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Preface
People come in all different shapes and sizes. There are also differences you can't see, such as their types of blood.

Blood type is determined by markers (antigens) that are scattered across the surface of red blood cells (RBCs).
These antigens take a variety of different forms: they may be sugars that project above the cell surface, or they
may be large proteins that form an important part of the RBC membrane. The presence and absence of these
antigens make the blood from different people, different. And there are many types of blood because there are
hundreds of antigens.

Rarely does a person's blood type matter in everyday life, even if their blood type is uncommon or rare. Blood
type only becomes significant when the blood from two people mix, e.g., during a blood transfusion. If a person
recieves RBCs that have antigens different to their own, his or her immune system may attack and destroy the
transfused cells.

Therefore, before a blood transfusion, a person's blood type is determined. Serologically, this is done by testing
for antibodies which are formed against antigens that are missing from the person's own RBCs. In other words, a
person's blood type is determined by the antigens they lack. A complementary test can be used to determine a
person's blood type by the antigens he or she produces, and the answer to which antigens are produced lies in
the DNA. A person's DNA directly encodes the protein blood group antigens and indirectly encodes the sugar
antigens by encoding the enzymes that produce them. By combining serological tests with a person's genotype,
we can define a person's blood type more accurately and quickly

The database of red blood cells (dAbRBC) , is a new resource from the NCBI. It contains information about blood,
including clinical data about different blood groups and stores DNA sequences which encode different blood
group antigens.


http://www.ncbi.nlm.nih.gov/mhc/rbc
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1. Blood and the cells it contains

The average human adult has more than 5 liters (6 quarts) of blood in his or her body. Blood carries oxygen and
nutrients to living cells and takes away their waste products. It also delivers immune cells to fight infections and
contains platelets that can form a plug in a damaged blood vessel to prevent blood loss.

Through the circulatory system, blood adapts to the body's needs. When you are exercising, your heart pumps
harder and faster to provide more blood and hence oxygen to your muscles. During an infection, the blood
delivers more immune cells to the site of infection, where they accumulate to ward off harmful invaders.

All of these functions make blood a precious fluid. Each year in the USA, 30 million units of blood components
are transfused to patients who need them. Blood is deemed so precious that is also called "red gold" because the
cells and proteins it contains can be sold for more than the cost of the same weight in gold.

This chapter introduces the components of blood.
Blood contains cells, proteins, and sugars

=

—— Plasma

| White blood cells
& Platelets

— Red blood cells

If a test tube of blood is left to stand for half an hour, the blood separates into three layers as the denser
components sink to the bottom of the tube and fluid remains at the top.

The straw-colored fluid that forms the top layer is called plasma and forms about 60% of blood. The middle
white layer is composed of white blood cells (WBCs) and platelets, and the bottom red layer is the red blood cells
(RBC:s). These bottom two layers of cells form about 40% of the blood.

Plasma is mainly water, but it also contains many important substances such as proteins (albumin, clotting
factors, antibodies, enzymes, and hormones), sugars (glucose), and fat particles.

All of the cells found in the blood come from bone marrow. They begin their life as stem cells, and they mature
into three main types of cells— RBCs, WBCs, and platelets. In turn, there are three types of WBC—lymphocytes,
monocytes, and granulocytes—and three main types of granulocytes (neutrophils, eosinophils, and basophils).
See them in action in "Meet the blood cells".

See a figure of all the cellular elements of blood in Janeway & Traver's Immunobiology

A sample of blood can be further separated into its individual components by spinning the sample in a
centrifuge. The force of the spinning causes denser elements to sink, and further processing enables the isolation
of a particular protein or the isolation of a particular type of blood cell. With the use of this method, antibodies
and clotting factors can be harvested from the plasma to treat immune deficiencies and bleeding disorders,
respectively. Likewise, RBCs can be harvested for blood transfusion.


https://www.ncbi.nlm.nih.gov/books/n/imm/A35/#A40
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Meet the blood cells.

Click on the cells to find out more about them.

@ Download file

To view "Meet the blood cells", you will need to have Flash installed on your computer.

Red blood cells transport oxygen

Every second, 2-3 million RBCs are produced in the bone marrow and released into the circulation. Also known
as erythrocytes, RBCs are the most common type of cell found in the blood, with each cubic millimeter of blood
containing 4-6 million cells. With a diameter of only 6 pum, RBCs are small enough to squeeze through the
smallest blood vessels. They circulate around the body for up to 120 days, at which point the old or damaged
RBCs are removed from the circulation by specialized cells (macrophages) in the spleen and liver.

In humans, as in all mammals, the mature RBC lacks a nucleus. This allows the cell more room to store
hemoglobin, the oxygen-binding protein, enabling the RBC to transport more oxygen. RBCs are also biconcave
in shape; this shape increases their surface area for the diffusion of oxygen across their surfaces. In non-
mammalian vertebrates such as birds and fish, mature RBCs do have a nucleus.

See an electron micrograph of red blood cells in Albert's
Molecular Biology of the Cell

If a patient has a low level of hemoglobin, a condition called anemia, they may appear pale because hemoglobin
gives RBCs, and hence blood, their red color. They may also tire easily and feel short of breath because of the
essential role of hemoglobin in transporting oxygen from the lungs to wherever it is needed around the body.

White blood cells are part of the immune response

WBCs come in many different shapes and sizes. Some cells have nuclei with multiple lobes, whereas others
contain one large, round nucleus. Some contain packets of granules in their cytoplasm and so are known as
granulocytes.

See an electron micrograph of white blood cells in Albert's
Molecular Biology of the Cell

Despite their differences in appearance, all of the various types of WBCs have a role in the immune response.
They circulate in the blood until they receive a signal that a part of the body is damaged. Signals include
interleukin 1 (IL-1), a molecule secreted by macrophages that contributes to the fever of infections, and
histamine, which is released by circulating basophils and tissue mast cells, and contributes to allergic reactions.


https://www.ncbi.nlm.nih.gov/books/n/rbcantigen/ch1/bin/meetcells.swf
https://www.ncbi.nlm.nih.gov/books/n/rbcantigen/ch1/bin/meetcells.swf
http://www.macromedia.com/go/getflashplayer
https://www.ncbi.nlm.nih.gov/books/n/mboc4/A1861/#A1907
https://www.ncbi.nlm.nih.gov/books/n/mboc4/A4079/#A4142
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In response to these signals, the WBCs leave the blood vessel by squeezing through holes in the blood vessel
wall. They migrate to the source of the signal and help begin the healing process.

Individuals who have low levels of WBCs may have more and worse infections. Depending upon which WBCs
are missing, the patient is at risk for different types of infection. For example, macrophages are especially good at
swallowing bacteria, and a deficiency in macrophages leads to recurrent bacterial infections. In contrast, T cells
are particularly skilled in fighting viral infections, and a loss of their function results in an increased

susceptibility to viral infections.

Neutrophils are also known as polymorphonuclear cells because they contain a nucleus whose shape (morph) is
irregular and contains many (poly) lobes. They also belong to a group of WBCs known as granulocytes because
their cytoplasm is dotted with granules that contain enzymes that helps them digest pathogens.

Neutrophils digest bacteria

See a neutrophil phagocytose a bacterium in Albert's
Molecular Biology of the Cell

Monocytes become macrophages

Monocytes are young WBCs that circulate in the blood. They develop into macrophages after they have left the
blood and migrated into tissue. There they provide an immediate defense because they can engulf (phagocytose)
and digest pathogens before other types of WBCs reach the area.

In the liver, tissue macrophages are called Kupfter cells, and they specialize in removing harmful agents from
blood that has left the gut. Alveolar macrophages are in the lungs and remove harmful agents that may have
been inhaled. Macrophages in the spleen remove old or damaged red blood cells and platelets from the
circulation.

See a macrophage phagocytose a red blood cell in Albert's
Molecular Biology of the Cell

Macrophages are also "antigen-presenting cells”, presenting the foreign proteins (antigens) to other immune
cells, triggering an immune response.

Lymphocytes consist of B cells and T cells

Lymphocytes are round cells that contain a single, large round nucleus. There are two main classes of cells, the B
cells that mature in the bone marrow, and the T cells that mature in the thymus gland.


https://www.ncbi.nlm.nih.gov/books/n/mboc4/A2302/#A2387
https://www.ncbi.nlm.nih.gov/books/n/mboc4/A2302/#A2386

4 Blood Groups and Red Cell Antigens

See an electron micrograph of a B cell and T cell in Albert's
Molecular Biology of the Cell

Once activated, the B cells and T cells trigger different types of immune response. The activated B cells, also
known as plasma cells, produce highly specific antibodies that bind to the agent that triggered the immune
response. T cells, called helper T cells, secrete chemicals that recruit other immune cells and help coordinate
their attack. Another group, called cytotoxic T cells, attacks virally infected cells.

Platelets help blood to clot
a2

Platelets are irregularly shaped fragments of cells that circulate in the blood until they are either activated to
form a blood clot or are removed by the spleen. Thrombocytopenia is a condition of low levels of platelets and
carries an increased risk of bleeding. Conversely, a high level of platelets (thrombocythemia) carries an increased
risk of forming inappropriate blood clots. These could deprive essential organs such as the heart and brain, of
their blood supply, causing heart attacks and strokes, respectively.

A diagram of a platelet in Albert's
Molecular Biology of the Cell

As with all the cells in the blood, platelets originate from stem cells in the bone marrow. The stem cells develop
into platelet precursors (called megakaryocytes) that "shed" platelets into the bloodstream. There, platelets
circulate for about 9 days. If they encounter damaged blood vessel walls during this time, they stick to the
damaged area and are activated to form a blood clot. This plugs the hole. Otherwise, at the end of their life span
they are removed from the circulation by the spleen. In a diverse number of diseases where the spleen is
overactive, e.g. rheumatoid arthritis and leukemia, the spleen removes too many platelets, leading to increased
bleeding.

Your complete blood count

A complete blood count (CBC) is a simple blood test that is commonly ordered as part of a routine medical
assessment. As the name suggests, it is a count of the different types of cells found in the blood. The test can
diagnose and monitor many different diseases, such as anemia, infection, inflammatory diseases, and
malignancy. Table 1 gives an example of CBC values, but note that the reference ranges and the units used may
differ, depending upon the laboratory that carried out the test.

Table 1. Complete blood count.

Blood component Abbreviation used Reference range SI Reference range

White blood cells WBC 4500-11,000/mm3 4.5-11.0 x 10%/L

Red blood cells* RBC Male: 4.3-5.9 million/mm?®  Male: 4.3-5.9x 1012/L
Female: 3.5-5.5 million/mm3 Female: 3.5-5.5 x 1012/L

Hemoglobin* HGB Male: 13.5-17.5 g/dL Male: 2.09-2.71 mmol/L
Female: 12.0-16.0 g/dL Female: 1.86-2.48 mmol/L

Hematocrit* HT Male: 41%-53% Male: 0.41-0.53

Female: 36%-46% Female: 0.36-0.46


https://www.ncbi.nlm.nih.gov/books/n/mboc4/A4419/#A4430
https://www.ncbi.nlm.nih.gov/books/n/mboc4/A3167/#A3260
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Table 1 continued from previous page.

Blood component Abbreviation used Reference range SI Reference range
Mean corpuscular volume MCV 80-100 um? 80-100 f1

Mean corpuscular hemoglobin MCH 25.4-34.6 pg/cell 0.39-0.54 fmol/cell
Mean corpuscular hemoglobin concentration MCHC 31%-36% Hb/cell 4.81-5.58 mmol Hb/L
Platelets Platelets 150,000-400,000/mm?> 150-400 x 10%/L

*Values differ depending upon altitude.

Red blood cell count detects anemia
A CBC measures the following features of RBCs:

« the total amount of hemoglobin (Hb) in the blood

o the number of RBCs (RBCs)

« the average size of a RBC (MCV)

 the amount of space RBCs take up in the blood (hematocrit)

The CBC also includes information about RBCs that is calculated from the other measurements, e.g., the amount
(MCH) and concentration (MCHC) of hemoglobin in RBCs.

The number of RBCs and the amount of hemoglobin in the blood are lower in women than in men. This is
because of the menstrual loss of blood each month. Below a certain level of hemoglobin, a patient is said to be
anemic, suggesting a clinically significant drop in oxygen carrying capacity. Anemia is not a diagnosis but a
symptom of an underlying disease that has to be investigated.

A clue to the cause of anemia is the average size of RBC (mean corpuscular volume, MCV). Causes of a high
MCYV include a deficiency of By or folate vitamins in the diet. By, is found in red meat therefore, a deficiency of
By, is especially common in vegetarians and vegans. Conversely, folate is plentiful in fresh leafy green vegetables,
therefore, a deficiency of folate is common in the elderly, who may have a poor diet.

Low MCV anemia is common and may be a result of hereditary blood disorders, such as thalassemia, but is most
often caused by a deficiency of iron. For example, women of reproductive age may lose too much iron through
heavy menstrual bleeding and are prone to this form of anemia, known as iron-deficiency anemia.

Hematocrit is the percentage of RBCs in relation to the total volume of

blood

The hematocrit measures the fraction of the blood that is made up of RBCs. It reflects the combination of the
total number of RBCs, and the volume that they occupy.

One of the changes seen in pregnancy is a drop in hematocrit. This occurs because although the production of
RBCs does not change greatly, the plasma volume increases, i.e., the RBCs are "diluted". Alternatively, a low
hematocrit can reflect a drop in RBC production by the bone marrow. This may be attributable to bone marrow
disease (damage by toxins or cancer) or due to a decrease in erythropoietin, a hormone secreted by the kidney
that stimulates RBC production. Decreased RBCs may also be the result of a reduced life span of the RBC:s (e.g.,
chronic bleeding).

A high hematocrit value may truly reflect an increase in the fraction of RBCs (e.g., increased erythropoietin
attributable to a tumor of RBCs called polycythemia rubra vera), or it may reflect a drop in the plasma
component of the blood (e.g., fluid loss in burn victims).
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The number of WBCs increases in infection and tumors

The WBC count is a count of the number of WBCs found in one cubic millimeter of blood.

An increased number of WBCs is most commonly caused by infections, such as a urinary tract infection or
pneumonia. It may also be caused by WBC tumors, such as leukemia.

A decreased number of WBC:s is caused by the bone marrow failing to produce WBCs or by an increased
removal of WBCs from the circulation by a diseased liver or an overactive spleen. Bone marrow failure may be
caused by toxins or by the normal bone marrow cells being replaced by tumor cells.

The WBC differential part of the CBC breaks down the WBCs into five different types: neutrophils, lymphocytes,
monocytes, eosinophils, and basophils. Finding out the count of each type of WBC gives more information
about the underlying problem. For example, in the early stages of an infection, most of the increase in WBCs is
attributable to the increase in neutrophils. As the infection continues, lymphocytes increase. Worm infections
can trigger an increase in eosinophils, whereas allergic conditions, such as hay fever, trigger an increase in
basophils.

The number of platelets indicates whether bleeding or clotting is likely

Normally, one cubic millimeter of blood contains between 150,000 and 400,000 platelets. If the number drops
below this range, uncontrolled bleeding becomes a risk, whereas a rise above the upper limit of this range
indicates a risk of uncontrolled blood clotting.

Hemoglobin binds oxygen

Hemoglobin is the oxygen-carrying protein that is found within all RBCs. It picks up oxygen where it is
abundant (the lungs) and drops off oxygen where it is needed around the body. Hemoglobin is also the pigment
that gives RBCs their red color.

Heme groups and globins

As its name suggests, hemoglobin is composed of "heme" groups (iron-containing rings) and "globins"
(proteins). In fact, hemoglobin is composed of four globin proteins—two alpha chains and two beta chains—
each with a heme group. The heme group contains one iron atom, and this can bind one molecule of oxygen.
Because each molecule of hemoglobin contains four globins, it can carry up to four molecules of oxygen.

See hemoglobin structure in Albert's
Molecular Biology of the Cell

Hemoglobin transports oxygen

In the lungs, a hemoglobin molecule is surrounded by a high concentration of oxygen, therefore, it binds oxygen.
In active tissues, the oxygen concentration is lower, so hemoglobin releases its oxygen.

This behavior is much more effective because the hemoglobin--oxygen binding is "co-operative". This means
that the binding of one molecule of oxygen makes it easier for the binding of subsequent oxygen molecules.
Likewise, the unbinding of oxygen makes it easier for other oxygen molecules to be released. This means that the
response of hemoglobin to the oxygen needs of active tissues is much quicker.


https://www.ncbi.nlm.nih.gov/books/n/mboc4/A386/#A428
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Aside from the oxygen saturation of hemoglobin, other factors that influence how readily hemoglobin binds
oxygen include plasma pH, plasma bicarbonate levels, and the pressure of oxygen in the air (high altitudes in
particular).

The molecule 2,3-disphosphoglycerate (2,3-DPG ) binds to hemoglobin and lowers its affinity for oxygen, thus
promoting oxygen release. In individuals who have become acclimatized to living at high altitudes, the level of
2,3-DPG in the blood increases, allowing the delivery of more oxygen to tissues under low oxygen tension.

Fetal hemoglobin

Fetal hemoglobin differs from adult hemoglobin in that it contains two gamma chains instead of two beta chains.
Fetal hemoglobin binds oxygen with a much greater affinity than adult hemoglobin; this is an advantage in the
womb because it allows fetal blood to extract oxygen from maternal blood, despite its low concentration of
oxygen.

Normally, all fetal hemoglobin is replaced by adult hemoglobin by the time of birth.

Breaking down hemoglobin

Old or damaged RBCs are removed from the circulation by macrophages in the spleen and liver, and the
hemoglobin they contain is broken down into heme and globin. The globin protein may be recycled, or broken
down further to its constituent amino acids, which may be recycled or metabolized. The heme contains precious
iron that is conserved and reused in the synthesis of new hemoglobin molecules.

During its metabolism, heme is converted to bilirubin, a yellow pigment that can discolor the skin and sclera of
the eye if it accumulates in the blood, a condition known as jaundice. Instead, the plasma protein albumin binds
to bilirubin and carries it to the liver, where it is secreted in bile and also contributes to the color of feces.

Jaundice is one of the complications of an incompatible blood transfusion. This occurs when the recipient's
immune system attacks the donor RBCs as being foreign. The rate of RBC destruction and subsequent bilirubin
production can exceed the capacity of the liver to metabolize the bilirubin produced.

Hemoglobinopathies

Hemoglobinopathies form a group of inherited diseases that are caused by mutations in the globin chains of
hemoglobin. Sickle cell anemia is the most common of these and is attributable to a mutation that changes one
of the amino acids in the hemoglobin beta chain, producing hemoglobin that is "fragile”. When the oxygen
concentration is low, RBCs tend to become distorted and "sickle" shaped. These deformed cells can block small
blood vessels and damage the organs they are supplying. This can be very painful, and if not treated, a sickle cell
crisis can be fatal.

Sickle cell anemia in Genes and Disease

Another inherited anemia that particularly affects individuals of Mediterranean descent is thalassemia. A fault in
the production of either alpha or beta globin chains causes a range of symptoms, depending on how many copies
of the alpha and beta genes are affected. Some individuals may be carriers of the disease and have no symptoms,
whereas if all copies of the genes are lost, the disease is fatal.

Thalassemia in Genes and Disease


https://www.ncbi.nlm.nih.gov/books/n/gnd/anemiasicklecell/
https://www.ncbi.nlm.nih.gov/books/n/gnd/thalassemia/
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The porphyrias are a group of inherited disorders in which the synthesis of heme is disrupted. Depending upon
the stage at which the disruption occurs, there are a range of neurological and gastrointestinal side effects. King
George I1I of England ("the madness of King George") was one of the most famous individuals who suffered
from porphyria.

Porphyria in Genes and Disease
Resources

Karl Landsteiner, Nobel Laureate from Nobelprize.org

Red Gold: the epic story of blood from Public Broadcasting Service (PBS)


https://www.ncbi.nlm.nih.gov/books/n/gnd/porphyria/
http://nobelprize.org/medicine/laureates/1930/index.html
http://www.pbs.org/wnet/redgold/index.html

2. Blood group antigens are surface markers on the red blood
cell membrane

Before the 1900s, it was thought that all blood was the same, a misunderstanding that led to frequently fatal
transfusions of animal blood into humans and hazardous transfusions of blood between people. Human blood is
not the same—people belong to different blood groups, depending upon the surface markers found on the red
blood cell.

The cells that make up the body's tissues and organs are covered with surface markers, or antigens. Red blood
cells are no different. This chapter will describe the types of red blood cell antigen and explain why they are so
important in medicine today.

Antigens stimulate an immune response

An antigen is any substance to which the immune system can respond. For example, components of the bacterial
cell wall can trigger severe and immediate attacks by neutrophils.

If the immune system encounters an antigen that is not found on the body's own cells, it will launch an attack
against that antigen. Conversely, antigens that are found on the body's own cells are known as "self-antigens",
and the immune system does not normally attack these.

The membrane of each red blood cell contains millions of antigens that are ignored by the immune system.
However, when patients receive blood transfusions, their immune systems will attack any donor red blood cells
that contain antigens that differ from their self-antigens. Therefore, ensuring that the antigens of transfused red
blood cells match those of the patient's red blood cells is essential for a safe blood transfusion.

Red blood cell antigens can be sugars or proteins

Blood group antigens are either sugars or proteins, and they are attached to various components in the red blood
cell membrane.

For example, the antigens of the ABO blood group are sugars. They are produced by a series of reactions in
which enzymes catalyze the transfer of sugar units. A person's DNA determines the type of enzymes they have,
and, therefore, the type of sugar antigens that end up on their red blood cells.

In contrast, the antigens of the Rh blood group are proteins. A person's DNA holds the information for
producing the protein antigens. The RhD gene encodes the D antigen, which is a large protein on the red blood
cell membrane. Some people have a version of the gene that does not produce D antigen, and therefore the RhD
protein is absent from their red blood cells.

The figure below shows the red blood cell membrane and some of the blood group antigens attached to it. Aside
from the sugar (glycan or carbohydrate) antigens, the red blood cell membrane contains three types of protein
that carry blood group antigens: single-pass proteins, multi-pass proteins, and glycosylphosphatidylinositol
(GPI)-linked proteins. Click on the blood groups to find out more about the antigens that define it.
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Red blood cell antigens determine your blood group

The antigens expressed on the red blood cell determine an individual's blood group. The main two blood groups
are called ABO (with blood types A, B, AB, and O) and Rh (with Rh D-positive or Rh D-negative blood types).

The functions of many of the blood group antigens are not known, and if they are missing from the red blood
cell membrane, there is no ill effect. This suggests that if the blood group antigens used to have a function, e.g.,
one particular blood group antigen made red blood cells more resistant to invasion from a parasite, it is no
longer relevant today.

But the presence or absence of red blood cell antigens becomes extremely important when blood from different
people mixes, e.g., when a patient receives a blood transfusion from a blood bank. This also happens when a
mother becomes pregnant because during labor, a small amount of fetal blood enters her circulation. In these
circumstances, exposure to the foreign antigens on the red blood cells can trigger immune reactions.

It is not possible to completely remove the danger of adverse reactions when blood from two people mix, but the
danger can be minimized. Before a blood transfusion takes place, the blood to be donated must be "typed and
cross matched" with the patient's blood to ensure immune compatibility (see Chapter 3). In pregnancy, the risk
of the mother's immune system attacking the foreign antigens present on her fetus' red blood cells is prevented
by giving the mother antibodies to cover fetal red blood cell antigens and removing them from the mother's
circulation before her immune cells find them (see Chapter 4).

Blood groups differ around the world

The distribution of the four ABO blood types, A, B, AB, and O, varies in populations throughout the world. It is
determined by the frequency of the three alleles of the ABO gene in different populations. Blood type O is the
most common worldwide, followed by group A. Group B is less common, and group AB is the least common.

The frequencies of ABO and Rh type in the United States were recently examined by collecting data from blood
donors over a 10 year period (1). The charts below summarize the findings for blood type and race:



Blood group antigens are surface markers on the red blood cell membrane 11

Distribution of ABO phenotypes by Race or Ethnicity
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The highest percentage of type O (57%) was found in Hispanic donors (a group that includes donors of Mexican,
Puerto Rican, and Cuban descent). The next highest percentage of type O was found in North American Indian
(55%) and black (50%) donors.

Distribution of RhD phenotype by race or ethnicity

100
40
a0 — 1
o —
60 —
a0 +—
40 1+—
a0 +—
20 +—
10 +—

1] T

RhD+ RhD-
Phenotype

Percent {%)

O'White non-Hispanic OHispanic
B Black non-Hispanic O Asian

@ Maorth American Indian

In all donors, the Rh D-positive (RhD+) blood type was more common than the Rh D-negative (RhD-) blood
type. The highest percentage of RhD- was found in white donors (17.3%).

Blood type O: the Americas

People with blood type O are said to be "universal donors" because their blood is compatible with all ABO blood
types. It is also the most common blood type in populations around the world, including the USA (1) and
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Western Europe (2, 3). Among indigenous populations of Central and South America, the frequency of O blood
type is extremely high, approaching 100%. It is also high among Australian aborigines.

Blood Type A: Central and Eastern Europe

Type A is common in Central and Eastern Europe. In countries such as Austria, Denmark, Norway, and
Switzerland, about 45-50% of the population have this blood type, whereas about 40% of Poles and Ukrainians
do so.

The highest frequencies are found in small, unrelated populations. For example, about 80% of the Blackfoot
Indians of Montana have blood type A.

Blood type B: Asia

Blood type B is relatively common in Chinese and Indians, being present in up to 25% of the population. It is
less common in European countries and Americans of European origin, being found in about 10% of these
populations.

Blood type AB is the least common

Blood type AB individuals are known as "universal receivers" because they can receive blood from any ABO
type.

It is also the rarest of the blood groups. It is most common in Japan, regions of China, and in Koreans, being
present in about 10% of these populations.

The classification of blood cell antigens

Traditionally, newly discovered red blood cell antigens were named alphabetically (e.g. ABO, MNS, P) or were
named for the first person who produced antibody against them (e.g. Duffy, Diego). In 1980, The International
Society of Blood Transfusion (ISBT) Working Party on Terminology for Red Cell Surface antigens was formed to
create a standard for blood group terminology. Under this terminology, each blood group antigen has a number,
and it belongs to a blood group system, a collection, or a series (4).

Blood groups

A blood group system contains antigens controlled by a single gene (or by multiple closely linked loci), and the
system is genetically distinct. At the time of writing, there are 22 blood group systems, including the ABO, Rh,
and Kell blood groups which contain antigens that can provoke the most severe transfusion reactions.

Each blood group antigen is assigned a six-digit number by the ISBT. The first three digits represent the blood
group (e.g., ABO is 001, Rh is 004), and the last three identify the antigen in the order it was discovered. For
example, for ABO, the A antigen was the first to be discovered and has the number 001.001 whereas the B
antigen was next and is designated 001.002.

Collections

A collection contains antigens that are related in some way;, e.g., by genetics or biochemistry, but they do not
meet the criteria to form a blood group. Once a collection of antigens can be proven to be genetically distinct,
they are given the status of a blood group. At the time of writing, there are six collections of antigens.


http://www.isbt-web.org/
http://www.isbt-web.org/

Blood group antigens are surface markers on the red blood cell membrane 13

Series

Red cell antigens that do not fit into a blood group or a collection are sorted into two series: if they are rare
(frequency of less than 1%), they are placed in the 700 series, if they are common (frequency greater than 90%),
they are placed in the 901 series. At the time of writing, there are 22 antigens in the 700 series and 11 antigens in
the 901 series.
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3. Blood transfusions and the immune system

The immune system never rests—its cells constantly patrol the circulation. Without the immune system, the
body would be overwhelmed with infections. With it, blood transfusions must be performed with great care.

If incompatible blood is given in a transfusion, the donor cells are treated as if they were foreign invaders, and
the patient's immune system attacks them accordingly. Not only is the blood transfusion rendered useless, but a
potentially massive activation of the immune system and clotting system can cause shock, kidney failure,
circulatory collapse, and death.

This chapter discusses the causes of transfusion reactions and how the hazards of blood transfusions are
minimized.

How to launch an immune response against transfused red

blood cells

Many of the adverse effects of blood transfusions are mediated by the recipient's immune system. In general, the
formation of this and other immune responses occur in three stages:

o the immune system detects foreign material (antigen)
« the immune system processes the antigen
« the immune system mounts a response to remove the antigen from the body

The immune response varies tremendously, depending on the individual (the health of his or her immune
system and genetic factors) and the antigen (how common it is and how "provocative” it is to the immune
system).

Antigen detection

The red blood cells (RBCs) from one person may enter into the circulation of another person in two different
ways, either by a blood transfusion or by pregnancy. The RBCs will appear foreign if they contain antigens that
are not found on the patient's own RBCs.

Antigen processing

When the macrophage encounters an antigen, it engulfs it, digests it, and then presents the antigenic fragments
on its cell surface together with MHCII (Major Histocompatibility Complex II).

A T helper cell binds to the antigen/MHCII on the macrophage, and the two cells interact. The macrophage
secretes cytokines to stimulate the T cell, which in turn secretes cytokines to stimulate the growth and
production of more T cells.

The T helper cell, now activated, leaves to activate a third type of cell, the B cell. Existing B cells are stimulated by
the T cell to grow, divide, and produce genetically identical daughter cells. Some of the daughter cells become
plasma cells that produce antibodies that are specific for the antigen that stimulated their production. The
amount and type of antibody produced results from the interaction of T helper cells (which stimulate antibody
production) and T suppressor cells (which inhibit antibody production). Other daughter cells remain as B cells
in the circulation for many years. They serve as "memory cells”, remembering the encounter with the antigen
that stimulated their production.

Read a summary of antigen presentation to T cells in Janeway & Traver's Immunobiology


https://www.ncbi.nlm.nih.gov/books/n/imm/A596/
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Immune response

If this is the first time the antigen has been encountered, a primary immune response is mounted. Usually there
is a delay of several days, then IgM antibody is produced, followed by a switch to IgG antibody production. The
initial IgM molecules bind the antigen weakly, but the subsequent IgG molecules are much better targeted. IgG
continues to be produced long after the encounter with the antigen, providing long-lasting immunity.

If the immune system has encountered the antigen before, it will already be armed with primed B cells (memory
cells) that accelerate the production of larger amounts of IgG (rather than IgM). This is called the secondary
immune response. It is faster, more specific, and the production of the specific antibody may remain high for
years. B cells may also undergo changes to further improve how the antibodies they produce bind to the antigen.

There are two main arms of immune response: humoral (using antibodies) and cellular (using immune cells).
Severe immune-mediated transfusion reactions usually involve the humoral arm. In the case of a foreign red
blood cell antigen, the patient's pre-existing antibodies bind to the antigen, coating the donor RBCs.

Some types of antibody may activate the complement cascade, a series of enzyme-driven reactions involving
protein fragments. The cascade ends with the formation of a "membrane attack complex”, a large molecule that
punches a hole in the cell membrane. Other antibodies simply bind to the donor RBCs and cause them to clump
together (agglutinate). The agglutinated cells may survive or may be prematurely removed from the circulation
by the macrophages.

Otherwise, the fate of the incompatible RBCs largely rests in the hands of macrophages in the liver or the spleen.
They remove the antibody-coated cells from the circulation and phagocytose them. Phagocytosis is aided by the
macrophages having a receptor that binds to the antibodies and another receptor that binds to complement
fragments. Therefore, incompatible RBCs are rapidly destroyed after antibody binding. In addition, this antibody
response may cause dangerous hemolytic transfusion reactions as described below.

"Blood type and cross match"

To avoid a transfusion reaction, donated blood must be compatible with the blood of the patient who is receiving
the transfusion. More specifically, the donated RBCs must lack the same ABO and Rh D antigens that the
patient's RBCs lack. For example, a patient with blood group A can receive blood from a donor with blood group
A (which lacks the B antigen) or blood group O (which lacks all ABO blood group antigens). However, they
cannot receive blood from a donor with blood group B or AB (which both have the B antigen).

Before a blood transfusion, two blood tests known as a "type and cross match" are done. First, the recipient's
blood type is determined, i.e., their ABO type and Rh D status. In theory, once the recipient's blood type is
known, a transfusion of compatible blood can be given. However, in practice, donor blood may still be
incompatible because it contains other antigens that are not routinely typed but may still cause a problem if the
recipient's serum contains antibodies that will target them. Therefore, a "cross match" is done to ensure that the
donor RBCs actually do match against the recipient's serum.

To perform a cross match, a small amount of the recipient's serum is mixed with a small amount of the donor
RBCs. The mixture is then examined under a microscope. If the proposed transfusion is incompatible, the donor
RBCs are agglutinated by antibodies in the recipient's serum.

Play the blood typing game at:
NobelPrize.Org


http://nobelprize.org/medicine/educational/landsteiner/
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Transfusion reactions: Immune-mediated

Immune-mediated transfusion reactions occur when incompatible blood products are transfused into a patient's
circulation, triggering a response from the patient's immune system. The destruction of incompatible RBCs is
called a hemolytic transfusion reaction, which may occur immediately (acute) or after a period of days (delayed).
The destruction of incompatible donor white blood cells (WBCs) causes a febrile non-hemolytic transfusion
reaction (FNHTR), and the destruction of incompatible donor platelets causes post-transfusion purpura (PTP).

The symptoms produced by these transfusion reactions are often similar, beginning with chills, fever, shaking,
and aching. Some transfusion reactions are mild and resolve by themselves (e.g., FNHTR) whereas others can
develop into a life-threatening reaction (e.g., acute hemolytic transfusion reaction).

The risks are minimized by using blood products only when necessary and, even then, using a specific blood
component rather than whole blood. Also, all WBCs are now removed from donated blood; leukodepletion
reduces the risk of certain infections as well as the risk of fever due to white blood cell incompatibility.

Hemolytic transfusion reaction: Red blood cell incompatibility

Hemolytic transfusion reactions (HTRs) are reactions in which donor RBCs are destroyed by antibodies in the
recipient's circulation. They occur when antigen-positive donor RBCs are transfused into a patient who has
preformed antibodies to that antigen. The donor RBCs may be destroyed immediately (a potentially serious
reaction) or may have a shortened or even normal survival time (milder reactions).

Red blood cell incompatibility may also occur when the patient's RBC antigens are attacked by antibodies from
the donor's plasma. This tends to be a minor problem because of the small amount of antibody present in the
donated plasma, which is further diluted on transfusion into the recipient's circulation.

Acute hemolytic transfusion reaction

Acute hemolytic transfusion reactions occur within 24 hours of the transfusion and often occur during the
transfusion. Ominously, the patient may report a "feeling of impending doom". They may also complain of a
burning sensation at the site of the infusion, together with chills, fever, and pain in the back and flanks.

The severity of the reaction depends upon: (1) how much incompatible antigen was transfused—how much
blood was given and the number of antigens per red blood cell; (2) the nature of the antigen - its size and
location on the red blood cell membrane; and (3) the nature of the recipient's antibodies - the type (IgG or IgM)
and subtype (IgG3) of antibody, the amount present in the circulation at the time of the transfusion, its avidity
for binding to the antigen, and its ability to activate complement.

Intravascular hemolysis

The most severe reactions involve an intravascular hemolysis; the donor RBCs are destroyed by the recipient's
antibodies while they are still inside blood vessels. Such reactions involve antibodies that strongly activate
complement, which in turn lyses the donor RBCs. Hemoglobin is released into the plasma and excreted in urine
(hemoglobinuria), turning the urine a dark brown color. Bilirubin, a metabolite of hemoglobin usually secreted
into bile by the liver, instead accumulates in the blood causing jaundice. Massive activation of complement can
cause shock, as can the large amounts of tissue factor released by RBC debris that triggers an uncontrollable
clotting cascade (disseminated intravascular coagulation).

The most common cause of an acute intravascular hemolytic transfusion reaction is ABO incompatibility. The
ABO blood group antigens are densely expressed on the RBC surface, and most people have adequate amounts
of preformed antibodies that can not only bind to the RBCs but can also activate complement. Although routine
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typing and cross matching should prevent incompatible ABO blood group antigens from triggering this type of
reaction, human error occasionally leads to the "wrong blood" being given during a transfusion.

Apart from anti-A and anti-B, other antibodies capable of intravascular hemolysis of transfused RBCs include
anti-H produced in people with the Bombay blood group (see the H blood group), anti-Jk? (see the Kidd blood
group), and anti-P, P1, Pk (see the P blood group system).

Extravascular hemolysis

In extravascular hemolytic reactions, the donor RBCs are removed from the circulation by macrophages in the
spleen and liver. The macrophages destroy the red blood cells inside these organs.

The donor RBCs may still be coated with the recipient's antibodies, but these antibodies do not trigger an
immediate intravascular hemolysis. Instead, their presence (specifically, the Fc component of the antibody) is
recognized by IgG-Fc receptors of macrophages, which aids the phagocytosis of the cells. Antibodies directed at
antigens of the Rh blood group mediate this type of RBC removal.

Other types of antibody that bind to the donor RBCs may bind the complement component C3b without
activating the entire cascade. This further aids the phagocytosis by macrophages that have C3b receptors. Such
antibodies include those directed against antigens of the ABO, Duffy, and Kidd blood groups.

Because the extravascular destruction of RBCs is slower and more controlled than intravascular hemolysis, very
little free hemoglobin is released into the circulation or excreted in the urine. The liver can keep up with the
increased production of bilirubin, and jaundice rarely occurs. Therefore, the main symptoms of this type of
reaction are fever and chills.

Delayed hemolytic transfusion reaction

Delayed hemolytic transfusion reactions may occur as soon as 1 day or as late as 14 days after a blood
transfusion. The donor RBCs are destroyed by the recipient's antibodies, but the hemolysis is "delayed" because
the antibodies are only present in low amounts initially.

The recipient's antibodies were formed during a previous sensitization (primary stimulation) with a particular
antigen. However, by the time a cross match is done, the level of antibody in the recipient's plasma is too low to
cause agglutination, making this type of reaction difficult to prevent. Likewise, during the blood transfusion the
level of antibody is too low to cause an acute transfusion reaction.

However, during the blood transfusion, as the patient re-encounters the antigen, his or her immune system is
stimulated to rapidly produce more antibodies (secondary stimulation). Over the following days, the recipient's
antibodies bind to the donor RBCs, which are subsequently removed from the circulation by macrophages
(extravascular hemolysis).

The clinical outcome depends upon the rate at which the patient can produce antibodies and hence destroy the
donor RBCs. Usually, this type of reaction is much less severe than acute hemolytic reactions.

This type of transfusion reaction is associated with antibodies that target the Kidd and Rh antigens.

Febrile non-hemolytic transfusion reaction (FNHTR): White blood cell
incompatibility

The most common transfusion reaction is a fever without signs of hemolysis. This is called a febrile non-
hemolytic transfusion reaction (FNHTR). Most cases are mild—the patients may describe feeling hot and cold,

their temperatures rise by at least 1°C, and they may have rigors. Only when other potentially severe causes of
transfusion reactions have been excluded may FNHRT be diagnosed.
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The cause is thought to be the patient's preformed antibodies attacking transfused WBCs, binding to their HLA
antigens. Another factor might be that during the storage of blood units, WBCs release cytokines that may
provoke a fever when the unit of blood is transfused into a patient.

The risk of FNHRT is reduced by removing WBCs from blood units prior to storage—a process known as
leukodepletion. In addition, patients who receive multiple transfusions may be given an anti-pyretic before the
transfusion to lessen fever symptoms.

Post transfusion purpura (PTP): Platelet incompatibility

Post transfusion purpura (PTP) is defined as a thrombocytopenia (low number of platelets) that occurs 5 to 10
days after a platelet transfusion. Patients are at risk of bleeding, and bleeding into the skin causes a purplish
discoloration of the skin known as purpura.

PTP is caused by the recipient having a platelet-specific antibody that reacts with the donor platelets. The
recipient's own platelets are also attacked. The platelet antigen HPA-1a appears to be most frequently targeted.

PTP is more common in women because pregnancy increases the likelihood of forming the platelet-specific
antibody. It may also have formed after an earlier platelet transfusion. Treatment includes the use of intravenous
immunoglobulin to neutralize the antibodies or to remove them from the plasma by plasmapheresis.

Allergic reactions: IgE anti-allergen antibodies

Some patients can have an allergic reaction after their blood transfusions—they report feeling itchy and break
out into hives (urticaria). This is more common in patients who have a history of allergic conditions such as hay
fever.

This type of allergic reaction happens when existing IgE antibody binds to its antigen and triggers the release of
histamine from the patient's mast cells and basophils. In an allergic reaction to a blood transfusion, either the
transfused blood contains IgE that binds to antigen from the recipient's blood, or the antibody is the recipient's
own and binds to antigen in the transfused blood.

Fortunately, symptoms are usually mild and can be controlled by stopping the transfusion and giving
antihistamines.

Anaphylaxis: IgA anti-plasma protein antibodies

Anaphylaxis is a life-threatening allergic reaction that can occur after only a few milliliters of blood have been
transfused. The patient reports difficulty breathing and may be wheezing and coughing. There may also be
nausea and vomiting in the absence of a fever. Other signs include low blood pressure, loss of consciousness,
respiratory arrest, and circulatory shock. Urgent treatment is essential and includes giving epinephrine.

Usually the antigen that triggers the anaphylaxis is not known. In the case of patients with IgA deficiency, it is
thought that the presence of IgA in the donor's plasma is the trigger. IgA-deficient patients have a mild
immunodeficiency that may not have been diagnosed. Because they lack IgA, their immune systems can be
sensitized to it. Although this type of transfusion reaction is rare in these patients, special precautions are taken
to reduce their risk of exposure to IgA in blood products.

Transfusion associated lung injury (TRALI): Donor anti-leukocyte
antibodies attack

Transfusion associated lung injury (TRALI) is a rare and occasionally fatal transfusion reaction characterized by
a sudden onset of shortness of breath.



20 Blood Groups and Red Cell Antigens

The underlying mechanism is not fully understood, but it is thought to involve the transfusion of donor plasma
that contains antibodies that attack the recipient's WBCs. These donor antibodies bind to, and cause the
aggregation of, the recipient's WBCs in the blood vessels that supply the lungs. The white cells release
inflammatory mediators that increase the permeability of the lung capillaries, causing fluid to accumulate in the
tissue of the lungs, a condition known as pulmonary edema for which supportive treatment is given.

Transfusion associated graft-versus-host disease (TA-GVHD): Donor T cells
attack

Transfusion associated graft-versus-host disease (TA-GVHD) arises when transfused blood cells (the graft)
attack the patient's own cells (the host). It is more common in immunocompromised patients whose immune
systems fail to eliminate the transfused cells. Instead, the surviving donor T cells attack cells that bear HLA
antigens.

This type of reaction becomes apparent about one week after the transfusion. Signs include a fever, characteristic
skin lesions, and diarrhea. Blood tests reveal signs of bone marrow failure and liver malfunction.

To prevent TA-GVHD, special precautions are taken with high-risk patients. They only receive blood products
that have been irradiated. This prevents all donor cells, including the T cells, from being able to divide and attack
the host. In cases where TA-GVHD does develop, the outcome is grave. The patient usually dies several weeks
after the blood transfusion.

Transfusion reactions: Non-immune

Not all of the problems that can arise during a blood transfusion are attributable to the immune system. Some
are mechanical, especially in patients who need multiple blood transfusions. For example, blood that is not
sufficiently warmed before transfusion can cause hypothermia. Also, the volume of blood that needs to be
transfused may be too great for the patient's cardiovascular system, especially in elderly patients or patients with
varying degrees of heart failure. In such cases, transfusion can cause volume overload and respiratory difficulty.

Metabolic disturbances can also occur, older or damaged RBCs release potassium, and transfusing such blood
may cause hyperkalemia (an increased level of potassium) in the patient, putting them at risk of heart
arrhythmias. In large amounts, citrate, a blood preservative that prevents clotting, can lower the level of calcium
in the plasma (hypocalcemia), leading to muscle tremors and heart arrhythmias.

Finally, the risk of blood transfusions transmitting infectious diseases has been greatly reduced, but a small risk
still remains. A virus can be passed on from the donor who is unaware that he or she has an infection. Infection
may also occur after the blood has been donated; bacteria can contaminate blood products while they are being
stored.

To minimize the risk of infection, blood donors are now screened, and people who are at risk of infectious
diseases are excluded from donating blood. In addition, all donated blood is tested for infectious agents.
Currently in the USA, blood is tested for HIV, hepatitis B virus, hepatitis C virus, syphilis, and HTLV types I and
II, which are linked to leukemia. Since 2003, blood has also been screened for West Nile virus (WNV).
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4. Hemolytic disease of the newborn

Hemolytic disease of the newborn (HDN) used to be a major cause of fetal loss and death among newborn
babies. The first description of HDN is thought to be in 1609 by a French midwife who delivered twins—one
baby was swollen and died soon after birth, the other baby developed jaundice and died several days later. For
the next 300 years, many similar cases were described in which newborns failed to survive.

It was not until the 1950s that the underlying cause of HDN was clarified; namely, the newborn's red blood cells
(RBCs) are being attacked by antibodies from the mother. The attack begins while the baby is still in the womb
and is caused by an incompatibility between the mother's and baby's blood.

By the 1960s, trials in the United States and the United Kingdom tested the use of therapeutic antibodies that
could remove the antibodies that cause HDN from the mother's circulation. The trials showed that giving
therapeutic antibodies to women during their pregnancy largely prevented HDN from developing (1). By the
1970s, routine antenatal care included screening of all expectant mothers to find those whose pregnancy may be
at risk of HDN, and giving preventative treatment accordingly. This has led to a dramatic decrease in the
incidence of HDN, particularly severe cases that were responsible for stillbirth and neonatal death.

This chapter will discuss the causes of HDN and how the disease can be treated or minimized, if not prevented
entirely.

Maternal antibodies cross the placenta and attack fetal red
blood cells

During pregnancy, some of the mother's antibodies are transported across the placenta and enter the fetal
circulation. This is necessary because by the time of birth, newborns have only a primitive immune system, and
the continuing presence of maternal antibodies helps ensure that they survive while their immune system
matures. A downside to this protection is that by targeting fetal RBCs, maternal antibodies can also cause HDN.

A major cause of HDN is an incompatibility of the Rh blood group between the mother and fetus. Most
commonly, hemolytic disease is triggered by the D antigen, although other Rh antigens, such as ¢, C, E, and e,
can also cause problems.

Pregnancies at risk of HND are those in which an Rh D-negative mother becomes pregnant with an RhD-
positive child (the child having inherited the D antigen from the father). The mother's immune response to the
fetal D antigen is to form antibodies against it (anti-D). These antibodies are usually of the IgG type, the type
that is transported across the placenta and hence delivered to the fetal circulation.

HDN can also be caused by an incompatibility of the ABO blood group. It arises when a mother with blood type
O becomes pregnant with a fetus with a different blood type (type A, B, or AB). The mother's serum contains
naturally occurring anti-A and anti-B, which tend to be of the IgG class and can therefore cross the placenta and
hemolyse fetal RBCs.

HDN due to ABO incompatibility is usually less severe than Rh incompatibility. One reason is that fetal RBCs
express less of the ABO blood group antigens compared with adult levels. In addition, in contrast to the Rh
antigens, the ABO blood group antigens are expressed by a variety of fetal (and adult) tissues, reducing the
chances of anti-A and anti-B binding their target antigens on the fetal RBCs.

Less common causes of HDN include antibodies directed against antigens of the Kell blood group (e.g., anti-K
and anti-k), Kidd blood group (e.g., anti-Jka and anti-Jkb), Duffy blood group (e.g., anti-Fya), and MNS and s
blood group antibodies. To date, antibodies directed against the P and Lewis blood groups have not been
associated with HDN.
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Sensitization occurs during the first pregnancy

Sensitization to an antigen occurs when the immune system encounters an antigen for the first time and mounts
an immune response. In the case of HDN caused by Rh incompatibility, an Rh D-negative mother may first
encounter the D antigen while being pregnant with an Rh D-positive child, or by receiving a blood transfusion
of Rh D-positive blood. Once a mother has been sensitized to the D antigen, her serum will contain anti-D. The
direct Coombs test (see below) confirms the presence of anti-D and hence that the mother has been sensitized.

Only a small amount of fetal blood need enter the mother's circulation for sensitization to occur. Typically, this
occurs during the delivery of the first-born Rh D-positive child. Fetal-maternal hemorrhage is common during
labor and is increased during a prolonged or complicated labor, which in turn increases the risk of sensitization.
Sensitization can also occur earlier in the pregnancy, for example during a prenatal bleed or a miscarriage. It
may also occur during medical procedures, such as a termination of pregnancy or chorionic villus sampling.

The risk of sensitization to the Rh D antigen is decreased if the fetus is ABO incompatible. This is because any
fetal cells that leak into the maternal circulation are rapidly destroyed by potent maternal anti-A and/or anti-B,
reducing the likelihood of maternal exposure to the D antigen.

HDN occurs in subsequent pregnancies

Initially, the maternal anti-D that is formed at the time of sensitization is of the IgM type, which can not cross
the placenta. In subsequent pregnancies, a repeat encounter with the Rh D antigen stimulates the rapid
production of type IgG anti-D, which can be transported across the placenta and enter the fetal circulation. Once
in the fetal circulation, anti-D attaches to the Rh D antigens found on the fetal RBCs, marking them to be
destroyed.

The rate of hemolysis determines whether the nature of HDN is mild, moderate, or severe. In mild cases, the
small increase in the rate of hemolysis is tolerated by the fetus. At birth and during the newborn period,
symptoms include a mild anemia and jaundice, both of which may resolve without treatment.

In cases where there is a greater increase in the rate of hemolysis, the level of bilirubin may still remain low
during the pregnancy because of the ability of the placenta to remove bilirubin from the fetal circulation.
However, after birth the neonate's immature liver is unable to metabolize the increased amount of bilirubin that
instead accumulates in his or her blood. Within 24 hours of birth, the level of bilirubin may rise dramatically. If
levels continue to rise, bilirubin may enter the brain to cause kernicterus, a potentially fatal condition that leaves
permanent neurological damage in the babies that survive.

An even greater rapid and prolonged destruction of RBCs leads to severe anemia in the fetus. The liver, spleen,
and other organs increase their production of RBCs to compensate for their loss. The drive to produce RBCs
causes the liver and spleen to increase in size (hepatosplenomegaly), and liver dysfunction can occur. Immature
RBCs (erythroblasts) spill into the circulation, giving rise to the alternative name of this disease, erythroblastosis
fetalis. A complication of severe HDN is hydrops fetalis, in which the fetal tissues become swollen (edematous).
This condition is usually fatal, either in utero or soon after birth.

The Coombs test detects Rh incompatibility between mother and
fetus
To detect HDN, the presence of maternal anti-Rh IgG must be identified. In vivo, these antibodies destroy Rh D-

positive fetal RBCs, but in vitro, they do not lyse cells or even cause agglutination, making them difficult to
identify. Therefore, the Coombs test is used. This test uses antibodies that bind to anti-D antibodies. The test is
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named for Robin Coombs, who first developed the technique of using antibodies that are targeted against other
antibodies.

Direct Coombs test: diagnoses HDN
The direct Coombs test detects maternal anti-D antibodies that have already bound to fetal RBCs.

First, a sample of fetal RBCs is washed to remove any unbound antibody (Ig). When the test antibodies (anti-Ig)
are added, they agglutinate any fetal RBCs to which maternal antibodies are already bound.

This is called the direct Coombs test because the anti-Ig binds "directly” to the maternal anti-D Ig that coats fetal
RBCs in HDN.

Indirect Coombs test: used in the prevention of HDN

The indirect Coombs test finds anti-D antibodies in the mother's serum. If these were to come into contact with
fetal RBCs they would hemolyse them and hence cause HDN. By finding maternal anti-D before fetal RBCs have
been attacked, treatment can be given to prevent or limit the severity of HDN.

For this test, the mother's serum is incubated with Rh D-positive RBCs. If any anti-D is present in the mother's
serum, they will bind to the cells. The cells are then washed to remove all free antibodies. When anti-Ig
antibodies are added, they will agglutinate any RBCs to which maternal antibodies are bound.

This is called the indirect Coombs test because the anti-Ig finds "indirect" evidence of harmful maternal
antibodies, requiring the addition of fetal RBCs to show the capacity of maternal anti-D to bind to fetal RBCs.

See a diagram of the Direct and Indirect Coombs tests in Janeway & Travers Immunobiology

Preventing HDN

Determine Rh status of the mother

As part of routine prenatal or antenatal care, the blood type of the mother (ABO and Rh) is determined by a
blood test. A test for the presence of atypical antibodies in the mother's serum is also performed. At present, Rh
D incompatibility is the only cause of HDN for which screening is routine.

In the United States, the frequency of Rh D-negative status varies from about 17% in Caucasians to about 7% in
Hispanics and Blacks. The frequency is much lower in people of Asian descent (including people from China,
India, and Japan), averaging about 2% (2).

If the mother is not sensitized, reduce the risk of future sensitization

To find out whether a pregnant Rh D-negative mother has been sensitized to the Rh D antigen, an indirect
Coombs test is done (see above). If anti-D is not found in the mother's serum, it is likely that she has not been
sensitized to the Rh D antigen.

The risk of future sensitization can be greatly reduced by giving all unsensitized mothers anti-D Ig, which "mops
up" any fetal RBCs that may have leaked into the maternal circulation, reducing the risk of first-time exposure to
the D antigen.

Usually, Rh D-negative mothers receive on injection of anti-D Ig at about 28 weeks gestation, which is about the
time when fetal RBCs start to express the D antigen, and mothers receive another dose at about 34 weeks, a few
weeks before labor begins during which the risk of fetomaternal hemorrhage is high. A final dose of anti-D Ig is
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given after the baby has been delivered. In addition, anti-D Ig is given to cover other events during the
pregnancy that may lead to sensitization, e.g., antepartum bleeds and pre-eclampsia.

This prophylaxis regime against Rh D sensitization is effective. However, currently, there is no routine
prophylaxis for HDN caused by incompatibility of other blood group antigens.

If the mother is sensitized, determine whether the fetus is at risk and
monitor accordingly

Once the presence of maternal anti-D has been confirmed, the next step is to determine whether the fetal RBCs
are a target, i.e., confirm the Rh status of the fetus. If the father is homozygous for the D allele (D/D), the fetus
will be D positive. If however the father is heterozygous (D/d), there is a 50:50 chance that the fetus is D positive,
and the only way to know the blood type for sure is to test a sample of fetal cells taken from the amniotic fluid or
umbilical cord.

If the fetus is Rh D-positive, the pregnancy is carefully monitored for signs of HDN. Monitoring includes regular
ultrasound scans of the fetus and monitoring of the amount of anti-D in the mother's serum. Active hemolysis is
indicated by a rise in anti-D. If a fetal blood test confirms fetal anemia, depending upon its severity, a blood
transfusion can be done in utero to replace the lysed fetal RBCs.

Blood transfusions may also be needed to correct anemia in the newborn period. During this period there may
also be a sharp rise in the level of bilirubin in the neonate, which can be lowered by phototherapy and exchange
transfusions.
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5. The ABO blood group

The discovery of the ABO blood group, over 100 years ago, caused great excitement. Until then, all blood had
been assumed to be the same, and the often tragic consequences of blood transfusions were not understood. As
our understanding of the ABO group grew, not only did the world of blood transfusion become a great deal
safer, but scientists could now study one of the first human characteristics proven to be inherited. A person's
ABO blood type was used by lawyers in paternity suits, by police in forensic science, and by anthropologists in
the study of different populations.

The ABO blood group antigens remain of prime importance in transfusion medicine—they are the most
immunogenic of all the blood group antigens. The most common cause of death from a blood transfusion is a
clerical error in which an incompatible type of ABO blood is transfused. The ABO blood group antigens also
appear to have been important throughout our evolution because the frequencies of different ABO blood types
vary among different populations, suggesting that a particular blood type conferred a selection advantage (e.g.,
resistance against an infectious disease.)

However, despite their obvious clinical importance, the physiological functions of ABO blood group antigens
remain a mystery. People with the common blood type O express neither the A nor B antigen, and they are
perfectly healthy. Numerous associations have been made between particular ABO phenotypes and an increased
susceptibility to disease. For example, the ABO phenotype has been linked with stomach ulcers (more common
in group O individuals) and gastric cancer (more common in group A individuals). Another observation is that
individuals with blood type O tend to have lower levels of the von Willebrand Factor (vWF), which is a protein
involved in blood clotting.

At a glance
Antigens of the ABO blood group.

Number of 4: A, B, AB, and A1
antigens

Antigen specificity Carbohydrate
The sequence of oligosaccharides determines whether the antigen is A, B, or Al.

Antigen-carrying Glycoproteins and glycolipids of unknown function
molecules The ABO blood group antigens are attached to oligosaccharide chains that project above the RBC surface. These
chains are attached to proteins and lipids that lie in the RBC membrane.

Molecular basis The ABO gene indirectly encodes the ABO blood group antigens.
The ABO locus has three main allelic forms: A, B, and O. The A and B alleles each encode a glycosyltransferase
that catalyzes the final step in the synthesis of the A and B antigen, respectively. The A/B polymorphism arises
from several SNPs in the ABO gene, which result in A and B transferases that differ by four amino acids. The O
allele encodes an inactive glycosyltransferase that leaves the ABO antigen precursor (the H antigen) unmodified.

Frequency of ABO A: 43% Caucasians, 27% Blacks, 28% Asians

blood group B: 9% Caucasians, 20% Blacks, 27% Asians

antigens A1l: 34% Caucasians, 19% Blacks, 27% Asians
Note: Does not include AB blood groups (1).

Frequency of ABO Blood group O is the most common phenotype in most populations.

phenotypes Caucasians: group O, 44%; A1, 33%; Ap, 10%; B, 9%; A1B, 3%; A2B, 1%
Blacks: group O, 49%; A1, 19%; A, 8%; B, 20%; A1B, 3%; A2B, 1%
Asians: group O, 43%; A1, 27%; Ay, rare; B, 25%; A1B, 5%; A2B, rare
Note: Blood group A is divided into two main phenotypes, A1 and Aj (1).
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Antibodies produced against ABO blood group antigens.

Antibody type IgG and IgM
Naturally occurring. Anti-A is found in the serum of people with blood groups O and B. Anti-B is found in the
serum of people with blood groups O and A.

Antibody reactivity Capable of hemolysis
Anti-A and anti-B bind to RBCs and activate the complement cascade, which lyses the RBCs while they are
still in the circulation (intravascular hemolysis).

Transfusion Yes — typically causes an acute hemolytic transfusion reaction
reaction Most deaths caused by blood transfusion are the result of transfusing ABO-incompatible blood.

Hemolytic disease =~ No or mild disease
of the newborn HDN may occur if a group O mother has more than one pregnancy with a child with blood group A, B, or AB.
Most cases are mild and do not require treatment.

Background information

History

At the beginning of the 20th century an Austrian scientist, Karl Landsteiner, noted that the RBCs of some
individuals were agglutinated by the serum from other individuals. He made a note of the patterns of
agglutination and showed that blood could be divided into groups. This marked the discovery of the first blood
group system, ABO, and earned Landsteiner a Nobel Prize.

Landsteiner explained that the reactions between the RBCs and serum were related to the presence of markers
(antigens) on the RBCs and antibodies in the serum. Agglutination occurred when the RBC antigens were
bound by the antibodies in the serum. He called the antigens A and B, and depending upon which antigen the
RBC expressed, blood either belonged to blood group A or blood group B. A third blood group contained RBCs
that reacted as if they lacked the properties of A and B, and this group was later called "O" after the German
word "Ohne", which means "without". The following year the fourth blood group, AB, was added to the ABO
blood group system. These RBCs expressed both A and B antigens.

In 1910, scientists proved that the RBCs antigens were inherited, and that the A and B antigens were inherited
codominantly over O. There was initially some confusion over how a person's blood type was determined, but
the puzzle was solved in 1924 by Bernstein's "three allele model".

The ABO blood group antigens are encoded by one genetic locus, the ABO locus, which has three alternative
(allelic) forms—A, B, and O. A child receives one of the three alleles from each parent, giving rise to six possible
genotypes and four possible blood types (phenotypes).
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ABO alleles inherited from the
ABO genotype inthe mother
offspring

ABO alleles

inherited
from the
father

Nomenclature

o Number of ABO blood group antigens: 4

 ISBT symbol: ABO

o ISBT number: 001

« Gene symbol: ABO

« Gene name: ABO blood group (A transferase, al,3-N-acetylgalactosaminyltransferase; B transferase, al,3-
galactosyltransferase)

Basic biochemistry

ABO phenotypes

The four basic ABO phenotypes are O, A, B, and AB. After it was found that blood group A RBCs reacted
differently to a particular antibody (later called anti-A1), the blood group was divided into two phenotypes, A1
and A,. RBCs with the A phenotype react with anti-A1 and make up about 80% of blood type A. RBCs with the
Aj phenotype do not react with anti-A1 and they make up about 20% of blood type A. A1 red cells express about
5 times more A antigen than Aj red cells, but both types of red cell react with anti-A, and as far as transfusion
purposes are concerned, the Aj and A blood groups are interchangeable.

There are many other subgroups of blood group A in which RBCs tend to weakly express the A antigen, whereas
weak variants of the blood group B phenotype are rare (2).

The immune system forms antibodies against whichever ABO blood group antigens are not found on the
individual's RBCs. Thus, a group A individual will have anti-B antibodies and a group B individual will have
anti-A antibodies. Blood group O is common, and individuals with this blood type will have both anti-A and
anti-B in their serum. Blood group AB is the least common, and these individuals will have neither anti-A nor
anti-B in their serum.
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ABO antibodies in the serum are formed naturally. Their production is stimulated when the immune system
encounters the "missing” ABO blood group antigens in foods or in micro-organisms. This happens at an early
age because sugars that are identical to, or very similar to, the ABO blood group antigens are found throughout
nature.

The ABO locus has three main alleleic forms: A, B, and O. The A allele encodes a glycosyltransferase that
produces the A antigen (N-acetylgalactosamine is its immunodominant sugar), and the B allele encodes a
glycosyltransferase that creates the B antigen (D-galactose is its immunodominant sugar).

See the structures of the A, B, and O antigens in Stryer's Biochemistry

The O allele encodes an enzyme with no function, and therefore neither A or B antigen is produced, leaving the
underlying precursor (the H antigen) unchanged. These antigens are incorporated into one of four types of
oligosaccharide chain, type 2 being the most common in the antigen-carrying molecules in RBC membranes.
Some of the other enzymes involved in the earlier stages of ABO antigen synthesis are also involved in producing
antigens of the Hh blood group and the Lewis blood group.

Expression

Although the ABO blood group antigens are regarded as RBC antigens, they are actually expressed on a wide
variety of human tissues and are present on most epithelial and endothelial cells.

Each human RBC expresses about 2 million ABO blood group antigens. Other blood cells, such as T cells, B
cells, and platelets, have ABO blood group antigens that have been adsorbed from the plasma. In individuals
who are "secretors", a soluble form of the ABO blood group antigens is found in saliva and in all bodily fluids
except for the cerebrospinal fluid.

A number of illnesses may alter a person's ABO phenotype. Patients can "acquire” the B antigen during a
necrotizing infection during which bacteria release an enzyme into the circulation that converts the A1 antigen
into a B-like antigen (3). During this time, patients should not receive blood products that contain the B antigen
because their sera will still contain anti-B. Once the underlying infection is treated, the patients' blood groups
return to normal.
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Illness can also cause patients to "lose” ABO blood group antigens. Any disease that increases the body's demand
for RBCs may weaken the expression of ABO blood group antigens, e.g., thalassemia. In addition, ABO blood
group antigens can be altered by hematological cancers that can modify the sugar chains that bear the ABO
blood group antigens, lending to the use of the A and B antigens as tumor markers for acute leukemia,
myeloproliferative disorders, and myelodysplasia.

Function of the A and B antigens

The functions of the ABO blood group antigens are not known. Individuals who lack the A and B antigens are
healthy, suggesting that any function the antigens have is not important, at least not in modern times.

Diseases associated with ABO blood group antigens

No diseases are known to result from the lack of expression of ABO blood group antigens, but the susceptibility
to a number of diseases has been linked with a person's ABO phenotype. Such correlations remain controversial
and include the observation that gastric cancer appears to be more common in group A individuals (4), whereas
gastric and duodenal ulcers occur more often in group O individuals (5).

A clear correlation has been established between the ABO phenotype and the level of two proteins involved in
blood clotting; factor VII (FVIII) and von Willebrand factor (vWF) (6). Blood group O individuals have about
25% less FVIII and vWF in their plasma. It is well established that low levels of FVIII and vWF are a cause of
excess bleeding, and therefore it may also be the case that increased levels make clotting more likely, increasing
the risk of both arterial (ischemic heart disease) and venous (thromboembolic disease) problems. Indeed, non-
group O individuals have been shown to be at an increased risk of both arterial and venous disease (6).

Clinical significance of ABO antibodies

ABO antibodies are of major clinical significance for two reasons: they are naturally occurring and are found
universally, and, they are highly reactive.

Transfusion reactions

The routine practice of blood typing and cross matching blood products should prevent adverse transfusion
reactions caused by ABO antibodies. However, clerical error can result in "the wrong blood" being transfused
into a patient, an error which can result in the death of the patient (7, 8).

If a recipient who has blood group O is transfused with non-group O RBCs, the naturally occurring anti-A and
anti-B in the recipient's serum binds to their corresponding antigens on the transfused RBCs. These antibodies
fix complement and cause rapid intravascular hemolysis, triggering an acute hemolytic transfusion reaction that
can cause disseminated intravascular coagulation, shock, acute renal failure, and death.

Anti-Al is a less significant cause of transfusion reactions and does not appear to fix complement.

Hemolytic disease of the newborn

Most cases of hemolytic disease of the newborn (HDN) that arise from an ABO incompatibility require no
treatment. Cases of severe hemolysis that require exchange transfusions are less common, and fetal hydrops is
rare (9).

HDN caused by ABO antibodies occurs almost exclusively in infants of blood group A or B who are born to
group O mothers (10). This is because the anti-A and anti-B formed in group O individuals tend to be of the IgG
type (and therefore can cross the placenta), whereas the anti-A and anti-B found in the serum of group B and A
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individuals, respectively, tends to be of the IgM type. Although uncommon, cases of HDN have been reported in
infants born to mothers with blood group A2 (11) and blood group B (12).

HDN tends to be relatively mild in nature mainly because fetal RBCs don't express adult levels of A and B
antigens. However, the strength of fetal ABO blood group antigens can vary, and therefore the degree of
hemolysis and hence the severity of HDN can be unpredictable (13). Early studies suggested that the race of a
neonate was a risk factor for developing ABO HDN (14). However, later studies showed that the prevalence of
disease that required treatment did not differ significantly among Asian, Black, Hispanic, and Caucasian infants
(15).

Molecular information

Gene

The ABO locus encodes specific glycosyltransferases that synthesize A and B antigens on RBCs. For A/B antigen
synthesis to occur, a precursor called the H antigen must be present. In RBCs, the enzyme that synthesizes the H
antigen is encoded by the H locus (FUT1). In saliva and other bodily secretions, the enzyme that synthesizes the
H antigen is encoded by the Se locus (FUT2).

The ABO locus

The ABO locus is located on chromosome 9 at 9q34.1-q34.2. It contains 7 exons that span more than 18 kb of
genomic DNA. Exon 7 is the largest and contains most of the coding sequence. Exon 6 contains the deletion that
is found in most O alleles and results in a loss of enzymatic activity.

The A and B alleles differ from each other by seven nucleotide substitutions, four of which translate into different
amino acids in the gene product (R176G, G235S, L266M, G268A). The residues at positions 266 and 268
determine the A or B specificity of the glycosyltransferase they encode (16).

The O allele differs from the A allele by deletion of guanine at position 261. The deletion causes a frameshift and
results in translation of an almost entirely different protein that lacks enzymatic activity (16).

There are many variant ABO alleles that encode a number of variant ABO phenotypes, but they do not encode
specific antigens other than the A and B antigens. For example, weak A subgroups, such as A3, Ay, and Ag,
express the A antigen, and weak B subgroups, such as B3 and By, express the B antigen (2).

View the sequences of variant ABO alleles at the
dbRBC Sequence Alignment Viewer

The H locus (FUT1)

The H locus is located on chromosome 19 at 19q13.3. It contains three exons that span more than 5 kb of
genomic DNA, and it encodes a fucosyltransferase that produces the H antigen on RBCs.

Individuals who are homozygous for null alleles at this locus (h/h) do not produce H antigen, and because the H
antigen is an essential precursor to the ABO blood group antigens, they cannot produce A and B antigens.
Therefore, their serum contains anti-A and anti-B, in addition to potent anti-H. This rare phenotype of H-
deficient RBCs is called the "Bombay phenotype" (Oy,) after the city in which it was first discovered. Individuals
with the Bombay phenotype are healthy, but if they ever needed a blood transfusion, the antibodies in their
serum would place them at a high risk of having an acute hemolytic transfusion reaction. This can be avoided by
using only blood products from a donor who also has the Bombay phenotype (usually a relative).
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Read more about the Hh blood group in Chapter 6.
The Se locus (FUT2)

The Se locus is located on chromosome 19 at 19q13.3. It contains two exons that span about 25 kb of genomic
DNA.

The Se locus encodes a specific fucosyltransferase that is expressed in the epithelia of secretory tissues, such as
salivary glands, the gastrointestinal tract, and the respiratory tract. The enzyme it encodes catalyzes the
production of H antigen in bodily secretions.

"Secretors" have at least one copy of the Se gene that encodes a functional enzyme—their genotype is Se/Se or
Se/se. They secrete H antigen which, depending on their ABO genotype, is then processed into A and/or B
antigens.

Non-secretors are homozygous for null alleles at this locus (se/se). They are unable to produce a soluble form of
H antigen and hence do not produce A and B antigens.
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6. The Hh blood group

The Hh blood group contains one antigen, the H antigen, which is found on virtually all RBCs and is the
building block for the production of the antigens within the ABO blood group.

H antigen deficiency is known as the "Bombay phenotype” (h/h, also known as Oh) and is found in 1 of 10,000
individuals in India and 1 in a million people in Europe. There is no ill effect with being H deficient, but if a
blood transfusion is ever needed, people with this blood type can receive blood only from other donors who are
also H deficient. (A transfusion of "normal” group O blood can trigger a severe transfusion reaction.)

Because the H antigen is the precursor of the ABO blood group antigens, if it is not produced, the ABO blood
group antigens are also not produced. This can be misleading in paternity cases, a fact that has been exploited in
soap opera story lines!

In the show "General Hospital", the father of Monica's child was in doubt. Monica had blood type A (genotype
AO) and her child had blood type O (genotype OO). Because the child must inherit an O allele from the father,
the father could have the genotype AO, BO, or OO. In other words, the child's father could have blood group A
or B or O, which rules out Monica's husband Alan (type AB) and implicates Rick (type O).

Predicted ABO Genotypes

Alan Maonica Riclk
AB AO ? AOorBO
AQO or BO

However, Alan is the father! This is possible because both he and Monica are carriers of incomplete H deficiency
(H/h). Their h/h child is unable to produce any ABO blood group antigens and so despite inheriting the A or B
allele from Alan, the child's RBC's lack the A and B antigens as in blood type O.

Actual ABO and Hh Genotypes

Alan Monica Rick

O

AB Hh | AO Hh AO or BO, HH

hh



34 Blood Groups and Red Cell Antigens

At a glance

Antigens of the Hh blood group.
Number of antigens 1: the H antigen

Antigen specificity Carbohydrate
The specificity of the H antigen is determined by the sequence of oligosaccharides. More specifically, the
minimum requirement for H antigenicity is the terminal disaccharide fucose-galactose, where the fucose has
an alpha-(1-2)- linkage.

Antigen-carrying  Glycoproteins and glycolipids of unknown function
molecules The H antigen is attached to oligosaccharide chains that project above the RBC surface. These chains are
attached to proteins and lipids that lie in the RBC membrane.

Molecular basis The FUT1 gene indirectly encodes the H antigen expressed on RBCs.
FUT1 encodes a fucosyltransferase that catalyzes the final step in the synthesis of the H antigen.
The FUT?2 gene indirectly encodes a soluble form of the H antigen, which is found in bodily secretions.

Frequency of the H Present on 99.9% of RBCs in all populations
antigen H deficiency is rare: it is found in 1 of 8,000 in Taiwan, 1 of 10,000 in India, and 1 per million in Europe (1).

Frequency of the H Blood group O: 45% in Caucasians, 49% in Blacks, 43% in Asians, and 55% in Mexicans
phenotype The frequency of the H antigen is equivalent to the frequency of blood group O in which the H antigen remains
unaltered (1).

Antibodies produced against the H antigen.

Anti-H type IgM is more common than IgG
Anti-H is naturally occurring in people with H antigen deficiency.

Anti-H reactivity Capable of hemolysis
Anti-H can activate the complement cascade which lyses RBCs while they are still in the circulation
(intravascular hemolysis).

Transfusion reaction Yes—can cause an acute hemolytic transfusion reaction
Hemolytic disease of the Possible
newborn HDN could arise in mothers with the Bombay phenotype (Oh, h/h)

Background information

History

In Bombay, India, an individual was discovered to have an interesting blood type that reacted to other blood
types in a way that had not been seen before. Serum from this individual contained antibodies that reacted with
all RBCs from normal ABO phenotypes (i.e., groups O, A, B, and AB). The individual's RBCs appeared to lack all
of the ABO blood group antigens plus an additional antigen that was previously unknown.

In 1952, a paper about the "new blood group character related to the ABO blood group" was published (2). This
new blood group character is the H antigen and it is the building block for the antigens of the ABO blood group.

Named for the city in which it was first discovered, the "Bombay phenotype" describes individuals whose RBCs
lack the H antigen. Because the A and B antigens cannot be formed without the H antigen precursor, their RBCs
also lack these antigens. As a result, these individuals produce anti-H, anti-A, and anti-B and can therefore be
transfused only with RBCs that also lacks the H, A, and B antigens i.e., they can only receive blood from another
person with the Bombay phenotype. Because of the rarity of this blood type, this normally means using blood
donations from a suitable relative.
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Nomenclature

» Number of H antigens: 1

o ISBT symbol: H

 ISBT number: 018

» Gene symbol: FUT1

» Gene name: Fucosyltransferase 1

Basic biochemistry

The biosynthesis of the H antigen and the A and B antigens involves a series of enzymes (glycosyltransferases)
that transfer monosaccharides. The resulting antigens are oligosaccharide chains, which are attached to lipids
and proteins that are anchored in the RBC membrane.

The H antigen is produced by a specific fucosyltransferase. Depending upon a person's ABO blood type, the H
antigen is converted into either the A antigen, B antigen, or both. If a person has blood group O, the H antigen
remains unmodified. Therefore, the H antigen is present in the highest amounts in blood type O and in the least
amounts in blood type AB.

Two regions of the genome encode two enzymes with very similar substrate specificities—the H locus (FUT1)
and the Se locus (FUT?2).

The H locus contains the FUT1 gene, which is expressed in RBCs. At least one functioning copy of FUT1 needs
to be present (H/H or H/h) for the H antigen to be produced on RBCs. If both copies of FUT1 are inactive (h/h),
the Bombay phenotype results.

The Se locus contains the FUT2 gene, which is expressed in secretory glands. Individuals who are "secretors”
(Se/Se or Se/se) contain at least one copy of a functioning enzyme. They produce a soluble form of H antigen
that is found in saliva and other bodily fluids. "Non-secretors" (se/se) do not produce soluble H antigen. The
enzyme encoded by FUT2 is also involved in the synthesis of antigens of the Lewis blood group.

Common H phenotypes

The two common H phenotypes are "secretor” and "non-secretor".

Secretor (common)

« H antigen is expressed on RBCs.

« H antigen is expressed in saliva.

« No anti-H is produced.

» Genotype: H/H or H/h; Se/Se or Se/se

Non secretor (common)

« H antigen is present on RBCs.
« H antigen is absent from saliva.
« No anti-H is produced.

+ Genotype: H/H or H/h; se/se

Uncommon H Phenotypes

The Bombay phenotype and para-Bombay phenotype are relatively rare. In India, where H deficiency was first
discovered, the frequency of both phenotypes combined is 1 in 10,000 (1). H deficiency is slightly more common
in Taiwan, affecting 1 of 8,000 people (1). A relatively large number of H-deficient individuals were found on
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Reunion Island, which is a small French Island 800 km east of Madagascar in the Indian Ocean (3). Both the
classical Bombay phenotype and a new variant type of partial H deficiency was seen in the islanders (4). In
Europe, 1 per million people are H deficient (1).

Bombay phenotype

« H antigen is not expressed on RBCs.
« H antigen is not found in saliva.

« Serum contains anti-H.
 Genotype: h/h se/se

Para-Bombay phenotype

» H antigen is weakly expressed on RBCs.

« H antigen may be present or absent in saliva.
« Serum contains anti-H.

» Genotype: (H), Se/Se or Se/se or se/se

Expression of the H antigen
The H antigen shares the same broad tissue distribution as the A and B antigens. Likewise, in individuals who
are "secretors”, a soluble form of the H antigen is found in saliva and all fluids except cerebrospinal fluid.

Function of the H antigen

The function of the H antigen, apart from being an intermediate substrate in the synthesis of ABO blood group
antigens, is not known although it may be involved in cell adhesion (5). People who lack the H antigen do not
suffer any deleterious effects, and being H-deficient is only an issue if they were to need a blood transfusion
because they would require H-deficient blood.

Clinical significance of H antibodies

Transfusion reactions

If patients with anti-H in their circulation receive transfusions of blood that contains the H antigen (e.g., blood
group O), they are at risk of suffering an acute hemolytic transfusion reaction.

Hemolytic disease of the newborn

In theory, the maternal production of anti-H during pregnancy could cause hemolytic disease in a fetus who did
not inherit the mother's Bombay phenotype. In practice, cases of HDN caused in this way have not been
described, possibly because of the rarity of the Bombay phenotype.

Molecular information

The H blood group locus (containing FUT1) and the secretor locus (containing FUT?2) are located on
chromosome 19 at q.13.3. FUT1 and FUT?2 are tightly linked, being only 35 kb apart. Because they are highly
homologous, they are likely to have been the result of a gene duplication of a common gene ancestor.

The H locus contains four exons that span more than 8 kb of genomic DNA. Both the Bombay and para-Bombay
phenotypes are the result of point mutations in the FUT1 gene (6, 7).

The classical Bombay phenotype is caused by a Tyr316Ter mutation in the coding region of FUT1 (1, 8). The
mutation introduces a stop codon, resulting in a truncated enzyme that lacks 50 amino acids at the C-terminal
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end, rendering the enzyme inactive. In Caucasians, the Bombay phenotype may be caused by a number of
mutations (9, 10). Likewise, a number of mutations have been reported to underlie the para-Bombay phenotype

(11).
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7. The Rh blood group

The Rh blood group is one of the most complex blood groups known in humans. From its discovery 60 years ago
where it was named (in error) after the Rhesus monkey;, it has become second in importance only to the ABO
blood group in the field of transfusion medicine. It has remained of primary importance in obstetrics, being the
main cause of hemolytic disease of the newborn (HDN).

The complexity of the Rh blood group antigens begins with the highly polymorphic genes that encode them.
There are two genes, RHD and RHCE, that are closely linked. Numerous genetic rearrangements between them
has produced hybrid Rh genes that encode a myriad of distinct Rh antigens. To date, 49 Rh antigens are known.

The significance of the Rh blood group is related to the fact that the Rh antigens are highly immunogenic. In the
case of the D antigen, individuals who do not produce the D antigen will produce anti-D if they encounter the D
antigen on transfused RBCs (causing a hemolytic transfusion reaction, HTR) or on fetal RBCs (causing HDN).

For this reason, the Rh status is routinely determined in blood donors, transfusion recipients, and in mothers-to-
be.

Despite the importance of the Rh antigens in blood transfusion and HDN, we can only speculate about the
physiological function of the proteins, which may involve transporting ammonium across the RBC membrane
and maintaining the integrity of the RBC membrane.

At a glance
Antigens of the Rh blood group.

Number of 49: D, G, E, ¢, and e are among the most significant

antigens

Antigen Protein

specificity The sequence of amino acids determines the specificity of most of the Rh antigens.

Antigen- Proteins with unknown function

carrying The RhD and RhCE proteins are both transmembrane, multipass proteins that are integral to the RBC membrane.
molecules The RhCE protein encodes the C/c antigen (in the 2nd extracellular loop) and the E/e antigen (in the 4th

extracellular loop), plus many other Rh antigens e.g., C%, CX.

Unlike most cell surface molecules, the Rh proteins are not glycosylated (they do not contain oligosaccharides)
but they are closely associated with a RBC membrane glycoprotein called RhAG. The function of the Rh-RhAG
complex might involve transporting ammonium or carbon dioxide. The RhD protein encodes the D antigen.

Molecular basis Two genes, RHD and RHCE, encode the Rh antigens.
The Rh genes are 97% identical, and they are located next to each other on chromosome 1. The D/d
polymorphism most commonly arises from a deletion of the entire RHD gene. The C/c polymorphism arises from
four SNPs that cause four amino acid changes, one of which (S103P) determines the C or ¢ antigen specificity. The
E/e polymorphism arises from a single SNP (676G->C) that causes a single amino acid change (A226P).

Frequency of Rh  D: 85% Caucasians, 92% Blacks, 99% Asians
antigens C: 68% Caucasians, 27% Blacks, 93% Asians

E: 29% Caucasians, 22% Blacks, 39% Asians

¢: 80% Caucasians, 96% Blacks, 47% Asians

e: 98% Caucasians, 98% Blacks, 96% Asians (1)

Frequency of Rh  Rh haplotype DCe: most common in Caucasians (42%), Native Americans (44%), and Asians (70%)
phenotypes Rh haplotype Dce: most common in Blacks (44%)
Rh D-negative phenotype: most common in Caucasians (15%), less common in Blacks (8%), and rare in Asians
(1%) (1)
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Antibodies produced against Rh antigens.

Antibody type Mainly IgG, some IgM
The majority of Rh antibodies are of the IgG type.

Antibody reactivity = Capable of hemolysis
Rh antibodies rarely activate complement. They bind to RBCs and mark them up for destruction in the spleen
(extravascular hemolysis).

Transfusion reaction Yes—typically delayed hemolytic transfusion reactions
Anti-D, anti-C, anti-e, and anti-c can cause severe hemolytic transfusion reactions. Hemolysis is typically
extravascular (1).

Hemolytic disease of Yes—the most common cause of HDN.

the newborn The D antigen accounts for 50% of maternal alloimmunization (2).
Anti-D and anti-c can cause severe disease.
Anti-C, anti-E, and anti-e can cause mild to moderate disease.

Background information

History

In 1939, a mother who had just given birth to a still-born child needed a blood transfusion. The ABO blood
group system had been discovered almost 40 years previously, and the importance of giving an ABO-compatible
blood transfusion was well established. However, although the mother was transfused with ABO compatible
blood from her husband, she still experienced an adverse reaction to the transfusion. Her serum was found to
contain antibodies that agglutinated her husband's RBCs, even though they were ABO compatible. The death of
the mother's fetus and her adverse reaction to a blood transfusion from her husband was related. During the
pregnancy, the mother had been exposed to an antigen on the fetal RBCs that was of paternal origin. Her
immune system attacked this antigen, and the destruction of the fetal RBCs resulted in fetal death. The mother
re-encountered the same paternal antigen when she received a blood transfusion from her husband. This time
her immune system attacked the transfused RBCs, causing a hemolytic transfusion reaction. The antibodies
responsible led to the discovery of the Rh blood group.

It was wrongly thought that the agglutinating antibodies produced in the mother's serum in response to her
husbands RBCs were the same specificity as antibodies produced in various animals' serum in response to RBCs
from the Rhesus monkey. In error, the paternal antigen was named the Rhesus factor. By the time it was
discovered that the mother's antibodies were produced against a different antigen, the rhesus blood group
terminology was being widely used. Therefore, instead of changing the name, it was abbreviated to the Rh blood

group.

Remarkably, only 20 years after the discovery of Rh incompatability in pregnancy, effective treatment became
available. Today, the Rh status of mothers-to-be is checked during pregnancy to identify those at risk of HDN. In
addition, all blood transfusions are matched for the Rh status.

Nomenclature

« Number of Rh antigens: 49

« ISBT symbol: Rh

o ISBT number: 004

» Gene symbols: RHD and RHCE

« Gene names: Rhesus blood group, D antigen; and, Rhesus blood group, CcEe antigens
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Basic biochemistry

Common Rh phenotypes

The most common Rh haplotype in Caucasians, Asians, and Native Americans is DCe. In Blacks, the Dce
haplotype is slightly more common (1).

In Caucasians, the Rh D-negative phenotype results from a deletion of the RHD gene. About 15% of Caucasians
are Rh D-negative.

In Africans, there are three molecular backgrounds that give rise to the Rh D-phenotype which is found in 8% of
the population. One is the RHD gene deletion that is common in Caucasians. The other two mechanisms are
inheriting a RHD pseudogene (contains a duplication of nucleotides that introduces a premature stop codon) or
inheriting a RHD hybrid gene (contains nucleotide sequences from the RHCE gene, produces no D antigen and
abnormal C antigen) (3)

Uncommon Rh phenotypes

The D antigen contains over 30 epitopes. Variations of the D phenotype arise when these epitopes are only
weakly expressed ("weak D phenotype”) or when some are missing ("partial D phenotype").

Weak D: all D antigen epitopes are present but are underexpressed

"Weak D" is a Rh phenotype found in less than 1% of Caucasians and is only slightly more common in African
Americans (2). It is typically caused by a single amino acid switch in the transmembrane region of the RhD
protein. This disrupts how the RhD protein is inserted into the RBC membrane, reducing the level of expression
of RhD. In most cases, adequate levels of D antigen are present and because there has been no change in D
epitopes, the formation of anti-D is prevented. Therefore, individuals with the weak D phenotype can receive Rh
D-positive blood.

Partial D: some D antigen epitopes are missing

In contrast, people who have been identified as having the "partial D" phenotype should not receive Rh D-
positive blood but in practice, people with partial D are difficult to identify. This phenotype is usually caused by
the creation of a hybrid RhD and RhCE protein. The hybrid protein is similar enough to RhD to be correctly
inserted in the RBC membrane, but it lacks several epitopes found on the complete RhD protein. If a person with
the partial D phenotype encounters the complete D antigen on transfused RBCs, they may form anti-D and
suffer from a transfusion reaction.

Expression of Rh antigens

The Rh antigens are expressed as part of a protein complex in the RBC membrane. This complex is only
expressed in cells of the erythroid line, and therefore Rh antigens are only expressed in RBCs. The composition
of the complex is unknown, but it is thought to be a tetramer, consisting of two molecules of Rh-associated
glycoprotein (RhAG) and two molecules of Rh proteins. The Rh proteins may be RhD (carrying the D antigen)
or RhCE (carrying the C or ¢ antigen and the E or e antigen). It is unknown whether both RhCE and RhD can
be in a single complex, but in D-negative individuals the complex would only contain RhCE.

RhAG must be present to direct the Rh antigens to the RBC membrane. If it is missing, none of the Rh antigens
are expressed. RHAG is related to the Rh proteins, sharing about 35% of their primary sequence and is the same
type of transmembrane protein. However, it is not polymorphic and does not carry Rh antigens itself (3).
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Function of Rh proteins

The Rh antigens are thought to play a role in maintaining the integrity of the RBC membrane—RBCs which lack
Rh antigens have an abnormal shape.

Individuals with the rare Rhy1 phenotype caused by the deletion of RHAG have RBCs that do not express any
of the Rh antigens because they cannot be targeted to the RBC membrane. The absence of the Rh complex alters
the RBC shape, increases its osmotic fragility, and shortens its lifespan, resulting in a hemolytic anemia that is
usually mild in nature. These patients are at risk of adverse transfusion reactions because they may produce
antibodies against several of the Rh antigens.

Rh antigens may also be involved in the transport of ammonium across the RBC membrane. Interestingly, the
first member of a family of water channels (aquaporins) and the first member of a family of urea transporters
were both found in blood group proteins (the Colton blood group and Kidd blood group, respectively).

Clinical significance of Rh antibodies

The Rh antigens are highly immunogenic, and most of the Rh antibodies should be considered as potential
causes of hemolytic transfusion reactions and HDN.

Whereas most blood types are determined by red cell antigens that differ by one or two amino acids, the Rh
blood group contains the D antigen which differs from the C/c and E/e antigens by 35 amino acids. This large
difference in amino acids is the reason why the Rh antigens are potent at stimulating an immune response (4).

The majority of antibodies formed against the Rh antigens are of the IgG type. They are capable of causing
significant HTR and HDN. Rh antibodies rarely, if ever, bind complement, and therefore RBC destruction is
mediated almost exclusively via macrophages in the spleen (extravascular hemolysis).

There are a few examples of Rh alloantibodies that are naturally occurring and are of the IgM type, but they are
in the minority.

Transfusion reactions

Anti-D, anti-C, anti-E, and anti-e have all been involved in hemolytic transfusion reactions, particularly delayed
reactions (5).

Routine blood typing for Rh D status in both blood donors and transfusion recipients has reduced the incidence
of transfusion reactions caused by anti-D. But sensitization to other Rh antigens can be a problem in transfusion
medicine, particularly in patients with sickle cell anemia (SCA). SCA is more common in Blacks, and the
treatment of SCA involves blood transfusions. Blacks are also more likely to express variants of the Rh e antigen,
and therefore produce anti-e, along with other Rh alloantibodies, which increases the difficulty in finding Rh-
compatible blood donors.

Hemolytic disease of the newborn

Anti-D causes the most severe form of HDN and it used to be a major cause of fetal death. Since the
introduction of anti-D immunoglobulin along with careful monitoring of at-risk pregnancies, the prevalence of
HDN because of Rh D incompatibility has decreased dramatically. However, all cases cannot be prevented, and
RhD alloimmunization remains a major cause of disease (6).

Other Rh alloantibodies that are capable of causing severe HDN include anti-c (7, 8), which clinically is the most
important Rh antigen after the D antigen.
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Moderate disease can be caused by anti-C" (9) and anti-C* (10). Rh alloantibodies that are typically associated
with mild HDN include anti-C (relatively common) (11), anti-E (12), and anti-e (13).

Molecular information

Gene

The Rh locus is located on the short arm of chromosome 1 (on 1p36-p34). It contains the RHD and RHCE
genes, which lie in tandem. The RHD and RHCE genes are structural homologs and result from a duplication of
a common gene ancestor.

RHD and RHCE each contain 10 exons and span a ~75-kb DNA sequence. The RHD gene is flanked by two 9-
kb, highly homologous sequences called "Rhesus boxes" (14, 15). It is thought that unequal homologous
recombination confined to the Rhesus boxes is a common cause of the deletion of the RHD gene, which is found
in up to 40% of the population.

View the sequences of RHD and RHCE alleles at the
dbRBC Sequence Alignment Viewer

Protein

The RHD and RHCE genes each encode a transmembrane protein over 400 residues in length that traverses the
RBC membrane 12 times. The RhD protein only differs from the common form of the RhCE protein by about 35
amino acids.

The RhD protein bears the D antigen which has over 30 epitopes. The RhCE protein carries the epitope for the C
or c antigen on the second extracellular loop, and the epitope for the E or e antigen on the fourth extracellular
loop. A number of nucleotide substitutions in the RHCE gene in turn cause a number of amino acid changes in
the RhCE protein, but two polymorphisms are thought to be key in producing the polymorphic antigens on this
protein, i.e., the SI03P polymorphism (produces the C or c antigen, respectively), and the P226A polymorphism
(produces the E or e antigen, respectively).
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8. The Kell blood group

The Kell blood group system is complex and contains many antigens that are highly immunogenic. These
antigens are the third most potent, after those of the ABO and Rh blood groups, at triggering an immune
reaction.

Antibodies that target Kell antigens can cause transfusion reactions and hemolytic disease of the newborn
(HDN). In the case of HDN, ABO and Rh incompatibility are more common causes. However, disease caused by
maternal anti-ABO tends to be mild, and disease caused by maternal anti-Rh can largely be prevented. The
infrequent cases of HDN caused by Kell immunization tend to result in severe fetal anemia because maternal
anti-Kell target fetal red blood cell (RBC) precursors, suppressing the fetal production of RBCs.

At a glance

Antigens of the Kell blood group.

Number of 25
antigens The K antigen is one of the most clinically significant Kell antigens.

Antigen specificity Protein
Amino acid sequence determines the specificity of Kell antigens

Antigen-carrying  Glycoprotein with enzymatic function

molecules The Kell glycoprotein is a transmembrane, single-pass protein that carries the Kell antigens. It is an
endothelin-3-converting enzyme; it cleaves "big" endothelin-3 to produce an active form that is a potent
vasoconstrictor (1).

Molecular basis The KEL gene encodes the Kell antigens.
KEL is highly polymorphic. It has two major codominant alleles, k and K, which result from a SNP (698C->T),
and the corresponding k and K antigens differ by a single amino acid change (T193M).

Frequency of Kell  ~100%: k, Kp®, Ku, JsP, K11, K12, K13, K14, K18, K19, Km, K22, K26, K27
antigens K antigen: 2% in Blacks, 9% in Caucasians, up to 25% in Arabs

~2%: Kp?, U142

~0.01%: Js? (0.01% in Caucasians, 20% in Blacks), Kp©, K23

Others: K17 (~0.3%), K24 (rare), VLAN (rare), K16 (unknown) (2)

Frequency of Kell  K-k+ in 91% Caucasians and 98% Blacks
phenotypes K+k- in 0.2% Caucasians and is rare in Blacks
K+k+ in 8.8% Caucasians and 2% Blacks
Kp (a-b+) in 97.7% Caucasians and 100% Blacks
Js (a-b+) in 100% Caucasians and 80% Blacks (2)

Antibodies produced against Kell antigens.

Antibody type IgG
IgM is uncommon

Antibody reactivity Does not bind complement
If hemolysis does occur, it is extravascular in nature.

Transfusion reaction ~ Can cause a severe hemolytic transfusion reaction
Anti-K and anti-Ku are capable of causing a severe reaction. A milder reaction is caused by anti-k, anti-Kp?,
anti-Kpb, anti-Js?, and anti-]sb.

Hemolytic disease of  Can cause severe fetal anemia
the newborn Kell isoimmunization is the third most common cause of HDN after Rh and ABO. Anti-Kell causes severe
fetal anemia by suppressing fetal RBC synthesis (3, 4).
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Background information

History

The Kell blood group system was discovered in 1946. It was named for Mrs. Kelleher, a patient in whom anti-Kell
antibodies had resulted in hemolytic disease of her newborn child (the child's RBCs expressed K antigen which
were bound by anti-K in the mother's serum). Since this time, a total of 25 Kell antigens have been discovered
and they are expressed in different frequencies in different populations. But the original K antigen remains of
prime importance in transfusion medicine and HDN.

Nomenclature

« Number of Kell antigens: 25

« ISBT symbol: KEL

o ISBT number: 006

» Gene symbol: KEL

« Gene name: Kell blood group

Basic biochemistry

Common Kell phenotypes

The Kell blood group system is complex. The Kell locus is highly polymorphic and gives rise to many Kell
antigens. There are, however, two major codominant allelic genes that produce two important antigens: K and k
(previously known as Kell and Cellano, respectively), which differ by a single amino acid. The k antigen is more
common than the K antigen in most populations, the K-k+ phenotype is found in 98% of Blacks and 91% of
Caucasians (2).

Uncommon Kell phenotypes

Null phenotype

The Kell system has a rare null phenotype, K, in which RBCs lack all Kell antigens. Individuals with this
phenotype are healthy but produce anti-Ku when they encounter RBCs that do express Kell antigens. Anti-Ku is
capable of causing a mild to severe transfusion reaction with at least one fatal case being reported (5). Therefore,
if K, individuals ever require a blood transfusion, they should only be transfused with K, blood products.

McLeod syndrome

In the RBC membrane, the Kell glycoprotein is covalently linked to the XK protein, a multipass membrane
protein thought to have a role in transport. In the absence of XK, a condition called McLeod syndrome, Kell
antigens are only weakly expressed and the RBCs are abnormal with spiky projections (acanthocytosis). Systemic
findings include muscular dystrophy, cardiomyopathy, psychiatric disturbances, and neurological defects, such
as loss of reflexes and movement disorders (1).

Expression of Kell antigens

Kell antigens were once thought to be restricted to blood cells of erythroid origin (i.e., RBCs and their
precursors), but they have recently been found to be expressed in myeloid tissues (6, 7).

The Kell antigen is also expressed in a small amount on a number of organs including lymphoid organs, muscle
(both cardiac and skeletal), and the nervous system (2).
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Functions of the Kell glycoprotein

The Kell glycoprotein is an endothelin-3-converting enzyme. By cleaving an inactive precursor (big
endothelin-3), it creates active endothelin-3, which is a potent constrictor of blood vessels.

Clinical significance of Kell antibodies
The K antigen is the most immunogenic antigen after the antigens of the ABO and Rh blood group systems.

Transfusion reactions

Anti-Kell antibodies are usually of the antibody class IgG (IgM is far less common). The antibodies that have
been implicated in causing transfusion reactions, which can occasionally be severe in nature include, anti-K,
anti-k, anti-Kp?, and anti-JsP (2). The production of anti-Ku in patients with K° has resulted in a fatal hemolytic
transfusion reaction (5).

Hemolytic disease of the newborn

Anti-Kell is an important cause of HDN. It tends to occur in mothers who have had several blood transfusions
in the past, but it may also occur in mothers who have been sensitized to the Kell antigen during previous
pregnancies.

In contrast to Rh and ABO sensitization, HDN attributable to Kell sensitization is caused by anti-K suppressing
the fetal production of RBCs. Unlike Rh and ABO, Kell antigens are expressed on the surface of RBC precursors,
and anti-K promotes the immune destruction of K+ erythroid early progenitor cells by macrophages in the fetal
liver (rather than only mature fetal RBCs). Because the RBC precursors do not contain hemoglobin, less
bilirubin is released during the hemolysis, and jaundice in the newborn period is less common. However, the
underlying anemia may be severe (8).

Various case studies have reported the following antibodies causing HDN: anti-K (7, 9-12), anti-k (13), anti-Kp?
(14), anti-KpP (15), anti-Js? (16, 17), anti-Js? (16, 18), and anti-U1? (19).

Molecular information

Gene

The KEL gene is found on chromosome 7, at 7q33, and contains 19 exons that span more than 21 kbp of
genomic DNA. The KEL gene is highly polymorphic, with different alleles at this locus encoding the 25 antigens
that define the Kell blood group.

View the sequences of KEL alleles at the
dbRBC Sequence Alignment Viewer

The K/k blood group polymorphism represents a point mutation resulting in an amino acid switch from
threonine 193 (in the k antigen) to methionine 193 (in the K antigen) in the Kell glycoprotein. The K antigen is
more potent at triggering an immune reaction than the k antigen. Its higher level of antigenicity may be because,
unlike other Kell antigens, it is not glycosylated at residue 191 (20).

Other common Kell blood group polymorphisms include Kpb/ Kp? which arises from a 961C>T SNP causing the
R281W amino acid change, and Js®/Js? which arises from a 1910T->C SNP causing the L597P amino acid change
(21).


http://www.ncbi.nlm.nih.gov/projects/mhc/align.fcgi?cmd=aligndisplay&locus_id=62&locus_group=3&banner=1&banner=1
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Protein

The Kell protein is a polypeptide chain of 732 amino acids in length that becomes glycosylated at five different
sites. It makes a single pass through the RBC membrane.

The Kell protein is anchored to the surface of the RBC by being linked to an integral RBC membrane protein,
XK, by a single disulfide bond. XK is a transmembrane protein that traverses the RBC membrane 10 times. If XK
is absent, the multisystemic syndrome, McLeod's syndrome, results.

The Kell protein has both sequence and structural homology to a large family of zinc-dependant endopeptidases
(enzymes that cleave proteins within the peptide chain, not near the N or C terminus). The Kell protein and
other proteins in this family contain a pentameric sequence which is essential for zinc binding and catalytic
activity.
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9. The Duffy blood group

The Duffy glycoprotein is a receptor for chemicals that are secreted by blood cells during inflammation. It also
happens to be a receptor for Plasmodium vivax, a parasite that invades red blood cells (RBCs) and causes
malaria. RBCs that lack the Dufty antigens are relatively resistant to invasion by P. vivax. This has influenced the
variation in Dufty blood types seen in populations where malaria is common.

Antibodies formed against the Dufty antigens are a cause of both transfusion reactions and hemolytic disease of
the newborn.

At a glance
Antigens of the Duffy blood group.

Number of 6: Fy3, Fyb, Fy3, Fy4, Fy5, Fy6
antigens

Antigen specificity Protein
Amino acid sequence determines the specificity of Duffy antigens.

Antigen-carrying  Glycoprotein that is a red cell receptor

molecules The Dufty glycoprotein is a receptor that binds cytokines released during inflammation. It also binds the malaria
parasite Plasmodium vivax, and RBCs that lack the Duffy Fy? and Fy antigens are resistant to invasion.
Structurally, the Duffy protein is similar to the family of G-protein coupled receptors, having 7 transmembrane
domains.

Molecular basis The FY gene encodes the Duffy antigens.
FY has two major codominant alleles, FYA and FYB, which result from a SNP (125G>A), and the
corresponding Fy? and Fyb antigens differ by a single amino acid (G42D). Individuals who are homozygous for
a -33T>C SNP in the erythroid promoter region of the FYB allele have the phenotype Fy(a-b-) and do not
express Dufly antigens on their RBCs.

Frequency of Fy®: 66% Caucasians, 10% Blacks, 99% Asians
Duffy antigens FyP: 83% Caucasians, 23% Blacks, 18.5% Asians
Fy3: 100% Caucasians, 32% Blacks, 99.9% Asians (1).

Frequency of The Duffy null phenotype, Fy(a-b-), is very rare in Caucasians but is found in 68% of Blacks (1).
Duffy phenotypes  Fy(a+b+): 49% Caucasians, 1% Blacks, 9% Chinese

Fy(a-b+): 34% Caucasians, 22% Blacks, <1% Chinese

Fy(a+b-): 17% Caucasians, 9% Blacks, 91% Chinese

Antibodies produced against Dufty antigens.

Antibody type IgG
Mainly IgG, IgM is rare

Antibody reactivity Does not bind complement

Transfusion reaction ~ Typically a moderate, delayed transfusion reaction
Anti-Fy? and anti-Fyb can cause transfusion reactions that range from mild to severe in nature and may
occur immediately after the transfusion (rarely) or more commonly, after a delay. Anti-Fy3 is a cause of
mild to moderate, delayed transfusion reactions.

Hemolytic disease of  Typically mild disease
the newborn Anti-Fy? causes mild HDN (rarely, severe HDN can occur). Anti—Fyb and anti-Fy3 are uncommon causes
of mild HDN.
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Background information

History

The Duffy blood group was discovered in 1950. It was named for a patient with hemophilia who had received
multiple blood transfusions and was the first known producer of anti-Fy?. A year later, anti-Fyb was discovered
in a woman who had had several children. The remaining Dufty antigens (FY3, FY4, FY5, and FY6) were
discovered 20 years later, but from these, only FY3 appears to be clinically significant.

The frequency of the Duffy phenotypes varies in different populations. The Duffy null phenotype, Fy(a-b-), is
rare among Caucasian and Asian populations, whereas it is the most common phenotype in Blacks, occurring in
over two-thirds of the Black population. The racial variation in the distribution of Dufty antigens is a result of a
positive selection pressure—the absence of Duffy antigens on RBCs makes the RBCs more resistant to invasion
by a malarial parasite.

Worldwide, of the four Plasmodium species that routinely cause malaria in humans, P. falciparum is responsible
for the majority of fatal cases (2). But in Asia and the Americas, P. vivax is a more common cause of malaria. To
cause disease, P. vivax must first enter the human RBC, which it does by binding to the N-terminal extracellular
domain of the Duffy glycoprotein through the cysteine-rich region of the Dufty binding protein (DBP) (3).
Individuals with the Duffy null phenotype do not express the Dufty protein on their RBCs and therefore are
immune to P, vivax infection.

Interestingly, the Fy(a-b-) phenotype is most common in areas where there is little P. vivax malaria (4). In areas
of West Africa, there is a high frequency of the Fy (a-b-) phenotype and a low incidence of P. vivax malaria. This
may be because the pre-existence of a high frequency of the Fy(a-b-) phenotype prevented P. vivax malaria from
becoming endemic in West Africa (4, 5).

Nomenclature

« Number of Duffy antigens: 6

o ISBT symbol: FY

« ISBT number: 008

» Gene symbol: FY

» Gene name: Dufty blood group

Basic biochemistry

The Duffy glycoprotein is encoded by the FY gene, of which there are two main alleles, FYA and FYB. They are
codominant, meaning that is the FYA is inherited from one parent and the FYB allele if inherited from the other,
both gene products, Duffy Fy? and Fyb antigens, will be expressed on the RBCs.

Phenotypes
There are four main Duffy phenotypes:

« Fy(a+b-)
o Fy(a+b+)
« Fy(a-b+)
« Fy(a-b-)
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The Fy? and Fy antigens are found relatively frequently in Caucasians (Fya 66% and Fyb 83%) and Asians (Fy?
99% and Fyb 18.5%) but are far less common in Blacks (Fy? 10% and F 23%). In fact, the Fy(a- b-) phenotype
is present in two-thirds of African-American Blacks but is very rare in Caucasians (1).

An important minor Duffy phenotype is the Fy* [Fy(b+*)]. The FYX allele encodes the Fyb antigen, but it is only
weakly expressed because a reduced amount of Duffy protein, and it is not always detected by anti-Fyb.

Expression of Duffy antigens

Dulfty antigens are expressed on many different types of cells. Even Fy(a-b-) individuals who do not produce
Duffy antigens on their RBCs do express Dufty antigens elsewhere, including endothelial cells that line blood
vessels, epithelial cells of kidney collecting ducts, lung alveoli, and Purkinje cells of the cerebellum. Duffy
antigens are also expressed in the thyroid gland, the colon, and the spleen.

Function of Duffy glycoprotein

The Duffy glycoprotein is also called the Duffy-Antigen Chemokine Receptor (DARC). As a chemokine receptor,
it binds to the chemicals that are secreted by cells during inflammation and recruits other blood cells to the area
of damage. These chemokines include C-X-R (acute inflammation chemokine) and C-C (chronic inflammation
chemokine), IL-8 (interleukin 8), and RANTES (regulated on activation, normal T-expressed and secreted) (6).

Animal studies suggest that the function of Dufty as a chemokine receptor is not physiologically important
because mice that lacked the mouse homolog of the Duffy gene (Dfy) were not more susceptible to infection
than mice that expressed Dfy (7). Indeed, individuals with the null Duffy phenotype appear to have normal
RBCs and a normal immune system.

Clinical significance of Duffy antibodies

Transfusion reactions

Antibodies against the Dufty antigens Fy? (8), Fyb (9, 10), Fy3 (1), and Fy5 (11,12) have all been implicated as
the cause of a transfusion reaction. Anti-Fy? is more commonly found in patients who are of African descent (in
whom the Duffy null phenotype is more common) and have sickle cell anemia (and therefore may require
multiple blood transfusions).

Hemolytic disease of the newborn

Maternal-fetal incompatibilities within the Duffy blood group system is an uncommon cause of HDN. The
disease tends to be mild in nature. The Duffy antlgens known to have caused maternal immunization and
subsequent hemolytic disease are Fy? (13-16), Fy (17), and Fy3 (1).

Molecular information

Gene

The Duffy locus, FY, is located on chromosome 1 at position q22-q23. It consists of two exons that span over
1,500 bp of genomic DNA. The two main alleles, FYA and FYB, differ by a single nucleotide at position 125 (G
and A, respectively) and they likewise encode Fy? and Fy antigens that differ by a single amino acid at residue
42 (glycine and aspartic acid, respectively).
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View the sequences of FY alleles at the
dbRBC Sequence Alignment Viewer

There are two genetic backgrounds that give rise to the Duffy negative phenotype Fy(a-b-) (18). Most commonly,
a mutation in the promoter region of the FYB allele abolishes the expression of the Duffy glycoprotein in RBCs,
but the protein is still produced in other types of cells. This erythroid-specific mutation is found in African
Americans (70%) and West Africans (approaching 100%) (19). Perhaps because the Duffy antigens are expressed
in other tissues, these patients do not generally make anti-Fyb or anti-Fy3 (20).

Less commonly, the Fy(a-b-) phenotype is a result of point mutation that introduces a premature stop codon
into the coding sequence. It is unlikely that the truncated Dufly protein is transported to the cell surface, and it is
likely that the Dufty protein would be absent from all tissues in individuals who carry this type of mutation.
There may be strong anti-Fy3 in these patients (20).

The molecular basis of the F* [Fy(b+¥)] phenotype is a mutation in the coding sequence 265C->T (Arg897Cys),
which always occurs with another mutation, 298G>A (Ala100Thr) (18).

Protein

The Duffy glycoprotein is a transmembrane protein that spans the RBC membrane seven times and has an
extracellular N-terminal domain and a cytoplasmic C-terminal domain. It shares structural similarity with G-
protein coupled receptors but so far, it has not been shown to be a member of this family.

The binding site for chemokines, the binding site for P. vivax, and the major antigenic domains are all located in
overlapping regions in the extracellular N-terminal domain.
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10. The Kidd blood group

The Kidd (JK) glycoprotein is the red blood cell (RBC) urea transporter. Situated in the membrane it rapidly
transports urea into and out of RBCs, maintaining the osmotic stability and shape of the RBC in the process. The
Kidd glycoprotein is also expressed in the kidney, where it enables the kidney to build up a high concentration of
urea which is needed for the kidney to produce concentrated urine.

People who do not produce the Kidd glycoprotein tend not to be able to maximally concentrate urine, but
despite this, they are healthy and their RBCs have a normal shape and lifespan.

Antibodies that target Kidd antigens are a significant cause of delayed hemolytic transfusion reactions. Anti-
Kidd antibodies are also a cause of hemolytic disease of the newborn (HDN), the severity of the disease varies
but tends to be mild in nature.

At a glance
Antigens of the Kidd blood group.
Number of antigens  3: Jk1 (Jk?), Jk2 (]kb) and Jk3

Antigen specificity Protein
Amino acid sequence determines the specificity of Kidd antigens

Antigen-carrying Glycoprotein that transports urea
molecules The Kidd protein is a transmembrane, multi-pass protein that transports urea across the RBC membrane.
Molecular basis The SLC14A1 gene encodes the Kidd glycoprotein.

Located on chromosome 18 (18q11-q12), contains 11 exons that span more than 30 kbp of DNA. The
SLC14A1 gene has two major codominant alleles, Jk? and ]kb, which result from a SNP (838G->A), and the
corresponding Jk? and Jk antigens differ by a single amino acid (D280N).

Frequency of Kidd  Jk* 77% Caucasians, 92% Blacks, and 73% Asians
antigens Jkb: 74% Caucasians, 49% Blacks, and 76% Asians
Jk3: 100% in most populations, >99% in Polynesians (1)

Frequency of Kidd Jk(a+b+): 50% Caucasians, 41% Blacks, 49% Asians
phenotypes Jk(a+b-): 26% Caucasians, 51% Blacks, 23% Asians
Jk(a-b+): 23% Caucasians, 8% Blacks, 27% Asians
JK(a-b-): Rare in most populations, found in 0.9% Polynesians (1)

Antibodies produced against Kidd antigens.
Antibody type IgG and IgM

IgG is more common

Antibody reactivity =~ Capable of hemolysis
Can bind complement

Transfusion reaction Yes—common cause of delayed hemolytic transfusion reactions.
Anti-Jk? and anti-JkP are dangerous antibodies because they can be difficult to detect in routine blood cross-
matches. They are a common cause of delayed hemolytic transfusion reactions. Anti-Jk3 is rare and can
cause immediate and delayed hemolytic transfusion reactions.

Hemolytic disease of Yes—typically mild disease.
the newborn Anti-Jk? has been implicated in at least one severe case of HDN, but most cases of HDN caused by the anti-
Kidd antibodies are mild in nature.
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Background information

History

In 1951, a patient called Mrs. Kidd was found to have produced antibodies targeted against a then unknown red
cell antigen during her pregnancy. The marker was present on the RBCs of her fetus, and the maternal antibodies
targeted against it caused fatal hemolytic disease in her newborn child.

The protein was given the name Jk? and was the first antigen to be discovered in the Kidd blood group system.
Since this time, two other antigens, ]kb and Jk3, have been found.

In 1959, the first example of the null phenotype, i.e., Jk(a-b-), was found in a woman who had become jaundiced
after a blood transfusion. Her serum was found to contain an antibody that recognized both Jk? and JK. This
antibody was subsequently named anti-Jk3.

Nomenclature

« Number of Kidd antigens: 3

« ISBT symbol: JK

« ISBT number: 009

« Gene symbol: SLC14A1

» Gene name: Solute carrier family 14, member 1

Basic biochemistry

Phenotypes
There are three common Kidd phenotypes: JK(a+b-), JK(a-b+), and JK(a+b+).

The Jk-null phenotype, JK(a-b-), is rare in most populations. Individuals with this blood type are often detected
after they have been immunized to Kidd antigens during a previous blood transfusion or pregnancy. After
immunization, JK(a-b-) individuals form anti-Jk3, which can cause HDN in subsequent pregnancies and
hemolyse donor blood that contains Jk? and/or Jkb antigens during a subsequent blood transfusion.

Expression of Kidd antigens

The expression of the Kidd antigens is limited to RBCs and the kidney (in the vasa recta).

Function of Kidd protein

The Kidd protein is a major urea transporter in RBCs. It rapidly transports urea into and out of RBCs and in the
process helps to maintain osmotic stability. The urea transport across Kidd null RBC membranes is ~1000 times
slower than across normal RBC membranes (2, 3).

The transport of urea by the Kidd glycoprotein in the kidney enables the kidney medulla to maintain a high
concentration of urea, which in turn enables the kidney to produce concentrated urine.

However, the absence of the Kidd glycoprotein is not associated with disease. The RBCs in Kidd null individuals
have a normal shape and lifespan (3). Individuals with the Jk(a-b-) phenotype are unable to maximally
concentrate urine, but it does not cause any other health problems (4).
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Clinical significance of Kidd antibodies

The Kidd antibodies are often difficult to detect, making them hazardous in transfusion medicine, where they are
suspected to be a common cause of delayed hemolytic transfusion reactions (DHTRs) (5).

Transfusion reactions

Anti-Jk? can cause severe and fatal hemolytic transfusion reactions (6) but is more commonly associated with
less severe DHTRs. It has been estimated that over one-third of DHTRs are caused by anti-Jk? (7, 8). Case
studies have also pointed to anti—]kb as being responsible for severe DHTR (9, 10). Anti-Jk3 has also been
responsible for causing severe hemolytic transfusion reactions, both immediate and delayed (5).

Hemolytic disease of the newborn

During pregnancy, fetal Kidd antigens are capable of causing alloimmunization of the mother (11). But in
contrast to the hemolytic activity of Kidd antibodies in incompatible blood transfusions, anti-Jk? and anti-JkP
are only rarely responsible for severe HDN (12). Likewise, anti-Jk3 is a rare cause of HDN, but the first
documented case in Mrs. Kidd's newborn was fatal.

Molecular information

Gene

The SLC14A1 gene (Solute carrier family 14, member 1) is a member of the urea-transporter gene family and is
located on chromosome 18 (18q12-q21). The gene is organized in 11 exons distributed across than 30kb of DNA.
The first three exons and part of the fourth are not translated; exons 4-11 encode the mature Kidd protein.

The Jk? and ]kb antigens are the products of two alleles that are inherited in a co-dominant fashion. The ]ka/]kb
polymorphism results from a 838G->A transition, resulting in an D280N substitution (13). Based on this, several
investigators have suggested different methods for JK genotyping (13-15).

The Jk(a-b-) phenotype is generally inherited as a recessive trait—a number of different mutations have been
found to be responsible 16). In the Polynesian population where the null phenotype is less rare, a splice site
mutation causes loss of exon 6 from mRNA transcripts and it is unlikely that the truncated Kidd protein
produced is transported to the RBC membrane (17). A similar situation holds true in the Finnish population in
which another genetic explanation causes the same phenotype (17, 18).

View the sequences of Kidd alleles at the
dbRBC Sequence Alignment Viewer

Protein

The Kidd protein urea transporter is an integral protein of the RBC membrane. It is a transmembrane protein
containing 389 amino acid residues. The protein is predicted to span the membrane 10 times with both the N
terminus and C terminus being intracellular. This membrane topology is shared by the anion exchanger that
bears the Diego blood group antigens.

The Kidd protein consists of two hydrophobic domains that each span the membrane five times, and they are
linked by a large glycosylated extracellular loop. The Asn211 on this third loop carries 1% of ABO antigens
found on the RBC. The Jk?/JkP polymorphism is found on the neighboring fourth extracellular loop (19).


http://www.ncbi.nlm.nih.gov/projects/mhc/align.fcgi?cmd=aligndisplay&locus_id=62&locus_group=3&banner=1&banner=1
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11. The Diego blood group

The antigens of the

Diego blood group are carried on an important protein, called the band 3 protein, which lies

in the red blood cell (RBC) membrane. This protein is a chloride/bicarbonate exchanger involved in carbon
dioxide transport from tissues to lungs. It also is found in the kidney, where it is involved in acid secretion.

Many mutations in the gene that encodes the Diego antigens, SLC4A1, are known. These mutations can result in
RBCs with an abnormal membrane (hereditary ovalocytosis and spherocytosis) and kidneys that are defective in
secreting acid (renal tubule acidosis). Other SLC4A1 mutations that do not give rise to disease may result in new
blood group antigens that belong to the Diego blood group system.

At a glance

Antigens of the Diego blood group.

Number of
antigens

Antigen specificity

Antigen-carrying
molecules

Molecular basis

Frequency of Diego
antigens

Frequency of Diego
phenotypes

21: Di?, DiP, and Wr? are among the most significant

Protein
Amino acid sequence determines the specificity of Diego antigens

Glycoprotein that transports anions
The Diego protein is a transmembrane, multi-pass protein that is integral to the RBC membrane. It is an anion
antiporter that exchanges Cl” and HCO3" across the RBC membrane.

The SLC4A1 gene encodes the Diego antigens.

Located on chromosome 17 (17q21-22), the SLC4A1 gene contains 20 exons that span more than 18 kbp of
DNA. The alleles DiP and Di? result from a SNP (2561C-T), and the corresponding DiP and Di? antigens differ
by a single amino acid (P854L).

Di? is found mainly in populations of Mongolian descent.

It is found in 36% of South American Indians, 12% of Japanese, and 12% of Chinese, whereas it is rare in
Caucasians and Blacks (0.01%).

DiP is found universally in most populations (1).

Di(a-b+) is found in >99.9% of Caucasians and Blacks and >90% of Asians.
Di(a+b+) found in <0.1% of Caucasians and Blacks and in 10% Asians.
Di(a+b-) found in <0.01% Caucasians, Blacks, and Asians.

Di(a-b-) found in 1 case only (1).

Antibodies produced against Diego antigens.

Antibody type

Transfusion reaction

Hemolytic disease of
the newborn

IgG or IgM
Anti-Di? and anti-DiP is IgG; anti-Wr? is IgG or IgM (1).
Yes

Anti-Di? and anti-DiP are capable of causing a moderate to severe delayed transfusion reaction. Anti-Wr?
can cause an immediate hemolytic transfusion reaction (1).

Yes
Anti-Di? and anti-Wr? can cause severe disease.
Anti-DiP tends to cause mild hemolytic disease (1).

Background information

History

The Diego blood group was discovered in 1955 and was named for the first patient to produce an antibody
against the new blood system's antigens. The patient, Mrs. Diego, had given birth to a child affected by HDN.
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Her serum was found to contain an antibody (now called anti-Di?) which, during her pregnancy, had crossed
the placenta to attack the RBCs of her fetus (which expressed the Di® antigen).

In 1967, a second Diego antigen, DiP, was discovered. It wasn't until 1995 that other Diego antigens began to be
discovered.

At present, 21 Diego antigens are known, but it is the presence or absence of Di? and DiP that is of importance in
determining a person's Diego blood type.

Nomenclature

« Number of Diego antigens: 21 (2)

« ISBT symbol: DI

 ISBT number: 010

» Gene symbol: SCLA1

» Gene name: Solute Carrier family 4, Anion exchanger, member 1

Note: The alternate gene symbol is AE1, which stands for Anion Exchanger 1. The alternate gene name is
erythrocyte membrane protein band 3.

Basic biochemistry

Common phenotypes

The most common Diego phenotype is Di(a-b+), which is found in over 99.9% Caucasians and Blacks, and over
90% of Asians. The Di(a+b+) is found in 10% of Asians. Whereas the Di? antigen is universally expressed in
most populations, the prevalence of the Di? antigen differs among races, making the Diego blood group of great
interest to anthropologists (3).

In the USA, the Di? antigen has not been found in Caucasian or Black blood donors (4). The Di? antigen is more
commonly found in Oriental people of Mongolian descent, being more common in the Japanese (12%) and the
Chinese (5%). In South American Indians, up to 54% of the population carries the Di? antigen (1).

Interestingly, the Di? antigen is less rare in the Polish population (0.47%) (5) compared to most Caucasian
populations (0.01%). This may reflect the gene admixture that resulted from the invasion of Poland by Tatars
(Mongolian heritage) many centuries ago (6).

Expression of Diego antigens
The expression of Diego antigens is limited to RBCs and the kidney (in the distal tubule and the collecting
tubule).

Function of Diego protein

Anion exchange across the RBC membrane

The SLCA41 protein is an anti-porter that plays an essential role in enabling the RBC to transport the waste
product CO; to the lungs, where it can be removed from the body.

The SLCA41 protein exchanges one Cl™ for one HCO3". The direction of the exchange depends on the
concentration of the ions on either side of the RBC membrane. When levels of waste CO5 are high, CO, diftuses
across the RBC membrane and is converted into HCO3~ which is transported out of the RBC in exchange for
CI". I anion exchange did not occur, HCO3" would accumulate inside the RBC and reach toxic levels, altering
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the intracellular pH. In the lungs, the lower level of CO; encourages the direction of the exchange to reverse.
Once inside the RBC, the HCO3" yields CO, which diffuses out of the RBC and is exhaled from the body.

Integral protein of the RBC membrane

The SLCAL1 protein is an integral part of the RBC membrane. It helps anchor the membrane to the underlying
spectrin skeleton. It helps the RBC to be stable and flexible, and maintain its biconcave shape.

Mutations of SLC4A1 can cause abnormally shaped RBCs that may be spherical (spherocytes, seen in hereditary
spherocytosis), oval shaped (ovalocytes, seen in Southeast Asian ovalocytosis), or elliptical (elliptocytes).
Because these RBCs are more fragile, they are prematurely removed from the circulation (hemolytic anemia).

Anion exchange across in the kidney tubule

SCLAL is expressed in the kidney, where it also mediates the exchange of anions. Mutations that disrupt its
function can cause a renal tubular acidosis in which the kidney fails to adequately excrete acid anions, allowing
them to accumulate.

Clinical significance of Diego antibodies

Transfusion reactions

Anti-Di? and anti-DiP are more commonly associated with HDN than transfusion reactions. However, these
antibodies are capable of causing immediate (9) and delayed hemolytic transfusion reactions (2, 8).

Hemolytic disease of the newborn
HDN caused by Diego antibodies are more common in South East Asia and South America.

Anti-Di? is capable of causing moderate to severe HDN, and cases have been reported in Japan (9), China (10,
11), and Poland (5).

Anti-DiP typically causes mild HDN. Cases have been reported in Japan (12), China (13), Poland (6), and in a
mother of South American descent (14).

Molecular information

Gene

The SLC4A1 gene, also known as the AE1 gene, is a member of the anion exchanger (AE) gene family. SLC4A1 is
located on chromosome 17q21-q22 and consists of 20 exons that are distributed over almost 18 kbp of genomic
DNA.

The Di® and DiP antigens are produced as a result of a single nucleotide polymorphism (SNP) of the SLC4A1
gene. The result is at amino acid position 854; the common (wild-type) DiP antigen has a proline residue, and
the Di? antigen has a leucine residue.

View the sequences of SLC4A1 alleles at the
dbRBC Sequence Alignment Viewer


http://www.ncbi.nlm.nih.gov/projects/mhc/align.fcgi?cmd=aligndisplay&locus_id=83&locus_group=3&banner=1&banner=1
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Protein

The band 3 protein encoded by SLC4A1 is an important integral protein of the RBC membrane. It is 911 amino
acids in length, and it loops across the RBC membrane 12 times.

The N terminal domain of the protein lies in the cytoplasm of the RBC, where it interacts with hemoglobin
(influencing the exchange of anions) and also interacts with metabolic enzymes (influencing the metabolism of
glucose inside the RBC).

Its C-terminal domain spans across the membrane of the RBC and mediates the exchange of chloride and
bicarbonate anions across the membrane.
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12. The MNS blood group

The antigens of the MNS blood group are carried on sugar-bearing proteins called glycophorins. These lie in the
red blood cell (RBC) membrane. One end of a glycophorin is attached to the underlying cell, and the other end
bears the sugars and determines a person's MNS blood type.

At a glance
Antigens of the MNS blood group.

Number of 42: including M, N, S, and s

antigens

Antigen Protein

specificity Amino acid sequence determines the specificity of MNS antigens

Antigen-carrying Glycophorins

molecules Glycophorins are transmembrane, single-pass glycoproteins that contain carbohydrate, mostly in the form of
sialic acid. Glycophorins A and B carry the MNS antigens, and they may also serve as receptors for cytokines
and pathogens, including the malaria parasite, Plasmodium falciparum.

Molecular basis Two genes encode the MNS antigens, GYPA and GYPB.
Both genes are located on chromosome 4 (4q28.2-q13.1). A third gene, GYPE, may be involved in the creation of
variant MNS antigens. GYPA has two codominant alleles, M and N, which result from three SNPs (59C->T,
71G>A, 72G>T), and the corresponding M and N antigens differ by two amino acids (S1L, G5E). The
codominant alleles of GYPB, C and c, result from one SNP (143C>T), and the corresponding S and s antigens
differ by a single amino acid (T29M).

Frequency of M: 78% Caucasians, 74% Blacks
MNS antigens (%) N:72% Caucasians, 75% Blacks

S: 55% Caucasians, 31% Blacks

s: 89% Caucasians, 93% Blacks (1)

Frequency of M+N+S-s+: 22% Caucasians, 33% Blacks
MNS phenotypes M+N+S+s+: 24% Caucasians, 13% Blacks
(%) M-N+S-s+: 15% Caucasians, 19% Blacks

M+N-S+s+: 14% Caucasians, 7% Blacks

M+N-S-s+: 8% Caucasians, 16% Blacks

M-N+S+s+: 6% Caucasians, 5% Blacks

M+N-S+s: 6% Caucasians, 2% Blacks

Less common phenotypes are M+N+S+s- (4% Caucasians, 2% Blacks) and M-N+S+s- (1% Caucasians, 2%
Blacks).

The phenotypes M+N-S-s-, M+N+S-s-, and M-N+S-s- are rare in Caucasians but are found in ~0.5% of Blacks
(1).

Antibodies produced against MNS antigens.

Antibody type IgG and IgM
The Ig class depends upon which antigen is targeted.

Transfusion reaction Uncommon but potentially severe
Anti-S and anti-s are among the MNS antibodies implicated in causing transfusion reactions.

Hemolytic disease of the newborn Uncommon but potentially severe
Anti-S is more common that anti-s, but both are capable of causing severe-to-fatal HDN (2).
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Background information

History

After the discovery of the first blood group, ABO, in 1900, Landsteiner and his colleagues continued to
experiment with blood to identify other blood groups.

MNS was the second blood group, discovered in 1927, after immunizing rabbits with human RBCs. The M and
N antigens were identified first, but it was another 20 years before the S and s antigens were named. Now, more
than 40 antigens are known in this blood group, but the M, N, S, and s antigens remain the most common.

Nomenclature

o Number of MNS antigens: 43 (3)

 ISBT symbol: MNS

o ISBT number: 02

» Gene symbols: GYPA and GYPB

« Gene names: Glycoprotein A and Glycoprotein B

Note: A third locus, GYPE, lies adjacent to GYPB and is thought to be involved in the gene arrangements of the
CYPB locus that result in the production of variant MNS alleles.

Basic biochemistry

Common phenotypes

In Caucasians, the most common phenotypes are M+N+S+s+ (24%), M+N+S-s+ (22%), and M-N+S-s+ (15%).
The latter two phenotypes are common in Blacks also, occurring at a frequency of 33% and 19%, respectively (1).

Uncommon MNS phenotypes

Many of the uncommon MNS antigens result from mutations within the GYPA and GYPB genes. For example,
the Mt? antigen is produced by a single nucleotide polymorphism (SNP) in GYPA that results in a change of
amino acid from threonine to isoleucine at position 58 in the GYPA protein. Likewise, the Vr antigen arises from
a SNP that causes a Ser47Tyr change (4).

Other MNS antigens are created by swapping of DNA between the GYPA and GYPB genes, which lie close
together on chromosome 4. The resulting hybrid glycoproteins bear new MNS antigens, e.g. the Stones antigen
(St?), Dantu antigen, Henshaw antigen (He), Mg, and the Miltenberger antigen (Mi?).

The rare blood type En(a-) is characterized by RBC membranes that lack glycophorin A as a result of several
different mutations. A deletion of the GYPB gene occurs in individuals with the rare blood type S-s-U- (also
known as U-). A deletion of both GYPA and GYPB results in the MkMk phenotype. Such individuals lack
expression of both glycophorin A and B on their RBCs.

Expression of MNS antigens

The MNS antigens are found mainly on RBCs. There are about 1 million copies of glycophorin A per RBC and
0.2 million copies of glycophorin B.

The MNS antigens are also expressed in the kidney (on the renal endothelium) and epithelium.
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Function of the molecules that carry the MNS antigens

Glycophorins A and B may serve as receptors for cytokines, bacteria, and viruses, but the lack of the
glycophorins does not result in disease, indicating that their function is not physiologically significant, at least in
modern times.

Scientists are interested in these glycophorins because they bear the MNS antigens and because they may act as a
receptor for Plasmodium falciparum. This is a parasite that causes malaria in humans. Individuals who have rare
blood types in which either the glycophorin A or B is absent, e.g., phenotypes En(a-) and S-s-U-, have RBCs that
are resistant to invasion by Plasmodium.

Clinical significance of MNS antibodies

Transfusion reactions

Anti-M and anti-N are not considered to be a cause of transfusion reactions, although rare cases of delayed
transfusion reactions have occurred as a result of anti-M (5). Anti-M is fairly common and is thought to mostly
be naturally occurring because it is frequently found in children who have never received a blood transfusion.

Mild to moderate transfusion reactions can be caused by the presence of anti-S and anti-s in the patient's serum
(6, 7).

Severe transfusion reactions have been attributed to anti-U, anti-Vw, anti-Mur, and anti-En? (1, 8, 9).

Hemolytic disease of the newborn
Of the MNS antibodies, anti-S is more common than anti-s, and both are capable of causing severe hemolysis.

Less common causes of HDN include anti-M, anti-N, anti-U, anti-Mi?, anti-Mt?, and anti-En? (1, 10-15). Other
MNS antibodies implicated in HDN are anti-Vw, anti-Mur, anti-Hut, anti-Hil, anti-Mv, anti-Far, anti-sD, anti-
Or, and anti-MUT. In addition, other antibodies to low-incidence MNS antigens should be considered as
potentially harmful (1, 16-20).

Molecular information

Two genes encode the glycophorins that carry the antigens of the MNS blood group: GYPA and GYPB. Both are
on the long arm of chromosome 4 in the region 4q28.2-q13.1. They are tightly linked, and recombination occurs
between them.

A third gene, GYPE, is located next to GYPB and may play a role in the gene arrangements that result in new
variant alleles.

GYPA and GYPB are similar, sharing up to 97% sequence homology. In fact, the 5-GYPA-GYPB-GYPE-3' gene
cluster is thought to have originated from a single ancestral gene that underwent two duplications.

View the alleles of GYPA, GYPB, and GYPE loci at the
dbRBC Sequence Alignment Viewer

The GYPA locus

The GYPA gene consists of 7 exons that span more than 60 kbp. It has two allelic forms called MNS1 and MNS2,
which produce the M antigen and N antigen, respectively. The alleles are identical, except for two amino acid
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substitutions. The MNS1 allele encodes serine at residue 1 and glycine at residue 5. The MNS?2 allele encodes
leucine at residue 1 and glutamate at residue 5.

The GYPB locus

The GYPB gene consists of five exons that span more than 58 kbp. It has two allelic forms called MNS3 and
MNS4, which produce the S antigen and the s antigen, respectively. The alleles differ in one amino acid. The
MNS3 allele encodes a methionine at residue 29, whereas the MNS4 allele encodes a threonine at this position.

Protein

Glycophorins A and B are single-pass, transmembrane proteins. Glycophorin A contains abundant sialic acid,
which contributes to the negative surface charge of the RBC membrane. It has three main domains: an
extracellular domain (70 amino acids), the membrane spanning domain (22 amino acids), and an intracellular
domain (39 amino acids). The M and N phenotypes differ from each other by one amino acid at positions 1 and
5 (as described above) in the extracellular N-terminal domain.

Glycophorin B is structurally similar to glycophorin A, also consisting of three domains but with a shorter
intracellular domain of six amino acids. The S and s phenotypes differ from each other by one amino acid at
position 29 (as described above) (21).
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