MHC and Disease Associations

A number of diseases show significant associations with specific
MHC alleles: persons who have the allele are much more likely to
develop the disease than are those who lack it.

Some examples, include the association of HLA-B27 (i.e., allele 27
of the HLA-B locus) with ankylosing spondylitis and of HLA-DQB1
with type 1 diabetes.

An especially strong association is seen between several HLA-DR
and -DQ alleles and narcolepsy, a disorder charac- terized by
sudden and uncontrollable episodes of sleep.

As Table 9-2 shows, most of the HLA—disease associations involve
the class Il MHC genes.



TABLE 9-2 Examples of Major

Histocompatibility Complex and Disease

Associations
MHC (HLA)
ASSOCIATED APPROXIMATE
DISEASE LOCUS (LOCI)* RELATIVE RISK'
Type 1 diabetes DQB1, DQAT1 10
Ankylosing B27 90
spondylitis
Narcolepsy DR2 and DQA1, >100
DQB1
Celiac disease DQA1, DQB1 10
Rheumatoid arthritis  DRB1, DQA1 5
Myasthenia gravis C, DR3, DR7 2.5
Multiple sclerosis DRB1 4
Systemic lupus DRB1 6
erythematosus
Hemochromatosis A3 20
Malaria B53 0.6059
Graves disease DR3 5
Psoriasis C 13
Abacavir B57 =1000
(anti-HIV drug)
hypersensitivity

*For simplicity, specific alleles are not shown here. For example,
the HLA-B57 allele associated with abacavir sensitivity is labeled
HLA-B*57:01, and the allele associated with psoriasis is
HLA-C*06.:02.

"Relative risk can be interpreted loosely as the odds that a person
who has a risk factor (in this case, an MHC antigen) will develop
the disease, compared with a person who lacks the risk factor.
Thus, a relative risk of 4 for DRB1 and multiple sclerosis means
that persons with a specific DRB1 allele are four times more likely
to develop multiple sclerosis than are those without it. A relative
risk <1 (as seen for malaria and B53) indicates that the factor is
protective against the disease. These relative risks can vary among
different human population groups.



Some MHC—disease associations involve autoimmunity, in which the body’s
immune system attacks its own normal cells.

For example, type 1 diabetes is characterized by T-cell infiltration of the
pancreas and subsequent T-cell destruction of the insulin-producing beta cells.

In some cases, autoimmunity involves “molecular mimicry.” Here, a peptide
that stimulates an immune response is so similar to the body’s own peptides
that the immune system begins to attack the body’s own cells. This
phenomenon helps to explain the onset of ankylosing spondylitis, another
autoimmune disease.

Infections of HLA-B27 —positive persons with specific microbes, such as
Klebsiella, can lead to a cross-reaction in which the immune system mistakes
peptides from some of the body’s normal cells for microbial peptides.

Another such example is given by rheumatic fever, in which a streptococcal
infection initiates cross- reactivity between streptococcus and cardiac myosin.

In each of these scenarios, the body already has a small population of self-
reactive T cells, but they remain inactive and quite harmless until they are
stimulated to proliferate by a foreign peptide that closely resembles a self
peptide.



Autoimmunity can also be caused by specific defects in the regulation of
immune system components.

For example, regulatory T cells help to prevent the formation of self-
reactive immune cells and require a transcription factor, encoded by
FOXP3, for their normal development.

Mutations in FOXP3 result in a deficiency of regulatory T cells and an
autoimmune disease called /PEX (immunodysregulation,
polyendocrinopathy, enteropathy, X linked).

Other common diseases that involve autoimmunity include rheumatoid
arthritis, systemic lupus erythematosus, psoriasis, and multiple sclerosis.

It is estimated that approximately 5% of the population suffers from
some type of autoimmune disease.



The ABO and Rh Blood Groups
The ABO System

There are four major ABO blood types: A, B, AB, and O.

The first three groups respectively represent persons who carry
the A, B, or A and B antigens on their erythrocyte surfaces.

Those with type O have neither the A nor the B antigen.

Persons who have one of these antigens on their erythrocyte
surfaces possess antibodies against all other ABO antigens in
their blood stream.

These antibodies are formed early in life as a result of exposure
to antigens that are identical to the A and B antigens but are
present in various microorganisms.



If a type B person received type A or AB blood, his or her anti-A
antibodies would produce a severe and possibly fatal reaction.

Type O persons, who have neither the A nor the B antigen and thus
both anti-A and anti-B antibodies, would react strongly to blood of the
other three types (A, B, and AB).

It was once thought that type O persons, because they lack both types
of antigens, could be “universal donors” (anyone could accept their

blood).

Similarly, type AB persons were termed “universal recipients” because
they lacked both anti-A and anti-B antibodies.

However, when patients are given transfusions of whole blood
containing large volumes of serum, the donor’s antibodies can react
against the recipient’s erythrocyte antigens. Hence, complete ABO
matching is nearly always done for blood transfusions.



The Rh System

The Rh blood group is encoded by two tightly linked loci, one of which is labeled
D. The other locus produces Rh antigens labeled C and E through alternative
splicing of the messenger RNA.

The D locus is of primary interest because it is responsible for Rh maternal—fetal
incompatibility and the resulting disease, hemolytic disease of the newborn
(HDN).

Persons with the DD or Dd genotype have the Rh antigen on their erythrocytes
and are Rh-positive. The recessive homozygotes, with genotype dd, are Rh-
negative and do not have the Rh antigen. About 85% of persons of European
ancestry are Rh-positive and about 15% are Rh-negative.

Unlike the ABO system, in which antibodies normally are formed in response to
antigens presented by other organisms, anti-Rh antibody production requires a
stimulus by the human Rh antigen itself.

An Rh-negative person does not begin to produce anti-Rh antibodies unless he
or she is exposed to the Rh antigen, usually through a blood transfusion or
during pregnancy.



There are usually no difficulties with the first Rh-incompatible child, because
very few of the fetus’s red blood cells cross the placental barrier during
gestation. When the placenta detaches at birth, a large number of fetal red
blood cells typically enter the mother’s blood stream. These cells, carrying the
Rh antigens, stimulate production of anti-Rh antibodies by the mother.

These antibodies persist in the blood stream for a long time, and if the next
offspring is again Rh-positive, the mother’s anti-Rh antibodies enter the fetus’s
bloodstream and destroy its red blood cells. As this destruction proceeds, the
fetus becomes anemic and begins to release many erythroblasts (immature
nucleated red cells) into its blood stream. This phenomenon is responsible for
the descriptive term erythroblastosis fetalis. The anemia can lead to a
spontaneous abortion or stillbirth.

Because the maternal antibodies remain in the newborn’s circulatory system,
destruction of red cells can continue in the neonate. This causes a buildup of
bilirubin and a jaundiced appearance shortly after birth. Without replacement
transfusions, in which the child receives Rh-negative red cells, the bilirubin is
deposited in the brain, producing cerebral damage and usually death. Infants
who do not die can develop intellectual disability, cerebral palsy, and/or high-
frequency deafness.



Among persons of European descent, approximately 13% of all matings
are Rh-incompatible.

A simple therapy now exists to avoid Rh sensitization of the mother.
During and after pregnancy, an Rh-negative mother is given injections of
Rh immune globulin, which consists of anti-Rh antibodies. These
antibodies destroy the fetal erythrocytes in the mother’s blood stream
before they stimulate production of maternal anti-Rh antibodies.

Because the injected antibodies do not remain in the mother’s blood
stream for long, they do not affect subsequent offspring. To avoid
sensitization, these injections must be administered with each
pregnancy.

The Rh-negative mother must also be careful not to receive a
transfusion containing Rh-positive blood, because this would also
stimulate production of anti-Rh antibodies.



A rarer form of maternal—fetal incompatibility can result when a
mother with type O blood carries a fetus with type A or B blood.

The hemolytic disease produced by this combination is usually so
mild that it does not require treatment.

Interestingly, if the mother is also Rh-negative and the child is Rh-
positive, the ABO incompatibility protects against the more severe
Rh incompatibility.

This is because any fetal red blood cells entering the mother’s

circulatory system are quickly destroyed by her anti-A or anti-B
antibodies before she can form anti-Rh antibodies.



IMMUNODEFICIENCY DISEASES

Immunodeficiency disease results when one or more components of
the immune system (e.g., T cells, B cells, MHC, complement proteins)
are missing or fail to function normally.

Primary immunodeficiency diseases are caused by abnormalities in cells
of the immune system and are usually produced by genetic alterations.
To date, more than 100 different primary immunodeficiency syndromes
have been described, and it is estimated that these diseases affect at
least 1 in 10,000 persons.

Secondary immunodeficiency occurs when components of the immune
system are altered or destroyed by other factors, such as radiation,
infection, or drugs.

For example, the human immunodeficiency virus (HIV), which causes
acquired immunodeficiency syndrome (AIDS), attacks macrophages and
helper T lymphocytes, central components of the immune system. The
result is increased susceptibility to a multitude of opportunistic
infections.



B-cell immunodeficiency diseases render the patient especially
susceptible to recurrent bacterial infections, such as Streptococcus
pheumoniae.

An important example of a B-cell immunodeficiency is X-linked
agammaglobulinemia (XLA). Patients with this disorder, the
overwhelming majority of whom are male, lack B cells completely and
have no IgA, Igk, IgM, or IgD in their serum.

Because 1gG crosses the placenta during pregnancy, infants with XLA
have some degree of humoral immunity for the first several months of
life. However, the I1gG supply is soon depleted, and the infants develop
recurrent bacterial infections. They are treated with large amounts of y-
globulin.

XLA is caused by mutations in a gene (BTK) that encodes a B-cell tyrosine
kinase necessary for normal B-cell maturation.

Mutations in the genes that encode the immunoglobulin heavy and light
chains can cause a form of autosomal recessive B-cell immunodeficiency.



T-cell immunodeficiency diseases directly affect T cells, but they also
affect the humoral immune response, because B-cell proliferation
largely depends on helper T cells. Thus, in the most severe T-cell
defects, affected patients develop severe combined immune deficiency
(SCID). Without bone marrow transplants, these patients usually die
within the first several years of life.

About half of SCID cases are caused by X-linked recessive mutations in a
gene that encodes the y chain found in six different cytokine receptors
(those of interleukins 2, 4, 7, 9, 15, and 21). Lacking these receptors, T
cells and natural killer cells cannot receive the signals they need for
normal maturation.

These receptors all interact with an intracellular signaling molecule
called Jak3. Persons who lack Jak3 as a result of autosomal recessive
mutations in the JAK3 gene experience a form of SCID that is very
similar to the X-linked form.



About 15% of SCID cases are caused by adenosine deaminase (ADA) deficiency, an
autosomal recessive disorder of purine metabolism that results in a buildup of
metabolites that are toxic to B and T cells. This type of SCID, as well as the X-linked form,
can be treated by bone marrow transplantation, and some cases are being treated
successfully with gene therapy.

SCID can also arise from mutations in RAG1 or RAG2, two of the genes involved in VD)
recombination and the proper formation of T-cell and B-cell receptors. These mutations
produce a combined B-cell and T-cell immunodeficiency, although normal natural killer
cells are produced.

Several immune system defects result in lymphocytes that lack MHC molecules on their
surfaces. These are collectively termed bare lymphocyte syndrome, one form of which is
caused by mutations in the TAP2 gene.

TAP2 encodes a protein that helps to transport peptides to the endoplasmic reticulum,
where they are bound by class | MHC molecules. A defect in the TAP2 protein
destabilizes the class | MHC molecules so that they are not expressed on the cell surface.

Because exposure to MHC molecules is necessary for normal T-cell development in the
thymus, bare lymphocyte syndrome results in a severe reduction in the number of
functional T and B cells. Bare lymphocyte syndrome can also be caused by defects in
several different transcription factors that bind to promoters in the class Il MHC region.
The result is a lack of class Il MHC molecules on APCs, a deficiency of helper T cells, and a
consequent lack of antibody production.



Chronic granulomatous disease (CGD) is a primary immunodeficiency disorder
in which phagocytes can ingest bacteria and fungi but are then unable to kill
them.

This brings about a persistent cellular immune response to the ingested
microbes, resulting in the formation of the granulomas (nodular inflammatory
lesions containing macrophages) for which the disease is named. These
patients develop pneumonia, lymph node infections, and abscesses in the skin,
liver, and other sites.

The most common cause of CGD is an X-linked mutation, but there are also at
least three autosomal recessive genes that can cause CGD. The gene that
causes X-linked CGD encodes a subunit of cytochrome b, a protein that the
phagocyte requires for a burst of microbe-killing oxygen metabolism.

Multiple defects in the various proteins that make up the complement system
have been identified. Most of these are inherited as autosomal recessive
disorders, and most result in increased susceptibility to bacterial infections.



Finally, a number of syndromes include immunodeficiency as one of
their features.

One example is the DiGeorge sequence, in which a lack of thymic
development leads to T-cell deficiency.

Wiskott-Aldrich syndrome is an X-linked recessive disorder that involves
deficiencies of platelets and progressive T-cell dysfunction. It is caused
by loss-of-function mutations in a gene (WAS) whose protein product is
expressed in hematopoietic cells, where it relays signals from the cell
surface to the cytoskeleton. Wiskott-Aldrich syndrome, like SCID, has
been successfully treated with gene therapy.

Immunodeficiency is also seen in several syndromes that involve DNA

instability (e.g., ataxia telangiectasia, Bloom syndrome, Fanconi
anemia).



TABLE 9-3 Examples of Primary Immunodeficiency Diseases

MODE OF

CONDITION INHERITANCE BRIEF DESCRIPTION

X-linked agammaglobulinemia XR Absence of B cells leads to recurrent bacterial infections

SCID (y chain cytokine receptor defect or XR, AR T-cell deficiency leading also to impairment of humoral immune

ADA deficiency) response; fatal unless treated by bone marrow transplantation

or gene therapy

SCID due to Jak3 deficiency AR Protein kinase deficiency leading to T-cell deficiency, NK cell
deficiency, and impaired humoral immune response.

SCID (also Omenn syndrome) due to RAGT AR Lack of recombinase activity impairs VDJ recombination, which

or RAGZ deficiency leads to B-cell and T-cell deficiency

SCID due to interleukin-7 o chain deficiency AR T-cell deficiency leading to impaired B-cell response

Zap70 kinase deficiency AR Lack of cytotoxic T cells; defective helper T cells; impaired
antibody response

Purine nucleoside phosphorylase deficiency AR Purine metabolism disorder leading to T-cell deficiency

Bare lymphocyte syndrome (BLS) AR Deficient MHC class | expression (TAP2 mutation) leads to
T-cell and B-cell deficiency in type 1 BLS; mutations in
transcription factors for MHC class Il genes lead to a relative
lack of helper T cells in type 2 BLS

Complement system defects Mostly AR Increased susceptibility to bacterial and other infections

DiGeorge anomaly AD, sporadic Congenital malformations include abnormal facial features,
congenital heart disease, and thymus abnormality leading to
T-cell deficiency

Ataxia telangiectasia AR DNA repair defect characterized by unsteady gait (ataxia),
telangiectasia (dilated capillaries), and thymus abnormality
producing T-cell deficiency

Wiskott-Aldrich syndrome XR Abnormal, small platelets, eczema, and abnormal T cells
causing susceptibility to opportunistic infections

Chediak-Higashi syndrome AR Partial albinism, defective lysosomal assembly, giant
cytoplasmic granules, abnormal natural killer cells, and
neutrophils leading to recurrent bacterial infections

Leukocyte adhesion deficiency AR Mutations in integrin receptor genes produce phagocytes that
cannot recognize and ingest microorganisms, which results in
severe bacterial infections

Chronic granulomatous disease XR, AR Phagocytes ingest microbes but cannot kill them; leads to
formation of granulomas and recurrent infections

Hyper IgE syndrome AD, AR Recurrent staphylococcal infections, markedly elevated serum

IRAK-4 deficiency

IgE levels, progressively coarse facial features

Toll-like receptor defect caused by deficiency of interleukin-1
receptor associated kinase-4 (IRAK-4), resulting in extracellular
bacterial (especially Streptococcus pneumoniae) infections.

AD, Autosomal dominant; AR, autosomal recessive; SCID, severe combined immune deficiency; XR, X-linked recessive.




