis in immature B cells which bind too strongly to
(have too strong afﬁnity for) bone marrow stromal cells.
The process of induction of central tolerance is even more rigorous in T lymphocyte
precursors. As these cells leave the bone marrow and travel to the thymus, they are
allowed to continue their development only if they FAIL to respond to self antigens. Any
self-reactive cell will be induced to undergo apoptosis in the thymus, and only between
1 and 5% of all T cell precursors will emerge from the process alive. The T cell receptor is
designed to be complementary to molecules of the major histocompatibility complex
(MHC) or the human leukocyte antigens (HLA). These membrane receptors are
encoded in the immunoglobulin superfamily of genes, and bind peptides to be
presented to the TCR. This is the most polymorphic genetic system in the human.
Antigen presentation by MHC

Figure 6
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The thymus is a bi-lobed organ in the thoracic cavity, and in the years between birth
and adolescence, begins as the largest organ in the chest. It is larger than the heart
and lung combined in the neonate, but by the time of adolescence, it has been
converted to a ﬁbrous scar which can be faintly seen radiographically in the superior
mediastinum. As T cell progenitors leave the bone marrow, they arrive in the thymus
through high endothelial venules and move immediately to the cortex as
double-negative (DN) cells; they do not express either CD4 or CD8 on their surface. As
they complete the formation of their TCR by VDJ recombination, they become
double-positive (DP) cells which interact with the cortical thymic epithelial cells
(cTEC) which express both MHC1 and MHC2 molecules. If the DP thymocytes are not
signaled by MHC of either type, they will die in the cortex from lack of cytokine support,
but if they receive a stronger signal, they will clone themselves (positive selection). As
the cloning cells are pushed toward the inner thymic cortex, they become single
positive (SP) thymocytes which have appropriate binding to either MHC1 (retaining
CD8) or MHC2 (retaining CD4). As these cells move to the thymic medulla, medullary
thymic epithelial cells (mTEC) will evaluate the strength of MHC/TCR binding and
deliver the appropriate cytokine signals to induce apoptosis in those cells with too
strong afﬁnity for self-antigens, and induce regulatory or effector populations of CD4
and CD8 bearing cells to leave the thymus as mature, naïve T lymphocytes. The
promiscuous expression of tissue-restricted antigens in the thymic medulla is controlled
by the transcriptional regulator AIRE and transcription factor Fezf2, and is necessary
for the strong development of central immune tolerance.
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Thymic Selection

Figure 7
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Summary of Adaptive Lymphocyte Development
Summary of Adaptive Lymphocyte Development

Figure 8
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#MMC (Make Me Care!)
1. If a patient presents with circulating lymphocytes with RAG and Tdt expression, what
can you infer?
2. In cases where malignant transformation occurs in a lymphoid cell lineage,
immunophenotyping is performed to determine the developmental stage of the
involved cells. How would this information be useful to the clinical management
team?
3. The thymus is one of 5 immunoprivileged sites in the body (brain, retina, testis, and
placenta are the others). Why is a specialized barrier between the organ and the
blood necessary for normal thymic function?
4. Rare genetic defects involving AIRE and Fezf2 have been described. How would you
anticipate that these patients would present?
5. A key component of the amyloid which damages the tissues of patients on
long-term dialysis is β-2 microglobulin. Can you explain why this is so?
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Case History

Leaky SCID, Omenn Syndrome
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A 2-month old male infant is brought to the pediatrician for continued care of a skin
condition. The child was delivered vaginally without complications, at term, weighing 6
lbs 2 oz (2.78 kg). The child has been breastfed since delivery, and has been seen
previously for skin lesions that were diagnosed as pediatric atopic dermatitis. The
mother is now concerned about patches of red and peeling skin appearing all over the
infant’s body, and the fact that his diapers continue to be soiled with loose stool. On
examination, the child weighs 6 lbs (2.72 kg), and has a generalized skin rash resembling
eczema. The reddened skin is thickened with irregular ﬁssures, and there is diffuse
alopecia. There is generalized lymphadenopathy and hepatosplenomegaly. Other
systems appear within normal limits. The decision is made to delay the administration
of the ﬁrst rotavirus vaccination, and immediately refer the infant to an immunologic
specialist.

Chief Complaint(s):
Erythroderma and diarrhea

Differential Diagnoses:
• Histiocytosis
• Hyperimmunoglobulinemia E (Job)
Syndrome
• Pediatric atopic dermatitis
• Pediatric Graft-vs.-Host disease (GVHD)
• Severe combined immunodeﬁciency (SCID)
• T cell disorders

Clinical Approach:
The cutaneous ﬁndings with diffuse alopecia and diarrhea are suggestive of a SCID
(severe combined immunodeﬁciency). At the age of 2 months, the infant is still
signiﬁcantly protected by transplacentally-delivered maternal IgG (hence the normal
levels of IgG detected in this infant), and a breast-fed child is also receiving passive
protection of mucosal surfaces in the form of IgA contained in the breast milk and
colostrum. Once those maternal protections dissipate (6-9 months after birth in the
case of maternal IgG, and for as long as breast feeding occurs in the case of IgA) the
presentation will progress to the ﬁnding of recurrent and potentially serious infections
with all manners of microbial pathogens. Chronic diarrhea contributes to the child’s
failure to thrive (his weight is less at 2 months than it was at birth). The ultimate
treatment for virtually all SCIDs is bone marrow transplantation or cord blood stem cell
transplantation, but determination of the underlying cause can be useful in
management of the patient while awaiting a suitable donor, and in genetic counseling
for the parents to discuss the likelihood of sibling recurrence.
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Immunologic Workup:
CBC and Differential:
• unremarkable except for elevated eosinophils
• T cell numbers normal, (CD3+CD4+ GATA3+)
• B cells undetectable (CD 19-21)
• NK cells present (CD16, CD56)
- Total IgA and IgM markedly low, IgG normal, total IgE elevated
- Lymphocyte stimulation with T cell mitogens profoundly reduced
- Interleukins 4 and 5 elevated
- Skin biopsy negative for Langerhans cell inﬁltrate
- T cells in the child are of autologous (not maternal) origin by HLA analysis
Diagnosis: Atypical or Leaky SCID; Omenn Syndrome (OS)
The virtual absence of B cells, presence of T cells with impaired function (failure to
respond to T cell mitogens), and NK cells (T+B-NK+) with hypereosinophilia deﬁnes the
immunophenotype of “leaky” or atypical SCID. Erythroderma, diarrhea and failure to
thrive are common ﬁndings in all infantile SCIDs, but lymphadenopathy,
hepatosplenomegaly and pachydermia distinguish OS from other variants of SCID. The
condition is distinct from complete RAG1/2 deﬁciency in which both T and B cell counts
would be undetectable. OS is genetically heterogeneous, but most cases result from
hypomorphic missense mutations of RAG1/RAG2 genes, mapping to chromosome band
11p13. In such cases OS exhibits autosomal recessive inheritance and is therefore often
associated with consanguineous parents. It is the prototype syndrome of immune
dysregulation and other hypomorphic defects have been implicated such as IL7R, IL2R
and autoimmune regulator (AIRE). The clinical appearance may mimic histiocytosis, or
when engraftment of allogeneic maternal T cells causes graft-vs.-host disease (GVHD).
In this case, histiocytosis and GVHD were ruled out by skin biopsy and HLA typing of
infant and mother, respectively. A characteristic ﬁnding in OS is the presence of
markers of activation or memory, such as HLA-DR, CD25, CD30, CD45RO and CD95, and
underexpression of bcl-2 (an anti-apoptotic factor). These cells can be demonstrated
to be oligoclonal, autoreactive TH2 cells by their expression of GATA3 transcription
factor and their secretion of IL-4 and 5. Impaired VDJ recombination leads to the
generation of a few autoreactive T cell clones which populate the skin and gut,
resulting in the erythroderma and colitis. Protein loss from skin and gut contribute to a
generalized edema. The eosinophilia results from IL-5 production by the TH2 cells, and
IgE production results from the production of IL-4.
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Management:
Isolation, hygienic care, empirical broad spectrum antibiotics and parenteral nutrition
while awaiting stem cell reconstitution. Gene therapy is a hope for the future.
Interferon-γ to reduce the Th2 cell activity
Steroids and cyclosporin A to treat the skin reaction
Intravenous immunoglobulin replacement.
Prognosis:
Omenn syndrome is fatal in the ﬁrst two to six months of life if untreated. Although
life-threatening viral, bacterial and fungal infections can be observed in any SCID,
patients with OS commonly develop Staphylococcus aureus sepsis, secondary to the
generalized dermatitis. Vaccination with live viral vaccines can prove fatal. Chronic
diarrhea and protein loss via skin and gut may cause malnutrition which also
contributes to death. Mortality even following BMT has been reported to be between 18
and 47%. Diagnosis at birth might prevent infection and improve transplantation
outcomes, but neonatal screening speciﬁc to OS is not currently available.
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