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ANTIGENS ANTIBODIES
Antigen . Al.'ntig.en . Immunoglobin . Clin.ical
Freq. % RBC Antigen Distrib. Antigen Serology Class Significance
Antigen Antigen ISBT - - Expression Plasma/ Demonstrates Modification —— Comp. —_——— Optimum —
System Name Number w B at Birth RBC Dosage Enzyme/Other Stimulation Saline AHG Binding IgM 1gG Temperature HTR HDN Comments
D RH1 85 92 strong RBC only no Enz. T RBC occ yes no occ yes warm yes yes Very rarely IgA anti-D may
be produced; however,
this is invariably with
1gG.
© RH2 70 34 strong RBC only yes Enz. T RBC occ yes no occ yes warm yes yes
E RH3 30 21 strong RBC only yes Enz. T RBC/NRBC occ yes no occ yes warm yes yes  Anti-E may often occur
without obvious immune
stimulation.
c RH4 80 97 strong RBC only yes Enz. T RBC occ yes no occ yes warm yes yes
e RH5 98 99 strong RBC only yes Enz. T RBC occ yes no occ yes warm yes yes  Warm autoantibodies often
appear to have anti-e-like
specificity.
Rh ce/f RH6 64 strong RBC only no Enz. T RBC occ yes no occ yes warm yes yes
Ce RH7 70 strong RBC only no Enz. T RBC occ yes no occ yes warm yes yes
Cw RH8 1 rare strong RBC only yes Enz. T RBC/NRBC occ yes no occ yes warm yes yes  Anti-C¥ may often occur
without obvious immune
stimulation.
G RH12 86 strong RBC only no Enz. T RBC occ yes no occ yes warm yes yes
Vv RH10 1 30% strong RBC only no Enz. T RBC occ yes no occ yes warm yes yes  Antibodies to V and VS
present problems only in
the black population,
where the antigen fre-
quencies are in the order
of 30 to 32.
VS RH20 1 32% strong RBC only no RBC occ yes no occ yes warm yes yes
K K1 9 rare strong RBC only occ Enz. — AET* | ZZAP |+ RBC occ yes some occ yes warm yes yes  Some antibodies to Kell
system have been report-
ed to react poorly in low
ionic media.
k K2 98.8 100 strong RBC only occ Enz. — AET* | ZZAP |+ RBC no yes no rarely yes warm yes yes
Kp? K3 2 rare strong RBC only occ Enz. — AET* | ZZAP |+ RBC no yes no no yes warm yes yes  Kell system antigens are
destroyed by AET and by
ZZAP.
Kell KpP K4 99.9 100 strong RBC only occ Enz. —» AET* | ZZAP 1+ RBC rarely yes no rarely yes warm yes yes
Js? K6 .01 20 strong RBC only occ Enz. — AET* | ZZAP |+ RBC rarely yes no rarely yes warm yes yes  Anti-K1 has been reported
to occur following bacte-
rial infection.
Jsb K7 99.9 99 strong RBC only occ Enz. — AET* | ZZAP l++ RBC no yes no no yes warm yes yes
TKx — 99.9 99.9 weak RBC low occ Enz. — AET* | ZZAP |+ RBC no yes no occ yes warm yes yes  The lack of Kx expression
on RBCs and WBCs has
been associated with the
McLeod phenotype and
CGD.
Fy? FY1 65 10 strong RBC only yes Enz. | AET | ZZAP | RBC rare yes some rare yes warm yes yes  Fy(a) and (b) antigens are
destroyed by enzymes.
Fy(a—b—) cells are
resistant to invasion by P.
vivax merozoites, a
malaria-causing parasite.
Fyb FY2 80 23 strong RBC only yes Enz. L AET | ZZAP | RBC rare yes some rare yes warm yes yes
FY3 100 strong RBC only no Enz. - AET — ZZAP — RBC no yes rarely no yes warm yes yes  FY3 and 5 are not
Duffy destroyed by enzymes.
FY5 100 ? ? no Enz. — AET — ZZAP — RBC no yes ? no yes warm FY5 may be formed by
interaction of Rh and
Duffy gene products.
*FY6 100 ? ? RBC only ? Enz. | AET — ZZAP | FY6 is a monoclonal anti-
body which reacts with
most human red cells

except Fy(a—b—) and is

responsible for suscepti-
bility of cells to penetra-
tion by P. vivax.

*This chart is to be used for general information only. Please refer to the appropriate chapter for more detailed information.

AET =2-aminoethylisothiouronium bromide; T = enhanced reactivity; — = no effect; 1= depressed reactivity; occ=occasionally; CGD= chronic gran-
ulomatious disease; HDN = hemolytic disease of the newborn; HTR = hemolytic transfusion reaction; NRBC = non-red blood cell; RBC = red blood
cell; WBC = white blood cell; ZZAP = dithiothreitol plus papain.

e No human antibody to FY6 has been reported.

+ It has been found that Kx is inherited independently of the Kell System; consequently it is no longer referred to as K15. (Continued on inside back cover)
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E lood groups were discovered over a hundred years
ago, but most of them have been recognized only in the
last 50 years. Although transfusion therapy was used soon
after the ABO blood groups were discovered, it was not
until after World War II that blood transfusion science
really started to become an important branch of medical
science in its own right. Thus, compared with many sub-
disciplines of medicine, blood transfusion science is an
infant, growing fast, changing continually, and presenting
a great potential for research and future development. To
be able to grow, transfusion science needs to be nurtured
with a steady flow of new knowledge generated from
research. This knowledge then has to be applied at the
bench. To understand and best take advantage of the con-
tinual flow of new information being generated by blood
transfusion scientists and to apply it to everyday work in
the blood bank, technologists and pathologists need to
have a good understanding of basic immunology, genetics,
biochemistry (particularly membrane chemistry), and the
physiology and function of blood cells. To apply new con-
cepts, they need technical expertise and enough flexibility
to reject old dogma when necessary and to accept new
ideas when they are supported by sufficient scientific data.
High standards are always expected and strived for by tech-
nologists who are working in blood banks or transfusion
services. I strongly believe that technologists should
understand the principles behind the tests they are per-
forming, rather than perform tasks as a machine does.
Because of this, I do not think that “cookbook” technical
manuals have much value in feaching technologists; they

F O R E W O R D

do have a place as reference books in the laboratory.
During the years (too many to put in print) that I have
been involved in teaching medical technologists, it has
been very difficult to select one book that covers all
that technologists in training need to know about
blood transfusion science without confusing them. Dr.
Denise Harmening has produced that single volume. She
has been involved in teaching medical technologists for
most of her career; after seeing how she has arranged
this book, I would guess that her teaching philosophies
are close to my own. She has gathered a group of experi-
enced scientists and teachers who, along with herself,
cover all the important areas of blood transfusion science.
The chapters on the basic principles of cell preserva-
tion, genetics, immunology, and molecular biology pro-
vide a firm base for the learner to understand the practical
and technical importance of the other chapters. The
chapters on the blood groups and transfusion practice
provide enough information for medical technologists
without overwhelming them with esoteric and clinical
details. Although this book is designed primarily for
medical technologists, I believe it is admirably suited to
pathology residents, hematology fellows, and others who
want to review any aspect of modern blood transfusion
science.

George Garratty, PhD, FIMLS, FRC Path

Scientific Director, American Red Cross Blood Services
Clinical Professor of Pathology and Laboratory Medicine
Los Angeles, California
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his book is designed to provide the medical techno-
logist, blood bank specialist, and resident with a concise
and thorough guide to transfusion practices and immuno-
hematology. This text, a perfect “crossmatch” of theory
and practice, provides the reader with a working knowl-
edge of modern routine blood banking. Forty contributors
from across the country have shared their knowledge and
expertise in 27 comprehensive chapters. Over 500 illustra-
tions and tables facilitate the comprehension of difficult
concepts not routinely illustrated in other texts. In addi-
tion, color plates provide a means for standardizing the
reading of agglutination reactions and illustrating com-
plex material. Several features of this textbook offer great
appeal to students and educators. There are outlines and
educational objectives at the beginning of each chapter;
as well as each chapter ends with case histories and study
guide questions. An extensive and convenient glossary is
provided for easy access to definitions of blood bank terms.
A blood group antibody characteristic chart is provided on
the inside cover of the book to aid in retention of the vast
amount of information and to serve as an easy access and
guide to the characteristics of the blood group systems.
Summary charts at the end of each chapter identify for
students the most important information to know for
clinical rotations. Original comprehensive step by step
illustrations of ABO forward and reverse grouping, not
found in any other book, help the student to quickly
master this important testing, which represents the
foundation of blood banking. The introduction to the his-
torical aspects of blood transfusion and preservation is a
prelude to the basic concepts of genetics, blood group
immunology, molecular biology, and current overview
of blood group systems. The next section of the book
focuses on routine blood bank practices, including donor
selection, component preparation, detection and identifi-
cation of antibodies, compatibility testing, transfusion

P R E F A C E

therapy, and apheresis. A chapter on transfusion safety and
federal regulations clarifies the required quality assurance
and inspection procedures. New to the fifth edition is
Chapter 4, Concepts in Molecular Biology, which intro-
duces the student to nucleic acid techniques and theory
that govern molecular genetics in determining compati-
bility between donor and recipient, production of recom-
binant proteins such as growth factors utilized in certain
apheresis procedures, and detection of transfusion-trans-
mitted viruses in transfusion medicine. Certain clinical
situations that are particularly relevant to blood banking
are discussed in detail, including transfusion reactions,
hemolytic disease of the newborn, autoimmune and drug-
induced hemolytic anemia, transfusion-transmitted virus-
es, human leukocyte antigens, and paternity testing.
Chapter 26, Informational Systems in the Blood Bank,
helps prepare blood bankers for the responsibility of oper-
ating and maintaining a blood bank information system.
Unique to this book is Chapter 27, Medicolegal and Ethical
Aspects of Providing Blood Collection and Transfusion
Services.

This book is a culmination of the tremendous efforts of
a number of dedicated professionals who participated in
this project by donating their time and expertise because
they care about the blood bank profession. The book’s
intention is to foster improved patient care by providing
the reader with a basic understanding of the function of
blood, the involvement of blood group antigens and anti-
bodies, the principles of transfusion therapy, and the
adverse effects of blood transfusion. It has been designed to
generate an unquenchable thirst for knowledge in all med-
ical technologists, blood bankers, and practitioners, whose
education, knowledge, and skills provide the public with
excellent health care.

Denise M. Harmening, PhD, MT(ASCP), CLS(NCA)
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Plate 1. The antihuman globulin (AHG) test (primary immunization). Note: The AHG
reagents currently sold are the products of subsequent immunizations and contain
primarily IgG rabbit antibody. Please note that monoclonal reagents are currently
used in routine testing. These reagents may be a mixture of IgM and IgG, or IgG only.
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Plate 2. Red cell antigen-antibody reactions: serologic grading and macroscopic
evaluation.
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Plate 3. Stomatocytosis (original magnification x 100; enlarged 230%).
Plate 4. (A) Positive cytotoxic reaction. (B) Negative cytotoxic reaction.

Plate 5. Cold agglutinin disease (peripheral blood). (From Pittiglio, DH and Sacher,
RS: Clinical Hematology and Fundamentals of Hemostasis. FA Davis, Philadelphia,
1987, with permission.)

Plate 6. Autoimmune hemolytic anemia (peripheral blood). (From Pittiglio, DH and
Sacher, RS: Clinical Hematology and Fundamentals of Hemostasis, FA Davis
Company, Philadelphia, 1987, with permission.)



Red Blood Cell and Platelet Preservation:
Historical Perspectives, Review of
Metabolism, and Current Trends

Denise M. Harmening, PhD, MT(ASCP), CLS(NCA), and Gary Moroff, PhD

Historical Aspects Clinical Use of Platelets Current Trends in Platelet
RBC Biology and Preservation Current Conditions for Platelet Preservation Research
RBC Membrane Preservation (Platelet Storage) Storage for 7 Days at 20° to 24° C
Metabolic Pathways History of Platelet Storage; Rationale Storage with Additive Solutions
Hemoglobin Structure and Function for Current Conditions Procedures to Reduce/Inactivate
RBGIE eservation Storage in Second Generation Pathogens
Anticoagulant Preservative Solutions Containers Development of Platelet Substitutes
Additive Solutions Storing Platelets Without Agitation New Approaches for Storage of Platelets
Freezing and Rejuvenation for Limited Ti’T.‘eS. ' at1°to 6° C
Current Trends in Blood/RBC Meall:surement oFV|ab|I'|ty and Frozen Platelets
Preservation Research unctional Properties of Summary Chart: Important Points to
Improved Additive Solutions Storcgit GtelC . Remember (ML/MLT)
Platelet Storage and Bacterial 3 ke
Platelet Preservation Eontamination Review Questions
Introduction References
OBJECTIVES s

On completion of this chapter, the learner should be able fo:

1. List the areas of red blood cell (RBC) metabolism that are 9. List three additive preservative solutions for RBCs and the
crucial to normal RBC survival and functions. maximum storage time with each solution.

2. Describe the chemical composition of the RBC membrane 10. List how the volume of anticoagulant-preservative
in terms of percentage of lipids, proteins, and carbohy- solution and the volume of additive solution are
drates. modified when a 500-mL blood collection system is

3. List the two most important RBC membrane proteins, and utilized, in contrast to when a 450-mL blood collection
describe their function and the characteristics of deforma- system is used.
bility and permeability. 11. List current/emerging concepts regarding freezing

4. List the various metabolic pathways involved in RBC (including maximum storage time for frozen red
metabolism, stating the specific function of each one. cells and post-thaw storage) and rejuvenation of red

5. List the globin chains found in HbA, HbA,, HbF, and glyco- cells.
sylated hemoglobin and their respective concentrations (in 12. List the advantages and disadvantages of RBC freezing.
percent) found in vivo. 13. List at least three areas of current research with RBCs.

6. Describe hemoglobin function in terms of the oxygen 14. List at least two hemoglobin-based oxygen carriers in
dissociation curve. advanced clinical testing as RBC substitutes.

7. Define P_; and state normal in-vivo levels. 15. Define perfluorochemicals and their potential use as a RBC

8. List the approved anticoagulant-preservative solutions and substitute.
the maximum storage time for whole blood and RBCs in 16. List the advantages and disadvantages of RBC substitutes.
each preservative. 17. Describe the metabolism and function of platelets.



18. List the maximum storage time and storage temperature
range for platelet components prepared from whole blood
and by apheresis. Discuss why platelets are no longer rou-
tinely stored at 1° to 6°C.

19. List the standards for the platelet content and the lowest
acceptable pH (at the end of storage) for both types of
platelet components (whole blood—derived and apheresis).

20. Discuss the trend in manufacturing two apheresis products
from a unique apheresis collection.

Historical Aspects

People have always been fascinated by blood: ancient
Egyptians bathed in it, aristocrats drank it, authors and play-
wrights used it as themes, and modern humanity transfuses
it. The road to an efficient, safe, and uncomplicated transfu-
sion technique has been rather difficult, but great progress
has been made.

In 1492, blood was taken from three young men and given
to the stricken Pope Innocent VII in the hope of curing him;
unfortunately, all four died. Although the outcome of this
event was unsatisfactory, it is the first time a blood transfu-
sion was recorded in history. The path to the successful trans-
fusions so familiar today is marred by many reported failures,
but our physical, spiritual, and emotional fascination with
blood is primordial. Why did success elude experimenters for
so long?

Clotting was the principal obstacle to overcome. Attempts
to find a nontoxic anticoagulant began in 1869, when Braxton
Hicks recommended sodium phosphate. This was perhaps the
first example of blood preservation research. Karl Landsteiner
in 1901 discovered the ABO blood groups and explained the
serious reactions that occur in humans as a result of incom-
patible transfusions. His work early in the 20th century won
a Nobel Prize.

Next came appropriate devices designed for performing the
transfusions. Edward E. Lindemann was the first to succeed.
He carried out vein-to-vein transfusion of blood by using mul-
tiple syringes and a special cannula for puncturing the vein
through the skin. However, this time-consuming, compli-
cated procedure required many skilled assistants. It was not
until Unger designed his syringe-valve apparatus that transfu-
sions from donor to patient by an unassisted physician
became practical.

An unprecedented accomplishment in blood transfusion
was achieved in 1914, when Hustin reported the use of sod-
ium citrate as an anticoagulant solution for transfusions.
Later, in 1915, Lewisohn determined the minimum amount
of citrate needed for anticoagulation and demonstrated its
nontoxicity in small amounts. Transfusions became more
practical and safer for the patient.

The development of preservative solutions to enhance the
metabolism of the RBC followed. Glucose was tried as early as
1916, when Rous and Turner introduced a citrate-dextrose
solution for the preservation of blood. However, the function
of glucose in RBC metabolism was not understood until the
1930s. Therefore, the common practice of using glucose in
the preservative solution was delayed.

World War II stimulated blood preservation research
because the demand for blood and plasma increased. The pio-
neer work of Charles Drew during World War II on develop-
ing techniques in blood transfusion and blood preservation
led to the establishment of a widespread system of blood
banks. In February 1941, Dr. Drew was appointed director of

2

21. List at least two methods for detecting bacterial
contamination in platelet components.

22, List at least three areas of research with platelets.

23. List the principles, including constituents, in two methods
that are being developed to reduce/inactivate residual
pathogens in platelet components.

24. List at least one type of platelet substitute and the primary
potential advantage of a hemostatically active platelet
substitute.

the first American Red Cross Blood Bank at Presbyterian
Hospital. The pilot program Dr. Drew established became the
model for the national volunteer blood donor program of the
American Red Cross.! In 1943, Loutit and Mollison of England
introduced the formula for the preservative acid-citrate-
dextrose (ACD). Efforts in several countries resulted in the
landmark publication of the July 1947 issue of the Journal of
Clinical Investigation, which devoted nearly a dozen papers to
blood preservation. Hospitals responded immediately, and in
1947, blood banks were established in many major cities of
the United States; subsequently, transfusion became com-
monplace. The daily occurrence of transfusions led to the
discovery of numerous blood group systems. Antibody identi-
fication surged to the forefront as sophisticated techniques
were developed. The interested student can review historic
events during World War II in Kendrick’s Blood Program in
World War II, Historical Note.2 In 1957, Gibson introduced an
improved preservative solution, citrate-phosphate-dextrose
(CPD), which was less acidic and eventually replaced ACD as
the standard preservative used for blood storage.

Frequent transfusions and the massive use of blood soon
resulted in new problems, such as circulatory overload.
Component therapy has solved these problems. Before, a sin-
gle unit of whole blood could serve only one patient. With
component therapy, however, one unit may be used for mul-
tiple transfusions. Today, physicians can select the specific
component for their patient’s particular needs without risk-
ing the inherent hazards of whole blood transfusions.
Physicians can transfuse only the required fraction in the
concentrated form, without overloading the circulation.
Appropriate blood component therapy now provides more
effective treatment and more complete use of blood products.
Extensive use of blood during this period, coupled with com-
ponent separation, led to increased comprehension of ery-
throcyte metabolism and a new awareness of the problems
associated with RBC storage.

The American Association of Blood Banks (AABB) esti-
mates that 8 million volunteers donate blood each year.?
Based on studies by the National Blood Data Resource Center
(NBDRC), about 15 million units of whole blood and RBCs
were donated in 2001 in the United States. The NBDRC
reported that nearly 29 million units of blood components
were transfused in 2001. With an aging population and
advances in medical treatments requiring transfusions, the
demand for blood/blood components can be expected to con-
tinue to increase.? These units are donated by fewer than 5
percent of healthy Americans who are eligible to donate each
year, primarily through blood drives conducted at their place
of work. Individuals can also donate at community blood cen-
ters (which collect approximately 88 percent of the nation’s
blood) or hospital-based donor centers (which collect approx-
imately 12 percent of the nation’s blood supply). Volunteer
donors (who are not paid) provide nearly all of the blood used
for transfusion in the United States. The amount of whole



blood in a unit has been traditionally 450 mL +/—10 percent
of blood (1 pint). More recently, 500 mL +/—10 percent of
blood is also being collected. This has provided a small
increase in the various components. Modified plastic collec-
tion systems are used when collecting 500 mL of blood, with
the volume of anticoagulant-preservative solution being
increased from 63 mL to 70 mL. The maximum amount of
blood that can be donated or collected at one time is now
guided by an AABB standard (22nd edition, 2003), which
states that the volume of whole blood collected including an
amount for samples shall be “10.5 mL/kg of donor weight.”
This means that for a 110-1b donor, a maximum volume of
525 mL can be collected.

The total blood volume of most adults is 10 to 12 pints, and
donors can replenish the fluid lost from the donation of 1 pint
in 24 hours. The donor red cells are replaced within 1 to 2
months after donation. A volunteer donor can donate whole
blood every 8 weeks.

Units of the whole blood collected can be separated into
three components: packed RBCs, platelets, and plasma. In
recent years, less whole blood has been used to prepare
platelets with the increased utilization of apheresis platelets.
Hence, many units are converted only into RBCs and plasma.
The plasma can be converted by cryoprecipitation to a clot-
ting factor concentrate that is rich in antihemophilic factor
(AHF, factor VIII) (refer to Chapter 11). A unit of whole
blood/prepared RBCs may be stored for 21 to 42 days, depend-
ing on the anticoagulant-preservative solution to collect the
whole blood unit and whether a preserving solution is added
to the separated RBCs. Although most people assume that
donated blood is free because most blood-collecting organiza-
tions are nonprofit, a fee is still charged for each unit to cover
the costs associated with collecting, storing, testing, and
transfusing blood.

The donation process consists of three steps or processes:

1. Educational reading materials,
2. The donor health history questionnaire, and
3. The abbreviated physical examination (Box 1-1).

The donation process, especially steps 1 and 2, has been

Step 1: Educational Materials

Educational material (such as the AABB pamphlet, “An
Important Message to All Blood Donors”) that contains infor-
mation on the risks of infectious diseases transmitted by blood
transfusion, including the symptoms and sign of AIDS, is given
to each prospective donor to read.

BOX 1-1
The Donation Process

Step 2: The Donor Health History Questionnaire

A uniform donor history questionnaire designed to ask ques-
tions that protect the health of both the donor and the recipient
is given to every donor. The health history questionnaire is used
to identify donors who have been exposed to other diseases
(e.g.,variant Creutzfeldt-Jakob, West Nile fever, malaria, babesio-
sis, or Chagas disease).

Step 3: The Abbreviated Physical Examination

The abbreviated physical examination for donors includes blood
pressure, pulse, and temperature readings, hemoglobin or
hematocrit level, and the inspection of the arms for skin lesions.

CHAPTER 1

Red Blood Cell and Platelet Preservation: 3

TABLE 1-1 Donor Screening Tests
for Infectious Diseases
Date Test
Test Required
West Nile virus 2003
Human immunodeficiency virus (NAT)*,* 1999
Hepatitis C virus (NAT) ** 1999
Human immunodeficiency virus antibodies 1992
(anti-HIV 1 and 2)
Hepatitis C virus antibodies (anti-HCV) 1990
Human T-cell lymphotropic virus antibody 1989
(HTLV I and II)
Hepatitis B core antibody (anti-HBc) 1986
Hepatitis B surface antigen (HBsAg) 1972
Syphilis 1945

*NAT-nucleic acid amplification testing
“Initially under IND starting in 1999

refined over time to allow carefully for the rejection of donors
who may be at risk for transmission of transfusion-associated
disease. For a more detailed description of donor screening
and processing, refer to Chapter 11.

The nation’s blood supply is safer than it has ever been
because of the donation process and extensive laboratory
screening (testing) of blood. Currently, nine screening tests
for infectious disease are performed on each unit of donated
blood (Table 1-1). A study by Dodd and colleagues* (2002)
has estimated that the risk from repeat voluntary donors
for the HCV and HIV viruses were 1 per 1,935,000 and 1 per
2,135,000 donations, respectively. It was noted that incidence
rates are approximately two times greater for first-time
donors. The use of nucleic acid amplification testing (NAT)
under an Investigational New Drug Application (since 1999)
and now as tests licensed by the Food and Drug Adminis-
tration (FDA) (since 2002) is one reason for increased safety
of the blood supply. Refer to Chapter 19 for a detailed discus-
sion of transfusion-transmitted viruses.

RBC Biology and Preservation

Three areas of RBC biology are crucial for normal erythrocyte
survival and function:

1. Normal chemical composition and structure of the RBC
membrane

2. Hemoglobin structure and function

3. RBC metabolism

Defects in any or all of these areas will result in RBC survival
of fewer than the normal 120 days in circulation.

RBC Membrane

The RBC membrane represents a semipermeable lipid bilayer
supported by a protein meshlike cytoskeleton structure (Fig.
1-1).5 Phospholipids, the main lipid components of the mem-
brane, are arranged in a bilayer structure comprising the
framework in which globular proteins traverse and move.
Proteins that extend from the outer surface and span the
entire membrane to the inner cytoplasmic side of the RBC are
termed “integral” membrane proteins. Beneath the lipid
bilayer, a second class of membrane proteins, called “periph-
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eral” proteins, is located and limited to the cytoplasmic sur-
face of the membrane forming the RBC cytoskeleton (Table
1-2).5 Both proteins and lipids are organized asymmetrically
within the RBC membrane. Lipids are not equally distributed
in the two layers of the membrane. The external layer is rich
in glycolipids and choline phospholipids.5 The internal cyto-
plasmic layer of the membrane is rich in amino phospho-
lipids.® The biochemical composition of the RBC membrane is
approximately 52 percent protein, 40 percent lipid, and 8 per-
cent carbohydrate.”

As mentioned previously, the normal chemical composi-
tion and the structural arrangement and molecular interac-
tions of the erythrocyte membrane are crucial to the normal
length of RBC survival in circulation of 120 days. In addition,
they maintain a critical role in two important RBC character-
istics: deformability and permeability.

Deformability

To remain viable, normal RBCs must also remain flexible,
deformable, and permeable. The loss of adenosine triphos-
phate (ATP) (energy) levels leads to a decrease in the phos-
phorylation of spectrin and, in turn, a loss of membrane
deformability.5 An accumulation or increase in deposition of
membrane calcium also results, causing an increase in mem-
brane rigidity and loss of pliability. These cells are at a marked
disadvantage when they pass through the small (3 to 5 um in
diameter) sinusoidal orifices of the spleen, an organ that
functions in extravascular sequestration and removal of aged,
damaged, or less deformable RBCs or fragments of their

TABLE 1-2 RBC Membrane Integral
and Peripheral Proteins

Integral Proteins Peripheral Proteins

Spectrin

Actin (band 5)
Ankyrin (band 2.1)
Band 4.1 and 4.2
Band 6

Adducin

Glycophorin A
Glycophorin B
Glycophorin C
Anion-exchange-channel
protein (band 3)

1
Spectrin Dimer-Dimer

Numbers refer to pattern of migration
Lipid

of SDS (sodium dodecyl sulfate) poly-
bilayer

acrylamide gel pattern stained with
Coomassie brilliant blue. Relations of

protein to each other and to lipids are
Membrane

purely hypothetical; however, the posi-
cytoskeleton

tions of the proteins relative to the

inside or outside of the lipid bilayer are
accurate. (Note: Proteins are not drawn
to scale and many minor proteins are
omitted.)

membrane. The loss of RBC membrane is exemplified by the
formation of “spherocytes” (cells with a reduced surface-to-
volume ratio) (Fig. 1-2) and “bite cells,” in which the
removal of a portion of membrane has left a permanent
indentation in the remaining cell membrane (Fig. 1-3). The
survival of these forms is also shortened.

Permeability

The permeability properties of the RBC membrane and the
active RBC cation transport prevent colloid hemolysis and
control the volume of the RBC. Any abnormality that increas-
es permeability or alters cationic transport may lead to
decrease in RBC survival.

The RBC membrane is freely permeable to water and
anions. Chloride (C17) and bicarbonate (HCO,~) can traverse
the membrane in less than a second. It is speculated that this
massive exchange of ions occurs through a large number of
exchange channels located in the RBC membrane. The RBC
membrane is relatively impermeable to cations such as sodi-
um (Na'*) and potassium (K*). RBC volume and water home-
ostasis are maintained by controlling the intracellular
concentrations of sodium and potassium. The erythrocyte
intracellular-to-extracellular ratios for Na* and K* are 1:12
and 25:1, respectively. The 300 cationic pumps, which active-

B FIGURE 1-2 Spherocytes.
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“Bite” cells.

ly transport Na™ out of the cell and K* into the cell, require
energy in the form of ATP. Calcium (Ca2*) is also actively
pumped from the interior of the RBC through energy-
dependent calcium-ATPase pumps. Calmodulin, a cytoplas-
mic calcium-binding protein, is speculated to control these
pumps and to prevent excessive intracellular Ca2* buildup,
which changes the shape and makes the RBC more rigid.

When RBCs are ATP-depleted, Ca®* and Na* are allowed to
accumulate intracellularly, and K™ and water are lost, result-
ing in a dehydrated rigid cell subsequently sequestered by the
spleen, resulting in a decrease in RBC survival.
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Metabolic Pathways

The RBC’s metabolic pathways that produce ATP are mainly
anaerobic, because the function of the RBC is to deliver oxy-
gen, not to consume it. Because the mature erythrocyte has
no nucleus and there is no mitochondrial apparatus for oxida-
tive metabolism, energy must be generated almost exclusive-
ly through the breakdown of glucose.

RBC metabolism may be divided among the anaerobic
glycolytic pathway and three ancillary pathways that serve
to maintain the structure and function of hemoglobin
(Fig. 1-4). All of these processes are essential if the erythro-
cyte is to transport oxygen and to maintain critical physical
characteristics for its survival.

Glycolysis generates about 90 percent of the ATP needed by
the RBC. Approximately 10 percent is provided by the pentose
phosphate pathway. The activity of this pathway increases fol-
lowing increased oxidation of glutathione or decreased activ-
ity of the glycolytic pathway.

When the pentose phosphate pathway is functionally defi-
cient, the amount of reduced glutathione becomes insuffi-
cient to neutralize intracellular oxidants. The result is
denaturation and precipitation of globin as aggregates (Heinz
bodies) within the cell. The formation of Heinz bodies makes
the RBC less deformable than a normal RBC and may cause
the RBC to be caught in the spleen or capillaries, damaging
the membrane. If membrane damage is sufficient, cell
destruction occurs.

The methemoglobin reductase pathway is another impor-
tant pathway of RBC metabolism. This pathway is necessary to
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maintain the heme iron of hemoglobin in the ferrous (Fe?*)
functional state. In the absence of the enzyme methemoglo-
bin reductase and the action of nicotinamide adenine dinu-
cleotide (NAD), there is an accumulation of methemoglobin,
which results from a conversion of ferrous iron to the ferric
form (Fe3*). Methemoglobin represents a nonfunctional form
of hemoglobin and a loss of oxygen transport capabilities,
inasmuch as metheme cannot bind with oxygen. To illustrate
the efficiency of this system, normal healthy individuals have
no more than 1 percent methemoglobin circulating in their
RBCs. A defect in the methemoglobin reductase pathway is,
therefore, significant to RBC posttransfusion survival and
function.

Another pathway that is crucial to RBC function is the
Luebering-Rapaport shunt. This pathway permits the accu-
mulation of another important RBC organic phosphate, 2,3-
diphosphoglycerate (2,3-DPG). The large amount of 2,3-DPG
found within RBCs has a significant effect on the affinity of
hemoglobin for oxygen.

Hemoglobin Structure and Function

Hemoglobin makes up approximately 95 percent of the dry
weight of an RBC or approximately 33 percent of its weight by
volume.® Because of its multichain structure, hemoglobin,
which has a molecular weight of 68,000 daltons, is capable of
considerable allosteric change as it loads and unloads oxygen.
Normal hemoglobin consists of globin (a tetramer of two
pairs of polypeptide chains) and four heme groups, each of
which contains a protoporphyrin ring plus iron (Fe*).

Hemoglobin Synthesis

Normal hemoglobin production is dependent on three
processes:

1. Adequate iron delivery and supply

2. Adequate synthesis of protoporphyrins (the precursor of
heme)

3. Adequate globin synthesis

All adult normal hemoglobins are formed as tetramers con-
sisting of two alpha («) chains plus two (non-a) globin chains.
Normal adult RBCs contain the following types of hemoglo-
bin:

@ 92 to 95 percent of the hemoglobin is HbA, which consists
of two alpha, two beta (c,3,) chains.
® 2 to 3 percent of the hemoglobin is HbA,, which consists of
two alpha, two delta (c,3,) chains.
@ 1 to 2 percent of the hemoglobin is fetal hemoglobin
(HbF), which consists of two alpha, two gamma (0yY,)
chains.

Each synthesized globin chain links with heme (ferroproto-
porphyrin IX) to form hemoglobin, which normally consists
of two « chains, two B chains, and four heme groups.

The rate of globin synthesis is directly related to the rate of
porphyrin synthesis and vice versa: protoporphyrin synthesis
is reduced when globin synthesis is impaired.

Hemoglobin Function

Hemoglobin’s primary function is gas transport: oxygen
delivery to the tissues and carbon dioxide (CO,) excretion.

Red Blood Cell and Platelet Preservation:

One of the most important controls of hemoglobin affinity for
oxygen is the RBC organic phosphate 2,3-DPG. The unloading
of oxygen by hemoglobin is accompanied by widening of a
space between B chains and the binding of 2,3-DPG on a
mole-for-mole basis, with the formation of anionic salt
bridges between the chains. The resulting conformation of
the deoxyhemoglobin molecule is known as the tense (T)
form, which has a lower affinity for oxygen. When hemoglo-
bin loads oxygen and becomes oxyhemoglobin, the estab-
lished salt bridges are broken, and B chains are pulled
together, expelling 2,3-DPG. This is the relaxed (R) form of
the hemoglobin molecule, which has a higher affinity for oxy-
gen.

These allosteric changes that occur as the hemoglobin
loads and unloads oxygen are referred to as the respiratory
movement. The dissociation and binding of oxygen by hemo-
globin are not directly proportional to the partial pressure of
oxygen (Po,) in its environment but, instead, exhibit a sig-
moid-curve relationship, known as the hemoglobin-oxygen
dissociation curve (Fig. 1-5). The shape of this curve is very
important physiologically because it permits a considerable
amount of oxygen to be delivered to the tissues with a small
drop in oxygen tension. For example, in the environment of
the lungs, where the oxygen (Po,) tension, measured in mil-
limeters of mercury (mm Hg), is nearly 100 mm Hg, the
hemoglobin molecule is almost 100 percent saturated with
oxygen. As the RBCs travel to the tissues, where the Po, drops
to an average 40 mm Hg (mean venous oxygen tension), the
hemoglobin saturation drops to approximately 75 percent sat-
uration, releasing approximately 25 percent of the oxygen to
the tissues.

This is the normal situation of oxygen delivery at basal
metabolic rate. The normal position of the oxygen dissocia-
tion curve depends on three different ligands normally found
within the RBC: H* ions, CO,, and organic phosphates. Of
these three ligands, 2,3-DPG plays the most important physi-
ologic role. The dependence of normal hemoglobin function
on 2,3-DPG levels in the RBC has been well documented.®12
In situations such as hypoxia, a compensatory “shift to the
right” of the hemoglobin-oxygen dissociation curve occurs to
alleviate a tissue oxygen deficit (Fig. 1-6). This rightward
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B FIGURE 1-5 Hemoglobin-oxygen dissociation curve.
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“Shift to the right” of the hemoglobin-oxygen dis-

shift of the curve, mediated by increased levels of 2,3-DPG,
results in a decrease in hemoglobin’s affinity for the oxygen
molecule and an increase in oxygen delivery to the tissues.
Note in Figure 1-6 that the oxygen saturation of hemoglo-
bin in the environment of the tissues (40 mm Hg Po,) is now
50 percent; the other 50 percent of the oxygen is being
released to the tissues. The RBCs thus have become more effi-
cient in terms of oxygen delivery.

Therefore, a patient who is suffering from an anemia
caused by loss of RBCs may be able to compensate by shifting
the oxygen dissociation curve to the right, making the RBCs,
although few in number, more efficient. Some patients may
be able to tolerate anemia better than others because of this
compensatory mechanism. A shift to the right may also occur
in response to acidosis or a rise in body temperature. The shift
to the right of the hemoglobin-oxygen dissociation curve is
only one way in which patients may compensate for various
types of hypoxia. Other ways include an increase in total car-
diac output and an increase in the production of RBCs (eryth-
ropoiesis).

A “shift to the left” of the hemoglobin-oxygen dissocia-
tion curve results, conversely, in an increase in hemoglobin-
oxygen affinity and a decrease in oxygen delivery to the tissues
(Fig. 1-7). With such a dissociation curve, RBCs are much
less efficient because only 12 percent of the oxygen can be
released to the tissues. Among the conditions that can shift
the oxygen dissociation curve to the left are alkalosis;
increased quantities of abnormal hemoglobins, such as
methemoglobin and carboxyhemoglobin; increased quantities
of hemoglobin F; and multiple transfusions of 2,3-
DPG-depleted stored blood (attesting to the importance of
2,3-DPG in oxygen release).

Hemoglobin-oxygen affinity can also be expressed by
P, values, which designate the Po, at which hemoglobin is
50 percent saturated with oxygen under standard in-vitro
conditions of temperature and pH. The P, of normal blood is
26 to 30 mm Hg. An increase in P, represents a decrease in
hemoglobin-oxygen affinity, or a shift to the right of the oxy-
gen dissociation curve. A decrease in P, represents an
increase in hemoglobin-oxygen affinity, or a shift to the left of
the oxygen dissociation curve. In addition to the reasons list-
ed for shifts in the curve, inherited abnormalities of the
hemoglobin molecule can result in either situation; these
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“Shift to the left” of the hemoglobin-oxygen disso-

abnormalities are described by the P,, measurements.
Abnormalities in hemoglobin structure or function can there-
fore have profound effects on the ability of the RBCs to pro-
vide oxygen to the tissues.

RBC Preservation

The goal of blood preservation is to provide viable and func-
tional blood components for patients requiring blood transfu-
sion. RBC viability is a measure of in-vivo RBC survival
following transfusion. Because blood must be stored from the
time of donation until the time of transfusion, the viability of
RBCs must be maintained during the storage time as well.
Seventy-five percent of cells that have been transfused should
remain viable for 24 hours.!® This criterion is used to evalu-
ate new preservation solutions and storage containers. The
measurements are made with RBCs that are taken from
healthy subjects, stored and then labeled with radioisotopes,
reinfused to the original donor, and measured 24 hours after
transfusion.

To maintain optimum viability, blood is stored in the lig-
uid state between 1° and 6°C for a specific number of days, as
determined by preservative solution(s) used. The loss of RBC
viability has been correlated with the “lesion of storage,”
which is associated with various biochemical changes. These
changes include a decrease in pH, a decrease in glucose con-
sumption, a buildup of lactic acid, a decrease in ATP levels,
and a reversible loss of RBC function.!? This loss of function
is expressed as a shift to the left of the hemoglobin-oxygen
dissociation curve or an increase in hemoglobin-oxygen affin-
ity.

Because low 2,3-DPG levels profoundly influence the
oxygen dissociation curve of hemoglobin,'* DPG-depleted
RBCs may have an impaired capacity to deliver oxygen to
the tissues. As RBCs (in whole blood or RBC concentrates)
are stored, 2,3-DPG levels decrease, with a shift to the left of
the hemoglobin-oxygen dissociation curve, and therefore
less oxygen is delivered to the tissues. It is well accepted, how-
ever, that 2,3-DPG is re-formed in stored RBCs, after in-
vivo circulation resulting in restored oxygen delivery. The
rate of restoration of 2,3-DPG is influenced by the acid-base
status of the recipient, phosphorus metabolism, and the
degree of anemia.
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TABLE 1-3 Approved Anticoagulant
Preservative Solutions

Storage Time
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Name Abbreviation Days
Acid-citrate-dextrose ACD 21
Citrate-phosphate-dextrose CPD 21
Citrate-phosphate-dextrose-adenine CPDA-1 35
Citrate-phosphate—double dextrose CP2D 21

Anticoagulant Preservative Solutions

ACD, CPD, and CP2D are approved anticoagulant preser-
vative solutions for whole blood and RBC storage at 1°
to 6°C for 21 days'® (Table 1-3). Because of the lower pH in
the ACD preservative, most of the 2,3-DPG is lost early in
the first week of storage. Therefore, a substitute preservative,
CPD, came into widespread use in the United States in
the 1970s because it was superior for preserving this
organic phosphate. This effect is the result of a higher pH
(Table 1-4). Even in CPD, RBCs become low in 2,3-DPG by
the second week.

Subsequent studies led to the addition of various
chemicals, along with the currently approved anticoagulant-
preservative CPD, in an attempt to stimulate glycolysis so that
ATP levels were better maintained.!! One of the chemicals,
adenine, was approved for addition to CPD by the FDA in
August 1978. The incorporation of adenine into the CPD
solution(CPDA-1) increases ADP levels, thereby driving gly-
colysis toward the synthesis of ATP. CPDA-1 contains 0.25 mM
of adenine plus 25 percent more glucose than CPD (see Table
1-4). Adenine-supplemented blood can be stored at 1° to 6°C
for 35 days. The extra glucose was added because of the
lengthened storage period. CP2D contains 100 percent more
glucose than CPD, or 60 percent more glucose than CPDA-1.
However, blood stored in all CPD preservatives also becomes
depleted of 2,3-DPG by the second week of storage.

The reported pathophysiologic effects of the transfusion of
RBCs with low 2,3-DPG levels and increased affinity for oxy-
gen include an increase in cardiac output, a decrease in mixed
venous Po, tension, or a combination of these. The physio-

logic importance of these effects is not easily demonstrated.
This is a complex mechanism with numerous variables
involved that are beyond the scope of this text.

Stored RBCs do regain the ability to synthesize 2,3-DPG
after transfusion, but levels necessary for optimal hemoglobin
oxygen delivery are not reached immediately. Approximately
24 hours are required to restore normal levels of 2,3-DPG
after transfusion.!? The 2,3-DPG concentrations after transfu-
sion have been reported to reach normal levels as early as 6
hours posttransfusion.!® Most of these studies have been per-
formed on normal, healthy individuals. However, evidence
suggests that, in the transfused subject whose capacity is lim-
ited by an underlying physiologic disturbance, even a brief
period of altered oxygen hemoglobin affinity is of great signif-
icance.!

It is quite clear now that 2,3-DPG levels in transfused
blood are important in certain clinical conditions. Several
animal studies demonstrate significantly increased mortality
associated with transfusing blood that is low in 2,3-DPG lev-
els in subjects with persistent anemia, hypotension, hypoxia,
and cardiac and hemorrhagic shock. Human studies demon-
strate that myocardial function improves following transfu-
sion of blood with high 2,3-DPG levels during cardiovascular
surgery.l6

Several investigators suggest that the patient in shock who
is given 2,3-DPG-depleted erythrocytes in transfusion may
have already strained the compensatory mechanisms to their
limits.16-18 Perhaps for this type of patient the poor oxygen
delivery capacity of 2,3-DPG—depleted cells makes a signifi-
cant difference in recovery and survival.

It is apparent that many factors may limit the viability of
transfused RBCs. One of these factors is the plastic material
used for the storage container. The plastic must be sufficient-
ly permeable to CO, in order to maintain higher pH levels
during storage. Glass storage containers are a matter of his-
tory in the United States. Currently, all blood is stored in
polyvinyl chloride (PVC) plastic bags (Fig. 1-8). One issue
associated with PVC bags relates to the plasticizer, di(ethyl-
hexyl)-phthalate (DEHP), which is used in the manufacture of
the bags. It has been found to leach into the blood from the
plastic into the lipids of the plasma medium and RBC mem-
branes during storage. However, its use or that of alternative
plasticizers that leach are important because they have been

TABLE 1-4 Comparison of the Composition of Acid-Citrate-Dextrose (ACD)
and Citrate-Phosphate-Dextrose (CPD) Anticoagulant Preservative Solutions

Trisodium citrate (g) 2.0 26.30 26.35 26.35
Citric acid (g) 8.0 3.27 3.27 3.27
Dextrose (g) 4.5 25.50 31.90 51.10
Monobasic sodium phosphate (g) - 2.22 2.22 2.22
Adenine (g) - - 0.27 -
Water (mL) 1000 1000 1000 1000
Volume/100 mL blood (mL) 15 14 14 14
Approximate volume of preservative solution/bag (mL) 67.5 63.0 63.0 63.0
Initial pH of solution* 5.0 5.6 5.6 5.6
pH of whole blood on initial day drawn into storage bag* 7.0 7.2 7.4 7.3
Storage time (days) 1°-6°C** 21 21 35 21

Note: Composition for 63 mL of anticoagulant-preservative solution which is mixed with 450 mL (£10%)of blood in each unit.
*Indicates measurement at room temperature. For 500 mL collections, 70 mL of anticoagulant-preservative solution is used.

**If additive preservative solutions are not utilized.
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B FIGURE 1-8 The Teruflex CPD/Optisol Triple blood bags with
blood sampling arm. (Courtesy of Terumo Medical Corporation,
Somerset, NJ.)

shown to stabilize the RBC membrane and therefore reduce
the extent of hemolysis during storage. Research has been
focused on the development of improved plastic blood bags as
well as better preservative solutions. In addition to blood
preservation issues, adverse effects and risks associated with
blood transfusion have created concern and caution among
clinicians when determining the need for blood and blood
components (see Chapter 18).

Additive Solutions

Additive solutions are preserving solutions that are added to
the RBCs after removal of the plasma with/without platelets.
Additive solutions are now widely used. One of the reasons for
their development related to the fact that removal of the plas-
ma component during the preparation of RBC concentrates
removed much of the nutrients needed to maintain RBCs dur-
ing storage. This was dramatically observed when high hema-
tocrit RBCs were prepared. The influence of removing
substantial amounts of adenine and glucose present original-
ly in, for example, the CPDA-1 anticoagulant-preservative
solution led to a decrease in viability, particularly in the last 2
weeks of storage.’? RBC concentrates prepared from whole
blood units collected in primary anticoagulant-preservative
solutions can be relatively void of plasma with high hemat-
ocrits, which causes the units to be more viscous and difficult
to infuse, especially in emergency situations. Additive solu-
tions (100 mL to the RBC concentrate prepared from a 450-
mL blood collection) also overcome this problem. Additive
solutions reduce hematocrits from around 70 to 85 percent to
around 50 to 60 percent. The ability to pack RBCs to fairly
high hematocrits before addition of additive solution also pro-
vides a means to harvest greater amounts of plasma with or
without platelets.

The additive system concept was developed by Beutler!® in
the 1970s, and implementation of specific solutions was initi-
ated in the early 1980s by Lovric® in Australia and Hégman?2!
in Sweden. The blood collection systems employed a primary
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bag containing a standard anticoagulant-preservation solu-
tion and an accessory, or satellite, bag containing the
additional nutrient solution that was added to the packed
RBC component after the plasma was removed. The
configuration of the additive solution approach remains
essentially unchanged. In general, the additive solutions
employed in the systems were composed of standard
ingredients used intravenously: saline, dextrose, and ade-
nine. The systems described by Hogman and Lovric differ
slightly in their approach. Hogman'’s system uses the standard
CPD anticoagulant in the primary bag with the additive
solution containing saline, adenine, and glucose (SAG),
which was modified further with the addition of mannitol
(SAGM), which protected against storage-related hemolysis.?!
(SAGM is similar to Adsol AS-1; see Table 1-6.) Lovric dou-
bled the dextrose concentration in the primary anticoagulant
(CP2D) and used it in connection with an additive solu-
tion composed of saline, adenine, glucose, trisodium citrate,
citric acid, and sodium phosphate.?’ It is thought the citrate
and phosphate in this formulation may protect against
hemolysis.

The formulations by Lovric and H6gman provided the
basis for the three additive solutions that are licensed in the
United States:

1. AS-1 (Baxter Healthcare)

2. Nutricel (AS-3) (Pall Corporation, manufactured initially
by the Cutter Biological and subsequently by Medsep
Corporation)

3. Optisol (AS-5) (Terumo Corporation)

AS-1 solution contains SAGM to retard hemolysis. It is
coupled with CPD as the primary bag anticoagulant-preserva-
tive. AS-3 contains SAG (as in AS-1) but at different concen-
trations and in addition to sodium phosphate, sodium citrate,
and citric acid. It is coupled with CP2D as the primary
bag anticoagulant-preservative. Optisol contains SAGM
at different concentrations from AS-1 and uses CPD in the
primary bag. All of these additive solutions are approved for
42 days of storage of RBCs. Table 1-5 lists the currently
approved additive solutions, and Table 1-6 describes formu-
lations for each one. The formulations listed in Table 1-6 are
for 100 mL of additive solution that is added to RBCs prepared
from 450-mL blood collections. When the collection systems
are for 500 mL of blood, the volume of the additive solution is
110 mL.

Initially, the AS-1 solution was used to store RBCs for up
to 49 days. Conflicting data regarding in-vivo RBC survival
from different studies with AS-1-stored RBCs resulted in the
FDA convening a workshop on AS-1 and other additive solu-
tions in 1985. The consensus of the FDA Advisory Panel
resulted in changing the approval of AS-1 from 49 days to 42
days, which is the storage limit for all additive solutions in the

TABLE 1-5 Additive Solutions

in Use in North America

Storage
Name Abbreviation Time (Days)
Adsol (Baxter Healthcare) AS-1 42
Nutricel (Pall Corporation) AS-3 42
Optisol (Terumo Corporation) AS-5 42
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TABLE 1-6 Composition of Additive

Solutions (mg/100ml)

AS-1 AS-3 AS-5
(Adsol) (Nutricel) (Optisol)
Dextrose 2200 1100 900
Adenine 27 30 30
Monobasic sodium 0 276 0
phosphate

Mannitol 750 0 529
Sodium chloride 900 410 877
Sodium citrate 0 588 0
Citric acid 0 42 0
Primary bag CPD CP2D CPD

anticoagulant-preservative

United States. Overall, data from clinical studies show that
RBCs stored for 42 days in AS-1, AS-3, or AS-5 demonstrated
a mean 24-hour postinfusion survival of greater than 75 per-
cent, the minimum requirement for satisfactory RBC sur-
vival.

Table 1-7 shows the biochemical characteristics of RBCs
stored in the three additive solutions after 42 days of stor-
age.??24 Poststorage survival rates of greater than 80 percent
were demonstrated in one study with less than 1 percent
hemolysis. Additive system RBCs are used in the same way as
traditional RBC transfusions. Blood stored in additive solu-
tions is now routinely given to newborn infants and pediatric
patients,?® although some clinicians have continued to prefer
CPDA-1 RBCs because of their concerns about one or more of
the constituents in the additive solutions.

None of the additive solutions maintain 2,3-DPG through-
out the storage time. As with RBCs stored only with primary
anticoagulant-preservatives, 2,3-DPG is depleted by 2 weeks
of storage.

Freezing and Rejuvenation
RBC Freezing

RBC freezing is primarily used for autologous units and the
storage of rare blood types. Autologous transfusion allows
individuals to donate blood for their own (autologous) use in
meeting their needs for blood transfusion (see Chapter 16).
The procedure for freezing a unit of packed RBCs is not
complicated. Basically, it involves the addition of a cryopro-
tective agent to RBCs that are less than 6 days old. Glycerol is
used most commonly and is added to the RBCs slowly with

TABLE 1-7 Additive Red Cells:
Biochemical Characteristics

AS-1 AS-3 AS-5
Storage period (days) 42.00 42.00 42.00

pH (measured at 37°C) 6.6 6.5 6.5

24-hour survival*(%) 83.00 85.1 80.0
ATP (% initial) 68.00 67.0 68.5
2,3-DPG (% initial) 6.0 6.0 5.0
Hemolysis (%) 0.5 0.7 0.6

*Survival studies reported are from selected investigators and do not
include an average of all reported survivals.
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vigorous shaking, thereby enabling the glycerol to permeate
the RBCs. The cells are then rapidly frozen and stored in a
freezer. The usual storage temperature is below —65°C,
although storage (and freezing) temperature depends on
the concentration of glycerol used.!* Two concentrations of
glycerol have been used to freeze RBCs: a high-concentration
glycerol (40 percent weight in volume [w/v]) and a low-
concentration glycerol (20 percent w/v) in the final concen-
tration of the cryopreservative.2* Most blood banks that freeze
RBCs use the high-concentration glycerol technique. Table
1-8 lists the advantages of the high-concentration glycerol
technique in comparison with the low-concentration glycerol
technique. The reader is referred to Chapter 11 for a detailed
description of the RBC freezing procedure.

Transfusion of frozen cells must be preceded by a deglyc-
erolization process; otherwise the thawed cells would be
accompanied by hypertonic glycerol when infused, and RBC
lysis would result. Removal of glycerol is achieved by system-
atically replacing the cryoprotectant with decreasing concen-
trations of saline. The usual protocol involves washing with
12 percent saline, followed by 1.6 percent saline, with a final
wash of 0.2 percent dextrose in normal saline.” A commer-
cially available cell-washing system, such as one of those
manufactured by several companies, has traditionally been
used in the deglycerolizing process.

Excessive hemolysis is monitored by noting the hemoglo-
bin concentration of the wash supernatant. Osmolality of the
unit should also be monitored to ensure adequate deglyc-
erolization. Traditionally, because a unit of blood is processed
under open system conditions to add the glycerol (before
freezing) or the saline solutions (for deglycerolization), the
outdating period of thawed RBCs stored at 1° to 6°C has been
24 hours.

Generally, RBCs in CPD or CPDA-1 anticoagulant-preser-
vatives or additive solutions are glycerolized and frozen with-
in 6 days of whole blood collection. Red blood cells stored in
additive solutions such as AS-1 and AS-3 have been frozen up
to 42 days after liquid storage without rejuvenation.

The need for RBCs within 24 hours of thawing has limited
the utilization of frozen RBCs. Recently, an instrument (ACP
215, Haemonetics) has been developed that allows the glyc-
erolization and deglycerolization processes to be performed
under closed system conditions.?® This instrument utilizes a
sterile connecting device for connections, in-line 0.22 micron
filters to deliver solutions, and a disposable polycarbonate
bowl with an external seal to deglycerolize the RBCs. Based on
approval by the FDA, RBCs prepared from 450-mL collections
and frozen within 6 days of blood collection with CPDA-1 can
be stored after thawing at 1° to 6°C for up to 15 days when
the processing is conducted with the ACP 215 instrument and
the deglycerolized cells, prepared using salt solutions as in
the traditional procedures, are suspended in the AS-3 additive
solution as a final step, which is thought to provide stabiliza-
tion to the thawed RBCs. These storage conditions are based
on the parameters used in a study by Valeri and others that
showed that RBC properties were satisfactorily maintained
during a 15-day period.?8 Further studies will broaden the
conditions that can be used to prepare RBCs for subsequent
freezing with closed system processing.

Currently, the FDA licenses frozen RBCs for a period of 10
years from the date of freezing; that is, frozen RBCs may be
stored up to 10 years before thawing and transfusion. Once
thawed, these RBCs demonstrate function and viability near
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TABLE 1-8 Advantages of High-Concentration Glycerol Technique Used

by Most Blood Banks over Low-Concentration Glycerol Technique

Advantage High Glycerol Low Glycerol
1. Initial freezing temperature —80°C —196°C
2. Need to control freezing rate No Yes
3. Type of freezer Mechanical Liquid nitrogen
4. Maximum storage temperature —65°C —120°C
5. Shipping requirements Dry ice Liquid nitrogen
6. Effect of changes in storage temperature Can be thawed and refrozen Critical

those of fresh blood. Experience has shown that 10-year
storage periods do not adversely affect viability and func-
tion.!> Table 1-9 lists the advantages and disadvantages of
RBC freezing.

Rejuvenation

Rejuvenation of RBCs is the process by which ATP and 2,3-
DPG levels are restored or enhanced by metabolic alterations.
The initial rejuvenation solution contained phosphate, ino-
sine, glucose, pyruvate, and adenine (PIGPA).2” Valeri and
coworkers, the pioneers in developing rejuvenation studies
with outdated RBCs, subsequently showed that glucose was
not required and utilized a solution designated phosphate,
inosine, pyruvate, and adenine (PIPA).2? Currently, Rejuvesol
(enCyte Systems, Inc.) is the only FDA-approved rejuvenation
solution sold in the United States and contains the same bio-
chemicals as the original PIPA solution.?8 Rejuvesol is cur-
rently approved for use with CPD, CPDA-1, and CPD/AS-1
RBCs.

Rejuvesol is being used primarily to salvage liquid-stored
RBCs that have reached outdate, as rejuvenated RBCs can be
frozen with glycerol as the cryoprotecting solution. Rare
units and O-type units are primarily treated for subsequent
cryopreservation. Autologous units that are not utilized dur-
ing liquid storage are also rejuvenated and cryopreserved. It is
also possible to transfuse rejuvenated RBCs within 24 hours
of processing. In this case, although not widely used, the reju-
venated RBCs are washed to remove the excess rejuvenating
solution and are held at 1° to 6°C until transfusion.

Rejuvenation is accomplished by incubating an RBC unit
at 37°C for 1 hour (currently only RBCs prepared from 450-
mL collection can be rejuvenated) with 50 mL of the rejuve-
nating solution. RBCs stored in the liquid state can be
rejuvenated at outdate or up to 3 days after outdate and cry-
opreserved, depending on RBC preservative solutions used.
The RBCs are washed during the post-freezing deglyceroliza-
tion process to remove nonmetabolized rejuvenation solution

TABLE 1-9 Advantages and
Disadvantages of RBC Freezing

Advantages

Disadvantages

Long-term storage (10 years)
Maintenance of RBC
viability and function
Low residual leukocytes
and platelets
Removal of significant
amounts of plasma proteins

A time-consuming process

Higher cost of equipment
and materials

Storage requirements
(—65°C)

Higher cost of product

materials and deleterious amounts of extracellular potassium.
Because the processing including the washing procedure is
currently accomplished with open systems that are not specif-
ically designed to prevent the entrance of bacteria, federal
regulations require that rejuvenated/frozen RBCs are used
within 24 hours of thawing.’® The rejuvenation process is
expensive and time-consuming; therefore, it is not used often
but is invaluable for preserving selected autologous and rare
units of blood for later use. It is possible that rejuvenated
RBCs could be processed with the closed system ACP 215
instrument.

Current Trends in Blood/RBC
Preservation Research

Research and development in RBC preparation and preserva-
tion is being pursued in four directions:

1. Development of modified/new additive solutions,

2. Development of procedures to reduce the level of
pathogens that may be in RBC units,

3. Development of procedures to convert A-, B-, and AB-type
RBCs to O-type RBCs, and

4. Development of RBC substitutes.

Improved Additive Solutions

Research is being conducted to develop improved additive
solutions for RBC preservation. One reason is that longer
storage periods could improve the logistics of providing RBCs
for clinical use, including increased benefits associated with
the use of autologous blood/RBCs. One approach by Hess and
Greenwalt and coworkers,? involving customized solutions
containing sodium bicarbonate, sodium phosphate, adenine,
dextrose, mannitol, and sodium chloride and the use of a
higher pH (alkaline range), is providing for better retention of
ATP levels. Consequently, satisfactory 24-hour in-vivo sur-
vival (mean of 78 percent) was observed even after 12 weeks
of storage, which is twice the current limit. Leukocyte-
reduced RBCs were utilized for the storage studies.?® It was
shown that membrane loss could be prevented by maintain-
ing higher concentrations of ATP. The authors noted that
membrane loss reduces RBC deformability, which is correlat-
ed with reduced RBC survival. Hdgman and coworkers® have
developed a hypotonic additive solution approach that does
not include chloride ions in the additive solution. Their
approach also uses a higher medium pH and has been shown
to increase storage for at least 7 weeks. Their system also
works, in part, through improved maintenance of ATP, and
there is also better retention of 2,3-DPG. The anticoagulant-
preservative solution used in the blood collection process for
this system is either CPD or half-strength CPD. Half-strength
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CPD is being evaluated because its use has been associated
with higher pH levels.?

Procedures to Reduce/Inactivate Pathogens

Research is being conducted to develop procedures that
would reduce the level of/inactivate residual viruses, bacteria,
and parasites in RBC units. One objective is to develop robust
procedures that would have the potential to inactivate unrec-
ognized (unknown) pathogens that may be present, such as
the viruses that have emerged in recent years. Two methods
that utilize alkylating agents that react with the nucleic acids
of pathogens (S-303, Cerus/Baxter; Inactine, Vitex ) are being
evaluated in clinical trials. Key to the utilzation of such chem-
icals will be the use of procedures that remove unreactive
chemical and/or break-down products after the reaction peri-
od is complete. Removal is being accomplished by use of an
absorbing material or by washing of the RBCs. There are three
main areas of study that are being pursued to document that
a pathogen-reduction procedure could be utilized. The extent
of pathogen reduction/inactivation with a wide array of the
actual pathogens that have been found in RBCs and models
for specific pathogens, when necessary, is one key area being
studied to show that routinely found pathogen titers can be
satisfactorily reduced and inactivated. Retention of appropri-
ate RBC viability and function with the conditions intended to
be used to treat the RBCs must be shown. In addition, it is
necessary to document that a treatment procedure has a sat-
isfactory toxicologic profile based on wide-scope in-vitro and
in-vivo animal model testing.

Formation of O-Type RBCs

The inadequate supply of O-type RBC units that is periodical-
ly encountered can hinder blood centers and hospital blood
banks in providing RBCs for specific patients. Research over
the last 20 years has been evaluating how the more available
A and B type of RBCs can be converted to O-type RBCs. The
use of enzymes that remove the carbohydrate moieties of the
A and B antigens is the mechanism for forming O-type RBCs.
The enzymes are removed by washing after completion of the
reaction time. Specific enzymes are used to convert A- and B-
type RBCs. A clinical study sponsored by the company that is
developing the technology (ZymeQuest) has shown that O-
type RBCs manufactured from B-type RBCs were effective
when transfused to O- and A-type patients in need of RBCs.?!

RBC Substitutes

Another area of blood research deals with the development of
RBC substitutes (referred to in the past as blood substitutes).
These formulations include hemoglobin-based oxygen carri-
ers and the perfluorochemicals (PFCs).3233 The function of
these products is to carry and transfer oxygen in the absence
of intact RBCs. In recent years the term “oxygen therapeutics”
has been used to more specifically describe the role for RBC
substitutes, as they do not substitute for the entire RBC.
Advantages and disadvantages of RBC substitutes are present-
ed in (Tables 1-10 and 1-11).

Despite more than 30 years of research for acceptable RBC
substitutes, an alternative to a unit of RBCs, even for specific
clinical situations, is still not approved for human use.
Originally developed to be used in trauma situations such as
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TABLE 1-10 Advantages and Disadvantages
of Stroma-Free Hemoglobin Solutions

Advantages

Long shelf life

Disadvantages

Short intravascular half-life

Very stable Possible toxicity
No antigenicity (unless Increased O, affinity
bovine)

No requirement for Increased oncotic effect

blood-typing procedures

accidents, combat, and surgery, RBC substitutes have, until
now, fallen short of meeting requirements for these applica-
tions. This is primarily due to the major complicating
side effects, such as the vasoconstrictive effect, manifested as
an increase in blood pressure upon infusion. Development of
perfluorocarbon formulations has also been hindered by
toxicity and manufacturing issues. Although RBC substitutes
are still not in routine use today, specific products have
been used for individual patients under compassionate use
guidelines.

Hemoglobin-Based Oxygen Carriers

The hemoglobin-based oxygen carriers currently in advanced
stages of development are the chemically modified hemoglo-
bin formulations. These have replaced the unmodified formu-
lations that were studied initially. There are also recombinant
hemoglobin and encapsulated hemoglobin formulations
being developed, although these products are in preclinical or
early clinical testing, as are new types of modified hemoglo-
bin.

There have been substantial improvements in the quality
and purity of the hemoglobin formulations. The presence of
stromal elements in earlier unmodified formulations caused a
variety of toxicological reactions, based primarily on animal
testing. In unmodified hemoglobin, the hemoglobin
tetramers dissociated into dimers and monomers and lost
their relationship with 2,3-DPG.3* High oncotic effect is
another problem that was associated with unmodified hemo-
globins. As a result, significant toxicity characterized by renal
dysfunction, systemic vasoconstriction, and gastrointestinal
stress has been demonstrated.

Early formulations besides toxicity considerations exhibit-
ed a high oxygen affinity. The hemoglobin-oxygen dissocia-
tion curve showed a shift to the left, with P, values ranging
from 12 to 17 mm Hg.** Unmodified hemoglobins also exhib-
ited low circulation times.

TABLE 1-11 Advantages and Disadvantages
of Perfluorochemicals

Advantages Disadvantages

Adverse clinical effects

High 0, affinity

Retention in tissues

Requirement for O,
administration when infused

Deep-freeze storage
temperatures

Biologic inertness
Lack of immunogenicity
Easily synthesized




The products being prepared from RBCs are manufactured
by procedures that exclude RBC stromal materials. Current
formulations appear to have a half-life circulation time of
approximately 24 hours. Cross-linking and/or polymerizing
the hemoglobin chains has increased the circulation time by
enlarging the molecule.®® This inhibits hemoglobin breakup
into smaller subunits, which are easily filtered by the kidney,
and also decreases the kidney osmotic load. Depending on
how the chemical modifications are made, oxygen affinity can
also be altered. These chemical modifications are made using
conventional chemical reactions. Recombinant techniques
are also being used to manufacture hemoglobin formulations.
The hemoglobin is made using modified human genes
expressed in bacterial cells.

Chemically modified human and bovine hemoglobin being
developed is summarized in Table 1-12. Clinical testing with
the various products is being performed in different patient
populations. It has been noted that a specific hemoglobin
product may initially be approved for a specific clinical use.
One product reviewed by the FDA in 2003 was a glutaralde-
hyde cross-linked bovine hemoglobin (Hemopure, Biopure
Corporation ).3® From numerous clinical studies, it has been
shown that the use of Hemopure reduces a need for RBC
transfusions in surgery patients, especially cardiac patients. A
glutaraldehyde cross-linked human hemoglobin product
(Polyheme, Northfield Laboratories) is in Phase III clinical
trial testing. This product contains an incorporated pyridoxal
molecule that replaces 2,3-DPG to maintain satisfactory oxy-
gen transport properties. Polyheme in relatively large
amounts (up to 20 units) has been used successfully to treat
trauma patients.3” A third product, an o-raffinose polymerized
human hemoglobin, is currently in Phase II/III clinical trial
testing. This product has been studied in surgery patients,
including coronary artery bypass graft patients. Other
products are also in clinical testing. New concepts are being
used to manufacture these products. The hemoglobin field
received a setback in 1999 when one of the first products to
reach Phase III clinical trials, a diaspirin cross-linked human
hemoglobin (HemAssist, Baxter Healthcare), was removed
from further development.3® Use of this product for treatment
of stroke and traumatic hemorrhage was associated with
increased serious adverse effects and mortality compared with
control protocols.

TABLE 1-12
in Preclinical or Clinical Trials

Currentl
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Another way to increase circulation time and to minimize
osmotic effect is to encapsulate the hemoglobin in an artifi-
cial membrane.?® This approach has not reached advanced
clinical testing. Two manufacturing issues need to be consid-
ered when using an encapsulation approach; namely, prepar-
ing the hemoglobin molecule and preparing the membrane.
Encapsulation may create an environment that would main-
tain the normal relationship between the hemoglobin
tetramer and 2,3-DPG. In current products being developed,
encapsulation is also being used to include RBC enzymes.

Perfluorochemicals

PFCs are hydrocarbon structures in which all the hydrogen
atoms have been replaced with fluorine. They are chemically
inert, are excellent gas solvents, and carry O, and CO, by dis-
solving them. Most PFCs can dissolve as much as 40 to 70 per-
cent of oxygen per unit by volume, whereas whole blood can
dissolve only about 20 percent.*’ The concentration of dis-
solved O, in the PFC solution is directly proportional to the
concentration of O, in the environment. Because PFCs are
immiscible with blood, these chemicals are injected as emul-
sions with albumin, fats, or other chemicals; otherwise, they
may cause pulmonary embolism, asphyxia, and death.*’

The ability of PFC to transport sufficient amounts of O,
was first demonstrated when mice survived submersion in an
oxygenated PFC. Shortly thereafter, Geyer exchanged the
blood of rats with PFCs to a hematocrit of 1 percent without
any sign of complication.** Reperfusion of the rats was also
accomplished successfully. Numerous PFCs have been stud-
ied, each with different characteristics as far as emulsification
capacity, ability to dissolve O,, circulation half-life, and tissue
half-life. Emulsifying agents also vary. The particle size of the
emulsion should be small, 0.1 to 0.2 mm for biocompatibil-
ity.%% Larger particle size emulsions are more rapidly removed
from the circulation, increase the viscosity of the solution,
and lessen the amount of O, dissolved. In addition, PFC emul-
sions of large size are unstable and may separate, thus caus-
ing embolization when transfused. Research has provided the
means to develop a stable, small particle, 60 percent emulsion
that appeared in studies to be well tolerated. This formulation
(Oxygent, Alliance) has been used in a number of advanced
clinical studies. In one Phase III clinical trial study with

Hemoglobin-Based Oxygen Carriers (RBC Substitutes)
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From Reid T, Transfusion, 2003, 43, p. 282.
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patients undergoing noncardiac surgery, those receiving the
perfluorocarbon emulsion needed less transfusions of allo-
geneic RBCs and autologously predonated RBCs.?3 The advan-
tages and disadvantages of perfluorochemicals are
summarized in Table 1-11.

Platelet Preservation
Introduction

Platelets are intimately involved in primary hemostasis,
which is the interaction of platelets and the vascular endothe-
lium in halting and preventing bleeding following vascular
injury. Platelets are cellular fragments derived from the cyto-
plasm of megakaryocytes present in the bone marrow. They
do not contain a nucleus, although the mitochondria contain
DNA. Platelets are released and circulate approximately 9 to
12 days as small, disc-shaped cells with an average diameter
of 2 to 4 wm. The normal platelet count ranges from 150,000
to 350,000 per wL. Approximately 30 percent of the platelets
that have been released from the bone marrow into the circu-
lation are sequestered in the microvasculature or in the
spleen as functional reserves.

Platelets have specific roles in the hemostatic process that
are critically dependent on an adequate number in the circu-
lation as well as on normal platelet function. The role of
platelets in hemostasis includes (1) initial arrest of bleeding
by platelet plug formation and (2) stabilization of the hemo-
static plug by contributing to the process of fibrin formation
and maintenance of vascular integrity.

Platelet plug formation involves the adhesion of platelets
to the subendothelium and subsequent aggregation with
thrombin being a key effector of these phenomena. Platelets,
like other cells, require energy in the form of ATP for cellular
movement, active transport of molecules across the mem-
brane, biosynthetic purposes, and maintenance of a hemosta-
tic steady state.

Clinical Use of Platelets

Platelet components are effectively used to treat bleeding
associated with thrombocytopenia, a marked decrease in
platelet number. They are also transfused prophylactically
to increase the circulating platelet count in hematology-
oncology thrombocytopenic patients to prevent bleeding sec-
ondary to drug and radiation therapy. This is especially
common in association with stem cell transplants after
chemotherapy. It is interesting to note that a greater number
of platelet units are used for prophylactic purposes compared
with that used to treat bleeding, especially with hematology-
oncology patients. Platelets are also utilized in some
instances to treat other disorders in which platelets are qual-
itatively or quantitatively defective because of genetic rea-
sons. In recent years coagulation factor VIIA has been used
as an alternative to platelets when treating patients with
congenital qualitative and quantitative disorders, such as
Glanzmann thrombasthenia, who have bleeding episodes.*!
In the 1950s/1960s, platelet transfusions were gdiven as
freshly drawn whole blood or platelet-rich plasma. Circula-
tory overload quickly developed as a major complication of
this method of administering platelets. Since the 1970s,
platelets are prepared from whole blood as concentrates in
which the volume per unit is near 50 mL in constrast to the
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250- to 300-mL volume of platelet-rich plasma units. Today
platelets are prepared as concentrates from whole blood and
increasingly by apheresis. Platelets still remain as the primary
means of treating thrombocytopenia, even though therapeu-
tic responsiveness varies according to patient conditions and
undefined consequences of platelet storage conditions.

Whole blood—derived platelet concentrates (PC) are pre-
pared from units of whole blood drawn into triple or quad col-
lection bag systems. The anticoagulant-preservative solution
used to collect units of whole blood also provide a preserva-
tive medium for the platelets. The citrate constituent helps to
reduce unnecessary platelet activation. The harvesting of
platelets from whole blood can be performed by two methods.
In some parts of the world, including North America, the
platelet-rich plasma (PRP) method is used. Units of PRP are
separated by a slow centrifugation step, after which the PRP
is centrifuged again with hard spin conditions to concentrate
the platelets.?? In Europe the buffy coat method is the pre-
dominant procedure in use. Units of whole blood are cen-
trifuged with hard spin conditions to concentrate the platelets
in the buffy coats. Subsequently, single or pooled buffy coats
are centrifuged with slow spin conditions harvesting the
platelets in the plasma supernatant.

It should be noted that the unit of blood must be kept at
room temperature until the platelets have been prepared,
which must be done within 8 hours after collection (within 24
hours in Europe before concentrating platelets in buffy
coats), reflecting the need to store platelets at room tempera-
ture in view of the deteriorating effect of cold temperatures
(see next section).

For PCs prepared in the United States by the PRP method,
approximately 50 mL of plasma is retained with the platelets
(volume usually between 45 and 65 mL) in order to maintain
a pH of at least 6.2 during storage. The storage period is 5 days
(expiration is midnight of day 5). Quality control testing
guidelines requires that 90 percent of the sampled PCs con-
tain a minimum of 5.5 X 10! platelets and a pH of >6.2 at
outdate.?3 Regulations require that at least four PCs be tested
monthly for pH and platelet count at the time of expiration.!®
If the seal of any PC bag is broken, the platelets need to be
transfused within 4 hours when stored at 20° to 24°C.

Whole blood—derived platelets, whether prepared by the
PRP or the buffy coat method, are transfused as pools.
Currently in most instances, 4 to 6 PCs are pooled in a con-
tainer for transfusion. Previously, as many as 8 to 10 PCs were
transfused as a dose. The lower number of PCs currently in
use reflect, in part, the more efficient harvesting of platelets
from whole blood.*? Traditionally, in the United States pools
are prepared at hospitals because they need to be transfused
within 4 hours.2® One reason for the limited storage period
has been the concern for bacterial growth because storage is
at room temperature (see section on bacterial growth issue).
In Europe and others areas, PC pools, prepared with sterile
docking, are being stored for up to 5 days.*?

With plateletpheresis, platelets are harvested by drawing
blood from a donor into an apheresis instrument (cell separa-
tor), which separates the blood into components using cen-
trifugation; retaining the platelets; and returning the
remainder of the blood to the donor. After repeated cycles the
platelets are concentrated in storage containers. Apheresis
components contain at least four to six times as many
platelets as a unit of platelets obtained from whole blood.
This translates into a product with 3.0 to 4.0 X 10! platelets,



which provides one transfusion dose. AABB Standards now
require that 90 percent of the tested units have a minimum of
3.0 X 10M platelets.?> Similar to whole blood—derived
platelets, a pH of at least 6.2 during storage (measured at time
of issue or outdate) is required for apheresis components.

Frequently, the separation procedure is carried out in a
way that allows collection (from appropriate donors) of suffi-
cient platelets to prepare two unique separate products. The
minimum number of collected platelets should be approxi-
mately 6.5 X 10 if two apheresis components are to be pre-
pared. The ability to prepare two apheresis components
reflects, in part, the ability to harvest platelets more efficient-
ly with the current generation of apheresis instruments. Each
product needs to have at least 3.0 X 10! platelets.2?

The current generation of apheresis instruments also
allows for the preparation of pre-storage leukocyte-reduced
platelets (total leukocytes <5.0 X 109) through specific
processing without use of a leukocyte-reduction filter
(Spectra, Trima, Gambro; Amicus, Baxter Healthcare) or by
use of a leukocyte-reduction filter (MCS+, Haemonetics).
Whole blood platelets can also be prepared to be pre-storage
leukocyte-reduced. One system in routine use removes the
leukocytes on expression of platelet-rich plasma from the sep-
arated RBCs through a leukocyte-reduction filter (PL filter,
Pall). Under development are filters that remove leukocytes
from RBCs, platelets, and plasma simultaneously during
whole blood passage (see Chapter 11).

Current Conditions for Platelet Preservation
(Platelet Storage)

Platelet concentrates prepared from whole blood and aphere-
sis components are routinely stored at 20° to 24°C, with con-
tinuous agitation for up to 5 days on being prepared using a
system classified as being closed, bags, and/or cell separator
with apheresis collections. FDA standards define the expira-
tion time as midnight of day 5. Although the principles for
platelet preservation/storage have been developed primarily
using whole blood—derived platelets, they also apply to
apheresis platelets. Primarily flat-bed and circular agitators
are in use. There are a number of containers in use for 5-day
storage of whole blood—derived and apheresis platelets. In the
United States, platelets are being stored in a 100 percent plas-
ma medium. Although platelets can be stored at 1° to 6°C for
48 hours,* it does not appear that this is a routine practice.

History of Platelet Storage; Rationale
for Current Conditions

The conditions utilized to store platelets have evolved since
the 1960s as key parameters that influence the retention of
platelet properties have been identified. Initially, platelets
were stored in the cold at 1° to 6°C, based on the successful
storage of RBCs, as whole blood or separated RBC compo-
nents at this temperature range. A key study report in 1969 by
Murphy and Gardner showed that cold storage at 1° to 6°C
resulted in a marked reduction in platelet in-vivo viability,
manifested as a reduction in in-vivo life span, after only 18
hours of storage.®> This study also identified for the first time
that 20° to 24°C (room temperature)should be the preferred
range, based on viability results. The reduction in viability at
1°to 6°C was associated with conversion of the normal discoid
shape to a form that is irreversibly spherical. This structural
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change is considered to be the factor responsible for the dele-
terious effects of cold storage. When stored even for several
hours at 4°C, platelets do not return to their disc shape upon
rewarming. This loss of shape is probably a result of micro-
tubule disassembly.

Based on many follow-up studies, platelets are still stored
at room temperature. These studies provided an understand-
ing of the factors that influenced the retention of platelet via-
bility and the parameters that needed to be considered to
optimize storage conditions.

One factor identified as necessary was the need to agitate
platelet components during storage, although initially the
rationale for agitation was not understood.*® 47 Subsequently,
agitation has been shown to facilitate oxygen transfer into the
platelet bag and oxygen consumption by the platelets. The
positive role for oxygen has been associated with the mainte-
nance of platelet component pH.*8 Maintaining pH was deter-
mined to be a key parameter for retaining platelet viability in
vivo when platelets were stored at 20° to 24°C. Although stor-
age itself was associated with a small reduction in postinfu-
sion platelet viability, an enhanced loss was observed when
the pH was reduced from initial levels of near 7.0 to 6.5-6.8
with a marked loss when the pH was reduced to levels below
6.0.47 A pH of 6.0 was initially the standard for maintaining
satisfactory viability. The standard was subsequently changed
to 6.2 with the availability of additional data. As pH is reduced
from 6.8 to 6.2/6.0, the platelets progressively changed shape
from discs to spheres. Much of this change was irreversible.

When whole blood—derived platelets were intially stored in
the 1970s as concentrates, a major problem was a marked
reduction in pH in many concentrates. This limited the stor-
age period to 3 days. The reduction in pH, in the presence of
agitation, was shown to be due to a decrease in plasma oxygen
levels that was associated with the channeling of platelet
metabolism from the aerobic respiratory pathway to the
anaerobic glycolytic pathway. With glycolysis, glucose is con-
verted to lactic acid, which depletes the plasma bicarbonate
and hence the plasma constituent that allows for the mainte-
nance of pH.*® The reduction in pH was associated with
platelet concentration/content. With total platelet content of
approximately 5-8 X 10, pH levels were maintained at satis-
factory levels during 3 days of storage. With content above
approximately 8 X 101°, pH levels were in most cases between
5.7-6.2 by 3 days of storage.” The containers being used for
storage were identified as being responsible for the fall in pH
because of their limiting gas transfer properties for oxygen
and also for carbon dioxide. Carbon dioxide buildup from aer-
obic respiration and as the end product of plasma bicarbonate
depletion also influenced the fall in pH. The gas transport
properties of a container is known to reflect the container
material, the gas permeability of the wall of the plastic con-
tainer, the surface area of the container available for gas
exchange, and the thickness of the container. Insufficient agi-
tation may also have been a factor responsible for pH reduc-
tion because agitation facilitates gas transport into the
containers.

Storage in Second Generation Containers

Gaining an understanding of the factors that led to the reduc-
tion in pH in first generation platelet containers resulted in
the development of “second generation containers” starting
around 1982. The second-generation containers, with
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increased gas transport properties (allowing increased oxygen
transport and also carbon dioxide escape), are available and
are being utilized for 5 days of storage of platelets without
resulting in a substantial fall in pH (e.g., Baxter Healthcare,
PL 732, PL 2410; Pall CLX; Terumo XT612). Such containers
are in use for whole blood—derived PCs and apheresis compo-
nents. Containers for platelet storage were originally con-
structed from polyvinyl chloride (PVC) plastic containing a
phthalate plasticizer. The second generation containers are
constructed in some cases with PVC and in other cases with
polyolefin plastic. For most PVC containers, alternative plas-
ticizers (trimellitate and citrate-based) have been used to
increase gas transport. The nominal volumes of the contain-
ers are 300 to 400 mL and 1 to 1.5 L for whole blood—derived
platelet concentrates and apheresis components, respectively.
The size of the containers for apheresis components reflects
the increased number of platelets that are being stored and,
hence, the need for a larger surface area to provide adequate
gas transport properties for maintaining pH levels near the
initial level of 7.0 even after 5 days of storage. The higher oxy-
gen tension reduces the glycolytic rate by accelerating oxida-
tive metabolism (aerobic respiration), with better carbon
dioxide efflux having a secondary influence. Box 1-2 lists fac-
tors that should be considered when using 5-day platelet stor-
age containers.

Storing Platelets Without Agitation
for Limited Times

Although platelet components should be stored with continu-
ous agitation, there are data that suggest that platelet proper-
ties, based on in-vitro studies, are retained when agitation is
discontinued for at least 24 hours during a 5-day storage peri-
0d.4%%0 This is probably related to the retention of satisfactory
oxygen levels with the second generation containers when
agitation is discontinued, as occurs by necessity when
platelets are shipped over long distances by, for example,
overnight courier.

Measurement of Viability and Functional
Properties of Stored Platelets

Viability indicates the capacity of platelets to circulate after
infusion without premature removal or destruction. Platelets
have a lifespan of 8 to 10 days after release from megakary-
ocytes. Storage causes a reduction in this parameter, even

CF

BOX 1-2
. Factors to be Considered when Using
"~ 5-Day Plastic Storage Bags

® Temperature control of 20°-24°C is critical during platelet
preparation and storage.

® Careful handling of plastic bags during expression of platelet-
poor plasma helps prevent the platelet button from being
distributed and prevents removal of excess platelets with the
platelet-poor plasma.

® Residual plasma volumes recommended for the storage of
platelet concentrates from whole blood (45-65 mL).

® For apheresis platelets, the surface area of the storage
bags needs to allow for the number of platelets that will
be stored.
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when pH is maintained. Platelet viability of stored platelets is
determined by measuring pretransfusion and posttransfusion
platelet counts (1 hour and/or 24 hours) and expressing the
difference based on the number of platelets transfused (cor-
rected count increment) or by determining the disappearance
rate of infused radiolabeled platelets to normal individuals
whose donation provided the platelets. The observation of the
swirling phenomenon caused by discoid platelets, when
platelet suspensions, without sampling, are placed in front of
a light source, has been used to obtain a qualitative evaluation
of the retention of platelet viability properties in stored
units.”! The extent of shape change and the hypotonic shock
response in in-vitro tests appear to provide some indication
about the retention of platelet viability properties.>*

Function is defined as the ability of viable platelets to
respond to vascular damage in promoting hemostasis.
Clinical assessment of hemostasis is being increasingly used.
The template bleeding time test also has been used to assess
the functional integrity of transfused platelets, but in recent
years there have been questions about the specificity of this
procedure.

The maintenance of pH during storage at 20° to 24°C has
been associated with the retention of posttransfusion platelet
viability and has been the key issue that has been addressed to
improve conditions for storage at 20° to 24°C. There is also
the issue of retaining platelet function during storage.
Historically, room temperature storage has been thought to
be associated with a reduction in platelet functional proper-
ties. However, the vast transfusion experience with room tem-
perature platelets worldwide indicates that such platelets have
satisfactory function. As has been suggested many times over
the last 30 years, it is possible that room temperature-stored
platelets undergo a rejuvenation of the processes that provide
for satisfactory function upon in-vivo circulation.>®5* The bet-
ter functionality of cold-stored platelets, based on some stud-
ies, especially ones conducted in the 1970s, may have
reflected an undesirable activation of platelet processes as a
result of the temperature range of 1° to 6°C. Activation is a
prerequisite for platelet function in hemostasis. During stor-
age, it takes different forms. Even with storage at 20° to 24°C,
there is some activation as judged by the release of granular
proteins such as p-selectin (CD62) and platelet factor 4 and
granular adenine nucleotides. There are some data that sug-
gest that specific inhibitors of the activation processes may
have a beneficial influence during storage.”

Platelet Storage and Bacterial Contamination

The major concern associated with storage of platelets at 20°
to 24°C is the potential for bacterial growth, if the prepared
platelets contain bacteria because of unremoved contamina-
tion at the phlebotomy site or the donor has an unrecognized
bacterial infection.”® Room temperature storage and the pres-
ence of oxygen provide a good environment for bacterial pro-
liferation. Many studies have shown that approximately 1 to 3
of every 1000 prepared platelet units contain bacteria.
Although the level of patient sepsis is much lower, particular-
ly troublesome is the fact that some septic episodes have led
to patient deaths.

Although there has been concern about bacterial prolifer-
ation for many years, until recently options to test for bacte-
ria or inactivate bacteria, as part of a pathogen reduction
procedure, have not been available. In the mid-1980s, the



storage of platelets for 7 days was approved using containers
developed for 5 days of storage. However, new evidence about
the occurrence of transfusion-associated sepsis led to a reduc-
tion in the storage time a few years later (1986).

The major emphasis has been to develop systems that can
be used to detect bacteria. Two systems that involve the cul-
turing of platelet samples for approximately 24 to 30 hours
have been documented to provide good sensitivity and speci-
ficity. As the level of bacteria at the time of platelet collec-
tion/preparation can be low, samples for determining the
presence of bacteria are not obtained until approximately 24
hours of storage. One culturing system measures bacteria by
detecting a change in carbon dioxide levels associated with
bacterial growth (bioMerieux Corporation).’” This system
provides continuous monitoring of the platelet sample-
containing culture bottles, one bottle being aerobic and one
being anaerobic. The second system that provides results at
one time point after the initiation of culturing documents the
presence of bacteria by detecting a reduction in the oxygen
level below a specific level in the culture air space (Pall
Corporation).5® These methods have been utilized in Europe
and are starting to be employed in the United States. They can
be used by blood centers that provide platelet components for
transfusion purposes. There are also less sensitive methods
that need to be used prior to transfusion. One method is gram
staining. Another procedure involves the use of clinical chem-
istry dipsticks that measure pH and glucose levels, as sub-
stantial bacterial growth can be associated with low pH and
glucose levels.>

The risk for bacterial contamination is also being reduced
by collecting the first aliquot of collected blood for testing
samples (sample first procedures). This should minimize the
placement of contaminated skin plugs into the platelet prod-
ucts.

In view of the ability to test for bacterial contamination
and sterile docking instruments, there is now interest in
being able to store pools of platelets up to the outdate of
the individual concentrates. The retention of platelet proper-
ties during storage of pools has been shown in a number of
studies.

Current Trends in Platelet
Preservation Research

Research and development in platelet preservation is being
pursued in many directions, including the following:

1. New documentation that platelets can be stored for 7 days
with the assumption that testing for bacteria would be an
associated procedure

2. Development of additive solutions, also termed synthetic
media

3. Development of procedures to reduce the level of

pathogens that may be in platelet units

. Development of platelet substitutes

. New approaches for storage of platelets at 1° to 6°C

. The development of processes to cryopreserve platelets

S Ol

Storage for 7 Days at 20° to 24°C

With the use of procedures to detect bacteria, there is an
interest in being able to store platelets for 7 days.®° Although
platelets were stored for 7 days at 20° to 24°C in the mid-
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1980s for a few years, further data are needed to document the
retention of platelet properties as new containers and
new/modified methods for apheresis platelet collection are
being used. One recent study showed that apheresis platelets
stored for 7 days exhibited a reduction of 10 percent to 15 per-
cent in in-vivo recovery and survival time relative to that
observed with platelets stored for 5 days.5!

Storage with Additive Solutions

Currently in Europe, additive (synthetic) solutions are being
used to replace a large portion of the plasma in platelet sus-
pensions prepared from whole blood by the buffy coat
method. Residual plasma is about 20 percent to 35 percent.5?
One advantage is that this approach provides more plasma for
fractionation. In addition, there are data indicating that opti-
mal additive solutions may improve the quality of platelets
during storage. Box 1-3 lists the main advantages of using a
platelet additive solution for platelet storage. Research is
being conducted to improve the additive solutions in use.
Gulliksson recently suggested that platelets could be stored
for at least 18 to 20 days at 20° to 24°C with an optimized
additive medium based on considerations that indicate that
storage could well inhibit platelet aging with the appropriate
environments/medium.® Platelet additive solutions in
use/being developed contain varying quantities of glucose,
citrate, phosphate, potassium, magnesium, and acetate.
Acetate is a primary constituent as it serves as a substrate for
aerobic respiration (mitochondrial metabolism) while also
providing a way to maintain pH levels as it reacts with hydro-
gen ions when it is first utilized.

Procedures to Reduce/Inactivate Pathogens

As for RBCs, procedures are being developed to treat platelet
components to reduce/inactivate any residual pathogens (bac-
teria, viruses, parasites) that may be present. The procedures
are using photochemical approaches that target nucleic acids.
The targeting of nucleic acids is possible because platelets,
like RBCs, do not contain functional nucleic acids. Two pri-
mary methods are used in testing. Both inactivate a wide
array of pathogens while not causing significant toxicology
based on in-vitro and animal testing. One method, currently
approved for use in Europe and in Phase III testing in the
United States, uses a psoralen termed amotosalen (also
referred to as S-59) and ultraviolet light (UVA) (Cerus,
Baxter).0465 For the pathogen reduction procedure, platelets
are suspended in an additive solution that lowers the plasma
to near 35 percent to facilitate the transmission of UVA. The
UVA induces the psoralen to modify the nucleic acid of the
pathogens so that replication is not possible. A special instru-
ment for the treatment with UVA has been developed. After

; BOX 1-3
_ . Advantages of Using Platelet
S Additive Solutions

® Reduces plasma-associated transfusion side effects.

Improves platelet storage conditions.

® Saves plasma for other purposes (e.g., transfusion or frac-
tionation).

® Increases the efficiency of procedures for the decontamina-
tion of viruses and bacteria.
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completion of the reaction period, residual, unreacted pso-
ralen and psoralen breakdown products in the treatment
medium are removed with an absorbing material. With pools
of buffy coat—derived platelets, clinical hemostasis, hemor-
rhagic adverse events, and overall adverse events were com-
parable with those of patients receiving treated and control
platelets.5* Hemostatic effectiveness was also shown with S-
59-treated apheresis platelets.®> One negative feature is a
reduction in the corrected count increments with treated
platelets when compared with the use of untreated apheresis
platelets. As a result, some thrombocytopenic recipients
required more platelet transfusions.

A second method, involving riboflavin and light, is being
used to treat apheresis platelets that are prepared with 20 per-
cent plasma to facilitate light transmission (Navigant).%6

Development of Platelet Substitutes

In view of the short shelf-life of liquid-stored platelet prod-
ucts, there has been a long-standing interest to develop
platelet substitute products that maintain hemostatic func-
tion. It is understood that platelet substitutes may only have
use in specific clinical situations because platelets have a
complex biochemistry and physiology. Besides having a long
shelf-life, platelet substitutes appear to have reduced potential
to transmit pathogens as a result of the processing proce-
dures. A number of different approaches have been utilized.5
Apparently, one approach with the potential for providing
clinically useful products is the use of lyophilization. Two
products prepared from human platelets are apparently in
preclinical testing. One preparation uses washed platelets
treated with paraformaldehyde, with subsequent freezing in 5
percent albumin and lyophilization.5® These platelets on rehy-
dration have been reported to have hemostatic effectiveness
in different animal models. A second method involves the
freeze-drying of trehalose-loaded platelets.®® Additional prod-
ucts that are apparently being developed include fibrinogen-
coated albumin microcapsules/microspheres and modified
RBCs with procoagulant properties as a result of fibrinogen
binding. Fibrinogen is being used because in vivo this protein
cross-links activated platelets to form platelet aggregates as
part of the hemostatic process. Two other approaches include
the development of platelet-derived microparticles that can
stop bleeding and liposome-based hemostatic products.5

New Approaches for Storage of Platelets
at 1° to 6°C

Although storage of platelets at 1° to 6°C was discontinued
many years ago, there has been an interest to develop ways to
overcome the storage lesion caused by 1° to 6°C.” The ration-
ale for the continuing effort reflects concerns about storing
and shipping platelets at 20° to 24°C, especially the chance for
bacterial proliferation. Many approaches have been attempted
without success, although early results showed some prom-
ise. The approaches primarily involve adding substances to
inhibit cold-induced platelet activation, as this is thought to
be the key storage lesion. Recently, two reports concluded
that platelets stored at 1° to 6°C could conceivably have satis-
factory in-vivo viability and function if the surface of the
platelets were modified to prevent the enhanced clearance
(unsatisfactory viability) from circulation.”>72 Based on ani-
mal studies, it was suggested that cold-induced spherical
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platelets can remain in the circulation if abnormal clearance
is prevented. Spherical platelets, manifested as a result of cold
storage, have been assumed to be a trigger for low viability.
The specific approach involves the enzymatic galactosylation
of cold-stored platelets to modify specifically one type of
membrane protein. The addition of uridine diphosphate-
galactose is the vehicle for the modificaiton.™

Frozen Platelets

There has been limited use of procedures that freeze platelets
for clinical use (5 percent to 6 percent dimethyl sulfoxide and
—80°C mechanical freezers). One clinical use has been the
freezing of autologous platelets for subsequent utilization.
Research on modified/easier-to-use procedures is being pur-
sued, including an approach to reduce the DMSO concentra-
tion to 2 percent with the addition of a series of inhibitors of
platelet activation.”™

SUMMARY CHART:

Important Points to Remember (MT/MLT)

» Each unit of whole blood collected contains approxi-
mately 450 mL of blood and 63 mL of anticoagulant-
preservative solution or approximately 500 mL of blood
and 70 mL of anticoagulant-preservative solution.

» A donor can give blood every 8 weeks.

» Samples from donors of each unit of donated
blood/apheresis are tested by nine screening tests for
infectious diseases markers, as of 2003.

> Glycolysis generates approximately 90% of the ATP
needed by RBCs, and 10% is provided by the pentose
phosphate pathway.

> RBCs contain 92%-95% HbA, 2%-3% HbA,, and
1%—-2% HbF, and 75% posttransfusion survival of RBCs
is necessary for a successful transfusion.

» ACD, CPD, and CP2D are approved preservative solu-
tions for storage of RBCs at 1°-6°C for 21 days, and
CPDAL is approved for 35 days.

» Additive solutions (Adsol, Nutricel, Optisol) are
approved in the United States for RBC storage for 42
days. Additive-solution RBCs have been shown to be
appropriate for neonates and pediatric patients.

» RBCs have been traditionally glycerolized and frozen
within 6 days of whole blood collection in CPD or CPD-
Al and can be stored for 10 years from the date of
freezing. Now there is also freezing of 42-day additive-
solution RBCs without rejuvenation. It has been neces-
sary to transfuse thawed RBCs within 24 hours. With
the recently developed ACP 215 closed system process-
ing system for glycerolization and deglycerolization,
the maximum post-thaw storage period at 1°-6°C is
being/will be extended to 15 days.

» Rejuvesol is the only FDA-approved rejuvenation solu-
tion used in some blood centers to regenerate ATP and
2,3-DPG levels before RBC freezing. Rejuvenation is
used primarily to salvage O-type and rare RBC units
that are at outdate or with specific anticoagulant-
preservative solution up to 3 days past outdate
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RBC substitutes being developed include hemoglobin-
based oxygen carriers and PFCs.

Hemoglobin-based oxygen carriers in advanced clinical
testing are chemically modified hemoglobin solutions.
One product is a polymerized bovine hemoglobin prod-
uct, and other products are prepared from modified
human hemoglobin.

Research is being conducted to improve on the current
additive solutions.

Research is being conducted to develop procedures to
reduce/inactivate any residual pathogens.

PCs can be prepared from whole blood by centrifuga-
tion by the PRP method (United States) or by the buffy
coat method. These platelet concentrates can be pre-
pared to be pre-storage leukoreduced by filtration.

A PC should contain a minimum of 5.5 X 101° platelets
(in 90% of the sampled units according to AABB
Standards) in a volume routinely between 45 and 65
mL that is sufficient to maintain a pH of 6.2 or greater
at the conclusion of the 5-day storage period.

When PCs (usually 4-6) are pooled as a transfusible
product/dose, the storage time changes to 4 hours.
There is the thought that pools could be stored up to
the time of outdating in conjunction with testing for
bacterial contamination and the use of sterile docking
to prepare the pools.

Platelets are increasingly being prepared by apheresis
using cell separators that can produce leukocyte-
reduced products during the separation process or
by subsequent filtration (depending on the cell
separator).

Apheresis components contain 4-6 times as many
platelets as a PC prepared from whole blood. They
should contain a minimum of 3.0 X 10! platelets (in
90% of the sampled units).

When appropriate and possible, apheresis procedures
are harvesting from healthy donors enough platelets
to prepare two unique products by division by
weight (splitting), each with a minimum of 3.0 X 10!
platelets.

Platelet components are stored for up to 5 days at
20°-24°C with continuous agitation. When necessary,
as during shipping, platelets can be stored without con-
tinuous agitation for up to 24 hours (at 20°-24°C) dur-
ing a 5-day storage period. Platelets are rarely stored at
1°-6°C.

If a platelet bag is broken or opened, the platelets
must be transfused within 4 hours when stored at
20°-24°C.

Research is being conducted in many areas relating to
the preparation and storage of platelets. These include
documentation that platelets can be stored for up
to 7 days at 20°-24°C with current technologies, devel-
opment of procedures to reduce/inactivate any resid-
ual pathogens, development of additive (synthetic)
solutions, and the development of platelet substitute
products.
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Review Questions

1. The loss of ATP leads to:

a. An increase in phosphorylation of spectrin and a loss
of membrane deformability

b. An increase in phosphorylation of spectrin and an
increase of membrane deformability

c. A decrease in phosphorylation of spectrin and a loss of
membrane deformability

d. A decrease in phosphorylation of spectrin and an
increase of membrane deformability

. The majority of normal adult hemoglobin consists

of:

a. Two a chains and two B chains
b. Two a chains and two & chains
¢. Two « chains and two v chains
d. Four a chains

. When RBCs are stored, there is a “shift to the left.” This

means:

a. Hemoglobin oxygen affinity increases owing to an
increase in 2,3-DPG

b. Hemoglobin oxygen affinity increases owing to a
decrease in 2,3-DPG

c. Hemoglobin oxygen affinity decreases owing to a
decrease in 2,3-DPG

d. Hemoglobin oxygen affinity decreases owing to an
increase in 2,3-DPG

. Which of the following is (are) the role(s) of platelets?

a. Maintain vascular integrity

b. Initial arrest of bleeding

c. Stabilizing the hemostatic plug
d. All of the above

. Which of the following anticoagulant-preservatives

provide a storage time of 21 days at 1°-6°C for units
of whole blood and prepared RBCs if an additive solu-
tion is not added?

a. ACD

b. CP2D

c. CPD

d. All of the above

. What are the current storage time and storage tempera-

ture for platelet concentrates and apheresis platelet
components?

a. 5 days at 1°-6°C

b. 5 days at 24°-27°C

c. 5 days at 20°-24°C

d. 7 days at 22°-24°C

. What is the minimum number of platelets required in a

PC prepared from whole blood by centrifugation (90% of
sampled units)?

a. 5.5 x 101!

b. 3.0 X 1010

c. 3.0 x 101!

d. 5.5 x 10
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. All but one of these factors will influence platelet metab-
olism and viability in a closed container system?
a. Total platelet count
b. Duration of storage
c. Temperature of storage
d. Fibrinogen concentration

. What is the minimum number of platelets required in
an apheresis component (90% of the sampled units)?
a. 3 x 101
b. 4 x 101
c. 2 x 101
d. 3.5 x 101

Whole blood and RBC units are stored at what tempera-
ture?

a. 1°-6°C

b. 20°-24°C

c. 37°C

d. 24°-27°C

Additive solutions are approved for blood storage for
how many days?

a. 21

b. 42

c. 35

d. 7

Whole blood/RBCs can be stored in CPDA-1 at 1°-6°C
for how many days?

a. 21

b. 42

c. 35

d. 7

What is the lowest allowable pH for a platelet compo-
nent at outdate?

a. 6.0

b. 5.9

c. 6.8

d. 6.2

Frozen/thawed RBCs processed in an open system can
be stored for how many days/hours?

a. 3 days

b. 6 hours

c. 24 hours

d. 15 days

What is the hemoglobin source for hemoglobin-based
RBC substitutes in advanced clinical testing?

a. Only bovine hemoglobin

b. Only human hemoglobin

¢. Both bovine and human hemoglobins

d. None of the above
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On completion of this chapter, the learner should be able to:

1. Understand Mendel’s laws of independent segregation and

random assortment and how he developed them.

2. Correlate the ideas of dominant and recessive traits with
examples of the inheritance of blood group antigens.

3. Understand the Hardy-Weinberg principle and how it
applies to genetic traits.

4. Be able to solve Hardy-Weinberg problems for any blood
group antigen, given the necessary information.

5. Determine the inheritance pattern of a given trait by
examination of the pedigree analysis.

6. Describe the processes of mitosis and meiosis and the
differences between them.

7. Distinguish between X-linked and autosomal traits and how
each is inherited.

Introduction

One of the most important areas of modern biology is the sci-
ence of genetics. Genetics is highly important in many areas
of our lives today. It plays a critical role in testing for inherit-
ed diseases as well as in the search for new genetic markers,
in determining legal outcomes via forensic pathology and
genotyping for paternity cases, in nutrition with the develop-
ment of modern genetic techniques of disease- and drought-
resistant crops, in national safety with the latest vaccines and
critical screening methods for weapons of bioterrorism, and
most recently, developing advanced treatment options with
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8. Describe in detail the processes of replication, transcrip-
tion, and translation and know the basic mechanism of
each.

9. Be familiar with the various types of genetic mutations
and how they can change the function of living cells and
organisms.

10. Understand the cell’s different mechanisms to correct
mutations.

11. Discuss some of the ways genetics can be used in the
modern transfusion laboratory and have the necessary
background information to understand modern genetic
testing techniques.

the advent of gene therapy. The modern blood bank is no
exception in respect to the importance of genetics. All the dif-
ferent areas of transfusion medicine rely on an understanding
of blood group genetics as well as on accurate and sensitive
methods of pathogen testing to keep the blood supply safe.
Historically, the major focus and role of genetics in blood
banking has been more so in population genetics and inheri-
tance patterns, but now cellular and molecular genetics are
equally important. The student of transfusion medicine must
know not only how to interpret a familial inheritance pattern
but also modern methods that require a high level of training
and skill, such as in restriction mapping, sequencing, and



polymerase chain reactions (PCR). The scientific importance
attributed to genetics can be noted in the number of Nobel
laureates that have built their careers on research with a
strong genetics emphasis. The science of genetics has opened
up new frontiers in biology.

In this chapter, a general overview of genetics at three dif-
ferent levels (population, concerning large numbers of indi-
viduals; cellular, which pertains to the cellular organization
of genetic material; and molecular, based on the biochemistry
of the structures that comprise genes, or “traits,” and the
structures that support them) are explained in some detail.
This is very adequate as a basis for understanding the chapter
on modern genetics techniques as well as a study of the inher-
itance of blood groups; however, students highly interested in
the topic are invited to pursue further study using any one of
the excellent texts listed in the bibliography or one of the
many high-level journals that are available at most major uni-
versity libraries. Those students desiring a career in or who
wish to make a significant contribution to blood banking
research should make it a priority to understand at great
depth the science of modern genetics and cellular biology.

Classic Genetics

The science of genetics is one of the most important areas of
modern biology. The understanding of the inheritance of
blood group antigens and the testing for disease markers at
the molecular level, both of which are vitally important in
transfusion medicine, are based on the science of genetics.
Modern genetics is concerned not only with the biochemical
nature of nucleic acids including deoxyribonucleic acid
(DNA), ribonucleic acid (RNA) and the various proteins that
are part of the chromosomal architecture but also with popu-
lation genetics and epidemiology. The understanding of
inheritance patterns in which genetic traits are followed and
analyzed as well as the biochemical reactions that result in
gene mutations that can give rise to disease states are all-
important in the study of genetics. This chapter will review a
few of the major developments in the history of genetics and
will discuss both population and biochemical genetics. It will
also give a brief overview of modern molecular techniques.
More detailed discussions can be found in advanced texts,
and the reader is encouraged to search out the original liter-
ature and become familiar with it. A separate chapter will
explain the modern testing methods of molecular biology
including recombinant DNA technology, Southern and
Northern blotting, restriction fragment length polymorphism
analysis, PCR techniques, and cloning and sequencing in
greater detail.

All areas of transfusion medicine, including HLA typing,
cell processing, parentage studies, viral testing, and blood
services, would not be completely successful without a clear
understanding of the principles of genetics and the laws of
inheritance. The antigens present on all blood cells are
expressed as a phenotype, but it is the genotype of the organ-
ism that controls what antigens may be expressed on the cell.
For example, when it is impossible to have a clear picture of
the red cell antigens present on the red cells of a donor or
recipient, or if an antibody screening test gives ambiguous
results, genotyping the donor or recipient leukocytes can let
technologists know what antigens may be present on the cells
and what antibodies can be made against them. Thus, genet-
ics can have an important role in blood banking.
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Population Genetics
Mendel’s Laws of Inheritance

The science of genetics had its modern development in the
work of Gregor Mendel. Mendel was an Austrian monk and
mathematician who used sweet pea plants growing in a
monastery garden to study physical traits in organisms and
how they are inherited. He determined the physical traits to
be due to factors he called “elementen” within the cell. In
modern genetics we know the physical basis of these so-called
“elementen” are genes within the nucleus of the cell. Mendel
was fortunate enough to have chosen a good model organism
for his studies and had help cultivating his plants. He studied
the inheritance of several readily observable pea plant charac-
teristics, notably flower color, seed color, and seed shape and
based his first law of inheritance, the law of independent seg-
regation, on these results. The first generation in the study,
called the parental, pure, or P1 generation, consisted of all red
or all white flowers that bred true for many generations. The
plants were either homozygous for red flowers (RR, a domi-
nant trait; dominant traits are usually written with an upper-
case letter) or homozygous for white flowers (rr, a recessive
trait; recessive traits are usually written with a lowercase let-
ter). When these plants were crossbred, the second genera-
tion, called first-filial, or F1, had flowers that were all red.
When plants from the F1 generation were crossbred to each
other, the second-filial, or F2 generation, of plants had
flowers that were red and white in the ratio of 3:1 (Fig. 2—1).
All the plants from the F1 generation are heterozygous (or
hybrid) for flower color (Rr). The F2 generation has a ratio of
3 red flowered plants to 1 white flowered plant. This is
because the plants that have the R gene, either RR homozy-
gous or Rr heterozygous, will have red flowers because the red

Parental RR rr
Gametes R r
First-Filial Rr
Second-Filial R r

R RR Rr

Where R=red and r=White

B FIGURE 2-1
tion using flower color.

A schematic illustration of Mendel’s law of separa-
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gene is dominant. Only when the red gene is absent and the
white gene occurs in duplicate, as in the rr homozygous white
flowered plant, will the recessive white gene expression be vis-
ible as a phenotype. This illustrates Mendel’s first law, the law
of independent segregation, which determines that individual
traits are inherited separately from each other. Specifically,
Mendel’s first law shows that alleles of genes have no perma-
nent effect on one another when present in the same plant
but segregate unchanged by passing into different gametes.

An intermediate situation can also occur when alleles
exhibit partial dominance. This is observed when the pheno-
type of a heterozygous organism is a mixture of both
homozygous phenotypes seen in the P1 generation. An exam-
ple of this is plants with red and white flowers that have off-
spring with pink flowers or flowers with red and white
sections. It is important to remember that although the phe-
notype does not show dominance or recessive traits, the F1
generation has the heterozygous genotype of Rr.

Unlike the flower color of many types of plants, most blood
group genes are inherited in a codominant manner. In
codominance both alleles are expressed, and their gene prod-
ucts are seen at the phenotypic level. In this case, one gene is
not dominant over its allele, and the protein products of
both genes are seen at the phenotypic level. An example of
this is seen in (Fig. 2-2) with the MNSs blood group
system where a heterozygous MN individual would type as
both M- and N-antigen-positive.

Mendel’s second law is called the law of independent
assortment and states “genes for different traits are inherited
separately from each other.” Specifically, if a homozygote that
is dominant for two different characteristics is crossed with a
homozygote that is recessive for both characteristics, the F1
generation consists of plants whose phenotype is the same as
that of the dominant parent. However, when the F1 genera-
tion is crossed in the F2 generation, two general classes of off-
spring are found. One is the parental type; the other is a new
phenotype called a reciprocal type and represents plants with
the dominant feature of one plant and the recessive feature of

MN N~ NN MM

o &

MN Nwm MN N~

B FIGURE 2-2
of M and N.

Independent segregation of the codominant genes

Parental RRYY rryy

Gametes RY ry

First-Filial RY Ry Yooy

Second-Filial RY Ry rY ry
RY RRYY RRYy  RrYY RrYy
Ry RRYy RRyy RrYy Rryy
rY RrYY RrYy Y'Y Yy
ry RrYy Rryy rrYy rryy

Where R = round r = wrinkled

Y = yellow y = green

M FIGURE 2-3 A schematic illustration of Mendel’s law of inde-
pendent assortment using seed types.

another plant. Recombinant types occur in both possible
combinations. Mendel formulated this law by doing studies
with different types of seeds produced by peas and noted that
they can be colored green or yellow and textured smooth or
wrinkled in any combination. An illustration of independent
assortment of Mendel’s second law is given in Figure 2-3
using his system of pea plant seed types as the example.

Mendel’s laws apply to all sexually reproducing diploid
organisms whether they are microorganisms, insects, plants,
animals or people. However, there are exceptions to the
Mendelian laws of inheritance. If the genes for separate traits
are closely linked on a chromosome, they can be inherited
together as a single unit. The expected ratios of progeny in F1
matings may not be seen if the various traits being studied are
linked. There can also be differences in the gene ratios of
progeny of F1 matings if recombination has occurred during
the process of meiosis. An example of this in blood banking is
the MNSs system, in which the MN alleles and the Ss alleles
are physically close on the same chromosome and are there-
fore linked together. Recombination happens when DNA
strands are broken and there is exchange of chromosomal
material followed by activation of DNA repair mechanisms.
The exchange of chromosomal material results in new hybrid
genotypes that may or may not be visible at the phenotypic
level.

Mendel’s laws of inheritance give us an appreciation of how
diverse an organism can be through the variations in its
genetic material. The more complex the genetic material of
an organism, including the number of chromosomes and the
number of genes on the chromosomes, the greater the poten-
tial uniqueness of any one organism from another organism
of the same species. Also, the more complex the genetic mate-
rial, the more complex and varied its responses to conditions



in the environment. Therefore, as long as control is main-
tained during cell division and differentiation, organisms with
greater genetic diversity and number can have an advantage
over other organisms in a given setting.

Hardy-Weinberg Principle

G.H. Hardy, a mathematician, and W. Weinberg, a physician,
developed a mathematical formula that allowed the study of
Mendelian inheritance in great detail. The Hardy-Weinberg
formula, p+q = 1, in which p equals the gene frequency of
the dominant allele and q is the frequency of the recessive
allele, can also be stated p?+2pq+q> = 1 and specifically
addresses questions about recessive traits and how they can
be persistent in populations (Fig. 2—-4). Like many mathe-
matical formulations, however, certain ideal situations and
various conditions must be met in order to use the equations
appropriately. These criteria can be generally stated:

1. The population studied must be large, and mating among
all individuals must be random.

2. Mutations must not occur in parents or offspring.

3. There must be no migration, differential fertility, or mor-
tality of the genotypes being studied (Box 2-1).

In any normal human population, it is almost impossible to
meet these demanding criteria. Although large populations
exist, collecting sample data from a significantly large enough
segment of a population that correctly represents the mem-
bers of the population is not always feasible. Also, mating is
not always random, and there is mixing of populations on a
global scale that leads to “gene flow” on a constant basis.
Recently, sequencing of the human genome has revealed that
gene mutations occur much more commonly than originally
thought possible. Some of these mutations affect the pheno-
type of an individual, such as loss of enzyme function, and
some do not. Despite these drawbacks, Hardy-Weinberg is still
one of the best tools for studying inheritance patterns in
human populations and is a cornerstone of population genet-
ics. Most of the various genes controlling the inheritance of
blood group antigens can be studied using the Hardy-
Weinberg equations. A relevant example that shows how to
use the Hardy-Weinberg formula is the frequency of the Rh
antigen, D in a given population.

In this simple example, there are two alleles, D and d, and
to determine the frequency of each allele, we count the num-
ber of individuals that have the corresponding phenotype,
remembering that both Dd and DD will appear as Rh-positive,

p q
p p? pq p2+2pq+q2=1.0
q pq 92

B FIGURE 2-4 Common inheritance patterns.
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Population studied must be large.

Mating among all individuals must be random.

Mutations must not occur in parents or offspring.

There must be no migration, differential fertility, or mortality
of genotypes studied.

BOX 2-1
Criteria for Use of the Hardy-
Weinberg Formula

and divide this number by the total number of alleles. This
value is represented by p in the Hardy-Weinberg equation.
Again, counting the alleles lets us determine the value of q.
When p and q are added, they must equal 1. The ratio of
homozygotes and heterozygotes is determined using the
other form of the Hardy-Weinberg equation p>+2pq+q2 = 1.
If in our example, we tested 1000 random blood donors for the
Rh antigen and found that DD and Dd (Rh-positive) occurred
in 84 percent of the population and dd (Rh-negative) occurred
in 16 percent, the gene frequency calculations would be per-
formed as follows:

p = gene frequency of D
q = gene frequency of d
p? = DD, 2pq = Dd, which combined are 0.84
¢ = dd, which is 0.16

q = square root of 0.16, which is 0.4

p+tq=1
p=1-¢q
p=1-0.4
p=20.6

The above example is for a two-allele system only. A three-
allele system would require use of the expanded binomial
equation p+q-+r = 1 or p2+2pq+2pr+q*+2qr+r = 1. More
complex examples using this formula can be found in more
advanced genetics textbooks.

Inheritance Patterns

The interpretation of pedigree analysis requires the under-
standing of various standard conventions in the representa-
tion of data figures. Males are always represented by squares
and females by circles. A line joining a male and female indi-
cates a mating between the two, and offspring are indicated by
a vertical line. A double line between a male and female indi-
cates a consanguineous mating. A stillbirth or abortion is
indicated by a small black circle. Deceased family members
have a line crossed through them. The propositus in the
pedigree is indicated by an arrow pointing to it and indicates
the most interesting or important member of the pedigree.
Something unusual about the propositus is often the rea-
son the pedigree analysis is undertaken. Figure 2-5 has
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B FIGURE 2-5 Schematic illustration of common inheritance
patterns.

examples of different types of inheritance patterns seen in
pedigree analysis. Almost all pedigrees will follow one of these
patterns or, rarely, a combination of them.

The first example is a pedigree demonstrating autosomal-
recessive inheritance. “Autosomal” refers to traits that are not
carried on the sex chromosomes. A recessive trait is carried by
either parent or both parents but is not generally seen at the
phenotypic level unless both parents carry the trait. In some
cases a recessive trait can be genetically expressed in a het-
erozygous individual but is often not seen at the phenotypic
level. When two heterozygous individuals mate, they can pro-
duce a child who inherits a recessive gene from each parent,
and therefore the child is homozygous for that trait. An exam-
ple from blood banking is when both parents are Rh-type Dd
and have a child that is dd and therefore Rh-negative.

In the second example there is a case of a dominant X-
linked trait. If the father carries the trait on his X chromo-
some, he has no sons with the trait, but all his daughters will
have the trait. This is due to the fact that a father always pass-
es his Y chromosome to his sons and his X chromosome to his
daughters. Women can be either homozygous or heterozy-
gous for an X-linked trait, and therefore when mothers have
an X-linked trait, their daughters inherit the trait in a man-
ner identical to autosomal inheritance. The sons have a 50-
percent chance of inheriting the trait or not. Because the trait
is dominant, the sons who inherit it will express the trait. The

Xg? blood group system is one of the few blood group systems
that follow an X-linked inheritance pattern.

The third example illustrated is of X-linked recessive
inheritance. In this case the father always expresses the trait
but never passes it on to his sons. The father always passes the
trait to all his daughters, who are then carriers of the trait.
The female carriers will pass the trait on to half of their sons,
who will be carriers. In the homozygous state, XY, the males
will express the trait, whereas only the rare homozygous
females, X’X’, will express the trait. In this situation, with an
X-linked recessive trait, a disease-carrying gene can be passed
from generation to generation with many individuals not
affected. A classic example of this is the inheritance of
hemophilia A, which affected many of the royal houses of
Europe.

In addition, there is autosomal-dominant, in which all the
members of a family that carry the allele show the physical
characteristic. Generally, each individual with the trait has at
least one parent with the trait. Unlike X-linked traits, autoso-
mal traits usually do not show a difference in the distribution
between males and females, and this can be a helpful clue in
their evaluation. Also, in autosomal and X-linked traits, if an
individual does not have the trait, that individual is a carrier
and can pass it on to offspring. This is why recessive traits
seem to skip generations, which is another helpful clue in
determining inheritance patterns. A third clue is that domi-
nant traits are usually present in every generation. Finally,
unusually rare traits that occur in every generation and in
much greater frequency than the general population are often
the result of matings between related individuals (Box 2-2).

Cellular Genetics

Organisms can be divided into two major categories: prokary-
otic, without a defined nucleus, and eukaryotic, with a defined
nucleus. Human beings and all other mammals are included
in the eukaryotic group, as are birds, reptiles, amphibians,
fish, and some fungus species. The nucleus of a cell contains
most of the genetic material important for replication and is
a highly organized complex structure. The nuclear material is
organized into chromatin consisting of nucleic acids and
structural proteins and is defined by staining patterns.
Heterochromatin stains as dark bands, and achromatin stains
as light bands and consists of highly condensed regions of
chromosomes that are usually not transcriptionally active.
Euchromatin is the swollen form of chromatin in cells, which
is considered to be much more active in the synthesis of RNA
for transcription. Most cellular nuclei contain these different
types of chromatin. The chromatin material itself, which
chiefly comprises long polymers of DNA and various basic

BOX 2-2
Examples of Inheritance Patterns in
Transfusion Medicine

® Autosomal-dominant In (Lu) suppressor gene
® Autosomal-recessive dd genotype

® X-linked dominant Xg?® blood group system
® X-linked recessive Hemophilia A




proteins called histones, is compressed and coiled to form
chromosomes during cell division. Each organism has a spe-
cific number of chromosomes, some as few as 4, some as
many as 50. In humans, there are 46 chromosomes. The 46
chromosomes are arranged into pairs, with one of each being
inherited from each parent. Humans have 22 autosomes and
1 set of sex chromosomes, XX in the female and XY in the
male, and this comprises the 2N state of the cell, which is
normal for all human cells except the gametes (sex cells). N
refers to the number of pairs of chromosomes in a cell.

Mitosis

During cell division, the chromosomes are reproduced in
such a way that all daughter cells are genetically identical to
the parent cell. Without maintaining the same number and
type of chromosomes, the daughter cells would not be viable.
The process by which cells divide to create identical daughter
cells is called mitosis. The chromosomes are duplicated, and
one of each pair is passed on to the daughter cells. During the
process of mitosis, quantitatively and qualitatively identical
DNA is delivered to daughter cells formed by cell division. The
complex process of mitosis is usually divided into a series of
stages characterized by the appearance and movement of the
chromosomes. The stages are interphase, prophase,
metaphase, anaphase, and telophase. The different phases of
mitosis include interphase at the beginning, in which DNA is
in the form of chromatin and is dispersed throughout the
nucleus. This is the stage of the DNA when cells are not
actively dividing. New DNA is synthesized by a process called
replication in the next stage called prophase, in which the
chromatin condenses to form chromosomes. In prophase, the
nuclear envelope starts to break down. In the next stage,
metaphase, the chromosomes are lined up along the middle
of the nucleus and paired with the corresponding chromo-
some. It is this stage that is used to make chromosome prepa-
rations for chromosome analysis in cytogenetics. In anaphase,
which comes next, the cellular spindle apparatus is formed
and the chromosomes are pulled to opposite ends of the cell.
The cell begins to be pinched in the middle, and cell division
starts to take place. In the last stage, telophase, the cell is
pulled apart, division is complete, and the chromosomes and
cytoplasm are completely separated into two new daughter
cells. The process of mitosis is illustrated in Fig. 2—6 and out-
lined in Box 2-3.

Meiosis

A different process is used to produce the gametes. The
process is called meiosis and results in four unique, rather
than two identical, daughter cells. If cells with 2N chromo-
somes were paired, the resulting daughter cells would have
4N chromosomes, which would not be viable. Therefore,
gametes carry a haploid number of chromosomes, 1N, so that
when they combine the resulting cell has a 2N configuration.
Meiosis only occurs in the germinal tissues and is important
for reproduction. Without the complicated process of meiosis,
there would be no change from generation to generation,
and evolution would not occur or happen too slowly for
organisms to adapt to environmental changes. Meiosis has
first stages nearly identical to those in mitosis, in which chro-
matin is condensed, homologous chromosomes are paired in
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BOX 2-3
Stages of Mitosis (A) and Meiosis (B)

(A) Mitosis
Interphase (2N) Resting stage between cell divisions;
during this period cells are synthesizing
RNA and proteins, and chromatin is
uncondensed.

First stage of mitotic cell division.
Chromosomes become visible and con-
dense. Each chromosome has two
chromatids from duplication of DNA
and chromatids are linked via the cen-
tromere.

Chromosomes move toward the equa-
tor of the cell and are held in place by
microtubules attached at the mitotic
spindle apparatus.

The two sister chromatids separate.
Each one migrates to opposite poles of
the cell and the diameter of cell
decreases at equator.

Prophase (4N)

Metaphase (4N)

Anaphase (4N)

Telophase (2N) Chromosomes are at the poles of the
cell and the cell membrane divides
between the two nuclei. The cell divides
and each cell contains a pair of chro-
mosomes identical to the parent cell.

(B) Meiosis

Interphase (2N) Resting stage between cell divisions;
during this period cells are synthesizing
RNA and proteins, and chromatin is
uncondensed.

First stage of meiotic division.
Chromosomes condense.Homologous
chromosomes pair to become bivalent.
Chromosome crossing over occurs at
this stage.

Bivalent chromosomes align at cell
equator. Bivalent chromosomes con-
tain all four of the cell’s copies of each
chromosome.

Homologous pairs move to opposite
poles of the cell. The two sister chro-
matids separate.

The cell separates to become two
daughter cells. The new cells are now
2N.

Homologues line up at the equator.
Homologues move to opposite poles of
the cell equator.

Each cell separates into two new cells.
There are now four (N) cells with a
unique genetic constitution.

Prophase | (4N)

Metaphase | (4N)

Anaphase | (4N)
Telophase | (2N)
Metaphase Il (2N)

Anaphase Il (N)

Telophase Il (N)

prophase, and chromosomes are aligned along the center of
the cell; however, there is no centromere division, and at
anaphase and telophase the cell divides and enters once again
into interphase, in which there is no replication of DNA. This
is followed by the second prophase, in which chromosomes
are condensed, and then the second metaphase, with the cen-
tromeres dividing. Finally, in the second anaphase and
telophase stages, the two cells divide, giving rise to four 1N
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B FIGURE 2-6 Mitosis leads to two daughter cells having the same
number of chromosomes as the parent cell. (From Watson, JD, Tooze,
J, and Kurtz, DT: Recombinant DNA: A Short Course. © 1983 by James
D. Watson, John Tooze, and David T. Kurtz. Reprinted by permission
of WH Freeman and Company, New York, p 7.)

daughter cells. In addition, during meiosis, crossing over and
recombination can happen between maternal- and paternal-
derived chromosomes. This allows for the creation of new
DNA sequences that are different from the parent strains.
Combined with random segregation, it is possible to have very
large numbers of new DNA sequences, and in humans with 23
pairs of chromosomes the total possible number is several
million. Meiosis is illustrated in Figure 2—7 and outlined in
Box 2-3.

Cell Division

Cell division is also a complicated process and one that is
important to understand. It also occurs with various specific
stages. In eukaryotic cells such as human cells, the cell cycle
is divided into four distinct stages and is represented by a
clock or circular scheme indicating that it can repeat itself or
can be stopped at any one point in the cycle. The first step or
stage is the resting stage or G and is the state of cells not
actively dividing. The pre-replication stage is next and is
called G,. The step at which DNA is synthesized is the next
stage, called the S stage. It is followed by the G, stage or post-
replication stage. Finally, there is the M phase, in which mito-
sis occurs. Chromosomes are in the interphase stage of
mitosis in the span from G, to the end of the G, phase. Cells
that are completely mature and no longer need to divide to

Text/image rights not available.

M FIGURE 2-7 Meiosis produces four gametes having half the
number of chromosomes present in the parent cell. (From Watson, JD,
Tooze, J, and Kurtz, DT: Recombinant DNA: A Short Course. © 1983
by James D. Watson, John Tooze, and David T. Kurtz. Reprinted by
permission of WH Freeman and Company, New York, p 7.)

increase their numbers, such as nerve cells, can remain in the
G, stage for a very long time. It is a hallmark of cancer cells,
such as the transformed cells seen in the various leukemias
and solid tumors, that they can go through the stages of cell
division much faster than nontransformed, normal cells and
therefore outgrow them. In this way, they take up the bulk of
nutrients needed by the nontransformed cells and crowd
them out of existence as well as overgrow the adult organism
in which they occur (Box 2-4).

BOX 2-4
The Generative Cell Cycle

® G, Gap 0—Temporary resting period, no cell division
(2N)

e G, Gap 1—Cells produce RNA and synthesize protein
(2N)

®S Synthesis—DNA replication occurs (4N)

® G, Gap 2—During the gap between DNA synthesis and
mitosis, the cell continues to synthesize RNA and
produce new proteins (4N)

oM Mitosis—Cell division occurs (2N)




Molecular Genetics
Deoxyribonucleic Acid (DNA)

The study of genetics at the molecular level requires an
understanding of the biochemistry of the molecules involved.
This includes knowledge of the physical conformation of
chromosomes as well as the biological and chemical nature of
the polymers the different nucleic acids and of nuclear pro-
teins. DNA is a masterpiece of architectural evolution and the
“backbone” of heredity. Chromatin is actually a type of poly-
mer structure. Chromosomes are composed of long linear
strands of deoxyribonucleic acid (DNA) tightly coiled around
highly basic proteins called histones (Fig. 2-8), and each sin-
gle chromosome is a single extremely long strand of duplex
DNA. Remember that DNA is a nucleic acid, and therefore
most of the proteins that interact with it have an overall basic
pH. This helps to stabilize the overall complex structure. The
complex of DNA and histone protein is referred to
as a nucleosome. The DNA and protein complex is bound
together so tightly and efficiently that extremely long stretch-
es of DNA several inches in length can be packaged inside of
the nucleus a cell on a microscopic level. The DNA and his-
tones are held together by various proteins that keep the DNA
in a very specific helical conformation. This conformation
also protects the DNA from degradation when it is not being
replicated or transcribed.

All DNA in human cells is in the form of a two-stranded
duplex, with one strand in one direction and its complemen-
tary strand in the opposite direction (the strands are said to
be “antiparallel”). DNA is composed of four nitrogenous bases,
a sugar molecule called deoxyribose and a phosphate group.
The sugar and phosphate moieties comprise the backbone of
the DNA molecule while the nitrogenous bases face in to each
other and are stabilized by hydrogen bonding and Van der
Waals forces. The backbone of a DNA molecule is joined by
phosphodiester linkages. Unlike in proteins with an a—helical
structure, there is little bonding force between bases on the
same strand, which allows DNA to be strong but flexible. The
four different bases are adenine (A), cytosine (C), guanine (G),
and thymine (T). Adenine and guanine are purines, consisting
of double-ring structures, and cytosine and thymine are
pyrimidines, single-ring structures (Fig. 2-9). The hydrogen
bonding in DNA is specific, in which A only bonds to T with
two hydrogen bonds, thus forming the weaker pairing, and

DNA

HISTONES

B FIGURE 2-8 Nucleosomes consist of stretches of DNA wound
around histone proteins.
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B FIGURE 2-9 The pyrimidine and purine bases found in the DNA

molecule.

C only bonds with G with three hydrogen bonds, forming
the stronger pairing. This is the classic Watson-Crick base
pairing that occurs in the B-form, right-handed helical struc-
ture of DNA; it was first postulated by James Watson and
Francis Crick at Cambridge University in the early 1950s
(Fig. 2-10).! Since then, it has been discovered that DNA
can also occur in modified forms such as Z-DNA, which is a
type of left-handed helix with a different three-dimensional

The double helix has constant width

hydrogen bond » s«

Phosphates &
have negative'|
charges

Interior is
hydrophobic

M FIGURE 2-10 Base pairing in DNA and DNA structure. (From
Lewin B: Genes VIII. Copyright 2004 Benjamin Lewin. Published by
Prentice Hall/Pearson Education, NY. Reprinted with permission of the
author, p 6.)
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conformation but that contains the same four nitrogenous
bases.? In addition, there are some unusual forms of nitroge-
nous bases that can be incorporated into DNA templates.

The phosphates in the DNA backbone attach to the sugar
at the third and fifth carbon atoms. Remember, all atoms in a
molecular structure are numbered. The linkage of the purine
or pyrimidine nitrogenous base to the sugar is at carbon one.
Therefore, the two DNA strands are antiparallel; that is, one
strand is 5’ to 3’ in one direction (pronounced 5 prime to 3
prime), and the complementary strand is 5’ to 3’ in the other
direction. During transcription, only one strand is copied,
which is the complementary strand that gives the correct 5
to 3’ sequence of messenger RNA (mRNA) that corresponds to
the template, or coding strand, of the DNA molecule.

As there are only 4 different bases used to make up DNA
templates and there are 20 different amino acids that are used
to construct proteins, it is evident that any single nucleotide
cannot code for any specific amino acid. What has been dis-
covered is that triplets of nucleotides, called a codon, such as
ATG, code for one specific amino acid. However, there is a
redundancy to the genetic code in that some amino acids have
more than one triplet, which codes for their addition to the
peptide chain formed during translation. Generally, the more
common the amino acid is in proteins, the greater the num-
ber of codons it has. There are four special codons, including
the only one specific codon for the initiation of transcription
and translation and three different codons that are used to
stop the addition of amino acids in the process of peptide syn-
thesis called translation. The genetic code is illustrated in
(Fig. 2-11).

Replication

Replication is the complex process by which DNA is copied
before mitosis can occur. DNA is copied in such a way that
each daughter cell will have the same amount of DNA and the
same sequence. Nearly all DNA replication is done in a bidi-
rectional manner and is semiconservative in nature.’
Specifically, as enzymes involved in the replication process
open the double-stranded DNA helix, one strand of DNA is
copied in a 5’ to 3’ manner, while the other strand is opened
partially in sections and is copied 5’ to 3’ in sections as the
double-stranded template continuously opens. In addition,
each newly synthesized DNA will be paired with one of the
parent strands. The replication process is pictured in Figure
2-12.

In order for DNA to be faithfully replicated, with exact
copying of the template and its sequence into a new double-
stranded helix, many enzymes and proteins must participate
in the process. DNA replication occurs in specific steps, and
certain enzymes and other molecules are required at each
step. First, DNA must be uncoiled from its super-coiled (or
double-twisted) nature, and the two strands must be sepa-
rated and kept apart; this is done by enzymes called DNA
gyrase (undoes the super coils) and DNA helicase (separates
the two strands of duplex DNA). These enzymes, using energy
derived from ATP hydrolysis, accomplish the feat of opening
the DNA molecules. In the next step, DNA polymerase III can
synthesize a new strand in the 5’ to 3’ direction on the lead-
ing strand. Proteins called single-stranded binding proteins
interact with the opened strands of DNA to prevent hydrogen
bonding when it is not needed during replication. DNA poly-
merase III also proofreads the addition of new bases to the

The genetic code is triplet
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B FIGURE 2-11
Copyright 2004 Benjamin Lewin. Published by Prentice Hall/Pearson
Education, NY. Reprinted with permission of the author, p 168.)

The genetic code. (From Lewin B: Genes VIII.

growing DNA strands and can remove an incorrectly incor-
porated base, such as G paired to T. In order for replication
to take place on any piece of DNA, there must first be a
short oligonucleotide (composed of RNA) piece that binds
to the beginning of the region to be replicated. This “primes”
the replication process; therefore, these short oligonucleotide
sequences are called primers. All DNA is replicated in a

The two new DNA strands have different features

Leading strand synthesis

| Nucleotides added continuously to 3' end |

3
5' _I.LI.LI.I.I.LI.I.I.I.LLLI.LI..L.I.LI.I.LI.I.I-I) 5
Leading strand

3
3' G rrrrrm <€ rrrrrm Lagging strand

5

Lagging strand synthesis

|Previous fragmentl Last fragmentl Single strand | Parental DNA |

M FIGURE 2-12 DNA replication. (From Lewin B: Genes, VIII,
Copyright 2004 Benjamin Lewin. Published by Prentice Hall/Pearson
Education, NY. Reprinted with permission of the author, p 392.)



5’ to 3’'manner. Replication of the other parent strand, called
the lagging strand, is more complicated because of this
restriction. As the helix is opened up, RNA primer sequences
are added to the area of the opening fork, and the RNA
primers are extended in a 5’ to 3’ manner until the poly-
merase reaches the previously synthesized end. Rather than
being replicated in a continuous manner, these replication
forks open up all along the lagging strand and are extended in
this way. These small regions of newly replicated DNA are
known as Okazaki fragments. The fragments must be joined
together to make a complete and continuous strand. This is
accomplished by two enzymes called DNA polymerase I and
DNA ligase. The RNA primers are synthesized and added to
the DNA strands by an enzyme called primase that anneals to
the parent strands. After replication of the leading and lag-
ging strands is complete, DNA ligase joins the phosphodiester
bonds of the DNA backbone to complete the intact molecule.
Isomerase enzymes recoil the DNA; once this is completed
and the DNA is proofread, the cell can continue with mitosis
and cell division.

Repair

DNA must be copied exactly or the information it contains
will be altered, possibly resulting in a decrease in vitality of
the organism. However, mistakes in the complex process of
replication do occasionally occur, and a number of efficient
mechanisms have evolved to correct these mistakes. The
mechanisms can detect the mistakes and correct the actual
DNA sequence. One of the most important mechanisms
for correcting DNA replication errors is the proofreading
ability of DNA polymerases. The proofreading occurs in both
the 5’ to 3’ and 3’ to 5’ directions and allows the polymerase
to backtrack on a recently copied DNA strand and remove an
incorrect nucleotide and insert the correct one in its place. In
addition to the proofreading ability of DNA polymerase
enzymes, there is a second type of editing called mismatch
repair in which an incorrect nucleotide is removed and the
correct one is inserted in its place.

In addition to errors in the primary sequence of DNA mol-
ecules, there are other possible alterations that can have an
effect on the way the sequence information is processed.
Many common chemicals and environmental factors can alter
DNA by modifying it chemically or physically. These include
alkylating agents, which react with guanine and result in
depurination. Some cancer treatments are often based on this
principle. Ionizing radiation and strong oxidants such as per-
oxides can cause single-strand breaks. Ultraviolet radiation
can alter thymine bases, resulting in thymine dimers. Certain
drugs such as the antibiotic mitomycin C can form covalent
linkages between bases on opposite strands; therefore, during
replication there will not be separation of the strands at that
site, and the resulting daughter strands will have mutations.
Nearly all defects in DNA replication can be corrected by
the various mechanisms used by the cell to maintain DNA
integrity. However, if too many mistakes occur, the repair
systems can be overwhelmed, and mistakes will not be cor-
rected. The cell in which these mutations occur may or may
not be viable.

There are several major DNA repair systems. These include
photo reactivation (PR), excision repair (also referred to as cut
and patch repair), recombinational repair, mismatch repair,
and SOS repair (Box 2-5). DNA repair systems can recognize
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Photo reactivation
Excision repair
Recombinatorial repair
Mismatch repair

SOS repair

BOX 2-5
DNA Repair Systems

mismatched base pairs, missing nucleotides, and altered
nucleotides in DNA sequences. For example, when thymine
dimers are formed after exposure to ultraviolet (UV) light, the
PR enzyme becomes active and enzymatically cleaves the
thymine dimers. In addition to the PR system of DNA repair,
thymine dimers can be removed by the rather complex
process of excison repair, in which the disrupted section of the
DNA is removed. A cut is made on one side of the thymine
dimer that bulges out from the rest of the duplex DNA. DNA
polymerase I synthesizes a short replacement strand for
the damaged DNA section. The old strand is removed by
DNA polymerase I as it moves along the DNA. Finally, the old
DNA strand is removed, and the newly formed DNA seg-
ment is ligated into place. Recombinational repair uses the
correct strand of DNA to fill in the strand where the error
was deleted. Polymerase I and DNA ligase then fill in the
other strand. Mismatch repair is activated when base pairing
is incorrect and a bulge occurs in the duplex DNA. Mismatch
repair enzymes are able to remove the incorrect nucleotides
and insert the correct ones. Methyl groups on adenines are
used by the mismatch enzyme systems to determine which
nucleotide is correct and which is a mistake. SOS repair is
induced when DNA and cell damage occurs. Damage can be
caused by UV radiation, chemical mutagens, and excessive
heat, as well as by such treatments as exposure to cross-
linking agents. There are certain sections of highly conserved
DNA that are activated when DNA is damaged and the genes
that are part of the SOS response system must work in a
coordinated manner to repair the damaged DNA through
recombination events that remove the damaged sections and
replace them with the correct sequences. Some repair sys-
tems have been studied more closely in prokaryotes than
eukaryotes. All of these systems are available to maintain the
integrity of the DNA.

Mutations

Although many effective DNA proofreading and repair sys-
tems help to keep newly synthesized DNA from having muta-
tions, none of the systems are foolproof and occasional
mutations occur. Once a mutation is introduced into a DNA
coding strand, the information in that strand is now altered.
It may be altered at the protein level if the mutation encodes
for a different amino acid or a change in reading frame. In
general, a mutation is any change in the structure or
sequence of DNA, whether it is physical or biochemical. An
organism, whether it is as simple as a single-celled protozoan
or as complex as a human being, is referred to as a mutant if
its DNA sequence is different from that of the parent organ-
ism. The original form of the DNA sequence and the organism
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in which it occurs is called the wild type. The various chemi-
cals and conditions that can cause mutations are referred to
as mutagens. Many mutagens are also carcinogens in that the
cells in which they occur have an advantage in growth pat-
terns that allows them to dominate the cells around them.

There are different types of mutations, and they may have
very different consequences for the organisms in which they
occur. Also, remember that mutations can be spontaneous; if
they occur in the germinal tissue, they are passed on from one
generation to the next. The simplest type of mutation is the
point mutation in which only one nucleotide in the DNA
sequence is changed. Point mutations include substitutions,
insertions, and deletions. Certain substitutions, although
they change the DNA sequence and the triplet codon(s), may
not change the amino acid sequence in the corresponding
protein because of redundancy in the genetic code. Recall that
some of the amino acids have more than one codon that rep-
resents them and, therefore, that if the new codon is for the
same amino acid, the mutation will be silent, and the protein
sequence will be the same. An example of this is the amino
acid threonine, which has ACA, ACC, ACG, and ACU as possi-
ble codons. Therefore, a substitution of C, G, or U for A at the
third position of the codon would still have a peptide with
threonine at that position. A type of “silent mutation” also
occurs when a mutation happens that causes a change in the
peptide sequence, but that part of the peptide does not seem
critical for its function; therefore, no mutation is seen at
the phenotypic level, such as enzyme function. A transition
is a type of mutation in which one purine-pyrmidine substi-
tuted for another purine-pyrmidine. When a purine is substi-
tuted for a pyrimidine or a pyrmidine for a purine, it is called
a transversion (Fig. 2-13).4

Another type of mutation that can have a deleterious effect
on the peptide sequence is called a missense point mutation.
A missense mutation results in a change in a codon, and this
change results in a change of amino acid in the corresponding
peptide. These changes cannot be accommodated by the pep-
tide while still maintaining its function. Typical examples of
missense mutations are the alterations in the hemoglobin
molecule at a single base pair, resulting in different types of
inherited anemias. A very specific type of serious mutation is
called a nonsense mutation; this results when a point change
in one of the nucleotides of a DNA sequence causes one of the
three possible stop codons to be formed. The three stop

Transition

S antigen § antigen
amino acid methionine threonine
mRNA code AUG ACG
DNA code TAC TGC
Transversion

N__antigen He antigen

amino acid leucine tryptophan
mRNA code uuG UGG
DNA code AAC ACC

M FIGURE 2-13
transitions) in blood groups.

Examples of DNA mutations (transversions and

codons are called amber, opal, and ochre and cause the ter-
mination of the reading of the DNA sequence so that the
resulting peptide is truncated at its 3" end.

A more severe type of mutation happens when there is an
insertion or deletion of one or more (but never three)
nucleotides in the DNA sequence. The result of this type of
mutation is a change in the triplet codon sequence and there-
fore an alteration in the frameshift reading so that a large
change in the amino acid sequence occurs. In transfusion
medicine, it has been shown that there is a single base pair
deletion in the gene encoding for the transferase protein of
the A blood group.® The frameshift mutation results in a non-
functional transferase protein that is seen phenotypically as
the O blood group.

Unusual genetic changes can also happen that result in
gross mutations in the DNA sequence. Duplications, recombi-
nations, and large deletions have a lower frequency rate than
the mutations in the replication of DNA noted above.
Duplications can occur quite frequently and give rise to
pseudogenes and other “junk” DNA that does not code for
proteins. A large part of DNA consists of such junk DNA with-
out apparent ill effects and may even be necessary to some
extent for the structural integrity of DNA and chromosomes.
Also, there are sequences “left over” from earlier evolution
that are still present in human DNA, such as Alu sequences.
There may also be evolutionary pressures forcing duplications
to occur. In blood banking, there are two good examples of
duplications. The first involves the glycophorin A and B
genes, the second involves the RA genes D and CcEe. The
Chido and Rodgers blood group antigens, carried on the com-
plement components of the C44 and C4B genes, arose from
duplications and mutations of the C4 genes.

Mutations involving recombination or crossing over take
place during the process of meiosis in the formation of
gametes. It is very important to generate sex cells that are dif-
ferent from the parental cells. Recombination involves break-
ing both double-stranded DNA homologues, exchanging both
strands of DNA, and then resolving the new DNA duplexes by
reconnecting phosphodiester bonds. Crossing over can be sin-
gle, double, or triple events (Fig. 2-14). An example of such
an event resulting in a hybrid formation is seen in the MNSs
blood group system. Single and double crossover events have
formed the genes for the Stones, Dantu, and Mi V blood
groups. One of the most important events in the immune sys-
tem is the recombination of the D, V; and J genes that occurs
to give rise to the vast array of immunoglobulin genes that
are necessary to form the antibodies of the humoral system.

Deletion of large segments of DNA sequences covering
hundreds and possibly even thousands of nucleotides is also
possible. It is a type of mutation that is not capable of being
corrected by any of the DNA repair systems due to the size and
complexity of the mutation. Such mutations can result in
complete loss of a peptide, a severely truncated peptide, or the
formation of a nonfunctional peptide. An example of this type
of mutation in transfusion medicine is the Rodgers negative
phenotype, which results from a 30 kD deletion of both the
complete CD4 (Rodgers) and 21-hydroxylase genes.”

Ribonucleic Acid (RNA)

Ribonucleic acid (RNA) is similar to DNA but has certain key
differences. One of the differences is that unlike DNA, which
is usually a double-stranded helix, RNA occurs most often as
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B FIGURE 2-14 Crossing over of DNA strands and chiasma for-
mation to create new sequences. (From Lewin B: Genes VIII. Copyright
2004 Benjamin Lewin. Published by Prentice Hall/Pearson Education,
NY. Reprinted with permission of the author, p 20.)

a single-stranded structure, although internal hydrogen
bonding occurs frequently, probably to stabilize the RNA mol-
ecules. Both DNA and RNA are made up of nucleotides, but in
place of thymine in DNA there is uracil in RNA. Uracil is very
similar to thymine except that it lacks a methyl group.
Another major difference is the substitution of the sugar
ribose for deoxyribose in the backbone structure. The sugar in
DNA, deoxyribose, lacks a hydroxyl group (-OH) at the 2’ car-
bon position (thus, de-oxy-ribose nucleic acid, or DNA).
Ribose in RNA has the hydroxyl group at this carbon position,
whereas DNA has hydrogen. In eukaryotes, RNA is always
used to transmit genetic information from the nucleus, where
it is stored as DNA, to the cytoplasm, where it is translated
into peptides and proteins. DNA is copied into RNA by a
process called transcription, then modified and transported
out of the nucleus to the ribosomes, where it is translated into
protein, which is then modified if necessary for its proper
function. Therefore, RNA is the “go between” of DNA, which
stores genetic information, and protein, which is the final
product of the expression of that genetic information. In
prokaryotes, there are specific differences in how DNA is
processed to make RNA, but because we are interested in
human genetics we will not go into detail on these differ-
ences. It is worth mentioning that certain viruses can store
genetic information as RNA, whereas others use DNA, either
single- or double-stranded, and some viruses use both during
the different parts of their infectious cycles.

In eukaryotes there are three major types of RNA; each has
a specific function as well as its own corresponding poly-
merase. The first class of RNA molecule is ribosomal RNA
(rRNA), which makes up a large part of the ribosomal struc-
ture on the endoplasmic reticulum in the cytoplasm. It is here
that RNA is translated into peptide. RNA polymerase I tran-
scribes rRNA. It is the most abundant and consistent form of
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RNA in the cell. The second class of RNA is messeger RNA
(mRNA); it is the form that is transcribed from DNA that
encodes specific genes, such as those determining the various
blood groups. RNA polymerase II transcribes mRNA. The
third major class of RNA is transfer RNA (tRNA); it is involved
in bringing amino acids to the mRNA bound on the ribosome.
Other small RNA molecules have other various functions
within the cell but are beyond the general scope of this text.

Transcription

Transcription is the cellular process by which DNA is copied
to RNA. Although mRNA accounts for only about 5 percent
of the total RNA inside a eukaryotic cell, it has the extremely
important role of being a “transportable” and disposable form
of the genetic code. Messenger RNA allows for highly efficient
processing of the genetic code into proteins that play nearly
all the functional roles within a cell. Transcription begins
when the enzyme RNA polymerase II binds to a region
upstream (to the left of the 5’ start site) of a gene. Certain
DNA short sequences, called consensus sequences, are loca-
ted at specific sections upstream of the gene to be transcribed;
these are used to position RNA polymerase properly so tran-
scripton of a gene is started correctly. This region is referred
to as the promoter and is important in how and when a gene
is expressed. It is not part of the mRNA itself and is never
transcribed, but it controls transcription. Promoters can be
positively or negatively regulated by various transcription fac-
tors and other transcription-specific protein effectors. Also,
regions of DNA sequence called enhancers can affect tran-
scription rates without being close to the coding regions of
the genes they influence. RNA is synthesized in a 5’ to 3’
direction; transcription starts at the 3’ end of the coding (or
template) strand of the DNA duplex after it is opened to two
single strands and proceeds to the 5’ end. In this way, a 5’ to
3’ coding strand is generated with U in place of T. The RNA
transcript is complementary to the template strand and is
equivalent to the coding strand of the DNA molecule.
Transcription is illustrated in Figure 2—15.

After RNA is transcribed, it is further processed before it
is transported to the ribosome and translated into protein.
One major modification to eukaryotic mRNA is the 5 7-
methyl guanosyl cap that is added to protect the mRNA from
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B FIGURE 2-15 Transcription of RNA from DNA. (From Lewin B:
Genes VIII. Copyright 2004 Benjamin Lewin. Published by Prentice
Hall/Pearson Education, NY. Reprinted with permission of the author,
p 241.)
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degradation by nucleases. The 3’ end of mRNA is modified by
the addition of a string of adenines that form a polyadenyl-
ation signal (poly-A tail), which can vary in length from about
20 to 200 nucleotides and is believed to increase mRNA sta-
bility. In addition to these steps, eukaryotic mRNA has inter-
vening sequences called introns that do not code for
protein or peptide and must be removed before translation
can begin. The process by which introns are removed from
mRNA is called RNA splicing. Specific sequences at the begin-
ning and end of each intron signal the necessary enzymes to
remove the introns from the mRNA and degrade them. The
remaining sequences, which contain only exons that code for
peptides and proteins, are then joined together by a process
called ligation to form a mature mRNA molecule. The mature
mRNA is then transported out of the nucleus and to the ribo-
somes, where translation takes place (Fig. 2-16).

Translation

Translation is the process by which RNA transcripts are
turned into proteins and peptides, the structural and func-
tional molecules of the cell. Like DNA and RNA, proteins have
a direction, reading their sequences left to right from the
amino terminal to the carboxy terminal. Peptides and pro-
teins (polypeptides) are composed of amino acids (aa) joined
to make a linear chain. Peptides consist of one strand of aa,
and polypeptides consist of more than one strand. Many pep-
tide strands have only primary and secondary structure.
Proteins can also have more complicated tertiary and quater-
nary structure. The making of the peptide chain(s) in the cor-
rect sequence is complicated and requires many molecules to
carry it out. Translation takes place on the rough endoplasmic
reticulum (ER) in the cytoplasm. Also called the rough ER, it
is the site of the ribosomes (rRNA), which are the subcellular
structural organelles that process mRNA into peptides and
proteins. In eukaryotic organisms, translation is “mono-
cistronic” in that only one ribosome reads the mRNA tran-
script at any time. Translation is a complicated process and
involves three major steps: initiation, elongation, and termi-
nation. The first event of the initiation sequence is the
attachment of a free methionine to a transfer RNA molecule
called tRNA™¢t, which requires the presence of a high-energy
molecule called guanine triphosphate (GTP) and a special
protein called initiation factor IF2. When GTP, IF2, and fac-
tors IF1 and IF3 are present at the ribosome, tRNA™t is able
to bind the small 40S subunit of the ribosome to form an ini-
tiation complex. The larger subunit of the ribosome, the 60S,
also binds to the complex and hydrolyzes the GTP, and then
the IFs are released. Translation is illustrated in Figures
2-17 and 2-18.

There are two sites present on the 60S ribosome unit, the
A site and the P site. During translation, the charged tRNA™et
must occupy the P site, and the A site next to the P site must
have a charged tRNA with its correct matching amino acid in
position. Peptide bond formation occurs by transferring the
polypeptide attached to the tRNA in the P site to the aminoa-
cyl-tRNA in the A site. All tRNA molecules have a similar sec-
ondary structure with intramolecular hydrogen bonding; are
long, single-stranded RNAs; and are often described as having
a cloverleaf-shaped conformation no matter which aa they are
carrying to the translation machinery. There are two major
functional areas of the tRNA molecule. The first is the part

Text/image rights not available.

B FIGURE 2-16 Translation of RNA into protein. (Lewin B: Genes
VIII. Copyright 2004 Benjamin Lewin. Published by Prentice
Hall/Pearson Education, NY. Reprinted with permission of the author,
p122.)

called the anticodon; it consists of three nucleotides that
hydrogen-bond to the corresponding correct site on the
mRNA. It is this hydrogen bonding that makes sure the cor-
rect aa is joined in the peptide chain by allowing only the cor-
rect tRNA molecule with the right anticodon to bond to the
correct mRNA codon. The second part of the tRNA molecule
is at the 3’ hydroxyl end and binds an amino acid. Only one aa

Text/image rights not available.

B FIGURE 2-17 Peptide bond synthesis in translation. (Lewin B:
Genes VIII. Copyright 2004 Benjamin Lewin. Published by Prentice
Hall/Pearson Education, NY. Reprinted with permission of the author,
p 137.)
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B FIGURE 2-18 Stages of protein synthesis in translation. (Lewin B:
Genes VIII. Copyright 2004 Benjamin Lewin. Published by Prentice Hall/
Pearson Education, NY. Reprinted with permission of the author, p 137.

can bind to one tRNA molecule; specificity is determined by
the 3’ hydroxyl end. According to the recognition region, an
aminoacyl synthase enzyme adds the specific aa to the correct
tRNA molecule. Only when the tRNA is charged with an
amino acid can it transport it to the ribosome for translation.
During the elongation step of translation, the incoming tRNA
binds to the A site in presence of the elongation factor called
E2F. Again, GTP is hydrolyzed as the energy source to move
the tRNA in the A position to the P position. As the tRNA in
the A site is moved to the P site, the tRNA in the P site is
released back to the cytoplasm to pick up another aa. The
ribosomes move down the codons on the mRNA one at a time,
adding correct aa to the growing peptide chain. As the ribo-
some moves down the mRNA, it eventually comes to one of
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the three stop codons UAA, UGA, or UAG, and translation of
that mRNA is finished. Termination factors help the ribosome
units to separate, and the peptide chain is further processed.
Post-translational processing can consist of glycosylation, the
addition of sugar groups, or the removal of leader peptide
sequences that are used to traffic proteins to the cell mem-
brane; processing can also consist of complicated folding
schemes that ensure the protein is in its correct tertiary form.
A large family of proteins called the heat shock proteins helps
new proteins to be folded correctly by binding to hydrophobic
(water-avoiding) sections of the nascent protein chain.
Hydrogen bonding, van der Waals forces, and hydrophilic
(water-attracting) regions of proteins also help to give the
new protein its correct three dimensional conformation. After
translation is complete, the mRNA is often rapidly degraded
by enzymes, a process that helps to control gene expression,
or it may attach to another ribosome and the entire transla-
tion process starts all over again. See Figure 2-19.

Modern Genetics Techniques

Over the last three decades, the knowledge of genetics has
advanced at a seemingly exponential level. Understanding the
biochemical and biophysical nature of DNA, RNA, and pep-
tides and proteins has allowed techniques to be developed to
study these important molecules in great detail and to define
the ways in which they interact in a living entity, whether it
be a cell, groups of cells, or complex multicellular organisms.
Most of the techniques used in molecular biology (the science
of studying and manipulating genetic material) are based on
the biochemical properties of genes and chromosomes.
Chapter 4 of this text goes into greater detail about molecular
biology techniques; however, they are presented here for a
quick preview to that chapter.
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B FIGURE 2-19 Schematic illustration of tRNA molecule and base
pairing. (Lewin B: Genes VIII. Copyright 2004 Benjamin Lewin.
Published by Prentice Hall/Pearson Education, NY. Reprinted with per-
mission of the author, p 115.)
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DNA Typing
Basic Techniques

The following steps are common to most techniques of
molecular biology:

First, any material that is to be studied must first be iso-
lated intact with a minimum of structural damage. This is
often done with chemicals that interact with one part of the
cellular material and not another.

Second, there must be a way to visualize and locate the
molecular species to be studied. This is often done with
probes (signal) that will bind specifically to the species, such
as DNA, by hybridization of hydrogen bonds of the DNA.

Third, a method to separate out different species, such as
different sequences of DNA, must be available. This often
involves running nucleic acids through gels, binding them to
columns, hybridizing them to membranes, or binding them
to other molecules.

Fourth, a method to quantify the isolated and studied
species has to be used to get differences exact as possible in
the process studied. Changes in optical density when exposed
to UV irradiation, radioisotope levels, fluorescence emission,
and other methods are readily used.

DNA Isolation

Most of the nucleic acids are isolated by alkaline denaturation
and precipitated with alcohol. They can also be further puri-
fied from other unwanted cellular components, such as the
cytoplasmic membrane, by use of specific columns that will
bind nucleic acids based on charge-charge interactions.
Column chromatography has been in use for many years, and
different materials are used to prepare columns, depending
on the nature of the materials to be separated. In less recent
times, DNA was isolated after treatment of cells with harsh
agents, such as phenol and chloroform, and then high-speed
centrifugation on cesium chloride gradients. RNA requires
greater care than DNA as it is a single-stranded molecule and
much more labile. Chemicals that will inactivate ever-present
RNases (anywhere that fingertips go, so go RNases) must be
used to obtain RNA that is not degraded or “chewed.” As
mRNA is only a small part of the total RNA isolated, it can be
purified by nature of its poly-A tail, using a column that con-
tains poly-T attached to resin bead molecules. Methods such
as complementary DNA (cDNA) synthesis, in which RNA is
converted into a DNA copy in vitro, allows greater study of
RNA sequences by making a more stable version of it. RNA
isolation also requires greater disruption of the cellular mate-
rial, usually with chaotropic agents such as guanidine thio-
cyanate, lithium salts, and mechanical means to disrupt cell
membranes, such as douncing or shearing with a needle and
syringe. Once DNA has been isolated, it can be stored in low
salt buffers at —20°C and RNA at —80°C for many months to
years. Storage in water is not recommended because the
nucleic acids are polymers and hydrolysis reactions will
degrade them.

Sequence Determination

There are many different types of analysis of DNA. One of the
most important is determining its sequence, either by direct
sequencing (which chemically cleaves DNA based on the
nucleotides present at the reaction site) or by termination

with dideoxy-nucleotides using DNA polymerase. Also impor-
tant are restriction enzyme digestion (type II endonucleases,
also referred to as restriction enzymes, isolated from bacteria
that break open the DNA backbone depending on a specific
sequence) and Southern blotting (in which DNA is digested
and then bound to a membrane followed by hybridization
with a sequence-specific probe, usually a short DNA piece).?
Because genes have unique sequences, it is important to get
every nucleotide correct. Mutations will be identified with
these techniques because, for example, a restriction enzyme
will not cut a sequence of DNA if there is a mutation but will
cut the DNA without the mutation. The two sequences can
then be compared and analyzed.

Electrophoresis

Comparison of DNA and RNA is often done by a process called
gel electrophoresis. In this process, agarose or acrylamide is
used to cast a porous gel, the DNA is put into openings in the
gel, and the gel is put into a tank with a suitable tris-based
buffer. The gel has a consistency of jello or gelatin. Next, an
electric current is applied to electrodes on the tank; based on
differences in size and conformation, the negatively charged
DNA or RNA species will move through the gel at different
rates toward the positive pole. The DNA pieces in the gel
(termed “bands”) can be visualized by using ethidium bro-
mide, propidium iodide, or fluorescent dyes that bind to or
intercalate inside of the DNA base pairs.

Cloning and PCR

Cloning is a way to make an exact copy of a desired DNA
sequence and to obtain large amounts of it in pure form.
Cloning relies on isolating DNA segments of interest and
making copies of them when they are introduced into anoth-
er larger DNA vehicle, such as a bacterial plasmid that can be
replicated without restriction on number, and grown to high
density.” New techniques allow the study of DNA with
sequence-specific proteins such as transcription factors that
control gene expression; these techniques also include isolat-
ing chromatin and looking at its conformation and analysis
tools for studying the newly found enzymatic nature of small
RNA molecules. PCR is very important and is used to amplify
isolated pieces of DNA, or RNA after it is converted into cDNA.
The amplified pieces are referred to as amplicons. The PCR
uses DNA polymerase and heating and cooling steps to ampli-
fy a target DNA sequence with primers that bind to the
sequence.!? The DNA is heated to separate the strands, and
then cooled to allow primers to bind to target sequences. An
extension step follows at a temperature optimal for special
enzymes that add nucleotides to the annealed primers. The
“cycle” of heating (denaturation), cooling (annealing), and
extending (exfension) is repeated many times, and the
amount of DNA made can be increased exponentially. Many
types of PCR are now in use for various applications in molec-
ular biology.

Advanced Techniques

The techniques developed in more recent years as well as
older techniques still valuable in the study of nucleic acids
and the cellular processes they are involved in keep improv-
ing and expanding. While it is necessary to have the exact



sequence of DNA that is of interest (for example, if it is asso-
ciated with an inherited disease), it is equally important to
understand how that DNA is expressed inside of a living cell.
As technology is developed, it will be interesting to see what
new methods become available and occur in common use.
Methods to silence genes, to look at single live cells, and to
analyze the different signaling pathways in the cell that genes
control and that control genes are all being actively devel-
oped. Of particular interest are the development of nanotech-
nology, high throughput DNA “chip” technology, and
computational biology in which enormously complex models
of expression and regulation (such as proteosomes) are being
assembled and analyzed.

Finally, without the most modern methods, computer
aids, and great skills of the people currently in the field of
genetics, the human genome projects of the National
Institutes of Health and the Celera Corporation would not
have been possible. The future of genetics is very bright
indeed, and we are fortunate to be able to witness a revolution
in biology taking place. Let us hope our enthusiasm and tech-
nical skills are matched by good ethics and a sincere desire for
the betterment of all people.

Summary Overview

This chapter covers the basic concepts of genetics necessary
to understand its role in modern blood banking. Knowledge
of modern methods of analysis is also required to appreciate
how problems in genetics are solved and explained. The more
medical technologists become familiar with these techniques,
the faster they can be applied in general use in blood bank lab-
oratories and the faster they can be used to address questions
and solve problems in transfusion medicine. A solid under-
standing of classic genetics, including Mendel’s Laws and
Hardy-Weinberg formulas, cellular concepts that control
chromosomes and cellular division such as mitosis and meio-
sis, as well as the biochemistry of the molecular structures of
the nucleic acids and the proteins that are complexed with
them is required to fully understand modern genetics. How
these theories, concepts, and principles apply to transfusion
medicine should be understood as clearly as possible as genet-
ics is a very dynamic science that has its greatest potential in
direct applications. Most of the antigens in the various blood
group systems (i.e., ABO, Rh, Kell, Kidd, etc.) generally follow
straightforward inheritance patterns, usually of a codominant
nature. For more detailed explanations, refer to the corre-
sponding chapters for the specific blood group systems.
However, to aid the reader’s overall comprehension, certain
key basic concepts are reviewed here.

Terminology

Just as it takes “two to tango,” it takes two gametes to make a
fertilized egg with the correct (2N) number of chromosomes
(46 in the human animal) in the nucleus of a cell. Therefore,
each parent contributes only half (1N) of the inherited genet-
ic information, or genes, to each child. Whether children are
conceived naturally or with the assistance of modern technol-
ogy such as in-vitro fertilization, each child must have the
correct number of genes and chromosomes (2N), without
major mutations affecting necessary biochemical systems, in
order to be healthy and complete. The genetic material has a
complex pattern of organization that has been evolving for
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millions of years to a magnificent level of coordination and
control. At the smallest level, genes are composed of discrete
units of DNA (deoxyribonucleic acid) arranged in a linear
fashion, similar to a strand of pearls, with structural proteins
wrapped around the DNA at specific intervals to pack it into
tightly wound bundles. The DNA is organized at a higher level
into chromosomes, with each chromosome being one incred-
ibly long strand of duplex (double-stranded) DNA. A gene is a
section, often a very large section, of DNA along the chromo-
some. The specific sequence of nucleotides, as well as the
location on the chromosome, determines a gene. In addition,
each gene has specific and general sequences that occur
upstream (before the start site) and downstream (after the
termination signals) that contribute to how a gene functions.
The specific location of a gene on a chromosome is called a
locus (plural = loci), and at each locus there may be only one
(rare) or several different forms of the gene, which are called
alleles. A simple and relevant example is the ABO blood group
system, discovered by Landsteiner, the gene that codes for the
A, B, or O blood type located on the terminal portion of the
long arm of chromosome 9; the alleles for inheritance at this
locus are A, B, or O, depending on the enzyme inherited. (See
the chapter on the ABO blood group for a more complete
explanation of the inheritance of ABO.)

It is important to keep in mind the distinction between
phenotype and genotype. Genotype is the sequence of DNA
that is inherited. The phenotype is anything that is produced
by the genotype, including an enzyme to control a blood
group antigen, thickness of the skin, the curvature of the
spine, the length of the muscles, the level of insulin produced,
and such obvious traits as eye, skin and hair color. Keep in
mind that more than one gene can have an effect on a partic-
ular trait (part of a phenotype), such as the height of an indi-
vidual; all relevant genes can be considered as part of the
genotype for that trait.

Depending on the alleles inherited, an organism (or a child
for that matter) can be either Aomozygous or heterozygous
for a specific trait. The presence of two identical alleles (the
same allele from both parents (e.g., A from the mother and A
from the father) results in a ~omozygous (AA) genotype, and
the phenotype is group A blood. On the other hand, the inher-
itance of different alleles from each parent gives a heterozy-
gous genotype, which could be AB, A/A,, or AO, depending on
the alleles of each parent (e.g., A from the mother and B from
the father in the first example, AB). In the second example,
the A, allele results in more enzyme than A, and therefore
more “A” antigen on the red cell, so without careful serology
or genotyping methods to detect the presence of A,, the blood
group would appear to be A,.

Another important concept is that of the “silent” gene, or
amorph. An amorph is a gene that does not produce any obvi-
ous, easily detectable traits and is only seen at the phenotyp-
ic level when the individual is homozygous for the trait. A
good example of this is found with the Rh blood group anti-
gen D (“big D”) and its amorph d (“little d”). In the case of Rh
type, when an individual inherits the gene for D, whether
homozygous (DD) or heterozygous for D (Dd), D antigens
appear on the surface of the RBCs, and this individual is said
to be Rh-positive. However, if this person is homozygous for
the amorph d, no detectable D antigens will be observed at
the phenotypic level, and this individual is said to be Rh-
negative. In this case, both phenotype and genotype would
give the same conclusion: lack of the Rh gene and antigen,




38 CHAPTER 2 Basic Genetics for Blood Bankers

respectively. Other blood groups, such as the Ii, Kell,
Lutheran, Duffy, and Kidd systems, also encompass the prin-
ciple of an amorphic allele. Refer to the respective chapters on
these blood groups for more detailed information.

Blood Group Nomenclature

The common nomenclature used for blood group systems is
not the same as the more standardized nomenclature used for
Mendelian genetics. Several points should be made clear so
that blood bank technologists are not confused when reading
literature that is not solely focused on transfusion medicine.
Specifically, Mendel’s laws indicate that dominant genes are
denoted with capitalized letters, and recessive genes are
denoted with lowercase letters. This is not always true in the
blood group nomenclature. Notably, in some blood group sys-
tems the antigens that have detectable traits can be repre-
sented by both upper- and lowercase letters. This is most
likely due to the codominant nature of many blood group
traits where the products of both alleles are seen. Good exam-
ples are the Rh family Cc and Ee antigens. In this case, if C
(“pbig C”) and c (“little ¢”) are inherited, the genotype is het-
erozygous, and the phenotype is also heterozygous, and the
distinction is made that C and c are two different alleles that
are expressed equally due to their codominant nature.
Therefore, neither one is completely dominant or recessive.
The same condition is true for E (“big E”) and e (“little e”)
inheritance and expression. In the MNSs system, a different
nomenclature is used, with a single letter for the blood group
and a plus (+) or minus (—) sign to indicate the presence or
absence of the detectable, respective antigen. For example,
M+N+S—s+ would be an individual that is positive for the
M, N, and s antigens and negative for S antigen.

There are some blood group systems, such as Kidd,
Lutheran, Lewis, and Duffy, that may use two letters to denote
the system and a plus or minus sign. An example is given
with the Duffy system, where a superscript or, more cor-
rectly, an a or b letter indicates the allele, and a plus or minus
symbol represents the allele’s presence or absence, e.g.,
Fy(a+b—), where this individual is positive for the Duffy a
antigen and negative for the Duffy b antigen. To make matters
even worse, in a few allelic pairs, a lower-incidence antigen,
such as Wr?3, is designated with a superscript a. In some
others, such as Co?, the superscript a denotes an antigen that
is of higher incidence in the general population. Unfortu-
nately, it seems necessary to commit these examples and
such others to memory or to a handy written log so as to keep
them straight. Despite this possible drawback, remember
the correct terminology: a genotype always refers to a blood
group gene, and a phenotype always refers to a blood group
antigen.

Finally, the ISBT (International Society of Blood
Transfusion) Working Party on Terminology for Red Cell
Surface Antigens has provided a more standardized, numeri-
cal system of nomenclature, and although not yet used rigor-
ously, it helps to solve this problem by giving blood group
antigens specific numbers. Although not the same as
Mendelian methods of nomenclature, it at least keeps the sys-
tem of naming the myriad blood bank antigens consistent for
all users in all languages. It is a somewhat painful idea to give
up the old familiar names and colloquialisms in terminology
but one that is in the right direction for modern blood bank-
ing practices. There are correct and incorrect ways to desig-

nate blood group antigens and the antibodies that are used to
identify them, as well as all the common and colloquial ways
that have been in use for a long time. The blood bank student
should refer to the most current edition of the AABB
(American Association of Blood Banks) Technical Manual for
more information on correct use of current nomenclature as
well as the specific chapters in this text dealing with the dif-
ferent blood groups in greater detail.

SUMMARY CHART?:

Important Points to Remember (MLT/
MT/SBB)

» Genetics is defined as the study of inheritance or the
transmission of characteristics from parents to off-
spring. It is based on the biochemical structure of chro-
matin, which includes nucleic acids and the structural
proteins that constitute the genetic material as well as
various enzymes that assist in genetic processes such as
replication.

» All living organisms have specific numbers of chromo-
somes. Humans have 22 pairs of autosomes and one set
of sex chromosomes, females (XX) and males (XY), giv-
ing a total of 46 chromosomes in diploid cells.

» Mendel’s law of independent assortment states that
factors for different characteristics are inherited inde-
pendent of each other if they reside on different chro-
mosomes.

» Human chromosomes are composed of the genetic
material chromatin, a complex of the nucleic acid poly-
mer DNA wrapped around highly basic proteins called
histones. The helical structure of DNA allows a lot of
information to be packaged in a very small amount of
space.

> Replication of DNA is semiconservative and is accom-
plished via the enzyme DNA polymerase, which pro-
duces a complementary duplicate strand of nucleic
acid. Therefore, each strand of DNA can act as a tem-
plate to be copied to make the opposite strand. DNA has
a direction and is always read and written in the 5’ (left)
to 3’ (right) direction.

» Mutation refers to any structural alteration of DNA in
an organism (mutant) that is caused by a physical or
chemical agent (mutagen). Mutations can be beneficial
or deleterious. Some mutations are lethal and therefore
cannot be passed on to another generation. Some
mutations are silent and have no consequence on the
organism in which they occur and therefore have no
selective pressure against them in the population.

» Transcription is an enzymatic process whereby genetic
information in a DNA strand is copied into an mRNA
complementary strand. Eukaryotic mRNA is altered
after it is made by various processing steps, such as the
removal of introns and addition of a poly-A tail to the 3’
end. These processing steps take place in the nucleus of
the cell before the mRNA is exported to the cytoplasmic
ribosomes for translation.



» Translation is the complex process by which mRNA,

which contains a mobile version of the DNA template
encoding the genes for an organism, is turned into
proteins, which are the functional units of an organism
and the cells that it consists of. Translation occurs on
the ribosomes, and additional steps may be necessary to
get a specific protein into its final correct form, such as
with the insulin molecule that requires disulfide link-
ages. Proteins are made of strings of amino acids and
are always read in an amino terminal (left) to carboxyl
terminal(right) direction.

Various methods have been developed to manipulate
DNA; these make up the part of genetics known as
genetic engineering. Southern blotting, sequencing,
and cloning analyze DNA, whereas Northern blotting
and RNase protection assays analyze RNA. Western
blotting and immunoprecipitation as well as mass spec-
tometry and 2-D gel analysis are used to study proteins.
Blotting and various biochemical assays are used to
analyze carbohydrates and lipids.

Restriction endonucleases are enzymes found in vari-
ous strains of bacteria and used in molecular tech-
niques to cut DNA at specific sites. Restriction digests
have a particular and unique pattern characteristic of
the DNA that was used as a template. This is a very use-
ful technique because mutations in DNA often destroy
or create new restriction patterns.

A DNA probe is a piece of DNA having a sequence for the
specific gene of study that can be labeled in various
ways, such as with a radioactive substance or by fluo-
rescent compounds, and visualized by autoradiography
or a type of fluorescent imaging system.

The polymerase chain reaction (PCR) is an in-vitro
method for enzymatic synthesis and amplification of
specific DNA sequences using a pair of primers, usually
short nucleotide sequences, that hybridize to opposite
DNA strands and flank the region of interest. Various
modifications have made the PCR reaction more effi-
cient and specific and allow more complex analysis.

A cloning vector is an extra-chromosomal genetic
element that can carry a recombinant DNA molecule
(bacteriophages, plasmids, or cosmids) into a host cell
(bacteria, yeast, plant, or mammal). It can replicate on
its own and may be very concentrated in a single cell.
Most vectors contain markers for selection such as
antibiotic resistance or fluorescent proteins.

Sources of DNA for analysis by molecular techniques
may include any prokaryotic, nonnucleated cells, such
as bacteria, or eukaryotic, nucleated cells, such as
leukocytes, and may come from living or dead tissue,
such as cell samples, cell cultures, or forensic material.
Good sources of RNA include any active or dividing cell
source, such as reticulocytes or fetal liver. Care must be
taken to avoid RNA degradation by naturally occurring
RNases. Nonactive cells often have low levels of mRNA,
and greater care must be used to harvest sufficient good
quality mRNA. Once the mRNA is isolated it can be
transcribed into cDNA (complementary DNA) for fur-
ther study by use of well-known reverse transcription
techniques.
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» Many new techniques are now in use and are being

developed for understanding the complete nature of the
genetic material and how it functions in complex ways
to control the nature of a living organism. This area of
biology is growing very fast and will help to elucidate all
the interactions, pathways, signals, and structures that
make up the living cell and allow it to function in such
a complex and sophisticated manner.

Review Questions

1. Which of the following best describes mitosis:

a. Genetic material is quadruplicated, equally divided
between four daughter cells

b. Genetic material is duplicated, equally divided between
two daughter cells

c. Genetic material is triplicated, equally divided between
three daughter cells

d. Genetic material is halved, doubled, then equally divided
between two daughter cells

. When a recessive trait is expressed, it means that:

a. One gene carrying the trait was present

b. Two genes carrying the trait were present
c. No gene carrying the trait was present

d. The trait is present but difficult to observe

. In a pedigree, the “index case” is another name for:

a. Stillbirth

b. Consanguineous mating
¢. Propositus

d. Monozygotic twins

. What four nitrogenous bases make up DNA:

a. Adenine, leucine, guanine, thymine
b. Alanine, cytosine, guanine, purine
c. Isoleucine, lysine, uracil, leucine

d. Adenine, cytosine, guanine, thymine

. Proteins and peptides are composed of:

a. Golgi bodies grouped together

b. Paired nitrogenous bases

¢. Nuclear basic particles

d. Linear arrangements of amino acids

. Which phenotype could not result from the mating of a

Jk(a+b+) female and a Jk(a+b+) male:
a. Jk(a+b—)
b. Jk(a+b+)
c. Jk(a—b+)
d. Jk(a—b—)

. Exon refers to:

a. The part of a gene that contains non-sense mutations
b. The coding region of a gene

c. The noncoding region of a gene

d. The enzymes used to cut DNA into fragments
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10.

11.

12.

13.

14.

15.
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. PCR technology can be used to:

a. Amplify small amounts of DNA

. Isolate intact nuclear RNA

. Digest genomic DNA into small fragments
. Repair broken pieces of DNA

o o o

. Transcription can be defined as:

a. Introduction of DNA into cultured cells

b. Reading of mRNA by the ribosome

¢. Synthesis of RNA using DNA as a template

d. Removal of external sequences to form a mature RNA
molecule

When a man possesses a phenotypic trait that he passes
to all his daughters and none of his sons, the trait is said

to be:

a. X-linked dominant
b. X-linked recessive

¢. Autosomal dominant
d. Autosomal recessive

When a woman possesses a phenotypic trait that she
passes to all of her sons and none her daughters, the
trait is said to be:

a. X-linked dominant

b. X-linked recessive

c. Autosomal dominant

d. Autosomal recessive

DNA is replicated:

a. Semiconservatively from DNA

b. In a random manner from RNA

c. By copying protein sequences from RNA
d. By first copying RNA from protein

RNA is processed:

a. After RNA is copied from DNA template

b. After protein folding and unfolding on the ribosome
c. Before DNA is copied from DNA template

d. After RNA is copied from protein on ribosomes

Translation of proteins from RNA takes place:
a. On the ribosomes in the cytoplasm of the cell
b. On the nuclear membrane

c¢. Usually while attached to nuclear pores

d. Inside the nucleolus of the cell

Meiosis is necessary to:

a. Keep the N number of the cell changing within popula-
tions

b. Prepare RNA for transcription

c. Generate new DNA sequences in daughter cells

d. Stabilize proteins being translated on the ribosome
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OBJECTIVES c—ssees e

On completion of this chapter, the learner should be able to:

1. Describe the different components of the immune system

(IS) and outline their functions.

2. Know the characteristics of the major cells of the IS and

their functions.

3. List the major effector molecules and the roles they play in
the immune response; for example, cytokines.

4. Understand the basic steps of hematopoiesis in the IS.

5. Briefly explain the function of the major histocompatibility

complex (MHC) class I and II molecules.

6. Describe the physical characteristics of immunoglob-

subtypes.

ulins in relation to structure and know the different
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7. Explain the activation sequences of the three major com-
plement pathways and describe how they come to a com-
mon starting point.

8. List the methods used in the blood bank to detect
antibodies and complement bound to red blood cells
(RBCs).

9. Characterize the immune response, including antigen-

Introduction

The immune system (IS) is one of the most interesting, com-
plex, and important systems in the human body. The immune
system is also very old in an evolutionary sense. Immunity
refers to the process by which a host organism protects itself
from attacks by both external and internal agents. Immunity
is necessary to protect the host from obvious invaders such as
parasites and also against external noxious elements and sun
exposure. Protection from nonself and abnormal self is con-
trolled at different levels. The number of different types of
nonself organisms includes uni- and multicellular organisms
such as viroids, viruses, bacteria, mycoplasma, fungi, and par-
asites. Protection from these organisms historically has been
the area of greatest concern in immunology research. Tumor
cells, cells that are too old or misshapen to function, and cells
destined for termination by apoptosis (genetically pro-
grammed cell death) within the host must be recognized and
eliminated. The process of removing damaged host cells is a
more recent area of immunity research. The IS must first rec-
ognize a myriad of unwanted cells, either nonself or self, and
then respond correctly to remove them without destroying or
damaging the host organism beyond repair. The immune sys-
tem is really part of a greater system that also includes the
hematopoietic, nervous, digestive, and respiratory systems. In
a way, it can be said that the immune system is an integral
part of every other system in the body, and without it the
other systems would not be able to function. This is in part
due to the complexity of the challenges it faces as well as the
complexity of the organism of which it is a part.

The Role of the Immune System

The work of the IS can be divided into two separate but com-
patible roles. One part is the defense against foreign, external
organisms and objects, and the second is to keep abnormal,
damaged cells from causing havoc. The IS must first recog-
nize abnormal cells; this can be done if they are coated
with antibody, complement, or other proteins, have unusual
physical conformations such as damaged red blood cells
(RBCs) or have certain immune markers present on their sur-
faces. After the IS recognizes abnormal cells and invading
agents, it must become active to remove them efficiently.
There are various specialized cells and highly organized
molecular cascades to accomplish this. The final result is
removal of the offending agent and a return to immune equi-
librium. Because the number of different agents that the IS
must deal with is so large, the IS has evolved into one of the
most complex systems. There are many types of cells and
highly coordinated processes, as well as specialized mole-
cules, for its use. All of the systems are interrelated and coor-
dinated, resulting in exceptional control and versatility.
Traditionally in transfusion medicine, the major focus of
understanding the IS has been in the areas of antigen and
antibody reactions, including indirect and direct antibody
screening and crossmatching. Immunology in transfusion
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antibody reactions, lymphocyte functions, and host factors
that can activate and suppress the IS.

10. Discuss traditional and nontraditional laboratory tech-
niques.

11. Know the various factors affecting agglutination reactions.

12. Be familiar with some of the more common diseases that
can affect blood bank testing.

medicine today is often focused on hematopoietic precursor
cell collection and purification, in addition to highly complex,
demanding protocols for new testing methods and newer
technologies to look at antigen and antibody interactions as
well as reagent production. The technologist must be familiar
with all of these and maintain expertise with older methods
still in use. The test complexity and levels of material to be
mastered directly reflects the complexity of the IS itself. It is
one of the most interesting and complicated areas of modern
biology and the one that historically has been most important
for transfusion medicine.

This chapter can only begin to give an overall introduction
to the many different areas of immunology. It will include in
the first sections the biology and biochemistry of the IS, with
the cells and molecules involved in its function and how they
interact; the later sections will look at the testing methods
used and how our IS knowledge was and is used to develop
those methods. A brief discussion of immune-mediated dis-
eases important to blood banking is included at the end.
Students interested in this chapter and desiring further study
can refer to any of the classic texts and publications on the IS
as well as the excellent current journals with articles by the
leading immunologists in the field. There are also many well-
developed Web sites devoted to the subject of immunology. A
good starting point for further reading is any of the notewor-
thy reference texts listed at the end of this chapter.

Overview of the Immune System

All organisms at all levels of life are challenged constantly by
various factors from their environment and must protect
against them. The host organism is a rich source of nutrients
and protection for an organism that is able to avoid the host’s
IS. One of the most fundamental concepts in immunology is
the idea of self versus nonself: how the IS distinguishes
between the two and what is actually being described when we
refer to these two terms. The two terms have now been broad-
ened in meaning. In current terms, self refers to anything
within the organism that derives from the host genome and
the rearrangement of host genes. It includes cells, fluids, mol-
ecules, and more complex structures of a host organism.
Anything put into the host body, even a close genetic match,
can be regarded as nonself and can therefore be rejected by an
immune response. The nonself description refers to anything
outside the host physically, whether a living organism (para-
sites, fungus) or nonliving toxin (poison ivy fluid, insect
venom). The IS also responds against damaged (senescent
RBCs) or diseased cells (tumors) in the host body. In this
context, because a growing fetus has a different genetic make-
up than that of the mother’s IS, the fetus is considered non-
self and must be protected from immune responses by the
placenta. When foreign objects or damaged host cells are
detected by the IS, an immune response occurs. Immune
responses occur at different levels and consist of the innate
(or natural, primary) and the acquired (or adaptive, second-
ary) responses. The overall mechanisms and components of
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TABLE 3-1 Comparison of the Major Mechanisms of the Inmune System

Innate or Natural Immunity Acquired or Adaptive Immunity

e Primary lines of defense e Supplements protection provided by innate immunity
e Early evolutionary development e Later evolutionary development—seen only in vertebrates
¢ Nonspecific e Specific

e Specialized

e Acquired by contact with a specific foreign substance

e Initial contact with foreign substance triggers synthesis of spe-
cialized antibody proteins resulting in reactivity to that particu-
lar foreign substance

e Natural—present at birth

e Immediately available

e May be physical, biochemical, mechanical, or a
combination of defense mechanisms

e Mechanism does not alter on repeated exposure to e Memory
any specific antigen e Response improves with each successive encounter with the same
pathogen

e Remembers the infectious agent and can prevent it from causing
disease later

e Immunity to withstand and resist subsequent exposure to the
same foreign substance is acquired

each are outlined in (Tables 3-1 and 3-2). The innate
immune response consists of physical barriers, biochemical
effectors, and immune cells. The first step of innate defense is
external, including skin and enzymes present on the skin’s
surface. The second line of innate defense is internal and can
recognize common invaders with a nonspecific response,
such as phagocytosis that does not have to be primed. The last
line of defense is the acquired immune response that needs
time and reorganization to mount an effective and specific
reaction and that protects against a repeat attack by the same
organism using immune memory. The IS’s specificity also
prevents the host from becoming attacked and damaged dur-
ing an immune response. The localized nature of an immune
reaction also prevents systemic damage throughout the
host organism. The wide variety of potential organisms
and substances that can invade the host requires a vast array
of means to recognize and remove them. The acquired

immune response must be capable of generating a near-infi-
nite level of specific responses to all the different complex
organisms and substances that the host can encounter over
its lifetime. Finally, the different types of effector responses of
the IS allow it to have diverse responses to self and nonself
invaders.

Cellular and Humoral Immunity

The two major components of the vertebrate IS are cellular
and humoral immunity. The cellular part of the system is
mediated by various cells of the IS, such as macrophages, T
cells, and dendritic cells. Lymphokines are other effector mol-
ecules that play critical roles in the cellular system by acti-
vating and deactivating different cells as well as allowing cells
to communicate throughout the host body. Lymphokines are
powerful molecules that include cytokines and chemokines.

TABLE 3-2 Cellular and Humoral Components of the Immune System

Innate or Natural Immunity

Acquired or Adaptive Immunity

First Line of Defense

Second Line of Defense

Third Line of Defense

Internal Components
Physical
e Intact skin
e Mucous membranes
e (Cilia
e Cough reflex
Biochemical
e Secretions
e Sweat
e Tears
e Saliva
e Mucus
e Very low pH of vagina
and stomach

Internal Components
e Cellular
e Phagocytic cells
e Macrophages
e Monocytes
e PMNs: Large granular leukocytes
e NK cells
e Humoral (fluid)/biochemical
e Complement-alternate pathway
e Cytokines
e Interferons
e Interleukins
e Acute inflammatory reaction

Internal Components
e Cellular
e Lymphocytes
o T cells
o T
° TC
e T memory cells
e B cells
e B memory cells
e Plasma cells
* APCs
e Macrophages
e Monocytes
e Dendritic cells
e B cells
e Humoral
e Antibodies
e Complement-classic pathway
e Cytokines

H

APCs = antigen-presenting cells
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The humoral part of the system consists of the fluid parts of
the IS, such as antibodies and complement components
found in plasma, saliva, and other secretions. One of the most
important and key parts of humoral immunity is the antibody,
a large, complex protein structure with specific effector func-
tions. Antibodies are also called immunoglobulins, immuno
because of their function and globulin because they are a type
of globular soluble protein. They are found in the gamma
globulin portion of plasma, or serum when it is separated by
fractionation or electrophoresis. The function of the antibody
is to bind to foreign molecules (usually proteins) called anti-
gens. Most antigens are found on the surface of foreign cells
or damaged internal cells. A key feature of antigen-antibody
reactions is their specificity. Only one antibody reacts with
one antigen, or one part (an epifope) of a complex antigen. An
immune reaction against an antigen stimulates the produc-
tion of antibodies that will match the epitope (or antigenic
determinant) present on the antigen. The binding reaction of
antigen and antibody has often been called a lock and key
mechanism, referring to its specificity and conformity.
Antigen-antibody complex formation inactivates the antigen
and elicits a number of complicated effector mechanisms
that will ultimately result in the destruction of the antigen
and the cell to which it is bound. The laboratory study of
antigen-antibody reactions is called serology and has been the
basis of blood banking technology for many years. Antibody
screening methods and crossmatching techniques rely on the
detection of antigen-antibody complexes; the direct antiglob-
ulin (Coombs) test relies on the detection of antibodies (and
complement) bound to the surface of RBCs. Tables 3-1 and
3-2 list the immune mechanisms and components.

Innate Immunity and
Acquired Immunity

One of the ways to characterize the immune system is by its
cellular and humoral components; another is by the two
major ways the IS works to prevent infection and damaged
cells from destroying the host. The innate part of the system
is less complicated and more primitive. It does not function in
a specific way, but rather it recognizes certain complex
repeating patterns present on common invading organisms,
such as the lipopolysaccharide coat of gram-negative bacteria.
The innate part can function immediately to stop host organ-
isms from being infected. The more advanced acquired
immune response developed after vertebrates had evolved; it
relies on the formation of specific antigen-antibody com-
plexes and specific cellular responses to keep the host organ-
ism infection-resistant. Acquired immunity allows for a spe-
cific response, and IS memory allows resistance to a pathogen
that was previously encountered. Innate immunity is the
immediate line of immune defense. There are two important
features of innate immunity. First, the innate immune system
is nonspecific. The same response is used against invading
organisms no matter what the source is as long as the innate
IS can recognize them as nonself. Innate immunity is named
because it is innate, or present, at birth and does not have to
be learned or acquired. Second, it does not need modifications
to function and is not altered with repeated exposure to the
same antigen. As they developed early in evolution, certain
parts of the innate immunity are seen in invertebrates as well
as in vertebrates, but because innate immunity functions so
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well as a first line of defense, it was maintained in the IS of
vertebrates.

Physical and biochemical barriers as well as various cells
make up the innate IS. Physical barriers include intact skin,
mucous membranes, cilia lining the mucous membranes, and
cough reflexes. Biochemicals of the innate system include
bactericidal enzymes such as lysozyme and RNases, fatty
acids, sweat, digestive enzymes in saliva, stomach acid, and
vaginal low pH. Important innate immune cells include cer-
tain phagocytic leukocytes and natural killer (NK) cells, a type
of large, granular lymphocyte. Phagocytic cells of different
types are found in most tissues of the human organism such
as the brain, liver, intestines, lungs, and kidneys. Phagocytes
include circulating monocytes in the blood and peripheral,
mobile macrophages (activated monocytes) that can move
between vessel walls. Phagocytes recognize complex molecu-
lar structures on the surface of invading cells or in the secre-
tions and fluids of the host body and are able to remove the
invading organisms by engulfing and digesting them with
vesicle enzymes. Two major cells that can use phagocytosis to
remove pathogens are the polymorphonuclear cells, which
include neutrophils, basophils, and eosinophils, and the
mononuclear cells, which include the monocytes in plasma
and the macrophages in tissues. Various molecules of the IS
collaborate with the innate IS’s cells. Opsonins are complex
factors including antibodies and complement components in
plasma that coat pathogens and facilitate phagocytosis.
When phagocytes ingest foreign cells and destroy them, they
can become activated to release soluble polypeptide sub-
stances called cytokines that have various effects (such as
activation and proliferation) on other cells of the immune
and vascular systems. There is a large number of different
cytokines, some having unique functions and others having
overlapping functions. Some work together, and some oppose
the functions of other cytokines. Many are secreted, and some
are membrane receptors. Overall, cytokines help to regulate
the immune response in terms of specificity, intensity, and
duration.

NK cells can recognize host cells that have been infected
with virus or bacteria or abnormal host cells, such as tumor
cells, because of the macromolecules on the cell’s surface. NK
cells are a type of large, granular T lymphocyte and probably
evolved to protect the host from tumor cells and infected cells
before the acquired immune response can be activated. NK
cells can secrete very potent cytokines such as interferons
that are specially designed to destroy virally infected cells.
Virally infected cells, when lysed by the infection, release
many more active virions and viral particles that can infect
many more host cells. Interferon helps stop this rapid pro-
gression of disease. However, interferons only work on cur-
rent infections and do not prevent a future infection from
happening. Interleukins are another type of cytokine that can
act by signaling other leukocytes to become active and to
divide to increase their numbers. One of the most important
interleukins is interleukin-2 (IL-2), which is needed by
T lymphocytes to function properly in vivo and is also
required to grow T lymphocytes in in-vitro conditions. Most
cytokines are required at certain levels to be optimal as too
few do not help to maintain a strong immune response, and
too many of some cytokines can actually be detrimental to the
survival and functioning of immune cells and toxic to the host
organism.

Another important component of the innate immune sys-
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tem is the complement system. Complement has three major
roles in immunity, including the final lysis of abnormal and
pathogenic cells via the binding of antibody, opsonization of
phagocytosis, and mediation of inflammation. The proteins of
the complement system are enzymes that are normally found
in the plasma in a proenzyme inactive state. Three ways the
complement proteins can be activated are the classic, alterna-
tive, and lectin pathways, all with essentially the final result of
cell lysis and inflammation. The classic pathway uses antigen-
antibody binding and therefore is a specific activator of com-
plement. The alternative pathway activates complement by
means of recognition of polysaccharides and liposaccharides
found on the surfaces of bacteria and tumor cells and there-
fore uses nonspecific methods of activation. The lectin path-
way is activated by mannose binding proteins bound to
macrophages. The inflammatory response, or inflammation,
is also a critical component of the innate IS and is familiar to
most people when they have a minor wound as redness and
warmth at the wound site. Inflammation is initiated by any
type of tissue damage, whether to the skin or to an internal
organ. Burns, infection, fractures, necrosis, and superficial
wounds all elicit an inflammatory response, which is charac-
terized by an increase in blood flow to the wounded area,
increased blood vessel permeability at the site to allow for
greater flow of cells, a mobilization of phagocytic cells into
the site, and a possible activation of heat-shock proteins and
other agents that maintain the healing process at the site of
tissue damage. The wound is repaired, new tissue grows in
place of the damaged tissue, and inflammation is stopped.
Uncontrolled inflammation can result in damage to healthy
tissue as well as diseased tissue. The regulation of inflamma-
tion is tightly controlled and requires signals to turn it on and
off to be effective.

The innate system also has acute phase response factors.
These factors are proteins that are increased in plasma (and
serum) during the early stages of an infection. They include
C-reactive protein, fibrinogen, and serum amyloid protein.
They are made in the liver in response to certain highly
inflammatory cytokines.

Acquired immunity is the other major arm of the host’s IS
and is the most highly evolved. It is also the most specific and
allows the IS to have memory of pathogens it has encountered
previously and therefore acquire immunity with repeat expo-
sure to an antigen. The acquired system is present only in ver-
tebrates. The term acquired refers to the fact that the
immunity is acquired via specific contact with a pathogen or
aberrant cell. The adaptive term refers to the nature of this
part of the IS’s ability to adapt to and destroy new complex
pathogens, although it must first react to them through com-
plex recognition processes. Acquired immunity is specific in
recognition of the new pathogen, and it also has specific
responses depending on the type of pathogen it encounters.
The acquired IS uses antibodies as specific immune effectors.
Antigen specificity and uniqueness determine the particular
antibody that will bind to it. The antigen-antibody complex is
a three-dimensional interaction that does not allow near-
misses to bind. For example, antibodies against one blood
group antigen do not react against another blood group anti-
gen. An antigen that an antibody is made against is sometimes
referred to as its antithetical antigen. Due to the fact that
acquired immunity has memory, medical histories of patients
that require transfusions are absolutely critical. Antibodies do
not always remain in plasma at levels seen with serologic test-
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ing, and if antigen-positive RBC units are transfused in a sen-
sitized patient, the second antibody response against the
transfused cell antigens can be more vigorous and may even
result in intravascular RBC hemolysis, a very dangerous con-
dition.

Cells and Organs of the
Immune System

The immunization process requires many different types of
cells and tissues, including phagocytic granulocytes of the
innate system; the neutrophils, eosinophils, and basophils; as
well as monocytes and macrophages. Lymphocytes, a type of
mononuclear cell, are important in acquired immunity. They
are divided into two major types, the T lymphocyte (T cell)
and the B lymphocyte (B cell). The T lymphocyte matures in
the thymus gland and is responsible for making cytokines and
destroying virally infected host cells. B lymphocytes mature
in the bone marrow, and when they are stimulated by antigen
they evolve into plasma cells that secrete antibody. NK cells
are a type of lymphocyte that plays a role in immune protec-
tion against viruses. Dendritic cells are present throughout
many systems of the body and are responsible for antigen pro-
cessing and are sometimes referred to as antigen presenting
cells. Macrophages can also process antigen. T and B cells
communicate with each other and are both necessary for anti-
body production. B cells undergo gene rearrangement in
order to have the correct antibody made that can react with
the correct antigen. T cells also have receptors that undergo
gene rearrangement in order to react with antigens correctly.
There are different types of T cells; they are distinguished by
the membrane markers they possess. These markers are
referred to as clusters of differentiation (CD) markers and
are detected by immunotyping. The receptors on the cell
membranes of T and B lymphocytes allow them to recognize
foreign substances. Lymphocytes recognize only one specific
antigen, which is determined by the genetic programming of
that lymphocyte. Because there are so many different anti-
gens that pathogens can carry, the IS has adapted to be able
to recognize millions of different antigens, with a specific
antibody that will match only one particular antigen.
Therefore, if a foreign antigen is present, only a small per-
centage of the host’s antibodies and T-cell receptors will
recognize it. The way the IS gets around this is by activating
host cells that recognize the antigen and multiplying them to
great numbers. The cells that result from this multiplication
are called clones and result from one single progenitor cell
that divides many times. A clone is a genetic copy so all clones
attack the same antigenic target as the progenitor cell. In
cases where an antigen is recognized by more than one
antibody, a process of clonal selection happens, in which the
different cells that recognize the different epitopes of the
antigen are expanded. The cells that have weak interactions
with the antigen are often removed or made inactive. In
transfusion medicine, this plays a role in selecting the
best antibody reagents for testing as not all epitopes of a
complex antigen, such as a blood group, will be equally
reactive.

The maturation of B and T cells occurs after antigen is
encountered. Both B and T cells mature into what are called
effector cells, which are the functional units of the IS. The
final effect that B and T cells bring about is the elimination of
pathogens and foreign cells. Immune memory is also
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acquired when lymphocytes mature into memory cells after
antigenic stimulation; this allows the IS to recognize antigens
from previous encounters. Once an infection is cleared, some
of the cells that can recognize the antigen remain in circula-
tion. The lymphocytes are permanently set to respond to the
same antigen again by the process of memory. The second
time this antigen is encountered, memory allows for a more
effective and rapid immune response. Memory cells can per-
sist for the lifetime of the host. It is one of the reasons that
some immunizations with vaccines do not have to be repeat-
ed except on a cautionary basis to keep the immunization
active.

B Cells

Antibodies can be secreted or membrane-bound. Antibodies
are secreted by mature B cells called plasma cells and bind to
antigens in a specific manner. The antigens are usually in sol-
uble form in the plasma. The receptor on the B cell that rec-
ognizes antigen is a membrane-bound antibody. When the
receptor antibody on the B cell reacts with a specific antigen
and recognizes it, the B cell is activated to divide, and the cells
produced from this rapid division mature into plasma cells
and memory B cells. Memory B cells can remain in the host
for many years, thus providing life-long immunity. Memory B
cells have antibody on their surfaces that is of the same con-
formation as that of the progenitor B cell from which they
were derived. Plasma cells are antibody factories that make
large amounts of antibody in a soluble form that remains in
circulation in the plasma, body secretions, and lymphatics.
Each plasma cell makes only one specific type of soluble anti-
body, and that antibody has the same specificity as that of the
B cell from which it was derived. Antibodies can neutralize
toxic substances and antigens that are encountered by bind-
ing to them and therefore preventing them from interacting
with the host. When the antigenic site is nonreactive by the
binding of antibody, it cannot interact with host cells to infect
them or damage them. Also, binding of antigen by antibody
brings about opsonization, which aids in direct killing of
pathogens by cell lysis. When complement is activated by an
antigen-antibody complex, the pathogen can be destroyed.
Pathogens can be destroyed intra- or extravascularly.
Antibodies are one of the most important components of the
IS and blood bank testing procedures.

T Cells

Just as B cells are the key elements of the humoral part of the
acquired IS, T cells are the most important arm of the cellu-
lar part of acquired immunity. One of the major and impor-
tant differences of cellular immunity is that T cells recognize
antigens that are internalized within a host cell. The antigens
are then processed and presented on the host cell surface in
small peptide fragments. T cell-mediated immunity is
involved in the response against fungal and viral infections,
intracellular parasites, tissue grafts, and tumors. T-cell recep-
tors do not recognize foreign antigen on their own as B cells
do; they require help in the form of cell membrane proteins
known as major histocompatibility complex (MHC) mole-
cules. Therefore, there is a certain level of restriction placed
on the acquired cellular branch of the IS as determined by the
inherited MHC molecules on host cells. The MHC genes
determine the human leukocyte antigens (HLA) present on
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leukocytes and other cells; they have been known for many
years to cause rejection of tissue grafts. There are two major
classes of MHC genes and antigens, MHC class I and MHC
class II. MHC class I antigens are found on most nucleated
cells in the body, and MHC class II antigens are found on most
antigen-presenting cells. In humans, MHC class I genes code
for the HLA-A, HLA-B, and HLA-C antigens, whereas MHC
class II genes code for HLA-DR, HLA-DQ, and HLA-DC
antigens. Both MHC class I and MHC class II are important
in the recognition of foreign substances and the immune
reactions against them as well as antigen presentation
processes.

There are two major functions of T cells. The first major
function is to produce immune mediating substances such as
cytokines, which influence many immune functions through-
out the body. The second major function is to kill cells that
contain foreign antigen. When T cells are activated by meet-
ing antigen, they start to secrete cytokines and change their
cellular interactions (Table 3-3 has a list of important
cytokines). T cells are also grouped into two major categories
with two major functions called T helper (TH) cells and T cyto-
toxic (Tc) cells. TH cells are also distinguished by the mem-
brane marker CD4; Tc cells are distinguished by the marker
CD8. TH cells are further grouped into TH1 and TH2 and
respond to different cytokines. TH cells have the ability to rec-
ognize antigen, along with MHC class II molecules, and pro-
vide help to B cells to evolve into plasma cells and make
antibodies. TH cells therefore determine which antigens
become IS targets as well as determine which immune mech-
anisms will be used against the target antigens. TH cells aid in
the proliferation of immune cells after they encounter anti-
gen and help determine which responses will happen. TH
cells, in addition to helping B cells and macrophages, can also
help Tc cells by causing them to proliferate and differentiate
and therefore become effector cells. Immune effector cells are
capable of destroying pathogens, and Tc cells are capable of
cytotoxicity, or cell killing. Unlike TH cells that interact with
MHC class II, Tc cells interact with MHC class I molecules. Tc
cells in general do not secrete lymphokines as much as TH
cells do; they are the cells that receive help from the TH cells
and are then able to destroy tumor cells, virally infected cells,
and tissue grafts. Like all other aspects of the acquired IS, TH
cell activation must be carefully regulated to avoid attacks
against the host cells. This is accomplished in part by having
TH activation only in the context of the appropriate MHC class
IT antigen presentation as well as requiring two signals for
complete activation.

Antigen-Presenting Cells (APCs)

There are several types of leukocytes that function as antigen-
presenting cells (APCs), including macrophages and granulo-
cytes such as neutrophils, as well as some B cells. In addition
to leukocytes, there are specialized immune cells capable of
antigen presentation. These include the different types of den-
dritic cells present in the skin (Langerhans cells), nervous tis-
sue (glial cells), lymph nodes, spleen, intestines, liver (Kupffer
cells), bone (osteoclasts), and thymus. These APCs first
phagocytize the foreign antigen, process it internally, and
then with the help of MHC molecules present short peptide
sequences of the antigen on their cell membranes. TH cells
can then recognize the antigen in the context of MHC presen-
tation and respond to it by the appropriate immune reaction.



TABLE 3-3 Cytokines

Cytokine Source Stimulatory Function
Interleukins
IL-1 Mo, fibroblasts Proliferation-activated B cells and T cells
Induction PGE, and cytokines by M
Induction neutrophil and T-cell adhesion molecules on endothelial cells
Induction IL-6, IFN-B1, and GM-CSF
Induction fever, acute phase proteins, bone resorption by osteoclasts
IL-2 T Growth-activated T cells and B cells; activation NK cells
IL-3 T, MC Growth and differentiation hematopoietic precursors
Mast cell growth
1L-4 CD4, T, MC, BM stroma Proliferation-activated B cells,T cells, mast cells, and hematopoietic precursor
Induction MHC class II and FceR on B cells, p75 IL-2R on T cells
Isotype switch to IgG1 and IgE
Md APC and cytotoxic function, M¢ fusion (migration inhibition)
IL-5 CD4, T, MC Proliferation-activated B cells; production IgM and IgA
Proliferation eosinophils; expression p55 IL-2R
IL-6 CD4, T, M, MC, fibro- Growth and differentiation B-cell and T-cell effectors and hemopoietic precursors
blasts Induction acute phase proteins
IL-7 BM stromal cells Proliferation pre-B cells, CD4 cells, CD8 cells, and activated mature T cells
IL-8 Monocytes Chemotaxis and activation neutrophils
Chemotaxis T cells
Inhibits IFN-vy secretion
IL-9 T Growth and proliferation T cells
IL-10 CD4, T, B, M Inhibits mononuclear cell inflammation
IL-11 BM stromal cells Induction acute phase proteins
IL-12 T Activates NK cells
IL-13 T Inhibits mononuclear phagocyte inflammation
Colony Stimulating Factors
GM-CSF T, Mo, fibroblasts, MC, Growth of granulocyte and M¢ colonies
endothelium Activated M, neutrophils, eosinophils
G-CSF Fibroblasts, endothelium Growth of mature granulocytes
M-CSF Fibroblasts, endotheli- Growth of macrophage colonies

Steel factor

um, epithelium
BM stromal cells

Stem cell division (c-kit ligand)

Tumor Necrosis Factors

TNF-a
TNF-B

M¢,T}
T

Tumor cytotoxicity; cachexia

Induction acute phase proteins

Antiviral and antiparasitic activity

Activation phagocytic cells

Induction IFN-v,TNF-q, IL-1, GM-CSF, and IL-6

Interferons

IFN-a
IFN-B
IFN-vy

Leukocytes
Fibroblasts
T

Antiviral; expression MHC I

Antiviral; M¢ activation

Expression MHC class I and IT on M and other cells
Differentiation of cytotoxic T cells

Synthesis 1gG2a by activated B cells

Antagonism several IL-4 actions

Other

TGF-B

LIF

T, B

Inhibition IL-2R upregulation and IL-2 dependent T-cell and B-cell proliferation
Inhibition (by TGF-B1) of IL-3 and CSF induced hematopoiesis

Isotype switch to IgA

Wound repair (fibroblast chemotaxin) and angiogenesis

Neoplastic transformation of certain normal cells

Proliferation of embryonic stem cells without affecting differentiation
Chemoattraction and activation of eosinophils

Roitt, I: Essential Immunology, ed 8. Blackwell Scientific Publications, London, 1994, with permission.

APC = antigen-presenting cells; BM = bone marrow; CSIF = cytokine synthesis inhibitory factor, FcER = immunoglobulin Fc receptor for IgE;
G-CSF = granulocyte colony stimulating factor; GM-CSF = granulocyte monocyte/macrophage colony stimulating factor; IFN = interferon;
IL = interleukin; LIF = leukocyte inhibitory factor; MC = mast cell; M-CSF = monocyte colony stimulating factor; MHC = major histocom-
patibility complex; Md = macrophage; NK = natural killer cells; PGE, = prostaglandin E,; T = T lymphocyte; TGF = transforming growth factor;
TNF = tumor necrosis factor.
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TABLE 3-4 Lymphoid Organs Associated
with the Acquired Inmune System

Primary Lymphoid Organs Secondary Lymphoid Organs

e Thymus
e Bone marrow

e Lymph nodes

e Spleen

e Mucosa-associated tissues

Site of cell function for mature T
and B cells

Cells interact with each other,
accessory cells, and antigens

Site of maturation
for T and B cells

Lymphocytes
differentiate from
stem cells, then
migrate to
secondary
lymphoid organs

Immune System Organs

The organs of the IS are divided into two sections called
the primary and the secondary. The primary lymphoid
organs are the thymus and bone marrow, where immune
cells differentiate and mature, and the secondary lymphoid
organs include the lymph nodes and spleen, in which
immune cells interact with each other and process antigens
(Table 3-4).

Immune Maturation

Because of the complexity and diversity of immune respons-
es, a specific immediate immune response is not always pos-
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sible. It usually takes days to months for all the aspects of an
efficient immune response to happen from the moment that
antigen is first encountered. The lag phase until an appropri-
ate immune response occurs is called the lafency or window
period. 1t is during this time that antibody cannot be detect-
ed with serologic testing. During the latency period, however,
T and B cells are very active in processing antigen and initiat-
ing the primary response to the antigen. The first antibodies
made against the new antigen are different from the antibod-
ies of the secondary response. The primary antibodies are of
the immunoglobulin M (IgM) subclass, whereas the antibod-
ies of the secondary response are of the immunoglobulin
G (IgG) subclass and have a different structure (Fig. 3-1).
After the antigen is cleared, memory cells are stored in
immune organs of the host. When the same antigen is
encountered again, the memory cells are activated and pro-
duce a stronger and more rapid response. IgG antibodies are
formed during the secondary response and are made in great
quantities, and although IgM is made during the primary
response, there is a period when it overlaps with the produc-
tion of IgG antibodies at the beginning of the secondary
response. IgG secondary antibodies have a higher avidity for
antigen and can be produced by much lower concentrations
of antigen. Secondary antibodies can usually be measured
within 1 to 2 days. For example, a primary antibody may
require more than 100-fold excess of antigen to initiate the
first response. Many of the antigens that stimulate the pri-
mary response have multiple repeating epitopes such as poly-
saccharides and are therefore good immune stimulators at
lower concentrations.
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Cell Lineages and Markers

Nearly all cells of the host’s body, especially the various leuko-
cytes, have specific cell markers or recepfors with which they
interact with other cells and receive signals from cellular
messenger systems. Macrophages, NK cells, T and B cells, and
APCs can interact directly with cell-to-cell communication or
indirectly by specific, soluble mediators through a complex
system. These cell surface molecules are classified by complex
in-vitro testing using monoclonal antibodies. They specify
cellular definitions and functions including maturation levels
and lineage specificity and are designated as CD markers.
These markers on cells can change during the lifetime of the
cell or in response to infection or activation. Currently, there
are nearly 200 different CD markers known; the first were
identified on immune cells. CD markers are critical to identi-
fy hematopoietic cell maturation stages and lineages.

All immune cells originate from pluripotent hematopoi-
etic progenitors (also called hematopoietic stem cells, or
CD34-positive cells) through one of two pathways of lineage,
the myeloid and the lymphoid. Various growth factors are
responsible for differentiating and maturing stem cells into
the many different cells of the IS. Growth factors also allow
progenitor stem cells to reproduce themselves as well as to
develop into more differentiated types of cells. The cells of the
myeloid lineage consist of phagocytic cells such as the mono-
cytes and macrophages, often referred to as the mononuclear
phagocytic system (MPS), and the granulocytes or polymor-
phonuclear cells (PMNs), the neutrophils, eosinophils, and
the basophils, in addition to the APCs such as the dendritic
cells in the skin and liver. Erythrocytes as well as platelets
originate from this system. The lymphoid lineage consists of
the various subpopulations of lymphoid cells, the T cells, B
cells, and NK cells.

The myeloid-monocyte precursors originate in the bone
marrow and then differentiate into circulating blood mono-
cytes. When monocytes encounter antigen, they can differen-
tiate into tissue macrophages. One of the main functions of
the MPS cells is processing of antigen, which is required to
remove pathogen by the acquired IS. Phagocytic cells can
directly kill many pathogens such as bacteria and fungi as
part of the innate IS. As mentioned above, MPS cells present
antigen to lymphocytes after processing it and interact with
other immune cells via cell membrane receptors. The Fc part
of the antibody receptor and the complement receptor CR1
are used by phagocytes during opsonization.! When these
cells are functioning as APCs, they express the MHC class II
molecules on their membranes and lack the Fc receptor.
Granulocytes originate in the bone marrow. They are the pre-
dominant leukocyte in the circulation of the mature adult (60
to 70 percent). Granulocytes all have granules in their cyto-
plasm and are of three types, distinguished by the hematolog-
ic staining of their granules. The neutrophils stain a faint
purple or neutral color (neutral granules), the eosinophils a
reddish orange color (acidic granules), and the basophils a
bluish black color (basic granules). The main role of these
cells is phagocytosis; they function primarily in acute inflam-
matory responses and have enzymes and other molecules that
allow them to destroy engulfed pathogens. All three types of
granulocytes possess receptors for the Fc portion of IgG
(CD16) and complement receptors C5a, CR1(CD35), and
CR3(CD11b). Additionally, eosinophils possess low-affinity Fc
receptors for IgE and therefore play a critical role in allergic
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reactions and inflammation in parasitic infections. Basophils
and mast cells (a type of tissue basophil) possess high-affinity
Fc immunoglobulin E (IgE) receptors, are powerful effectors
of inflammation and allergic reactions, and can cause the
release of localized histamine.

Lymphocytic cells are generated in the thymus or bone
marrow and travel through the circulatory system to the
lymph nodes and spleen, where they mature and differentiate.
In a mature adult, the lymphocytes account for about 20 to 30
percent of the circulating leukocytes. In primary organs,
these cells acquire receptors that enable them to interact with
antigens and also to differentiate between self and nonself
antigens, a very critical part of lymphocyte maturation and
the acquired IS in general. In the secondary organs, immune
cells are provided with a highly interactive environment in
which immune responses are exchanged and made specific.
Remember, there are two primary classifications of lympho-
cytes, T and B cells, and these similar-looking cells can be dis-
tinguished by the presence of specific cell markers by means
of using sophisticated immunologic methods of testing, such
as flow cytometry (discussed later in this chapter). Specific to
the T cell is the T cell antigen receptor (TCR), which is in
proximity to and usually identified with the CD3 complex on
the T-cell membrane. The TCR is a heterodimer of two
polypeptides, the o and B. It associates in cell-to-cell contacts
and interacts with both antigenic determinants and MHC pro-
teins. In addition to CD3 on T cells, there is the separate CD2
marker, also referred to as the T11 or the leukocyte function
antigen-3 (LFA-3), and it seems to be involved in cell adhe-
sion. It has the unique ability to bind with sheep erythrocytes
in-vitro. One of the most important discoveries about T cells
is the distinction that TH cells have the CD4 marker and rec-
ognize antigen together with the MHC class II molecules, and
Tc cells possess CD8 markers and interact with MHC class I
molecules. The ratios of T cells with CD4 versus CD8-positive
cells can be a marker for particular diseases. One of the defin-
ing features of AIDS is a reversal of the typical CD4 to CD8
ratio, which helped to explain some of the pathology of AIDS.

There are also compounds referred to as superantigens,
which can stimulate multiple T cells, causing them to release
large amounts of cytokines. Certain bacteria toxins are super-
antigens and can lead to lethal reactions in the host if the
immune system is overstimulated.

B cells are defined by the presence of immunoglobulin on
their surface; however, they also possess MHC class II anti-
gens (antigen presentation), the complement receptors CD35
and CD21, Fc receptors for IgG, and CD19, CD20, and CD22
markers, which are the CD markers used to identify B cells.
Membrane-bound immunoglobulin may act as an antigen
receptor for binding simple structural antigens or antigens
with multiple repeating determinants (referred to as T
cell-independent antigens, meaning they do not require the
intervention of T cell help). When T cell-dependent antigens
(structurally complex and unique substances, such as virus
particles) are encountered, B cells require the intervention of
T cells to assist in the production of antibody. When B cells
become activated, they mature and develop into plasma cells,
which produce and secrete large quantities of soluble Ig into
tissue or plasma.

The third major class of lymphocytes, the NK cells, are
sometimes referred to as third population cells because they
originate in the bone marrow from a developmental line dis-
tinct from those of T and B lymphocytes. They are also




50 CHAPTER 3

referred to as large granular lymphocytes. Unlike B cells, NK
cells do not have surface Ig or secrete Ig, nor do they have
antigen receptors like the TCR of T cells. NK cells have the
CD56 and CD16 markers and do not require the presence of an
MHC marker to respond to an antigen. They are thymus-inde-
pendent and are able to lyse virally infected cells and tumor
cells directly in a process known as antibody-dependent cell-
mediated cytotoxicity (ADCC) by anchoring immunoglobulin
to the cell surface membrane through an Fc receptor.

Cytokines and Immunoregulatory
Molecules

Cytokines are soluble protein or peptide molecules that func-
tion as powerful mediators of the immune response. There
are two main cytokine types, lymphokines, which are pro-
duced by lymphocytes, and monokines, which are produced
by monocytes and macrophages. Cytokines function in a com-
plex manner by regulating growth, mobility, and differentia-
tion of leukocytes. One cytokine may act by itself or together
with other cytokines. Other cytokines oppose the actions of
one or more cytokines and function to quantitatively increase
or decrease a particular immune reaction. Some cytokines are
synergistic and need each other to have their full effect. The
effects of cytokines can be in the immediate area of their
release or at a point quite distant from it as they can travel
through the plasma to affect distant cells and tissues. There is
often significant overlap in how cytokines function.

The major classes of cytokines include the interleukin (IL),
interferon (IFN), tumor necrosis factor (TNF), and colony-
stimulating factor (CSF); each class has several members (see
Table 3-3). Cytokines act by binding to specific target cell
receptors. When cytokines bind to their receptors on cells, the
number of receptors is often increased as the cell is stimulat-
ed. Internal cellular signaling pathways become activated. The
cell is no longer in a resting state and can have a new function.
The initial signal for this transformation may be the binding
of antigen. For example, interleukin-2 (IL-2), a cytokine nec-
essary for lymphocyte function, requires an initial signal to be
the antigen presented by an APC to a T cell; the production
and response of IL-2 receptor, therefore, is maximized by an
antigen activated T cell. After cytokine binding, both the
receptor and the cytokine become internalized, which induces
the target cell to grow and differentiate. Differentiated cells
have specialized functions such as secreting antibodies or pro-
ducing enzymes. Immune cells and other host cells respond to
cytokines and can react with chemoattraction, as well as
antiviral, antiproliferation, and immunomodulation.
Cytokines fine-tune the IS and also function as critical cell
activators. In addition to the cytokines, other mediator sub-
stances of the IS, including chemokines, immunoglobulins,
complement proteins, kinins, clotting factors, acute phase
proteins, stress-associated proteins, and the fibrinolytic sys-
tem, are cellular products that can have powerful cellular
effects. Cytokines typically communicate between cells
through the plasma. Chemokines are attractant molecules
that interact between cells, immunoglobulins, and comple-
ment proteins and are important in destroying pathogens,
kinins, and clotting factors. Acute phase proteins and fibri-
nolytic proteins play a role in inflammation, a process that
recruits appropriate cells to an immune site and modifies the
vascular system. In addition to inflammation and cell-to-cell
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communication, some cytokines are immunosuppressive. One
of the important chemokine receptors in blood banking is the
Duffy antigen group present on RBCs; the lack of these anti-
gdens can prevent certain types of malaria parasites from
infecting the host. Another important chemokine receptor is
CCR5, which plays a role in resistance to HIV-1 infection.

Basic Immune System Genetics

Individuals have a unique immune response based on their
genetic inheritance. In experimental animals, such as guinea
pigs, there are familial patterns of susceptibility and resist-
ance. In blood banking this is important because not all trans-
fusion recipients make antibodies to alloantigens on
transfused RBCs. Responders are people who have a tendency
based on their inheritance to make antibodies. The terms
high responders and low responders describe individual
responses to antigen challenges. Both T and B cells have anti-
gen receptor molecules on their membranes, and these mol-
ecules consist of two polypeptide chains. These proteins are
synthesized by two genes located on two different chromo-
somes. The T and B cell antigen receptor protein genes are
both found on chromosome 14 but at separate loci. The sec-
ond locus for B cells may be on chromosome 2 or chromo-
some 22, and the second T-cell locus is found on chromosome
7.2 The enormous level of diversity of the immune response
cannot be explained by only one gene coding for every
immunoglobulin or T-cell receptor; research on IS genetics
has revealed that antibody and T-cell receptor genes can move
and rearrange themselves to very high levels of diversity and
are genetically mobile. The germ line DNA is found at the
same locus as in an unmodified gene of an inherited chromo-
some and is identical to all genetic information of all other
body cells. During early development and differentiation, lym-
phocyte germ line DNA can move to another position on the
chromosome. The germ line DNA also possesses immense
repetition. The mechanism of rearrangement during differen-
tiation is necessary to bring together sets of genes that result
in complete new protein arrangements. This random
rearrangement and assortment are what generate much of
the diversity in antibody and T-cell receptor specificity. Once
DNA rearrangement has occurred, the antigenic specificity of
that particular cell is fixed, and the unnecessary and unused
genetic material is eliminated.®> When antigenic stimulation
occurs, one B cell forms an antibody with a single specificity.
During the lifetime of the cell, the cell can switch to make a
different isotype (class) of antibody that has the same antigen
specificity. Isotype switching requires further DNA rearrange-
ment in mature B cells. Class switching is dependent on anti-
genic stimulation as well as the presence of cytokines released
by T cells and reflects the further adaptation of the immune
response. Isotype switching is seen in blood banking when
antibodies react at different temperatures and phases.

The genetic recombination events that are required to pro-
duce mature B and T cells that secrete antibodies and have
TCRs, respectively, with defined specificity are under control
of the RAG-1 and RAG-2 genes. These are the recombination-
activating genes 1 and 2 and are necessary for maturation of
B and T cells as well as production of specific effector mole-
cules.

The major histocompatibility complex (MHC) is the
region of the genome that encodes the Auman leukocyte
antigen (HLA) proteins and is extremely important in
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immunology. The MHC is critical in immune recognition and
regulation of antigen presentation in cell-to-cell interactions,
transplantation, paternity testing, and specific HLA patterns.
It also seems to correlate with susceptibility for certain dis-
eases. HLA molecules are categorized into two classes: MHC
class I and MHC class II. Class I molecules are found on all
nucleated cells except trophoblasts and sperm and play a key
role in cytotoxic T-cell function. MHC class I molecules con-
sist of a peptide binding region, a transmembrane portion,
and an intracellular signaling region. B,-Microglobulin, a
thymic-derived peptide, is noncovalently linked to the MHC
class I molecule. It helps to stimulate T cells. When antigen is
recognized by a CD8 T cell, it must be recognized within the
context of a class I molecule (Figs. 3-2 and 3-3); after recog-
nition, the cytotoxic cell destroys the target cell bearing the
antigen. Class II molecules are found on antigen-presenting
cells such as B lymphocytes, activated T cells, and the various
dendritic cells. They consist of a peptide binding region, a
transmembrane portion, and an intracellular section for sig-
naling. Class II molecules on APCs are essential for present-
ing processed antigen to CD4 T cells and are necessary for
T-cell functions and B-cell help (Figs. 3—4 and 3-5). In addi-
tion, there are class III molecules that encode complement
components such as C2, C4, and factor B. The genes for MHC
classes I-1II molecules are located on the short arm of chro-
mosome 6 and are highly polymorphic in nature with multi-
ple alleles.

Text/image rights not available.

B FIGURE 3-2 Class | HLA molecule. Molecule consists of an MW
44,000 polymorphic transmembrane glycoprotein, termed the « chain,
which bears the antigenic determinant, in noncovalent association
with an MW 12,000 nonpolymorphic protein termed (3, microglobulin.
The a chain has three extracellular domains termed ., a,, and «,.
NH, = amino terminus; COOH = carboxy terminus; CHO = carbohy-
drate side chain; -SS- = disulfide bond; PO, = phosphate radical.
(From Swartz, BD: The human major histocompatibility human leuko-
cyte antigen (HLA) complex. In Stites, DP, and Terr, AL: Basic and
Clinical Immunology, ed 7. Appleton & Lange, Norwalk, CT, 1991,

p 47, with permission.)
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B FIGURE 3-3 Top view of a crystalline structure of a class | HLA
molecule. The molecule is shown as the T-cell receptor would see it.
The antigen-binding site formed by the a helices (ribbonlike structures)
and B pleated strands (broad arrows) is shown. N indicates the amino
terminus. (From Swartz, BD: The human major histocompatibility
human leukocyte antigen (HLA) complex. In Stites, DP, and Terr, AL:
Basic and Clinical Immunology, ed. 7. Appleton & Lange, Norwalk, CT,
1991, p 48, with permission.)

Immune Suppression

Immune suppression can be due to a number of factors.
Certain cytokines, including interleukins and some growth
factors, can cause a decrease in immune responsiveness.
Suppression of some IS components is critical at certain
times so that the IS does not become overactivated and attack
host cells. T and B cells that recognize host cells and might

Text/image rights not available.

M FIGURE 3-4 Class Il (HLA-DR) molecule. The molecule consists
of an MW 34,000 glycoprotein (the a chain) in a noncovalent associa-
tion with an MW 29,000 glycoprotein (the 3 chain). (From Swartz, BD:
The human major histocompatibility human leukocyte antigen (HLA)
complex. In Stites, DP and Terr, AL: Basic and Clinical Immunology, ed
7. Appleton & Lange, Norwalk, CT, 1991, p 49, with permission.)
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B FIGURE 3-5 Top view of a crystalline structure of a class Il HLA
molecule. The molecule is shown as the T-cell receptor would see it.
The antigen-binding site formed by the « chain, a; domain, and 8
chain 3, domain consists of the (3 pleated sheet platform (thin
strands) supporting two « helices (ribbonlike structures) and is very
similar to that of the class | molecule (see Fig. 3-3). (From Swartz, BD:
The human major histocompatibility human leukocyte antigen (HLA)
complex. In Stites, DP, and Terr, AL: Basic and Clinical Immunology,
ed. 7. Appleton & Lange, Norwalk, CT, 1991, p 50, with permission.)

destroy them must be removed before they can develop into
mature lymphocytes. After much debate, specific suppressor
cells have recently been isolated and seem to have unique CD
profiles. They probably play a role in modulating lymphocyte
function. Immune suppression can also occur when there is
too little immunoglobulin made or too many T and B cells are
lost through severe infection, extreme immune stimulation,
or IS organ failure. Various drugs such as corticosteroids and
AZT have immune-suppressive functions, and some are used
to treat autoimmune diseases and graft recipients. Certain
infectious diseases such as AIDS can also cause host immuno-
suppression. In addition, it has been observed that transfusion
of blood products, especially if not leukoreduced, can cause a
temporary immunomodulation. The reasons behind this are
not clear. Immunosuppresion can occur due to inherited dis-
eases such as the genetic lesions that cause severe combined
immunodeficiency disease. Other forms of immunosuppres-
sion are acquired such as with drugs (steroids) or disease con-
ditions (AIDS). Immunosuppression can also be due to severe
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malnutrition. Immunosuppression is important in blood
banking because immunosuppressed and immunocompro-
mised patients must receive irradiated blood products so that
the donor lymphocytes do not engraft and attack the recipi-
ent’s IS and destroy it.

Characteristics of Immunoglobulins

Immunoglobulin (Ig), also called antibody, is a complex pro-
tein produced by plasma cells, with specificity to antigens (or
immunogens), that stimulates their production. An Ig is a
specific host self protein produced in response to a specific
foreign nonself protein or other complex molecule not found
in or tolerated by the host. Immunoglobulins make up a high
percentage of the total proteins in disseminated body fluids,
about 20 percent in a normal individual. Antibodies bind
antigen, fix complement, facilitate phagocytosis, and neutral-
ize toxic substances in the circulation. Thus, antibodies have
multiple functions, some more highly specialized and spe-
cific than others. Immunoglobulins are classified according
to the molecular structure of their heavy chains. The five clas-
sifications are IgA (o [alpha] heavy chain), IgD (3 [delta]
heavy chain), IgE (e [epsilon] heavy chain), IgG (y [gamma]
heavy chain), and IgM (u [mu] heavy chain). Table 3-5
illustrates some of the various differences in the classes of
immunoglobulins, such as molecular weight, percentage in
serum, valency (number of antigen-binding sites), carbo-
hydrate content, half-life in the blood, and whether they
exist as monomers or multimers. IgG is the most concen-
trated in serum, approximately 80 percent of the total serum
Ig; next is IgA, at about 13 percent (although it is the major
Ig found in body secretions); 6 percent is IgM; 1 percent is
IgD; and IgE is the least common and is present at less than
1 percent.*

Immunoglobulin (IG) Structure

All classes and subclasses of immunoglobulins have a com-
mon biochemical structural configuration with structural
similarities and are probably derived from a common evolu-
tionary molecular structure with well-defined function
(Fig. 3-6). The basic Ig structural unit is composed of four
polypeptide chains: two identical light chains (molecular
weights of approximately 22,500 daltons) and two identical

TABLE 3-5 Characteristics of Serum Immunoglobulins

Characteristic IgA IgD IgE IgG IgM
Heavy chain type Alpha Delta Epsilon Gamma Mu
Sedimentation coefficient(s) 7-15% 7 8 6.7 19
Molecular weight (kD) 160-500 180 196 150 900
Biologic half-life (d) 5.8 2.8 2.3 21 5.1
Carbohydrate content (%) 7.5-9.0 10-13 11-12 2.2-3.5 7-14
Placental transfer No No No Yes No
Complement fixation (classic pathway) = = = I +++
Agglutination in saline I = = =+ ++++
Heavy chain allotypes A None None G, None
Proportion of total immunoglobulin (%) 13 1 0.002 80 6

*May occur in monomeric or polymeric structural forms.

kD = kilodaltons; d = days; — = absent; = = weak reactivity; + = slight reactivity; +++ = strong reactivity; ++++ = very strong reactivity.
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heavy chains (molecular weights from approximately 50,000
to 75,000 daltons). Covalent disulfide bonding holds both the
light and heavy chains together, and the covalent disulfide
linkages in Ig molecules provide greater structural strength
than do hydrogen bonding and van der Waals forces. However,
they limit the flexibility of the Ig molecule (Fig. 3-7). The
heavy chains are also interconnected by disulfide linkages
in the hinge region of the molecule. Although there are
five types of heavy chains, there are only two types of light
chains, k (kappa) and N\ (lambda); both types are found in
all classes of immunoglobulins regardless of heavy chain
classification.

Ig molecules are proteins and therefore have two terminal
regions, the amino (-NH,) terminal, when written from the
left, and the carboxyl (-COOH) terminal, when written from
the right of the sequence. The carboxyl region of all heavy
chains has a relatively constant amino acid sequence; this
region is named the constant region. It has a constant struc-
ture because it binds to relatively constant regions on recep-
tors. Like the heavy chain, the light chain also has a constant
region. Due to certain common Ig structures, enzyme treat-
ment yields specific cleavage products of defined molecu-
lar weight and structure. The enzyme papain splits the
antibody molecule at the hinge region to give three frag-
ments, the crystalizable fragment, the Fc fragment, and two
that are called antigen-binding fragments, FAB. The Fc frag-
ment encompasses that portion of the Ig molecule from the
carboxyl region to the hinge region and is responsible for
complement fixation as well as monocyte binding by Fc recep-
tors on cells and placental transfer (IgG only). In contrast to
the carboxyl terminal regions, the amino terminal regions of
both light and heavy chains of immunoglobulins are known
as the variable regions because they are structured according
to the great variation in antibody specificity. Structurally and
functionally the Fab fragments encompass the portions of the

Constant region

M FIGURE 3-6 Schematic repre-
sentation of basic immunoglobulin
structure. The inset shows formation
of Fab and Fc fragments after enzy-
matic cleavage of the IgG molecule
by papain.

Ig from the hinge region to the amino terminal and are the
regions responsible for binding antigen (Fig. 3-6).

The domains of immunoglobulins are the regions of the
light and heavy chains that are folded into compact globular
loop structures (Fig. 3-7). The domains are held together by
intrachain covalent disulfide bonds; the V region of the
domain specifies the variable region, and the C is the constant
region. The domains are also specified according to light and
heavy chains. Looking at one half of an Ig molecule, one
domain (V}) is the variable region, and one domain (C,) is in
the constant region of each light chain, and one variable
domain (V) is also on each heavy chain. The number of
domains is determined by the isotype. There are three con-
stant domains, C,;1 to C;3, on the heavy chains of IgA, IgD,
and IgG, and four constant domains, C;1 to C 4, on the heavy
chains of IgE and IgM. The antigen-binding, or idiotypic,
regions (which distinguish one V domain from all other V
domains) are located within the three-dimensional structures
formed by the V, and V,; domains together. Certain heavy
chain domains are associated with particular biologic proper-
ties of immunoglobulins, especially those of IgG and IgM, and
include complement fixation. They are identified with the C,2
domain and the C;3 domains, which serve as attachment sites
for the Fc receptor of monocytes and macrophages.

Immunoglobulins Significant
for Blood Banking

All immunoglobulins can be significant for transfusion medi-
cine; however, IgG, IgM, and IgA have the most significance
for the blood bank. Most clinically significant antibodies react
at body temperature (37°C), are IgG isotype, and are capable
of destroying transfused antigen-positive RBCs and causing
anemia and transfusion reactions of various severities. IgM
antibodies are most commonly encountered as naturally
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occurring antibodies in the ABO system and are believed to be
produced in response to commonly occurring antigens like
intestinal flora and pollen grains. They are to be expected in
plasma and are therefore important in reverse group (or back
type) testing. Other blood groups such as Lewis, Ii, P, and
MNS may also produce IgM antibodies, which usually react
best at ambient temperature (22°-24°C). The primary testing
problem encountered with IgM antibodies is that they can
interfere with the detection of clinically significant IgG anti-
bodies by masking their reactivity. Unlike IgG, IgM exists in
both monomeric and polymeric forms (as pentamers) con-
taining a J (joining) chain. The pentameric form can be dis-
sociated through cleavage of covalent bonds interconnecting
the monomeric subunits and the J chain by chemical treat-
ment with sulfhydryl reducing reagents such as 3-2-mercap-
toethanol (2-ME) or dithiothreitol (DTT) (Fig. 3-8). These
reagents can distinguish a mixture of IgM and IgG antibodies
because only IgM is removed by the use of such compounds;
therefore, the removal allows unexpected IgG to be detected.
IgG antibodies are significant in transfusion medicine
because they are the class of immunoglobulins that are made
in response to transfusion with nonself and therefore are
incompatible RBCs and other blood products. IgG antibodies
are important in hemolytic disease of the newborn (HDN)
because antibodies can be formed in response against
alloantigens on fetal RBCs that enter the mother’s circula-
tion, usually during delivery. HDN can be fatal. It is one area
of medicine where immunohematology has provided preven-
tion and treatment. Antibody screening, Rh typing, and pas-
sive anti-D antibody have prevented HDN from developing in
D-negative mothers who give birth to D-positive babies. IgG
has the greatest number of subclasses: IgG,, IgG,, IgG,, and
IgG,, and all four are easily separated by electrophoresis. The
small differences in the chemical structure within the con-

Fundamentals of Immunology for Blood Bankers

-«——— Heavy Chain

~<—— Light Chain

9 Complement (C1q)
& Attachment Site

Attachment Site for
Macrophage Fc Receptor

B FIGURE 3-7 Schematic illus-
tration of the domain structure
within the IgG molecule.

stant regions of the gamma heavy chains designate the vari-
ous subclasses, and the number of disulfide bonds between
the two heavy chains in the hinge region of the molecule con-
stitutes one of the main differences between subclasses.
Functional differences between the subclasses include the
ability to fix complement and cross the placenta (Table 3-6).
IgG blood group antibodies of a single specificity are not nec-
essarily one specific subclass; all four subclasses may be pres-
ent, or one may predominate. For example, the antibodies to
the Rh system antigens are mostly of the IgG, and IgG, sub-
classes, whereas anti-K (Kell), and anti-Fy (Duffy) antibodies
are usually of the IgG, subclass. Anti-Jk (Kidd) antibodies are
mainly IgG, and may account for the unusual nature of these
different antibodies with regard to testing and clinical signif-
icance. The purpose for the existence of biologic differences in
subclass expression is as yet unknown. Especially important
in blood banking, severe HDN has been most often associated
with IgG, antibodies.”

Like IgM, IgA exists in two main forms, a monomer and
polymer form, as dimers or trimers composed of two or three
identical monomers, respectively, joined by a J chain. IgA is
located in different parts of the IS depending on subclass.
Serum IgA is found in both monomeric and polymeric forms;
however, secretory IgA is usually found in the mucosal tissues
of the body. Its polymer form acquires a glycoprotein secreto-
ry component as it passes through epithelial cell walls of
mucosal tissues and appears in nearly all body fluids, includ-
ing saliva, tears, bronchial secretions, prostatic fluid, vaginal
secretions, and the mucous secretions of the small intestine.
IgA is important in immunohematology because about 30
percent of anti-A and anti-B antibodies are of the IgA class
(the remaining percentages are IgM and IgG) (Fig. 3-9).6
Also, anti-IgA antibodies can cause severe problems if trans-
fused in plasma products to patients who are deficient in IgA,
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TABLE 3-6 Biologic Properties of IgG Subclasses

Characteristic IgG, IgG, IgG, IgG,
Proportion of total serum IgG (%) 65-70 23-28 4-7 3-4
Complement fixation (classic pathway) ++ + +++ -
Binding to macrophage Fc receptors +++ ++ +++ +
Ability to cross placenta + + + +
Dominant antibody activities:

Anti-Rh A= =F — o =+
Anti-factor VII = = — +
Anti-dextran = + = =
Anti-Kell + — - -
Anti-Duffy + = = =
Anti-platelet — — + —
Biologic half-life (days) 21 21 7-8 21

— = absent; + = weak (or unusual) reactivity; + = slight (or usual) reactivity; ++ = moderate (or more common) reactivity; +++ = strong

reactivity.

as potentially fatal anaphylaxis can result. Another reason for
the importance of IgA is that IgA can increase the effect of
IgG-induced RBC hemolysis.”

IgE is normally found only in monomeric form in trace
concentrations in serum, about 0.004 percent of total
immunoglobulins, and is important in allergic reactions. The
Fc portion of the IgE molecule attaches to basophils and mast
cells and facilitates histamine release when an allergen binds
to the Fab portion of the molecule and cross-links with a sec-
ond molecule on the cell surface. Histamine is critical for
bringing about an allergic reaction. Although hemolytic
transfusion reactions are not caused by IgE, urticaria may
occur because of the presence of IgE antibodies. Because IgE
causes transfusion reactions by release of histamines, patients
who have several allergic reactions to blood products can be
pretreated with antihistamines to counteract the response
when receiving blood products.® IgD, present as less than 1

Monomer

M FIGURE 3-8 Schematic representation of the pentameric config-
uration of the IgM immunoglobulin.

percent of serum immunoglobulins, appears to have func-
tions that deal primarily with maturation of B cells into plas-
ma cells. IgD is usually found bound to the membrane of
immature B cells. Therefore, IgD may be necessary for regu-
latory roles during B-cell differentiation and antibody pro-
duction but is probably the least significant for blood
banking.?
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B FIGURE 3-9 Distribution of anti-A IgM, IgG, and IgA antibodies
by age categories, IgM (black), IgG (white), IgA (gray), expressed as
arbitrary ELISA units. Age categories: | = 20-30 years; Il = 31-40
years; Il = 41-50 years; IV = 51-60 years; V = 61-67 years. (Adapted
with permission from Transfusion, published by American Association
of Blood Banks. Rieben, R, et al: Antibodies to histo-blood group sub-
stances A and B: Agglutination titers, Ig class, and IgG subclasses in
healthy persons of different age categories. Transfusion 31:613, 1991.)
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Ig Variations

There are three main types of antibody-inherited variation:
isotype, allotype, and idiotype. Isotype (or class variation)
refers to variants present in all members of a species, includ-
ing the different heavy and light chains and the different sub-
classes. All humans have the same Ig classes and subclasses.
Allotypic variation is present primarily in the constant region;
not all variants occur in all members of a species. Idiotypic
variation, which determines the antigen-binding specificity
(or complementary determining regions, [CDRs]) of antibod-
ies and T-cell receptors, is found only in the variable (and
hypervariable) regions and is specific for each antibody mol-
ecule.

Allotypic determinants have been defined at specific loca-
tions on the C; domains of kappa light chains (K_ markers),
on the constant domains of IgA, (A, markers), and on the
constant domains of IgG (G markers). Three K, two A, and
28 G, markers have been described. G_ markers are impor-
tant and have been typed in paternity cases and population
genetics. In addition, the inheritance of certain G_ pheno-
types may influence the ability to produce an antibody
response of a given Ig subclass. Certain disease associations,
especially autoimmune diseases such as rheumatoid arthritis,
have been shown with some G_ phenotypes. The genes that
define allotype expression, therefore, may play an analogous
role to that of other immune response genes found within the
HLA system.

The allotypes of a growing fetus may cause the maternal IS
to become immunized to paternal allotypic determinants on
fetal immunoglobulins.!® Just as alloimmunization can occur
during pregnancy, it can occur from transfusions, especially
in patients who have received multiple transfusions of blood,
plasma, or gamma globulin. Specifically, antibodies against
A, allotypes have been implicated in some transfusion reac-
tions in patients who may have an IgA deficiency. Idiotypes
can be seen as nonself because they are often present at con-
centrations too low to induce self tolerance. Idiotypes are
determined by the antigens that react with them and exist in
a type of equilibrium with anti-idiotypic antibodies. The pres-
ence of antigen disrupts this equilibrium and may be impor-
tant in controlling an immune response.

Overall there is variation unique to a species (isotype),
unique to an individual (allotype), and unique to a molecule
(idiotype) (the antibody or T-cell receptor) of an individual.

Ig Fc Receptors

Macrophages and monocytes have receptors for the attach-
ment of IgG and can bind the C,;3 domain of the Fc portion.
Only the IgG, and IgG, subclasses are capable of attachment
to phagocytic receptors. This is one way that incompatible
RBCs coated with IgG antibody are removed by phagocytosis.
The other phagocytic cells with Fc receptors include neu-
trophils, NK cells, and mature B cells.10-11

Complement System

The complement system, or complement, is a complex group
of over 20 circulating and cell membrane proteins that have a
multitude of functions within the immune response. Primary
roles include direct lysis of cells, bacteria, and enveloped
viruses as well as assisting with opsonization to facilitate
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phagocytosis. Another role is production of peptide fragment
split products, which are capable of mediating inflammatory
and immune responses such as increased vascular permeabil-
ity, smooth muscle contraction, chemotaxis, migration, and
adherence. The complement components circulate in inactive
form as proenzymes, with the exception of factor D of the
alternate pathway. The complement proteins are activated in
a cascade of events through three main pathways: the classi-
cal pathway, the alternative pathway, and the lectin pathway.
The three pathways converge at the activation of the compo-
nent C3. The classical pathway is activated by the binding of
an antigen with an IgM, IgG,, or IgG, antibody. The alterna-
tive pathway is activated by high molecular weight molecules
with repeating units such as polysaccharides and lipopolysac-
charides found on the surfaces of target cells such as bacteria,
fungi, parasites, and tumor cells. The lectin pathway is acti-
vated by attachment of plasma mannose-binding lectin (MBL)
to microbes. MBL in turn activates proteins of the classical
pathway.

Complement components are sequentially numbered C1
through C9, but this refers to their discovery date, not to their
activation sequence. The four unique serum proteins of the
alternative pathway are designated by letters: factor B, factor
D, factor P (properdin), and IF (initiating factor). Some acti-
vation pathways require Ca?™ and Mg?* cations as cofactors
for certain components and in certain nomenclature comple-
ment components or complexes that are active enzymatically
are designated by a short bar placed over the appropriate
number or letter. The cleavage products of complement pro-
teins are distinguished from parent molecules by suffixes
such as C3a and C3b. The complement system is able to mod-
ulate its own reactions by inhibitory proteins such as C1
inhibitor (C1INH), factor H, factor I, C4-binding protein
(C4BP), anaphylatoxin inactivator, anaphylatoxin inhibitor,
membrane attack complex (MAC) inhibitor, and C3 nephritic
factor (NF). This regulation of complement is important so
that complement proteins do not destroy healthy host cells
and inflammation is controlled.

Classical Complement Pathway

The activation of the classic complement pathway is initiated
when antibody binds to antigen. This allows the binding of the
complement protein C1 to the Fc fragment of an IgM, IgG,, or
IgG, subclass antibody. Complement activation by IgG anti-
body depends on concentration of cell surface antigen and
antigen clustering, in addition to antibody avidity and con-
centration. IgM is large and has Fc monomers close to each
other on one immunoglobulin molecule; therefore, only one
IgM molecule is necessary to activate complement. The C1
component is actually a complex composed of three C1 sub-
units, Clq, Clr, and C1s, which are stabilized by calcium ions.
Without calcium present, there is no stabilization of the Clq,
1, s complex, and complement is not activated. In the C1 com-
plex bound to antigen antibody, Clq is responsible for cat-
alyzing the Clr to generate activated Cls. Activated Cls is a
serine-type protease. The Clq, r, s complex (actually as a
Clq[r, s}, unit) acts on C2 and C4 to form C4b2a. C4b2a uses
component C3 as a natural substrate. By-products that result
from the activation of the classical sequence include C3a;
C4b, which binds to the cell surface; C4a, which stays in the
medium and has modest anaphylatoxin activity; and C3b,
which attaches to the microbial surface. Note that comple-
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ment fragments that have the & type are usually bound to
membranes whereas the a fragments often have anaphylatox-
ic activity. Human RBCs have CR1 receptors for C4d and C3b,
and some of the cleavage products will attach to the RBC
membrane. Eventually these fragments are further degraded
to C4d and C3d through the action of C4BP, factor H (which
binds C3b), and factor I (which degrades both C4b and C3b).
Some of C3b binds to the C4b2a complex, and the resulting
C4b2a3b complex functions as a C5 convertase. The C5 con-
vertase then acts on C5 to produce Cb5a (a strong stimulator
of anaphylatoxis) and C5b, which binds to the cell membrane
and recruits C6, C7, C8, and C9 to the cell membrane. C5b
with C6, C7, C8, and C9 bound for the membrane attack com-
plex, which causes cell lysis (Figs. 3-10 and 3-11).

Alternative Complement Pathway

The alternative pathway is older in evolution and allows com-
plement to be activated without acquired immunity. The
alternative pathway is activated by surface contacts with com-
plex molecules and artificial surfaces such as dialysis mem-
branes, dextran polymers, and tumor cells. There are four
important proteins in this pathway, factor D, factor B, prop-
erdin, and C3. In this pathway, complement component fac-
tor D is analogous to Cls in the classical pathway; factor B is
analogous to C2; and the cleavage product C3b is analogous
to C4. Also, factor C3bBbP is analogous to C4b2a, and
C3b,BbP is analogous to C4b2a3b in the classical pathway.
Activation of the alternative pathway requires that a C3b mol-
ecule be bound to the surface of a target cell. Small amounts
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of C3b are generated continuously owing to the spontaneous
hydrolytic cleavage of the C3 molecule. When C3b encounters
normal cells, it is rapidly eliminated through the combined
interactions of factors H and 1. The accumulation of C3b on
microbial cell surfaces is associated with attachment of C3b to
factor B. The complex of C3b and factor B is then acted on by
factor D. As a result of this action, factor B is cleaved, yielding
a cleavage product known as Bb. The C3bBb complex is stabi-
lized by the presence of properdin (P), yielding C3bBbP. This
complex acts as an esterase that cleaves C3 into additional
C3a and C3b. C3b, therefore, acts as a positive feedback mech-
anism for driving the alternative pathway. The C3b,BbP com-
plex acts as a C5 convertase and initiates the later steps of
complement activation (see Fig. 3—-10).

Lectin Complement Pathway

The third pathway of activation, the lectin pathway, is activat-
ed by the attachment of MBL to microbes. The subsequent
reactions are the same as those of the classical pathway.
Remember that all three methods of activation lead to a final
common pathway for complement activation and membrane
attack complex (MAC) formation.

Membrane Attack Complex

The final step of complement activation is the formation of
the MAC, which is composed of the terminal components of
the complement sequence. There are two different ways in
which the MAC is initiated. In either classical or alternative

ALTERNATIVE PATHWAY
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IgG Antibody

Lysed Target Cell

Effector Cell
(Monocyte)

C3b Receptor

Fc Receptor

M FIGURE 3-11 Schematic representation of the mechanism of
antibody-dependent cell-mediated cytotoxicity (ADCC). Note the role
of effector cell surface receptors for the Fc fragment of IgG.

pathways the formation of C5 convertase is necessary. In the
activation of the classical pathway, the MAC is initiated by the
enzymatic activity of component C4b2a3b on C5. In the
alternative pathway it is C3b,Bb that has the ability to cleave
C5. The next step in either pathway is the same. Component
C5 is split into the fragments C5a (a potent anaphylatoxin)
and C5b; C5b fragment attaches to cell membranes and can
continue the complement cascade by initiating the mem-
brane attachment of C6, C7, and C8. After the attachment of
C9 to the C5b678 complex, a small transmembrane channel
or pore is formed in the lipid bilayer of the cell membrane,
and this allows for osmotic lysis and subsequent death of the
cell.

Binding of Complement by RBC Antibodies

Disruption in the activation of either complement pathway
can result in damage to the host’s own cells. Concern to
transfusion medicine specialists is the formation of antibodies
with complement capacity that can bring about the destruc-
tion of RBCs. Recall that in order to initiate activation, C1
molecules bind with two adjacent Ig Fc regions. A pentamer-
ic IgM molecule provides two Fc regions side by side, thereby
binding complement. A monomeric IgG molecule, on the
other hand, binds Clq less efficiently, and two IgG molecules
are needed in close proximity to bind complement. For exam-
ple, as many as 800 IgG anti-A molecules may need to attach
to one adult A RBC to bind a single C1 molecule, and so there
is little complement activation by IgG anti-A immunoglobu-
lins.* Also, IgG antibodies against the Rh antigens usually do
not bind complement due to the low level of Rh antigens on
RBC surfaces. An example of an efficient IgG hemolysin is
found in patients with the disease paroxysmal cold hemoglo-
binuria in which antibodies are directed against P blood
group determinants. Also, antibodies to the Lewis blood
group system are generally IgM, and they can activate com-
plement but rarely cause hemolytic transfusion reactions due
to their low optimal reactivity temperature. Therefore, in
blood banking, with the exception of the ABO system, only a
few antibodies activate the complement sequence that leads
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to complement-mediated intravascular hemolysis. However,
extravascular hemolysis usually occurs as a result of antibody
coating of RBCs, and the split products of complement acti-
vation can stimulate the reticuloendothelial system and cause
anaphylatoxic effects. Antibody-coated RBCs, either self or
nonself, are removed by cells of the mononuclear phagocyte
system, as well as the cells lining the hepatic and splenic sinu-
soids. These phagocytic cells are able to clear antibody-coated
RBCs because they have cell surface receptors for comple-
ment CR1 (C3b) and Ig Fc receptors (see Fig. 3—-11). IgM-
coated RBCs are not eliminated through Fc
receptor-mediated phagocytosis, but if erythrocytes are coat-
ed with IgG and complement, they will be cleared rapidly
from circulation by monocytes and macrophages. If RBCs are
coated with only C3b, they may not be cleared but only
sequestered temporarily. Interesting to blood bankers is the
fact that the CR1 (C3b/C4b, CD35) receptor on RBCs, which
is important in the attachment of immune complexes to ery-
throcytes, is also the blood group antigen Knops/McCoy,
which generates high-titer low-avidity antibodies in immu-
nized transfusion recipients.!%13

Characteristics of Antigens

The immune response is initiated by the presentation of an
antigen (can initiate formation of and react with an antibody)
or immunogen (can initiate an immune response) to the IS
and the IS determining that the antigen is nonself. The term
antigen is more commonly used in blood banking because the
primary testing concern is the detection of antibodies to
blood group antigens. The immune reaction to any immuno-
gen, including antigens, is determined by the host response as
well as by several biochemical and physical characteristics of
the immunogen. Properties such as size, complexity, confor-
mation, charge, accessibility, solubility, digestibility, and bio-
chemical composition influence the amount and type of
immune response (Box 3-1). Molecules that are too small
cannot stimulate antibody production. Immunogens having a
molecular weight (MW) less than 10,000 daltons (D), for
example, are called haptens and usually do not elicit an
immune response on their own. A hapten coupled with a car-
rier protein having a MW greater than 10,000 D, however, can
produce a reaction. Usually, the more chemically complex
molecules produce more rigorous immune responses.
Antibodies and cellular responses are very specific for an anti-
gen’s physical, globular conformation as opposed to its linear
sequence. Overall charge is important as antibody response is
also formed to the net charge of a molecule, whether it has
positive, negative, or neutral antigenic determinants.

Size

Complexity
Conformation

Charge

Accessibility

Solubility

Digestibility

Chemical composition

BOX 3-1
Characteristics of Antigens: Properties
that Influence Immune Response
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Obviously, if an antigen cannot be seen by the IS, no immune
reaction will take place, and so the accessibility of epitopes
influences the immune response. Also, antigenic substances
that are less soluble are less likely to elicit an immune
response. The biochemical composition of the stimulus plays
a role in immune stimulation. Remember that RBC antigens
are very diverse in structure and composition and may be pro-
teins (such as the Rh, M, and N blood group substances) or
glycolipids (such as the ABH, Lewis, Ii, and P blood group
substances). Human leukocyte antigens (HLAs) are glycopro-
teins. Because of these differences in structure, conformation,
and molecular nature, not all blood group substances are
equally immunogenic in-vivo (Table 3-7). Fifty to 70 percent
of D-negative recipients of D-positive blood would be expect-
ed to form anti-D antibodies; however, only about 5 percent of
K-negative individuals are likely to develop anti-K after being
transfused with K-positive blood. The varying immunogenic-
ity of different blood group antigens has practical significance
because RBCs from donors need to be routinely typed only for
A, B and D antigens, and other blood group antigens are gen-
erally unlikely to elicit an immune response in a transfusion
recipient.

Characteristics of Blood
Group Antibodies

There are many different and important characteristics of
blood group antibodies such as whether they are polyclonal or

monoclonal, naturally occurring or immune, and allo- or
autoantibodies.

Polyclonal and Monoclonal Antibodies

In laboratory testing, there are two types of antibody (reagent
antibodies are called antisera) that are available for use; they
are manufactured differently and have different properties.
Recall that an antigen usually consists of numerous epitopes.
It is the epitopes and not the entire antigen that a B cell rec-
ognizes as nonself and is stimulated to produce antibody
against. Therefore, these different epitopes on a single antigen

TABLE 3-7 Relative Immunogenicity

of Different Blood Group Antigens
Blood Blood

Group Antigen Group System Immunogenicity (%)"
D (Rh,) Rh 50.00
K Kell 5.00
¢ (hr’) Rh 2.05
E (rh”) Rh 1.69
k Kell 1.50
e (hr”) Rh 0.56
Fy? Duffy 0.23
C (rh’) Rh 0.11
Jk2 Kidd 0.07
S MNSs 0.04
JkP Kidd 0.03
S MNSs 0.03

Adapted from Williams, WJ, et al (eds): Hematology. McGraw-Hill, New
York, 1983, p 1491.

*Percentage of transfusion recipients lacking the blood group antigen
(in the first column) who are likely to be sensitized to a single trans-
fusion of red cells containing that antigen.
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induce the proliferation of a variety of B-cell clones, resulting
in a heterogeneous population of serum antibodies. These
antibodies are referred to as polyclonal or serum antibodies
and are produced in response to a single antigen with more
than one epitope. In vivo, the polyclonal nature of antibodies
improves the immune response with respect to quality and
quantity. Antibodies against more than one epitope are
needed to give immunity against an entire antigen, such as a
pathogenic virus or tumor cell. However, this diversity is
not optimal in the laboratory, and in-vitro reagents pro-
duced by animals or humans can give confusing test results.
Consistency and reliability are needed in laboratory testing;
due to the individual variability in immune responses, poly-
clonal sera can vary in antibody concentration from person to
person and animal to animal. Sera from the same animal can
also vary somewhat, depending on the animal’s overall health
and age and strength of its immune response. Individual sera
also differ in the serologic properties of the antibody mole-
cules they contain, the epitopes they recognize, and the pres-
ence of additional nonspecific or cross-reacting antibodies.
One way to avoid this problem is to use monoclonal antibod-
ies produced by isolating individual B cells from a polyclonal
population and propagating them in cell culture with
hybridoma technology. The supernatant from the cell cul-
ture contains antibody from a single type of B cell, clonally
expanded, and therefore with the same variable region and
having a single epitope specificity. This results in a mono-
clonal antibody suspension. Monoclonal antibodies are pre-
ferred in testing because they are highly specific, well
characterized, and uniformly reactive. Most reagents used
today are monoclonal in nature.

Naturally Occurring and Immune Antibodies

There are two types of antibodies that concern blood banking:
one is naturally occurring and the other is immune. Both are
produced in reaction to encountered antigens. RBC antibod-
ies are considered naturally occurring when they are found in
the serum of individuals who have never been previously
exposed to RBC antigens by transfusion, injection, or preg-
nancy. These antibodies are probably produced in response to
substances in the environment that are highly similar to RBC
antigens such as pollen grains and parts of bacteria mem-
branes. The common occurrence of naturally occurring anti-
bodies suggests that their antigens are widely found in nature
and have a repetitive complex pattern. Most naturally occur-
ring antibodies are IgM cold agglutinins, which react best at
room temperature or lower, activate complement, and when
active at 37°C may be hemolytic. In blood banking, the com-
mon naturally occurring antibodies react with antigens of the
ABH, Hh, Ii, Lewis, MN, and P blood group systems. Some
naturally occurring antibodies found in normal serum are
manufactured without a known environmental stimulus.* In
contrast to natural antibodies, RBC antibodies are considered
immune when found in the serum of individuals who have
been transfused or pregnant. These antigens are not gener-
ally found in nature, and their molecular makeup is unique to
human RBCs. Most immune RBC antibodies are IgG antibod-
ies that react best at 37°C and require the use of antihuman
globulin sera (Coombs sera) for detection. The most common
immune antibodies encountered in testing include those
that react with the Rh, Kell, Duffy, Kidd, and Ss blood group
systems.1s
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Unexpected Antibodies

Naturally occurring anti-A and anti-B antibodies are routine-
ly detected in human serum; however, which antibodies are
present depends on the blood type of the individual. Blood
group A has anti-B; blood group B has anti-A; blood group O
has both as well as anti-A,B; and blood group AB has neither.
These naturally occurring antibodies, or isoagglutinins, are
significant and useful tools in the confirmation of blood typ-
ing. They are easily detected by use of A and B reagent RBCs
with a direct agglutination technique. In normal, healthy
individuals, anti-A and anti-B are generally the only RBC
antibodies expected to be found in a serum sample. People
with an IS that does not function normally may not have the
expected naturally occurring antibodies (Chapter 6, The ABO
Blood Group System, has more detail on these antibodies). All
other antibodies directed against RBC antigens are considered
unexpected and must be detected and identified before blood
can be safely transfused, even if antibodies react at room tem-
perature or only with Coombs sera. Also, autoreactive anti-
bodies must be investigated. The reactivity of unexpected
antibodies is highly varied and unpredictable as they may be
either isotype IgM or IgG; rarely, both may be present in the
same sample. These antibodies may be able to hemolyze,
agglutinate, or sensitize RBCs. Some antibodies require spe-
cial reagents to enhance their reactivity and detection. Due to
the enormous polymorphism of the human population, a
diversity of RBC antigens exists, requiring a variety of stan-
dardized immunologic techniques and reagents for their
detection and identification.

The in-vitro analysis of unexpected antibodies involves the
use of antibody screening procedures to optimize antigen-
antibody reactions. The majority of these procedures includes
reacting unknown serum from a donor or patient sample with
known reagent cells at various amounts of time, temperature,
and media. All routine blood bank testing requires the use of
samples for both expected and unexpected antibodies. (Refer
to Chapter 12, Detection and Identification of Antibodies, for
a more detailed discussion.)

Alloantibodies and Autoantibodies

Antibodies can be either allo- or autoreactive. Alloantibodies
are produced after exposure to genetically different, or non-
self, antigens of the same species, such as a different RBC
antigen after transfusion. Transfused components may elicit
the formation of alloantibodies against antigens (red cell,
white cell and platelets) not present in the recipient.
Autoantibodies are produced in response to self antigens.
They can cause reactions in the recipient if they have a speci-
ficity that is common to the transfused blood. Some autoan-
tibodies do not have a detectable specificity and are referred
to as pan- or polyagglutinins. Autoantbodies can react at dif-
ferent temperatures, and cold or warm autoantibodies may
both be present. Patients with autoantibodies frequently have
autoimmune diseases and may require considerable numbers
of blood products and special techniques to find the most
compatible units possible. A potentially serious problem for
blood bankers is transfused patients who have made alloreac-
tive antibodies that are no longer detectable in the patient’s
plasma or serum. If these individuals are transfused with the
immunizing antigen again, they will make a much stronger
immune response against those RBC antigens, which can
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cause severe and possibly fatal transfusion reactions. These
recipients will then have a positive autocontrol or direct
antiglobulin test (DAT). This is why the previous history of
any patient is a critical part of the testing. Autoantibodies can
be removed from RBCs by special elution techniques and then
tested against reagent RBCs. Remember that in order to
transfuse blood safely, the identity of alloantibodies must
always be determined!

Characteristics of Antigen-
Antibody Reactions

There are many complex properties of antigen and antibody
reactions that influence serologic and other testing methods
involving antibodies. The final result of antibody production
after an immune stimulation depends on many factors,
including intermolecular binding forces and factors such as
antibody properties. Note that although antigens are present
in circulating blood, the immune response only reacts with
them and clears them from the peripheral tissues. The
antigen-binding site of the antibody molecule is uniquely
designed to recognize a corresponding antigen; this antibody
amino acid sequence cannot be changed without altering
its specificity. The extent of the reciprocal relationship,
also called the fif between the antigen and its binding site
on the antibody, is often referred to as a lock and key
mechanism.

Intermolecular Binding Forces

Intermolecular binding forces such as hydrogen bonding,
electrostatic forces, van der Waals forces, and hydrophobic
bonds, are all involved in antigen-antibody binding reactions.
Stronger covalent bonds are not involved in this reaction,
although they are important for the intramolecular confor-
mation of the antibody molecule. Hydrogen bonds result from
weak dipole forces between hydrogen atoms bonded to oxygen
or nitrogen atoms in which there is incomplete transfer of the
electronic energy to the more electronegative atom (oxygen
or nitrogen). When two atoms with dipoles come close to each
other, there is a weak attraction between them. Although
hydrogen bonds are singularly weak, many of them together
can be very strong. They are found in many complex mole-
cules throughout the human body. Electrostatic forces
result from weak charges on atoms in molecules that have
either a positive or negative overall charge (like charges repel,
unlike charges attract). This is seen in the formation of salt
bridges. Van der Waals forces appear to be a type of weak
interaction between atoms in larger molecules. Hydrophobic
(water-avoiding) bonds result from the overlap of hydropho-
bic amino acids in proteins. The hydrophobic amino acids
bury themselves together to avoid water and salts in solution.
The repulsion of these amino acids to prevent contact with
water and aqueous solutions can be very strong collectively.
Many proteins have bonds of these types. In addition, there
are hydrophilic (water-loving) bonds that allow for the over-
lap of amino acids that are attracted to water. Hydrophobic
and hydrophilic bonds repel each other, and these repulsive
forces play a role in the formation of the antigen-antibody
bond also. All of these bonds play roles in the total conforma-
tion and strength of antigen-antibody reactions and IS mole-
cules.
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Antibody Properties

There are many important terms that refer to the properties
of antibody reactions. The first term is antibody affinity; it is
often defined as the strength of a single antigen-antibody
bond produced by the summation of attractive and repulsive
forces. The second term is avidity, which is used to express
the binding strength of a multivalent antigen with antisera
produced in an immunized individual. Avidity, therefore, is a
measure of the functional affinity of an antiserum for the
whole antigen and is sometimes referred to as a combination
of affinities. Avidity can be important in blood banking
because high-titer low-avidity antibodies exhibit low antigen-
binding capacity but still show reactivity at high serum dilu-
tions.!6 The specificity of an antiserum (or antibody) is one of
its most important characteristics and is related to its relative
avidity for antigen. Antibody specificity can be further classi-
fied as a specific reaction, cross-reaction, or no reaction. A
specific reaction implies reaction between similar epitopes. A
cross reaction results when certain epitopes of one antigen
are shared by another antigen and the same antibody can
react with both antigens. No reaction occurs when there
are no shared epitopes (Fig. 3-12). In addition, there is the
valency of an antibody, which is the number of antigen-bind-
ing sites on an antibody molecule or the number of antibody
binding sites on an antigen. Antigens are usually multivalent,
but antibodies are usually bivalent. IgM and IgA antibodies
can have higher valences due to the multimeric nature of
some of their structures.

Because the biochemistry controlling the forces of anti-
body binding are well understood, the influence of these
forces can be manipulated by using various reagents and
methods to enhance the reactivity of certain RBC antigens
with antibodies. When more than one antibody is present in a
blood bank sample, it is often necessary to use special tech-
niques to identify all the antibodies. These techniques and
reagents were developed with an understanding of antibody
reactivity.

Host Factors

In addition to antigen characteristics and antibody properties,
host factors play a key role in an individual’s immune
response. These factors are important in the host’s overall
immune response as well as various specific immune reac-
tions. Each individual’s immune system is unique to that
individual and will help determine how that individual is able
to resist disease. There are many factors that can influence

Specific Reaction

2

Immunizing Antigen

Cross-Reaction

No Shared Determinant

Determinant Shared

B FIGURE 3-12 Types of antigen-antibody reactions: specific reac-

tion, cross-reaction, and no reaction.
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the host’s IS. These include nutritional status, hormones,
genetic inheritance, age, race, sex, physical activity level,
environmental exposure, and the occurrence of disease or
injury. One of the most critical is nutritional status as severe
malnutrition can lead to a considerable reduction in TH cells
and therefore antibody responses of lower affinity. Hormone
receptors are found on various immunologic cells; hormone-
signaling mechanisms can both enhance and suppress
immune responses. Genetic influences are due to the inheri-
tance of the genes of the MHC. Immune response genes help
control T- and B-cell reactions to individual antigens. MHC
genes control the way an individual processes antigen; as
pathogens are processed by the IS, the MHC genes an indi-
vidual has will play a strong role in how that individual
responds to a pathogen. In addition to individual factors,
aging has an influence on immune response. It is believed
that immune function decreases as age increases; this may be
one reason why so many diseases such as cancer and autoim-
mune conditions are seen at a later time in life. A decrease in
antibody levels in older individuals may result in false-nega-
tive reactions, especially in reverse ABO blood typing. In some
instances an individual’s race may be a factor in susceptibili-
ty to certain diseases. A dramatic example of this is seen in
malaria infection. The majority of African American individu-
als who do not inherit the Duffy blood system antigens, Fy? or
Fyb, are resistant to malarial invasion with Plasmodium
knowlesi and Plasmodium vivax. The absence of these anti-
gens may make these individuals ideal donors for those who
have developed Duffy system antibodies. Strenuous exercise,
traumatic injury, and the presence of certain diseases are
other factors that may have an immunomodulatory effect on
the immune response. This may be observed as negative or
weak serum test results, notably with reverse ABO groupings
as in other immunomodulatory conditions or nonspecific
reactions (Box 3-2). This illustrates once again the impor-
tance of the historical record of the patient or donor.

Tolerance

Tolerance is defined as the lack of an immune response or an
active immunosuppressive response. It has been observed
post-transfusion for many years, but its mechanism is still
unclear. Tolerance can be either naturally occurring or exper-
imentally induced. Exposure to an antigen during fetal life
usually produces tolerance to that antigen. An example of this
type of tolerance is found in the chimera, an individual who
receives an in utero cross-transfusion of ABO-incompatible
blood from a dizygotic (nonidentical) twin.!” The chimera
does not produce antibodies against the A and B antigen of

Nutritional status
Hormones
Genetics

Age
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Disease

Injury

BOX 3-2
Host Factors: Properties of the Host
That Influence Immune Response
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the twin, and ABO group of such an individual may appear as
a testing discrepancy.

The induction of tolerance is used to prevent D-negative
mothers from developing anti-D antibodies after delivery of
Rh-positive infants. When a D-negative woman gives birth to
a D-positive infant, she is exposed to D-positive RBCs, most of
which occurs during the delivery of the baby. Approximately
50 to 70 percent of Rh-negative mothers develop anti-D anti-
bodies on first exposure to D-positive cells. These antibodies
can result in HDN upon later pregnancies with a D-positive
fetus. Use of passive immunization to prevent the formation
of these antibodies can prevent HDN. This is accomplished by
administering IgG Rh-immune globulin (RHIG) within 48 to
72 hours after the birth of the infant. About 25 to 30 percent
of D-negative individuals are nonresponders and do not pro-
duce anti-D antibodies, even when subjected to repeated
exposure to D-positive cells. Because it is not known who will
respond, it is recommended that all D-negative mothers who
deliver D-positive newborns receive RHIG to prevent immu-
nization.

Detection of RBC Antigen-
Antibody Reactions

Various factors influence detection of RBC antigen-antibody
reactions. These include having a correct sample (a sample
that is stored under the right conditions) and the proper
reagents performing the correct test and understanding how
the test should be done.

Blood Samples Required for Testing

One of the most important steps in obtaining the correct and
valid results of an analytical or diagnostic test is to have the
correct sample. Different tests in the blood bank may require
different samples. Some tests require the use of serum to
ensure that adequate amounts of viable complement are
available for fixation by blood group antibodies. Serum is
obtained when no anticoagulant is used in the sample collec-
tion tube. The sample clots and is centrifuged to separate the
clotted cells and the liquid serum fraction. An anticoagulated
sample would not be conducive to complement activation
studies because anticoagulants bind divalent Ca?™ and Mg?*
ions and inhibit complement activity. The commonly used
anticoagulant ethylenediaminetetraacetic acid (EDTA) at a
ratio of 2 mg to 1 mL of serum will totally inhibit comple-
ment activation by binding calcium and, to a lesser extent,
magnesium. Another anticoagulant, sodium heparin, inhibits
the cleavage of C4. These problems can be avoided by using
serum instead of plasma for blood bank procedures that
require fresh complement. Currently, however, plasma is used
routinely in place of serum; years of testing with both samples
have shown that, for most tests, plasma is comparable to
serum. Plasma samples are preferred for DAT and elution
studies because they lack fibrin strands, which can cause
false-positives. Serum should be removed as soon as possible
from a clotted blood sample; if testing cannot begin immedi-
ately, then serum should be removed and stored at 4°C for no
longer than 48 hours. After this time, serum should be frozen
at —50°C or lower to retain complement activity. If required,
complement can be deactivated in serum samples by heating
serum at 56°C for 30 minutes which destroys C1 and C2 and
damages C4. Also, factor B of the alternate pathway is inacti-
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vated by heating at 50°C for 20 minutes. Serum also has an
inhibitor present that blocks the action of activated C1 by
binding to and removing Cls and Clr from the activated
complex of Clqrs. The complement system may become acti-
vated during storage of preserved RBC products. In citrate-
phosphate-dextrose-adenine (CPDA-1)-preserved RBCs, for
example, activation of the alternate pathway can be caused by
contact of plasma C3 with plastic surfaces of blood bags, and
this may cause hemolysis that will become visible as the RBCs
settle upon storage.1®

Traditional Laboratory Methods

The various complex immunologic responses that are impor-
tant to blood banking have been studied by a number of
immunologic methods. These in-vitro testing methods were
developed with a solid understanding of the in-vivo biochem-
istry and biophysics of the IS. Many of the methods used today
are modifications of previous blood bank techniques or more
generalized immunologic testing methods that have been
adapted to the needs of immunohematology laboratories. The
routine methods used today have to be highly efficient to
meet clinical laboratory requirements. Many different types
of tests are available, and it is important to be familiar with
the different purposes of each. In-vitro testing for the detec-
tion of antigens or antibodies may be accomplished by
commonly used techniques including hemagglutination (a
special type of agglutination), precipitation, agglutination
inhibition, and hemolysis. Other techniques such as radioim-
munoassay (RIA), enzyme-linked immunosorbent assay
(ELISA) or enzyme immunoassay (EIA), and immunofluores-
cence (IF), which quantifies antigen or antibody with the use
of a radioisotope, enzyme, or fluorescent label, respectively,
may be used in automated or semiautomated blood bank-
ing instrumentation.’ These techniques are very important
in testing for viral pathogens in donor units as well as
patient samples. Recently, blood bank automated methods for
the typing of whole blood units and patient samples have
become more popular and may become routine in the near
future.

In most transfusion laboratory testing, hemagglutination
reactions are the major technique used. Hemagglutination
methods for the analysis of blood group antigen-antibody
responses and typing for ABO, Rh, and other blood group
antigens is accomplished by red cell agglutination reactions.
Agglutination is a straightforward process and can be shown
to develop in two stages. In the first stage, called sensitiza-
tion, antigen binding to the antibody occurs. Epitopes on
the surfaces of RBC membranes combine with the antigen-
combining sites (Fab region) on the variable regions of the
immunoglobulin heavy and light chains (see Figs. 3—-6 and
3-7). Antigen and antibody are held together by various non-
covalent bonds, and no visible agglutination is seen at this
stage. In the second stage, a laftice-type structure composed
of multiple antigen-antibody bridges between RBC antigens
and antibodies is formed. A network of these bridges forms,
and visible agglutination is present during this stage. The
development of an insoluble antigen-antibody complex,
resulting from the mixing of equivalent amounts of soluble
antigen and antibody, is known as a precipitation reaction.

Agglutination inhibition is a method in which a positive
reaction is the opposite of what is normally observed in agglu-
tination. Agglutination is inhibited when an antigen-antibody
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reaction has previously occurred in a test system and pre-
vents agglutination. The antigen and antibody cannot bind
because another substrate has been added to the reaction
mixture and blocks the formation of the antigen-antibody
agglutinates. Inhibition reactions in the blood bank are used
in secretory studies to determine whether soluble ABO sub-
stances are present in body fluids and secretions. The secret-
ed substrate can combine with the antibody and block
RBC antigen-antibody reactions. People who have blood
group antibodies in their body fluids are called secrefors. See
Chapter 6, The ABO Blood Group System, for more informa-
tion on this phenomenon.

Hemolysis represents a strong positive result and indicates
that an antigen-antibody reaction has occurred in which com-
plement has been fixed and RBC lysis occurs. The Lewis blood
group antibodies anti-Le? and anti-Le® may be regarded as
clinically significant if hemolysis occurs in their in-vitro test-
ing reactions.

RIA, ELISA (or EIA), and IF techniques are immunologic
methods based on quantization of antigen or antibody by the
use of a radioisotope, enzyme, or fluorescent label, respec-
tively. Either the antigen or the antibody can be labeled in
these tests. These techniques measure the interaction of the
binding of antigen with antibody and are extremely sensitive.
Most of these techniques employ reagents that use either
antigen or antibody, which is bound in a solid or liquid phase
in a variety of reaction systems ranging from plastic tubes or
plates to microscopic particles or beads. These methods use a
separation system and washing steps to isolate bound and free
fractions and a detection system to measure the amount of
antigen-antibody interaction. The values of unknown samples
are then calculated from the values of standards of known
concentration.

Factors That Influence
Agglutination Reactions

Various factors can influence reactivity of antigen-antibody
reactions, but as the majority of blood bank reactions are
(RBC) agglutinations, the main emphasis in this discussion
will be on these factors. Typical of most biochemical reaction
systems, agglutination reactions are influenced by the con-
centration of the reactants (antigen and antibody) as well as
by factors such as pH, temperature, and ionic strength. The
surface charge, antibody isotype, RBC antigen dosage, and the
use of various enhancement media, antihuman globulin
reagents, and enzymes are all important in antigen-antibody
reactions. The most important factors are discussed in the fol-
lowing sections.

Centrifugation

Centrifugation is an effective way to enhance agglutination
reactions because it decreases reaction time by increasing the
gravitational forces on the reactants as well as bringing reac-
tants closer together. High-speed centrifugation is one of the
most efficient methods used in blood banking. Under the
right centrifugation conditions, sensitized RBCs overcome
their natural repulsive effect (zeta potential) for each other
and agglutinate more efficiently (discussed in the section on
Enhancement Media). Having RBCs in closer physical prox-
imity allows for an increase in antigen-antibody lattice for-
mation, which results in enhanced agglutination.
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Antigen-Antibody Ratio

Antigen and antibody have optimal concentrations; in ideal
reactive conditions, an equivalent amount of antigen and
antibody binds. Any deviation from this decreases the effi-
ciency of the reaction and a loss of the zone of equivalence
between antigen and antibody ratio that is necessary for
agglutination reactions to occur. An excess of unbound
immunoglobulin leads to a prozone effect, and a surplus of
antigen (antigen-binding sites) leads to a postzone effect (Fig.
3-13). In either situation, the lattice formation and subse-
quent agglutination may not occur, which can give false-neg-
ative results. If this is suspected, simple steps can be taken to
correct it. If the problem is excessive antibody, the plasma or
serum may be diluted with appropriate buffer, and each serial
dilution of serum tested against RBCs. The problem of exces-
sive antigen can be solved by increasing the serum-to-cell
ratio, which tends to increase the number of antibodies avail-
able to bind with each RBC. Antigen-antibody test systems,
therefore, can be manipulated to overcome the effects of
excessive antigen or antibody.

Another reason antigen amount may be altered is due to
weak expression of antigen on RBCs (dosage effect). Weak
expression occurs as a result of the inheritance of genotypes
that give rise to heterozygous expression of RBC antigens and
resultant weaker phenotypes. For example, M-positive RBCs
from an individual having the genotype MM (homozygous)
have more M antigen sites than M-positive cells from an indi-
vidual having the MN (heterozygous) genotype. In the Kidd
system, Jk* homozygous inheritance has greater RBC antigen
expression than Jk* heterozygous. The same is true for Jkb
homo- and heterozygous expression. In the Rh system, the C,
¢, E, and e antigens also show dosage effects.

Effect of pH

The ideal pH of a test system for antigen-antibody reactions is
a range between 6.5 and 7.5, which is similar to the pH of nor-
mal plasma or serum. Exceptions include some anti-M and
some Pr(Sp,) group antibodies that show stronger reactivity
below pH 6.5.20

Temperature

Different isotypes of antibodies may exhibit optimal reactiv-
ity at different temperatures. IgM antibodies usually react
optimally at ambient temperatures or below 22°C, whereas
IgG antibodies usually require 37°C. Because clinically sig-
nificant antibodies may be in both these temperature ranges,
it is important to do testing with a range of temperatures
(Fig. 3-14).

Ig Type

Examples of IgM antibodies that have importance in blood
banking include those against the ABH, Ii, MN, Lewis (Le?,
Leb), Lutheran (Lu?), and P blood group antigens. Important
IgG antibodies are those directed against Ss, Kell (Kk, Js?, Js,
Kp?, Kp®), Rh (DCEce), Lutheran (Lub), Duffy (Fy?, Fyb), and
Kidd (Jk?, Jkb) antigens (see Fig. 3—-14). IgM antibodies are
generally capable of agglutinating RBCs suspended in 0.85 to
0.90 percent saline medium. The IgM antibody is 160 A larg-
er than an IgG molecule and approximately 750 times as effi-
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M FIGURE 3-13 Schematic rep-

Antigen Excess resentation of the effects of varying

(Postzone) concentrations of antigen and anti-

cient as IgG in agglutination reactions; this allows it to easily
bridge the distance between two RBCs.2? Another factor that
contributes to the difference in reactivity between the IgM
and IgG molecules is the number of antigen-combining sites
on each type of immunoglobulin. The IgM molecule has the
potential to bind 10 separate antigen sites; however, an IgG
molecule has only 2 binding sites per molecule, which implies
that an IgG molecule would have to bind 2 RBCs with only 1
binding site on each cell.2? IgM molecules rarely bind 10 sites
owing to the size and spacing of antigens in relation to the

Text/image rights not available.

B FIGURE 3-14 Types of antibodies and reaction phases. (From
Kutt, SM, Larison, PJ, and Kessler, LA: Solving Antibody Problems,
Special Techniques, Ortho Diagnostic Systems, Raritan, NJ, 1992,

p 10, with permission.)

body on lattice formation.

size and configuration of the IgM molecule (see Fig. 3-8).
Typically, when the IgM molecule attaches to two RBCs, prob-
ably two or three antigen-combining sites attach to each RBC.
Agglutination reactions involve more than one immunoglob-
ulin molecule, and these conditions are multiplied many
times in order to represent its relevance in the agglutination
reaction (Fig. 3-15). Because of the basic differences in the
nature of reactivity between IgM and IgG antibodies, different
serologic systems must be used to detect optimally both class-
es of clinically significant antibodies. An overview of the sero-
logic methods traditionally used for antibody detection in the
blood bank laboratory is outlined in Table 3-8.

Enhancement Media

Agglutination reactions for IgM antibodies and their corre-
sponding RBC antigens are easily accomplished in saline
medium as these antibodies usually do not need enhancement
or modifications to react strongly with antigens. Detection of
IgM antibodies, however, may not have the same clinical sig-
nificance as the detection of most IgG antibodies because IgG
antibodies react best at 37°C and are generally responsible for
hemolytic transfusion reactions and HDN. To discover the
presence of IgG antibodies, there are many enhancement
techniques available (Table 3-9).

One of the key ways to enhance the detection of IgG anti-
bodies is to increase their reactivity. Many of the commercial-
ly available enhancement media accomplish this by reducing
the zefa potential of RBC membranes. The net negative
charge surrounding RBCs (and most other human cells) in a
cationic media is part of the force that repels RBCs from each
other and is due to sialic acid molecules on the surface of
RBCs. Most acids have a negative charge, and the large con-
centration of these molecules on RBCs creates a “zone” of
negative charge around the RBC. This zone is protective and
keeps RBCs from adhering to each other in the peripheral
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No Agglutination Erythrocyte

lonic Cloud

M FIGURE 3-15 Schematic repre-
sentation of the ionic cloud concept
and its relevance to hemagglutination
induced by IgM and IgG antibodies.
Compare the size of the IgG antibody
IgM with that of the IgM molecule. The

size of the IgG molecule is not large

enough to span the distance between
Agglutination two adjacent RBCs.

TABLE 3-8 Serologic Systems Used in Traditional Laboratory Methods for

Red Cell Antibody Detection

Ig Class
Commonly Purpose and Mechanism Tests That Use Type of Antibodies

Reaction Phase Detected of Reaction Serologic System Commonly Detected

Immediate spin IgM IgM antibodies react best at ABO reverse testing Expected ABO alloantibodies
cold temperatures. Cross-match Unexpected cold-reacting

IgM is an agglutinating anti- Antibody alloantibodies or
body that has the ability to screening/identifi- autoantibodies
easily bridge the distance cation
between red cells. Autocontrol

37°C incubation I1gG IgG antibodies react best at Antibody screening/
warm temperatures. identification

No visible agglutination com- Cross-match (if
monly seen. needed)

IgG is sensitizing antibody Autocontrol
with fewer antigen binding
sites than IgM and cannot
undergo the second stage
of agglutination, lattice
formation.

Complement may be bound
during reactivity,which
may or may not result in
visible hemolysis.

Antiglobulin test IgG Antihuman globulin (AHG) Antibody Unexpected warm-reacting
has specificity for the Fc screening/identifi- alloantibodies or autoanti-
portion of the heavy chain cation bodies
of the human IgG molecule Cross-match (if
and/or complement compo- needed)
nents. Autocontrol

AHG acts as a bridge cross- Direct antiglobulin
linking red cells sensitized test (DAT)

with IgG antibody or com-
plement.
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TABLE 3-9 Potentiators

Reagent Action Procedure Type of Antibody ID
Saline 4-22°C (IgM) immediate spin (IS) Primarily IgM;
up to 60 min; IgG if incubated at 37°C
37°C (IgG) for 45-60 min
AHG Cross-links sensitized cells, resulting 1. DAT: AHG added directly to 1. Polyspecific; anti-IgG +

washed RBCs
2. IAT: serum + screen cells;

in visible agglutination anticomplement

2. IgG monospecific: anti-

incubation at 37°C for time IgG only
determined by additive used;
cell washing before addition of
AHG
22% Albumin® Causes agglutination by adjusting zeta Incubation at 37°C for 15-60 min; IgG
potential between RBCs cell washing prior to indirect
antiglobulin test (IAT)
LISS* Low ionic strength environment Incubation at 37°C for 5-15 min; IgG
causes RBCs to take up antibody cell washing before IAT
more rapidly
PEG” Increases test sensitivity; Incubation at 37°C for 10-30 min; IgG
Aggregates RBCs causing closer cell washing before IAT
proximity of RBCs to one another NOTE: The test mixture cannot be
assisting in antibody cross-linking centrifuged and examined reli-
ably for direct agglutination
after 37°C incubation.
Enzymes Reduces RBC surface charge; 1. One-step: enzymes added Destroys Fy?, Fy>, MNS;

Destroys or depresses some RBC anti-

gens; enhances other RBC antigens 2.

enhances reactivity to
Rh, Kidd, P, Lewis, and
I antibodies

directly to serum/RBC mixture
Two-step: RBC pretreated with
enzymes before addition of
serum

*All additives should be added after the IS phase immediately before 37°C incubation

LISS = low lonic strength solutions; PEG = polyethylene glycol

blood. A potential is created because of the ionic cloud of
cations (positively charged ions) that are attracted to the zone
of negative charges on the RBC membrane (see Fig. 3—15).2
The potential around the RBC is called the zeta potential and
is an expression of the difference in electrostatic charges at
the RBC surface and the surrounding cations. IgM and IgG
antibodies have differences in how they react to the same zeta
potential. Reducing the zeta potential allows the more posi-
tively charged antibodies to get closer to the negatively
charged RBCs and therefore increases RBC agglutination by
IgG molecules.

Protein Media

Colloidal substances, or colloids, are a type of clear solution
that contains particles permanently suspended in solution.
Colloidal particles are usually large moieties like proteins
as compared with the more familiar crystalloids, which usu-
ally have small, highly soluble molecules, such as glucose,
that are easily dialyzed. The colloidal solutes can be
charged or neutral and go into solution because of their
microscopic size. There are several colloidal solutions
currently in use in blood bank testing, and they are all used to
enhance agglutination reactions. Colloids include albumin,
polyethylene glycol (PEG), polybrene, polyvinylpyrrolidone
(PVP), and protamine. These substances work by increas-
ing the dielectric constant (a measure of electrical conductiv-
ity), which then reduces the zeta potential of the RBC.

Low lonic Strength Solution (LISS) Media

Low ionic strength solutions (LISS), or low salt media, gen-
erally contain 0.2 percent sodium chloride. They decrease the
ionic strength of a reaction medium, which reduces the zeta
potential and therefore allows antibodies to react more effi-
ciently with RBC membrane antigens. LISS media are often
used because they result in an increased rate of antibody
uptake during sensitization and a decreased reaction incuba-
tion time (from 30 to 60 minutes to 5 to 15 minutes as com-
pared with protein potentiators such as albumin).20: 21
However, they can result in false-positive reactions and may
cause wasted time if reactions have to be repeated with albu-
min.

Polyethylene Glycol (PEG) and Polybrene

PEG and polybrene are macromolecule additives used with
LISS to bring sensitized RBCs closer to each other to facilitate
antibody cross-linking and agglutination reactions. They are
often used in place of albumin and have some advantages and
possible drawbacks. Polybrene can detect ABO incompatibili-
ty as well as clinically significant IgG alloantibodies, whereas
PEG produces very specific reactions with reduction in false-
positive or nonspecific reactions. PEG is considered to be
more effective than albumin, LISS, or polybrene for detection
of weak antibodies. These reagents have been used in auto-
mated and manual testing systems.
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Proteolytic Enzymes

Enzymes are protein molecules that function by altering reac-
tion conditions and bring about changes in other molecules
without being changed themselves. Only a small part of a
large enzyme molecule reacts with a small part of another
molecule, called its substrate. They are specific for the mole-
cules they target and can modify proteins, nucleic acids, car-
bohydrates, or lipids. Proteolytic enzymes target protein
molecules. Certain enzymes have been found to modify vari-
ous blood group antigens and are useful in testing, especially
in cases in which there are multiple antibodies present in a
sample. Enzymes used in the detection and identification of
blood group antibodies include ficin (isolated from fig plants),
papain (from papaya), trypsin (from pig stomach), and
bromelin (from pineapple). There is no clear consensus of
how reagent enzymes work; it is thought that treating RBCs
with enzymes results in the release of sialic acid from the
membrane, with a subsequent decrease in the negative
charges and zeta potential of the RBCs. It has also been sug-
gested that enzyme treatment removes hydrophilic (water
attracting) glycoproteins from the membrane of RBCs, caus-
ing the membrane to become more hydrophobic (water avoid-
ing), which would allow RBCs to come closer together. Also,
because of the removal of glycoproteins from the membrane,
antibody molecules may no longer be subject to physical
obstruction and steric hindrance from reacting with RBC
antigens. The use of enzymes provides enhanced antibody
reactivity to Rh, Kidd, P, Lewis, and I antigens and destroys
or decreases reactivity to Fy?, Fy>, M, N, and S antigens.?!

Antihuman Globulin (AHG) Reagents

When RBCs become coated with antibody or complement or
both but do not agglutinate in regular testing, special
reagents are needed to produce agglutination. The direct anti-
human globulin (AHG) test is designed to determine if RBCs
are coated with antibody or complement or both. Polyspecific
AHG can determine if RBCs have been sensitized with IgG
antibody or complement (components C3b or C3d) or both.
Monospecific AHG reagents react only with RBCs sensitized
with IgG or complement.?! Some AHG reagents are manufac-
tured by injecting animals, usually goats or rabbits, with
human globulin, which in turn makes antihuman antibodies
against the foreign human protein. For the manufacture of
polyspecific AHG, both the gamma (IgG) and beta (C3b and
C3d) globulin fractions of plasma are processed. For mono-
specific AHG, animals are injected only with IgG and produce
antibodies directed against the gamma heavy chain. Blood
bank reagents can be either polyclonal or monoclonal in
source and are discussed in greater detail in this chapter. In
the indirect antiglobulin test, the same AHG reagents are
used to detect antibodies or complement that have attached
to RBC membranes but with a prior incubation step with
serum (or plasma). If the antibodies present in serum cannot
cause RBC agglutination but only sensitize the RBCs, then
the AHG reagents will allow for agglutination to occur by
cross-linking the antibodies on the RBCs. The use of AHG
reagents allows blood bank testing to be more sensitive. AHG
is one of the most important reagents, and the development
of AHG is one of the milestones in blood bank testing (see
Tables 3-8 and 3-9 and Chapter 5, The Antiglobulin Test, for
a more detailed discussion).
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Chemical Reduction of IgG and IgM Molecules

There are special reagents available that can be used to help
identify the different antibodies present in a mixture of
alloantibodies or alloantibodies occurring with autoantibod-
ies. The reagents generally act on covalent sulfhydryl bonds
and facilitate antibody identification by removal of either IgG
or IgM antibodies. Dithiothreitol (DTT) and B-2-mercap-
toethanol (2-ME) are thiol reducing agents that break the
disulfide bonds of the J (joining) chain of the IgM molecule
but leave the IgG molecule intact.22 Another reagent, ZZAP,
which consists of a thiol reagent plus a proteolytic enzyme,
causes the dissociation of IgG molecules from the surface of
sensitized RBCs and alters the surface antigens of the RBC.23
Chemical reduction of the disulfide bond of the IgG molecule
is also used to produce chemically modified reagents that
react with RBCs in saline. Sulfhydryl compounds reduce the
strong but less flexible covalent disulfide bonds in the hinge
region of the IgG molecule, allowing the Fab portions more
flexibility in facilitating agglutination reactions.?*

Monoclonal Versus Polyclonal
Reagents

Traditional polyclonal antisera reagents have been produced
by immunizing donors with small amounts of RBCs positive
for an antigen that they lack and then collecting the serum,
which should contain antibodies against that antigen. AHG
reagents were originally made by injecting animals (usually
rabbits) with human globulin components and then collect-
ing the antihuman antibodies. One antigen can have a num-
ber of different epitopes, and polyclonal reagents are directed
against multiple epitopes found on the original antigen used
to stimulate antibody production and can have multiple reac-
tivities. Monoclonal reagents are directed against specific epi-
topes and therefore are a potential solution. They are made by
hybridoma technology with spleen lymphocytes from immu-
nized mice, which are fused with rapidly proliferating myelo-
ma cells. The spleen lymphocytes have single epitope
specificity; the myeloma cells (a type of immortalized, cul-
tured cell) make vast amounts of antibody. These very effi-
cient hybrid cells, after extensive screening and testing, are
selected and cultured to produce lines of immortal cell clones
that make a lot of one type of antibody that reacts with one
specific epitope. Monoclonal reagents do not use human
donors and therefore do not use a human source for reagent
purposes. They have several important advantages over poly-
clonal reagents. Because monoclonal reagents are produced
from immortal clones maintained in-vitro, no batch variation
exists, and nearly unlimited high titers of antibodies can be
produced. Also, the immortal clones can be kept growing in
in-vitro culture for years without loss of production and are
therefore cost-efficient. Monoclonal antibodies react very
specifically and often have higher affinities. For these reasons,
monoclonal reagents are not subject to cross-reactivity and
interference from nonspecific reactions and can react strong-
ly with the small quantities of antigen in some antigen sub-
groups. AHG phase testing may not be needed. Unfortunately,
there are some disadvantages of monoclonal antisera use,
which include overspecificity, the fact that complement may
not be fixed in the antigen-antibody reaction, both of which
can cause false-negative results, and problems with oversen-
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sitivity, which can cause false-positive results. Some of the
disadvantages of monoclonal reagents may be overcome by
using blends of different monoclonal reagents or by using
polyclonal reagents and monoclonal reagents together.2
Monoclonal antisera have generally replaced most of the poly-
clonal antisera and have been used for HLA typing, AHG test-
ing, and phenotyping RBC and lymphocyte antigens.

New and Nontraditional
Laboratory Methods

In more recent years, some of the sophisticated testing meth-
ods used in immunology research laboratories have become
more commonplace in transfusion laboratories. Many of the
techniques do not use traditional hemagglutination as the
final reaction point. Although many of these methods are
more complex to perform, they are highly sensitive and spe-
cific. In the not-too-distant future, they may become stan-
dardized for routine blood bank use, although most of these
methods are now employed primarily in reference laborato-
ries.

Flow Cytometry

Some of the most important techniques to study immunolog-
ic reactions and systems are fluorescence-assisted cell sorting
(FACS) and flow cytometry. Flow cytometry makes use of
antibodies that are tagged with a fluorescent dye.
Fluorescence occurs when the compound absorbs light ener-
gy of one wavelength and emits light of a different wave-
length. Cells that are coated with fluorescent-labeled antibody
emit a brightly fluorescent color of a specific wavelength.
Fluorescent dyes such as fluorochromes are used as markers
in immunologic reactions and a fluorochrome-labeled anti-
body and can be visualized by an instrument that detects
emitted light. There are many different fluorochromes avail-
able that have different colors, and they can be coupled to
nearly any antibody. Care must be taken not to use colors that
have similar spectral overlaps. Flow cytometry can be used to
obtain quantitative and qualitative data on cell populations
and to sort different cell populations.

There are direct and indirect procedures for labeling with
fluorochromes. In a direct procedure, the specific antibody,
called the primary antibody, is directly conjugated (or chemi-
cally bound) with a fluorescent dye and reacts with a specific
antigen. Indirect procedures need a secondary antibody that
is conjugated to a fluorochrome; this reacts with an unlabeled
specific primary antibody that has reacted with antigen.
Indirect methods often require more complex analysis
because these reactions have higher amounts of nonspecifici-
ty. The secondary antibody is usually made against the species
of the primary antibody, such as goat anti-mouse antibody
labeled with a fluorochrome.

The principle of flow cytometry is based on the scattering
of light as cells are bathed in a fluid stream through which a
laser beam enters. The cells move into a chamber one at a
time and absorb light from the laser. The light absorbed is
different from light emitted. If labeled antibody is bound
to the cell, then the light emitted is different from light
emitted by cells without antibody. The distinction must be
made by the cytometer (a sophisticated cell counter) between
different wavelengths of light. The light signal is amplified
and analyzed. There are a number of components to the flow
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cytometry system: these include one or more lasers for cell
illumination, photodetectors for signal detection, a possible
cell sorting device, and a computer to manage the data.26
Fluorescence is used in place of hemagglutination as the end-
point of the reaction. Immunofluorescent antibodies and flow
cytometry have been used to quantify fetomaternal hemor-
rhage, identify transfused cells and follow their survival in
recipients, measure low levels of cell-bound IgG, and distin-
guish homozygous from heterozygous expression of blood
group antigens.?’

Solid-Phase Adherence Test

Solid-phase adherence techniques can be used to identify
both antigens and antibodies. These tests use antigen-anti-
body reactions and adherence to a solid phase support system
as opposed to hemagglutination in solution to determine if a
reaction is positive or negative. Various plastic materials,
such as polystyrene, polypropylene, and polyvinyl, are used to
make microplates with wells that may be coated with either
antibody or monolayers of cellular material for more efficient
reactions.?® Coating reagents include glutaraldehyde, lysine (a
positively charged amino acid), and serum-specific antibod-
ies.?? There are both direct and indirect solid phase testing
procedures. The direct test consists of reagent antibody of
known specificity fixed to the microplate wells with the addi-
tion of RBCs with unknown antigen. If an antigen-antibody
reaction occurs, the RBCs cover the entire well, and the reac-
tion is considered positive. If no antigen-antibody reaction
occurs, no adherence occurs, and the RBCs are free to fall to
the bottom of the well and form a button. The direct test may
be used for RBC typing for specific antigens. The indirect test
uses RBCs of known antigenic composition bound to pre-
treated microplate wells. The unknown test serum is added,
incubated, and washed free of unbound serum proteins.
IgG-coated indicator cells are then added. A positive reaction
is demonstrated if the IgG-coated cells cover the well in a uni-
form pattern, and a negative reaction is noted when
indicator cells settle to the bottom in a button. Remember
that with solid phase adherence tests, the button on the well
bottom is a negative reaction, unlike with hemagglutination
tests where a button is positive and indicates antibody cross-
linking.

Gel Test

The gel test uses a type of gel matrix instead of saline to sep-
arate positive and negative reactions. A dextran acrylamide
gel that can separate particles (or cells) based on size is con-
tained in a plastic microtube. The microtube takes the place
of a glass test tube and has an upper reaction chamber and a
gel column with a tapered bottom.3? Whatever is being tested
is added to the upper chamber, including cells, plasma (or
serum), or both. The reaction is incubated if necessary and
then centrifuged. During centrifugation, the inert gel parti-
cles act as a filter or sieve to trap RBC agglutinates of differ-
ent sizes at different levels within the microtube gel column.
Larger agglutinates remain at the top, smaller agglutinates
filter out toward the lower part of the column, and unagglu-
tinated cells are centrifuged to the bottom of the microtube.
Different gel materials are available and can be neutral, spe-
cific, or for antiglobulin testing.® The gel technique may be
used for cell antigen detection and identification, serum anti-
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body detection and identification, and crossmatching and is
applicable to automated blood bank methods.?!

RBC Affinity Column Test

The affinity column test is similar to the gel test in that it uses
a plastic microtube filled with a gel-like substance. Affinity
column test cards have an immunoreactive gel with a mixture
of the high affinity Fc receptor binding reagents, protein G
and protein A (isolated from bacteria), covalently bonded to
agarose beads (a type of carbohydrate in a matrix) suspended
in a viscous solution. Protein G binds to all four subclasses of
human IgG, and protein A binds to the subclasses IgG,, IgG,,
and IgG,. Protein G and protein A reactions are comparable to
reactions seen with AHG and are used in place of AHG in this
test system. As in other gel column technology, the serum
and cells are mixed and incubated in an area above the gel col-
umn. The higher specific gravity of the gel prevents the test
sample from entering the reaction gel column. The micro-
tubes are centrifuged; as the test mixture passes through the
viscous buffer solution, the RBCs coated with IgG antibodies
adhere to the immunoreactive protein/gel beads. Positive
reactions produce a band of RBCs at the top of the immunore-
active gel column or a band of RBCs at the top of the gel col-
umn and a button of RBCs at the bottom. The thickness of
this band of RBCs at the top of the gel column is indicative of
the strength of the antigen-antibody reactions. Negative reac-
tions result in all the RBCs passing through the column and
forming a button at the bottom. The binding of IgG with pro-
tein G and protein A gels has been used in immunologic test-
ing for a long time and has been used in the blood bank for
the detection of IgG antibodies.3?

Diseases Important in Blood Bank
Serologic Testing

A number of diseases that are immune-mediated are impor-
tant in blood bank testing and merit a brief mention here.
Some of these will be discussed in greater detail in later chap-
ters in this text.

Immunodeficiency

Immunodeficiency diseases can result from various defects in
the IS at many different levels of immune function and may
be congenital or acquired. They can result from defects in
either innate or adaptive immunity or both; the cause is often
not known. Some of the more well-known immunodeficien-
cies are listed in Box 3-3.%* Immunodeficiencies can influ-
ence blood bank test results and transfusion decisions, such
as when there is a false-negative reverse grouping for ABO
due to low immunoglobulin levels.

Hypersensitivity

Hypersensitivity (or allergy) is an inflammatory response to a
foreign antigen and can be cell- or antibody-mediated or both.
There are four different types of hypersensitive reactions, and
the symptoms and treatment required for each are different.
All four types can be caused by blood product transfusions and
may be the first sign of a transfusion reaction.

Type 1 reaction, also called anaphylaxis or immediate
hypersensitivity, involves histamine release by mast cells or
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BOX 3-3
Classification of Immunodeficiency
Disorders

Text/image rights not available.

Ammann,® p 319, with permission.

basophils with surface IgE antibody. It can occur in IgA-defi-
cient individuals who receive plasma products containing IgA.
Urticarial reactions (skin rashes) may also result from trans-
fusion of certain food allergens or drugs in plasma products.
A type II reaction can involve IgG or IgM antibody with com-
plement, phagocytes, and proteolytic enzymes. HDN or trans-
fusion reactions caused by blood group antibodies as well as
autoimmune hemolytic reactions are all type II reactions.
Like type II reactions, type III reactions involve phagocytes
and IgG and IgM and complement. Type III reactions result in
tissue damage from the formation of immune complexes of
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antigen-antibody aggregates, complement, and phagocytes
and are therefore very serious. Penicillin and other drug-
induced antibodies can lead to hemolytic reactions through
type III hypersensitivity. The type IV reaction involves only T-
cell-mediated responses and their cytokines and can be fatal
if untreated. The most important type IV reaction is graft-
versus-host, of which there is also more than one type.
Immunocompromised patients must receive irradiated
blood products so that T lymphocytes do not engraft
and attack the host tissues. Type IV reactions are a problem
for bone marrow transplant and stem cell transfusion recipi-
ents.

Monoclonal and Polyclonal Gammopathies

Plasma cell neoplasms result in proliferation of abnormal
immunoglobulin (or gamma globulin) from either a single B
cell clone (monoclonal gammopathies) or multiple clones (in
polyclonal gammopathies) and may be a specific isotype or
only light or heavy chain molecules. Increased serum viscos-
ity is a result of these diseases and can interfere with testing.
The increased concentrations of serum proteins can cause
nonspecific aggregation (as opposed to agglutination) of
erythrocytes called rouleaux, which is seen as a stacking of
RBCs, like a stacking of coins. It often occurs in multiple
myeloma patients. If rouleaux is suspected, the saline replace-
ment technique may be needed to distinguish true cell agglu-
tination from nonspecific aggregation.

Autoimmune Disease

Autoantibodies are produced against the host’s own cells and
tissues. It is unknown why this loss of tolerance to self anti-
gens occurs, but there are many possible explanations such as
aberrant antigen presentation, failure to obtain clonal dele-
tion, anti-idiotypic network breakdown, and cross reactivity
between self and nonself antigens. Autoimmune hemolytic
anemias are an important problem in testing and transfusion.
They may produce antibodies that cause RBC destruction and
anemia and result in antibody- or complement-sensitized
RBCs. The direct antiglobulin test should be done to detect
sensitized RBCs and determine if the cells are coated with
antibody or complement. Special procedures such as elution
or chemical treatment to remove antibody from cells may be
required to prepare RBCs for antigen typing. Serum autoanti-
bodies may interfere with alloantibody detection and compat-
ibility testing. Special reagents and procedures to denature
immunoglobulins may be required to remove autoantibodies
from serum so they do not interfere with the testing for clin-
ically significant antibodies.

Hemolytic Disease of the Newborn

HDN can result when the maternal IS produces an antibody
directed at an antigen present on fetal cells but absent from
maternal cells. The mother is exposed to fetal RBCs as a result
of fetomaternal transfer of cells during pregnancy or child-
birth. Maternal memory cells can cause a stronger response
during a second pregnancy if the fetus is positive for the sen-
sitizing antigens. IgG,, IgG,, and IgG, are capable of crossing
the placenta and attaching to fetal RBCs whereas 1gG, and
IgM are not. Severe HDN is most often associated with IgG,
antibodies and may require exchange transfusion. Antigens of
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the ABO, Rh, and other blood groups systems such as Kell
have been shown to cause HDN.

Summary

The immune response consists of a complicated and tightly
controlled system of many factors including tissues, organs,
cells, and biologic mediators that coordinate to defend a host
organism against intrusion by a foreign substance or abnor-
mal cells of self origin. The IS functions under the genetic
control of the MHC-HLA system to recognize and react to
immune stimuli. Immunoglobulins, or antibodies, have spe-
cial significance for transfusion medicine because antigens
present on transfused cells may cause deleterious reactions in
the recipient and complicate therapy. The majority of blood
bank testing is focused on the prevention, detection, and
identification of blood group antibodies as well as the typing
of RBC antigens. In addition to antibodies, the complement
system is important because of its interaction with the anti-
body response and the in-vivo and in-vitro effects of comple-
ment activation and possible RBC destruction. Antigen
characteristics as well as host factors have an impact on the
immune response; knowledge of them enables testing prob-
lems to be resolved. Understanding the IS and its responses
is essential to understanding the factors that can affect agglu-
tination reactions between RBCs and antibodies, especially
in testing conditions and media selection. There are routine
as well as more sophisticated methods now available for trans-
fusion medicine testing. High throughput testing aided by
computer systems may one day be the norm for all immuno-
hematology assays. Finally, it is important to be aware of cer-
tain disease conditions that can affect blood bank testing and
transfusion and how to handle them.

SUMMARY CHART:

Important Points to Remember
(MLT/MT/SBB)

» The immune system is very old and complex:
> It interacts with other host systems and maintains
the host equilibrium

» The two major roles for the IS are:
> Protection from pathogens and foreign substances
» Removal of abnormal and damaged host cells

» The two major branches of the IS are:
> Innate, or natural; the nonspecific primitive IS
» Acquired, or adaptive; the specific, evolved IS

» The two major arms of the acquired IS are:
» Humoral, mediated by B cells and antibody produc-
tion
» Cellular, mediated by T cells and lymphokines
» The basic mechanisms used by the IS are:
» Recognition of self and nonself organisms, cells, and
tissues
» Removal of unwanted organisms, cells, and tissues
(self/nonself)
> Repair of damaged host tissues
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» The acquired IS demonstrates:

» Diversity and uniqueness:

» Individual B and T cells have vast arrays of unique
membrane molecules

» These molecules can have configurations to match
nearly any antigen in the environment

» Each individual lymphocyte has one unique receptor
per cell that recognizes one epitope

» Recognition:

» Lymphocytes can differentiate self molecules from

nonself molecules

Specificity:

Antibodies and T cell receptors recognize and react

only with the antigen that matches and fits their

specific configuration

» Memory:

» Selected T and B cells can remain dormant and later

respond more rigorously upon second exposure of a

previously recognized antigen

Tolerance:

Immune responses against the host are either

removed or downregulated

There are three types of lymphocytes: T cells, B cells,
and NK cells
> T cells (or lymphocytes) have the TCR, which is usu-
ally associated with the CD3 complex. T cells require
APCs to respond to antigens. There are two well-
characterized subpopulations of T cells distin-
guished by CD markers, T helper (T, CD4-positive)
and T cytotoxic (Tc, CD8-positive) lymphocytes. In
laboratory testing, T cells can be distinguished from
B cells by their ability to bind sheep erythrocytes
(called the CD2 marker) as well as specific markers
» T, lymphocytes:
— have CD4 markers on their cell membranes
— provide B cell help to stimulate the immune
response
— release lymphokines when stimulated
— recognize antigens in association with MHC
class IT molecules
» Tc lymphocytes:
— have the CD8 marker on their membranes
— can eliminate specific target cells without the
help of antibody (cytotoxicity)
— recognize antigens in association with MHC
class I molecules
B lymphocytes (or cells) make up about 5 to 15 percent
of circulating lymphocytes and are characterized by
their membrane-bound antibodies (or immunoglobu-
lins). Membrane-bound antibodies are manufactured by
B cells and inserted into their cell membranes where
they act as antigen receptors
» Stimulated B cells differentiate into plasma cells to
secrete humoral immunoglobulin
> B cells receive T cell help for antibody production
and for immunologic memory
» A single B cell clone manufactures Ig of a single
specificity for a specific antigen for its entire cell life-
time
NK cells:
> Also called large granular lymphocytes; play a role in
host resistance to tumors and viral infections

>
>

» The primary, or original, immune response occurs after

the first exposure to an antigen. The secondary, or

anamnestic, immune response happens after a second

exposure with the same specific antigen

» Complement consists of a large group of different
enzymatic proteins (convertases/esterases) that cir-
culate in an inactive proenzyme form. Once the cas-
cade is started, they activate each other in a
sequence to form products that are involved in opti-
mizing phagocytosis and cell lysis. Complement can
be activated through three pathways:

» The classical pathway is initiated by antigen-anti-
body complexes and requires C1lq for activation to
proceed

» The alfernative pathway is activated by certain
macromolecules on the cell walls of bacteria, fungi,
parasites, and tumor cells and requires C3b, serum
factors B, D, properdin, and initiating factor

» The lectin pathway is activated by binding of MBL to
microbes

All three pathways meet at a common point in the cas-

cade and result in formation of the membrane attack

complex to remove unwanted cells.

» There are three different types of complement recep-
tors on cells, CR1 on RBCs and platelets, CR2 on B
cells, and CR3 on myeloid cells

> There are five classes (or isotypes) of immunoglobu-
lins, all of which have a basic four-chain protein
structure, consisting of two identical light and two
identical heavy chains. Disulfide (covalent) bonds
link each light chain to a heavy chain and the two
heavy chains to each other

» Antibody molecules are isotypic (based on heavy
chain subtype), allotypic (based on one heavy chain
mutation), or idiotypic (based on hypervariable and
variable regions of light and heavy chains) and are
reflected in the Ig sequences

» The N-terminal domains of both heavy and light
chains are the variable regions that make up the
antigen-binding site of the antibody and vary
according to the antibody specificity (the CDR or
complementary determining regions) and contain
the Fab portion of the Ig molecule. The rest is the C-
terminal domains of heavy chains that contain the
constant (C) and Fc regions that bind the antibody
to cell membrane receptors

An immune reaction is determined by host response as
well as various characteristics of foreign substances.
Many factors such as size, complexity, conformation,
charge, accessibility, and biochemical composition
influence the amount and type of immune response.
Blood group antigens may be proteins, glycolipids, or
glycoproteins. Not all blood group substances are
equally immunogenic in vivo. Generally, molecules of a
certain size and complexity as well as significant doses
are necessary for a good immune response
Blood group antibodies may be characterized by such
factors as epitope and variable region diversity (mono-
clonal or polyclonal), mode of sensitization (naturally
occurring or immune), expected or unexpected pres-
ence in routine serum samples, isotype class (IgM or IgG
or, rarely, IgA), activity (warm or cold reactive or both,
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agglutinating or sensitizing), clinical significance,
alloantibody or autoantibody specificity, serum titer, and
chemical reactivity (influence of enzymes, sensitivity to
pH, DTT or 2-ME reagents

» RBC antigen-antibody reactions are most commonly

detected by hemagglutination procedures. Hemag-
glutination occurs after sensitization and lattice forma-
tion. The final step is precipitation of RBC antigen-
antibody complexes. A number of traditional and non-
traditional methods may be used to detect and identify
serum antibodies and RBC antigenic composition.
Hemagglutination reactions are excellent for a clinical
laboratory setting as they are fast, simple, and inexpen-
sive and have an obvious endpoint. They also make use
of the fact that RBC antigens are clinically important.

Review Questions

. Characteristics of the acquired IS include:

a. Immediate defense mechanism

b. Lack of an inflammatory response

¢. Production of antibody and lymphokines

d. Primary and secondary responses being the same

. Substances that participate in the regulation of the

immune response are called:
a. Haptens

b. Haptoglobin

c. Cytokines

d. Lysozymes

. Which cell is identified primarily by the presence of

immunoglobulin on its surface?
a. Neutrophil

b. NK cell

c. Beell

d. Monocyte

. Which cell functions primarily in antigen processing

and presentation?
a. Tc cell

b. Macrophage

c. Plasma cell

d. NK cell

. Which of the following is a signal for the expression of

IL-2 receptors on a T, cell?

a. Antigen internalized by a B cell in a T-independent
process

b. Presentation of antigen by a monocyte to a T cell

¢. Binding of immunoglobulin on the surface of a
macrophage

d. Cross-linking of antigen on surface of a mast cell

. Which classes of HLA marker(s) are important in

immune recognition of antigen in cell-to-cell interac-
tions?

a. Class II

b. Class I

10.

11.

12.

13.

14.
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c. Class III
d. Class I and Class II

. Which immunoglobulin class would be most important

in the study of immune-mediated transfusion reactions
due to the presence of alloantibodies?

a. IgA

b. IgM

c. IgE

d. IgG

. Which immunoglobulins can activate the classic path-

way of the complement system?
a. IgA and IgM

b. IgG (all subgroups) and IgA

c. IgGl1, IgG3, and IgM

d. IgE and IgD

. Which complement factor is common to both classic

and alternative pathways and will result in formation of
the MAC?

a. Factor B

b. Factor C3

¢. Factor C1

d. Factor C4

Which of the following patient samples for blood bank
testing is most likely to contain active complement?
a. EDTA-anticoagulated sample

b. Heparin-anticoagulated sample

c. Serum sample drawn 2 days ago

d. Serum sample drawn 2 hours ago

Which one of the following statements is true con-

cerning the formation of antibodies to blood group

antigens?

a. All blood group antigens are equally immunogenic

b. Only ABO and Rh blood group antigens are immuno-
genic

c. Antibodies may form against any foreign blood group
antigen

d. Antibodies formed against Kidd antigens are always IgM

Antibody idiotype is determined by the:

a. Constant region of heavy chain

b. Constant region of light chain

c. Constant regions of heavy and light chains
d. Variable regions of heavy and light chains

Which antibody is produced rapidly and in highest
amounts during secondary response?

a. IgG

b. IgM

c. IgA

d. Both IgM and IgG are produced rapidly and in equal
amounts

Which of the following is most likely to account for the
failure of a visible RBC antigen-antibody reaction?

a. Homozygous expression of antigen on an RBC

b. pH of 7.2
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20.
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22.
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c. Incubation at 37°C for suspected IgG antibody
d. Excess antibody or antigen levels

What is the main advantage of LISS media over other

types of enhancement media?

a. Increases speed of antibody sensitization

b. Increases saturation of antigens on RBCs

c. May be used for either manual or automated systems

d. Selectively enhances or suppresses certain blood group
antigen-antibody reactions

What is the action of AHG reagent?

a. Reduces the zeta potential of the RBC, allowing closer
approach of RBCs

b. Cross-links RBCs that have become sensitized with anti-
body or complement

c. Renders the RBC membrane more hydrophobic, allow-
ing RBCs to come closer together

d. Enzymatically releases sialic acid from the RBC mem-
brane

Monoclonal antibodies:

a. Have specificity for a single epitope

b. May be manufactured using hybridoma technology
c. Develop from a single B-cell clone

d. All of the above

A cellular product is irradiated to prevent the transfu-
sion of viable lymphocytes to an immunocompromised
patient. What type of reaction is prevented by this
action?

a. Type I, anaphylaxis

b. Type II, transfusion reaction

¢. Type III, immune complex formation

d. Type IV, graft-versus-host reaction

From a blood bank testing perspective, what is

the main problem with a patient who has autoantibod-

ies?

a. Large amounts of excess protein may coat RBCs

b. Autoantibodies are formed rapidly and to many blood
group determinants

c. Autoantibodies may interfere with the detection of clini-
cally significant alloantibodies

d. Rouleaux of RBCs make antigen typing difficult

Which IgG subclass is most important in causing
HDN?

a. IgG,

b. IgG,

C. IgG,

d. IgG,

Secreted IgA exists as a:

a. Monomer only

b. Dimer only

c. Trimer only

d. Both monomeric and polymeric forms

IgM antibody has 10 antigen-binding sites but its valen-
cy is:
a. Pentameric

23.

24.

25.

26.

27.

28.

29.

30.
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b. Twofold pentameric
c. Trimeric
d. Hexameric

IgD antibody is found on the cell membranes of:
a. All lymphocytes in circulation

b. B cells

c. Tcells

d. Mast cells

Some of the characteristics of hybridomas include:

a. They can be grown in culture for many passages

b. They produce an antibody with a single specificity

c. They are produced from fusions of plasma cells and
myeloma cells

d. All of the above

Unactivated complement proteins in circulation are in
the form of:

a. Proenzymes

b. Carbohydrates complexed to lipids

c. Denatured enzymes

d. Nucleic acid polymers

Which of the following is a list of the five heavy chain
constant region amino acid sequences of immuno-
globulins:

a. alpha, gamma, delta, epsilon, mu

b. alpha-1, alpha-2, alpha-3, epsilon, mu

c¢. alpha, beta, gamma, delta, epsilon

d. alpha, beta, omega, delta, mu

Circulating C1 macromolecule complement protein
complex consists of which three proteins?

a. Clq, Clr, Cls

b. Clq, C2q, C3q

c. Clg-a, Clr-a, Cls-a

d. Clq, C5r, C9s and properdin

Which complement proteins are good at initiating
inflammation?

a. Clq, Clr, Cls

b. C3a and C5a

c. Cda

d. C3b and C5b

The ionic strength of a reaction medium is dependent
on:

a. The number of RBCs in the reaction

b. The amount of antibody in the reaction

¢. The number of IgM antibodies

d. The level of ions in the reaction medium

PEG increases the strength of agglutination reactions

by:

a. Increasing the ionic strength of the reaction

b. Increasing water removal from the surface of the
RBC

c¢. Increasing the concentration of antigen on the RBC
surface

d. Precipitating excess ions from the reaction
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Introduction

Molecular biology is the science that studies the complex
molecular interactions that take place in the living cell. For
the molecular biologist, /ife is chemistry. Life’s master mole-
cule, deoxyribonucleic acid (DNA), encodes the information
that directs all of the living chemical machinery.

According to the “central dogma” of molecular biology,
first formulated by Francis Crick, the basic information of life
flows from DNA through ribonucleic acid (RNA) to proteins.
By means of the genetic code, a sequence of nucleotides is
translated into a sequence of amino acids, better known as a
protein. The key to the chemistry of life is the conformation-
al variety of protein molecules, that is to say, the many com-
plex shapes that protein molecules contort themselves into.

A protein may be shaped into a building block or a struc-
tural component of a cell. For example, spectrin is a main
structural protein of the red blood cell (RBC) skeleton. The
RBC skeleton provides the mechanical strength and deforma-
bility necessary for the RBC to move through capillaries with
a diameter half the size of the RBC. Spectrin is important to
RBC function, a fact made clear by diseases such as hereditary
spherocytosis (HS), which may be caused by defects in the
spectrin gene. Patients with HS have fragile, spherical RBCs,
which the spleen traps and destroys.

A protein may have pockets that temporarily bind or “host”
particular substrate molecules, enabling the substrate mole-
cules to chemically react with each other. The protein that
acts as a catalyst is called an “enzyme.” A good example is the
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ABO blood group system. The A gene codes for fucosyl trans-
ferase, an enzyme that adds L-fucose to a series of precursor
structures. Once L-fucose has been added, the A and B gene-
specified enzymes can add sugars to the chains that now carry
the H residue. The A allele encodes a galactosaminyl trans-
ferase. The B allele encodes a galactosyl transferase. The O
allele is silent. Thus, the immunodominant carbohydrates of
the H, A, and B antigens are L-fucose, N-acetylgalactosamine,
and D-galactose, respectively. In other words, these genes
determine a carbohydrate structure through the action of
their encoded proteins acting as enzymes.

A protein may be shaped to bind to DNA itself at specific
nucleotide sequences in the chromatin to influence or “regu-
late” a gene’s transcription. This is a protein acting as a tran-
scription factor.

Through all these mechanisms, the genotype of a cell is
translated into its phenotype.

Transfusion medicine is tied to three branches of molecu-
lar biology: (1) to molecular genetics because donor-recipient
compatibility depends on the genetic transmission of poly-
morphic tissue markers, such as blood groups and human
leukocyte antigens (HLA); (2) to biotechnology because of the
production of recombinant proteins relevant to blood bank-
ing, such as growth factors, erythropoietin, and clotting fac-
tors; and (3) to molecular diagnostics used to detect
transfusion transmitted viruses. Therefore, blood bankers
must learn the basic principles of molecular biology.
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Chapter 2 describes in detail the biochemistry of gene
replication, transcription, and translation. In this chapter,
some of the experiments that led to the discovery and the
understanding of the mechanisms underlying these phenom-
ena are reviewed. These experiments are direct antecessors of
modern benchtop molecular techniques relevant to transfu-
sion medicine. This brief introduction to molecular biology
provides the basis for understanding the applications of this
discipline elsewhere in this book.

DNA Is the Genetic Material

Living organisms can replicate and pass hereditary traits
(genes) to successive generations; this is their most distinc-
tive characteristic.

In 1928, the British microbiologist Fred Griffith presented
a model system that was key to demonstrating that DNA is
the genetic material (Fig. 4-1). He used two naturally
occurring strains of pneumococcus bacterium that differed in
their infectivity of mice. The virulent smooth (S) strain,
which has a smooth polysaccharide capsule, kills mice
through pneumonia. The nonvirulent rough (R) strain lacks
the outer capsule and is nonlethal to mice. Neither living
R strain nor heat-killed S strain causes illness. However,
the co-injection of both is lethal, and virulent S strain bacte-
ria can be recovered from mice infected with this mixture.
A “transforming principle” from the heat-killed S strain is
able to change the living R strain from innocuous to virulent
(S).
Oswald T. Avery and his group at Rockefeller Institute

S Strain

~

Mouse Lives

Mouse Dies

Heat-killed
S Strain

+
Live R Strain

™

Mouse Dies

Live S Strain
isolated from
mouse ‘:‘

Griffith’s Transformation Experiment. Bacterial cells

Mouse Lives

B FIGURE 4-1
can be transformed from nonpathogenic to virulent by an inert compo-
nent of the virulent strain (1) Mice injected with pneumococcus strain
S die. The strain is virulent. (2) Mice injected with pneumococcus
strain R live. The strain is nonvirulent. (3) Mice injected with heat-
killed S strain live. (4) Mice injected with a mixture of R live strain

and heat-killed S strain die, and live S strain can be isolated from

them.

were able to reproduce this transformation in vitro. They
observed microscopically the formation of polysaccharide
coats in R pneumococci when cultured bacteria were
treated with extracts purified from the heat-killed S strain.
The rough pneumococci (R) were transformed into smooth
(S). In 1944, they reported that they had purified the trans-
forming principle. By molecular composition and weight, it
was mainly DNA. Moreover, treatment with RNA or protein
hydrolytic enzymes did not degrade it, but treatment with
DNAse caused loss of activity. Avery correctly interpreted that
the inducing substance was a gene composed of nucleic acid
and that the capsular antigen was a gene product (we now
know that several genes are necessary to produce the cap-
sule).

However, Avery’s discovery was not accepted immediately.
The reasoning was that DNA, a monotonous molecule formed
by only four nucleotides, could not be the genetic material. By
contrast, proteins, formed by 20 different amino acids with
many conformations and important structural and functional
activities, were better candidates. Perhaps a few proteins that
contaminated the isolated DNA were responsible for Avery’s
transformation experiment.

Confirmation that DNA was the genetic material came
from the “phage group.” By the end of World War II, Max
Delbriick of Vanderbilt University, Salvador Luria of Indiana
University, and Alfred Hershey of Carnegie’s Department of
Genetics at Cold Spring Harbor coincided in their interest
to research bacteriophages, viruses that infect bacteria.
Bacteriophages are very small viruses that consist only
of a DNA core enclosed in a protein capsule. It was known
that, during bacterial infection, the phage particles reproduce
inside the cell and lyse the bacteria to release a new genera-
tion of viruses. These three remarkable scientists considered
this an ideal model for studying the mechanism of heredity
because of the simplicity of the organisms. In 1945, Delbriick
started a course at Cold Spring Harbor Laboratory to intro-
duce other researchers to their new field of study. The “phage
course” was for more than 25 years a training ground for the
first generations of molecular biologists.

In 1952, Alfred Hershey and Martha Chase reported an
experiment that convinced the scientific community that
DNA was indeed the genetic material (Fig. 4-2). They infect-
ed in parallel two bacterial cultures with phages in which
either the protein capsule was labeled with radioactive sulfur
(®3S) or the DNA core was labeled with radioactive phosphorus
(2P). After dislodging the phage particles from the bacteria
with a blender, they pelleted the bacteria by centrifugation.
The phage particles were left in the supernatant. 35S (protein)
was found only in the supernatant of the 35S-labeled culture.
32p (DNA) was found only in the bacterial pellet of the 32P-
labeled culture. From this pellet, a new generation of phages
arose. The investigators concluded that the phage protein
removed from the cells by stirring was the empty phage coat,
whose mission was to transport the DNA from cell to cell. The
DNA was the material of life, containing the phage genetic
information necessary for the viral reproduction inside the
bacteria.

DNA Structure

By 1950, the chemical composition of nucleic acids was
known. Nucleic acids were known to be long molecules com-
posed of three distinct chemical subunits: a five-carbon sugar,
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B FIGURE 4-2 The Hershey-Chase Phage Experiment. DNA is the
molecule that carries genetic information (1) Bacteriophages were
labeled with 35S or with 32P. 35S was incorporated into proteins and 32P
into DNA. (2) Two Escherichia coli (E. coli) cultures were infected in par-
allel with the two different phages. (3) Phages were dislodged from
bacteria by treatment with a blender. (4) After centrifugation, 3°S (pro-
teins) was detected only in the supernatant of the first culture and 3P
(DNA) only in the pellet of the second culture. The phages remained in
the supernatant and the bacteria in the pellet. From the bacterial pel-
let, a new generation of viruses could be raised.

acidic phosphate, and four types of nitrogen-rich bases. Two
forms of nucleic acids were differentiated by their sugar com-
position: RNA contained ribose and DNA 2-deoxyribose. Both
possessed adenine, guanine, and cytosine. RNA contained
uracil, and DNA contained thymine.

In 1950, Erwin Chargaff of Columbia University reported
a consistent one-to-one ratio of adenine to thymine and
guanine to cytosine in DNA samples from different organ-
isms.

In 1951, Maurice Wilkins and Rosalind Franklin produced
x-ray diffraction photographs of DNA, which suggested a hel-
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icalomolecule with repeats of 34 angstroms (&) and a width of
20 A.12

In 1953, James Watson, trained in the phage group, and
Francis Crick, a physicist trained in x-ray crystallography,
published a paper in the journal Nafure in which they assem-
bled the puzzle pieces of DNA structure.® They proposed that
the DNA molecule was an « helix (see Chapter 2). DNA was
a helical ladder, the rails of which were built from alternating
units of deoxyribose and phosphate. Each rung of the ladder
was composed of a pair of nucleotides (a base pair) held
together by hydrogen bonds. The double helix consisted of
two strands of nucleotides that ran in opposite directions
(antiparallel). Consistent with the 34-A repeat from x-ray
diffraction, 10 base pairs were stacked on top of each other
at each turn of a helix. In agreement with Chargaff’s observa-
tion, adenine always paired with thymine, and guanine
always paired with cytosine. Thus the nucleotide alphabet of
one half of the DNA helix determined the alphabet of the
other half.

DNA Function

Genes must be replicated and passed down to each new cell
and each new generation. Genes must also provide the infor-
mation for protein synthesis. How do DNA molecules func-
tion as genes? The search for the answer to this question
fueled the advance of molecular biology and introduced the
era of biotechnology.

DNA Replication

The Watson-Crick structure revealed how DNA could repli-
cate. The DNA molecule is made of two antiparallel comple-
mentary strands. Cytosine always pairs with guanine, and
thymine always pairs with adenine. The information in one
DNA strand predicts the information in the other strand.
During replication, the hydrogen bonds break, the strands
separate, and each one functions as template for the synthesis
of another complementary half molecule. Two identical DNA
molecules are generated, each containing an original strand
and a new complementary strand, each to be passed to a
daughter cell. Because each daughter double helix contains
an “old” strand and a newly synthesized strand, this model of
replication is called semiconservative.

The first experiment supporting the semiconservative
mode of replication was reported in 1958 by Matthew
Meselson and Frank Stahl of the California Institute of
Technology (Fig. 4-3). Escherichia coli cultures were grown
for several generations in a medium containing the heavy iso-
tope 15N as the sole source of nitrogen. The bacteria were then
switched to medium containing the light isotope 1“N. DNA
was extracted from each sample and centrifuged in a solution
of cesium chloride, forming a density gradient. DNA mole-
cules of different densities settled to form discrete bands at
the point at which their densities equaled the density of the
cesium chloride gradient. The DNA of bacteria grown in the
“heavy” nitrogen culture medium, in which both strands con-
tained 1N, gave one heavy band. The first generation of bac-
teria after the switch to “light” nitrogen culture medium gave
one intermediate band. All the molecules of DNA were now
formed by one “old heavy” strand, with ®N, and one “new
light” strand, with 1*N. In the second generation of bacteria,
two kinds of DNA molecules were synthesized. One “old
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B FIGURE 4-3 Meselson-Stahl demenstration of DNA replication
in a semiconservative way. Genomic DNA was extracted from E. coli (1)

14N 14N

Intermediate
Density

grown in culture medium containing “heavy” "*N, (2) one generation
after switching the bacteria to medium with “light” "N, or (3) two
generations after the change of medium. The bottom row shows the
different DNA fractions after centrifugation in a cesium chloride gradi-
ent. The first tube contains only one high-density band. The second
tube contains only one band of intermediate density corresponding to
DNA formed by one “old heavy” and one newly synthesized “light”
strand. The third tube contains two bands. The intermediate band cor-
responds to DNA formed by an “old heavy” strand and a “new light”
strand. The low-density band corresponds to molecules of DNA con-
taining an “old light” strand and a “new light” strand.
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heavy” DNA strand was paired with one “new light” strand, or
one “old light” strand was paired with one “new light” strand,
rendering two bands in the gradient centrifugation: one inter-
mediate and one light. Thus, in the successive generations
DNA was copied over and over following the semiconservative
model.

The mechanism of DNA replication was further studied
using cellular components to reconstruct in vitro the bio-
chemical reactions that occur within the cell. In this way,
the whole process was dissected. In E. coli DNA polymerase
III is able to form a new strand using deoxyribonucleoside
triphosphates (ANTPs) as substrates, double-stranded DNA
as template, and magnesium as cofactor. This enzyme can
add nucleotides only onto the hydroxyl group (OH) at the
3’ end of an existing nucleic acid fragment. Both strands
are synthesized at the same time. The “leading strand”
grows continuously in the 5’ to 3’ direction. In the “lagging
strand,” the enzyme primase, an RNA polymerase, catalyzes
the synthesis of a small piece of RNA called a primer that
provides the 3’0OH to which DNA polymerase III can add
nucleotides (Fig. 4-4). Finally, enzymes with RNAse activity
remove the RNA fragment, DNA polymerase I fills in the
gap with DNA, and DNA ligase links the fragments into a
continuous DNA strand. Several other components are neces-
sary for DNA synthesis. For example, the enzyme helicase
unwinds the helix, allowing the polymerase to gain access to
the DNA, and strand binding proteins (SSB) bind to single-
stranded DNA, maintaining the double helix in open configu-
ration. This brief overview of DNA replication provides the
basis for understanding the techniques of DNA sequencing
and polymerase chain reaction (PCR), described later in this
chapter.

T B FIGURE 4-4 DNA replication.
(1) In the cell, both strands of DNA
are replicated simultaneously.
G G Synthesis of the “leading strand” is
continuous. Synthesis of the lagging
strand is discontinuous. RNA

/

primers function as anchors to

which DNA polymerase adds
3'OH nucleotides complementary to the
sequence of the template strand.
(2) DNA polymerase adds the
nucleoside 5’ monophosphate moi-
ety of a nucleoside-5’-triphosphate
to the 3’-OH end of the RNA primer

or to the growing DNA chain.



Expression of Genetic Information

Genes act by determining the sequence of amino acids and
therefore the structure of proteins. Knowledge of the struc-
ture of DNA revealed that the genetic information must be
specified by the order of the four bases (A, C, G, and T).
Proteins are polymers of 20 amino acids, the sequence of
which determines their structure and function. Could the
sequence of nucleotides determine the sequence of amino
acids?

The discovery of the molecular basis of sickle cell anemia
provided the first experimental evidence that the nucleotide
sequence of a DNA molecule indeed determined the amino
acid sequence of a protein. Sickle cell anemia is a genetic-
recessive disease. Patients with this disease have two copies of
the mutated gene. Individuals with only one mutated copy of
the gene show only mild or no clinical manifestation at all
and are called carriers. In 1949, Linus Pauling and Vernon
Ingram showed that the hemoglobin of individuals with and
without sickle cell anemia had different electrophoretic
mobility. This indicated that hemoglobin from the patients
had a different charge and therefore a structure different from
normal hemoglobin. Carriers of the disease had both types of
hemoglobin. In 1957 Ingram identified that substituting
valine for glutamic acid in the sixth amino acid of the B-
globin chain was the cause of the defective hemoglobin.*
Thus, a direct link was established between a gene mutation
and the structure of a protein.

How is the genetic information transmitted from a
sequence of nucleotides into a sequence of amino acids? Work
done mainly in the laboratory of Paul Zamecnik showed that
proteins were synthesized in the cytoplasm in eukaryotic
cells. He worked with cell-free extracts obtained by lysis of rat
liver cells followed by centrifugation, which separated the sol-
uble cytoplasmic fraction from the nuclei and from nonsolu-
ble materials such as membranes and mitochondria. His
studies established that the microsomal fraction, which we
now call ribosomes, was the major cellular component
required for protein synthesis.

Because DNA was in the nucleus, separated from the cyto-
plasm by the nuclear membrane, an intermediary molecule
had to be responsible for conveying the genetic information
from the nucleus to the cytoplasm. RNA was a good candidate
for this role. Its structure suggested that RNA could be pro-
duced from a DNA template and that RNA was located mainly
in the cytoplasm, where protein synthesis occurred.

Experimental evidence supporting the role of RNA as the
intermediary molecule came from the prokaryotic world.
When bacteriophage T4 infects E. coli, the synthesis of bacte-
rial RNA stops, and the only new RNA synthesized is tran-
scribed from T4 DNA. Using radioactive labeling, Sidney
Brenner, Francois Jacob, and Matthew Meselson showed that
the newly synthesized T4 RNA associated with bacterial ribo-
somes but, unlike ribosomal RNA, it was very unstable.’ These
RNA molecules, which served as templates for protein syn-
thesis, were given the name messenger RNAs (mRNAs).

How could the sequence of four different nucleotides
direct the sequence of 20 different amino acids? If the unit of
information, called a codon, was one nucleotide, it could
encode only four amino acids. If the codon was 2 nucleotides
long, it could code for 42 = 16 amino acids. A 3-nucleotide
codon could code for 4* = 64 amino acids, more than enough
to account for the 20 different amino acids present in
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proteins. But how could a triplet of nucleotides direct the
incorporation of an amino acid into a protein? Direct comple-
mentary pairing between nucleotides and amino acids was not
possible because both molecules are chemically unrelated.

The experimental answer to these questions came
again from studying cell-free extracts. In these experiments,
a third type of RNA molecule, which we now call transfer
RNA (tRNA), was isolated. These were short molecules, 70
to 80 nucleotides long, and some displayed the remarkable
characteristic of having amino acids covalently attached
to their 3° end. The enzymes responsible for attaching a
specific amino acid to a specific tRNA were also isolated
from cell-free extracts and were given the name aminoacyl
tRNA synthetases. Sequencing of several tRNAs showed
that they all had a common three-dimensional structure, but
a unique three-nucleotide-long sequence was always present
in a loop region. This sequence, which we now call anti-
codon, provided the specificity for each tRNA, carrying its
specific amino acid to align with the corresponding codon in
the mRNA.

The next question was which triplet of nucleotides of the
mRNA corresponded to which amino acid; in other words, it
was time to decipher the genetic code. By 1966, Marshall
Nirenberg and Gobind Khorana cracked the code. Nirenberg
used cell-free extracts containing ribosomes, amino acids,
tRNAs, and aminoacyl tRNA synthetases and added synthetic
mRNA polymer containing only uracil. He was able to pro-
duce in vitro a polymer protein containing only phenylala-
nine. In this way, he showed that UUU was the codon for
phenylalanine.® During the next few years, all possible mRNA
combinations were tried, and the 61 different triplets
were assigned to their corresponding amino acids; 3 triplets
were found to code for a stop signal (Table 4-1). The genetic
code is called “degenerate” because one amino acid may be
encoded by more than one nucleotide triplet.

The Central Dogma of Molecular
Biology, Expanded

Deciphering the genetic code confirmed the central dogma of
molecular biology first formulated by Francis Crick. The
genetic material is DNA. DNA is self-replicating and is tran-
scribed into mRNA, which in turn serves as a template for the
synthesis of proteins. Although Crick’s central dogma
remains true, the knowledge acquired in the following years
has refined and enlarged it, a process that continues now and
into the future.

First, a different method of information flow in biological
systems was discovered. By the early 1950s, scientists knew
that many viruses contain RNA. Was RNA the genetic mate-
rial of the so-called “RNA viruses”? The first experiment that
proved this hypothesis used the tobacco mosaic virus. RNA
isolated from this virus could infect new host cells and gener-
ate new viruses. Subsequently, a novel enzyme, which direct-
ed RNA synthesis using an RNA molecule as a template, was
isolated from RNA bacteriophages infecting E. coli. In the fol-
lowing years, scientists found that most RNA viruses, includ-
ing plant and animal viruses, used an RNA-based mode of
replication.

However, this mechanism did not explain the mode of
replication of a particular group of animal RNA viruses: the
tumor viruses. These viruses can cause cancer in infected ani-
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TABLE 4-1
STOP Codons

Amino Acid Codons and

Amino Acid Codon Amino Acid Codon
Arginine CGA Valine GUA
CGC GUC
CGG GUU
CGU GUG
AGA ;
AGG Lysine [;Aié
Leucine CUA Asparagine AAC
cucC AAU
CUG .
cuU Glutamine CAA
UUA LA
UUG Histidine CAC
Serine UCA CAU
uccC Glutamic Acid GAA
UCG GAG
ucy Aspartic Acid GAC
AL GAU
AGU .
. Tyrosine UAC
Threonine ACA UAU
ACC .
ACG Cysteine UGC
Prailine CCA Phenylalanine uucC
cce 91010)
CCG Isoleucine AUA
CCU AUC
Alanine GCA AUU
GCC Methionine AUG
GCG
Geu Tryptophan UGG
. STOP UAA
Glycine GGA UAG
GGC UGA
GGG
GGU

mals. In the early 1960s, Howard Temin discovered that repli-
cation of these viruses required DNA synthesis in the host
cells. He formulated the hypothesis that RNA tumor viruses
replicated via the synthesis of a DNA intermediate or
“provirus.” In 1970 Temin and David Baltimore showed inde-
pendently that these viruses contain an enzyme that catalyzes
the synthesis of DNA using RNA as a template.”® The presence
of viral DNA in replicating host cells was also demonstrated.
The synthesis of DNA from RNA, now called reverse tran-
scription, was thus definitely established as a mode of biolog-
ic information transfer.

Reverse transcription is an important tool in molecular
biology techniques. Reverse transcriptases can be used to
generate DNA copies of any RNA molecule. As we will see later
in this chapter, using reverse transcriptase, mRNAs can be
transcribed to its complementary DNA (cDNA) and studied by
recombinant DNA techniques.

Scientists have added further qualifications to the central
dogma:

1. Genes are not “fixed.” There are many transposable genet-
ic elements in the eukaryotic genome. Another mecha-
nism of physical rearrangement is DNA recombination. An
example is the genetic rearrangements that generate the
coding regions of the immunoglobulin binding site
(Chapter 3).

2. DNA sequences and protein amino acid sequences are not

entirely collinear. In many organisms, including humans,
coding sequences (exons) are interrupted by noncoding
sequences (introns). This introduces the possibility of
alternative splicing to create different proteins from the
same gene. Also, different reading frames can generate dif-
ferent mRNAs and therefore different proteins. Viruses fre-
quently use this last mechanism.

3. Scientists have discovered further roles for RNA. Some RNA
molecules display catalytic activity; by “RNA interference,”
small RNA molecules help to regulate gene expression.

Recombinant DNA

The classic experiments in molecular biology, which we have
described, used simple and rapidly replicating organisms
(bacteria and viruses) as study models. The genomes of
eukaryotes are, however, much more complicated, and scien-
tists had to explore new ways to isolate and study individual
genes of these organisms. The big breakthrough came with
the development of recombinant DNA technology. DNA from
one organism, humans for example, can be “cut and pasted”
into a carrier DNA molecule or vector. The new DNA mole-
cule, which is a “recombinant” of the original DNA with the
vector DNA, can be introduced into another, usually simpler,
host organism. Because the genetic code is almost universal,
the host organism treats the gene as its own. This technique
is called molecular cloning.

Cloning is the reproduction of daughter cells from one sin-
gle cell by fission or mitotic division, giving rise to a popula-
tion of genetically identical clones. In DNA cloning, the DNA
fragment of interest carried by the vector is introduced into a
host cell. Successive divisions of the host cell create a popu-
lation of clones containing the DNA fragment of interest. The
gene or genes of interest can be studied using the techniques
available for the host organism. These techniques have
allowed detailed molecular studies of the structure and func-
tion of eukaryotic genes and genomes.

The Coding Sequence of a Gene

In humans and most other eukaryotes, the coding part of a
gene consists of exons, which in the genomic DNA alternate
with noncoding introns. The mRNA contains only the exons,
the coding sequence of nucleotides that directs the process of
translation into the amino acid sequence of the correspon-
ding protein. Both the genomic DNA and the coding sequence
of a gene can be cloned. First, the mRNA is transcribed in
vitro to its cDNA, using the enzyme reverse transcriptase.
Because all eukaryotic mRNAs end in a poly-A tail, a short
synthetic poly-T nucleotide can be used as a universal primer.
The final product is a hybrid double strand of mRNA and
cDNA. The mRNA is degraded, and a DNA strand complemen-
tary to the cDNA is synthesized using DNA polymerase. The
cDNA, which has the information for the coding gene
sequence, can be subjected to the same techniques as geno-
mic DNA.

DNA Cloning

The next several paragraphs describe the essential tools for
molecular cloning: restriction endonucleases, gel elec-
trophoresis, vectors, and host cells. An example of gene
cloning follows.



Restriction Endonucleases

The first breakthrough in the production of recombinant DNA
came with the discovery and isolation of restriction endonu-
cleases, enzymes that cleave DNA at specific sequences and
allow scientists to “cut and paste” DNA in a controlled and
predetermined fashion.

Restriction endonucleases are isolated from bacteria.
From the early 1950s it was observed that certain strains of £.
coli were resistant to infection by various bacteriophages.
This form of primitive bacterial immunity was called “restric-
tion” because the host was able to restrict the growth and
replication of the virus. The resistant bacteria had enzymes
that selectively recognized and destroyed foreign DNA mole-
cules by cutting it into pieces (endonuclease activity). At the
same time, these enzymes modified (by methylation) the
host’s chromosomal DNA, protecting it from self-destruction.
Numerous restriction endonucleases have been isolated from
different bacteria. These enzymes have been classified as type
I, 11, and IIT according to their mechanism of action. Only the
type II enzymes are relevant for our description of molecular
cloning.

In 1970, Hamilton Smith and Kent Wilson at Johns
Hopkins University isolated the first type II restriction
endonuclease. Type II restriction enzymes are extremely use-
ful for the molecular biologist because they cut DNA at a pre-
cise position within its recognition sequence and have no
modifying activity.” More than 200 restriction endonucleases
covering more than 100 different recognition sites are avail-
able commercially. The name given to each enzyme reflects
its origin. For example, Smith and Wilson’s endonuclease was
called HindII because it was obtained from Haemophilus
influenzae strain R,. The number II indicates that it was the
second endonuclease to be identified in these bacteria.

Restriction endonucleases usually recognize sequences 4
to 8 nucleotides in length. The recognition sequences are
“palindromic;” that is, they read the same in the 5’ to 3’ direc-
tion on both strands of the double helix. Some enzymes cut
both strands in the middle of the target sequence, generating,
“pblunt ends.” Some enzymes cut both strands off the center,
generating staggered ends. For example EcoRI recognizes the
sequence:

S5'GAATTCY
3'CTTAAGS’

EcoRI cuts after the first G in both strands, generating frag-
ments with the following ends:

3G AATTC3’
3CTTAA G5

The single-strand-overhanging ends are complementary to
any end cut by the same enzyme. These “sticky” or cohesive
ends are extremely useful for “cutting and pasting” DNA from
different origins and therefore creating recombinant DNA.
Examples of other restriction endonucleases and correspon-
ding recognition sequences are listed in Table 4-2.

Gel Electrophoresis

Another technique fundamental for DNA cloning is gel elec-
trophoresis (Fig. 4-5) because it allows the isolation and
purification of DNA fragments of a defined length.

The word electrophoresis means “to carry with electricity.”
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TABLE 4-2 Examples of Type Il
Restriction Endonucleases

Enzyme Recognition Sequence
Alul AGLCT

Aosl TGCLGCA
Apyl CCL(A,T)GG
Asul GJIGNCC
Asull TTLCGAA
Avrll CLCTAGG
Ball TGGJCCA
BamHI Gl GATCC
Bell TJLGATCA
Bglll ALGATCT
BstEII GLGTNACC
BstNI CCL(A,T)GG
BstXI CCANNNNNINTGG
Clal ATLCGAT
Ddel CITNAG
EcoRI GLAATTC
EcoRII LCC(A,T)GG
FnudHI GCINGC
FnuDII cGlce

Hael (A, T)GGLCC(T,A)
Haell PuGCGC{Py
Haelll Galce

Hhal GCGlC
Hincll GTPylPuAC
HindIl GTPylPuAC
HindIII ALAGCTT
Hinfl GLANTC
Hpal GTTIAAC
Hpall clcee

Mbol LGATC

Mst1 TGCLGCA
Not1 GCLGGCCGe
Pst1 CTGCALG
Rsal GTI{AC

Sacl GAGCT.C
Sacll CCGCILGG

Agarose gel electrophoresis is a simple and rapid method of
separating DNA fragments according to their size. The DNA
sample is introduced into a well in a gel immersed in buffer
and is exposed to electric current. The DNA molecules run at
different speeds according to their size. After staining with a
fluorescent dye, bands of DNA of specific length can be seen
under ultraviolet (UV) light and isolated from the gel.

In solution, at a neutral pH, DNA is negatively charged
because of its phosphate backbone. When placed in an electric
field, DNA molecules are attracted toward the positive pole
(anode) and repelled from the negative pole (cathode).

To make a gel, molten agarose is poured into a mold where
a plastic comb is suspended. As it cools, the agarose hardens
to form a gel slab with preformed wells. The gel is placed in a
tank full of buffer and with electrodes at opposing ends. The
samples containing the DNA fragments are pipetted into the
wells after mixing them with a loading solution of high den-
sity, such as sucrose or glycerol. The dense solution helps the
DNA sink when loaded into the wells.

When voltage is applied, the DNA fragments migrate
toward the anode. The porous gel matrix acts as a sieve
through which larger molecules move with more difficulty
than smaller ones. The distance run by a DNA fragment is
inversely proportional to its molecular weight and therefore
to its length or number of nucleotides.

DNA bands can be detected in the gel after staining with a
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molecular sieve: the shorter the DNA
molecule, the longer the distance of
migration. DNA bands are detected
by exposure to ultraviolet light (UV)
after staining with the fluorescent

fluorescent dye, such as ethidium bromide (EB). The gel is
soaked in a diluted EB solution or, alternatively, the elec-
trophoresis is run with a gel and buffer containing EB. EB is
a planar molecule, which intercalates between the stacked
nucleotides of the DNA helix. When the gel is exposed to
ultraviolet light of 300 nm, the stained DNA fragments are
seen as fluorescent orange bands and can be documented by
photography. Each band of DNA is formed by millions of DNA
molecules of equal length.

Gel electrophoresis is used in molecular cloning to isolate
and purify the vector and insert that which will be used to
form a recombinant DNA vector.

Vectors

A vector is a DNA molecule used to carry a foreign DNA frag-
ment into a host organism. Vectors can be used to produce
large quantities of a target DNA fragment or to get a foreign
gene expressed in a host cell. We will describe in detail plas-
mid vectors and mention other usual vectors.

Plasmids

Plasmids are the simplest kind of vectors. Plasmids are bacte-
rial circular genetic elements that replicate independently
from the chromosome. Naturally occurring plasmids con-
tribute significantly to bacterial genetic diversity by encoding
functions such as resistance to certain antibiotics, which
provides the bacterium with a competitive advantage over
antibiotic-sensitive strains. The plasmid vectors used in
molecular cloning are “designer plasmids,” modified to make
perfect recombinant DNA carriers. A vast selection of plas-
mids are commercially available that are useful for different
purposes, such as DNA sequencing, protein expression in bac-
teria, and protein expression in mammalian cells.

Plasmids contain an origin of replication from which their
DNA replicates. Plasmid vectors can be under “stringent” con-
trol of replication, in which case they replicate only once per
cell division. By contrast, the so-called “relaxed” plasmids
replicate autonomously and can grow as hundreds of copies
per cell. Relaxed plasmids are used to amplify large amounts
of cloned DNA.

Plasmid vectors contain genes that encode for antibiotic
resistance. When bacteria grow in a culture medium with the
given antibiotic, only host cells containing the plasmid will

dye ethidium bromide (EB).

survive. Thus, a pure population of bacteria can be obtained.
Examples of antibiotics used for bacterial cloning are listed in
Box 4-1.

Cloning a DNA fragment requires inserting it into the
plasmid vector. Plasmids are designed to contain one or more
cloning sites, also called polylinkers, a series of recognition
sequences for different restriction endonucleases. Most com-
monly, these are recognition sites for enzymes that cut both
strands off the center, which generates cohesive ends. The cir-
cular DNA is cut (or linearized) with a chosen restriction
enzyme. The DNA fragment to be inserted is cut with the
same enzyme. The sticky ends of the linearized plasmid can
form hydrogen bonds with the complementary nucleotides in
the overhang of the DNA fragment to be inserted. Both frag-
ments are run in a preparative agarose gel. The bands corre-
sponding to the expected size of the linearized plasmid and
insert are cut, and the purified DNA fragments are isolated.
Both fragments are “pasted” together with DNA ligase, which
forms phosphodiester bonds between adjacent nucleotides
(Fig. 4-6).

Typical plasmid vectors consist of DNA 2 to 4 kb long and
can accommodate inserts up to 15 kb long. Several other vec-
tors are available for cloning fragments of DNA of different
sizes.

Other Vectors

A Vectors contain the part of the bacteriophage’s genome nec-
essary for lytic replication in E. coli and one or more restric-
tion endonuclease sites for insertion of the DNA fragment of
interest. They can accommodate foreign DNA 5 to 14 kb long.
The recombinant DNA is “packaged” into viral particles (see
the Hershey-Chase experiment, Fig. 4-2) and used to infect
E. coli.

kT

BOX 4-1
Antibiotics Used in Bacterial Cloning

Ampicillin
Carbenicillin
Chloramphenicol
Hydromycin B
Kanamycin
Tetracycline
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M FIGURE 4-6 Gene cloning: Part |. (1) The target DNA and the
vector plasmid are digested with EcoRI. (2) The insert and linearized
plasmid are submitted to agarose gel electrophoresis.(3) The bands
containing the insert and linearized plasmid are cut from the gel and
the DNA fragments eluted. (4) Insert and linearized plasmid are ligated
together and a recombinant plasmid containing the target gene is
obtained.

Cosmids are vectors that can accept DNA 28 to 45 kb long.
They are useful for producing large-insert genomic libraries.
Cosmids have a small region of bacteriophage A necessary for
packaging viral DNA into A particles. The linear genomic DNA
fragment is inserted into the vector and packaged into bacte-
riophage particles. After infecting the E. coli cells, the vector
circularizes into a large plasmid containing the DNA frag-
ment of interest.

Bacterial artificial chromosomes (BACs) are circular DNA
molecules that contain a unit of replication, or “replicon,”
capable of carrying fragments as large as a quarter of the E.
coli chromosome. BACs are capable of maintaining DNA
inserts of up to 350 kb. A typical BAC library contains inserts
of 120 kb.

The Host Cell

The recombinant DNA molecule, which was produced in
vitro, must now be introduced into a living cell. The typical
host organism is E. coli. As we have previously seen, the
uptake and expression of foreign DNA by a cell, first described
by Griffith and Avery, is called transformation. However, nat-
ural transformation is a rare event. The efficiency of the bac-
terial transformation can be increased by chemical or
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electrical (electroporation) methods that modify the cellular
membrane. The bacteria treated by these methods are called
“competent.”

Because E. coli is a normal inhabitant of the human colon,
it grows best in vitro at 37°C in a culture medium containing
nutrients similar to those available in the human digestive
tract. For example, the Luria-Bertani (LB) medium contains
carbohydrates, amino acids, nucleotide phosphates, salts, and
vitamins derived from yeast extracts and milk protein.

To isolate individual colonies, cells are spread on the sur-
face of LB agar plates containing an antibiotic used as a selec-
table marker. A suspension of the cells is diluted enough so
that each single cell will give rise to an individual colony.
Plates are incubated at 37°C. After 12 to 24 hours (at the max-
imum rate, cells divide every 22 minutes), visible colonies of
identical daughter cells appear. Individual colonies are picked
and further propagated in liquid LB culture medium with
antibiotic. The incubation proceeds with continuous shaking
to maintain the cells in suspension and to promote aeration.

Plasmid Isolation

Plasmids can be easily separated from the host’s chromoso-
mal DNA because of their small size and circular structure. A
rapid method for making a small preparation of purified plas-
mid from 1 to 5 mL of culture is called a miniprep. The
overnight culture is centrifuged, and the pellet containing the
bacteria is treated with a solution containing sodium dodecyl
sulfate (SDS) and sodium hydroxide. SDS is an ionic deter-
gent that lyses the cell membrane, releasing the cell contents.
Sodium hydroxide denatures DNA into single strands.
Treating the solution with potassium acetate and acetic acid
causes an insoluble precipitate of detergent, phospholipids,
and proteins and neutralizes the sodium hydroxide. At neutral
pH, the long strands of chromosomal DNA renature only par-
tially and become trapped in the precipitate. The plasmid DNA
renatures completely and remains in solution. After centrifu-
gation, the pellet is discarded. Ethanol or isopropanol is added
to the supernatant to precipitate the plasmid DNA out of the
solution. After centrifugation, the DNA pellet is washed with
70 percent ethanol and dissolved in water or buffer. RNase is
used to destroy the RNA that coprecipitates with the plasmid.

A miniprep provides enough material for some down-
stream applications such as sequencing or subcloning into a
different plasmid vector. However, it can be easily scaled up to
a “maxiprep” when more plasmid DNA is needed.

DNA Cloning: An Example

To summarize the process of DNA cloning, we will describe a
hypothetical example in which a gene of interest, or “target
gene,” is obtained from genomic DNA for sequencing purpos-
es. In Figure 4-6 the target gene, flanked by two EcoRI
restriction sites, is cut from genomic DNA and inserted into a
plasmid vector. The plasmid contains an origin of replication
(Ori) so it can be copied by the bacteria’s DNA replication
machinery. It also contains a gene that provides resistance to
the antibiotic ampicillin (Amp"); therefore, the bacteria that
have the plasmid will be able to grow in culture medium with
the antibiotic, whereas the bacteria that did not get the plas-
mid will die. In Figure 4-7, competent E. coli are trans-
formed with the plasmid and plated at a very low dilution in a
Petri dish in solid LB medium with ampicillin. Only the bac-
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M FIGURE 4-7 Gene cloning: Part Il. (1) The recombinant plasmid
is used to transform competent E. coli. (2) E. coli bacteria are plated

onto solid agar LB medium containing ampicillin. Only bacteria con-
taining the plasmid survive. Isolated colonies, each from a single cell,
grow after overnight incubation at 37°C. (3) A colony is picked and
cultured overnight in 1 to 5 mL of liquid LB medium containing ampi-
cillin. (4) The recombinant plasmid is isolated from the bacterial cul-
ture (“miniprep”).

teria containing the plasmid are able to grow and form
colonies, visible after overnight incubation at 37°C. A colony
is isolated and grown in liquid LB medium with ampicillin.
The plasmid replicates independently from the bacterial chro-
mosome, and several plasmids are formed inside each bac-
terium. From this cell suspension, the recombinant plasmid
is isolated. The resulting miniprep contains abundant copies
of the gene of interest (target gene) that can be used as a tem-
plate for obtaining the sequence of the target gene.

Expression of Cloned Genes: Recombinant
Proteins in Clinical Use

Large amounts of proteins (“recombinant proteins”) can be
obtained for biochemical studies or for therapeutic use by
molecular cloning. The cost and effort necessary to isolate
these proteins from their original source makes their use
impractical. Also, the risk of viral contamination is a funda-
mental consideration in any therapeutic product that is
purified from mammalian cells, in particular from human
tissues. For these reasons, the use of recombinant proteins is

a major improvement in the treatment of several diseases.
The cloned gene is inserted into an expression vector, usu-
ally a plasmid, which directs the production of large amounts
of the protein in either bacteria or eukaryotic cells. A great
variety of expression vectors are available for recombinant
protein expression in E. coli, yeast, insect cells, and mam-
malian cells.

The list of recombinant proteins used as therapeutic
agents increases constantly. Interferon-a used to treat hairy
cell leukemia and hepatitis C and B, recombinant hepatitis B
vaccine, recombinant antihemophiliac factor, and recombi-
nant coagulation factor IX are some examples of recombinant
proteins useful for transfusion medicine. Granulocyte colony-
stimulating factor (GCSF) is used to increase the production
of hematopoietic stem cells (HSC) for HSC transplantation
(HSCT). Epoetin alfa is used to treat anemia caused by chron-
ic renal failure (Box 4-2).

Gene Therapy

Gene therapy is the introduction of new genetic material into
the cells of an organism for therapeutic purposes. In the
United States, only somatic gene therapy is allowed in
humans: that is, the treated cells are somatic and not germ
line cells.

The obvious clinical use of gene therapy is the treatment
of inherited diseases. In the first clinical trial of that kind, the
gene coding for adenosine deaminase was introduced into
lymphocytes of children suffering from severe combined
immunodeficiency disease. However, several current clinical
trials are focused on oncology. These treatments seek to
enhance the host antitumor responses by overexpression of
cytokines or by genetic alteration of the tumor cell.

One approach for introducing DNA into mammalian cells
is by physical or chemical methods. Electroporation and lipo-
some-mediated gene transfer are widely used in the laborato-
ry, but they are not feasible for clinical gene therapy. The
second approach is the use of viral vectors, such as retro-
viruses, adenoviruses, herpesviruses, and lentiviruses. Most
human clinical trials to date have used retroviral vectors.
However, the use of these vectors carries serious risks that
must be weighed against the severity of the underlying ill-
ness. The exogenous gene may cause disease if overexpressed
or expressed in a certain cell type. Contaminants may be
introduced during vector manufacture. Also of concern is the
potential for recombination of gene therapy vectors with
human endogenous retroviral sequences. The search for bet-

BOX 4-2
Recombinant Proteins Used in
Transfusion Medicine

Factor VIII
Factor IX

Factor VII
Factor XIlI
Thrombopoietin
G-CSF

GM-CSF
Epoetin a
Interferon-a

G-CSF = Granulocyte Colony Stimulating Factor
GM-CSF = Granulocyte Macrophage Colony Stimulating Factor




ter vectors is under way in animal models and holds promise
for a safer and more effective gene therapy.

The Polymerase Chain Reaction (PCR)

An alternative to cloning for isolating large amounts of a sin-
gle DNA fragment or gene is the polymerase chain reaction
(PCR), which was developed by Kary Mullis at Cetus
Corporation in 1985.1° As opposed to cloning, performed in a
living cell, PCR is carried out completely in vitro. Provided
that some sequence of the DNA molecule is known, PCR can
be used to amplify a defined segment of DNA several millions
times.

In PCR, DNA is replicated in the test tube, replacing the
steps that normally occur within a cell by adding synthetic or
recombinant reagents and by changes in the reaction temper-
ature. The role of the enzyme primase, which generates the
primers to which DNA polymerase attaches the successive
nucleotides, is replaced by synthetic oligonucleotides. The
primers are usually 15 to 20 nucleotides long and span the
target region to be amplified. In other words, the primers are
designed to anneal to complementary DNA sequences at the
5 end of each strand of the DNA fragment. The product
obtained will have the sequence of the template bracketed by
the primers.

The two primers are mixed with a DNA sample containing
the target sequence, Taq DNA polymerase, the four deoxyri-
bonucleoside triphosphates (ANTPs), and magnesium, which
acts as a cofactor. Taq polymerase is the DNA polymerase of
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Thermus aquaticus, a bacterium that grows in hot springs
and therefore resists high temperatures. The first step of the
reaction is denaturation. Applying high temperatures plays
the role of the helicases and gyrases that unwind the DNA so
that the DNA polymerase complex can reach the template. At
94°C, the double strand is denatured into single strands. In
the second step, annealing of the primers to the target
sequences flanking the fragment of interest is achieved by
cooling to a temperature of 50° to 60°C. The third step,
primer extension by DNA polymerase, is done at 72°C. This is
the optimal temperature for the Taq polymerase, which incor-
porates nucleotides to the 3’ OH end of the primers using the
target DNA as template. The cycles of DNA synthesis, which
consist of denaturation, annealing, and extension, are repeat-
ed simply by repeating the cycle of temperatures. The reaction
is carried out in a programmable heating and cooling
machine called a thermocycler.

Figure 4-8 shows a schematic PCR reaction. In each cycle,
an original template strand is copied to generate a comple-
mentary strand, which begins at the 5’end of the primer and
ends wherever the Taq polymerase ceases to function. After
the second cycle, DNA is synthesized, using the newly copied
strands as templates. In this case, synthesis stops when it
reaches the end of the molecule defined by the primer. By the
end of the third cycle, a new blunt-ended double-stranded
product is formed, with its 5" and 3’ ends precisely coinciding
with the primers. These blunt-ended fragments accumulate
exponentially during subsequent rounds of amplification.
Thus, the majority of fragments in the later PCR cycles have
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B FIGURE 4-8 Polymerase chain reaction (PCR). Each cycle of PCR consists of denaturation of the double-stranded DNA by heating at 94°C,

annealing of the forward and reverse primers to the template by cooling to 60°C, and extension at 72°C of the growing complementary strand cat-

alyzed by the enzyme Taq polymerase. The target DNA sequence, bracketed by the forward and reverse primers, is indicated by a black box in the

template DNA. In the third cycle, blunt-ended double-stranded products (also indicated by a black box) are formed with its 5’ and 3’ ends coincid-

ing with the primers. These target DNA fragments continue to grow exponentially with each cycle.
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both ends defined. For example, a single DNA molecule ampli-
fied through 30 cycles of replication would theoretically yield
229 (approximately 1 billion) progeny molecules. In reality,
the exponential phase of product accumulation during PCR is
not indefinite; therefore, the theoretical number of product
molecules is not reached. After a certain number of cycles, the
accumulation of product reaches a plateau, the level of which
depends on the initial number of target sequences, the quan-
tity of reagents, and the efficiency of extension.

DNA Sequencing

Individual fragments of DNA can be obtained in sufficient
amount for determining their nucleotide sequence either
by molecular cloning or by PCR. Current methods of
DNA sequencing are rapid and efficient. As the coding
sequence of a gene can be unequivocally translated into the
amino acid sequence of its encoded protein, the easiest way of
determining a protein sequence is the sequencing of a cloned
gene.

Modern sequencing is based on the chain termination
method developed in 1977 by Fred Sanger at the Medical
Research Council’s Laboratory of Molecular Biology in
Cambridge, England.! The Sanger method is based on two
facts of DNA synthesis. First, when a short primer is
hybridized to a single-stranded template in the presence of
the four dNTPs, DNA polymerase is able to synthesize a new
strand of DNA complementary to the template. Second, if 2°,
3’-dideoxyribonucleoside triphosphates (ddNTPs) are includ-
ed in the reaction, elongation will stop when a ddNTP is
incorporated because the ddNTP lacks the 3’ hydroxyl group
necessary to form the phosphodiester linkage with the follow-
ing nucleotide.

We will describe the automated fluorescent cycle sequenc-
ing method (Fig. 4-9), which is currently used by most lab-
oratories. The reaction, which is carried out in a
thermocycler, contains a DNA template, a primer, Taqg DNA
polymerase, the four dNTPs, and four ddNTPs, each labeled
with a different fluorescent dye. The primer is a synthetic
oligonucleotide, complementary to the beginning of the frag-
ment to be sequenced. For example, if the gene is cloned in a
plasmid vector, the primer will correspond to a region of the
plasmid close to the cloning site. The reaction is heated to
94°C, which causes DNA denaturation to single strand, fol-
lowed by cooling to 65°C to allow annealing and extension.
Several cycles are repeated. Working from the primer, the
polymerase randomly adds dNTPs or ddNTPs that are com-
plementary to the DNA template. The ratio of dNTPs to
ddNTPs is adjusted so that a ddNTP is incorporated into the
elongating DNA chain approximately once in every 100
nucleotides. Each time a ddNTP is incorporated, synthesis
stops, and a DNA fragment of a discrete size and labeled fluo-
rescently according to its last nucleotide is produced. At the
end of 25 cycles of the reaction, millions of copies of the tem-
plate DNA sequence are terminated at each nucleotide. These
fragments are separated by size by polyacrylamide gel elec-
trophoresis in the presence of urea as denaturing agent, cre-
ating a “ladder” of DNA fragments, each longer than the
previous one by one nucleotide. The fluorescent labels are
detected as the terminated fragments pass a laser aimed at the
bottom of the gel. When the fluorescent terminators are
struck by the laser beam, each emits a colored light of a char-
acteristic wavelength, which is collected by the detector and
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B FIGURE 4-9 DNA sequencing: automated fluorescent cycle
method. The double-stranded DNA template is denatured by heating
at 94°C. Cooling to 65°C allows the annealing of the oligonucleotide
primer. In the presence of the four dNTPs and the four fluorescently
labeled ddNTPs, Taq polymerase incorporates nucleotides into the
growing chain, following the template sequence in a 5’ to 3’ direction.
Once in approximately 100 nucleotides, a ddNTP will be incorporated
and synthesis will stop. A fragment of DNA is generated that contains
a fluorescent tag in its last nucleotide. After polyacrylamide gel elec-
trophoresis, a ladder of DNA fragments with tags of different colors
according to its 3’ labeled end nucleotide can be “read” as an elec-
trophoregram.

interpreted by the computer software as A (green), T (red), C
(blue), or G (yellow). The final output is an electrophoregram
showing colored peaks corresponding to each nucleotide posi-
tion. Modern sequencers use multiple capillary electrophore-
sis instead of a gel slab, allowing nearly complete automation
of the electrophoresis and data collection process.

Detection of Nucleic Acids and
Proteins

Up to now, techniques to isolate and characterize individual
genes have been described. To study the role of genes within
cells, however, the expression of individual genes and their
encoded proteins must be analyzed. In the following para-



graphs, methods for detecting specific nucleic acids and pro-
teins will be described.

Nucleic Acid Hybridization

Base pairing between complementary strands of DNA or RNA
allows the specific detection of nucleic acid sequences.
Double-stranded nucleic acids denature at high temperature
(90° to 100°C) and renature when cooled to form double-
stranded molecules as dictated by complementary base pair-
ing. This process is called nucleic acid hybridization. Nucleic
acid hybrids can be formed between two strands of DNA, two
strands of RNA, or one strand of RNA and one of DNA. DNA or
RNA sequences complementary to any purified DNA fragment
can be detected by nucleic acid hybridization. The DNA frag-
ment, which for example can be a cloned gene or a PCR prod-
uct, is labeled wusing radioactive, fluorescent, or
chemiluminescent tags. The labeled DNA is used as a probe
for hybridization with any DNA or RNA complementary
sequence. The resulting hybrid double strand will be labeled
and can easily be detected by autoradiography or digital imag-
ing.

Southern Blotting

In this technique developed by E. M. Southern, the DNA to be
analyzed is digested with one or more restriction endonucle-
ases and the fragments separated by agarose gel electrophore-
sis.2 The gel is then placed over a nitrocellulose or nylon
membrane and overlaid with transfer buffer. The DNA frag-
ments are transferred or “blotted” when vacuum is applied by
the flow of transfer buffer. The membrane-bound fragments
have the same relative positions as the fragments separated by
size on the gel. The filter is then hybridized with a labeled
probe, and the fragments containing the sequence of interest
are detected as labeled bands (Fig. 4-10).
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Cathode
(=)

2 Blotting with transfer buffer

3 Hybridization with
probe and detection

Anode
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Northern Blotting

This technique is a variation of the Southern blotting and is
used for detection of RNA instead of DNA. Total cellular RNAs
are extracted and fractioned by size through gel electrophore-
sis. The RNAs are then blotted onto a filter and detected by
hybridization with a labeled probe. This technique is used for
studying gene expression.

DNA Microarrays

DNA microarrays, also called gene chips, allow tens of thou-
sands of genes to be analyzed simultaneously.’® A gene chip
consists of a glass slide or a membrane filter onto which
oligonucleotides or fragments of cDNA are printed by a robot
in small spots at high density. Because a chip can contain
more than 10,000 unique DNA sequences, scientists can pro-
duce DNA microarrays containing sequences representing all
the genes in a cellular genome. A common application of this
technique is the study of differential gene expression; for
example, the comparison of the genes expressed by a normal
cell as opposed to those of a tumor cell. RNA is extracted from
both types of cells, and cDNA is reverse transcribed from the
mRNA. The two sets of cDNAs are labeled with different fluo-
rescent dyes (typically red and green), and a mixture of the
cDNAs is hybridized to the gene chip that contains many of
the genes already known in the human genome. The array is
analyzed using a laser scanner. The ratio of red to green fluo-
rescence at each specific spot on the array indicates the rela-
tive extent of transcription of the given gene in the tumor
cells compared with the normal cells.

Fluorescent in situ Hybridization (FISH)

In this technique, scientists use fluorescent probes to detect
homologous DNA or RNA sequences in chromosomes or
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B FIGURE 4-10 Southern blotting. (1)
The DNA restriction digest is submitted to
agarose gel electrophoresis.(2) The DNA
fragments are transferred from the gel to a
filter membrane by flow of buffer with nega-
tive pressure under vacuum. (3) The filter is
hybridized with a labeled probe and the
labeled DNA bands detected by digital imag-

ing.
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intact cells. In this case, the hybridization of the probe to spe-
cific cells or subcellular structures is determined by direct
microscopic examination.

PCR-Based Techniques

Amplification of DNA by PCR allows the detection of even sin-
gle copies of DNA molecules. By contrast, Southern blotting
has a limit of detection of around 100,000 copies. The speci-
ficity of the PCR amplification depends on the primers that
hybridize to complementary sequences of the template mole-
cule spanning the target DNA fragment. With carefully cho-
sen primers, PCR can be used to selectively amplify DNA
molecules from complex mixtures, such as genomic DNA
from cell extracts.

Reverse Transcription-PCR (RT-PCR)

By adding a step of cDNA synthesis by reverse transcription
(RT) prior to the PCR amplification, single copies of RNA can
be detected. By RT-PCR, RNA molecules can be specifically
amplified from total RNA obtained from cell extracts or tissue
sections.

Real-Time PCR

In real-time PCR (also called RT-PCR), the product formed in
each cycle of amplification is detected by fluorescence at the
same time that it is produced. Combined with reverse tran-
scription, this method allows the quantification of specific
mRNA in complex mixtures and is extremely useful in the
study of gene expression.

The high sensitivity of PCR-based DNA and RNA detection
techniques makes them valuable for early detection of trans-
fusion-transmitted viruses, such as HIV and hepatitis B and C.
Nucleic acid testing (NAT) is rapidly becoming a standard
method in blood banks. It allows the detection of pathogens
before the appearance of a testable immune response, such as
screening of antibodies. Reducing the “window” period (dur-
ing which donors can be infected but do not yet test positive)
helps to enhance the safety of blood products.

Antibodies as Probes for Proteins

Gene expression at the protein level can be studied by using
labeled antibodies as probes. In particular, monoclonal anti-
bodies'* are widely used in the technique called immunoblot-
ting. By analogy to Southern blotting, immunoblotting is also
known as Western blotting. Proteins in cell extracts are sepa-
rated by polyacrylamide gel electrophoresis in the presence of
the ionic detergent SDS. In SDS-PAGE electrophoresis, each
protein binds many detergent molecules, which causes its
denaturation and provides a negative charge. Proteins will
migrate to the anode; the rate of migration depends on their
size. The proteins are then transferred from the gel into a fil-
ter membrane. The protein of interest is detected by incuba-
tion with a specific labeled antibody.

Recombinant DNA Libraries

A way of isolating single genes is by the production of recom-
binant DNA libraries. Instead of trying to fish one gene out of
a mass of genomic DNA or cDNA, each gene is physically sep-

arated and introduced into a vector. The target gene is select-
ed by screening each of the individual pieces with a specific
probe. Recombinant DNA libraries are collections of clones
that contain all genomic or mRNA sequences of a particular
cell type. Clones containing a specific gene are identified by
hybridization with a labeled probe, such as a cDNA or genom-
ic clone or a PCR product.

As seen in the section on vectors, different vectors are use-
ful for isolating DNA fragments of different sizes. For exam-
ple, the Human Genome Project used BAC vectors to produce
recombinant human genomic libraries. Genomic DNA was
isolated from cells and partially digested with restriction
enzymes, obtaining large fragments of around 100 to 200 kb.
Inserts of these cloned BACs were subcloned as smaller frag-
ments into phage or plasmid vectors, which were used for
sequencing.

Complementary DNA libraries can be used to determine
gene-coding sequences from which the amino acid sequence
of the encoded protein can be deduced.

Oligonucleotides can be synthesized on the basis of partial
amino acid sequence of the protein of interest and used to
screen a recombinant cDNA library. The clones that contain
the gene encoding the target protein are isolated and
sequenced. The complete protein sequence can thus be
obtained by translating the mRNA codons into amino acids.
This approach was used in 1990 by Fumi-Chiro Yamamoto
and his colleagues to isolate the gene that codes for the group
A transferase.!®

Another approach for isolating a gene on the basis of the
protein that it encodes is by using antibodies specific against
the target protein to screen expression libraries. In this case,
the cDNA library is generated in an expression vector that
drives protein synthesis in E. coli.

Techniques for Studying Gene
Polymorphism

By recombinant DNA techniques, experimental analysis pro-
ceeds either from DNA into protein or from protein into DNA.
An important consequence for transfusion medicine has been
the introduction of techniques for typing molecular polymor-
phism not only at the protein level but also at the genetic
level. These techniques are usually grouped under the name
of DNA typing.

Restriction Fragment Length Polymorphism

Genomic DNA is usually obtained from peripheral blood
mononuclear cells (PBMC) after lysis of the cellular mem-
branes with a hypotonic solution containing detergents and
proteinase K. The proteins and cell debris are separated by
“salting out” while the DNA remains in solution. Genomic
DNA is obtained by precipitation with absolute ethanol or iso-
propanol. The pellet of DNA is separated after centrifugation
and is dissolved in water or buffer.

Genomic DNA is digested with a restriction enzyme and
submitted to Southern blotting using a probe specific for the
gene under study. DNA from different individuals may render
a different pattern of bands. These restriction fragment length
polymorphisms (RFLPs) result from a change in the
nucleotide sequence of DNA, which is recognized by the
restriction enzyme. A restriction site may disappear or be
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RFLP. Southern blot analysis of genomic DNA to

created by a mutation, and this results in a change in the size
of the DNA fragments.

For example, RFLP can be used to detect the glycosyl
transferase gene in a person who is type AO or BO. The
nucleotide deletion of the O allele results in the loss of a
BstEII site (GGTGACC) and creation of a new Kpnl site
(GGTACC). RFLP can also be used to determine if an individ-
ual carries the mutation for sickle cell anemia. The gene that
codes for Hb_ has one nucleotide difference with the normal
B-globin coding allele. The sixth codon of the defective gene
is GTG (Val). The sixth codon of the normal gene is GAG
(Glu). The restriction site for MstII (CCTGAGG) is lost in the
mutated gene (CCTGTGG).

RFLP is widely used in HLA typing for transplantation
(Fig. 4-11), in paternity testing, and in forensic science.

PCR and Allele-Specific Probes

PCR can be used to amplify polymorphic genes from genom-
ic DNA. The PCR products are blotted in a nylon filter and
hybridized with specific probes that allow the distinction of
the different known alleles. This method, usually called dot
blotting or sequence-specific oligonucleotide probe (SSOP) is
commonly used for HLA typing (Fig. 4-12).

A variation of this method is sequence-specific PCR (SSP),
in which the alleles are distinguished by PCR amplification

DRw52 LRS PROBE

B FIGURE 4-12 SSOP. Dot-blot of PCR products hybridized to an
allelic-specific HLA probe.
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with primer pairs specific for one allele or a group of alleles.
Genomic DNA is submitted to PCR amplification with a bat-
tery of primer pairs. The products of the different PCR reac-
tions are run in an agarose gdel and stained with EB. The
presence of fluorescent bands of a defined size in the gel indi-
cates the presence of the allele for which the primer pair is
specific (Fig. 4-13).

DNA Sequencing

Alleles of polymorphic genes can also be specifically amplified
by PCR and sequenced after cloning into plasmid vectors.
Alternatively, direct sequencing of PCR products can be done
without previous cloning, if the product obtained is pure
enough. This procedure is currently used in HLA typing for
allogeneic HSCT.

DNA Profiling or “Fingerprinting”

“Minisatellites” and “microsatellites” are regions of DNA
interspersed in the human genome formed by variable tan-
dem repeats of short nucleotide sequences. The variability
depends on the number of repeat units contained within each
“satellite.” Minisatellites or variable tandem repeats are com-
posed of repeated units ranging in size from 9 to 80 bp.
Microsatellites or short tandem repeats contain repeat units
of 2 to 5 nucleotides.

The polymorphism of these loci in the human population
is so high that there is a very low probability that two indi-
viduals will have the same number of repeats. When several
loci are analyzed, the probability of finding two individuals in
the human population with the same polymorphic pattern is
extremely low. The independence of inheritance of the differ-
ent loci tested is ensured by choosing loci on different chro-
mosomes. The pattern of polymorphism (the differences in
number of repeats or length) can be determined by RFLP or
PCR analysis. In 1997, the Federal Bureau of Investigation

DRB1*13 DRB1*08

DQB1*03 DQB1*04 DRB3*00

M FIGURE 4-13 SSP. Genomic DNA was PCR amplified with
primer-pairs specific for different HLA class Il alleles or group of alle-
les. Courtesy of HLA laboratory, Department of Transfusion Medicine,

NIH
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recommended a 13-panel of STRs, plus an XY marker, for
criminal investigations. With this number of independently
inherited polymorphisms, the probability of even the most
common combinations is less than 1 in 10 billion. Thus, mod-
ern DNA testing can uniquely identify each person; hence the
name “DNA fingerprinting.” DNA profiling is used in forensic
applications, paternity testing, and in following chimerism
after HSCT.

Systems Biology

Some of the most exciting recent advances in molecular biol-
ogy have been the result of analyzing the complete nucleotide
sequence of both the human genome and the genome of sev-
eral model organisms including E. coli, Saccharomyces cere-
visiae (yeast), Drosophila (the fruit fly), Caenorhabiditis
elegans (the worm), and Mus musculus (the mouse).

A draft sequence of the human genome was published in
2001 by two independent teams of researchers!®!7. The public
effort was led by the International Human Genome Project
and used BAC libraries, as we briefly described in the section
on recombinant libraries. The other group, led by Craig
Venter of Celera Genomics, used a “shotgun” approach in
which small fragments of genomic DNA were cloned and
sequenced. Overlaps between the fragment sequences were
used to assemble the whole genome. This draft encompassed
about 90% of the euchromatin portion of the human genome.
Continuing work by researchers around the world has ren-
dered a high-quality human genome sequence in 2003, 50
years after the Nafure paper in which Watson and Crick
described the structure of DNA. This wealth of information,
which is constantly updated, can be accessed through the
National Center for Biotechnology Information (NCBI) Web
site (www.ncbi.nlm.nih.gov).

In its first 50 years, molecular biology has been primarily
an analytical science, concerned mainly with reducing bio-
logic problems to the level of individual genes. This approach
has been extraordinarily successful in finding the key genes
involved in cellular replication and development as well as
identifying the genes involved in genetic disorders such as
sickle cell anemia and hereditary spherocytosis. The chal-
lenge for the next few decades is to understand the synchro-
nized activity of numerous genes during key biologic events,
such as development and memory, and to understand the
multiple genes presumably involved in complex diseases such
as cancer and diabetes. A further complication is the fact that
several different proteins can be produced from a single gene
by alternative RNA splicing and that additional forms are cre-
ated by post-translational modifications.

To solve these complex questions, biologists are turning to
more synthetic approaches that allow them to examine the
coordinated expression of multiple genes. Experiments per-
formed using DNA and protein chips are starting to show how
hundreds or thousands of genes are expressed coordinately in
response to different developmental and environmental stim-
uli. Analysis of these data is one of the applications of bioin-
formatics, a discipline that uses computer algorithms to
manage and analyze large-scale experiments. The functions of
genes implicated in a specific pathway can be further explored
by “reverse genetics.” Genes can be “knocked out” or inserted
as wild-type or mutated into the germ line of a mouse or other
animal model'®1%, The resulting knockout or transgenic ani-

mal can be analyzed for metabolic or behavioral changes,
which can give clues to the mechanism of function of the
gene under study. A novel way of studying specific gene func-
tion is RNA interference, by which small synthetic RNA mol-
ecules can be used to silence a specific target gene.2’ The new
biology that is emerging, systems biology,?! requires integra-
tion of knowledge from experiments done in vitro, in vivo,
and in silico (in a computer).

SUMMARY CHART:

Important Points to Remember (MT/SBB)

» The central dogma of molecular biology: DNA— RNA
— protein.

> Proteins have structural, enzymatic, and gene regulato-
ry function. Through these mechanisms the genotype
of a cell is translated into its phenotype.

> DNA is the genetic material.

> DNA is a double helix, consisting of two antiparallel
strands of stacked nucleotides paired through hydrogen
bonds. Adenine (A) always pairs with thymine (T), and
cytosine (C) always pairs with guanine (G).

» The structure of DNA determines its function. The
sequence of nucleotides of one strand determines the
sequence of its complementary strand, the basis for
the semiconservative way of replication.

> A gene is transcribed into precursor RNA, and the
spliced mRNA is translated into the amino acid
sequence of the coded protein. The sequence of mRNA
unequivocally determines the sequence of the protein.

» Recombinant DNA is the DNA of one organism “cut and
pasted” into a carrier vector. The foreign gene intro-
duced in a host organism is functional because the
genetic code is universal.

» By DNA cloning, recombinant genes of complex ani-
mals, such as humans, are introduced into simple
organisms, such as bacteria, and other model organ-
isms, such as mice, allowing structural and functional
studies.

» Restriction endonucleases, bacterial enzymes that rec-
ognize and cut specific DNA sequences, are fundamen-
tal tools for DNA cloning.

> Gel electrophoresis separates nucleic acids by size.
The most common host cell is the bacterium E. coli.

\

» Plasmids, the most commonly used vectors, are inde-
pendently replicating circular DNA molecules modified
to provide the host cell with resistance to antibiotics
(selectable marker) and one or more restriction enzyme
sites for inserting the recombinant gene.

> By reverse transcription, mRNA is transcribed into
complementary DNA (cDNA).

» Automated fluorescent DNA sequencing based on the
Sanger method is a standard laboratory procedure.

» DNA sequencing of a cloned cDNA corresponding to a
given gene is the easiest way to determine the amino
acid sequence of a protein.



>

>

>

Genomic and cDNA libraries are collections of clones
containing the genetic material of a cell.

Base pairing between complementary strands of DNA or
RNA (hybridization with a labeled probe) is used to
detect specific nucleic acid sequences in complex mix-
tures.

Southern blotting, Northern blotting, and dot blotting
are hybridization-based techniques for nucleic acid
sequence specific recognition.

The polymerase chain reaction (PCR) is an in-vitro
method for DNA amplification.

Molecular polymorphism is studied at the genetic level
by DNA typing. Methods for DNA typing relevant for
transfusion medicine are restriction fragment length
polymorphism, allele-specific oligonucleotide probe
hybridization, allele-specific PCR amplification, DNA
sequencing, and DNA profiling (DNA fingerprinting).
PCR is used for the early detection of transfusion-
transmitted pathogens.

Other therapeutic uses of molecular biology are gene
therapy and the clinical use of recombinant proteins,
such as interferons, coagulation factors, and growth
factors.

REVIEW QUESTIONS

. The central dogma of molecular biology states that:

a. DNA is the genetic material
b. RNA is the genetic material
c. DNA is translated to mRNA
d. Proteins are transcribed from mRNA

. Recombinant-DNA technology is possible because:

a. Restriction endonucleases cut RNA

b. Restriction endonucleases cut proteins
c. The genetic code is universal

d. Bacteria are difficult to culture

. Agarose gel electrophoresis is a technique used for:

a. DNA synthesis

b. RNA synthesis

c. Separation of DNA molecules by size
d. Oligonucleotide synthesis

. Restriction fragment length polymorphism (RFLP) is

based on the use of the enzymes:
a. Reverse transcriptases

b. Bacterial endonucleases

c. DNA polymerases

d. RNA polymerases

. The polymerase chain reaction (PCR):

a. Is carried out in vivo

b. Is used for peptide synthesis

¢. Requires RNA polymerase

d. Is used for the amplification of DNA

. Plasmids are:

10.
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a. Vectors used for molecular cloning
b. Antibiotics

c. Enzymes

d. Part of chromosomes

Some model organisms:

a. Simplify the study of human disease

b. Are used to produce recombinant proteins
c. Are prokaryotes and some are eukaryotes
d. All of the above

DNA sequencing:

a. Is more difficult than peptide sequencing
b. Requires the use of RNA polymerase

d. Is an enzymatic in vitro reaction

RFLP and SSP are techniques used for:
a. Protein isolation

b. RNA isolation

c. DNA typing

d. Protein typing

Recombinant DNA techniques:

a. Are not used in a clinical setting
b. Are useful research tools

c. Are not used in blood banking
d. Are useful only for research
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On completion of this chapter, the learner should be able to:

1. State the principle of the antiglobulin test. 7. Compare and contrast the IAT and the direct antiglobulin
2. Differentiate monoclonal from polyclonal and test (DAT).
monospecific from polyspecific antihuman globulin (AHG) 8. Include an explanation of (1) principle, (2) applications,
reagents. and (3) red blood cell sensitization.
3. Describe the preparation of monoclonal and polyclonal 9. List the reasons for the procedural steps in the DAT and
AHG reagents. IAT.
4. Explain the antibody requirements for AHG reagents. 10. Interpret the results of a DAT panel.
5. Discuss the use of polyspecific versus monospecific AHG in 11. List the factors that affect the antiglobulin test.
the indirect antiglobulin test (IAT). 12. List the sources of error associated with the performance
6. Discuss the advantages and disadvantages of anticomple- of the antiglobulin test.
ment activity in polyspecific AHG. 13. Discuss new techniques for antiglobulin testing.

93



94 CHAPTER § The Antiglobulin Test

Introduction

The antiglobulin test (also called Coombs’ test) is based on
the principle that antihuman globulins (AHGs) obtained from
immunized nonhuman species bind to human globulins such
as IgG or complement, either free in serum or attached to
antigens on red blood cells (RBCs).

There are two major types of blood group antibodies, IgM
and IgG. Because of their large pentamer structure, IgM anti-
bodies bind to corresponding antigen and directly agglutinate
RBCs suspended in saline. IgG antibodies are termed nonag-
glutinating because their monomer structure is too small to
agglutinate sensitized RBCs directly. The addition of AHG
containing anti-IgG to RBCs sensitized with IgG antibodies
allows for hemagglutination of these sensitized cells. Some
blood group antibodies have the ability to bind complement
to the RBC membrane. Antiglobulin tests detect 1gG and/or
complement-sensitized RBCs.

History of the Antiglobulin Test

Before the discovery of the antiglobulin test, only IgM anti-
bodies had been detected. The introduction of the antiglobu-
lin test permitted the detection of nonagglutinating IgG
antibodies and led to the discovery and characterization of
many new blood group systems.

In 1945, Coombs and associates! described the use of the
antiglobulin test for the detection of weak and nonagglutinat-
ing Rh antibodies in serum. In 1946, Coombs and coworkers?
described the use of AHG to detect in-vivo sensitization of the
RBCs of babies suffering from hemolytic disease of the new-
born (HDN). Although the test was initially of great value in
the investigation of Rh HDN, its versatility for the detection
of other IgG blood group antibodies soon became evident. The

first of the Kell blood group system antibodies® and the asso-
ciated antigen were reported only weeks after Coombs had
described the test.

Although Coombs and associates' were instrumental in
introducing the antiglobulin test to blood group serology,
the principle of the test had in fact been described by
Moreschi? in 1908. Moreschi’s studies involved the use of rab-
bit antigoat serum to agglutinate rabbit RBCs that were sen-
sitized with low nonagglutinating doses of goat anti-rabbit
RBC serum.

Coombs’ procedure involved the injection of human serum
into rabbits to produce antihuman serum. After absorption to
remove heterospecific antibodies and dilution to avoid pro-
zone, the AHG serum still retained sufficient antibody activi-
ty to permit cross-linking of adjacent RBCs sensitized with
IgG antibodies. The cross-linking of sensitized RBCs by AHG
produced hemagglutination, indicating that the RBCs had
been sensitized by an antibody that had reacted with an anti-
gen present on the cell surface.

The antiglobulin test can be used to detect RBCs sensitized
with IgG alloantibodies, IgG autoantibodies, and complement
components. Sensitization can occur either in vivo or in vitro.
The use of AHG to detect in-vitro sensitization of RBCs is a
two-stage technique referred to as the indirect antiglobulin
test (IAT). In-vivo sensitization is detected by a one-stage pro-
cedure, the direct antiglobulin test (DAT). The IAT and DAT
still remain the most common procedures performed in blood
group serology.

AHG Reagents

Several AHG reagents have been defined by the Food and
Drug Administration (FDA) Center for Biologics Evaluation
and Research (CBER). These are listed in Table 5-1 and are

TABLE 5-1 Antihuman Globulin Reagents
Reagent Definition
Polyspecific
1. Rabbit polyclonal Contains anti-lgG and anti-C3d (may contain other anticomplement
and other anti-immunoglobulin antibodies).
2. Rabbit/murine monoclonal blend Contains a blend of rabbit polyclonal antihuman IgG and murine
monoclonal anti-C3b and -C3d.
3. Murine monoclonal Contains murine monoclonal anti-IgG, anti-C3b, and anti-C3d.
Monospecific Anti-1gG
1. Rabbit polyclonal Contains anti-IgG with no anti-complement activity (not necessarily
gamma-chain specific).
2. IgG heavy-chain specific Contains only antibodies reactive against human gamma chains.
3. Monoclonal I1gG Contains murine monoclonal anti-IgG

Anticomplement

Rabbit polyclonal
1. Anti-C3d and anti-C3b
2. Anti-C3d, anti-C4b, anti-C4d

Murine Monoclonal
1. Anti-C3d
2. Anti-C3b, anti-C3d

Contains only antibodies reactive against the designated complement

component(s), with no anti-immunoglobulin activity.

Contains only antibodies reactive against the designated complement

component, with no anti-immunoglobulin activity.

Modified from Tyler, V (ed): Technical Manual, ed 12. American Association of Blood Banks, Bethesda, MD, 1996.



discussed in the following paragraphs. Antihuman globulin
reagents may be polyspecific or monospecific.

Polyspecific AHG

Polyspecific AHG contains antibody to human IgG and to the
C3d component of human complement. Other anticomple-
ment antibodies, such as anti-C3b, anti-C4b, and anti-C4d,
may also be present. Commercially prepared polyspecific AHG
contains little, if any, activity against IgA and IgM heavy
chains. However, the polyspecific mixture may contain anti-
body activity to kappa and lambda light chains common to all
immunoglobulin classes, thus reacting with IgA or IgM mol-
ecules.’

Monospecific AHG

Monospecific AHG reagents contain only one antibody speci-
ficity: either anti-IgG or antibody to specific complement
components such as C3b or C3d. Licensed monospecific AHG
reagents in common use are anti-IgG and anti-C3b-C3d.’

Anti-IgG

Reagents labeled anti-IgG contain no anticomplement activi-
ty. Anti-IgG reagents contain antibodies specific for the Fc
fragment of the gamma heavy chain of the IgG molecule. If
not labeled “gamma heavy chain—specific,” anti-IgG may con-
tain anti-light chain specificity and therefore react with cells
sensitized with IgM and IgA as well as with IgG.>

Anti-Complement

Anti-complement reagents, such as anti-C3b-C3d reagents,
are reactive against the designated complement components
only and contain no activity against human immunoglobu-
lins.

Preparation of AHG

The classic method of AHG production involves injecting
human serum or purified globulin into laboratory animals,
such as rabbits. The human globulin behaves as foreign anti-
gen, the rabbit’s immune response is triggered, and an anti-
body to human globulin is produced. For example, human
IgG injected into a rabbit results in anti-IgG production;
human complement components injected into a rabbit result
in anticomplement. This type of response produces a poly-
clonal antiglobulin serum. Polyclonal antibodies are a mix-
ture of antibodies from different plasma cell clones. The
resulting polyclonal antibodies recognize different antigenic
determinants (epitopes), or the same portion of the antigen
but with different affinities. Hybridoma technology can be
used to produce monoclonal antiglobulin serum. Monoclonal
antibodies are derived from one clone of plasma cells and rec-
ognize a single epitope.

Preparation of Polyspecific AHG

Polyclonal AHG Production

Polyclonal AHG is usually prepared in rabbits, although when
large volumes of antibody are required, sheep or goats may be

CHAPTER § The Antiglobulin Test 95

used. In contrast with the early production methods, in which
a crude globulin fraction of serum was used as the immuno-
gen, modern production commences with the purification of
the immunogen from a large pool of normal sera.

Conventional polyspecific antiglobulin reagents are pro-
duced by immunizing one colony of rabbits with human
immunoglobulin (IgG) antigen and another colony with
human C3 antigen. Because of the heterogeneity of IgG mol-
ecules, the use of serum from many donors to prepare the
pooled IgG antigen to immunize the rabbits and the pooling
of anti-IgG from many immunized rabbits are essential in
producing reagents for routine use that are capable of detect-
ing the many different IgG antibodies. This is an advantage of
using anti-IgG of polyclonal origin for antiglobulin serum.®

Both colonies of animals are hyperimmunized to produce
high-titer, high-avidity IgG antibodies. Blood specimens are
drawn from the immunized animals, and if the antibody
potency and specificity meet predetermined specifications,
the animals are bled for a production batch of reagent.
Separate blends of the anti-IgG and anticomplement antibod-
ies are made, and each pool is then absorbed with A, B, and
O cells to remove heterospecific antibodies. The total anti-
body content of each pool is determined, and the potency of
the pools is analyzed to calculate the optimum antibody dilu-
tion for use. Block titrations for anti-IgG pools are performed
by reacting dilutions of each antibody against cells sensitized
with different amounts of IgG. This is a critical step in the
manufacturing process because excess antibody, especially
with anti-IgG, may lead to prozoning and, hence, false-
negative test results.

Because it is not possible to coat cells with measured
amounts of complement, the potency of anti-C3 pools is
measured using at least two examples each of a C3b- and C3d-
coated cell. Both anti-C3b (C3c) and anti-C3d are present in
the polyclonal anti-C3 pool. The level of anti-C3d is particu-
larly critical in keeping false-positive tests to a minimum yet
detecting clinically significant amounts of RBC-bound C3d.
Additionally, if the dilution of the anti-C3 pool is determined
on the basis of the amount of anti-C3d present, the level of
anti-C3b (C3c) varies. The inability to determine the potency
of anti-C3b and anti-C3d individually is one of the difficulties
with polyclonal reagents that can be avoided with monoclon-
al products.5 Once the required performance characteristics
of the trial blend are obtained, a production blend of the sep-
arate anti-IgG and anticomplement pools is made.

Monoclonal AHG Production

The monoclonal antibody technique devised by Kohler and
Milstein? has been used to produce AHG and has proved par-
ticularly useful in producing high-titer antibodies with well-
defined specificities to IgG and to the fragments of C3.8-10
Monoclonal antibody production begins with the immu-
nization of laboratory animals, usually mice, with purified
human globulin. After a suitable immune response, mouse
spleen cells containing antibody-secreting lymphocytes are
fused with myeloma cells. The resulting “hybridomas” are
screened for antibodies with the required specificity and affin-
ity. The antibody-secreting clones may then be propagated in
tissue culture or by inoculation into mice, in which case the
antibody is collected as ascites. Because the clonal line pro-
duces a single antibody, there is no need for absorption to
remove heterospecific antibodies. All antibody molecules
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produced by a clone of hybridoma cells are identical in
terms of antibody structure and antigen specificity. This has
advantages and disadvantages in AHG production. Once an
antibody-secreting clone of cells has been established, anti-
body with the same specificity and reaction characteristics
will be available indefinitely. This allows the production of a
consistently pure and uncontaminated AHG reagent. The dis-
advantage is that all antibodies produced by a clone of cells
recognize a single epitope present on an antigen. For antigens
composed of multiple epitopes such as IgG, several different
monoclonal antibodies reacting with different epitopes may
need to be blended, or a monoclonal antibody specificity for
an epitope on all variants of a particular antigen may need to
be selected to ensure that all different expressions of the anti-
gen are detected. Monoclonal antibodies to human comple-
ment components anti-C3b and anti-C3d may be blended with
polyclonal anti-IgG from rabbits to achieve potent reagents
that give fewer false-positive reactions as a result of anticom-
plement; Gamma Biologicals manufactures AHG reagents
from an entirely monoclonal source. The anti-IgG component
is produced by exposing mice to RBCs coated with IgG. The
resulting monoclonal anti-IgG reacts with the C,;3 region of
the gamma chain of IgG subclasses 1, 2, and 3. The antibody
does not react with human antibodies of subclass IgG,, but
these are not considered to be clinically significant. Blending
the monoclonal anti-IgG with a monoclonal anti-C3b and
monoclonal anti-C3d results in a polyspecific AHG reagent.
The preparation of polyclonal and monoclonal AHG is dia-
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grammed in Figure 5-1. Before the AHG is available for pur-
chase, manufacturers must subject their reagents to an eval-
uation procedure, and the results must be submitted to the
United States Food and Drug Administration for approval.
Whether produced by the polyclonal or monoclonal tech-
nique, the final polyspecific product is one that contains both
anti-IgG and anticomplement activity at the correct potency
for immediate use. The reagent also contains buffers, stabiliz-
ers, and bacteriostatic agents and may be dyed green for iden-
tification.

Preparation of Monospecific AHG

Monospecific AHG is prepared by a production process simi-
lar to that described for polyspecific AHG; however, it con-
tains only one antibody specificity. Monospecific anti-IgG is
usually of polyclonal origin; however, monoclonal anti-IgG
has been prepared effectively by hybridoma technology.
Monospecific anticomplement reagents are often a blend of
monoclonal anti-C3b and monoclonal anti-C3d.

Antibodies Required in AHG
Anti-IgG

AHG must contain antibody activity to nonagglutinating
blood group antibodies. The majority of these antibodies are a
mixture of IgG, and IgG, subclass. Rarely, nonagglutinating

Hybridoma Technology
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B FIGURE 5-1
either polyclonal or monoclonal anticomplement components. A monoclonal blend may be manufactured by blending monoclonal anti-C3b,

Preparation of AHG reagents. Polyspecific antihuman globulin may be manufactured by combining polyclonal anti-IgG with

monoclonal anti-C3d, and monoclonal anti-IgG. Monospecific antihuman globulin reagents can be manufactured by conventional or hybridoma

technology.



IgM antibodies may be found; however, they have always
been shown to fix complement and may be detected by anti-
complement.!! IgA antibodies with Rh specificity have been
reported; however, IgG antibody activity has always been pres-
ent as well. The only RBC alloantibodies that have been
reported as being solely IgA have been examples of anti-Pr,12
and those antibodies were agglutinating. IgA autoantibodies
have been reported, although very rarely.!® Therefore, anti-
IgG activity must be present in the AHG reagent. Anti-IgM
and anti-IgA activity may be present, but neither is essential.
The presence of anti-light-chain activity allows detection of
all immunoglobulin classes.

Anti-Complement

Some antibodies “fix” complement components to the RBC
membrane after complexing of the antibody with its corre-
sponding antigen. These antibodies are listed in Table 5-2.
These membrane-bound complement components can be
detected by the anticomplement activity in AHG.

Early AHG reagents were prepared using a crude globulin
fraction as the immunogen. In 1947, Coombs and Mourant
demonstrated that the antibody activity that detected Rh anti-
bodies was associated with the anti-gamma globulin fraction
in the reagent. The first indication that there might be anoth-
er antibody activity present that had an influence on the final
reaction was presented by Dacie in 1951.1* He observed that
different reaction patterns were obtained when dilutions of
AHG were used to test cells sensitized with “warm” as com-
pared with “cold” antibodies. In 1957, Dacie and coworkers!®
published data showing that the reactivity of AHG to cells sen-
sitized with “warm” antibodies resulted from anti—-gamma
globulin activity, whereas anti-nongamma globulin activity
was responsible for the activity of cells sensitized by “cold”
antibodies. The nongamma globulin component was shown
to be beta globulin and had specificity for complement. Later
studies'®!7 revealed that the complement activity was a result
of C3 and C4.

During the 1960s many reports were published indicating
the need for anticomplement activity in AHG to allow the
detection of antibodies by the IAT.18-21 Many of the specifici-
ties mentioned in these reports were ones that are now gen-
erally considered to be of little clinical significance (e.g.,
anti-Le?, anti-P;, and anti-H). However, one specificity that

TABLE 5-2 Antibodies Capable of
Binding Complement

Most Some Rare
ABO S S
Le? Xg? P,
Leb LKE Lu?
Jk? Lan Lub
JkP Kell
Scl Fy?
Co3 Fyb
Ge2 Cob
Ge3

Ti

P

Pk

Vel

Note: These antibodies are discussed in detail in Chapters 6 through 9.
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was consistently mentioned and that is considered clinically
significant was anti-Jk2. Evidence was also presented showing
that the presence of anticomplement activity would enhance
the reactions of clinically significant antibodies (e.g., anti-Fy?
and anti-K).18

Use of Polyspecific Versus
Monospecific AHG in the IAT

As previously stated, polyspecific AHG contains both anti-IgG
activity and anti-C3 activity. There is considerable debate
among immunotransfusionists over the use of monospecific
anti-IgG versus polyspecific AHG for routine antibody detec-
tion and pretransfusion testing. Because most clinically sig-
nificant antibodies detected during antibody screening are
IgG, the most important function of polyspecific AHG is the
detection of IgG antibodies.

There have been numerous reports of clinically significant
RBC alloantibodies that were not detectable with monospecif-
ic anti-IgG but were detected with the anticomplement com-
ponent of AHG.?22 Unfortunately, polyspecific AHG has also
been associated with unwanted positive reactions that are not
caused by clinically significant antibodies. To investigate
these variables, Petz and coworkers?® examined 39,436 sera
comparing monospecific anti-IgG with polyspecific AHG.
They also compared the albumin technique with low ionic
strength solutions (LISS)-suspended RBCs. Four Jk? antibod-
ies were detected with polyspecific but not with monospecific
anti-IgG using albumin or LISS-suspended RBCs. An addi-
tional anti-Jk* was detected only with polyspecific AHG when
using LISS but not with albumin. Also, five antibodies of anti-
Kell, anti-Jk?, and Fy? specificities were detected when using
LISS, but not albumin, with both polyspecific AHG and anti-
IgG. Their results concluded that some clinically significant
antibodies are detected with the anticomplement component
of AHG but not with anti-IgG. This is especially true for anti-
Jk?, a complement-binding IgG antibody often associated with
delayed hemolytic transfusion reactions.

Petz and others? also determined the number of false-
positive reactions obtained when using polyspecific AHG ver-
sus anti-IgG with LISS and albumin. False-positive reactions
were defined as those caused by antibodies with no definable
specificity or by antibodies considered to be clinically insignif-
icant because of optimum reactivity at cold temperatures
(anti-I, anti-H, anti-P;, anti-M). Of the unwanted positive
reactions, 93 percent were shown to be caused by C3 on the
cells. The authors emphasize that, if the first step in evaluat-
ing a weakly positive AHG reaction is to repeat using the pre-
warmed technique, about 60 percent of the false-positive
weak reactions become negative.

In a 3-year study, Howard and associates?* found eight
patients whose antibodies were detected primarily or solely
by AHG containing anticomplement activity. Seven of these
antibodies had anti-Jk? or anti-Jk" specificity. Some of them
could be detected using homozygous Jk* or Jk" cells and
an AHG containing only anti-IgG activity. Two of the anti-
Jk* antibodies were associated with delayed hemolytic
transfusion reactions. The complement-only Kidd antibodies
represented 23 percent of all Kidd antibodies detected during
the study. The authors concluded that they would continue to
use polyspecific AHG reagent for routine compatibility test-
ng.

In summary, one must balance the advantage of detecting
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clinically significant complement-only antibodies with the
disadvantages resulting from using antiglobulin serum
containing anti-complement activity.?? A decision on the
use of the AHG reagent for indirect tests is the prerogative
of the individual blood bank. Many blood banks have adopted
the use of monospecific anti-IgG for routine pretransfu-
sion testing, citing cost containment measures necessitated
by the high number of repeats versus the rarity of comple-
ment-only detected antibodies such as anti-Jk?, Milam?® states
rare clinical transfusion intolerance when using monospe-
cific anti-IgG over polyspecific AHG reagents to screen for
unexpected antibodies and to test for blood group compat-
ibility offers reliability without interference from common
and clinically insignificant IgM-complement fixing anti-
bodies.

AHG Reagents and the DAT

The DAT detects in vivo sensitization of RBCs with IgG and/or
complement components. During complement activation,
C3 and C4 are split into two components. C3b and C4b bind
to the RBC membrane, whereas C3a and C4a pass into the
fluid phase. Further degradation of membrane-bound C3b
and C4b occurs by removal of C3c and C4c to leave C3d and
C4d firmly attached to the RBC membrane.?6-?® Anti-C3c was
considered by the ISBT/ICSH Joint Working Party® to be
the most important anticomplement component, because
of its limited capacity to cause nonspecific reactions.
However, when RBCs are incubated with serum for longer
than 15 minutes, the number of C3c determinants falls rapid-
ly because C3c is split off the C3bi molecule. This finding fur-
ther supports the use of anti-C3d in international reference
reagents by the Joint Working Party. The final degradation
step has been shown to occur in vivo®® and, in fact, is a com-
mon occurrence in both warm and cold autoimmune
hemolytic anemias. Engelfriet and others®' have also shown
that degradation of C3b to C3d can occur in vitro, providing
that the incubation period is greater than 1 hour. In 1976,
Garratty and Petz** confirmed the need for anti-C3d activity
in AHG for use in the DAT. They also confirmed Engelfriet’s
observation that, given sufficient time, cell-bound C3b could
be degraded to C3d in vitro.

The detection of C3d on the RBC membrane is important
in the investigation of both warm and cold autoimmune
hemolytic anemia (AIHA). Many cases of warm AIHA are asso-
ciated with both IgG and C3d coating the RBCs. In cold ATHA,
C3d may be the only globulin detectable on the RBC.
Characterization of AIHA requires the detection of the specif-
ic globulin sensitizing the RBCs in vivo, usually IgG or C3d or
both. In the investigation of AIHA, a DAT is performed initial-
ly with polyspecific AHG. If globulins are detected on the RBC
membrane, follow-up testing with monospecific AHG (anti-
IgG, anti-C3d) is performed to identify the coating proteins.
Although the RBCs of most patients with AIHA are coated
with IgG, the cells of some patients will exhibit both IgG and
complement coating or complement alone. The presence of
complement alone may support the diagnosis of AIHA, ren-
dering the finding significant.?

Principles of the Antiglobulin Test

The antiglobulin test is based on the following simple princi-
ples:33

1. Antibody molecules and complement components are
globulins.

2. Injecting an animal with human globulin stimulates the
animal to produce antibody to the foreign protein (i.e.,
AHG). Serologic tests employ a variety of AHG reagents
reactive with various human globulins, including anti-IgG,
antibody to the C3d component of human complement,
and polyspecific reagents that contain both anti-IgG and
anti-C3d activity.

3. AHG reacts with human globulin molecules, either bound
to RBCs or free in serum.

4. Washed RBCs coated with human globulin are agglutinat-
ed by AHG.

The complete procedures for the direct and indirect antihu-
man globulin tests can be found in the procedural appendix at
the end of this chapter. Color Plate 1 summarizes the
methodology of both tests. Figure 5-2 illustrates in-vitro
sensitization detected in the IAT and in-vivo sensitization
detected by the DAT.

DAT

Principle and Application of the DAT

The DAT detects in-vivo sensitization of RBCs with IgG and/or
complement components. Clinical conditions that can result
in in-vivo coating of RBCs with antibody and/or complement
are:

1. Hemolytic disease of the newborn (HDN)
2. Hemolytic transfusion reaction (HTR)
3. Autoimmune and drug-induced AIHA.

Table 5-3 lists the clinical application and in-vivo sensitiza-
tion detected for each situation.

The DAT is not a required test in routine pretransfusion
protocols. In a study by the College of American Pathologists
in 1998,3* 54 percent of 4299 laboratories surveyed reported
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B FIGURE 5-2 AHG test. The IAT is used to determine in-vitro
sensitization of RBCs, whereas the DAT is used to detect in-vivo
sensitization. Polyspecific AHG contains anti-IgG and anti-complement
activity.



TABLE 5-3 Direct Antiglobulin Test

Principle: Detects In-Vivo RBC Sensitization

Application In-Vivo Sensitization
HDN Maternal antibody coating fetal RBCs
HTR Recipient antibody coating donor RBCs
AIHA Autoantibody coating individual’s RBCs

using the DAT in pretransfusion testing, the primary ration-
ale being early detection of alloimmunization. Eder® tested
the clinical utility of the DAT at a large tertiary care hospital
in Philadelphia. A retrospective study was performed from
1999 to 2002. DATs with anti-IgG were performed on 15,662
pretransfusion patient samples; 15 percent were positive.
Subsequent eluate testing revealed nonreactivity in 76 per-
cent; 9 percent panreactive; and 12 percent passively acquired
ABO or D antibodies. Only one case demonstrated an RBC
antibody in the eluate that was not detected in the serum,
concluding that even in a tertiary care setting the routine
DAT is inefficient yielding a positive predictive value of 0.16
percent. Judd and coworkers revealed similar findings on
65,049 blood samples in a 29-month period, where only 5.5
percent of samples resulted in a positive DAT.36

DAT Panel

Initial DATs include testing one drop of a 3 to 5 percent sus-
pension of washed RBCs with polyspecific (anti-IgG, anti-C3d)
reagent. Positive results are monitored by a DAT panel using
monospecific anti-IgG and anti-C3d to determine the specific
type of protein sensitizing the cell. Some institutions choose
to run polyspecific and monospecific reagents at one time as
well as a saline control. The saline control serves to detect
spontaneous agglutination of cells or reactions occurring
without the addition of AHG reagents. In warm AIHA, includ-
ing drug-induced hemolytic anemia, the RBCs may be coated
with IgG or C3d, or both. Patterns of reactivity and the type of
protein sensitization in AIHA are summarized in Table 5-4.
In a transfusion reaction workup, the DAT may demonstrate
IgG or C3d, or both, depending on the nature and specificity
of the recipient’s antibody. In the investigation of HDN, test-
ing for complement proteins is not necessary inasmuch as the

TABLE 5-4 DAT Panel: Patterns of Reactivity

in Autoimmune Hemolytic Anemia*

Anti-lgG Anti-C3d Type of AIHA
+ + WAIHA (67%)
I+ = WAIHA (20%)
— + CHD; PCH, WAIHA (13%)

Modified from Walker, RH (ed): Technical Manual, ed 10.

American Association of Blood Banks, Arlington, VA, 1990.

*The DAT with monospecific antiglobulin reagents is helpful in
classifying ATHAs. Other procedures and studies are necessary to
diagnose and characterize which form of autoimmune disease is
present.

WAIHA = warm autoimmune hemolytic anemia; CHD = cold hemag-
glutinin disease; PCH = paroxysmal cold hemoglobinuria
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protein sensitizing the newborn RBCs is presumed to be
maternal IgG. Problems can arise in accurate D typing in the
case of a newborn with a positive DAT. If the DAT is positive
due to IgG and the immediate spin for D typing is negative, a
test for weak D cannot be performed. The same is true for a
patient with AIHA due to a warm IgG antibody coating the
patient cells. The antibody must be removed from the RBCs
for accurate phenotyping. Other techniques can be used to
remove antibody from the patients RBCs. These include
chloroquine diphosphate, EDTA-glycine, and a method using
murine monoclonal antibodies.

Evaluation of a Positive DAT

Clinical consideration should dictate the extent to which a
positive DAT is evaluated. Interpreting the significance of a
positive DAT requires knowledge of the patient’s diagnosis,
drug therapy, and recent transfusion history. A positive DAT
may occur without clinical manifestations of immune-
mediated hemolysis. Table 5-5 describes the in-vivo phe-
nomena that may be associated with a positive DAT.

The American Association of Blood Banks Technical
Manual® states that “results of serological tests are not diag-
nostic; their significance can only be assessed in relationship
to the patient’s clinical condition.” Answering the following
questions before investigating a positive DAT for patients
other than neonates will help determine what further testing
is appropriate:

Is there evidence of in-vivo hemolysis?

Has the patient been transfused recently?

Does the patient’s serum contain unexpected antibodies?

Is the patient receiving any drugs?

Has the patient received blood products or components

containing ABO-incompatible plasma?

6. Is the patient receiving antilymphocyte globulin or
antithymocyte globulin?

7. Is the patient receiving IVIG or IV RhIG?

Gl W=

IAT (Indirect Antiglobulin Test)
Principle and Application of the IAT

The IAT is performed to determine in-vitro sensitization of
RBCs and is used in the following situations:

1. Detection of incomplete (nonagglutinating) antibodies to
potential donor RBCs (compatibility testing) or to screen-
ing cells (antibody screen) in serum

2. Determination of RBC phenotype using known antisera
(e.g., Kell typing, weak D testing)

3. Titration of incomplete antibodies

Table 5-6 lists the IATs and the in-vitro sensitization detec-
ted for each application.

For in-vitro antigen-antibody reactions, the IAT tasks are
listed and explained in Table 5-7.

The DAT does not require the incubation phase because of
the antigen-antibody complexes formed in vivo.

Factors Affecting the
Antiglobulin Test

The DAT can detect a level of 100 to 500 IgG molecules per
RBC and 400 to 1100 molecules of C3d per RBC.3!
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TABLE 5-5 In-Vivo Phenomena Associated with a Positive DAT

Transfusion 1. Recipient alloantibody and donor anti-

gen

2. Donor antibody and recipient antigen

Drug induced 1. Drug adsorption

2. Immune complex adsorption mechanism

3. Membrane modification

4. Autoimmunity

Alloantibodies in the recipient of a recent transfusion
that react with antigen on donor RBC.

Antibodies present in donor plasma that react with
antigen on a transfusion recipient’s RBCs.

Penicillin adsorbed to RBCs in vivo. Antipenicillin reacts
with the penicillin bound to the RBCs. Penicillin-
coated RBCs become coated with IgG.

Drug and specific antibody form complexes that attach
nonspecifically to RBCs and initiate complement acti-
vation on the RBC surface.

RBCs coated with cephalothin (Keflin) adsorb albumin,
IgA, 1gG, IgM, and « and B (i.e., complement) globu-
lins. The DAT is reactive with anti-IgG and anti-C3d.

Following a-methyldopa therapy, autoantibodies are
formed, which react with intrinsic RBC antigens. DAT
is reactive with anti-IgG.

Type (DAT Reactivity)

Autoimmune . WAIHA (IgG and/or C3)
hemolytic anemia 2. CHD (C3)

—

Autoantibody reacts with patient’s RBCs in vivo.

Cold-reactive IgM autoagglutinin binds to RBCs in
peripheral circulation (32°C). IgM binds complement as
RBCs return to warmer parts of circulation; IgM disso-
ciates, leaving RBCs coated only with complement.

3. PCH (IgG) The IgG autoantibody reacts with RBCs in colder parts of
body, causes complement to be bound irreversibly to
RBCs, and then elutes at warmer temperature.
Hemolytic 1. Maternal alloantibody crosses placenta Maternal (IgG) alloantibody, specific for fetal antigen,
disease of newborn (IgG) coats fetal RBCs. DAT is reactive with anti-IgG.
Miscellaneous 1. Administration of equine preparations of Heterophile antibodies that are present in ALG or ATG

antilymphocyte globulin and antithymo-

cyte globulin

2. Administration of high-dose IV gamma

globulin

coat recipient’s RBCs.

Non-antibody-mediated binding of immunoglobulin to
RBCs in patients with hypergammaglobulinemia

Modified from Walker, RH (ed): Technical Manual, ed 10. American Association of Blood Banks, Arlington, VA, 1990.
ATHA = autoimmune hemolytic anemia; CHD = cold hemagglutinin disease; PCH = paroxysmal cold hemoglobinuria.

For the IAT there must be between 100 and 200 IgG or C3
molecules on the cell to obtain a positive reaction. The num-
ber of IgG molecules that sensitize an RBC and the rate at
which sensitization occurs can be influenced by several fac-
tors, outlined as follows:

Ratio of serum to cells. Increasing the ratio of serum
to cells increases the sensitivity of the test system. Generally,
a minimum ratio of 40:1 should be aimed for, and this can
be achieved by using 2 drops of serum and 1 drop of a 5 per-
cent volume of solute per volume of solution (v/v) suspension
of cells.?> When using cells suspended in saline, it is often
advantageous to increase the ratio of serum to cells in an
effort to detect weak antibodies (e.g., 4 drops of serum with

TABLE 5-6 Indirect Antiglobulin Test

1 drop of a 3 percent [v/v] cell suspension will give a ratio
of 133:1).

Reaction medium. A/bumin: The macromolecules of albu-
min allow antibody-coated cells to come into closer contact
with each other so that aggregation occurs. In 1965, Stroup
and Macllroy®” reported on the increased sensitivity of the IAT
if albumin was incorporated into the reaction medium. Their
reaction mixture, consisting of 2 drops of serum, 2 drops of 22
percent (w/v) bovine albumin, and 1 drop of 3 to 5 percent
(v/v) cells, was shown to provide the same sensitivity at 30
minutes of incubation as a 60-minute saline test. The use of
albumin does not seem to provide any advantage over LISS
techniques and adds to the cost of the test.?” Petz and cowork-

Principle: Detects In-Vitro Sensitization

Application Tests

In-Vitro Sensitization

Antibody detection Compatibility testing
Antibody screening
Antibody panel

Rh antibody titer

Antibody identification
Antibody titration
RBC phenotype

RBC antigen detection (ex: weak D, K, Fy)

Recipient antibody reacting with donor cells
Antibody reacting with screening cells
Antibody reacting with panel cells

Antibody and selected Rh cells

Specific antisera + RBCs to detect antigen
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TABLE 5-7 Tasks and Purposes of the Indirect Antigloblin Test

Task

Purpose

Allows time for antibody molecule

Attachment to RBC antigen

Removes free globulin molecules

Forms RBC agglutinates (RBC Ag + Ab + anti-IgG)

Accelerates agglutination by bringing cells closer together
Interprets test as positive or negative

Determines the strength of reaction

Checks for neutralization of antisera by free globulin molecules

Incubate RBCs with antisera

Perform a minimum of three saline washes

Add antiglobulin reagent

Centrifuge

Examine for agglutination

Grade agglutination reactions

Add antibody-coated RBCs to negative reactions

(Coombs’ control cells are D-positive RBCs coated with anti-D)

ers® also showed that an albumin technique may miss a num-
ber of clinically significant antibodies.

LISS: These enhance antibody uptake and allow incuba-
tion times to be decreased. Some LISS also contain macro-
molecular substances. The LISS technique introduced by Low
and Messeter3® has critical requirements with respect to the
serum-to-cell ratio. Moore and Mollison® showed that opti-
mum reaction conditions were obtained using 2 drops of
serum and 2 drops of a 3 percent (v/v) suspension of cells in
LISS. Increasing the serum-to-cell ratio increased the ionic
strength of the reaction mixture, leading to a decrease in sen-
sitivity, thus counteracting the shortened incubation time of
the test. A LISS medium may be achieved by either suspend-
ing RBCs in LISS or using a LISS additive reagent.

Polyethylene glycol (PEG): PEG is a water-soluble linear
polymer and is used as an additive to increase antibody
uptake. Its action is to remove water, thereby effectively con-
centrating antibody. Anti-IgG is the AHG reagent of choice
with PEG testing to avoid false-positive reactions.> Because
PEG may cause aggregation of RBCs, reading for agglutina-
tion following 37°C incubation in the IAT is omitted. Several
investigators* compared the performance of PEG as an
enhancement media with that of LISS. Findings indicated
that PEG increases the detection of clinically significant anti-
bodies while decreasing detection of clinically insignificant
antibodies. Barrett and associates*! reported that as PEG has
been used for pretransfusion antibody screening, 6353 RBC
components have been transfused without any reported acute
or delayed HTRs.

Temperature. The rate of reaction for the majority of IgG
antibodies is optimal at 37°C; therefore, this is the usual incu-
bation temperature for the IAT. This is also the optimum tem-
perature for complement activation.

Incubation time. For cells suspended in saline, incubation
times may vary between 30 and 120 minutes. The majority
of clinically significant antibodies can be detected after 30
minutes of incubation, and extended incubation times are
usually not necessary. If a LISS technique is being used,3%3?
incubation times may be shortened to 10 to 15 minutes. With
these shortened times, it is essential that tubes be incubated
at a temperature of 37°C. Extended incubation (i.e., up to 40
minutes) in the LISS technique has been shown to cause anti-
body to elute from the RBCs, causing a decrease in the sensi-
tivity of the test.*? However, this could not be confirmed by
Voak and coworkers.*

Washing of RBCs. When both the DAT and IAT are per-
formed, RBCs must be saline-washed a minimum of three
times before the addition of AHG reagent. Washing the RBCs

removes free unbound serum globulins. Inadequate washing
may result in a false-negative reaction because of neutraliza-
tion of the AHG reagent by residual unbound serum globu-
lins.

Washing should be performed in as short a time as possi-
ble to minimize the elution of low-affinity antibodies. The cell
pellet should be completely resuspended before adding the
next saline wash. All saline should be discarded completely
after the final wash because residual saline dilutes the AHG
reagent and therefore decreases the sensitivity of the test.

Centrifugation at each wash should be sufficient to provide
a firm cell pellet and therefore minimize the possible loss of
cells with each discard of saline.

Saline for washing. Ideally, the saline used for washing
should be fresh or, alternatively, buffered to a pH of 7.2 to 7.4.
Saline stored for long periods in plastic containers has been
shown to decrease in pH, which may increase the rate of anti-
body elution during the washing process.** Changes in pH
may have important implications when monoclonal AHG is
used, inasmuch as monoclonal antibodies have been shown to
have narrow pH ranges for optimum reactivity. Significant
levels of bacterial contamination in saline have been report-
ed?; this situation can contribute to false-positive results.

Addition of AHG. AHG should be added to the cells imme-
diately after washing to minimize the chance of antibody elut-
ing from the cell and subsequently neutralizing the AHG
reagent. The volume of AHG added should be as indicated by
the manufacturers. However, Voak and associates*® have
shown that adding two volumes of AHG may overcome wash-
ing problems when low levels of serum contamination
remain. These authors indicated that the neutralization of
AHG is a problem only with free IgG left in serum following
inadequate saline washings and not with residual serum com-
plement components. The complement fragments free in
serum are not the same as the complement fragments bound
to RBCs, and therefore residual serum does not contain C3b
and C3d to neutralize the anti-C3b and anti-C3d in AHG
reagent.

Centrifugation for reading. Centrifugation of the cell pel-
let for reading of hemagglutination along with the method
used for resuspending the cells is a crucial step in the tech-
nique. The CBER-recommended method for the evaluation of
AHG uses 1000 relative centrifugal forces (RCFs) for 20 sec-
onds, although the technique described in this chapter sug-
gests 500 RCFs for 15 to 20 seconds. The use of higher RCFs
yields more sensitive results; however, depending on how the
pellet is resuspended, it may give weak false-positive results
because of inadequate resuspension or alternatively may give
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a negative result if resuspension is too vigorous. The opti-
mum centrifugation conditions should be determined for
each centrifuge.

Sources of Error

Some of the more common sources of error associated with
the performance of the AHG test have been outlined in the
previous section. Box 5-1 lists reasons for false-negative and
false-positive AHG reactions. An anticoagulant such as EDTA
should be used to collect blood samples for the DAT in order
to avoid the in-vitro complement attachment associated with
refrigerated clotted specimens.

All negative antiglobulin test reactions must be checked by
the addition of IgG-sensitized cells. Adding IgG-coated RBCs
to negative test reactions should demonstrate hemagglutina-
tion of these RBCs with the anti-IgG in the AHG reagent. If
no hemagglutination follows the addition of IgG-coated
RBCs, the test result is invalid and the test must be repeated.
The most common technical errors that result in failure to
demonstrate hemagglutination after the addition of IgG
-coated RBCs are inadequate washing, nonreactive AHG
reagent, and failure to add AHG reagent. While most blood
banks do not check monospecific anti-C3d reactivity with the
addition of C3d-coated RBCs to negative reactions, these cells
are available and may be produced in-house.*”

BOX 5-1
Sources of Error in the Antihuman
Globulin Technique

Text/image rights not available.

Rosenfield, RE, et al: Solid phase serology for the study of human erythrocytic
antigen-antibody reactions. Proc Fifteenth Congr Int Soc Blood Trans, Paris,
1976, p 27.

Modified and Automated Antiglobulin
Test Techniques

Modifications to the antiglobulin test technique (LISS, PEG,
and albumin) have been mentioned; however, some other
modifications may be used in special circumstances.

Low lonic Polybrene Technique

In 1980, Lalezari and Jiang*® reported on the adaptation of the
automated low ionic polybrene (LIP) technique for use as a
manual procedure. The technique relies on low ionic condi-
tions to rapidly sensitize cells with antibody. Polybrene, a
potent rouleaux-forming reagent, is added to allow the sensi-
tized cells to approach each other to permit cross-linking by
the attached antibody. A high ionic strength solution is then
added to reverse the rouleaux; however, if agglutination is
present, it will remain. The test can be carried through to an
AHG technique if required. If this is performed, a monospe-
cific anti-IgG reagent must be used because the low ionic con-
ditions cause considerable amounts of C4 and C3 to coat the
cells and would give false-positive reactions if a polyspecific
reagent were used.

The antiglobulin test has also been performed using
microplates. Crawford and colleagues* used microplates for a
number of different grouping procedures, including the IAT.
Microplate technology is used increasingly in blood group
serology, and many techniques are being adapted for it.
Redman and associates® have adapted the LIP technique for
use in microplates. Although their report does not include the
use of an AHG phase, this additional step could easily be
included.

Enzyme-Linked Antiglobulin Test

In the enzyme-linked antiglobulin test (ELAT), an RBC sus-
pension is added to a microtiter well and washed with saline.
AHG, which has been labeled with an enzyme, is added. The
enzyme-labeled AHG will bind to IgG-sensitized RBCs. Excess
antibody is removed, and enzyme substrate is added. The
amount of color produced is measured spectrophotometrical-
ly and is proportional to the amount of antibody present. The
optical density is usually measured at 405 nm. The number of
IgG molecules per RBC can also be determined from this pro-
cedure.

Solid Phase

Solid-phase technology may be used for the performance of
antiglobulin tests. Several different techniques have been
reported using either test tubes®! or microplates.525% With the
availability of microplate readers, this modification lends
itself to the introduction of semiautomation. Direct and indi-
rect tests can be performed using solid-phase methodology. In
the former, antibody is attached to a microplate well, and
RBCs are added. If antibody is specific for antigen on RBCs,
the bottom of the well will be covered with suspension; if no
such specificity occurs, RBCs will settle to the bottom of the
well. In the latter, known RBCs are bound to a well that has
been treated with glutaraldehyde or poly L-lysine. Test serum
is added to RBC-coated wells, and if antibody in serum is spe-
cific for antigen on fixed RBCs, a positive reaction occurs as
described above.



Immucor Incorporated manufactures a solid-phase system
for the detection and identification of alloantibodies. Group O
reagent RBC membranes are bound to the surfaces of poly-
styrene microtitration strip wells. IgG antibodies from patient
or donor sera are bound to the membrane antigens. After
incubation, unbound immunoglobulins are rinsed from the
wells; then a suspension of anti-IgG—coated indicator RBCs is
added to the wells. Centrifugation brings the indicator RBCs
in contact with antibodies bound to the reagent RBC mem-
branes. If the test result is negative, a pellet of indicator RBCs
forms in the bottom of the wells. A positive test causes adher-
ence of the indicator RBCs, forming anti-IgG-IgG complexes
and a second immobilized RBC layer.

The Gel Test

The gel test is a process to detect RBC antigen-antibody reac-
tions by means of using a chamber filled with polyacrylamide
gel. The gel acts as a trap; free unagglutinated RBCs form pel-
lets in the bottom of the tube, whereas agglutinated RBCs are
trapped in the tube for hours. Therefore, negative reactions
appear as pellets in the bottom of the microtube, and positive
reactions are fixed in the gel.

There are three different types of gel tests: neutral, specif-
ic, and antiglobulin. A neutral gel does not contain any spe-
cific reagent and acts only by its property of trapping
agglutinates. The main applications of neutral gel tests are
antibody screening and identification with enzyme-treated or
untreated RBCs and reverse ABO typing. Specific gel tests use
a specific reagent incorporated into the gel and are useful for
antigen determination. The low ionic antiglobulin test
(GLIAT) is a valuable application of the gel test and may be
used for the IAT or the DAT. AHG reagent is incorporated into
the gel. For example, in an IAT gel, 50 wL of a 0.8 percent RBC
suspension is pipetted onto a gel containing AHG, serum is
added, and the tube is centrifuged after a period of incubation.
At the beginning of centrifugation, the RBCs tend to pass
through the gel, but the medium in which they are suspend-
ed remains above. This results in separation between the
RBCs and the medium without a washing phase. RBCs come
in contact with AHG in the upper part of the gel, and the pos-
itive and negative reactions are separated. The detection of
unexpected antibodies by GLIAT compares favorably with con-
ventional AHG methods and provides a safe, reliable, and
easy-to-read AHG test.>

For the DAT, 50 pL of a 0.8 percent RBC suspension in
LISS solution (ID-Diluent 2) is added to the top of each
microtube of the LISS/Coombs ID cards. The cards are cen-
trifuged at 910 rpm for 10 minutes.5 In the case of a positive
reaction, monospecific reagents (anti-IgG, anti-C3d) can be
used in the gel test.

Traditional Tube Technique Versus the Gel
Test in the DAT

There have been numerous studies comparing the tube and
gel test when performing DATs. The main difference in the
two techniques is that the former requires washing, and the
latter omits a washing stage, resulting in discrepant results
between the two methods. Chuansumrit et al®® compared the
conventional tube technique with the gel test in evaluating
ABO HDN. Sixty infants with hyperbilirubinemia were tested:
22 cases were ABO-incompatible (A or B infants born to group
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O mothers), and 38 were ABO-compatible with the mother.
Whereas the positive rates of the DAT in the incompatible
group were comparable, 54.5 percent (tube) and 50 percent
gel test; the second group showed a positive DAT rate of 2.6
percent (tube) and 10.5 percent (gel). The infants were shown
to have hyperbilirubinemia, and the antibody coating the cells
was found to be IgG only, using monospecific reagents. The
authors concluded the DAT via the gel test is beneficial in
detecting ABO HDN.

Lai et al’” described a case of AIHA with a negative DAT
using the traditional tube test and a positive result using the
gel test. The study found a warm low affinity antibody in the
patient’s serum, by means of the gel test, that was lost in the
tube technique through washing when performing the DAT.
The authors concluded that because the gel test does not
include washing steps, the elution of low-affinity autoanti-
body may be avoided but the eluate may yield a negative
result. Additionally, the gel test, because of its no-wash
nature, might be warranted in the case of a suspected AIHA.
Mitek et al’® compared the gel test to the tube and ELAT tech-
niques. They found the gel test to be more sensitive in the
case of hypergammagloblinemic patients, yielding positive
results due to IgG in the gel test and negative results in the
tube and ELAT. Blood banks should be aware of the differences
in the DAT when using the very popular gel test over and tube
technique. Additional comparative studies will add to the cur-
rent body of knowledge.

The changes in blood bank technology, along with the
changes in emphasis on the importance of crossmatching
versus antibody screening, will probably further modify the
role of the antiglobulin test over the coming years. At present,
however, it still remains the most important test in the blood
bank for the detection of clinically significant antibodies to
RBCs and for the detection of immune hemolysis.

HLASLSULQLES—
e |
~—— Case One

A 32-year old white female gave birth to a 5 Ib 3 oz healthy
male.The mother was an Rhlg candidate in that she typed as O,
D-negative. A cord blood was sent down to the blood bank for
ABO, Rh, and DAT. The baby forward-typed as A negative, weak
D-positive. The DAT was also positive with polyspecific AHG and
monospecific anti-IgG. The technologist realized the test for weak
D could not be reported in the presence of a positive DAT and
reported the type as A unknown.

Euestions

1. What further testing is indicated?
2. Why is a weak test for the D antigen not performed in the
presence of a positive DAT?

Case Two

A 54-year old white male is admitted for an exploratory
laparotomy. A type and antibody screen is ordered prior to his
scheduled surgery. ABO and Rh typing reveal the patient is O-
positive, and the blood bank technologist performed an antibody
screen using the patient serum and a 3-screening cell kit.
Reactions were all negative at 37° and AHG. One drop of
Coombs’ check cells was added to each tube, and the results were
nonreactive.




104 CHAPTER § The Antiglobulin Test

Euestions

1. What is the correct course of action in this case?

2. Give reasons why the addition of Coombs’ check cells 3. Monoclonal anti-C3d is:
resulted in nonreactivity. a. Derived from one clone of plasma cells

3. What do Coombs’ control cells consist of? b. Derived from multiple clones of plasma cells

¢. Anti-IgG and anti-C3d
d. Anti-C3d

SUMMARY CHART:

Important Points to Remember (MT/MLT)

» The antiglobulin test is used to detect RBCs sensitized
by IgG alloantibodies, IgG autoantibodies, and/or com-
plement components.

» AHG reagents containing anti-IgG are needed for the
detection of IgG antibodies because the IgG monomer-
ic structure is too small to directly agglutinate sensi-
tized RBCs.

» Polyspecific AHG sera contain antibodies to human IgG
and the C3d component of human complement.

» Monospecific AHG sera contain only one antibody
specificity: either anti-IgG or antibody to anti—-C3b-C3d.

» Classic AHG sera (polyclonal) are prepared by injecting
human globulins into rabbits, and an immune stimulus
triggers production of antibody to human serum.

» Hybridoma technology is used to produce monoclonal
antiglobulin serum.

» The DAT detects in-vivo sensitization of RBCs with IgG
and/or complement components. Clinical conditions
that can result in a positive DAT include HDN, HTR,
and ATHA.

» The IAT detects in-vitro sensitization of RBCs and can
be applied to compatibility testing, antibody screen,
antibody identification, RBC phenotyping, and titration
studies.

> A positive DAT is followed by a DAT panel using mono-
specific anti-IgG and anti-C3d to determine the specific
type of protein sensitizing the RBC.

» EDTA should be used to collect blood samples for the
DAT to avoid in-vitro complement attachment associat-
ed with refrigerated clotted specimens.

REVIEW QUESTIONS

1. A principle of the antiglobulin test is:

a. IgG and C3d are required for RBC sensitization

b. Human globulin is eluted from RBCs during saline
washings

¢. Injection of human globulin into an animal engenders
passive immunity

d. AHG reacts with human globulin molecules bound to
RBCs or free in serum

2. Polyspecific AHG reagent contains:
a. Anti-IgG
b. Anti-IgG and anti-IgM

¢. Derived from immunization of rabbits
d. Reactive with C3b and C3d

. Which of the following is a clinically significant anti-

body whose detection may be dependent on anticomple-
ment activity in polyspecific AHG?

a. Anti-Jk?

b. Anti-Le?

c. Anti-P,

d. Anti-H

. After the addition of IgG-coated RBCs to a negative AHG

reaction during an antibody screen, a negative result is
observed. Which of the following is a correct interpreta-
tion?

a. The antibody screen is negative

b. The antibody screen needs to be repeated

c. The saline washings were adequate

d. Reactive AHG reagent was added

. RBCs must be washed in saline at least three times

before the addition of AHG reagent to:

a. Wash away any hemolyzed cells

b. Remove traces of free serum globulins
c. Neutralize any excess AHG reagent

d. Increase the antibody binding to antigen

. An in-vitro phenomenon associated with a positive

IAT is:

a. Maternal antibody coating fetal RBCs

b. Patient antibody coating patient RBCs

c. Recipient antibody coating transfused donor RBCs

d. Identification of alloantibody specificity using panel of
reagent RBCs

. False-positive DAT results are most often associated

with:

a. Use of refrigerated, clotted blood sample in which com-
plement components coat RBCs in vitro

b. A recipient of a recent transfusion manifesting an
immune response to recently transfused RBCs

c. Presence of heterophile antibodies from administration
of globulin

d. A positive autocontrol caused by polyagglutination

. Polyethylene glycol enhances antigen-antibody reactions

by:

a. Decreasing zeta potential

b. Concentrating antibody by removal of water
c¢. Increasing antibody affinity for antigen

d. Increasing antibody specificity for antigen

. Solid-phase antibody screening is based on:

a. Adherence
b. Agglutination
¢. Hemolysis
d. Precipitation



11.

12.

A positive DAT may be found in which of the following
situations?

a. A weak D-positive patient

b. A patient with anti-K

c. HDN

d. An incompatible crossmatch

What do Coombs’ control cells consist of?
a. Type A-positive cells coated with anti-D
b. Type A-negative cells coated with anti-D
c. Type O-positive cells coated with anti-D
d. Type O-negative cells coated with anti-D
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PROCEDURAL APPENDIX

Manual Antiglobulin
Test Techniques

I. DAT

A. Procedure

1. Label two 10 or 12 X 75 mm glass test tubes. Test and con-
trol, respectively, and add 1 drop of a 3% v/v suspension of
test cells to each.

2. Wash the cells a minimum of three times with saline, and
ensure that all saline is completely decanted after the last
wash.

3. To the tube labeled “test,” add 1 to 2 drops of AHG as rec-
ommended by the manufacturer and mix.

4. To the control tube add 1 to 2 drops of 3% w/v bovine

albumin in saline and mix.

. Centrifuge both tubes at 500 RCF for 15 to 20 seconds.

. Following centrifugation, completely resuspend the cell
pellet by gently tipping and rolling the tube. Read and
score agglutination macroscopically with the aid of a
background light source and low-power magnification.

7. Incubate the tubes for another 5 minutes at room temper-
ature and repeat steps 5 and 6. Most manufacturers rec-
ommend this additional step because it has been shown
that some negative or even weak reactions may increase in
strength. These reactions have been attributed to the pres-
ence of C3d and, to a lesser extent, IgA on the cell surface.
Conversely, the reaction with some cells may weaken after
the extra incubation; this has been attributed to either
detachment of IgG antibody or prozoning when excess
anti-IgG has been added.

S Ol

B. Controls

To all negative tubes add 1 drop of control cells weakly sensi-
tized with IgG, mix the cells, and repeat Steps 5 and 6. A
mixed-field weakly positive reaction should now be obtained,
indicating that the AHG had been added to the tube and that
it was still reactive. All negative results could therefore be
considered valid. If a negative result was obtained after addi-
tion of the control cells, it would indicate that the AHG had
not been added or that, if added, it was nonreactive. This
could occur if:

1. The reagent had deteriorated in storage.
2. The reagent had been contaminated by serum and the
antibody activity neutralized.

3. The cells had been insufficiently washed and residual
serum or plasma had neutralized the AHG reagent when
added to the tube.

Control cells weakly sensitized with complement should be
used with monospecific anti-C3d reagent to validate negative
results.

The control tube containing cells and 3% w/v bovine albu-
min should give a negative result. If the result is positive, it
indicates that the cells are autoagglutinable and that the test
cannot be properly interpreted.

For reasons previously outlined, the cells used for DATSs |

should be collected into either EDTA or citrates containing
anticoagulant to minimize the possibility of the in-vitro
attachment of complement components.

Il. IAT

A. Procedure

1. Into a labeled glass 10 or 12 X 75 mm test tube, place 2 to
4 drops of test serum and 1 drop of a washed 3% v/v sus-
pension of RBCs.

2. Mix the cell suspension, and incubate for 30 minutes in a

37°C water bath.

. Centrifuge the tube at 500 RCF for 15 to 20 seconds.

. After centrifugation, completely resuspend the cell pellet
by gently tapping and rolling the tube. Read and score
agglutination macroscopically with the aid of a back-
ground light source and low-power magnification.

5. Wash the cells at least three times with saline, and ensure
that all saline is completely decanted following the final
wash.

6. Add 1 to 3 drops of AHG as recommended by the manufac-
turer and mix.

7. Repeat Steps 3 and 4.

=~ W

B. Controls

To all negative tubes, add 1 drop of control cells weakly sensi-
tized with IgG, mix the cells, and repeat Steps 3 and 4.
Negative results can be considered valid if a weakly positive
mixed-field reaction is obtained after addition of the control
cells. If this reaction is not obtained, the test should be
repeated.

When phenotyping RBCs using an AHG-reactive typing
serum, it is important to follow the antisera manufacturer’s
recommendations for the use of the reagent.
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OBJECTIVES e e

On completion of this chapter, the learner should be able fo:

1. Describe the reciprocal relationship between ABO antigens 8. Explain the principle of the hemagglutination

and antibodies for blood types O, A, B, and AB. inhibition assay for the determination of secretor
2. Identify the frequencies of the four major blood types in status.

the white, black, Mexican, and Asian populations. 9. Describe the qualitative and quantitative differences
3. Explain the effect of age on the production of ABO isoag- between the A, and A, phenotypes.

glutinins. 10. Describe the reactivity of Ulex europaeus with the various
4. Describe the immunoglobulin classes of ABO antibodies in ABO groups.

group O, A, and B individuals. 11. Describe the characteristics of the weak subgroups of A (A,,
5. Predict the ABO phenotypes and genotypes of offspring AL Ad ol A, AWS

from various ABO matings. 12. Describe the characteristics of the Bombay phenotypes.
6. Explain the formation of H, A, and B antigens on the red 13. Explain the effects of disease on the expression of ABH

blood cells (RBCs) from precursor substance to immun- antigens and antibodies.

odominant sugars. 14. Interpret the results from an ABO typing and resolve any
7. Describe the formation of H, A, and B soluble substances. discrepancies if present.
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Historical Perspective

Karl Landsteiner truly opened the doors of blood banking
with his discovery of the first human blood group system,
ABO. This marked the beginning of the concept of individual
uniqueness defined by the RBC antigens present on the RBC
membrane. The ABO system is the most important of all
blood groups in transfusion practice. It is the only blood
group system in which individuals predictably have antibod-
ies in their serum to antigens that are absent from their
RBCs. This occurs without any exposure to RBCs by transfu-
sion or pregnancy. Due to the presence of these antibodies,
transfusion of an incompatible ABO type can result in the
almost immediate lysis of donor RBCs. This produces a very
severe, if not fatal, transfusion reaction in the patient. Even
today, transfusion of the wrong ABO group remains the lead-
ing cause of death reported to the Food and Drug
Administration (FDA).!2 Testing to detect ABO incompatibil-
ity between a donor and potential transfusion recipient is the
foundation on which all other pretransfusion testing is based.
ABO forward and reverse grouping tests are required to be
performed on all donors and patients.® ABO grouping is the
most frequently performed test in the blood bank. There is
always a reciprocal relationship between the forward and
reverse type; thus, one serves as a check on the other.

In 1901 Landsteiner drew blood from himself and five
associates, separated the cells and serum, and then mixed
each cell sample with each serum.* He was inadvertently the
first individual to perform the forward and reverse grouping.
Forward grouping (front type) is defined as using known
sources of commercial antisera (anti-A, anti-B) to detect anti-
gens on an individual’s RBCs. Figure 6-1 (see color insert fol-
lowing page 112) outlines the steps of performing the forward
grouping for ABO, and Table 6-1 lists the results of the for-
ward grouping procedure. Reverse grouping (back type) is
defined as detection of ABO antibodies in the patient’s serum
by using known reagent RBCs; namely, Al and B cells. Figure
6-2 (see color insert following page 112) outlines the steps of
performing the reverse ABO grouping, and Table 6-2 sum-
marizes the results of the procedures. Table 6-3 lists the
characteristics of the routine reagents used for ABO testing in
the blood bank laboratory.

It has been postulated that bacteria are chemically similar
to A and B antigens. Bacteria are widespread in the environ-
ment, providing a source of constant exposure of individuals
to A-like and B-like antigens. This exposure serves as a source
of stimulation of anti-A and anti-B. All other defined blood

TABLE 6-1 ABO Forward Grouping:

Principle—Detection of Antigens on Patient’s
RBCs with Known Commercial Antisera

Patient RBCs with  Patient RBCs with Interpretation of

Anti-A Anti-B Blood Group
0 0 0
4+ 0 A
0 4+ B
3+ 3+ AB

+ = visual agglutination
0 = negative
Note: Reaction gradings vary from patient to patient.
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TABLE 6-2 ABO Reverse Grouping:
Principle—Detection of ABO Antibodies

(Isoagglutinins) in Serum of Patient
with Known Commercial RBCs

Patient Serum with Patient Serum with Interpretation of

Reagent A, Cells Reagent B Cells Blood Group
4+ 4+ 0
0 Bar A
3+ 0 B
0 0 AB

+ = visual agglutination
0 = negative
Note: Reaction gradings vary from patient to patient.

group systems do not regularly have in their serum “natural-
ly occurring” antibodies to antigens they lack on their RBCs.
Antibody production in most other blood group systems
requires the introduction of foreign RBCs by transfusion or
pregnancy, although some individuals can occasionally have
antibodies present that are not related to the introduction of
foreign RBCs. (These antibodies are usually of the IgM type
and are not consistently present in everyone’s serum).
Performance of serum grouping is, therefore, unique to the
ABO blood group system. The regular occurrence of anti-A
and/or anti-B in persons lacking the corresponding antigen(s)
serves as a confirmation of results in RBC grouping. Table
6-4 summarizes the forward and reverse grouping for the
common ABO blood groups.

The frequency of these blood groups in the white popula-
tion is as follows: group O, 45 percent; group A, 40 percent;
group B, 11 percent; and group AB, 4 percent (Table 6-5).5
Therefore, O and A are the most common blood group types,
and blood group AB is the rarest. However, frequencies of
ABO groups differ in a few selected populations and ethnic
groups (Table 6-6).5 For example, group B is found twice as
frequently in Blacks and Asians as in Whites, and subgroup A,
is rarely found in Asians.’

ABO Antibodies

Individuals normally produce antibodies directed against the
A and/or B antigen(s) absent from their RBCs. These antibod-
ies have been described as naturally occurring because they
are produced without any exposure to RBCs. The ABO anti-
bodies are predominantly IgM, activate complement, and
react at room temperature or colder.® ABO antibodies produce
strong direct agglutination reactions during ABO testing. The
production of ABO antibodies is initiated at birth, but titers
are generally too low for detection until the individual is 3 to
6 months of age.5 Therefore, most antibodies found in cord
blood serum are of maternal origin. Results of serum ABO
testing before 3 to 6 months of age cannot be considered valid
because some or all of the antibodies present may be IgG
maternal antibodies that have crossed the placenta. As a
result, it is logical to perform only forward grouping on cord
blood from newborn infants. Antibody production peaks when
an individual is between 5 and 10 years of age and declines
later in life.® Elderly people usually have lower levels of anti-
A and anti-B; antibodies may be undetectable in the reverse
grouping. ABO antibodies can cause rapid intravascular
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TABLE 6-3 Characteristics of Routine Reagents Used for ABO Testing

Anti-A Reagent

Anti-B Reagent

e Monoclonol antibody* e Monoclonal antibody*
e Highly specific e Highly specific

Forward e [gM * IgM

Grouping e Clear blue colored reagent e (Clear yellow colored reagent

(contains an Acroflavin dye)
e Expected 3+ to 4+ reaction e Expected 3+ to 4+ reaction
e Usually use 1-2 drops e Usually use 1-2 drops
Reagent A, and B Cells

e Human source

Reverse ® 4%-5% red cell suspension

Grouping e Expected 2+ to 4+ reaction usually use one drop

*General rule: Always drop clear solutions first, RBCs second, to make sure you have added both a source of anti-

body and antigen.

hemolysis if the wrong ABO group is transfused and can
result in death of the patient.

Although anti-A (from a group B individual) and anti-B
(from a group A individual) contains predominantly IgM anti-
body, there may be small quantities of IgG present.’ Serum
from group O individuals contains not only anti-A and anti-B
but also anti-A,B, which reacts with A and B cells. Anti-A,B
antibody activity, originally thought to be just a mixture of
anti-A and anti-B, cannot be separated into a pure specificity
when adsorbed with either A or B cells. For example, if group
0 serum is adsorbed with A or B cells, the antibody eluted will
react with both A and B cells.”® Anti-A,B therefore possesses
serologic activity not found in mixtures of anti-A plus anti-B.
The predominant immunoglobulin class of antibodies in
group O serum is IgG.5 Knowledge of the amount of IgG anti-
A, anti-B, or anti-A,B in a woman’s serum sometimes allows
prediction or diagnosis of hemolytic disease of the newborn
caused by ABO incompatibility (see Chapter 20).

Testing RBCs with reagent anti-A,B is not required as a
routine part of RBC testing. It is believed by some, however,
that anti-A,B is more effective at detecting weakly expressed A
and B antigens than reagent anti-A or anti-B. Reagent anti-
A,B can be prepared using blended monoclonal anti-A and

anti-B, polyclonal human anti-A,B or a blend of monoclonal
anti-A, anti-B and anti-A,B.8 Consult the manufacturer’s pack-
age insert in order to determine if a reagent anti-A,B reacts
with a specific weak A phenotype.

Both immunoglobulin classes of ABO antibodies react
preferentially at room temperature (20°-24°C) or below and
efficiently activate complement at 37°C.

Inheritance of the ABO Blood Groups

The theory for the inheritance of the ABO blood groups was
first described by Bernstein in 1924. He demonstrated that an
individual inherits one ABO gene from each parent and that
these two genes determine which ABO antigens are present
on the RBC membrane. The inheritance of ABO genes, there-
fore, follows simple mendelian genetics. ABO, like most other
blood group systems, is codominant in expression.’ (For a
review of genetics, see Chapter 2.) One position, or locus, on
each chromosome 9 is occupied by an A4, B, or O gene.!’ The
O gene is considered an amorph as no detectable antigen is
produced in response to the inheritance of this gene. The des-
ignations A and B refer to phenotypes, whereas A4, BO, and
00 denote genotypes. In the case of an O individual, both

TABLE 6-4 Summary of Forward and Reverse Groupings

Forward Group

Reverse Group

Patient’s Cells with

Patient’s Serum with

Reagents Reagents
Blood Group Anti-A Anti-B Antigen(s)on RBCs A, cells B cells Antibody(ies) in serum
(0] 0 0 No A or B antigen on cell 4+ 4+ A and B antibodies in serum
A 4+ 0 A antigen on cell 0 24F B antibodies in serum
B 0 4+ B antigen on cell 3+ 0 A antibodies in serum
AB Bk 3+ A and B antigens on cell 0 0 No A or B antibodies in serum

Note: Reaction gradings vary from patient to patient.
0 = negative (no agglutination)
+ = visual agglutination



TABLE 6-5 Frequency of ABO Blood Groups

Race
Blood Group Whites Blacks
0 45% 49%
A 40% 27%
B 11% 19%
AB 4% 4%

phenotype and genotype are the same, because that individual
would have to be homozygous for the O gene. An individual
who has the phenotype A (or B) can have the genotype A4 or
AO (or BB or BO). The phenotype and genotype are the same
in an AB individual because of the inheritance of both the A
and B gene. Table 6-7 lists possible ABO phenotypes and
genotypes from various matings.

Formation of A, B, and H RBC Antigens

The formation of ABH antigens results from the interaction of
genes at three separate loci (ABO, Hh, and Se). These genes
do not actually code for the production of antigens but rather
produce specific glycosyltransferases that add sugars to a
basic precursor substance (Table 6-8). A, B, and H antigens
are formed from the same basic precursor material (called a
paragloboside) to which sugars are attached in response to
specific enzyme tranferases elicited by an inherited gene.!1-13

The precursor substance on erythrocytes is referred to as
type 2. This means that the terminal galactose on the precur-
sor substance is attached to the N-acetylglucosamine in a
beta 1 — 4 linkage (Fig. 6-3). A type 1 precursor substance
refers to a beta 1 — 3 linkage between galactose and V-
acetylglucosamine and will be discussed later. ABH antigens
on the RBC are constructed on oligosaccharide chains of type
2 precursor substance.!*

TABLE 6-7

Possible ABO Matings
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TABLE 6-6 Additional ABO Genotypes,
Phenotypes, and Frequencies

U.S. Frequencies

Genotype Phenotype Whites Blacks

AA

AA, A 33% 19%
A0

AA, A, 7% 5%
A0

AB AB 2% 2%
AB AB 1% 2%

The ABH antigens develop as early as the 37th day of fetal
life but do not increase much in strength during the gesta-
tional period. The RBCs of the newborn have been estimated
to carry anywhere from 25 to 50 percent of the number of
antigenic sites found on the adult RBC. As a result, reactions
of newborn RBCs with ABO reagent antisera are frequently
weaker than reactions with adult cells. The expression of A
and B antigens on the RBCs is fully developed by 2 to 4 years
of age and remains constant for life.® As well as age, the phe-
notypic expression of ABH antigens may vary with race,
genetic interaction, and disease states.!®

Interaction of Hh and ABO Genes

Individuals who are blood group O inherit at least one A
gene (genotype HH or Hh) and two O genes. The H gene
elicits the production of an enzyme, a-2-L-fucosyltransferase,
which transfers the sugar L-fucose to an oligosaccharide
chain on the terminal galactose of type 2 chains.!® The sugars
that occupy the terminal positions of this precursor chain and
confer blood group specificity are called the immunodomi-
nant sugars. Therefore, L-fucose is the sugar responsible for H
specificity (blood group O) (Fig. 6-4). The O gene at the ABO

ABO Groups of the Offspring from the Various

Mating Phenotypes Mating Genotypes

Offspring Possible Phenotypes
(and Genotypes)

A XA AA X AA
AA X AO
AO X AO
B X B BB X BB
BB X BO
BO X BO
AB X AB AB X AB
0 X0 00 X 00
AXB AA X BB
AO X BB
AA X BO
AO X BO
AXO AA X 00
AO X 00
A X AB AA X AB
AO X AB
BXO BB X 00
BO X 00
B X AB BB X AB
BO X AB
AB X O AB X 00

(AA)
(AA or AO)
(AA or AO) or O(00)

AO) or O (00)
(AB) or A (AA)
(AB) or A (AA or AO) or B (BO)

(

(BO) or O (00)

B (AB) or B (BB)

B (AB) or B (BB or BO) or A (AO)
(AO) or B (BO)
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TABLE 6-8 Glycosyltransferases and Inmunodominant Sugars

Responsible for H, A, and B Antigen Specificities

Gene Glycosyltransferase Immunodominant Sugar Antigen
H a-2-L-fucosyltransferase L-fucose H
A a-3-N-acetylgalactosaminyltransferase N-acetyl-p-galactosamine A
B «-3-D-galactosyltransferase D-galactose B

locus, which is sometimes referred to as an amorph, does not
elicit the production of a catalytically active polypeptide, and
therefore the H substance remains unmodified.!® As a result,
the O blood group has the highest concentration of H antigen.
The H substance (L-fucose) must be formed for the other sug-
ars to be attached in response to an inherited A and/or B gene.

The H gene is present in more than 99.99 percent of the
random population. The allele of H, “h,” is quite rare, and the
genotype, hh, is extremely rare. The term “Bombay” has been
used to refer to the phenotype that lacks normal expression of
the ABH antigens because of the inheritance of the 24 geno-
type. The ~Ah genotype does not elicit the production of a-2-L-
fucosyltransferase; as a result, L-fucose is not added to the
type 2 chain, and H substance is not expressed on the RBC.
Even though Bombay (hA) individuals may inherit ABO
genes, normal expression, as reflected in the formation of A,
B, or H antigens, does not occur. (A discussion of the Bombay
phenotype occurs later in this chapter.)

In the formation of blood group A, the A gene (44 or AO)
codes for the production of a-3-N-acetylgalactosaminyltrans-
ferase, which transfers an N-acetyl-p-galactosamine (GalNAc)

0 (6) CHoOH
5

(
N-acetylglucosamine)1

3 P |
NHCOCH,

Type-2 precursor chain

B FIGURE 6-3 Type-2 precursor chain.

sugar to the H substance. This sugar is responsible for A
specificity (blood group A) (Fig. 6-5). The A-specific immun-
odominant sugar is linked to a type 2 precursor substance
that now contains H substance through the action of the
dene.

The A gene tends to elicit higher concentrations of trans-
ferase than the B gene. This leads to the conversion of practi-
cally all of the H antigen on the RBC to A antigen sites. As
many as 810,000 to 1,170,000 antigen sites exist on an A,
adult RBC in response to inherited genes.

Individuals who are blood group B inherit a B gene (BB or
BO) that codes for the production of a-3-D-galactosyltrans-
ferase, which then attaches D-galactose (Gal) sugar to the H
substance previously placed on the type 2 precursor substance
through the action of the / gene.! This sugar is responsible
for B specificity (blood group B) (Fig 6—6). Anywhere from
610,000 to 830,000 B antigen sites exist on a B adult RBC in
response to the conversion of the H antigen by the a-3-D-
galactosyltransferase produced by the B gene.b

When both A and B genes are inherited, the B enzyme (a-
3-p-galactosyltransferase) seems to compete more efficiently

1

GLNAC
"H" antigen |
GAL

Fucose:

Immunodominant
sugar responsible
for "H" specificity

Protein

HH —> L-fucosyl
Hh —— transferase

( Precursor) PS. "H" antigen

Structure

(genotype inherited)

B FIGURE 6-4 Formation of the H antigen.



Step 1: Label test tubes. Step 2: Make a 2-5% patient red cell suspension.

Step 3: Add reagent antisera® Step 3A: Add reagent Anti-A antisera® Step 3B: Add Anti-B reagent antisera*
(approximately 2 drops). (approximately 2 drops). (approximately 2 drops).

Step 4: Add one drop of 2-5% Step 5: Mix and centrifuge
suspension of patient red cells to (approximately 20 seconds).
each tube.

* Consult manufacturer's package insert for specifics.

B FIGURE 6-1 Procedure for forward grouping. Principle: Detection of antigens on the patient's RBCs
with known commercial antisera. (Continued on the following page)



Group B Group B
4+ Agglutination with Anti-B 4+ Agglutination with Anti-B
0 Agglutination with Anti-A 0 Agglutination with Anti-A

Group A Group A
4+ Agglutination with Anti-A 4+ Agglutination with Anti-A
0 Agglutination with Anti-B 0 Agglutination with Anti-B

T—

Group AB Group AB
4+ Agglutination with Anti-A and Anti-B 4+ Agglutination with Anti-A and Anti-B

Group O Group O
No Agglutination with Anti-A or Anti-B No Agglutination with Anti-A and Anti-B

M FIGURE 6-1 (continued) Procedure for forward grouping. Principle: Detection of antigens on the
patient's RBCs with known commercial antisera.



Step 1: Label Test Tubes Step 2: Add two drops of
patient serum to each tube

=y

Step 3: Add one drop of reagent cells* Step 3A: Add one drop of Step 3B: Add one drop of
to each test tube Reagent A4 cells Reagent B cells

Step 4: Mix and centrifuge
(approximately 20 seconds)

* Consult manufacturer's package insert for specifics.

B FIGURE 6-2 Procedure for reverse grouping. Principle: Detection of antibodies in the patient's serum
with known commercial antisera. (Continued on the following page)




Step 5: Resuspend cells button; interpret and record results.

Group A Group B
4+ Agglutination with B Cells 4+ Agglutination with Ay Cells
0 Agglutination with Aq Cells 0 Agglutination with B Cells

Group O Group AB
4+ Agglutination with A4 Cells 0 Agglutination with A1 Cells
3+ Agglutination with B Cells No Agglutination with A1 and B Cells

M FIGURE 6-2 (continued) Procedure for reverse grouping. Principle: Detection of antibodies in the
patient's serum with known commercial antisera.



N-Acetylgalactosamine:
Immunodominant sugar
responsible for "A"
specificity

FUC mm=GAL

GLNAC

"A" antigen =

"H" structure AA —> N-Acetylgalactosaminy! "A"
AO —> transferase antigen
(genotype)
inherited

B FIGURE 6-5 Formation of the A antigen.

for the H substance than the A enzyme (a-3-N-acetylgalac-
tosaminyltransferase). Therefore, the average number of A
antigens on an AB adult cell is approximately 600,000 sites,
compared with an average of 720,000 B antigen sites.
Glycosyltransferases and immunodominant sugars responsi-
ble for H, A, and B antigen specificities are presented in Table
6-8. Interaction of the HA and ABO genes is reviewed in
Figure 6-7.

Molecular Genetics of ABO
Advanced Concepts (SBB Level)

The ABO gene that codes for the production of glycosyltrans-
ferases that convert H substance to blood group A and B is
located on chromosome 9 and consists of seven exons.!6 The
last two exons (6 and 7) encode for the catalytic domain of the
ABO glycosyltransferases.”> Amino acid substitutions, result-
ing from deletions, mutations, or gene recombination within
these two exons of the coding DNA of variant ABO glycosyl-
transferases, are responsible for the less efficient transfer of
the immunodominant sugar to H substance, resulting in
weak serologic reactions.’ There are only a few base posi-
tions that differentiate the common A, B, and O alleles
(ABO*A101, ABO*B101 and ABO*001) from one another.!!
Seven nucleotide positions differentiate ABO*B101 from
ABO*A101.17 In addition, the ABO*001 O gene is identical to
ABO*A101, with the exception of a nucleotide deletion in the
coding region at nucleotide position 261.18 This deletion of a
single DNA base pair creates a premature stop codon (three
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D-Galactose: Immunodominant sugar responsible
for "B" specificity

p— "B" antigen

GAL =

1 Protein

BB —> Galactosyl

"H" structure

"B" antigen
BO —> transferase 9

(genotype)
inherited

B FIGURE 6-6 Formation of the B antigen.

adjacent bases), resulting in an O-transferase, which is func-
tionally inactive and incapable of modifying the H antigen.!®
It is unlikely, therefore, that O individuals would express a
protein that is immunologically related to that produced by
either A or B transferases. Ongoing research will continue to
uncover new alleles and expand the current body of knowl-
edge on the molecular genetics of ABO.

Formation of A, B, and H Soluble Antigens

ABH antigens are integral parts of the membranes of RBCs,
endothelial cells, platelets, lymphocytes, and epithelial cells.
ABH-soluble antigens can also be found in all body secretions.
Their presence is dependent on the ABO genes inherited as
well as the inheritance of another set of genes (secretor
genes) that regulate their formation. Eighty percent of the
random U.S. population are known as secretors because they
have inherited a secretor gene (SeSe or Sese). The inheritance
of an Se gene codes for the production of a transferase (x-2-
L-fucosyltransferase) that results in the modification of the
type 1 precursor substance in secretions to express H sub-
stance.!? This H substance can then be modified to express A
and B substance (if the corresponding gene is present) in
secretions such as saliva.?’ For example, a group A individual
who is a secretor (SeSe or Sese) will secrete glycoproteins car-
rying A and H antigens. The Se gene does not, however, affect
the formation of A, B, or H antigens on the RBC. It is the pres-
ence of the Se-gene—specified a-2-L-fucosyltransferase that
determines whether ABH-soluble substances will be secreted
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"H structure"
Type-2-precursor chain HH/ Hh

= (immunodominant

"B antigen"

(immunodominant

(Precursor structure) [ -fucosyl transferase

sugar L-fucose)

hh

Y

Precursor structure unchanged

(Bombay phenotype)

B FIGURE 6-7

(Fig. 6-8).2! People who inherit the sese genotype are termed
nonsecretors.

Comparison of A, B, and H Antigens on RBCs
and A, B, and H Soluble Substances

The formation of soluble A, B, and H substances is the same
as that described for the formation of A, B, and H antigens on
the RBCs, except for a few minor distinctions that are com-
pared in Table 6-9.

Tests for ABH secretion may establish the true ABO group
of an individual whose RBC antigens are poorly developed.
The demonstration of A, B, and H substances in saliva is
evidence for the inheritance of an A gene, a B gene, an
H gene, and an Se gene. The term “secretor” refers only to
secretion of A, B, and H soluble antigens in body fluids. The
glycoprotein-soluble substances (or antigens) normally found
in the saliva of secretors are listed in Table 6-10. Box 6-1
summarizes the body fluids in which ABH-soluble substances
can be found. The procedure for determination of the secre-
tor status (saliva studies) can be found in the appendix at the
end of the chapter.

ABO Subgroups
A Subgroups
Basic Concepts

In 1911 von Dungern described two different A antigens based
on reactions between group A RBCs and anti-A and anti-A,.
Group A RBCs that react with both anti-A and anti-A, are clas-

sugar galactose)

Interaction of the Hh and ABO genes.

water-soluble secretions
produced by tissue cells

\ 4

Genotype: Se se
AB

HH

-.,(___‘

i

. = N-Acetylgalactosamine
{ = D-Galactose
N\ = N-Acetylglucosamine
O =L-fucose
0 = Protein backbone

Se AB A B H
P.S. ———— > Hantigen ——— > soluble
H antigens

B FIGURE 6-8 Secretor ABH glycoprotein substances.



TABLE 6-9 Comparison of ABH Antigens on
RBCs and in Secretions

A, B, and H Soluble
Substances

ABH Antigens on
Red Cells

e RBC antigens can be glycol- e Secreted substances are gly-
ipids, glycoproteins, or coproteins
glycosphingolipids

e RBC antigens are only e Secreted substances are pri-
synthesized on type 2 marily synthesized on type
precursor chains 1 precursor chains!?

e Type 2 chain refers to a e Type 1 chain refers to a
beta 1—4 linkage in which beta-1—3 linkage in which
the number one carbon of the number one carbon
the galactose is attached of the galactose is attached
to the number three carbon to the number three carbon
of the N-acetylglucosamine of the N-acetylglucosamine
sugar of the precursor sub- sugar of the precursor sub-
stance stance

e The enzyme produced by e The enzyme produced by
the H gene (a-2-L-fucosyl- the Se gene (a-2-L-
transferase) acts primarily fucosyltransferase) prefer-
on type 2 chains, which are entially acts on type 1
prevalent on the RBC mem- chains in secretory tissues
brane

sified as A, whereas those that react with anti-A and not anti-
A, are classified as A, (Table 6-11). RBCs from A, and A, indi-
viduals react equally strong with reagent anti-A in ABO
forward typing tests.

Classification into A; and A, phenotypes accounts for
99 percent of all group A individuals. The cells of approxi-
mately 80 percent of all group A (or AB) individuals are A,
(or A;B), and the remaining 20 percent are A, (or A,B) or
weaker subgroups. The difference between A, and A, is both
quantitative and qualitative. Table 6-12 summarizes the gen-
eral quantitative and qualitative differences of the subgroups
of A.

The production of both types of antigens is a result of an
inherited gene at the ABO locus. Inheritance of an A; gene
elicits production of high concentrations of the enzyme «-3-
N-acetylgalactosaminyltransferase, which converts almost all
of the H precursor structure to A, antigens on the RBCs. A, is
a very potent gene that creates from 810,000 to 1,170,000
antigen sites on the adult RBC, whereas inheritance of an A,
gene results in the production of only 240,000 to 290,000
antigen sites on the adult A, RBC. The immunodominant
sugar on both A, and A, RBCs is N-acetyl-D-galactosamine.

TABLE 6-10 ABH Substance in the Saliva of
Secretors (SeSe or Sese)”

Substances in Saliva

ABO Group A B H
0 None None ™
A ™ None T
B None ™ T
AB ) ) T

* Nonsecretors (sese) have no ABH substances in saliva.
77 and T, respectively, represent the concentration of ABH substances
in saliva.
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BOX 6-1
Fluids in which A, B, and H
Substances Can Be Detected in

Secretors
® Saliva
® Tears
@® Urine
® Digestive juices
® Bile
e Milk
® Amniotic fluid
® Pathologic fluids: pleural, peritoneal, pericardial,

ovarian cyst

Qualitative differences also exist, inasmuch as 1 to 8 percent
of A, individuals produce anti-A, in their serum, and 22 to 35
percent of A,B individuals produce anti-A,. This antibody can
cause discrepancies in ABO testing and incompatibilities in
crossmatches with A or A;B cells. Because anti-A, is a natu-
rally occurring IgM cold antibody, it is unlikely to cause a
transfusion reaction because it usually reacts better or only
at temperatures well below 37° C. It is to be considered clini-
cally significant if it is reactive at 37°C. There must be
some difference between the antigenic structure of A; and
A, because, even though the same immunodominant sugar
(N-acetyl-p-galactosamine) is attached by the same trans-
ferase (a-3-N-acetylgalactosaminyltransferase), A, and A,B
individuals cannot recognize the A, antigen as being part of
their own RBC makeup and are immunologically stimulated
to produce a specific A; antibody that does not cross-react
with A, RBCs.

The antigens present on the RBCs of A; and A, individuals
can be represented in two ways. It is generally presented that
A, has both the A and A, antigen on the RBC, whereas A, has
only A antigen on its surface (Fig. 6-9). However, to simplify
the concept, one can think of A; as having only A, antigen
sites and A, as having only A antigen sites (Fig. 6-10). Serum
from group B individuals contains two antibodies, anti-A and
anti-A;; therefore, this antibody mixture reacts with both A,
and A, RBCs because both cells have the A antigen. If serum
from a group B individual (which contains anti-A and anti-A,
is adsorbed with A, cells (which contain only the A antigen),
anti-A will bind to the RBC. The serum left after the cells and
attached anti-A are removed by centrifugation is referred to as
“absorbed serum” and contains anti-A,. This absorbed serum

TABLE 6-11 A, Versus A, Phenotypes

Reactions of Patient’s RBCs with

Anti-A Reagent

(anti-A plus Anti-A, Lectin
Blood Group anti-A)) Reagent
A 3 +
A I 0

2

+ = positive (agglutination)
0 = negative (no agglutination)
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TABLE 6-12 Quantitative and Qualitative

Differences of Subgroups of A

Quantitative Qualitative

o | Number of antigen sites Differences in antigenic struc-
ture

Subtle differences in trans-
ferase enzymes

Formation of anti-A,, in a
percentage of some sub-

groups

e | Amount of transferase
enzyme
e | Amount of branching

will react only with A, antigen sites. The seed of the plant
Dolichos biflorus, which serve as another source of anti-A,, is
known as anti-A; lectin. Lectins are seed extracts that agglu-
tinate human cells with some degree of specificity. This
reagent agglutinates A, (or A;B) cells but does not agglutinate
A, (or A,B cells). The characteristics of the A, and A, pheno-
types are presented in Table 6-13.

H antigen is found in greatest concentration on the RBCs
of group O individuals. Group A, individuals will not possess
a great deal of H antigen because, in the presence of the A,
gene, almost all of the H antigen is converted to A, antigen by
placing the large N-acetyl-D-galactosamine sugar on the H
substance. Because of the presence of so many A, antigens,
the H antigen on A, and A;B RBCs may be hidden and there-
fore may not be available to react with anti-H antisera. In the
presence of an A, gene, only some of the H antigen is con-
verted to A antigens, and the remaining H antigen is
detectable on the cell. Weak subgroups of the A antigen will
often have a reciprocal relationship between the amount of H
antigen on the RBC and the amount of A antigens formed
(i.e., more A antigen formed, less H antigen expressed on the
RBC). The H antigen on the RBCs of A, and A;B individuals is
so well hidden by N-acetyl-D-galactosamine that anti-H is
occasionally found in the serum. This anti-H is a naturally
occurring IgM cold agglutinin that reacts best below room
temperature. As can be expected, this antibody is formed in
response to a natural substance and reacts most strongly with
cells of group O individuals (which have the greatest amount

of H substance on their RBCs) and weakly with the RBCs of
A B individuals (which contain small amounts of H sub-
stance). It is an insignificant antibody in terms of transfusion
purposes because it has no reactivity at body temperature,
37°C. However, high-titered anti-H may react at room tem-
perature and present a problem in antibody screening proce-
dures because reagent screening cells are group O (see
Chapter 12). This high-titered anti-H may also present a prob-
lem with compatibility testing (see Chapter 13). Anti-H lectin
from the extract of Ulex europaeus closely parallels the reac-
tions of human anti-H. Both antisera agglutinate RBCs of
group O and A, and react very weakly or not at all with groups
A, and A;B. Group B cells give reactions of variable strength
(Fig. 6-11).

Advanced Concepts (SBB Level)

The discussion thus far has presented a basic overview of the
two major ABO subgroups, A, and A,. A more plausible, yet
more detailed, theory of ABO subgroups has been proposed
by the identification of four different forms of H antigens, two
of which are unbranched straight chains (H,, H,) and two of
which are complex branched chains (H,, H,) (Fig. 6-12).22
H, through H, correspond to the precursor structures on
which the A enzyme can act to convert H antigen to blood
group A active glycolipids. Although the chains differ in
length and complexity of branching, the terminal sugars
giving rise to their antigenic specificity are identical. Studies
on the chemical and physical characteristics of the A; and
A, enzyme transferases have demonstrated that these two
enzymes are different qualitatively.!*13 Straight chain H,
and H, glycolipids can be converted to A* and A" antigens,
respectively, by both A, and A, enzymes, with the A, enzyme
being less efficient. The more complex branched H, and H,
structures can be converted to A¢ and A antigens by A,
enzyme and only very poorly by A, enzyme. As a result, more
unconverted H antigens (specifically H, and H,) are available
on group A, RBCs, and only A® and A" determinants are
formed from H,; and H, structures. On the RBCs of some
A, individuals, A°® is extremely low and A? is completely lack-
ing (Box 6-2). It is feasible to expect that these are the indi-

Reactions of Patients Red Cells with

Anti-A Anti-Aq

Blood Group Antigen Present (Anti-A plus Anti-A1) lectin
A1 A1 A +
Ao A 0

B FIGURE 6-9 A, versus A, phenotypes.
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Reactions of Patients Red Cells with

Az

The ABO Blood Group System

Blood Group Antigen Present
Aq A4
Az A

Anti-A Anti-A4
(Anti-A plus Anti-A4) lectin
+ +
+ 0

B FIGURE 6-10 A, versus A, phenotypes (alternative conceptual presentation).

viduals in whom one would find anti-A, in the serum. This
anti-A; antibody could really be an antibody to A and A
determinants, which these A, individuals lack. Also, in 22
to 35 percent of A,B individuals, anti-A; can be found in the
serum. Inasmuch as the B enzyme transferase is usually more
efficient than the A enzyme in converting H structures to
the appropriate antigen, A, enzymes would probably fail
completely when paired with a B enzyme. As a result, A,B
individuals would be far more likely to lack A¢ and A4 compo-
nents with subsequent production of anti-A® and anti-A4
(anti-A,).

As stated previously, most group A infants appear to be A,
at birth, with subsequent development to A, a few months
later. Newborn infants have been found to have a deficiency of
the branched H, and H, antigens and, therefore, also the A
and AY antigens, possibly accounting for the A, phenotype.
Adult cells contain a higher concentration of branched H, and
H, structures and, therefore, A® and Ad determinants of the A
antigen in A, individuals.

Weak A Subgroups
Basic Concepts

Subgroups weaker than A, occur infrequently and are most
often recognized through an ABO discrepancy. These sub-
groups of A make up 1 percent of those encountered in the
laboratory and therefore are mainly of academic interest.
Characteristics of weak ABO subgroups include:

1. Decreased number of A antigen sites per RBC (resulting in
weak or no agglutination with anti-A)

2. Varying degrees of agglutination by human anti-A,B?

3. Increased variability in the detectability of H antigen,
resulting in strong reactions with anti-H

4. Presence or absence of anti-A, in the serum

Secretor studies and adsorption-elution tests can be uti-
lized to subdivide A individuals into A,, A, A__,, etc. (Table
6-14).

Occasionally, weak subgroups of A may present practical
problems if, for example, an A_donor that was mistyped as a
group O was transfused to a group O transfusion recipient.
This is potentially dangerous because the group O patient
possesses anti-A,B, which agglutinates and lyses A RBCs,
causing rapid intravascular hemolysis.

Advanced Concepts (SBB Level)

Weak A phenotypes can be serologically differentiated using
the following techniques:

Forward grouping of A and H antigens with anti-A, anti-A,B,
and anti-H

Reverse grouping of ABO isoagglutinins and the presence of
anti-A,

Adsorption-elution tests with anti-A

Saliva studies to detect the presence of A and H sub-
stances

TABLE 6-13 Characteristics of A, and A, Phenotypes

RBCs with Naturally Occurring Antibodies in Serum
Substances Present in Number of Antigen
Phenotypes Anti-A Anti-B Anti-A,B Anti-A, Common Unexpected Saliva of Secretors Sites RBC X 103
A, 4+ 0 4+ 4+ Anti-B None A, H 810-1170
7 4+ 0 4+ 0 Anti-B Anti-A; A H 240-290

(1%—-8% of cases)
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O > Ab > B > AB > A1 > A{B
greatest least
amount of amount of
H H

B FIGURE 6-11
ABO blood groups.

Reactivity of anti-H antisera or anti-H lectin with

Additional special procedures such as serum glycosyltrans-
ferase studies for detection of the A enzyme can be performed
for differentiation of weak subgroups. Absence of a disease
process should be confirmed before subgroup investigation,
because ABH antigens are altered in various malignancies and
other hematologic disorders. (A discussion of ABO discrepan-
cies due to ABH antigens/antibodies in disease occurs later in
this chapter).

Weak A subgroups can be distinguished as A;, A, A, , A_,
A and A, using the serologic techniques mentloned prev1-
ously (see Table 6-14). The characteristics of each weak A
subgroup are presented in the following paragraphs.

A,. A, RBCs characteristically demonstrate a mixed-field
pattern of agglutination with anti-A and most anti-A,B
reagents.® Mixed-field can be defined as small agglutinates
within predominantly unagglutinated cells. The estimated
number of A antigen sites is approximately 35,000 per RBC.5
Weak «-3-N-acetylgalactosaminyltransferase activity is
detectable in the serum. However, there appears to be a het-
erogeneity in the A, glycosyltransferases isolated from various
A, phenotypes. Individuals tested were divided into three
groups.? Group 1 consisted of A, phenotypes with an enzyme
that had an optimal pH of approximately 7.0 and very low
activity. Group 2 consisted of A, individuals with no
detectable A transferase. Group 3 consisted of an A, phenotype
demonstrating a serum A enzyme with an activity equivalent
to one-third of that normally found in group A, serum and an
optimal pH activity of 6.0. Additionally, in optimum condi-
tions, serum from this A, individual in Group 3 was capable of
converting O RBCs into A RBCs that did not show the mixed-
field agglutination pattern characteristic of A,.° A, enzyme is
a product of an allele at the ABO locus inherited in a domi-
nant manner; however, the A, blood group has been reported
to be very heterogeneous at the molecular level. 24 Anti-A; may
be present in serum of A, individuals, and A substance is
detected in the saliva of A, secretors.

A. A RBCs characteristically are not agglutinated by
anti-A reagent but do agglutinate with most examples of
anti-A,B.% The estimated number of A antigen sites is approx-
imately 4000 per RBC.% Anti-A can be adsorbed and then
eluted from A_ cells without difficulty. A transferase is not
usually detectable in the serum or in the RBC membranes
of A_individuals. The molecular genetics of A_reflects the
considerable heterogeneity of the serologic phenotypes.2
A individuals almost always produce anti-A, in their serum.
Routine secretor studies detect the presence of only H sub-
stance in A_ secretors. However, A secretors contain A
substance detectable only by agglutination/inhibition studies
using A_ RBCs as indicators.?> Caution should be used
in interpreting results of secretor studies using A_ indicator
cells and anti-A, because not all A_ cells are agglutinated by
anti-A.

A, A4 RBCs charateristically demonstrate mixed-field
agglutination with anti-A and anti-A,B, but only a very small
percentage of the RBCs (<10 percent) agglutinate.2 The esti-
mated number of A antigen sites on the few agglutinable
RBCs is approximately 3500, whereas no detectable A anti-
gens are demonstrated on RBCs that do not agglutinate.?’ No
A glycosyltransferase is detectable in the serum or in the RBC
membranes of A, , individuals. A, is inherited as an allele at
the ABO locus.* Secretor studies detect the presence of only H
substance in the saliva of A, secretors. Anti-A, is found in
some A_, sera.* The phenotypes of A. and A, are consid-
ered by some investigators to represent variants of the A_
subgroup.?’

A_. A, RBCs are characteristically not agglutinated, or
agglutmated only weakly, by anti-A or anti-A,B.2” A strongly
positive adsorption/elution of anti-A confirms the presence of
A antigen sites. The estimated number of A antigen sites
varies from 200 to 1900 per RBC in A_ individuals.? An A
enzyme of either the A, or A, type previously described is
detectable in the serum of A  subgroups.2” A _ is inherited as
a rare allele at the ABO locus.2® These individuals usually do
not produce anti-A, in their sera. Normal quantities of A and
H substance are found in the saliva of A secretors.?”

y RBCs are not agglutinated by anti-A or anti-A,B.
Adsorption and elution of anti-A is the method used to con-
firm the presence of A antigens. Activity of eluates from A
RBCs is characteristically weaker than that of eluates from A |
RBCs. Trace amounts of A glycosyltransferase is detectable in
the serum of A individuals, and saliva secretor studies
demonstrate H and A substance, with A substance present in
below-normal quantities.?3 A individuals usually do not pro-
duce anti-A,. The A phenotype can be observed in siblings,
1mp11cat1ng a recesswe mode of inheritance. This phenotype
does not represent expression of an alternate allele at the ABO
locus but rather as a germline mutation of an A gene within a
family.*

A, RBCs typically are unagglutinated by anti-A or anti-
A,B; however, adsorption and elution can be used to demon-
strate the presence of the A antigen. No detectable A enzyme
activity can be demonstrated in the serum or in the RBC
membranes of A | individuals by glycosyltransferase studies.?
The A, phenotype is inherited as a rare gene at the ABO
locus.! A | individuals usually produce an anti-A, that is reac-
tive with A, cells and sometimes produce anti-A, which agglu-
tinates A, RBCs.25 Secretor studies demonstrate the presence
of only H substance in the saliva of A | secretors.

It should be noted that there are still some reported A vari-
ants that do not fit into any of the weak subgroups described,
alluding to existence of new alternate alleles or regulation by
modifier genes.!!

A general flowchart for the process of elimination and
identification of various subgroups is presented in Figure
6-13, with the assumption that the patient’s medical history
(e.g., recent transfusion, disease states) has been investigated
and excluded as a source of discrepancy.

B Subgroups

Subgroups of B are very rare and less frequent than A sub-
groups.
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® A, RBCs: Predominantly A* and A and unconverted H, and
H, antigen sites

® A, red cells: A% AP A< and Ad determinants and no uncon-
verted H, and H, antigen sites
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BOX 6-2
Structural Characteristics of A|
and A, RBCs

Weak B Subgroups
Advanced Concepts (SBB Level)

RBCs demonstrating serologic activity that is weaker than
normal are designated weak B phenotypes or B subgroups and
include B, B,, B, and B, phenotypes® (Table 6-15). There
are no B subgroups reported that are equivalent to A, or Ay.
A classification system similar to A subgroups has been used
because of common serologic characteristics. Subgroups of B
are usually recognized by variations in the strength of the
reaction using anti-B and anti-A,B.

Inheritance of B subgroups, similar to that of the majority
of A subgroups, is considered to be a result of alternate alleles
at the B locus. Criteria used for differentiation of weak B phe-
notypes include the following:

1. Strength/type of agglutination with anti-B, anti-A,B, and
anti-H

2. Presence or absence of ABO isoagglutinins in the serum

3. Adsorption-elution studies with anti-B

4. Presence of B substance in saliva

These serologic techniques can be used to characterize B sub-
groups in the following manner.

B,. This phenotype generally results from the inheritance
of a rare gene at the ABO locus and is characterized by a
mixed-field pattern of agglutination with anti-B and anti-
A,B.29 B glycosyltransferase is present in the serum but not in
the RBC membranes of these individuals. Anti-B is absent in
the serum of B, phenotypes, but B substance is present in
normal amounts in the saliva of secretors. The B, subgroup is
the most frequent weak B phenotype.®

B,. B, RBCs typically demonstrate weak agglutination
with anti-B and anti-A,B antisera.* B glycosyltransferase
has not been detected in the serum or in the RBC mem-
branes of B, phenotypes, but a weakly reactive anti-B
usually is produced.® B_ RBCs readily adsorb and elute
anti-B. Secretor studies demonstrate large amounts of H
substance as well as some B substance that can often be
detected only by inhibition of agglutination of B, cells with
anti-B.* Family studies suggest that B_is a rare allele at the
ABO locus.

B_. B, RBCs are characteristically unagglutinated by
anti-B or anti-A,B. The B_ RBCs easily adsorb and elute anti-
B. B glycosyltransferase is present in the serum of B pheno-
types but is usually lower in activity and varies from
individual to individual.®® Only very small amounts of B
transferase activity is demonstrated in B, RBC mem-
branes. Reduced activity of B enzyme in hematopoietic
tissue is clearly the defect causing the formation of the
B, subgroup, inasmuch as normal B plasma incubated with
B RBCs and UDP-galactose transforms this subgroup into
a normal group B phenotype. Anti-B is not characteris-
tically present in the serum of B_ individuals. Normal quan-
tities of H and B substance are found in the saliva of B |
secretors.

The B, phenotype is usually the result of inheritance of a
rare allele at the ABO locus, although the subgroup B may
be the product of an interacting modifying gene linked close-
ly to the ABO locus. This modifier gene may depress expres-
sion of the B gene, resulting in decreased B enzyme activity.3°
The B subgroup is reported to be more frequent in Japan.?

B, B, RBCs are unagglutinated by anti-B or anti-A,B. This
extremely rare phenotype must be determined by adsorption
and elution of anti-B. No B glycosyltransferase has been iden-
tified in the serum or RBC membrane of B | individuals. B, is
inherited as a rare gene at the ABO locus. A weak anti-B may
be present in the serum of this subgroup. Only H substance is
demonstrated in saliva of B, secretors.?!

Other weak B phenotypes have been reported that do not
possess the appropriate characteristics for classification into
one of the groups previously discussed.? These may represent
new classifications and new representations of ABO polymor-
phism.

TABLE 6-14 Characteristics of Weak ABO Phenotypes

RBCs with Antibodies in Serum
Substances Presence of Number of
present in saliva A transferase antigen sites
Phenotypes Anti-A  Anti-B  Anti-A,B  Anti-H Anti-A  Anti-B  Anti-A, of secretors in serum RBC X 103
A, ++mf 0 ++mf 3+ no yes sometimes A H sometimes 35
A wk/0 0 2r 44+ A= yes almost always  A(trace), H rarely 5
A g wk mf 0 wk mf 4+ no yes sometimes H no 35
A_* 0/wk 0 0/+ 4+ no yes no A, H yes 1
Ay* 0 0 0 4+ no yes no A, H trace 1
A 0 0 0 4+ some yes yes H no T

*A specificity demonstrated only by absorption/elution procedures
mf = mixed-field agglutination; wk = weak; 0 = negative
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with anti-A and/or anti-A,B

weak agglutination
with anti-A,B only

AS Aend Ax

M FIGURE 6-13

The Bombay Phenotypes (O,)

The Bombay phenotype was first reported by Bhende in 1952
in Bombay, India. It represents the inheritance of a double
dose of the h gene producing the very rare genotype hh. As a
result, the ABO genes cannot be expressed, and ABH antigens
cannot be formed as there is no H antigen made in the
Bombay phenotype (Box 6-3). More than 130 Bombay phe-
notypes have been reported in various parts of the world.
These RBCs are devoid of normal ABH antigens and therefore
fail to react with anti-A, anti-B, and anti-H. In RBC testing
using anti-A and anti-B, the Bombay would phenotype as an
0 blood group. However, the RBCs of the Bombay phenotype
(Oh) do not react with the anti-H lectin (Ulex europaeus),
unlike those of the normal group O individual, which react

no agglutination

adsorbs an