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PREFACE

The completion of this volume marks the happy milestone for me of a 15-year
editorial association with Academic Press. It is appropriate, therefore, to ac-
knowledge the professionalism of the staff and management, as well as their mani-
fold contributions to the success of these volumes. It also marks my embarkation
on new and more challenging professional pursuits. These ultimately will allow
more opportunity to continue to perform the editorial tasks associated with Ad-
vances in Clinical Chemistry, as well as other educational and scientific activities.

The contents of Volume 33 again demonstrate the commitment of all those in-
volved to serve an evolving and increasingly multidisciplinary scientific disci-
pline. Included are chapters titled Endogenous Mediators in Sepsis and Septic
Shock; Current Concepts of Coagulation and Fibrinolysis; Red Blood Cell En-
zymes and Their Clinical Utility; Tumor Markers: Recent Developments and New
Approaches to Evaluation; and Branched DNA Signal Amplification for Direct
Quantitation of Nucleic Acid Sequences in Clinical Specimens. Future volumes
are planned to continue to expand the clinical and basic sciences encompassed. To
adequately cover new and emerging aspects of the science and practice of clinical
chemistry, future volumes will be published on a two volume per three year basis.
This production schedule will allow the scientific experts, editors, and publisher
to produce an even higher quality product. Monographs are being considered,
with a view to providing a multifaceted and complete overview of the core and satel-
lite sciences constituting this field. The Editorial Board is being reformulated to
meet the challenges of clinical chemistry in the new millenium. Two regional as-
sociate editors will be added to the editorial team. One will be based initially in
Europe and the second in Asia. The composition of the Editorial Board itself will
continually be partially reconfigured to reflect the great diversity of talent, know!-
edge, and perspectives of an international scientific community.

I would like to take this occasion to thank the editors of this volume, as well as
the authors. It was a pleasure working with each of them. There is considerable
work in assembling each of these books, but it is more than compensated by the
collegiality of all concerned as well as the amount of true education the experience
provides. Most especially, I thank my wife, Joanne, for her continuing patience
and support in these efforts.

HERBERT E. SPIEGEL
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1. Introduction

Mature red blood cells do not have nuclei, mitochondria, or microsomes; there-
fore red blood cell function is supported through the most primitive and universal
pathway. Glucose, the main metabolic substrate of red blood cells, is metabolized
via two major pathways; the Embden—Meyerhof glycolytic pathway and the hex-
ose monophosphate pathway (Fig. 1). Under normal circumstances, about 90% of
the glucose entering the red blood cell is metabolized by the glycolytic pathway
and 10% by the hexose monophosphate pathway.

The glycolytic pathway is the only pathway of ATP synthesis in the mature cell.
For every mole of glucose consumed, 2 moles of ATP are generated. Important
functions of red blood cell ATP include active transport of sodium and potassium,
maintenance of low intracellular calcium levels, phosphorylation of membrane
protein, and sustenance of glycolysis itself. Glycolysis is also the major source of
red blood cell reduced nicotinamide—adenine dinucleotide (NADH), an essential
cofactor for NADH cytochrome b, reductase, which catalyzes the conversion of
methemoglobin to functional hemoglobin. At the step of phosphoglycerate kinase,
energy generation is bypassed by the Rapoport—Luebering cycle, as a result of
which 2,3-diphosphoglycerate (2,3-DPG) is formed. 2,3-DPG has an important role
in regulating the oxygen affinity of hemoglobin and also provides a reservoir of
triose. In the 11 glycolytic enzymes, at least 7 enzyme abnormalities associated with
hereditary nonspherocytic hemolytic anemia have been reported. Under such cir-
cumstances, hemolytic anemia results from decreased viability of the red blood cell.

The most important product of the hexose monophosphate pathway is reduced
nicotinamide—adenine dinucleotide phosphate (NADPH). Another important
function of this pathway is to provide ribose for nucleic acid synthesis. In the red
blood cell, NADPH is a major reducing agent and serves as a cofactor in the re-
duction of oxidized glutathione, thereby protecting the cell against oxidative at-
tack. In the syndromes associated with dysfunction of the hexose monophosphate
pathway and glutathione metabolism and synthesis, oxidative denaturation of he-
moglobin is the major contributor to the hemolytic process.

Deficiencies of enzymes involved in glycolysis, the hexose monophosphate
pathway, the closely related glutathione metabolism and synthesis, and nucleotide
metabolism have emerged as causes of hereditary nonspherocytic hemolytic ane-
mias (Table 1) (F10, F11, M27). Some enzyme deficiencies, such as diphospho-
glycerate mutase deficiency, lactate dehydrogenase deficiency, and NADH cy-
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FiG. 1. Major pathway of energy metabolism in mature red blood cells and reticulocytes. G6P, glu-
cose-8-phosphate; F6P, fructose-6-phosphate; F-1,6-diP, fructose-1,6-diphosphate; DHAP, dihydroxy-
acetone phosphate; GA3P, glyceraldehyde-3-phosphate; 1,3 DPG, 1,3-diphosphoglycerate; 2,3 DPG,
2,3-diphosphoglycerate; 3PG, 3-phosphoglycerate; 2PG, 2-phosphoglycerate; PEP, phosphoenolpyru-
vate; 6PG, 6-phosphoglycerate; GSH, reduced glutathione; GSSG, oxidized glutathione; ATP, adeno-
sine triphosphate; ADP, adenosine diphosphate; NAD, nicotinamide adenine dinucleotide; NADH, re-
duced nicotinamide adenine dinucleotide; NADP, nicotinamide adenine dinucleotide phosphate;
NADPH, reduced nicotinamide adenine dinucleotide phosphate; ATPase, adenosine triphosphatase; Pi,
inorganic phosphate.

tochrome b deficiency, do not show an apparent shortening of the red blood cell
life span.
Since the discovery of glucose-6-phosphate dehydrogenase deficiency (C3) and
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TABLE 1
RED BL0OD CELL ENZYME ANOMALIES ASSOCIATED
wITH HEREDITARY HEMOLYTIC ANEMIA

Red blood cell enzyme anomalies Mode of inheritance

Embden-Meyerhof pathway

Hexokinase Autosomal recessive
Glucose phosphate isomerase Autosomal recessive
Phosphofructokinase Autosomal recessive
Aldolase Autosomal recessive
Triose phosphate isomerase Autosomal recessive
Phosphoglycerate kinase X-linked

Pyruvate kinase Autosomal recessive

Hexose monophosphate pathway and glutathione
metabolism and synthesis

Glucose-6-phosphate dehydrogenase X-linked

Glutathione reductase Autosomal recessive
Glutathione peroxidase Autosomal recessive
Glutamylcysteine synthetase Autosomal recessive
Glutathione synthetase Autosomal recessive

Nucleotide metabolism

Adenylate kinase Autosomal recessive
Pyrimidine 5°-nucleotidase Autosomal recessive
Adenosine deaminase (overproduction) Autosomal dominant

pyruvate kinase deficiency (V1), erythroenzymopathies associated with hereditary
hemolytic anemia have been extensively investigated. Kinetic and electrophoret-
ic studies have shown that most erythroenzymopathies are caused by the produc-
tion of a mutant enzyme. Although single amino acid substitutions have been iden-
tified in some variant enzymes by studies of the enzyme protein, it has been
difficult to purify and to characterize the patient’s enzymes because of the low pro-
tein content in the red blood cells. Genomic DNA or complementary DNA (cDNA)
for most of the enzymes causing hereditary hemolytic anemia has been isolated
using the technique of molecular biology (F11, M28). This has set the stage for
rapid advances in understanding the molecular basis of erythroenzymopathies. The
abnormalities are mostly missense mutations. Nonsense mutation, gene deletion,
gene insertion, and splicing mutation have also been found in several variant en-
zymes (Fig. 2).

It is possible to diagnose nonhematologic hereditary disorders by measuring red
blood cell enzyme activities if the activity of the enzyme in red blood cells and the
target organ(s) is under the same genetic control. Examples of these disorders in-
clude three types of galactosemia, the porphyrias, and prolidase deficiency.
Among the immunodeficiency syndromes, adenosine deaminase deficiency and
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FIG. 2. Representative mutations causing erythroenzymopathies. PK, pyruvate kinase; G6PD, glu-
cose-6-phosphate dehydrogenase; PFK, phosphofructokinase.

purine nucleoside phosphorylase deficiency can be detected by studying red blood
cells. In the metabolism of purines, hypoxanthine-guanine phosphoribosyltrans-
ferase deficiency and adenine phosphoribosyltransferase deficiency can also be di-
agnosed by measuring the enzyme activity in red blood cells. Acatalasemia is the
first red blood cell enzyme deficiency to have been discovered in Japan (T1). Cer-
tain types of renal tubular acidosis are due to carbonic anhydrase deficiency. The
lack of red blood cell cholinesterase (J2, S15) and AMP deaminase (O2) appears
not to have any clinical consequences and is entirely asymptomatic.
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2. Structure and Function of Major Red Blood Cell Enzymes

2.1. HEXOKINASE

The initial step in glycolysis, in which glucose is catalytically phosphorylated
to glucose-6-phosphate by hexokinase (Hx), is critical to human red blood cell me-
tabolism. Hx catalyzes one of the rate-limiting steps of the glycolytic pathway.
Among all the red blood cell glycolytic enzymes, Hx has the lowest catalytic ac-
tivity and is the most age-dependent enzyme. It has been estimated that the mature
red blood cells may have no more than 2 to 3% of the Hx activity originally pre-
sented in the reticulocyte (V2). Hx has three isozymes (Hx I, II, and III). In gen-
eral, the type I isozyme is expressed in the brain, red blood cell, and kidney; type
IT in muscle and adipocytes; and type III in cell nuclei. Isozymes [, II, and III are
similar in that they consist of a single polypeptide chain of 100 kilodaltons (kDa).
The Hx in red blood cells is mainly type I, and the mature red blood cells contain
small amount of Hx III, which is not found in the fetal red blood cell. Although Hx
I and Hx II are both expressed in skeletal muscle and adipose tissue, Hx I is the
predominant isoform in these tissues. Catalytic activity of Hx II is increased by in-
sulin, whereas that of Hx I is unaffected. These properties contrast with those of a
fourth type of Hx found in liver and pancreas, called type IV or more commonly,
“glucokinase (GK).” This enzyme is similar to the Hx found in yeast, consisting
of a single polypeptide chain of 50 kDa, and differs from the other mammalian Hx
because of its low affinity for glucose, lack of inhibition by glucose-6-phosphate,
and kinetic cooperativity with glucose. The most important physiological regula-
tors of GK gene expression are insulin and glucagon.

¢DNAs encoding human Hx I (N8), Hx II (P14), Hx III (F14), and GK (N9)
have been isolated and their genes localized to human chromosome bands 10g22
(M7),2p13.1 (LS), 5q35.2 (F15), and 7p13 (N9), respectively. Analysis of cDNAs
encoding mammalian type I-III isozymes showed that they consist of a tandem
arrangement of two highly homologous polypeptides, the amino acid sequences of
which are very similar to those of the 50-kDa yeast Hx or GK. In rat, the structure
of genomic DNA of Hx II consisted of a duplication of the genomic DNA of GK
with the same intron—exon structures (K22). Therefore, it has been considered that
the 100-kDa Hx evolved by gene duplication encoding an ancestral Hx similar to
yeast Hx and GK.

2.2. GLUCOSE PHOSPHATE [SOMERASE

Glucose phosphate isomerase (GPI) catalyzes the reversible interconversion of
glucose-6-phosphate and fructose-6-phosphate. GPI plays an essential role in car-
bohydrate metabolism in all cells of the body. The substrates of this enzyme, fruc-
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tose-6-phosphate and glucose-6-phosphate, are intermediates in glycolysis and
gluconeogenesis, as well as intermediates in the hexose monophosphate pathway.

In humans, the structural gene locus is on chromosome 19 (M17), and the gene
spans over 40 kilobases (kb) including 18 exons and 17 introns (W2, X2). Neu-
roleukin, a protein that acts as both a neurotrophic factor and a lymphokine, has
been isolated from mouse salivary glands (G7), and subsequently the primary
structure of neuroleukin was found to be identical to that of GPI by comparison of
the cDNA sequences (C7, F1). The cDNA sequence encodes 558 amino acid
residues. The enzyme consists of two identical subunits with a molecular weight
of approximately 63,000 and neuroleukin is active as a monomer.

2.3. PHOSPHOFRUCTOKINASE

Phosphofructokinase (PFK) is a key regulatory enzyme of glycolysis that cat-
alyzes the conversion of fructose-6-phosphate to fructose-1,6-diphosphate. The
active PFK enzyme is a homo- or heterotetrameric enzyme with a molecular
weight of 340,000. Three types of subunits, muscle type (M), liver type (L), and
fibroblast (F) or platelet (P) type, exist in human tissues. Human muscle and liv-
er PFKSs consist of homotetramers (M, and L), whereas red blood cell PFK con-
sists of five tetramers (M » M, LML, ML, and L ). Each isoform is unique with
respect to affinity for the substrate fructose-6-phosphate and ATP and modulation
by effectors such as citrate, ATP, cAMP, and fructose-2,6-diphosphate. M-type
PFK has greater affinity for fructose-6-phosphate than the other isozymes. AMP
and fructose-2,6-diphosphate facilitate fructose-6-phosphate binding mainly of L-
type PFK, whereas P-type PFK has intermediate properties.

The genes for PFK-M, PFK-L, and PFK-P isoforms have been cloned (E3, L9,
N1). The human PFK-M gene is a single-copy gene that spans ~30 kb of genom-
ic DNA and contains 24 exons. The coding region encompasses 2340 bp; the
polypeptide encoded by the gene comprises 780 amino acids and has a predicted
molecular mass of 85 kDa. The respective genes have been assigned to different
chromosomes: PFKM to chromosome 12q13 (H21), PFKL to chromosome 21q
(V13), and PFKP to chromosome 10p (M30).

2.4. ALDOLASE

The hexose phosphate, fructose-1,6-diphosphate, is split by aldolase into two
triose phosphates: glyceraldehyde-3-phosphate and dihydroxyacetone phosphate.
Aldolase consists of four 40-kDa subunits. Three tissue-specific forms exist in hu-
man tissues; aldolase A (ubiquitous and very active in the muscle), aldolase B (liv-
er, kidney, and small intestine), and aldolase C (specific to the brain). These three
isozymes have nearly the same molecular size but differ in substrate specificity,
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kinetic and immunological properties, and tissue distribution. The aldolase in red
blood cells is type A.

The nucleotide sequences of human aldolase A and B cDNA and the genomic
structure of these genes were determined (M11, M32, R6, S2, S3). Both aldolase
A and aldolase B have 363 amino acid residues with highly conserved amino acid
and nucleotide sequences, indicating that both arose from a common ancestral
gene. The single-copy genes, A, B, C, and a pseudogene map to chromosomes 16,
9, 17, and 10, respectively (T15).

2.5. TRIOSE PHOSPHATE ISOMERASE

Triose phosphate isomerase (TPI) catalyzes the interconversion of glyceralde-
hyde-3-phosphate and dihydoxyacetone phosphate and has an important role in
glycolysis, gluconeogenesis, fatty acid synthesis, and the hexose monophosphate
pathway. Red blood cell TPI activity measured in vitro is approximately 1000
times that of Hx, the least active glycolytic enzyme. TPI is a dimer of identical
subunits, each of molecular weight 27,000, and does not utilize cofactors or met-
al ions. Posttranslational modification of one or both subunits may occur by
deamidination, resulting in multiple forms of the enzymes and creating a complex
multibanded pattern on electrophoresis.

The human TPI gene spans 3.5 kb of DNA located on the short arm of chromo-
some 12 (12p13) and comprises seven exons encoding a 1.2-kb messenger RNA
(mRNA) that is translated into a 248-amino-acid protein (B35, M10).

2.6. DIPHOSPHOGLYCERATE MUTASE

Diphosphoglycerate mutase (DPGM) in the Rapoport-Luebering cycle is a mul-
tifunctional enzyme that catalyzes the synthesis and the degradation of 2,3-DPG.
In humans, DPGM activity is detected only in red blood cells, and 2,3-DPG exists
at a high concentration in these cells. 2,3-DPG binds to the B chains of the deoxy
form of hemoglobin (Hb) at the ratio of one molecule per Hb tetramer (a,B,), sta-
bilizing this conformation and thus decreasing its oxygen affinity and increasing
the oxygen delivery to the tissues in the physiologic range of Po,.

The main function of DPGM resides in its synthase activity, and DPGM also
possesses a phosphatase activity, commonly referred to as diphosphoglycerate
phosphatase (DPGP). DPGM and DPGP activities are performed by a single mol-
ecule. A third enzymatic activity is identical to another glycolytic enzyme,
monophosphoglycerate mutase (MPGM), although at a much lower level than
MPGM in red blood cells. There are two isozymes of MPGM; a muscle-specific
form (MPGM-M) and a non—-muscle-specific form (MPGM-B) found in liver, kid-
ney, brain, and red blood cells. The cDNAs for these enzymes have been cloned
(J4,15, S4, S12). The DPGM c¢DNA encodes a protein of 258 amino acid residues.
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MPGM-M and MPGM-B have 254 and 253 amino acids, respectively. Both amino
acid and cDNA sequence studies have shown that DPGM and MPGM-B are high-
ly homologous but are encoded by two different structural genes. The gene for
DPGM maps to chromosome 7 (B2) and that for MPGM-B to chromosome 10
(J6). The genes encoding these two enzymes probably arose by gene duplication
and subsequent recombination.

2.7. PHOSPHOGLYCERATE KINASE

Phosphoglycerate kinase (PGK) is a key enzyme for ATP generation in the gly-
colytic pathway and catalyzes the conversion of 1,3-diphosphoglycerate to 3-
phosphoglycerate. The PGK reaction is bypassed by the Rapoport—Luebering cy-
cle. PGK has two isozymes, PGK-1 and PGK-2. PGK-1 is the ubiquitous enzyme
that is expressed in all somatic cells and is encoded by a single structural gene on
the X chromosome q13 (W7).

Normal human PGK1 has been completely sequenced from the purified protein
(H22). Subsequently, the cDNA sequence and genomic organization for PGK-1
were elucidated (M19, M20). The gene spans 23 kb and contains 10 introns. The
coding region is 1254 bp in length. PGK-1 consists of 416 amino acid residues,
and the monomeric enzyme of about 48 kDa is catalytically active. The three-di-
mensional structure of the horse muscle enzyme had been determined by X-ray
crystallography (B1). That of the human enzyme remains unknown, but there are
only 14 amino acid differences between human and horse PGK, suggesting close
structural similarity (Fig. 3). PGK2 is an autosomal gene expressed in a tissue-spe-
cific manner exclusively in the late stages of spermatogenesis (M16). The gene lo-
cus of PGK2 has been assigned to chromosome 19 (G3).

2.8. PYRUVATE KINASE

Pyruvate kinase (PK) is one of the three postulated rate-controlling enzymes of
glycolysis. The high-energy phosphate of phosphoenolpyruvate is transferred to
ADP by this enzyme, which requires for its activity both monovalent and divalent
cations. Enolpyruvate formed in this reaction is converted spontaneously to the
keto form of pyruvate with the synthesis of one ATP molecule. PK has four
isozymes in mammals; Mr M, L, and R. The M, type, which is considered to be
the prototype, is the only form detected in early fetal tissues and is expressed in
many adult tissues. This form is progressively replaced by the M, type in the skele-
tal muscle, heart, and brain; by the L type in the liver; and by the R type in red
blood cells during development or differentiation (M26). The M, and M, isozymes
display Michaelis—Menten kinetics with respect to phosphoenolpyruvate. The M,
isozyme is not affected by fructose-1,6-diphosphate (F-1,6-DP) and the M, is al-
losterically activated by this compound. Type L and R exhibit cooperatively in
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FiG. 4. Schematic representation of expression of the rat pyruvate kinase (PK) gene. Exons specif-
ic to each isozyme are indicated by marked boxes. The exons common to M,- and M,-type PK and
common to L- and R-type PK are shown by open boxes. CAAT, CAT box; TATA, TATA box; AATAAA,
polyadenylation signal.

their kinetics towards phosphoenolpyruvate, and both are allosterically activated
by F-1,6-DP. Kinetic, electrophoretic, and immunological properties suggest that
both L and R types differ from M, and M, types and that these two kinds of
isozymes are under the control of different genes.

Pioneer studies of the rat PK genes have been done by Noguchi er al. (Fig. 4)
(N10, N11, T4). Subsequently, we have cloned human L- and R-type PK cDNAs
and the structural gene for these isozymes, the L-PK gene (K4, K6, T10). The
cDNA sequences for M, - and M,-type PK and the genomic organization for PK-
M have also been elucidated (TS5, T11). The human L-PK gene is organized in 12
exons over 9.5 kb, and the first and second exons are specifically transcribed to
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the R- and L-type PK mRNA. The 5'-flanking region upstream from the first exon
has two CAC boxes and four GATA motifs within 250 bp from the translation ini-
tiation codon. The full-length R-type PK cDNA was 2060 bp long and encoded
574 amino acids, the same number as that of rat R-type PK. Compared with hu-
man L-type PK, R-type PK was 31 amino acids longer at the amino terminus. The
human M-type PK gene is approximately 32 kb and consists of 12 exons and 11
introns. Exons 9 and 10 contain sequences specific to the M, and M, types, re-
spectively, indicating that the human isozymes are also produced from the same
gene by alternative splicing as in the case of the rat PK-M gene. The 5'-flanking
region of the gene contains putative Sp1 binding sites but no TATA box or CAAT
box. Human M,-type PK cDNA contained the 109-bp 5'-untranslated region, the
1593-bp coding region, and the 585-bp 3’-untranslated region and encoded 530
amino acid residues. Jn situ hybridization using the cloned cDNA probe disclosed
that the genes for human L- and M-type PKs are located on chromosome 1¢21 and
15922, respectively (S7, T11).

Three-dimensional structures of Escherichia coli and cat muscle PK had been
refined. These studies disclose the essential residues that determine the relative
orientations of domains and the precise nature of intersubunit contacts (A3, M15).

2.9. GLUCOSE-6-PHOSPHATE DEHYDROGENASE

Glucose-6-phosphate dehydrogenase (G6PD), an NADP-dependent enzyme, is
the initial and rate-limiting enzyme of the hexose monophosphate pathway and
catalyzes the dehydrogenase of glucose-6-phosphate to 6-phosphogluconate. The
next oxidative step is catalyzed by 6-phosphogluconate dehydrogenase (6-PGD),
which also requires NADP as a hydrogen acceptor, to give the pentose, ribulose-
5-phosphate. Ribulose-5-phosphate is converted back to the main stream of gly-
colysis by transketolase and transaldolase. NADPH, provided from the hexose
monophosphate pathway, reduces oxidized glutathione (GSSG) to reduced glu-
tathione (GSH), catalyzed by glutathione reductase. In turn, GSH removes oxi-
dants, such as superoxide anion (O, ) and hydrogen peroxide (H,0,), from the
red blood cell by the reaction catalyzed by glutathione peroxidase. This reaction
is important because the accumulation of oxidants may decrease the life span of
the red blood cell by increasing the rate of oxidation of protein, that is, hemoglo-
bin, red blood cell membrane, and enzyme protein. A G6PD knockout mouse is
quite sensitive to H,0, and to the sulfhydryl group oxidizing agent, indicating that
this enzyme has a major role in the defense against oxidative stress (P3).

Human G6PD had been purified and characterized (Y 1), and the structure of the
¢DNA and genomic clone has also been identified (M12, P11, T6). The monomer
of G6PD consists of 515 amino acids including the initial methionine residue. Only
the tetrameric or dimeric forms composed of a single type subunit are catalytical-
ly active. In human red blood cells, the dimers are the predominant form. The en-
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zyme has tightly bound NADP that cannot be easily removed by dialysis. The
three-dimensional structure of G6PD from the bacterium Leuconostoc mesen-
teroides was determined (R9), and thereafter a model of the human enzyme was
proposed by using the structure of this bacterial enzyme (N3). The regions of sub-
strate and coenzyme binding sites and the dimer interface have been identified,
and this study enables us to discuss the structure—function relationships of the mu-
tant enzymes. The gene for G6PD maps to the region Xq28 on the X chromosome
(F3).

2.10. ADENYLATE KINASE

Adenylate kinase (AK) is a ubiquitous monomeric enzyme that catalyzes the in-
terconversion of AMP, ADP, and ATP. This interconversion of the adenine nu-
cleotides seems to be of particular importance in regulating the equilibrium of ade-
nine nucleotides in tissues, especially in red blood cells. AK has three isozymes
(AK 1, 2, and 3). AK 1 is present in the cytosol of skeletal muscle, brain, and red
blood cells, and AK 2 is found in the intermembrane space of mitochondria of liv-
er, kidney, spleen, and heart. AK 3, also called GTP: AMP phosphotransferase, ex-
ists in the mitochondrial matrix of liver and heart.

The genes for AK 1 and AK 3 have been assigned to different regions of chro-
mosome 9, whereas the gene for AK 2 is localized to chromosome 1 (A2). The
human AK 1 gene has been isolated and has been shown to be 12 kb pairs long
and split into seven exons (M13). It consists of 194 amino acid residues. A cDNA
clone encoding human AK 2A has been isolated (L.4). The deduced gene product
of human AK 2A is composed of 239 amino acids with a molecular mass of 26
kDa.

2.11. PYRIMIDINE 5’-NUCLEOTIDASE

Pyrimidine 5'-nucleotidase (P5N) is a unique enzyme that was recognized from
studies of families with relatively common hemolytic disorders. The enzyme cat-
alyzes the hydrolytic dephosphorylation of pyrimidine 5'-nucleotides but not
purine nucleotides. The role of this enzyme is to eliminate RNA and DNA degra-
dation products from the cytosol during erythroid maturation by conversion of nu-
cleotide monophosphates to diffusible nucleosides. PSN is inhibited by lead, and
its activity is considered to be a good indicator of lead exposure (P1).

P5N has two isozymes, PSN-I (pyrimidine nucleotidase) and PSN-II (deoxyri-
bonucleotidase) (H6, P2). PSN-I is active principally with pyrimidine substrates
at an optimal neutral pH; PSN-II activity occurs with both purine and pyrimidine
substrates and was maximal with deoxy analogues at an acidic pH optimum. This
enzyme was partially purified from human red blood cells and had a molecular
weight of 28,000 (T19). The primary structures of both isozymes have not been
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determined because of their extremely low protein contents in red blood cells and
the difficulty of the protein sequence. The structural gene locus for PSN-II is on
chromosome 17 (W8).

2.12. ADENOSINE DEAMINASE

Adenosine deaminase (ADA) is an amino hydrolase that catalyzes the deami-
nation of adenosine and 2'-deoxyadenosine to inosine and 2'-deoxyinosine, re-
spectively. High activity of ADA is seen in thymus and other lymphoid tissues.
ADA has been shown in many different physical forms. A small form of the en-
zyme predominates in the spleen, stomach, and red blood cells, whereas the large
form predominates in the kidney, liver, and skin fibroblasts. The small form of the
catalytic subunit can be converted to the large form by complexing with a protein
termed binding protein or complexing protein.

The structure and sequence of the catalytic moiety have been determined (O6,
V6, W6). The enzyme consists of 362 amino acids and 40,638 daltons of the pro-
tein predicted by the cDNA sequence. The ADA gene spans 32 kb and consists of
12 exons. The apparent promoter region of the gene lacks the TATA and CAAT se-
quences often found in eukaryotic promoters and is extremely G/C rich. The lo-
cation of the ADA gene is on chromosome 20q12-q13.11 (J1).

3. Hereditary Hemolytic Anemia Associated with Red Blood
Cell Enzyme Deficiency

3.1. GENERAL ASPECTS

Symptoms and signs of most red blood cell enzyme abnormalities may be lim-
ited to the manifestations of hemolysis or, if the enzymopathies disturb other
tissue metabolism, may involve other organ dysfunction. A severe neurologic dis-
order is accompanied in triose phosphate isomerase (TPI) deficiency and phos-
phoglycerate kinase (PGK) deficiency; myopathy in glucose phosphate isomerase
(GPI) deficiency, phosphofructokinase deficiency, and PGK deficiency; mental re-
tardation in GPI deficiency, aldolase deficiency, TPI deficiency, and PGK defi-
ciency; and granulocyte dysfunction and cataracts in glucose-6-phosphate dehy-
drogenase deficiency. Chronic ulcerations of the legs are a peculiar and relatively
uncommon complication of enzymopathies. Expansion of the erythroid bone mar-
row may lead to skeletal abnormalities in severely affected patients during active
phases of growth and development.

The major clinical features of hemolysis include anemia, jaundice, spleno-
megaly, and cholelithiasis. Anemia is normochromic in most cases. Macrocytosis
and polychromatophilia are seen in patients with marked reticulocytosis. Red



RED BLOOD CELL ENZYMES AND THEIR CLINICAL APPLICATION

o 000"
P‘ o
Q

.
(LG

(
¢
P .0c

FiG. 5. Spiculed red blood cells (echinocyte) in peripheral blood smear of a splenectomized patient
with pyruvate kinase deficiency.

blood cell morphology is usually unremarkable. In pyruvate kinase (PK) defi-
ciency, spiculed red blood cells (echinocytes) are noted, especially after splenec-
tomy (Fig. 5). Basophilic stippling of the red blood cells is the hallmark of pyrim-
idine 5'-nucleotidase deficiency (Fig. 6). Laboratory signs of accelerated red blood
cell destruction are reticulocytosis, erythroid hyperplasia of bone marrow, de-
creased red blood cell life span, increased serum unconjugated bilirubin, increased
rate of urobilinogen excretion, and increased serum lactate dehydrogenase activi-
ty. In addition, hemoglobinemia, hemoglobinuria, hemosidenuria, and decreased
haptoglobin are observed in case with intravascular hemolysis.

Definitive diagnosis of erythroenzymopathies depends upon quantitative assay
of enzyme activity (B14, B16, M26). It is important to measure the enzyme activ-
ities after the complete elimination of leukocytes and platelets (B 16), because the
enzyme activity in leukocytes may be normal if red blood cells and leukocytes are
under separate genetic control. Mutant enzymes vary in their in vitro properties,
and the characterization of such properties has led to the understanding of the
genetics and pathogenesis of the shortened red blood cell life span (B11, M23).
Measurement of glycolytic intermediates and adenine nucleotides provides confir-
mation of the in vivo significance of enzyme function (B16, M21, M26). Accu-
mulation of proximal and depletion of distal intermediates are the usual findings
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F1G. 6. Basophilic stippling in peripheral blood smear of a patient with pyrimidine 5’-nucleotidase
deficiency.

and give rise to a characteristic transition or crossover pattern at the step of the ab-
normal enzyme.

There is no specific therapy for hereditary hemolytic anemia associated with red
blood cell enzyme deficiency. A patient having an acute attack of hemolysis should
be treated by appropriate fluid infusion to relieve shock and to maintain urinary
output. Red blood cell transfusion may be employed when the anemia is severe
with rapid progression. For patients with chronic hemolysis, folic acid may some-
times be useful to prevent megaloblastic crisis. Splenectomy may provide relief in
patients with deficiencies of glycolytic enzymes. In PK deficiency, 2-3 g/dl ele-
vations of hemoglobin level are expected after splenectomy. In enzyme deficien-
cies of the hexose monophosphate pathway and glutathione metabolism and syn-
thesis, further exposure to any possible drugs or other etiologic agent must be
avoided if they are considered to be the cause of hemolysis.

3.2. DEFECTS IN THE EMBDEN-MEYERHOF PATHWAY

3.2.1. Hexokinase Deficiency

Hexokinase (Hx) deficiency in red blood cells is a rare disease in which the pre-
dominant clinical effect is chronic nonspherocytic hemolytic anemia. After the



RED BLOOD CELL ENZYMES AND THEIR CLINICAL APPLICATION 17

first case reported by Valentine et al. (V2), 15 unrelated families were described
{F11). Most cases show only hemolysis. Some patients manifested associated dis-
orders such as multiple malformation, latent diabetes mellitus, and psychomotor
retardation. Thirteen of these patients exhibited altered electrophoretic and/or ki-
netic properties that suggest a structural gene mutation. The molecular defect has
been determined in acompound heterozygous case named “Hx Melzo” (B31). One
allele has the 96-bp deletion within amino acids 162 to 193, and the other allele
shows a single base substitution from T to C at position 1667 that causes the amino
acid change from Leu to Ser at 529.

Mutations in GK (Hx IV) causes maturity-onset diabetes of the young (MODY),
a form of non—insulin-dependent diabetes mellitus (NIDDM) characterized by on-
set before 25 years of age and an autosomal dominant inheritance (P12). This sug-
gests that the mutations in other forms of Hx may also contribute to the develop-
ment of NIDDM. Among them, Hx II is a particularly attractive candidate,
although this isozyme is not expressed in red blood cells. Hx II has been analyzed
extensively in the muscle of prediabetic insulin-resistant individuals. But studies
have shown that Hx IT mutation alone is unlikely to have a significant role in the
development of peripheral insulin resistance and NIDDM (L6).

3.2.2. Glucose Phosphate Isomerase Deficiency

Glucose phosphate isomerase (GPI) deficiency is the fourth most common
hereditary enzyme defect of red blood cells, following glucose-6-phosphate de-
hydrogenase, pyruvate kinase, and pyrimidine 5’-nucleotidase deficiencies. After
the first report by Baughan et al. (B10), more than 40 unrelated families were de-
scribed (F11). It is inherited in an autosomal recessive manner, and about half of
the affected individuals are thought to be homozygous and the other half appear
to be compound heterozygotes. Although this enzyme is considered to be ex-
pressed in virtually all tissues, clinical manifestations are limited to hemolysis with
a few exceptions. Only two patients were mentally retarded, and one stored excess
glycogen in an enlarged liver.

To date, 15 GPI variants have been analyzed at the molecular level, and 16 mis-
sense mutations, 1 nonsense mutation, and 1 splicing mutation due to a four-nu-
cleotide deletion have been reported (Fig. 7) (B9, F13, K14, W1, X1). The GPI
gene mutations were heterogeneous, although most GPI variants had common bio-
chemical characteristics such as heat instability and normal kinetic properties. We
have determined the molecular abnormalities of four homozygous variants, GPI
Matsumoto, GPI Iwate, GPI Narita, and GPI Fukuoka (K14). GPI Narita has a ho-
mozygous mutation from A to G at position 1028 (343 GIn to Arg), and the same
mutation was reported in an Italian patient, GPI Moscone (B9). The substituted
Gln is adjacent to the reported active site residue, 341 Asp. Homozygous missense
mutations, C to T at position 14 (5 Thr to Ile) and C to T at position 671 (224 Thr
to Met) have been identified in GPI Matsumoto and GPI Iwate, respectively. GPI
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Fic. 7. Mutations in glucose phosphate isomerase gene.

Fukuoka was found to be homozygous for the 1615 G to A (539 Asp to Asn) mu-
tation. This mutation occurred at relatively conserved amino acid residues and
caused an alteration in hydrophobicity. Recently, we examined the structure—func-
tion relationship of these variants using the recombinant protein (F14). Although
all of the four variants were found to be heat labile, the residual GPI activity seems
to reflect clinical severity, such as the degree of anemia and episodes of hemolyt-
ic crisis. GPI Matsumoto, associated with severe anemia and hemolytic crisis, was
extremely unstable, and GPI Iwate, which is associated with compensated he-
molytic anemia, showed moderate heat instability. Affinity for substrate, fructose-
6-phosphate, was slightly decreased in GPI Narita and GPI Fukuoka, which were
associated with moderate anemia and hemolytic crisis.

3.2.3. Phosphofructokinase Deficiency

Phosphofructokinase (PFK) deficiency is associated with a heterogenous group
of clinical symptoms characterized by myopathy and/or hemolysis or an asymp-
tomatic state. Since the first report involving myopathy and hemolytic anemia de-
scribed by Tarui ef al. (T14), over 34 unrelated families with PFK deficiency have
been reported (F11). According to the results of biochemical and immunological
studies, clinical symptoms are considered to depend on the nature of defective
isozymes. Muscle PFK deficiency (Tarui disease; glycogenosis type VII) is an in-
herited disorder characterized by exercise intolerance, cramps, and myoglobinuria
with signs of hemolytic anemia and hyperuricemia.

Studies have led to the identification of 14 alleles associated with PFK defi-
ciency. Eight missense mutations, one nonsense mutation, one frameshift muta-
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FiG. 8. Mutations in muscle phosphofructokinase gene.

tion, and four splicing mutations have been reported (Fig. 8) (H1, H2, M27, N2,
R2, R3, S13, T23, V8). In two Japanese patients with typical clinical manifesta-
tions of Tarui disease, 5'-splice junction mutations resulting in splicing to a cryp-
tic site within an exon or exon skipping were identified (H1, N2). These mutations
led to in-frame deletions, causing a severe deficiency of the PFK-M isozyme. PFK-
M deficiency appears to be prevalent among people of Ashkenazi Jewish descent.
The predominant mutation in this group is a splicing defect at the 5* donor site of
intron §, resulting in an in-frame deletion of exon 5 sequence in the transcript (R1).
The second, less frequent, mutation is a deletion of a C nucleotide at position 2003
in exon 22 (S13). The deletion results in a frameshift, introducing a stop codon 47
nucleotides downstream, and would predict generation of a truncated protein with
16 amino acids of incorrect sequence at the COOH terminus. Four other forms of
mutations, including splicing defects due to a 3’-splice junction mutation (T23), a
nucleotide deletion resulting in a frameshift and premature termination (S13), non-
sense mutation (V8), as well as missense mutations (H2, R2, R3, S13, T23), have
been identified.

A naturally occurring animal model of PFK-M deficiency has been reported in
English springer spaniels. Molecular analysis of this canine PFK-M deficiency
disclosed that the enzyme deficiency was caused by a nonsense mutation in the
penultimate exon of the PFK-M gene, leading to rapid degradation of a truncated
(40 amino acid residues) and therefore unstable enzyme protein (S18).

3.2.4, Aldolase Deficiency

Deficiency of aldolase B, although this isozyme is not expressed in red blood
cells, is responsible for hereditary fructose intolerance, an autosomal recessive dis-
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ease characterized by hypoglycemia and clotting disorders upon fructose feeding.
At present, 21 mutations have been reported; 15 of these are missense mutations,
4 nonsense mutations, and 2 splicing mutations. Two large deletions, 2 four-base
deletions, a single-base deletion, and a seven-base deletion/one-base insertion
have also been found (T16).

On the other hand, a deficiency of aldolase A is a rare cause of hereditary he-
molytic anemia. Only three families with aldolase A deficiency have been report-
ed. In the first case, hereditary nonspherocytic hemolytic anemia, many dysmor-
phic features and mental and growth retardation were observed (B13). The second
family had only hemolysis but no signs of myopathy (M24). The third case had
both hemolytic anemia and predominantly myopathic symptoms (K25).

Nucleotide analysis of the second family revealed the substitution of a single
nucleotide from A to G at position 386 within the coding region (K19). As a result,
the 128th amino acid, Asp, was replaced by Gly. The mutated enzyme expressed
in E. coli was thermolabile, as was the enzyme isolated from red blood cells of the
patient. This demonstrated that a single base substitution was responsible for the
pathogenesis of this disorder. The third patient carried a new homozygous muta-
tion (619 G to A) in which the negatively charged Glu is changed to the positive-
ly charged Lys at residue 206 (K25). In this patient, the extent of impairment of
the main subunit interface of the aldolase tetramer probably exceeds the capacity
of transcriptional factors to compensate for the muscular enzyme deficiency and
may accompany the myopathy.

3.2.5. Triose Phosphate Isomerase Deficiency

Hereditary triose phosphate isomerase (TPI) deficiency is an autosomal reces-
sive disorder that has the most severe clinical manifestations of the erythroenzy-
mopathies, including hemolytic anemia, neurological dysfunction, sudden cardiac
death, and increased susceptibility to infection. Since the first description by
Schneider et al. (S10), more than 25 unrelated families have been reported (F11).
Cases of decreased TPI activities associated with cat cry syndrome and pancy-
topenia were reported, whereas the correlation between TPI deficiency and these
disorders was not clear. Although the degree of anemia is variable, most patients
require blood transfusions. Neurological involvement, such as paraparesis, weak-
ness, and hypotonia, is progressive in most cases. No specific therapy is available
for the neuropathic manifestations of the disease, and most severely affected chil-
dren fail to survive beyond the age of 5 years.

Nine mutations of the TPI gene have now been described. A guanine-to-cytidine
transversion in codon 315 had been determined in several unrelated individuals
homozygous for TPI deficiency (D1, P6, $9). This substitution results in a ther-
molabile protein having an Asp in the place of the 104th amino acid, Glu. First-
trimester prenatal diagnosis of this mutation was done by chorionic villus DNA
analysis in two unrelated families (A6). Thereafter, two homozygotes with mis-
sense mutation (N6, P10) and six compound heterozygotes with missense muta-
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tion (A5, W3), missense mutation/nonsense mutation (C9, D2), and missense mu-
tation/decreased mRNA (C5) have been clarified.

3.2.6. Phosphoglycerate Kinase Deficiency

Hereditary deficiency of phosphoglycerate kinase (PGK) is associated with
hereditary hemolytic anemia and often with central nervous system dysfunction
and/or myopathy. The first case, reported by Kraus et al. (K24), is a heterozygous
female, and the results are not so clear. The second family, reported by Valentine
et al. (V3),is a large Chinese family, whose pedigree study indicates that PGK de-
ficiency is compatible with X-linked inheritance. To date, 22 families have been
reported (04, T25, Y3). Nine of these have manifested both symptoms; five have
shown only hemolysis; seven have shown the central nervous system dysfunction
and/or myopathy but without hemolysis; and one case, PGK Miinchen, is without
clinical symptoms (F5). PGK II is an electrophoretic variant found in New Guinea
populations (Y2). Red blood cell enzyme activity, specific activity, and the kinet-
ic properties of this polymorphic variant are normal.

At present, the structural abnormalities of 12 mutants, PGK Matsue (M2), PGK
North Carolina (T24), PGK Shizuoka (F12), PGK Amiens (C12, T26), PGK Al-
abama (Y3), PGK Uppsala (F7), PGK Antwerp (04), PGK Tokyo (F8), PGK
Miinchen (FS), PGK Créteil (C12), PGK Michigan (M3), and PGK 1I (Y2), have
been elucidated (Fig. 3). Single amino acid substitutions have been identified in
PGK Matsue, PGK Shizuoka, PGK Amiens, PGK Uppsala, PGK Tokyo, PGK
Miinchen, PGK Créteil, PGK Michigan, and PGK II. A guanine-to-adenine sub-
stitution at the 5’ end of intron 4 was determined in PGK North Carolina. Activa-
tion of a cryptic splice site within intron 4 causes a 30-bp insertion into the tran-
script, resulting in the insertion of 10 additional amino acids. PGK Alabama
revealed a 3-bp deletion in exon 7, inducing the deletion of one of the tandem Lys
residues existing at amino acid 190-191. The mutation in PGK Antwerp is a sin-
gle base substitution (A to C) just adjacent to the 3’ end of exon 7. This mutation
should produce two kinds of mRNA. The major component has a missense muta-
tion (Glu to Ala at position 251) with normal splicing, and the minor one contains
the 5’ region (52-bp) of intron 7 due to the abnormal splicing. An in-frame termi-
nation codon exists in the minor mRNA, and the COOH-terminal half should be
deleted in the translation product. Recently, the structural and functional conse-
quences of PGK Uppsala were examined using the corresponding mutant in yeast
PGK (T21). The most significant difference when compared with the wild-type
enzyme was observed to be a decrease in stability; the kinetic parameters of the
mutant were not found to be greatly affected, the catalytic constant being lowered
by only 10--20%.

3.2.7. Pyruvate Kinase Deficiency

Deficiency of pyruvate kinase (PK) is the most common and well-characterized
enzymatic deficiency involving the glycolytic pathway and causing hereditary he-
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molytic anemia. Nearly 400 cases of PK deficiency have been reported since the
first description by Valentine et al. (V1). Although this disorder has been reported
from around the world, most cases of PK deficiency have been found in persons
of Northern European origin. An autosomal recessive mode of inheritance has
been observed in most family studies. Clinical symptoms are seen in the homozy-
gous or doubly heterozygous state. Anemia is moderate to severe, and in some se-
vere PK deficiency cases exchange transfusions are required during the neonatal
period. Death may result in early infancy without effective treatments including
transfusion or splenectomy, as described in the Amish cases (K10). As a rule, he-
molytic anemia and jaundice are observed in infancy or childhood with mild to
moderate splenomegaly. The chronic hemolytic process may be exacerbated by in-
fection. After the first decade of life, gallstones are detected with high frequency.
Red blood cell morphological abnormalities are not a prominent feature in PK de-
ficiency. The red blood cell is normochromic with a slight anisocytosis and poi-
kilocytosis. Echinocytes may be seen occasionally before splenectomy, but they
increase in number and may become conspicuous after splenectomy (Fig. 5).
Serum indirect bilirubin is moderately increased, and haptoglobin is decreased or
absent.

The diagnosis of PK deficiency depends on the determination of quantitative
enzyme activity or qualitative abnormalities of the enzyme. In 1979, the Interna-
tional Committee for Standardization in Haematology (ICSH) established meth-
ods for the biochemical characterization of red blood cell PK variants (M22). Since
the establishment of these methods, many PK-deficient cases have been charac-
terized, including 13 cases of homozygous PK deficiency. Residual red blood cell
PK activity is not usually associated with phenotypic severity,whereas enzymatic
characteristics such as decreased substrate affinity, thermal instability, or impaired
response fo the allosteric activator fructose-1,6-diphosphate (F-1,6-DP) corre-
spond to a more severe phenotype.

To date, 83 mutations in the L-PK gene associated with hereditary hemolytic
anemia have been analyzed at the molecular level, and 58 missense mutations, 5
- nonsense mutations, 10 deletions, 5 insertions, and 5 splicing mutations have been
identified (Fig. 9) (B7, B8, B28, M27). We have analyzed PK genes responsible
for hereditary hemolytic anemia in Japanese, American, and Chinese homozygous
PK variants by cDNA or genomic DNA cloning (K4, K5, K7,K9,K10,K11,K12).
Among 13 families, seven distinct missense mutations, a one-base deletion, and a
splicing mutation have been identified (Fig. 10). These studies revealed that the
biochemical parameters of the variant enzyme such as the Michaelis constant for
phosphoenolpyruvate or the allosteric activation by F-1,6-DP correlate with the
expected effects of the missense mutation on the PK subunit. It is considered that
the variant enzymes with these missense mutations may change the conformation
of the active site or the tetramer formation of PK subunits, resulting in a drastic
loss of activity. A point mutation in the 5'-donor site of intron 7 of the human PK-
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F1G. 9. Mutations in L-type pyruvate kinase gene. [ ] shows the references. ins; insertion, del; dele-
tion.

L gene was identified in PK Kowloon, Nepalese nonidentical twin girls who have
been transfusion dependent (K9). The + 1 position of intron 7 was replaced from
GT to TT, resulting in retention of intron 7 in the R-PK mRNA. Consequently, the
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Fic. 10. Molecular and biochemical abnormalities of homozygous pyruvate kinase deficiency dis-
covered in our laboratory.

translational product may lack one third of the COOH-terminal portion of the R-
PK, because premature termination would occur in the region encoded by the in-
tron 7 sequence. Although the PK isozyme switches from M, to R type during nor-
mal red blood cell maturation, R-PK has rarely been observed in hemolysates in
some cases of severe PK deficiency. In PK Beppu (K11), one of the most severe
PK variants, the M,-type PK persists in mature red blood cells and in the liver. We
found that the variant was homozygous with a one-base deletion (434 C del) of the
L-PK gene, resulting in a frameshift and premature termination of translation. The
truncated R-PK subunit lacks about two-thirds of the COOH-terminal portion and
has no catalytic activity. The affected patient may survive by means of compen-
satory M,-PK expression.

We discovered a mouse with PK deficiency, splenomegaly, and hemolytic ane-
mia from an inbred colony of the CBA strain (M29). The red blood cell PK activ-
ity was about 16.2% of the normal control value, and zymograms revealed that the
isozyme expressed in the mutant red blood cells was the M,-type PK. A homozy-
gous missense mutation was identified in the cDNA sequence of the mutant, caus-
ing a single amino acid substitution near the substrate binding site of PK (K13).
This is the first model mouse of PK deficiency whose genetic basis has been char-
acterized at the molecular level. This mouse is considered to be a useful experi-
mental model of gene therapy for PK deficiency.
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3.3. DEFECTS IN THE HEXOSE MONOPHOSPHATE PATHWAY AND GLUTATHIONE
METABOLISM AND SYNTHESIS

3.3.1. Glucose-6-Phosphate Dehydrogenase Deficiency

It had been recognized since the 19th century that certain oxidant drugs, such
as primaquine, produced an acute hemolytic crisis in some susceptible individu-
als. Beginning in 1952, systematic studies were done in the United States to de-
termine the cause of this type of drug sensitivity. Cross-transfusion studies with
51Cr-labeled red blood cells indicated that primaquine sensitivity was due to an in-
trinsic abnormality of the red blood cell (D5). Thereafter, the content of reduced
glutathione was found to be lower in primaquine-sensitive red blood cells than in
normal cells (B12). Finally, deficiency of the enzyme glucose-6-phosphate dehy-
drogenase (G6PD) was identified by Carson et al. in 1956 (C3).

Hereditary deficiency of G6PD is one of the most common genetic disorders,
more than 400 million people being affected worldwide. The incidence of this dis-
order is approximately 20% in African Bantu males, 12% in American black males,
and 8% in Brazilian blacks. A high prevalence of G6PD deficiency is also seen in
the people of the Mediterranean basin, East Indians, Orientals, and Filipinos.
Northern European and Japanese people rarely have this enzyme deficiency. The
incidence in Japanese people is considered to be 0.1%. Because of its high preva-
lence in populations in which malaria is endemic, the geographic distribution is
considered to be due to a selective advantage of G6PD deficiency against malar-
ia infection.

G6PD deficiency is caused by the production of variant enzymes with abnor-
mal properties. Each variant causes various degrees of enzyme deficiency and they
are associated with hemolytic anemia with a range of clinical severity, from chron-
ic hemolytic anemia and drug-induced acute hemolysis to being completely
asymptomatic. In 1967, a committee of the World Health Organization proposed
standard procedures for characterizing variants using parameters such as enzyme
activity, electrophoretic mobility, the K _ for glucose-6-phosphate (G6P) and
NADP, utilization of substrate analogues, heat stability, and pH optimum (B11).
This made it possible to compare the properties of variants identified in different
laboratories. The relationship between enzymatic properties of G6PD variants and
clinical severity is somewhat ambiguous. A low inhibition constant (K,) for
NADPH, increased K, for G6P, and decreased heat stability have been considered
to be important causative factors of chronic hemolytic anemia.

Up to now, 101 different mutations have been identified (Fig. 11) (B29, H18).
Most of the variant enzymes are produced by one or two missense mutations in the
structural gene. G6PD Vancouver is caused by three nucleotide substitutions (M4).
Although nucleotide deletions or nonsense mutations are common molecular ab-
normalities that may cause a variety of genetic disorders, they are rare in G6PD
deficiency cases. Nucleotide deletions have been found in only five variants
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(G6PD Sunderland, G6PD Urayasu, G6PD Tsukui, G6PD Stonybrook, and G6PD
Nara), and each causes deletion of not more than eight amino acid residues (H11,
H15, M1, X3). The low frequency of amino acid deletion as a cause of G6PD de-
ficiency might imply that severe tissue dysfunction usually associated with such
drastic structural aberration is presumably lethal unless the involved region is
functionally insignificant. A nonsense mutation was identified in a Filipino G6PD-
deficient heterozygote, whereas the hemizygous state of this mutation has not been
discovered. A mutation of a 3’ acceptor splice site at the COOH terminal has been
reported, but details of the splicing error were unknown because of the unavail-
ability of mRNA analysis (X3).

Molecular analysis of G6PD variants combined with standard characterization
has provided several interesting findings regarding the structure—function rela-
tionship of the enzyme. Amino acid substitutions of the substrate and NADP bind-
ing sites are very rare, as shown in Fig. 11. The mutations of these sites are con-
sidered to be lethal. It is interesting that most variants associated with chronic
hemolysis are clustered surrounding the site of the dimer interface. This might in-
dicate that the dimer formation is closely related to the important function of the
active enzyme.

3.3.2. Glutathione Reductase Deficiency

Glutathione reductase (GR) catalyzes the reduction of oxidized glutathione
(GSSG) to reduced glutathione (GSH) using NADPH provided from the hexose
monophosphate pathway. GR, a ubiquitous flavoenzyme, maintains a high value
of two for the GSH/GSSG ratio in the red blood cells. 1,3-Bis(2-chloroethyl)-
nitrosourea (BCNU) selectively inhibits cellular GR. GR is composed of two iden-
tical subunits, each of molecular mass 50 kDa (S8). The three-dimensional struc-
ture and mechanism of catalysis have been established for human GR (K17).

Since the first report of decreased GR activity by Lohr and Waller (L.10), sev-
eral cases of GR deficiency have been reported. GR deficiency is a relatively com-
mon feature of disorders that are compounded by suboptimal nutrition and are as-
sociated with a variety of hematological disorders. The poorly defined clinical
effects of the putative deficiency and the unconvincing nature of the family stud-
ies led to the suggestion that GR deficiency was a secondary manifestation of a
poorly understood basic disorder. In fact. GR activity in the hemolysates of ri-
boflavin-deficient humans was activated by an addition of a small amount of
flavine adenine dinucleotide (FAD). Furthermore, administration of riboflavin re-
stored the GR level of the red blood cells of the secondary deficient individuals to
normal within a few days. Genetically determined GR deficiency has been re-
ported in three cases by Loos et al. (L11). They were offspring of a consanguineous
marriage. Complete GR deficiency was not affected by the administration of FAD
in vitro and riboflavin in vive. Clinically, this deficiency was manifested by he-
molytic crisis after eating fava beans. The amount of GSH in the red blood cells
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was normal, but severely diminished glutathione stability during incubation with
acetylphenylhydrazine was observed. The precise molecular defect of GR defi-
ciency has not been elucidated.

3.3.3. Glutathione Peroxidase Deficiency

Glutathione peroxidase (GSH-Px) catalyzes the destruction of hydrogen perox-
ide (H,0,) by GSH, protecting membrane lipids and hemoglobin against oxida-
tive damage by H,O,. The enzyme is a homotetramer, with each subunit contain-
ing one atom of selenium. The ¢cDNA and genomic sequence of human GSH-Px
have been reported (I1, S21), and the structural gene locus is on chromosome 3
(O1).

Necheles ez al. (N4) first reported a genetically determined homozygous GSH-
Px deficiency associated with neonatal jaundice and mild hemolysis. Spontaneous
recovery from hemolysis was noted 3 months after birth. Thereafter, several cases
with GSH-Px deficiency were reported. Newborn infants exhibit significantly
lower red blood cell GSH-Px activity and serum selenium concentrations than
adult control subjects, and a significantly positive correlation between selenium
concentration and GSH-Px activity has been observed. Furthermore, the addition
of selenium stimulates, both in vivo and in vitro, the GSH-PX activity. The neona-
tal red blood cell GSH-Px deficiency may be partially due to insufficient avail-
ability of selenium during pregnancy (P9). Therefore, the diagnosis of GSH-Px de-
ficiency in newborn infants must be made carefully.

3.3.4. Glutamyicysteine Synthetase Deficiency

Glutathione, a simple tripeptide, is synthesized in two steps catalyzed by glu-
tamylcysteine synthetase (GC-S) and glutathione synthetase (GSH-S) from glu-
tamic acid, cysteine, and glycine. One molecule of ATP is broken down to ADP
and phosphate for each peptide bond generated. The first of these enzymes, GC-
S, catalyzes in the rate-limiting reaction in GSH biosynthesis and consists of two
subunits, a heavy catalytic subunit with a molecular mass of 73 kDa and a light
regulatory subunit with a molecular mass of 28 kDa (M18). cDNA clones for these
subunits have been isolated (GS, G6). The human genes that encode the light and
heavy subunits of GC-S are assigned to chromosomes 1p21 and 6, respectively
(S16, S17).

Deficiency of GC-S is extremely rare; only five cases from four unrelated fam-
ilies have been reported so far (B18, H17, K23). This enzyme deficiency appears
to be inherited as an autosomal recessive and has been clearly associated with a
moderate chronic hemolytic anemia and a marked decrement of red blood cell
GSH. Spinocerebellar degeneration and aminoaciduria were present in both ho-
mozygous siblings in the first family, whereas no neurologic deficit was noted in
the other three families.



RED BLOOD CELL ENZYMES AND THEIR CLINICAL APPLICATION 29

3.3.5. Glutathione Synthetase Deficiency

In the second step, GSH-S catalyzes the synthesis of GSH from vy-glutamyl-
cysteine and glycine in the presence of ATP. A cDNA encoding human GSH-S has
been cloned, and the deduced protein consists 474 amino acids with a subunit mo-
lecular weight of 52,352 (G1). Active enzyme is considered to be a homodimer.

GSH-S deficiency is a more frequent cause of GSH deficiency (H17), and more
than 20 families with this enzyme deficiency have been reported since the first re-
port by Oort et al. (O5). There are two distinct types of GSH-S deficiency with dif-
ferent clinical pictures. In the red blood cell type, the enzyme defect is limited to
red blood cells and the only clinical presentation is mild hemolysis. In the gener-
alized type, the deficiency is also found in tissues other than red blood cells, and
the patients show not only chronic hemolytic anemia but also metabolic acidosis
with marked 5-oxoprolinuria and neurologic manifestations including mental re-
tardation. The precise mechanism of these two different phenotypes remains to be
elucidated, because the existence of tissue-specific isozymes is not clear. Seven
mutations at the GSH-S locus on six alleles—four missense mutations, two dele-
tions, and one splice site mutation—have been identified (S14).

3.4, DEFECTS IN NUCLEOTIDE METABOLISM

3.4.1. Adenylate Kinase Deficiency

Red blood cell adenylate kinase (AK) deficiency is a rare genetic disorder. So
far six families have been reported (B15, B33, L1, M25, S23, T18), five of which
were associated with chronic nonspherocytic hemolytic anemia. In two black sib-
lings with undetectable red blood cell AK activity, one had hemolytic anemia but
the other did not. Structural analysis in our case showed a single nucleotide sub-
stitution (cytidine to thymine) in an allele which resulted in a change of Arg to Trp
at the 128th amino acid residue (M14). By introducing the same amino acid sub-
stitution by site-directed mutagenesis into chicken AK 1, the enzymatic properties
were examined. The mutant chicken AK 1 expressed in E. coli showed reduced
catalytic activity as well as decreased solubility and a change in affinity for phos-
phocellulose. Therefore, this substitution was considered to be the cause of the en-
zyme deficiency.

3.4.2. Pyrimidine 5'-Nucleotidase Deficiency

Pyrimidine 5'-nucleotidase (P5N) deficiency appears to be the third most com-
mon cause of hereditary nonspherocytic hemolytic anemia after G6PD and PK de-
ficiencies. To date, more than 42 cases have been reported worldwide (F11) since
the first report by Valentine et al. (V4). This syndrome is characterized by he-
molytic anemia, pronounced basophilic stippling of red blood cells (Fig. 6), and a



30 HISAICHI FUJII AND SHIRO MIWA

061+
-~ Patient

04

Absorbance (pH 2)

02

%0 0 30 7
Wavelength  (nm)

FiG. 12. Absorption spectra of perchloric acid extracts of whole blood from normal subject and a
patient with pyrimidine 5’-nucleotides (P5N) deficiency. Absorption peak shift occurs in P5SN defi-
ciency, reflecting intracellular accumulation of pyrimidine nucleotides.

marked increase in both red blood cell GSH and pyrimidine-containing nu-
cleotides. Basophilic stippling of the red blood cells is an important and useful ex-
ception to the usual lack of distinguishing morphologic abnormalities in ery-
throenzymopathies. In normal red blood cells, adenine nucleotides form 96% of
the nucleotide pool, but more than 50% of the nucleotide pool consists of pyrim-
idine nucleotides in P5N-deficient cells. Spectroscopic examination of the per-
chloric acid extract of red blood cells shows that the position of the absorption
maximum is shifted from 260 nm in normal cells to 270 nm in the deficient cells
(Fig. 12). The maximum at 260 nm corresponds to that of adenine nucleotides. The
shift to 270 nm indicates the presence of abnormal nucleotide compositions and
suggests that a major part of the abnormal nucleotide pool consists of cytidine nu-
cleotides that have a maximum peak at 280 nm.

Electrophoretic and kinetic studies of the patient’s enzyme have been reported
in several cases (F10). Most of them showed decreased substrate affinity and ab-
normal electrophoretic mobility. The main cause of P5SN deficiency is considered
to be an abnormality of PSN-I, probably arising from a structural gene mutation
(H6). The precise molecular defect has not been clarified, because the normal gene
for PSN-I has not been isolated.

3.4.3. Overproduction of Adenosine Deaminase

Markedly increased adenosine deaminase (ADA) activity in red blood cells de-
velops into hereditary hemolytic anemia. The mode of inheritance is autosomal
dominant. Only four families have been reported so far, including our two (K3,
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M22, P7, V5). The defect appears to be tissue specific, because ADA activity in
leukocytes and skin fibroblasts is normal. Red blood cell ADAs from normal sub-
jects and from a patient were purified by using antibody affinity chromatography
in the second kindred (F6). There were no differences in the enzymatic and chem-
ical properties between the ADAs from these two sources. The rate of ADA syn-
thesis in erythroid colony cells cultured from the patient’s bone marrow cells was
11-fold greater than that from the normal subjects (F9). The accumulation of struc-
turally normal ADA in the patient seems to be due to its increased synthesis in the
precursors of red blood cells. Western blotting of partialty purified ADA from the
red blood cells of the fourth case revealed an increased amount in the patient’s red
blood cells (K3). No gene amplification or gene rearrangement was found by
Southern blot analysis. We constructed a genomic DNA library and obtained three
clones containing the 5'-promoter region of the ADA gene. The 2.2-kb ADA pro-
moter fragment of these clones was fused to the chloramphenicol acetyltransferase
(CAT) gene, transfected into the human erythroid cell line K 562, and assayed for
CAT activity. One of the clones, pADOP 2 cat, expressed about 2.6 times higher
CAT activity than clones carrying the normal AD A promoter fused to the CAT gene
in K 562, but such enhancement was not seen in the human nonerythroid cell lines
HL 60 and Raji. From these results, it is most likely, although not conclusive, that
the 5’-promoter fragment of the ADA gene of the patient was responsible for the
cell-specific enhancement of protein synthesis. Thereafter, increased TAAA re-
peats located at the tail end of an Alu repeat approximately 1.1 kb upstream of the
ADA gene were identified in affected individuals (C8). This cis-acting mutation
might cause the overexpression of ADA in red blood cells.

4. Hereditary Nonhemolytic Blood Disorders Associated
with Red Blood Cell Enzyme Deficiency

4.1. DIPHOSPHOGLYCERATE MUTASE DEFICIENCY

Although some cases with partial deficiency of diphosphoglycerate mutase
(DPGM) activity and a moderate erythrocytosis had been reported, most of them
were considered to be heterozygotes. A complete deficiency of DPGM associated
with a moderate erythrocytosis was discovered in a man of French origin (R4).
DPGM activity was undetectable in red blood cells, as was that of diphospho-
glycerate phosphatase. The 2,3-DPG level was below 3% of normal values. A low
level of 2,3-DPG resulted in increased oxygen affinity of hemoglobin and a com-
pensatory elevation of red blood cell mass with erythrocytosis, but there was no
hemolysis. Sequence studies of this case indicated heterozygosity and cytidine-to-
thymine substitution at nucleotide 413 and another heterozygosity with deletion
of cytidine at nucleotide 205 or 206 (L7). Therefore, the complete enzyme defi-
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ciency results from a genetic compound with one allele coding for a missense mu-
tation (Arg to Cys at 89) and the other bearing a frameshift mutation.

MPGM-M deficiency (glycogenosis type X) has been reported in 13 patients,
although this isozyme deficiency cannot be diagnosed by assay of red blood cell
enzyme activity. Clinical manifestations of this enzyme deficiency included exer-
cise intolerance, myalgia, cramps after intense exertion, and recurrent myoglo-
binuria but not hematological abnormalities (T20). Molecular genetic analysis dis-
closed that the enzyme deficiency was due to the missense mutations or the
nonsense mutation.

4.2, LACTATE DEHYDROGENASE DEFICIENCY

Lactate dehydrogenase (LDH) catalyzes the interconversion of lactate and pyru-
vate with nicotinamide adenine dinucleotide as coenzyme. In mammals, LDH-A
(M, muscle), LDH-B (H, heart), and LDH-C (testis) polypeptide chains are en-
coded by three different genes. The genes for these isozymes have been cloned
(Cl11, S1, T2, T3, T22). Analysis of both human LDH-A and LDH-B genes has
shown that their protein-coding sequences are interrupted by six introns at ho-
mologous positions. LDH-B contains 333 amino acid residues, and LDH-A pos-
sesses 331 residues with two deletions located at positions 18 and 332 of the LDH-
B sequence. These appear to have originated from an ancestral gene during the
course of evolution. The human gene for LDH-B is located on chromosome 12,
whereas LDH-A and LDH-C are closely linked on chromosome 11.

Hereditary deficiency of LDH-B was first reported by Kitamura et al. in 1970
(K21). Since then, this enzyme deficiency has been discovered in at least five fam-
ilies in Japan. There were no clinical symptoms in these cases. On the other hand,
LDH-A deficiency was associated with an exertional rhabdomyolysis and myo-
globinuria after severe exercise (K15). One Japanese and one Italian with LDH-A
deficiency showed the typical skin rash. To date, nine LDH-A variants have been
analyzed at the molecular level, and four missense mutations, one nonsense mu-
tation, one frameshift mutation due to a single base insertion, and three gene dele-
tions have been elucidated (K16, MS5). Missense mutations have also been identi-
fied in LDH-B deficiency (M6).

4.3, NADH CYTOCHROME b . REDUCTASE DEFICIENCY

The NADH-dependent methemoglobin reductase system (NADH methemo-
globin ferrocyanide reductase, NADH diaphorase, or NADH cytochrome b,
reductase) is the most important one for the conversion of methemoglobin to func-
tional, oxygen-binding hemoglobin. Methemoglobin reduction needs a hemopro-
tein, cytochrome b, and the electron flow of the NADH-methemoglobin reduc-
tase system is NADH cytochrome b, reductase—cytochrome b,—methemoglobin.
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Two forms of this enzyme are known, a membrane-bound form mainly found in
microsomes of all cells and a soluble form present in red blood cells. Structurally,
the soluble form with 275 amino acid residues lacks a hydrophobic segment at the
NH, terminus which is present in the membrane-bound enzyme with 300 amino
acid residues. Both isoforms are produced by a single gene on chromosome 22
(T17,Y4).

Hereditary methemoglobinemia is classified into three types: a red blood cell
type (type I), a generalized type (type II), and a blood cell type (type III). Enzyme
deficiency of type I is limited to red blood cells, and these patients show only the
diffuse, persistent, slate-gray cyanosis not associated with cardiac or pulmonary
disease. In type II, the enzyme deficiency occurs in all cells, and patients of this
type have a severe neurological disorder with mental retardation that predisposes
them to early death. Patients with type III show symptoms similar to those of pa-
tients with type I. The precise nature of type III is not clear, but decreased enzyme
activity is observed in all cells (M9). It is considered that uncomplicated heredi-
tary methemoglobinemia without neurological involvement arises from a defect
limited to the soluble cytochrome b, reductase and that a combined deficiency of
both the cytosolic and the microsomal cytochrome b, reductase occurs in subjects
with mental retardation. Up to now, three missense mutations in type I and three
missense mutations, two nonsense mutations, two in-frame 3-bp deletions, and one
splicing mutation in type II have been identified (M3, M8, M31).

5. Hereditary Nonhematologic Disorders That Can Be
Diagnosed by the Determination of Red Blood Cell
Enzyme Activity

5.1. ENZYME DEFICIENCIES ASSOCIATED WITH IMMUNOLOGICAL DISORDERS

5.1.1. Adenosine Deaminase Deficiency

Low levels or absence of adenosine deaminase (ADA) is associated with one
form of severe combined immunodeficiency disease {SCID) characterized by B-
and T-lymphocyte dysfunction due to toxic effects of deoxyadenosine (H19). Most
patients present as infants with failure to thrive, repeated infections, severe lym-
phopenia, and defective cellular and humoral immunity. Disease severity is corre-
lated with the degree of deoxyadenosine nucleotide pool expansion and inactiva-
tion of S-adenosylhomocysteine hydrolase in red blood cells. Up to now, more than
40 mutations have been identified (A4, H20, S5, $6). The majority of the basic
molecular defects underlying ADA deficiency of all clinical phenotypes are mis-
sense mutations. Nonsense mutations, deletions ranging from very large to single
nucleotides, and splicing mutations have also been reported. It is likely that severe
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ADA deficiency is most commonly associated with these mutations of the ADA
structural gene that result in either unstable or inactive enzyme protein. Immune
reconstitution would be achieved by enzyme replacement therapy with polyethyl-
ene glycol-modified bovine ADA (PEG-ADA), alone or in combination with gene
therapy (H3).

5.1.2. Purine Nucleoside Phosphorylase Deficiency

Purine nucleoside phosphorylase (PNP) deficiency engenders a combined im-
munodeficiency and neurologic abnormalities and is usually fatal in childhood
(G4). Patients with PNP deficiency have profound lymphopenia and a small thy-
mus with poorly formed Hassall corpuscles. Lymphocyte enumeration shows
markedly decreased numbers of T cells and T-cell subsets, with normal percent-
ages of B cells. Point mutations and a splicing mutation have been identified in
some PNP-deficient patients (H4).

5.2. ENZYME DEFICIENCIES IN THE METABOLISM OF PURINE

5.2.1. Lesch—Nyhan Syndrome

The Lesch-Nyhan syndrome is an inherited disorder associated with a virtually
complete deficiency of hypoxanthine--guanine phosphoribosyltransferase (HPRT)
and is inherited as an X-linked recessive. This syndrome is characterized clinical-
ly by the excessive production of uric acid and certain characteristic neurologic
features, such as self-mutilation, choreoathetosis, spasticity, and mental retarda-
tion. Partial HPRT deficiency is associated with increased de novo purine synthe-
sis and hyperuricemia, which resuits in nephrolithiasis and gouty arthritis. The
HPRT gene is located on the long arm of the X chromosome and consists of nine
exons and eight introns spanning 44 kb (P5). This gene is transcribed to produce
an mRNA of 1.6 kb, which contains a protein encoding region of 654 nucleotides
(J3). The genetic lesions that result in HPRT deficiency are heterogeneous. A mis-
sense mutation, nonsense mutation, gene deletion and insertion, and duplication
of exon have been described (S11).

5.2.2. Adenine Phosphoribosyltransferase Deficiency

Adenine phosphoribosyltransferase (APRT) deficiency is an inherited disorder
of purine metabolism and is inherited in an autosomal recessive manner (K18, V7).
This enzyme deficiency results in an inability to salvage the purine base adenine,
which is oxidized via the 8-hydroxy intermediate by xanthine oxidase to 2,8-di-
hydroxyadenine (2,8-DHA). This produces crystalluria and the possible formation
of kidney stones due to the excretion of excessive amounts of this insoluble purine.
Type I, with virtually undetectable enzyme activity, found predominantly in Cau-
casians, is found in homozygotes or compound heterozygotes for null alleles. Type
I1, with significant APRT activity, found only in Japan, is related to a missense mu-
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tation at 136 from ATG to ACG (APRT*J) (HS). Among Japanese, the most com-
mon mutant allele (about 70%) is APRT*J, and about 20% of the mutant alleles
involve nonsense mutations at codon 98 from TGG to TGA (K2).

5.3. PROLIDASE DEFICIENCY

Prolidase is a ubiquitous enzyme that splits dipeptides with a prolyl residue in
the COOH-terminal position. This enzyme plays a critical role in the recovery of
imino acids from endogenous collagen turnover as well as from exogenous dietary
proteins. Human prolidase is a homodimer with a subunit of 54,300 Da and the
gene locus is on the short arm of chromosome 19 (E2). The gene for human prol-
idase is over 130 kb long and consists of 15 exons (T12). Prolidase deficiency is
an autosomal recessive trait with a characteristic clinical syndrome that includes
chronic dermatitis, mental retardation, and recurrent infections and is associated
with massive imidodipeptiduria. More than 28 cases have been reported so far. The
molecular basis of prolidase deficiency in Japanese patients has been found to be
the gene deletion (T12, T13).

5.4. ACATALASEMIA

Acatalasemia is a rare hereditary deficiency of tissue catalase and is inherited
as an autosomal recessive trait (O3). This enzyme deficiency was discovered in
1948 by Takahara and Miyamoto (T1). Two different types of acatalasemia can be
distinguished clinically and biochemically. The severe form, Japanese-type acata-
lasemia, is characterized by nearly total loss of catalase activity in the red blood
cells and is often associated with an ulcerating lesion of the oral cavity. The asymp-
tomatic Swiss-type acatalasemia is characterized by residual catalase activity with
aberrant biochemical properties. In four unrelated families with Japanese-type
acatalasemia, a splicing mutation due to a G-to-A transition at the fifth nucleotide
in intron 4 was elucidated (K20, W5). We have also determined a single base dele-
tion resulting in the frameshift and premature translational termination in the
Japanese patient (H16).

5.5. GALACTOSEMIA

Galactosemia is a hereditary disorder associated with a cellular deficiency of
galactokinase, galactose-1-phosphate uridyltransferase, or uridine diphosphate
galactose-4-epimerase. These enzyme deficiencies are transmitted by autosomal
recessive inheritance. The clinical manifestation in galactokinase deficiency is
milder and is mainly manifested only by cataracts. Cloning of the galactokinase
¢DNA and identification of mutants have been done (S19). In transferase and
epimerase deficiency, galactose ingestion is characterized by inanition, failure to
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thrive, vomiting, liver disease, cataracts, and mental retardation. More than 32 mu-
tations of the human galactose-1-phosphate uridyltransferase gene have been elu-
cidated (E1).

5.6. PORPHYRIAS

The porphyrias are inherited or acquired disorders in which the activities of the
enzyme of the heme biosynthetic pathway are deficient. Eight enzymes are in-
volved in the synthesis of heme, and, with the exception of the first enzyme, 8-
aminolevulinic acid (ALA) synthetase, an enzymatic defect at each step of heme
synthesis accompanies each form of porphyria. Among them, deficiencies of uro-
porphyrinogen III cosynthetase, ALA dehydratase, porphobilinogen deaminase,
and uroporphyrinogen decarboxylase can be diagnosed by measuring the red blood
cell enzyme activities, Congenital erythropoietic porphyria is due to a deficiency
of uroporphyrinogen III cosynthetase and is characterized by marked skin photo-
sensitivity. ALA dehydratase deficiency is the rare form of porphyria and involves
neurologic symptoms without skin photosensitivity. Acute intermittent porphyria
due to a deficiency of porphobilinogen deaminase is the most common autosomal
dominant form of acute hepatic porphyria and is characterized by attacks of ab-
dominal pain, neurological disturbances, and psychiatric symptoms. So far, 19 dif-
ferent mutations including single base substitution, single base deletion, single
base insertion, nonsense mutation, and abnormal splicing have been reported (D3).
Uroporphyrinogen decarboxylase deficiency causes porphyria cutanea tarda,
which is the most common form of porphyria. Patients with this enzyme deficiency
have mild to severe photosensitivity and often have overt liver disease.

5.7. CARBONIC ANHYDRASE DEFICIENCY

Carbonic anhydrase (CA) exists in three known soluble forms in humans. All
three isozymes (CA I, CA II, and CA III) are monomeric, zinc metalloenzymes
with a molecular weight of approximately 29,000. The enzymes catalyze the re-
action for the reversible hydration of CO,. The CA I deficiency is known to cause
renal tubular acidosis and nerve deafness. Deficiency of CA II produces osteope-
trosis, renal tubular acidosis, and cerebral calcification. More than 40 CA I1-defi-
cient patients with a wide variety of ethnic origins have been reported. Both syn-
dromes are autosomal recessive disorders. Enzymatic confirmation can be made
by quantitating the CA I and CA II levels in red blood cells. Normally, CA I and
CA I each contribute about 50% of the total activity, and the CA T activity is com-
pletely abolished by the addition of sodium iodide in the assay system (S22). The
c¢DNA and genomic DNA for human CA I and II have been isolated and sequenced
(B34, M33, V9). Structural gene mutations, such as missense mutation, nonsense
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mutation, gene deletion, and splicing mutation, at the CA II locus on chromosome
8 have been identified (R5).

6. Summary

Red blood cell enzyme activities are measured mainly to diagnose hereditary
nonspherocytic hemolytic anemia associated with enzyme anomalies. At least 15
enzyme anomalies associated with hereditary hemolytic anemia have been re-
ported. Some nonhematologic diseases can also be diagnosed by the measurement
of red blood cell enzyme activities in the case in which enzymes of red blood cells
and the other organs are under the same genetic control.

Progress in molecular biology has provided a new perspective. Techniques such
as the polymerase chain reaction and single-strand conformation polymorphism
analysis have greatly facilitated the molecular analysis of erythroenzymopathies.
These studies have clarified the correlation between the functional and structural
abnormalities of the variant enzymes. In general, the mutations that induce an al-
teration of substrate binding site and/or enzyme instability might result in marked-
ly altered enzyme properties and severe clinical symptoms.
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1. Infroduction

1.1. PATHOGENESIS OF SEPSIS

The incidence of septic shock has increased progressively during the past 50
years, so that it is now the most common cause of death in intensive care units (P4).
Mortality from septic shock remains 30-60% despite considerable advances in
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supportive care (B52, P3, W11). The relative lack of effective pharmacologic in-
terventions highlights the complex pathophysiologic events involved in sepsis
(P3). The principal pathophysiologic abnormalities in sepsis include peripheral va-
sodilatation, increased capillary permeability, and organ dysfunction (B34, S12).
The early circulatory changes are increases in heart rate, cardiac index, and oxy-
gen delivery in order to maintain oxygen consumption by increasing the supply of
oxygen and its substrates. The increased oxygen consumption indicates increased
metabolic activity as a compensation for antecedent tissue hypoxia resulting from
maldistribution of the microcirculatory flow (S12).

The clinical manifestations of sepsis are the result of an excessive host response
to an (usually bacterial) infection (B34). Although host defense mechanisms are
essentially beneficial and designed to localize and neutralize invading microor-
ganisms, remove dead and damaged cells, and repair tissue damage, excessive
activation may be detrimental. A wide array of activated cells as well as inflam-
matory mediators are involved in the pathogenesis of sepsis, and the complex in-
teraction of these mediators can be seen as a cascade (Fig. 1) (B37, H11). Much
of our understanding of the role of inflammatory mediators is based on results from
studies in several animal models of sepsis and from studies in humans subjected
to Jow-dose endotoxin. However, an increasing number of studies in patients with
severe sepsis have also contributed to our understanding of the pathogenetic mech-
anisms related to the release and activation of mediator systems. There is abun-
dant evidence that proinflammatory cytokines are released into the circulation and
that several cells, including neutrophils, monocytes, macrophages, platelets, and
endothelial cells, become activated. In addition, plasma protein cascade systems
such as the complement, coagulation, fibrinolytic, and contact systems are acti-
vated, and lipid mediators such as eicosanoids and platelet-activating factor, as
well as oxygen and nitrogen radicals, are produced and released (B26). The stress
hormone response is also part of the general host response. Interestingly, it has now
been documented that anti-inflammatory cytokines (e.g., interleukin-10), soluble
cytokine receptors (e.g., STNF-R), and acute phase proteins are released as well,
which seem to have a regulatory function and may limit or blunt the (general) in-
flammatory response (B38). Apparently, in the presence of the excessive general
inflammatory reaction observed in severe sepsis, these endogenous regulatory sys-
tems have failed. Although our knowledge of the pathophysiology has increased
markedly in recent years, our understanding of the precise role of individual me-
diator systems is extremely limited. In particular, their role in the pathogenesis of
organ dysfunction or failure and circulatory shock is unclear and needs to be elu-
dicated (B7). What is clear is that an extremely complex network of activated cells
and mediators, as well as toxic products, is operative in patients with sepsis. There
is no doubt that cytokines have a pivotal role in this network. Measurement of plas-
ma levels and evaluations of correlations with clinically relevant variables ia a nec-
essary and the essential first step in assessing their possible significance (T5).
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There is increasing evidence that activation of the vascular endothelium by vari-
ous agonists (e.g., tumor necrosis factor and interleukin-1) is also central to the
pathological response to sepsis (B43, H27)

1.2. DEFINITIONS

To develop a more uniform set of definitions, a consensus conference (B39) pro-
posed that sepsis and similar disorders be called systemic inflammatory response
syndrome (SIRS). The consensus conference made another key decision, to restrict
the use of the word sepsis to cases in which infection is documented, because SIRS
can be caused not only by bacterial, viral, fungal , or other infections but also by
‘sterile’ insults such as multiple trauma, severe burns, hemorrhagic shock, acute
pancreatitis, and other life-threatening conditions (B39). These definitions are pre-
sented in Table 1 and are useful clinically and experimentally, because they allow
us to identify patients and to assess the outcome of treatment in a uniform fashion.
Nonetheless, sepsis, the sepsis syndrome, and septic shock are not discrete enti-
ties; rather these terms delineate increasingly severe stages of the same disease
probably resulting from the same pathophysiologic processes (B33). It has become
clear that the clinical syndrome of septic shock is the result of endogenous medi-
ators secreted by the injured host. Other than initiating the production of inflam-
matory mediators, the infecting microorganism plays a minor role. It has been rec-
ommended that the term septic syndrome should no longer be used, because it has
been applied to a variety of inflammatory states (B39, D5). As Table 1 points out,
sepsis requires the presence of hyper- or hypothermia, tachycardia, and tachypnea.
However, many patients with confirmed bacteremia do not fulfill these criteria,
and reliance on “traditional” criteria of sepsis may not be sufficient either. Bac-
teremia has been a traditional and prognostic tool, although the exact role of bac-
teremia as an independent risk factor is also in doubt (B39). In addition, bacteremia
was found in less than half of the patients in recent studies of clinical sepsis (B52)
and is uncommon in trauma patients.

There are various “severity of illness™ scoring systems for sepsis and trauma
(R11). Severity scoring can be used, in conjunction with other risk factors, to an-
ticipate and evaluate outcomes, such as hospital mortality rate. The most widely
used system is the Acute Physiology, Age, Chronic Health Evaluation Il (APACHE
II) classification system (K12). The APACHE III was developed to more accu-
rately predict hospital mortality for critically ill hospitalized adults (K13). It pro-
vides objective probability estimates for critically ill hospitalized patients treated
in intensive care units (ICUs). For critically ill posttrauma patients with sepsis or
SIRS, another system for physiologic quantitative classification and severity strat-
ification of the host defense response was described recently (R11). However, this
Physiologic State Severity Classification (PSSC) has yet not been applied rou-
tinely in ICU setting.
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TABLE 1
DEFINITIONS

Systemic inflammatory response syndrome: The systemic inflammatory response to a wide variety of
severe clinical insults. The response is manifested by two or more of the following conditions:
Temperature >38°C or <36°C
Heart rate >90 beats/min
Respiratory rate>>20 breaths/min or Paco, <4.3kPa
WBC >12,000 cells/mm?3, <4000 cells/mm?3, or >10% immature (band) forms

Sepsis: The systemic response to infection. This systemic response is manifested by two or more of
the following conditions as a result of infection:

Temperature >38°C or <36°C

Heart rate >90 beats/min

Respiratory rate >20 breaths/min or Paco, <4.3 kPa

WBC >12,000 cells/fmm?3, <4000 cells/mm?, or >10% immature (band) forms

Severe sepsis: Sepsis associated with organ dysfunction, hypoperfusion, or hypotension. Hypoperfu-
sion and perfusion abnormalities may include, but are not limited to, lactic acidosis, oliguria, or an
acute alteration in mental status.

Septic shock: Sepsis with hypotension (a systolic blood pressure of <90 mm Hg or a reduction of
<40 mm Hg from baseline), despite adequate fluid resuscitation, along with the presence of perfu-
sion abnormalities as seen by severe sepsis. Patients who are receiving inotropic or vasopressor
agents may not be hypotensive at the time that perfusion abnormalities are measured.

Multiple organ dysfunction syndrome: Presence of altered organ dysfunction in an acutely ill patient
such that homeostasis cannot be maintained without intervention.

2. Sepsis and Cytokines: Current Stafus

2.1. PROINFLAMMATORY CYTOKINES: TNF, INTERLEUKIN-1, INTERLEUKIN-8

Mediators of the cytokine class are assumed to exert pathophysiological influ-
ences in septic and critically ill patients (B27). Among the cytokines exhibiting
significant proinflammatory characteristics, tumor necrosis factor-a (TNF), inter-
leukin-1 (IL-1), and interleukin-8 (IL-8) appear to be the most promising candi-
date mediators promoting both acute septic responses and multiple organ failure
(Table 2) (P11). The availability of techniques for assessing the systemic appear-
ance of cytokines by radioimmunoassay or enzyme-linked immunosorbent assay
(ELISA) determinations has generated numerous observations in critically ill pa-
tients. These assays have still to achieve the real-time efficiency necessary for use
in clinical practice. Especially, there is the problem of assay standardization. The
sensitivity and specificity of these assays vary widely and a consensus standard
for cytokine detection has yet to be achieved. Furthermore, there is evidence that
because of the dynamic turnover of such circulating mediators, given the short
half-lives and episodic production, their detection is possible only during a tran-



TABLE 2

PRO- AND ANTI-INFLAMMATORY CYTOKINES AND CIRCULATING NATURAL ANTAGONISTS

Functions

Cytokine (mass in kDa) Source
Proinflammatory
IL-1(17.5) Monocyte/macrophage, lymphocyte,
neutrophil, endothelium, fibroblast
keratinocyte
TNF (17.5) Monocyte/macrophage, lymphocyte,
neutrophil, endothelium, fibroblast,
keratinocyte
IL-8 (8) Monocyte/macrophage, lymphocyte,
fibroblast, endothelium, keratinocyte
Antiinflammatory
I.-10 (35) T cell, fibroblast
IL-6 (21-28) Monocyte/macrophage, T cell
endothelium, fibroblast, keratinocyte
IL-1ra (17.5) Monocyte/macrophage, fibroblast

sTNF-R (30-40) Unknown, but monocyte/macrophage
and neutrophil likely

Activation of T cells, B cells, natural killer cells, osteoblasts, and endothelium. Induces fever,
sleep, anorexia, ACTH release, hepatic acute phase protein synthesis and HSPs. Leads to myo-
cardial depression, hypercoagulability, hypotension/shock, and death. Simulates production of
TNF, IL-6, and IL-8 and stress hormone release. Suppression of cytochrome P-450, thyro-
globulin, and lipoprotein synthesis. Procoagulant activity. Antiviral activity.

Activation of T and B cells, natural killer cells, neutrophils, and osteoblasts. Stimulation of
endothelial cells to release chemotactic proteins, NO and PGI,,. Tumoricidal activity. Induces
fever, sleep, hepatic acute phase protein synthesis, catabolism, ACTH release. Lead to myo-
cardial depression, hypotension/shock, hypercoagulability, and death. Stimulates production of
IL-1, IL-6, IL-8, IFN-v, and H,0,. Suppression of cytochrome P-450, thyroglobulin, and
lipoprotein lipase. Induces complement activation, release of eicosanoids, including PAF.
Procoagulant activity.

Recruitment and activation of neutrophils, chemotactic for lymphocytes, angiogenesis.

Suppression of B- and T-cell proliferation. Inhibition of LPS-induced monocyte IL-1, IL-8, and
TNF production. Induction of IL-1ra. Suppression of free radical release and NO-dependent
microbicidal activity of macrophages.

Induction of fever and the hepatic acute phase response. Stimulates cortisol production. De-
creases IL-1 and TNF production. Participates in activation of B and T cells, facilitates Ig
production by B cells. Induction of granulocyte-macrophage colony-stimulating factor,
stimulation of hematopoietic progenitors.

Specifically inhibits IL-1 effects, including SIRS and sepsis in animal models and humans.
Attenuation of coagulation, fibrinolytic, and complement systems, levels of PAF and neutro-
phil elastase.

Specifically inhibits TNF effects, including SIRS and sepsis.
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sient period. A considerable degree of cytokine activity may exist without detec-
tion of circulating forms, which is further complicated by a polymorphism, as doc-
umented for TNF and IL-1 (S36, W12),

2.1.1. Tumor Necrosis Factor (TNF)

Human TNF is produced as a prohormone of 233 amino acids and is processsed
to a 157-residue mature protein of 17 kDa by cleavage of a 76-residue signal pep-
tide (T12). Overproduction of TNF is considered to be important for the patho-
genesis of shock and tissue injury during SIRS. It is therefore important to under-
stand the factors that regulate its production. Monocytes and macrophages are the
main producers of TNF, but T cells, natural killer (NK) cells, and neutrophils can
also secrete TNF (T12). Many infectious or inflammatory stimuli are capable of
triggering TNF biosynthesis, including bacterial endotoxin or lipopolysaccharide
(LPS) and other products of bacteria, parasites, and yeasts. This process is tigthly
regulated. Within the macrophage (the principal source of TNF) regulation oper-
ates at transcriptional, posttranscriptional, and translational levels. In response to
LPS, TNF gene transcription is enhanced threefold (B24). Glucocorticoid hor-
mones, if administered before activation, strongly inhibit TNF synthesis by in-
hibiting the quantity of TNF messenger RNA (mRNA) and by preventing its trans-
lation (B21). Once the cells are activated by LPS, no inhibiting effects of
corticosteroids on TNF synthesis occur. TNF synthesis can also be suppressed by
IL-4 (K4), IL-6, pentoxifylline (S5), and platelet-activating factor (PAF) antago-
nists (T7). Production of TNF can be enhanced by interferon-y (IFN-y) (P10,
K15),IL-1, and reactive oxygen species, which are ubiquitously present during in-
flammation (C14). In addition, several endogenous factors that determine TNF
responsiveness have been identified. The interindividual differences in TNF se-
cretory ability are caused by differences in genetic control (different TNF geno-
types)(S36), and genetic factors considerably influence production of TNF (and
IL-10) (W12). The hypophysis—adrenal axis also affects the TNF response; TNF
release is enhanced in the absence of endogenous steroids (Z8).

TNF is produced and secreted by activated cells within minutes following con-
tact with LPS, reaching peak levels at 90—120 minutes after the admnistration of
Escherichia coli endotoxin in human volunteers (M27). Van Deventer et al. (D15)
could not detect serum TNF levels during experimental endotoxemia. Even dur-
ing continuous intravenous administration of recombinant TNF (rTNF), serum
TNF rapidly becomes undetectable (M27). It has been proposed that circulating
soluble TNF receptors (sTNF-Rs) may be an important down-regulating mecha-
nism (G10).

TNF activates inflammatory functions of various immune cells, not only as a
direct effector but also as part of the cytokine network (synergism with I[L-1, IFN-
v, and LPS), as shown in Table 2 (K11). TNF interacts with the complement sys-
tem and induces the additional release of eicosanoids. TNF has many effects on



ENDOGENOUS MEDIATORS IN SEPSIS AND SEPTIC SHOCK 61

the endothelium: it stimulates the production of vasodilating substances such as
prostaglandin I, (PGI,) and nitric oxide. In addition, TNF enables endothelial cells
to express procoagulant activity and to reduce fibrinolytic potential, contributing
to a shift from anticoagulant activity to a procoagulant state (P15). TNF induces
several metabolic abnormalities (D4). TNF inhibits lipid uptake in adipose tissue
and enhances lipogenesis in the liver. TNF causes an efflux of amino acids from
skeletal muscle and decreases proteolysis in the liver, resulting in a loss of total
body nitrogen (F12). TNF administration leads to a decline in blood glucose lev-
els. TNF produces a variety of neuroendocrine effects, including stimulation of the
anterior pituitary, adrenal cortical, and pancreatic secretion and sympatic activa-
tion (see also Sect. 5) linking the immune and endocrine systems (D4, H21). In
rats, TNF administration caused hemoconcentration, lactic acidosis, biphasic fluc-
tuations in blood glucose concentrations, hypotension, and death, usually caused
by respiratory arrest (T 11). The pathophysiology and pathology seen at autopsy of
patients with septic shock were reproduced in animals given rTNF (T11). *TNF
admmistrated to humans caused hemodynamic and metabolic derangements that
closely resemble the responses to endotoxemia (C14). The physiological signifi-
cance of TNF effects is not fully understood. Possibly, this cytokine is beneficial
at a local level and deleterious when present systemically in large quantities.

Several clinical studies have demonstrated the major involvement of TNF in the
pathogenesis of shock and tissue injury during SIRS and sepsis:

1. Intravenous administration of rTNF induces a disease state that closely re-
sembles septic shock accompananied by tissue damage (M28, T12). TNF induces
fever, leukocyte aggregation, hypotension, stress hormone release, lung edema,
and hemorrhagic necrosis of various organs (T12).

2. The cytokine is released early and in large amounts in response to bacterial
stimuli in experimental situations (M 16, M28). Several studies have reported sig-
nificantly elevated levels of TNF in septic patients (C3, C12, D1, D32, E7, G4,
G22,M10, M18, W2). However, considerable discrepancies in plasma levels have
been reported in these patients. For example, plasma TNF levels of 10100 pg/ml
found in only 25% of septic patients tested (D6) are in contrast to the plasma TNF
levels of 1005000 pg/ml found in 100% of patients in another study (D1). De-
Groote et al. (G12) detected circulating TNF in only 16% of patients with gram-
negative sepsis. Waage er al. (W2) demonstrated TNF in 23% of patients with
meningococceal disease.

3. Pretreatment with monoclonal anti-TNF antibodies prevents mortality (B23,
M32) and organ damage (M16) in experimental sepsis. In clinical studies using
anti-TNF antibodies, however, the overall benefit of this treatment showed en-
couraging but no evident results (1.22). Recently, the INTERSEPT study suggests
a possible role for anti-TNF antibody as an adjunctive therapy, but with no reduc-
tion of mortality (C21). There is no plain cause—effect relation between TNF re-
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lease and the development of septic shock. If TNF blocking agents are given to-
gether with or after elicitation of disease, such intervention is not successful or
even enhances mortality (E2). Further, rTNF can also protect the host against lethal
bacterial infection (C25).

The different methods of plasma TNF measurements may have contributed to
the different results in the literature. Engelberts et al. (E12) described an accurate
sandwich ELISA for the measurement of biologically active TNF. They also
showed that false-positive and false-negative results can be a consequence of im-
proper handling of blood samples. This can be prevented by using an EDTA-
containing system and separating blood cells from plasma within 15 minutes after
blood collection. Data from Marecaux et al. (M10) indicate a large variability in
TNF (and also IL-6) levels, which limits their prognostic significance in patients
with septic shock. In addition, TNF would have obvious limitations because large
variations may be expected in the same patient depending on the timing of blood
sampling. Some immunoassays also detect biologically inactive TNF-TNF re-
ceptor complexes or even give a positive signal in the presence of free soluble TNF
receptors. Studies using these assays should be reevaluated (E12).

2.1.2. Interleukin-1

Two forms of interleukin-1 exist (IL-1« and IL-1B); they bind to the same cel-
lular receptor and exert essentially identical biological effects (Table 2). The syn-
thesis and release of IL-1 from macrophages and other cells are initiated by mi-
croorganisms, endo- or exotoxins from a variety of bacteria, C5a, TNF, IL-1 itself,
or tissue injury. II-1 acts like an endogenous adjuvant, serving as a cofactor dur-
ing lymphocyte activation, primarily by inducing the synthesis of other cytokines
and the activation of resting T cells (D18). IL-1 is, like TNF, capable of inducing
a septic shock-like state in a rabbit model, especially resulting in lung damage
(D19). IL-1 often acts in a synergistic fashion with TNF. The potential benefit of
IL-1 to the host is in promoting antibacterial resistance, whose mechanism is un-
known.

The complexity of measuring IL-1 in blood specimens has been discussed as a
possible reason for the lower incidence of IL-1 detection during sepsis in humans
(C6). In normal volunteers given an intravenous dose of E. coli endotoxin, a rise
in IL-1 levels was noted, with peak levels reached within 2—3 hours after chal-
lenge (CS). The detection of circulating IL-1 in patients with sepsis has been noted
in up to 37% of patients (B31, C2, C3, C5, C11, G10) and such results may be in-
fluenced by the assay methods used. In a study by Damas er al. (D1), IL-1 serum
levels were only slightly elevated in septic shock and could not be correlated with
severity and/or mortality. However, Waage ef al. (W3) demonstrated that IL-1 was
detected only in serum from patients with septic shock who also had high levels
of IL-6, TNF, and LLPS and fatal outcomes. They mention that combinations of LPS
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and cytokines may be particularly potent in producing lethal septic shock. Inter-
estingly, it has been showed that tissue concentrations of IL-1 are markedly high-
er than they are in the plasma from animals and patients with hemorrhagic pneu-
monia or adult respiratory distress syndrome (ARDS). The appearance of IL-1 in
the circulation may result from excessive tissue production that distributes into the
plasma compartment.

IL-1 receptor antagonists (IL-1ra) are able to block the activity of IL-1 both in
vitro and in vivo (see also Sect. 2.3). A 10-100-fold excess of IL1ra is required to
inhibit 50% of IL-1-induced responses in vitro and in animal models; this is con-
sistent with the presence of a large excess of IL-1 receptors compared with those
that need to be occupied in order to trigger a biological response to IL-1. Protec-
tive effects of IL-1ra have been shown in animals with sepsis caused by gram-neg-
ative and gram-positive organisms (06). The dramatic reduction in hypotension in
these studies is probably due to blockade of IL-1-induced NO synthesis (M4). Any
coincident reduction in the production of IL-1 and TNF may also play a role in
reducing progression of the shock state. Interestingly, IL-1 receptor blockade
markedly attenuated activation of coagulation and/or fibrinolysis in septic patients
(B31).

In conclusion, IL-1 (or TNF) given intravenously can reproduce the elements
of sepsis, and blocking the activities of IL-1 can abrogate the septic state. IL-1 acts
synergistically with TNF in producing septic physiology, implicating both as cru-
cial triggers in the initiation of sepsis.

2.1.3. Interleukin-8

Interleukin-8 (IL.-8) is a small cytokine (8 kDa) with the function of neutrophilic
chemotaxis and activation, as well as angiogenesis (Table 2). Some studies show
an important role for this cytokine in neutrophilic recruitment and activation at
sites of inflammation, resulting in amplification of the local inflammatory re-
sponse as well as tissue damage. IL-8 is secreted by many cell types, including fi-
broblasts, endothelium, and peripheral blood mononuciear cells. IL-8 secreta-
gogues include endotoxin, IL-1, and TNF (Z2). In vitro, significant amounts of this
cytokine are produced in response to minute concentrations of these stimulants. At
1-10 pg/ml, IL-1 or TNF can induce significant IL-8 production in human en-
dothelial and fibroblast cell lines. IL-8 levels increase during intravenous admin-
istration of IL-1 in primates (Z1) and are also elevated during human sepsis (H8,
B9). Patients with clinical signs of shock had higher levels of IL-8 than nor-
motensive patients (H8). Large individual variations were observed. Friedland er
al. (F19) demonstrated elevated IL-8 levels in 8 of 18 patients with sepsis or lo-
calized Pseudomonas pseudomallei infection. In patients with meningococcal dis-
ease, detectable levels of IL-8 were found in 28 of 62 patients (H12). In patients
with fever and neutropenia due to hematologic malignancies and chemotherapy,
IL-8 levels were consistently elevated, with a rapid decline in patients responding
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to antibiotics (E10). Miller et al. (M29) detected high concentations of IL-8 in pul-
monary edema fluid, coupled with relatively low plasma I1.-8 levels, in patients
with sepsis-induced ARDS. This suggests that the lung is the primary source of
IL-8 in the alveolar edema fluid in these patients. IL-1ra treatment had no effect
on circulating levels of IL-8 in baboons with sepsis (F9) and humans (B31). No
data are available on the role of IL-1 in the induction of IL-8 in patients with clin-
ical sepsis.

2.2. ANTI-INFLAMMATORY CYTOKINES: INTERLEUKIN-6 AND INTERLEUKIN-10

The previous section stated that a severe proinflammatory reaction contributes
to the onset and continuation of sepsis. However, a massive compensatory anti-in-
flammatory reaction appears to be important in the pathophysiology of sepsis
(B38). Anti-inflammatory agents such as IL-4, IL-6, IL-10, IL-11, IL-13, soluble
TNF and IL-1 receptors, and IL-1 receptor antagonists are released to control the
inflammation and to restore homeostasis (B37). If systemic levels of proinflam-
matory mediators are high enough, patients develop the clinical signs of sepsis. At
times, a mixed response with both pro- and anti-inflammatory components pre-
vails (K15). High systemic leveis of anti-inflammatory mediators result in anergy
and/or immune suppression with alterations in lymphocyte activity. If the balance
is restored by these opposing forces, patients may survive.

2.2.1. Interleukin-6

Interleukin-6 (IL-6) is a small polypeptide with a molecular mass of 26 kDa (see
Table 2). IL-6 can be induced in various cell types, including fibroblasts,
macrophages/monocytes, epithelial cells, T cells, B cells, and diverse tumor cells
(L4). TNF, IL-1, and LPS can stimulate IL-6 gene expression in macro-
phages/monocytes and fibroblasts. In vivo studies showed that systemic adminis-
tration of TNF, LPS, and IL-1 was followed by a rapid induction of circulating
IL-6 (B49, 12). Also, endothelin (ET) at concentrations observed pathophysiolog-
ically may trigger production of IL-6 (M17).

IL-6 is a pleiotropic cytokine exerting multiple biologic activities: induction of
B-cell differentation, activation of T cells, induction of acute phase proteins (syn-
ergistically acting with IL-1 and TNF), inhibition of TNF production, inhibition of
cell growth, and induction of adrenocorticotropic hormone (ACTH) synthesis and
consequently cortisol (L4). IL-6 and IL-1 have overlapping activities. The inter-
action with other cytokines acts at two levels: IL-1 and TNF promote IL-6 pro-
duction. IL-6 inhibits TNF synthesis and therefore makes part of a negative regu-
latory loop controlling TNF production (see Fig. 6). It has been shown that IL-6
has a protective effect against LPS toxicity by blocking LPS-induced TNF release
both in vitro and in vivo (89, A2) IL-6 is thought to be a mediator of the acute phase
response, acting on hepatocytes both alone and in combination with TNF and IL-
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1. Studies also suggested that IL-6 causes endothelial cell dysfunction and de-
crease of prostacyclin production. Soluble IL-6 receptors seem to play a modulat-
ing and enhancing role in IL-6 activity (F18). The incidence of detection appears
to be less influenced by the method of assay, as either ELISA or bioassay tech-
niques yield consistent results, with a high correlation between these techniques.
IL-6 values may be more constant and endocrine-like than those values of TNF
and IL-1.

It has been demonstrated (W3) that IL-6 and IL-1 are released into the serum
during the initial phase of meningococcal septic shock. High serum levels have
also been found in patients with other forms of gram-negative septic shock (C4,
H9) or intra-abdominal sepsis (H12) and have been associated with severity of ill-
ness (D2, G4, K16, R12) or fatal outcome. (C11, W3). IL-6 levels remain very high
until clinical recovery (G4, H12), but a larger study showed a peak concentration
of IL-6 near the onset of shock and a rapid decrease to undetectable levels within
24 hours in most patients (C2). In most studies overlapping values were noted in
the survivors and nonsurvivors (M10). However, a persistent increase has been
correlated with poor outcome. In intra-abdominal sepsis, nonsurvivors had low
levels of IL-6 (and TNF) (H12). By far the majority of studies detected the high-
est levels of IL-6 at the time of diagnosis or admission and showed a consistent
decrease over time, nearly always irrespective of outcome (T5).

The complete role of IL-6 in septic shock is not fully understood. It may act as
an alarm hormone, reflecting the magnitude and persistence of cellular damage. It
suppresses the production of TNF and IL-1 release and increases serum cortisol
levels. On the other hand, IL-6 is associated with fever and severity of illness.
Whether IL-6 is just a “mirror of disease” reflecting the biological effects of LPS-
induced TNF and IL-1 or whether it is directly responsible for the pathological
changes seen in human septic shock remains to be investigated. Interestingly, a
recent study showed high IL-6 concentrations together with below normal soluble
IL-6 receptor concentrations during acute meningococcal infections (F18). Anti—
IL-6 antibodies caused higher levels of TNF in E. coli~infected mice, supporting
the notion that IL-6 acts as a counterregulator. However, mortality in the treated
mice was lower (S32).

In conclusion, there is no doubt that IL-6 is produced massively and released to
the circulation during sepsis. However, the significance of [L-6 levels and the ther-
apeutic role of anti—IL-6 are still unclear.

2.2.2. Interleukin-10

Interleukin-10 (IL-10) affects antigen presentation capacity but also interferes
with many other functions of monocytes and macrophages (Table 2) (F8). In vit-
ro, IL-10is a potent inhibitor of cytokine production, including production of TNF,
IL-1, IL-6, and IL-8 by LPS-activated monocytes/macrophages (F8). It also in-
hibits tissue factor—dependent procoagulant activity induced by LPS in human
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monocytes (P20). IL-10 is able to suppress free radical release and NO-dependent
microbicidal activity of macrophages against various pathogens (G6). Interest-
ingly, IL-10 does not inhibit the in vitro production of potent macrophage-derived
anti-inflammatory mediators such as transforming growth factor-B (TGF-8) and
even induces their release (W1). NK cells appear to be another target for the anti-
inflammatory properties of IL-10. Data have shown that IL-10 inhibits the IL-
2—induced IFN-y production by NK cells in vitro (H29).

In endotoxinemic mice IL-10 treatment inhibits proinflammatory cytokine re-
lease and leads to a reduction in LPS toxicity (G8, H28). IL-10 does not influence
the LPS-induced production of IL-6 in vivo (M9). This suggests that IL-10 could
differentially regulate TNF and IL-6 production by macrophages in vivo, in con-
trast to data obtained in vitro (W1), or that cell types other than macrophages are
a major source of IL.-6 in vivo and are resistant to IL-10 (S23).

LPS induces the release of IL-10 in mice (D31). Interestingly, circulating IL-10
was detected 90 minutes after LPS injection and was still present at 6 hours. These
data show that IL-10 is released at the same time as TNF and IFN-v, suggesting
that their production could be regulated by IL-10 during endotoxemia. In addition,
Marchant et al. (M9) showed that anti—IL-10 pretreatment resulted in increased
production of both TNF and IFN-y after LPS injection. Furthermore, this increased
cytokine release was associated with higher mortality. It seems, therefore, that IL-
10 produced during endotoxemia is an important protective mechanism against
LPS toxicity.

There are few clinical data regarding IL-10 in human septicemia and septic
shock. Marchant et al. (M8) found high IL-10 levels in 22 of 48 patients with nor-
motensive sepsis (46%) and in 17 of 21 patients with septic shock (81%). Patients
with septic shock had higher IL-10 levels, peaking during the first 48 hours and
remaining detectable for 3—5 days after admission. Possibly, the intensity of the
anti-inflammatory response of IL-10 is related to the importance of macrophage
activation (E14). In addition, IL-10 was associated with the development of sep-
sis in patients with severe trauma (S19).

Chlorpromazine (CPZ) and pentoxifylline (PTX) were shown to inhibit TNF re-
lease and improve survival during murine endotoxemia (G1). CPZ (M25) and ep-
inephrine (P16) pretreatment markedly up-regulated IL-10 production induced by
LPS, a phenomenon also observed with cyclosporine (D1). PTX pretreatment did
not affect LPS-induced IL-10 release. Thus, TNF and IL-10 can be differentially
regulated during murine endotoxemia. The sustained or even increased production
of IL-10 could play a role in the protective effects of these drugs against LPS tox-
icity in vivo.

2.3, SoLUBLE TNF AND IL-1 RECEPTORS, IL-1 RECEPTOR ANTAGONISTS

It has been proposed that the presence of endogenously derived TNF and IL-1
antagonist molecules in the circulation may serve, at least in part, as a surrogate
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marker for the antecedent activity of proinflammatory cytokine species (D14,
G16). Soluble IL-1RII, which represents the extracellular domain of the mem-
brane-bound IL-1RII formed by proteolytic cleavage, inhibits IL-1 activity by
competing with the cellular IL-1 type I receptor for IL-1 binding (G11). The IL-1
receptor antagonist (IL-1ra) is a cytokine that competitively inhibits IL-1 by bind-
ing to the type 1 IL-1 receptor without agonist activity. They represent two distinct
endogenous mechanisms by which the body modulates exaggerated levels of [L-
1 in times of inflammatory challenge. STNF-Rs, which represent the extramem-
branous part of the cellular TNF receptor that has been shed, block the effects of
TNF to a great extent. Shedding of the receptor occurs by proteolytic cleavage in-
duced by binding of TNF to its receptor. The consequence of shedding is that over-
stimulation of the target cell is prevented. To this end, the concept that natural
cytokine antagonist levels may reflect the relative magnitude of preceding in-
flammatory insult is supported by observed incremental increases in their circu-
lating levels along a spectrum from mild endotoxemia (F9, F10, Z1) to accidental
injury (C20) to severe infection (R13).

Several problems limit the interpretation of sSTNF-R and IL-1ra levels, includ-
ing the specificity of currently available assays for free receptor or receptor—li-
gand complexes (E13). In addition, acute or chronic organ dysfunction may sig-
nificantly alter the clearance of both sSTNF-R and IL-1ra, and the potential impact
of established immunological dysfunction upon their production has not been clar-
ified.

In critically ill patients who ultimately survived an episode of severe bacterial
infection, the levels of sTNF-R noted at initial diagnosis were similar to those
achieved in response to mild endotoxin challenge in normal subjects (R13). How-
ever, patients who succumbed to the sequelae of sepsis exhibited higher levels of
sTNF-R both at the time of diagnosis and for the duration of their hospital course.
The initially elevated levels could not be ascribed to organ dysfunction, as the de-
gree of organ failure was similar to that observed in survivors. By contrast, the ini-
tial levels of IL-1ra were not increased over those achieved during controlled en-
dotoxemia. IL- 1ra could not discriminate between patients who survived and those
who ultimately expired. Follow-up levels of sSTNF-R have been reported in a few
studies (G10, R13). In children with severe meningococcal disease, a significant
decline in levels of sSTNF-RII during 6 hours following admission was observed
in survivors, whereas levels did not change in non-survivors (G10). In critically ill
patients with sepsis, levels of STNF-RI remained consistently elevated throughout
an extended period of time and were significantly higher in nonsurvivors (R13).
Gardlund et al. (G4) found high IL-1ra levels in all septic patients, with signifi-
cant correlation with APACHE II scores. The molar excess of IL-1ra to IL-1 was
>2000-fold in 11 of the 13 patients. Similarly to sSTNF-R levels, IL-1ra levels de-
crease slowly, reflecting either slow clearance or ongoing production. Van Deuren
(D13) showed differential expression of IL-1 and IL-1ra, suggesting a mechanism
of protection against overstimulation by the proinflammatory effects of IL-1. Pri-
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utt et al. (P21) found both elevated plasma IL-1ra and soluble IL-1RII concentra-
tions in patients with sepsis syndrome. Shedding of the IL-1RII and increased re-
lease of IL-1ra may play important roles in down-regulating the frequency with
which local IL-1 production leads to a systemic inflammatory response.

2.4. HEAT SHOCK PROTEINS

Heat shock proteins (HSPs) are synthesized by cells in response to an increase
in temperature, as well to various other stressful stimuli. Their main function is to
ensure intracellular protein homeostasis, thus preserving the cells’ viability in the
presence of aggression. Current evidence points to a protective role for HSPs in
several aspects of critical disease, such as ischemia—reperfusion, ARDS, and mul-
tiple organ failure. The increase of a few degrees Celsius above the normal envi-
ronmental temperature of cells leads to the heat shock response: 1) rapid expres-
sion of heat shock genes, 2) suppression of normal protein synthesis, and 3) the
ability of cells to survive a second and otherwise lethal heat challenge (thermo-
tolerance).

HSPs are part of a larger family of proteins known as molecular chaperones,
whose task is to maintain the conformational and structural integrity of intracel-
lular proteins (J9). Many of the inducers of the stress response exert their action
on HSP gene induction via the generation of reactive oxygen species (ROS). Heat
shock can induce protection against oxidative stress, and exposure to oxidants can
be followed by thermotolerance (D27). The possible mechanisms by which HSPs
might protect cells from oxidative damage are promotion of free radical scaveng-
ing, prevention or repair of DNA damage, inhibition of ROS production, and in-
hibition of phospholipase A,. Also, HSP can modulate nitric oxide production in
stressed cells (D16).

2.4.1. Ischemia—Reperfusion

Ischemia—reperfusion is thought to mediate the severe organ dysfunction wit-
nessed after shock or cardiac arrest. HSPs could play a major role in the defence
against ischemia-reperfusion injury. Many in vivo experimental models of is-
chemia and/or ischemia—reperfusion have demonstrated HSP induction.

2.42. ARDS

ROS are an important determinant of acute lung injury in situations such as
ARDS, irradiation, or hyperoxia. In ARDS, activated phagocytic cells recruited to
the lungs can initiate or amplify lung damage through their ability to release large
amounts of ROS (B46). Direct exposure of cultured endothelial cels to endotoxin
can generate a threefold increase in superoxide anion production (B47). Clinical
studies have demonstrated high amounts of H,O, in expired breath (K8, K48) and
increased catalase activity in serum of ARDS patients (L6). Furthermore, in-
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creased levels of serum antioxidants seem to be predictive of the subsequent de-
velopment of ARDS in sepsis (L5, L6). However, studies performed so far on the
use of antioxidants in ARDS failed to show any benefit (J6). Oxidative stress is an
inducer of HSP induction. The prior induction of HSPs in a model of acute lung
injury due to phospholipase A, has been shown to reduce lung damage and mor-
tality (V6). Alveolar macrophages from patients with ARDS exhibit increased ex-
pression of HSP 70 (P14). Exogenously administered HSPs are capable of exert-
ing protective effects on endothelial cells exposed to ROS (J8). However, the
clinical application of enhancing HPS synthesis should be explored further.

2.4.3. Multiple Organ Dysfunction Syndrome

Multiple organ dysfunction syndrome (MODS) results from the perpetuation or
amplification of a generalized host inflammatory response to an initial triggering
event such as shock or sepsis. HSPs might represent part of a protective response
against the cellular toxicity of the inflammatory process leading to MODS. There
are many links between oxdative stress and HSP expression, partly mediated by
proinflammatory cytokine activity (W17). The induction of HSPs leads to inhibi-
tion of arachidonate metabolism and cell damage (J1). There is an indication of
the presence of a certain hierarchy in cellular protein synthesis (C1), and heat
shock decreases the rate of constitutive protein synthesis and impaired protein se-
cretion (M3). These studies indicate that, when hepatocytes are submitted to shock,
a heat shock response is induced that can, at least under certain conditions, take
precedence over the acute phase response (S13). Hepatocytes could at times re-
spond in excess to stress by shutting down acute phase proteins, thus prioritizing
self-preservation over organism preservation. A shortage of acute phase proteins
and an unchecked inflammatory response leading to MODS might thus ensue.
Whether the preferential expression of HSPs merely reflects the severity of cellu-
lar injury, rather than an excessive response to stress, is unclear. Finally, HSPs
could possibly, through molecular mimicry, amplify the immune and inflammato-
ry response (Y3).

3. Vasoactive Agents

The endothelium has many diverse functions that enable it to participate in in-
flammatory reactions (H27). These include modulation of vascular tone, and hence
control of local blood flow; changes in structure that allow leakage of fluids and
plasma proteins into extravascular tissues; local accumulation and subsequent ex-
travasation into tissues of leukocytes; and synthesis of surface molecules and sol-
uble factors involved in leukocyte activation (B43). The endothelial cells them-
selves can modulate vascular tone by the release of vasoactive substances such as
prostacyclin, nitric oxide (NQ), ET. Endothelium-derived vasoactive substances



70 A. BEISHUIZEN et al.

(bacteria, viruses, fungi, etc.)

0

TRIGGERING MOLECULES
(endotoxins, exotoxins, teichoic acid, etc.)

\2

[PRIMARY MEDIATORS |
(TNFK, IL-1, CSa, etc)

e

ACTIVATION OF HUMORAL AND CELLULAR CASCADES

\:

[sECONDARY MEDIATORS |

(cytokines, complement fragments, cicosanoids, PAF,
active oxygen species, NO, ET, adhesi 1 etc.)

MODS
]

F1G. 1. Main steps in the pathogenesis of sepsis, leading to septic shock and/or multiple organ dys-
function syndrome (MODS).

are intimately involved in the pathophysiology of circulatory abnormalities and in-
sufficient tissue perfusion during sepsis. Local endothelial injury may result in the
release of substances that may initiate or sustain derangements of microcirculato-
ry hemodynamics, volume homeostasis, and blood pressure (H25).

Substances released by the heart as atrial natriuretic peptide (ANP) have
also offered a new dimension when looking at regulators of circulation (see Sect.
5.2.3) (Y2).
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3.1. ENDOTHELIN

Endothelin is a 21-amino-acid vasoconstrictor belonging to a class of peptides
that consists of three structurally closely related peptides called ET-1, ET-2, and
ET-3 (D26, Y1). ET-1, which is the best studied, is derived from a 203-amino-acid
precursor known as preproendothelin, which is cleaved after translation by spe-
cific endopeptidases to form a 38-amino-acid peptide, proendothelin or big ET.
Big ET is then converted to active ET by a putative endothelin-converting enzyme.
The major source of ET is the vascular endothelium, but ET is also produced by
monocytes/macrophages (E3, M17) in response to a variety of stimuli, including
circulating catecholamines, TNF, [L-1, and [L-6 (in various types of cell cultures).
Localization studies of ET binding sites showed receptors not only in the cardio-
vascular system but also in the lung, kidney, adrenal gland, brain, spinal cord, gas-
trointestinal tract, liver, and spleen (L9, L10, M4). Also, it was reported that ET
mRNA was widely expressed in human tissue. Two endothelin receptor subtypes
have been cloned and expressed so far. The endothelin-A receptor has been local-
ized to vascular smooth muscle cells, but not to the endothelium, and has a high
affinity to ET-1 (C26). The ET-B receptor is expressed on the endothelium and has
equal affinity for all three endothelins.

ETs are polyfunctional cytokines with vasoconstrictor, secretory, growth factor,
and angiogenic roles in multiple organs and tissues. ET is also a neuroendocrine
stimulator and a leukocyte activator. The effects of ET are mostly in the paracrine
environment, because plasma ET concentrations are one-hundredth to one-thou-
sandth of the concentrations shown to have effect on organ cells and tissues in vit-
ro. In vivo studies have demonstrated that at pharmacological concentrations ET
is a extremely potent coronary, renal, and systemic vasoconstrictor in association
with a decrease in heart rate and cardiac output, which may decrease sodium
excretion and activate the renin—aldosterone—angiotensinogen system (RAAS)
(G14, L9, L10). Different effects of high- and low-dose ET infusion on blood pres-
sure, pressure responsiveness, and baroreflex sensitivity suggest the complex ac-
tions of ET (M 13, N1). The interaction with endogenous vasodilators, such as ANP
and NO, may also regulate local vascular tone (M31). ET has been reported to en-
hance directly or indirectly the release of ANP (O7), and increased ANP release
may act to preserve the effects of ET on cardiovascular and renal functions (G14,
L11).

ET measured in the plasma appears to be a “spillover” of the ET that is (local-
ly) released by the endothelium. It is known that low levels of ET (ranging from
0.25 to 5.0 pg/ml) are normally present in the circulation (B8, P12). These levels
are increased by 3—10 times in patients with renal failure (S30), diabetes (V3), hy-
pertension, burns (H32), myocardial infarction, primary pulmonary hypertension
{N8), and cardiogenic shock (L1, L9, L10, P1, W8). ET is assumed to be released
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by pathophysiological states that are characterized by a limitation of cardiac out-
put or hypotension.

Endotoxin stimulated ET release in vitro and in vivo (M38, M37, M45, P8). This
increase is probably caused by release or by increased production of injured and
activated endothelium and macrophages (E3). A number of clinical studies showed
increased plasma ET levels during sepsis and septic shock (B8, E8, E9, P12, S4,
T1, V7, W10). We found a significant correlation of ET with the presence of shock
and severity of illness (B8). We also observed a prolonged elevation of ET during
6 consecutive days, which poses the question of whether this is the result of stim-
ulated continuous synthesis or a reflection of impaired elimination of ET (BS8).
Most studies also showed higher values of ET in nonsurvivors, indicating a prog-
nostic significance of ET and reflecting more pronounced endothelial damage in
these patients (E8, E9, V7). In clinical studies of human sepsis and low-cardiac-
output states, ET values increased, but vascular resistance was low, not high (P12,
V7). Therefore, there is a significant discrepancy between the effects of ET in
healthy animals and the hemodynamic effects observed in septic patients. Clinical
studies also showed that increased ET production may contribute to the develop-
ment of organ failure, including ARDS (S4) and disseminated intravascular coag-
ulation (A10). ET causes renal dysfunction in sepsis primarily by evoking severe
reductions in renal blood flow and glomeruiar filtration rate (K14, Z4). However,
these studies did not demonstrate whether the source of the ET was poor tissue per-
fusion, ischemic or injured endothelium, or monocytes/macrophages. Possibly, it
is an endotoxin stimulus rather than hypoperfusion that triggers the production of
endothelin or the conversion of big ET by ET-converting enzymes (L20). This
finding is a very important differentiation as we try to determine whether anti-ET
strategies might be useful in sepsis. Renal vasomotor tone increases, not decreas-
es, in sepsis and this increase may be mediated by increased endogenous ET lead-
ing to selective intrarenal vasoconstriction (K14, Z4). The renal vasculature is up
to 100 times more sensitive to ET than the peripheral vessels and 10 times more
sensitive than the coronary vessels. Thus, anti-ET strategies might have clinical
utility in preserving renal function in septic patients.

Further, there may be a therapeutic focus on monocyte activation when we con-
sider the monocyte source as a major one. In addition, it can be hypothesized that,
during septic shock, a low systemic vascular resistance is the result of an overall
preponderance of endogenous vasodilating (NO and ANP) over vasoconstrictive
substances, such as ET, but that regionally, microvascular injury and endothelial
dysfunction result in an imbalance toward the latter (B32, E9). ET and NO have
mutually antagonistic effects. NO synthesis is promoted by ET and NO is said to
suppress ET synthesis. Interestingly, ET and NO, which have opposing actvities,
reach high levels almost simultaneously. ET was reported to stimulate ANP from
rat myocytes in vitro and in vivo (F9, F21, §33). ET was reported to stimulate the
release of cathecholamines and renin. Further, the chemotactic and proinflamma-
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tory eicosanoids leukotriene B 4 and 5-HETE, in a reciprocal manner, stimulate ET
secretion by endothelial cells and possibly take part in the formation of local va-
soregulatory and proinflammatory feedback loops.

In conclusion, ET is a polyfunctional cytokine that affects monocytes as well as
vascular smooth muscle cells, anterior pituitary cells, and renal mesangial cells. In
the biologic interface between ischemic or injured endothelium and monocytes,
neutrophils, or lymphocytes, ET may play a significant role.

3.2. NiTrIC OXIDE

Nitric oxide is an unusual intercellular messenger (M35, S27). It is the smallest
known bioactive molecule, composed of one atom of nitrogen and oxygen. NO is
an uncharged molecule with an unpaired electron, so it can diffuse freely across
membranes. With an unpaired electron, it is called a radical molecule, it is highly
reactive (having a half-live of 2 to 30 seconds), and it has high water and lipid sol-
ubility. After transmitting a signal, NO decays spontaneously into nitrate. NO is
made by NO synthase in an unusual reaction that converts arginine and oxygen
into citrulline and NO. The constitutive NO synthase (cNOS) isoforms in neuronal
or endothelial cells are always present and inactive until there is an increase in in-
tracellular calcium, which, after forming a complex with calmodulin, binds to and
activates NOS (F13). In contrast, the (calcium-independent) inducible NO syn-
thase (iNOS) isoform is normally absent from macrophages and hepatocytes, but
when these cells are activated by certain cytokines (IFN-y, TNF, LPS), an in-
ducible NO synthase enzyme is produced and, once produced, always synthesizes
large amounts of NO. IL-4 and IL-10 (alone and synergistically) are the key sup-
pressors of iNOS activity, produced by the Thl and Th2 subsets of CD4* T cells,
respectively (F2). Glucocorticoids also inhibit the induction but not the activity of
iNOS.

NO diffuses out of the cell that generates it and into target cells, where it inter-
acts with specific molecular targets such as iron, contained in certain proteins as a
heme group or as an iron—sulfur complex, to nucleic acids and radical molecules
(e.g., superoxide anion) (L16, F2). The endothelial L-arginine NO pathway is ac-
tivated by shear stress exerted by the circulating blood as well as by receptor-
mediated mechanisms activated by agonists such as acetylcholine, bradykinin,
substance P, histamine, and platelet-derived products (M34). NO has very potent
vasodilator effects; it mediates vasodilatation, attenuates vasoconstriction, and
regulates basal pulmonary vascular tone. NO inhibits platelet adhesion and aggre-
gation (and synergizes with prostacyclin). Furthermore, platelets themselves gen-
erate NO, which acts as a negative feedback mechanism to inhibit platelet activa-
tion. NO inhibits leukocyte activation and suppresses antigen-presenting cell
activity and T-cell proliferation in a negative feedback fashion. NO has an an-
tiproliferative effect on vascular smooth muscle cells. It exerts a negative
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chronotropic and inotropic effect on the heart (L16). NO automatically regulates
blood flow in response to local changes in some regions of the vasculature (B6).
Ischemia and reperfusion cause vasodilatation only in the affected tissue, a re-
sponse that is mediated by NO, which also leads to generation of reactive oxygen
species. In large quantities, NO can kill almost any nearby cell (N4). It kills or
inhibits the growth of many pathogens, including bacteria, fungi, and parasites.
Possibly, it blocks viral replication as well. Abundance evidence indicates that NO
is a neurotransmitter in the entire nervous system, involved in many functions
(527, F2).

3.2.1. NO and Vascular Hyporeactivity in Sepsis

Several in vitro observations indicate that NO mediates the vascular hypore-
sponsiveness to pressors in sepsis (‘“vasoplegia”). NO synthesis by various cell
lines is enhanced after endotoxin exposure (R4, S2). Inhibition of NO synthase re-
versed the endotoxin-induced vascular hyporeactivity, independently of the pres-
ence of endothelium. Induction of NO synthase has been demonstrated only after
3—4 hours of endotoxemia and hence may well contribute to the delayed hypore-
activity to adrenoreceptor agonists (J10). The immediate vascular hyporeactivity
is probably caused by an enhanced formation of NO due to activation of endothe-
lial ctNOS. At later stages of endotoxic shock, there seems to be an isoform switch,
or down-regulation of cNOS and up-regulation of iNOS (P7, S39). This indicates
a loss of the constitutive enzyme (T10). Both phases are reversed by NOS in-
hibitors, whereas dexamethasone prevents only the delayed hypotensive phase.
Evidence for massive generation of NO via the L-arginine pathway as a cause of
the reduced sensitivity to pressor agents in patients with septic shock was found
in a study investigating resected mesenteric arteries and assessing their function-
al status (T14). TNF and IL-1 also reduced vascular responsiveness to vasocon-
strictors in vitro. They induce the expression of iNOS by LPS in various cell types,
such as the vascular smooth muscle cell (R4), but do not affect the immediate hy-
potension caused by LPS, as at least 30— 60 minutes are required for their increase
after LPS injection (S40).

3.2.2. NO and Myocardial Contractility in Sepsis

It has been proposed that NO mediates the myocardial depression associated
with sepsis (F6, L14). NO synthesis induced by endotoxin blunts beta-adrenergic
responsiveness (B2). In vivo, the use of NO synthase inhibitors led to conflicting
results (M26), with a general decreased cardiac output and oxygen delivery being
observed. NO synthase inhibition improved left ventricular contractility in endo-
toxemic pigs but also increased ventricular afterloads, which ultimately is detri-
mental to cardiac function (H20). Possible sources of NO in the heart may be the
vascular cells, the endothelial cells, and the cardiac myocytes (P6).
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3.2.3. NO and Experimental Septic Shock

NO, levels are increased in plasma and urine of septic animals. Many nonse-
lective NO synthase inhibitors (e.g., L-NMMA) are used in several models with
experimental induced sepsis (S40). In most studies it was shown that the cardio-
vascular abnormalities associated with sepsis were reversed, increasing blood
pressure and systemic vascular resistance (F7, K9, M26, N5), together with a im-
provement in renal function (B42, H24). Also, selective inhibition of iNOS pro-
longed survival in septic rats (A7).

3.2.4. NO and Clinical Sepsis

There is evidence to implicate the release of NO in the hemodynamic changes
of clinical sepsis (F6, 1.14). Biochemical evidence includes elevated levels of
¢GMP and nitrites and nitrates, the metabolites of NO (E8, O1, S11). Interesting-
ly, in pediatric sepsis, an association was found between cytokine activation (IL-
6 versus IL-10), nitric oxide (increased plasma nitrite or nitrate), and organ failure
(D29) Administration of L-NNA resulted in hemodynamic improvement in severe
sepsis (L14). Methylene blue, which inhibits soluble guanylate cyclase, can in-
crease vascular tone in septic shock, but the clinical benefit is unclear. The effects
of NO synthase inhibitors are strongly dose dependent, with different effects on
hemodynamics and mortality. The constitutive production of NO contributes to the
maintainance of blood pressure, tissue perfusion, and platelet function homeosta-
sis (at a early stage), whereas iNOS is involved in the hypotension and tissue dam-
age resulting from septic shock. Accordingly, selective inhibition of iNOS (e.g.,
aminoguadine) may result in more beneficial effects.

In conclusion, despite the beneficial effects of various nonselective NOS in-
hibitors in several animal sepsis models and septic humans, there are few data in-
dicating improvement in organ failure and/or survival. Inhibition of NO synthesis
has been claimed to be beneficial by opposing the decrease in systemic vascular
resistance. However, this was invariably accompanied by a decrease in cardiac out-
put. Although NO may function as a deleterious mediator in sepsis, this potent sig-
naling molecule may play a beneficial role by limiting adherence of neutrophils
and platelets to the endothelium, promoting the integrity of the microcirculation.

4. Hemostasis in Sepsis

Septic shock is frequently complicated by massive activation of the coagulation
system. This can occur concomitantly with biphasic change in the fibrinolytic sys-
tem, involving both activation and inhibition of plasminogen activation. The net
result of the altered hemostatic state in sepsis is widespread microvascular trom-
bosis. The early events leading to these disturbances are incompletely understood,
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although changes in the functional properties of the vascular endothelium seem to
be of major importance. In this section we describe the different aspects of altered
hemostasis and the role of the endothelium in sepsis.

4.1. THE ROLE OF PLASMA CASCADE SYSTEMS IN SEPSIS

4.1.1. The Coagulation System

Pathological findings frequently observed in organs of patients who have died
of sepsis include disseminated intravascular coagulation (DIC), manifested as dif-
fuse thrombotic occlusions in the entire microvascular system, associated with al-
terations in the hemostatic mechanism and clinical signs of hemorrhagic diathe-
sis. Many observations indicate that DIC contributes to the major symptoms of the
systemic inflammatory response syndrome (SIRS), which frequently complicate
sepsis (H1, H2, H3, T6).

Activation of the coagulation system may start after activation of the contact
factors (intrinsic system) or after release of tissue factor (extrinsic system).

For many years the initial activation of the hemostatic mechanism in DIC was
considered to reside in the intrinsic coagulation system. This system, starting with
the contact system, consists of the zymogens factor XII (Hageman factor),
prekallikrein (PK; Fletcher factor), and a nonenzymatic cofactor, high-molecular-
weight kininogen (HMK). The intrinsic pathway is activated as a consequence of
contact between plasma proteins and the subendothelium. These interactions re-
sult in the conversion of factor XII (F-XII) to an active serine protease, F-XIIa, F-
Xlla activates coagulation factor XI to F-XTIa, which in turn converts F-IX to F-
IXa. F-IXa complexes with F-VIII in the presence of Ca®* ions and platelet factor
3 (pf-3), resulting in F-VIIIa. This complex converts F-X, in the presence of Ca?*
ions and pf-3, to F-Xa. From this step on the intrinsic and extrinsic coagulation
cascades follow the same pathway to form prothombinase and end up in fibrin for-
mation (see Fig. 2). In sepsis, substances released by microorganisms, notably
LPSs, can activate the contact system, resulting in the occurrence of DIC. The de-
crease in F-XII levels in septic patients and the formation of F-XII-C1 inhibitor
complex and of kallikrein—C1 inhibitor complex provided arguments for the hy-
pothesis that the activation of the contact system leads to the syndrome of DIC in
sepsis (D28). F-XII is the protein that initiates the activation of the contact system,
and it has been observed that inhibition of F-XII in septic baboons attenuates clin-
ical symptoms mediated by contact activation (J3, J4).

At present, the activation of the extrinsic coagulation system is considered to be
of more importance in the initiation of DIC than the activation of the contact sys-
tem (.12, C13). The activation of the extrinsic system starts with the release of tis-
sue factor (TF) from endothelial cells. TF is a macromolecule, composed of a pro-
tein and a lipid fraction, that is synthesized by endothelial cells and monocytes. TF
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is released into the plasma in response to inflammatory agents and to antigen—an-
tibody complexes. The infectious, inflammatory agents include endotoxin and cy-
tokines, such as TNF (C24). When TF is released into plasma it binds in the pres-
ence of Ca®* ions with F-VII, which complex activates F-X to F-Xa, at which the
extrinsic coagulation joins the intrinsic system in a common pathway ending up
in fibrin formation (Fig. 2). Different studies have demonstrated the importance of
the extrinsic pathway in the pathophysiology of sepsis. In chimpanzees submitted
to endotoxin, previous administration of anti-TF or anti—F-VII monoclonal anti-
bodies provided protection against the occurrence of lethal DIC (B25).

There are various inhibitors within the coagulation system that counterregulate
activation of the coagulation cascade. Among them, antithrombin III (AT-III) and
protein C (PC) are the most important (S1). AT-II binds in the presence of hepa-
rin the activated factors F-IXa, F-Xa, and F-Ila (thrombin). PC is activated by a
complex formed between thrombin and thrombomodulin, a surface protein of en-
dothelial cells. Once activated, PC in the presence of protein S (PS) specifically
degrades activated factors F-Va and F-VIIIa. PC decreases in the course of sepsis
in relation to the severity of the condition (L15). Experimental studies have
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demonstrated that administration of activated PC (PCa—PS complex) protects an-
imals from the lethal effects of bacteria in the circulation (F14).

4.1.2. The Contact System

As shown in Fig. 2, the proteins involved in contact activation of the intrinsic
coagulation pathway consist of F-XII (formerly known as Hageman factor),
prekallikrein and the nonenzymatic cofactor high-molecular-weight kininogen.
HMK has no protease activity but acts as a cofactor. In plasma, PK circulates as a
complex bound to HMK (PK-HMK complex). Activation of the contact system
starts with binding of F-XII to an activating surface or agent. Upon binding, F-XII
undergoes a conformational change and evolves to activated F-XIlIa. F-XIla binds
to the PK—HMK complex and converts the PK to kallikrein, which in turn cleaves
and further activates FXII by its limited proteolytic potential to F-X1Ila (C22, C23,
H4, W4). Kallikrein leads to neutrophil degranulation and release of elastase. The
reciprocal activation of F-XII and PK amplifies the contact cascade tremendous-
ly, once it is activated. FXIla also cleaves HMK, which results in the formation of
bradykinin, which at very low concentrations induces vasodilatation and increases
vascular permeability.

There are two classes of inhibitors of the contact system:

1. Inhibitors that interfere with the binding of F-XII and HMK to activating
agents or surfaces. Various proteins, including complement factor Clq, platelet
factor 4, collagen types III, IV, V and 8,-glycoprotein-I, are able to prevent bind-
ing of F-XII to activating agents.

2. Inhibitors that block the protease activity of F-XIIa and kallikrein. Plasma
contains two protease inhibitors that regulate contact activation: C1 inhibitor (C1-
Inh) and o,-macroglobulin (a,-M).

CI-Inh belongs to a superfamily of serine protease inhibitors (serpins) and is a
major inhibitor of F-XIla and kallikrein. It is also an inhibitor of activated com-
plement factors Clq, Clr, and Cl1s. C1-Inh thus regulates the activation of two im-
portant plasma cascade systems. Proteases induce a conformational change in the
plasma protein a.,-M, which results in entrapment of the protease into the o,-M
“cage” (B4). In vivo, o,-M acts as a second inhibitor of kallikrein.

Bacterial products such as lipopolysaccharides (endotoxins) and cytokines (IL-
2) are able to activate the contact system in vitro and in vivo (D9, H4, H7, M41).
Immediately after severe trauma or after surgical intervention and particularly dur-
ing sepsis, a reduction of plasma contact system proteins has been found (C10, K1,
N9). Gel filtration studies of plasma demonstrated that plasma PK after activation
becomes complexed with a,-M and C1-Inh (W4). These complexes are rapidly
eliminated from the circulation in vivo. In experimental studies in which pulmo-
nary insufficiency was induced in dogs, a significant reduction of plasma katlikrein
inhibitors was observed together with reduced HMK. Analysis of the relation be-



ENDOGENOUS MEDIATORS IN SEPSIS AND SEPTIC SHOCK 79

tween hypotension and circulating inflammatory parameters in 48 patients with
sepsis revealed that F-XII and PK levels correlate with the mean arterial pressure
(H5, N9). Bradykinin has been implicated in the pathogenesis of septic shock be-
cause of its ability to induce arteriolar dilatation and venular constriction and to
lower blood pressure (D9). After experimental infusion of E. coli endotoxin in vol-
unteers, as well during clinical sepsis, a decrease of PK and HMK and a simulta-
neous increase of kallikrein—kinin—a,-macroglobulin complexes and FXIla-C1-
Inh complex were noted (N10, S6). These observations provide circumstantial
evidence that the contact system is activated during sepsis (D9, H4). Nevertheless,
prove of contact system activation during sepsis is still lacking, because F-XIla—
and kallikrein—C]-Inh complexes have never been demonstrated in the circulat-
ing blood, presumably due to rapid clearance of these activation products. It re-
mains to be established whether inhibition of F-X1I in patients with sepsis prevents
the development of complications or reduces the mortality rate.

4.1.3. The Fibrinolytic System

Activation of the fibrinolytic system has been recognized in experimental mod-
els and in most clinical observations following sepsis. Activation of fibrinolysis
results in the activation of plasminogen to the active protease plasmin. Plasmin is
generated from plasminogen by plasminogen activators (PAs), including the ser-
ine protease urokinase (u-PA) and the tissue plasminogen activator (t-PA). Both u-
PA and t-PA are released as proenzymes. t-PA is responsible for the extrinsic fib-
rinolytic pathway. Pro-t-PA is present in endothelial cells, from which it is released
by various stimuli such as exercise, ischemia, venous occlusion, acidosis, presense
of thrombin, and bradykinin. The intrinsic fibrinolytic pathway involves activa-
tion of pro-u-PA, which circulates in the blood and is bound to various cells ex-
pressing receptors for u-PA, such as endothelial, liver and kidney cells. Plasmin
binds firmly to fibrin, which makes it highly thrombus specific. The main func-
tion of plasmin is the proteolytic degradation of fibrin to fibrin degradation prod-
ucts (FDPs) during clot dissolution (Fig. 3). Plasma protease inhibitors regulate
and control the activation of the fibrinolytic system at several levels (K17). Plas-
minogen activator inhibitors (PAls) inhibit both the extrinsic and intrinsic plas-
minogen activators and their precursors. Two types of PAIs have been recognized:
PAI-1, which is released from platelets, and PAI-2, released by monocytes and
macrophages. Septic patients with MODS show higher levels of PAI-1 than sep-
tic patients without organ damage. It has been suggested that suppression of the
fibrinolytic system contributes to the imbalance between coagulation and fibri-
nolysis and that this leads to the onset of MODS (K7). The main inhibitors of plas-
min are a,-M and a,-antiplasmin (a,-AP) circulating in the plasma, which pre-
vent the degradation of fibrinogen and other proteins.

Following trauma, sepsis, or endotoxemia, a marked decrease in t-PA and
increases in PAls, more pronounced in nonsurvivors, have been noted (H20). An-
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tiplasmin levels have been found to be increased in patients with severe trauma.
In baboons it was observed that a,-M is inactivated during sepsis and that this in-
activation is more pronounced in animals that received a lethal dose of E. coli
(B30). Breakdown of fibrin resulting in FDPs has been associated with increased
capillary permeability and formation of pulmonary edema. Elevated concentra-
tions of cross-linked fibrin degradation products in plasma, consistent with in-
creased fibrinolytic activity, have been observed in all patients with gram-nega-
tive bacteremia (D7). In conclusion, there is convincing evidence that activation
of the fibrinolytic system is a constant phenomenon after trauma or sepsis and that
the grade of activation is related to the severity of the organ dysfunction (M15, K7).

With respect to both the coagulation and fibrinolytic cascade systems, in 28 pa-
tients who developed septic shock a relation was found between lowered plasma
levels of F-XII and antithrombin III and elevated levels of PAI-1 and throm-
bin-antithrombin III complexes at the diagnosis of sepsis and the severity of dis-
ease, expressed according to the APACHE II scoring system (L7). Nevertheless,
administration of inhibitors of coagulation or enhancement of fibrinolysis did not
improve the outcome in patients with sepsis (B35).



ENDOGENOUS MEDIATORS IN SEPSIS AND SEPTIC SHOCK 81

4.1.4. The Complement System

The complement cascade may become activated via two pathways: the classi-
cal pathway or the alternative pathway.

The classical pathway can become activated by immune complexes, bacteria,
viruses, and F-XlIIa. Binding occurs to the complement C1q, a part of complement
factor 1 (C1). This initiates a cascade of activations, first of Clr, Cls, then of C4.
This C4 activates C2, after which C3 becomes activated. Activated C3 initiates a
cascade of activations, which are in common with the alternative pathway and
which end up in activated C5-9, a “membrane attack complex” that lyses the target.

The alternative pathway may become activated by lipopolysaccharides, endo-
toxin (sepsis), virus, fungi, immunoglobulin A—antigen (IgA-Ag) immunocom-
plexes, and foreign material. These activate C3, after which the common pathway
of complement activation takes place (Fig. 4). There are also a number of inhibitors
that regulate and control complement activation. The most important are the C1-
esterase inhibitor (C1-Inh) and the membrane attack complex inhibitor factor
(MACIF; CD359). In sepsis a relative deficiency of C1-Inh has been reported. Ad-
ministration of C1-Inh to patients with septic shock attenuates complement acti-
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vation (H6). Whether this therapy may reduce morbidity or mortality of SIRS,
ARDS, MODS, or vascular leak syndrome (VLS) has still to be established.

4.1.4.1. Vascular Effects of Complement Activation. During complement ac-
tivation a number of complement fragments (anaphylatoxins), which are polypep-
tides with inflammatory properties, are released. The anaphylatoxins C3a and C5a
induce smooth muscle contraction and enhance vascular permeability (H31). The
most pronounced activation of complement with the formation of anaphylatoxins
and terminal C5-9 complexes has been observed in septic shock (B29, B30, P2).
Studies indicate that there is a relation between high concentrations of anaphyla-
toxins and C5-9 complexes and the development of ARDS or MODS in patients
with sepsis (H10).

4.1.4.2. Cellular Effects of Complement Activation. CS5a is chemotactic for
neutrophils, activates their oxidative metabolism, and induces secretion of lyso-
somal enzymes from the granulocytes and macrophages. C5a may also induce the
production of cytokines and prostaglandins (H19, S14).

4.1.4.3. Interaction with Other Cascade Systems. Interactions between the
complement system, the kinin, and the coagulation and fibrinolytic systems have
repeatedly been reported (S37, P19). Activation of one system induces activation
of the other systems. The reciprocal activation of the various cascade systems may
have an important role in the pathogenesis of ARDS and MODS as complications
of sepsis. Nevertheless, until now no convincing prophylactic or therapeutic ef-
fects of intervention in the complement cascade system on the severity of septic
complications have been reported.

4.2. THE ROLE OF THE ENDOTHELIUM IN SEPSIS
4.2.1. Endothelial Cells as Regulators of Coagulation

One of the major functions of the endothelium is communication between the
circulating blood and blood cells and the underlying organs,in which it acts as a
doorkeeper in blood cell margination and extravasation (B43). This function of the
endothelial cells is orchestrated by cytokines and inflammatory substances and is
expressed by the endothelial cell synthesis of mediators that modulate the defense
mechanisms. Endothelial cells become stimulated in response to various agonists
such as thrombin, oxygen radicals, and complement complexes. Activation of en-
dothelial cells occurs under the influence of cytokines and lipopolysaccharides.
The most important cellular target of endotoxin or LPS is the vascular endotheli-
um. Endothelial cell activation results in cytokine expression (IL-8), pro- and an-
ticoagulant activities, immunologic functions, expression of adherence molecules
(ELAM-1, VCAM-1), release of thrombomodulin (TM), and increased leukocyte
adhesiveness (C8, G5, I3). During the hyperdynamic phase of septic shock a sub-
stantial decrease of the peripheral vascular resistance occurs. The underlying
mechanism may include increased synthesis of the endothelium-derived vasodi-
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lating factor (NO) and/or increased reactivity to this substance. Simultaneously,
the microvascular permeability is altered, leading to a generatized vascular leak-
age with formation of protein-rich edema. These phenomena result from the dam-
aging effect of bacterial toxins and are modulated by mediators of inflammation
and activation products of the plasma cascade systems. Endothelial cells can be
activated by TNF and IL-1 to express leukocyte adhesion molecules, such as
ICAM, E-selectin, and VCAM (P13, R2). Simultaneously, a modulation occurs in
the endothelial cell production of prostacyclin, NO, tissue factor, and various cy-
tokines (D10, W9). The endothelium has not merely a passive function in the sep-
tic syndrome but plays an active role by production and release of mediators, at-
traction of leukocytes, and activation and inhibition of the plasmatic cascade
systems. TNF is known to interact with specific endothelial receptors and to alter
endothelial coagulant and anticoagulant properties (N7). After appropriate stimu-
lation, endothelial cells produce both antithrombotic and procoagulant factors
(B50).

The antithrombotic factors produced by endothelial cells are thrombomodulin
(TM) and protein S (PS), components of the vitamin K—dependent protein C (PC)
anticoagulant pathway, inhibiting F-Va—F-VIIIa (E15); tissue plasminogen acti-
vator (tPA), responsible for fibrinolysis (N2, L18); and the lipoprotein-associated
coagulation inhibitor (LACI), which inhibits F-VIIa—TF complex and F-Xa (B51).

The procoagulant factors produced by endothelial cells are the coagulation fac-
tors von Willebrand factor (WF), F-V, F-VII], tissue factor (TF), and plasminogen
activator inhibitor (PAI), which blocks the activators u-PA and t-PA and counter-
acts fibrinolysis (G21, F16). It has been shown that under the influence of com-
plement activation (C9), in response to endotoxin in vitro (C24), in experimental
E. coli sepsis in baboons (D30), and after stimulation with TNF (A1, N6), en-
dothelial cells up-regulate the expression of TF, down-regulate TM and inhibit the
production of t-PA and PAF. Thus, the balance may shift in the procoagulant di-
rection with a large excess of PAI-1.

4.2.1.1. Thrombomodulin. In patients with SIRS and DIC due to sepsis the
serum soluble TM level was higher than in nonseptic and non-DIC patients (A9,
B32, G3, 11, K7). In experimental ARDS in rats induced by LPS, administration
of soluble recombinant TM inhibited the occurrence of intravascular coagulation
and prevented the increase in pulmonary vascular permeability (U1).

4.2.1.2. Protein C. PCis a vitamin K—dependent protein that, after activation
by thrombin complexes with thrombomodulin at the endothelial surface, develops
anticoagulant activity by inactivating F-Va and F-VlIlla. Free circulating PS func-
tions as a cofactor and potentiates the PC activity. The free level of PS depends on
the level of the C4b binding protein (C4bBP). The levels of PC and PS and their
functional activity are significantly decreased in patients with sepsis and increased
levels of plasma C4bBP inhibit PS. These marked reductions may be factors con-
tributing to the development of thromboembolic complications, which often com-
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plicate the sepsis (§20). From experimental studies on the inflammatory—coagu-
lant axis in a baboon model of E. coli sepsis it appeared 1) that the endothelium is
the primary target of endotoxin; 2) that the endothelial cells in response express
the antithrombotic factors TM; and PC and activate the TF—inhibitor pathway (F-
Xa/ATIII) by production of glycosaminoglycans; and 3) that when these antico-
agulant mechanisms are overridden by inflammatory events, the endothelium
changes its anticoagulant phenotype and mounts a fibrinolytic attack through re-
lease of t-PA on its luminal side (T3).

42.1.3. Platelet-Activating Factor. PAF was originally known as a factor, de-
rived from antigen-stimulated IgE-sentitized basophils, that causes platelets to ag-
gregate. Its chemical structure is acetyl glycerol ether phosphocholine (AGEPC).
In addition to platelet stimulation, PAF causes increased vascular permeability,
lenkocyte aggregation and adhesion, chemotaxis, and a number of systemic he-
modynamic changes, especially hypotension and myocardial depression. PAF is
therefore, along with arachidonic acid metabolites, another phospholipid-derived
mediator of inflammation. PAF is produced by a variety of cells, such as poly-
morphonuclear cells, monocytes, macrophages, endothelial cells, and platelets. It
has been shown that TNF up-regulates the production of TF, t-PA inhibitor (PAI),
and PAF. Also, wreatment with PAF has been shown to increase cytokine produc-
tion (TNF, IL-1). In addition, PAF plays a central role not only in amplification but
also in down-regulation of inflammatory mediator release, There is substantial ev-
idence that LPS releases PAF in a great variety of in vitro and in vivo animal mod-
els. It modulates membrane-dependent processes that play a role in homeostasis,
contributes to coagulation dysfunction, and stimulates arachidonic acid metabo-
lism (thromboxane A,, TXA,) (09). Much of what is known of PAF biology has
come from the discovery and use of purified PAF and selective PAF antagonists
(K18, T7). Plasma PAF concentration is elevated in patients with septic ARDS
compared with patients with sepsis alone (F7). It has been shown that infusion of
PAF reproduces the host response to endotoxemia and induces neutrophil activa-
tion, plasma extravasation, and shock (A5, K10, M2, 09). The effects of PAF and
LPS are very similar, but the concentration of PAF that induces shock is usually
about 500- to 1000-fold less than that of LPS.

4.2.2. Therapeutic Approaches to Attenuate Sepsis

The effects of corticosteroids, cyclooxygenase blockers, leukotriene blockers,
PAF antagonists, anti-TNF antibodies, oxygen radical scavengers, opiate antago-
nists, antihistamines, and calcium channel blockers in endotoxic shock were re-
viewed in 1990 (H17). In this section studies on this subject that have been pub-
lished during the last few years are summarized.

4.2.2.1. Antithrombin IIl.  AT-III administration holds some promise because
it inhibits a number of activated coagulation factors: F-XIa, F-IXa, F-Xa, and
thrombin. There are, however, no data to support the use of heparin. Although a



ENDOGENOUS MEDIATORS IN SEPSIS AND SEPTIC SHOCK 85

reduction in the duration of DIC has been reported after treatment of septic pa-
tients with AT-III concentrates, none of the studies was able to document a statis-
tically significant reduction in mortality (F14, M6).

4.2.2.2. Plasminogen Activators. PAs may prove helpful in increasing fibri-
nolysis; however, plasminogen activators may be most effective in conjunction
with hirudin or synthetic hirudin analogues.

4.2.2.3. Protein C and Protein S. PC and PS may inhibit thrombin formation
and complex with PAI, thereby promoting fibrinolysis. During sepsis, PC activity
is significantly reduced, either by consumption or by TM down-regulation, while
increased levels of C1bBP inhibit PS. Infusion of activated PC and PS protected
animals from the lethal effect of bacteria. Administration of PC and PS concen-
trates should be studied carefully in septic patients before their use is recom-
mended (F14).

4.2.2.4. Complement I Inhibitor. C1-Inh is reduced in sepsis. Substitution
with C1-Inh concentration has been safely performed and preliminary results are
consistent with a beneficial effect on hypotension in patients with septic shock.
Whether this therapy may reduce mortality has still to be established (H6).

4.2.2.5. PAF Antagonists. PAF antagonists are now manufactured by a num-
ber of pharmaceutical companies studying the beneficial effects in human disease.
A exhaustive list of PAF antagonists mentioned in the literature includes Abbott-
84768, BN-52021, CL-184,005, E-5880, Ro-24—-4736, TCV-309, and WEB-2086.
Studies of the therapeutic potential of these substances in various shock conditions
have concentrated on entirely new aspects of PAF and PAF antagonists in cerebral,
pulmonary, myocardial, and intestinal ischemia. Experimental animal studies sug-
gest that PAF antagonists appear to be effective in cases of severe endotoxin shock,
possibly by suppressing LPS-induced TNF generation and protecting against the
release of TXA,. Alternatively, PAF antagonism may promote the beneficial feed-
back loop termed down-regulation, because they have relative little effect on PGI,
release, being responsible for cAMP generation, an important factor in the down-
regulation of inflammatory mediator release (K6, A12). PAF antagonists inhibit
monocyte TNF production but have no effect on 1L-6 production (E13). PAF an-
tagonists inhibit vascular leakage; attenuate hypotension, DIC, and MODS; and
increase the survival rate in animals (M36, B35, D8, D22, K5, K6, K10, K18, O8).
In patients with septic shock PAF antagonists alleviated thrombocytopenia (06).
The PAF antagonist Ro-24-4736, given to healthy volunteers 18 hours before ad-
ministration of endotoxin intravenously, alleviated rigors and myalgias (T7). Some
observations suggest that PAF antagonists may have therapeutic value not only in
septic shock but also in anaphylactic reactions (H23).

42.2.6. Cyclooxygenase Inhibitors. 'The synthesis of prostaglandin and throm-
boxane has been linked with multiple organ failure in animals and humans with
sepsis. Bernard et al. (B18) reported the results of a large trial of the cyclooxyge-
nase inhibitor ibuprofen in patients with sepsis. Treatment for 48 hours with
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ibuprofen lowered temperature, heart rate, oxygen comsumption, and levels of lac-
tid acid, but it did not decrease the incidence of organ failure or mortality at 30
days. However, the treatment period was very short, considering the fact that sep-
tic patients continue to have inflammation for many days or weeks (W7).

4.2.2.7. Monoclonal Antibodies. HA-1A is a human monoclonal IgM anti-
body that binds to LPS and lipid A. The initial phase 3 trial demonstrated no over-
all benifit of HA-1A compared with placebo (Z5). However, HA-1A appeared to
afford significant protection to a subgroup of patients with gram-negative bac-
teremia (Z5). A second large-scale trial documented a lack of overall clinical ben-
efit of HA-1A (W11).

In chimpanzees, administration of Fab fragments of a monoclonal anti—F-VII
antibody preceding an endotoxin bolus injection effectively blocked the activation
of the coagulation pathway (B25). Administration of monoclonal anti—IL-6 under
the same experimental conditions attenuated the activation of coagulation, while
the fibrinolytic system remained unaltered. However, administration of mono-
clonal anti-TNF enhanced the tendency to microvascular thrombosis (P17,18).
Monoclonal anti-TF antibodies administered to baboons as a pretreatment attenu-
ated coagulopathy after induction of E. coli sepsis in these animals (T4). Primates
pretreated with anti-C5a antibodies before infusion of E. coli developed less hy-
potension and had better survival rates than untreated animals, who developed
ARDS and septic shock with a mortality rate of 75% (S35, Z6). No favorable
treatment results have been published yet with one of these treatment modalities
given to humans.

Despite improvements in our understanding of the pahological events leading
to sepsis, adjunctive therapy has not yet altered the course of this catastrophic ill-
ness. Because of the complex nature of the inflammatory pathways involved in
sepsis, it may be dificult to establish that the inhibition of any one pathway alone
is protective (B37, M6). The logical progression of research would be to combine
different therapeutic agents (I.22), as single therapies targeting unique pathways
may easily fail (W11). Furthermore, the cytokines released in sepsis are rapidly
deployed and hit their cellular targets quickly. Thus, immunotherapies, if they are
to be effective, will have to be given early or perhaps administered prophylac-
tically to patients identified to be at high risk.

5. Hormonal Reguiation

More than a century ago Claude Bernard speculated that the “milieu interne”
must be maintained to preserve life (B17). Later, Walter Cannon indicated that
physical disturbances could elicit a coordinative response of the organism to keep
“homeostasis” (C7). The stress concept of Hans Selye noted that these stimuli that
disturbed the physical integrity of the organism resulted in a general adaptation
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TABLE 3
HorRMONAL CHANGES DURING SEPSIS AND SEPTIC SHOCK

Hormone Acute phase®  Catabolic phase  Key references

Stress hormones

HPA axis
CRH 1 ? T9,R8
ACTH t \ V4
Cortisol " t §7,v4

CBG 1 H B28§, S10

DHEA(S) i H B5, W5
Catecholamines t N F16
Prolactin 1 ? B48
GH t i R16
IGF-1 ! i Bi6, V9
Insulin { 1 F16
Glucagon 1 t V9

Neuropeptides
Nedorphinsfenkephalins 1 i Hi6
Neuropeptide Y ) T A8
Substance P 1 ! A8
CGRP 1 1 A8
Procalcitonin 1 T All, G19

Hormones of water and electrolyte homeostasis

RAA axis
Renin 1 t F4,Z7
Angiotensin II T 1 F4
Aldosterone T l F4,R1
Vasopressin 1 1 R14
Atrial natriuretic peptide 1 T B8, G13

Hormones of the pituitary—thyroid axis

TSH 1 N B41, C15

TT, N ! D23

TT, { i HI18

T, 1 1 wis

FT, N N ES

FT, N N $25

DIT t T MI19

TBG ? ? ?

Hormones of the reproductive axis

LH-FSH i i W20

Testosterone ! l S17

Estradial 1 1 B14,C19

Estrone 1 1 L21

|, low; L{, very low; N, normal; 1, high; 11, very high; ?, questionable or no data available.



88 A. BEISHUIZEN et al.

Neuroendocrine

Hormonal
HORMONES - Action

1l i

Immune

CYTOKINES |——  Action

t
)

Immune
System

FiG. 5. Interactions between the neuroendocrine and immune systems occurring during an inflam-
matory and/or stress reaction.

syndrome (S16). These changes are associated with increased activity of the hy-
pothalamic—pituitary—adrenal (HPA) axis and may have survival value in prepar-
ing the body for “fight or flight.” Sepsis represents a threat to homeostasis and is
related to a systemic inflammatory host response to an inciting event. In general
terms, sepsis is a severe stress stimulus that disturbes the milieu interne and in-
duces homeostatic responses specific to the stimulus and generalized responses
when the disturbances are severe. The sepsis-induced hormonal responses are part
of the well-orchestrated defense mechanisms of the three major central systems of
the individual: the nervous system, the endocrine system, and the immune system
(T9, B22) (Fig. 5). Sepsis induces acute changes in endocrine functions that are
generally adaptive and provide optimal conditions for the fight, including meta-
bolic changes, optimal intravascular volume, and perfusion pressure. This acute
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phase lasts typically about 12-24 hours, depending on the severity of the infec-
tion, and is characterized by an appropriate (teleologically speaking) hormonal re-
action: the mobilization of fuel stores of the organism, together with apparent re-
straints on their utilization (Table 3). However, there are limits to the ability of the
humoral system to compensate adequately. If the critical illness is prolonged or the
defense response is not sufficient, the hormonal response can contribute to a wors-
ened clinical status. This “catabolic phase” (F17) lasts for days and is character-
ized by inappropriate hormonal responses, resulting in a chronic increase in meta-
bolic rate and a breakdown of body tissue (Table 3). The exact course of the
hormonal responses to sepsis or SIRS is not predictable and is linked more to the
severity than to the time course of the infection.

5.1. STrRESS HORMONES
5.1.1. Hypothalamic—Pituitary—Adrenal Axis

The HPA axis and the sympathoadrenal system are the key players in the home-
ostatic response to infection during the acute phase (Fig. 6). Serum cortisol levels
are generally elevated in patients with sepsis and septic shock (S7, S21, §29, V4).
This adrenocortical activation is due not only to pituitary ACTH release but also
results partly from a decreased cortisol extraction rate (M20), a decrease in blood
level of corticosteroid-binding globulin (CBG), and a decreased binding capacity
of cortisol to CBG (B28, F3, H12, H30, M21). It has been known for a long time
that bacterial endotoxins can stimulate the pituitary—adrenal axis (D12, M21). Bac-
terial endotoxins are often used in animal models to study the hormonal mecha-
nisms of sepsis, but in patients with intestinal damage or with massive gram-negative
bacteria—induced infections, endotoxins may reach the blood stream, resulting in
septic shock (M 12, M33). The role of endotoxins is demonstrated by the fact that
peripheral administration of endotoxins to animals and humans results in a septic
syndrome that is very similar to the events observed after infection with gram-
negative bacteria (M12, R3). The acute responses of the HPA axis to peripheral
administration of endotoxin are mediated by the central affect: endotoxin induced
corticotropin-releasing hormone (CRH) release from hypothalamic neurons (R10).
Accordingly, morphine or pentobarbital treatment or passive immunization with
monoclonal antibody to CRH can prevent the endotoxin-induced HPA activation
(03, R9). On the other hand, the late responses seen after high endotoxin doses are
due to peripheral effects. High-affinity endotoxin receptors have been demon-
strated on macrophages and lymphocytes (M42). Proinflammatory cytokines, in-
cluding TNF, IL-1, and [L-6, are produced in response to endotoxins by these cells
(B22, D25, F20, G12, R10), and elevated concentrations of these cytokines have
been found in plasma of patients with the early phase of septic shock (C12, D25,
G4, G12). All of these cytokines are known to induce activation of the HPA axis
(R7, W13) and mutually affect each other’s production (D21, L13, S18). TNF can
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induce IL-1 production, and both can provoke the production of IL-6 (D21, L13).
On the other hand, IL-6 can down-regulate TNF production (A2, $32), so the in-
terpretation of these results is complicated. Injection of bacterial LPS into normal
volunteers increased plasma TNF levels within 90 minutes, followed by increases
in plasma ACTH and cortisol levels (I12). However, despite the development of
highly sensitive immunoassays, it is still controversial whether TNF, IL-1, and IL-
6 exist in normal plasma. It is known, however, that various kinds of infections
could induce cytokine production, but the production of these cytokines in pe-
ripheral tissue is very low. In addition, cytokines may be produced in peripheral
blood as a result of sampling. Therefore, the demonstration of various cytokines
in blood does not necessarely prove their role in the activation of the HPA axis. To
elucidate the role of endogenous cytokines, cytokine antibodies or inhibitors have
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been used, and it was found that TNF-« is the main cytokine in initiating the en-
docrine and metabolic responses to sepsis (B23, T13).

In critically ill septic patients the HPA function does not follow a simple acti-
vation response but demonstrates a biphasic process, suggesting a complex inter-
play between the different cytokines. Typically, there is a prompt, dramatic, and
sustained increase in both cortisol and ACTH concentrations in blood. This acti-
vation is accompanied by a loss of circadian rhythms, ACTH pulsatility, and the
feedback sensitivity of the pituitary gland. The ability of the HPA system to re-
spond to CRH or ACTH stimulation is also disturbed in this first stage, which is
characterized by a convential hyperactivation of the adrenocortical system. How-
ever, during the second phase, the high plasma cortisol level is accompanied by
paradoxically low ACTH levels. Several possible mechanisms can be considered
to explain this paradoxical second phase in HPA adaptation during sepsis, but tis-
sue damage and/or an inflammation-induced immune reaction seems to be the
most important (V4). We cannot exclude, however, that vasoactive peptides such
as vasopressin, ET, and ANP are partly responsible for the adrenal activation in
this stage. The degree of cortisol elevation correlates with the degree of homeo-
static disturbances and is inversely correlated with the survival rate (RS, S28).

It has been suggested that the critical iliness-induced changes in the free frac-
tion of the serum cortisol concentration are even more pronounced than the ob-
served increase in the plasma concentration of total cortisol (H14, B28). The CBG
concentration and the CBG binding affinity for cortisol are both decreased in pa-
tients with severe illness (M21, B28). The mechanisms that regulate plasma con-
centrations of CBG are poorly understood. One possibility is that circulating
glucocorticoids modulate the CBG level. This hypothesis is supported by obser-
vations that show that adrenalectomy increases CBG and that glucocorticoid treat-
ment decreases plasma concentrations of CBG (F3, H13, H30, S10). Another pos-
sibility is that certain stressors can decrease CBG concentrations via indirect
mechanisms such as increased CBG clearance or decreased liver synthesis of CBG
(F11). In septic patients these changes in the free/bound cortisol ratio could be
even more pronounced because CBG is degraded by neutrophil elastase (H1S5,
B28). Elastase cleaves the CBG molecule, causing it to release bound cortisol and
thereby increasing the amount of free cortisol at the site of the inflammation (H15).
The serum cortisol binding capacity was found to be significantly lower in patients
with evidence of a recent inflammatory response (B28). Patients with septic shock
showed the most pronounced reduction, but low values of serum cortisol binding
capacity were not restricted to the shock state.

Dehydroepiandrosterone (DHEA) and dehydroepiandrosterone sulfate (DHEAS)
are the most abundant steroids secreted by the adrenal cortex under pituitary
ACTH control (BS). Very little plasma DHEA(S) appears to be of testicular or
ovarian origin. Physiologically, the concentration of DHEA(S) in the blood os-
cillates coincidentally with cortisol, consistent with the response of adrenal
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DHEA(S) secretion to ACTH stimulation, but there is no feedback control of
DHEAC(S) release at the hypothalamus—pituitary level. The mechanism of action
of DHEA(S) is poorly known and may include partial transformation into sex
steroids, increase of bioavailiable insulin-like growth factor 1 (IGF-1), and effects
on neurotransmitter receptors. The serum DHEA(S) level is a highly specific pa-
rameter of the individual hormonal milieu and a potent modulator of the immune
response (E1). The basal serum concentration and the ACTH-induced response in
DHEA(S) decrease gradually with advancing age, unlike that of cortisol secretion,
which is maintained. The same discrepancy between serum concentrations of
DHEAC(S) and cortisol has been found in the acute phase of severe illness, indi-
cating a defect in ACTH-stimulated DHEA(S) reserve in serious illness (BS, B15,
L8, L21, P5). A remarkable correlation between serum DHEA(S) concentration
and the expressed feeling of well-being has been observed in an epidemiologic
study (B20). In addition, low DHEA(S) concentrations have been measured in
blood when people are in poor general condition because of stress or coincident
with immunological disturbances (B5). DHEA(S) has been shown to reduce
lethality after burn injury or endotoxin administration in animal experiments (A6,
D3). DHEA(S) levels were significantly lower 60 minutes after endotoxin admin-
istration; however, exogenous DHEA(S) administration failed to blunt the associ-
ated septic symptoms and pulmonary failure (S15).

5.1.2. Catecholamines

The adrenal catecholamines epinephrine and norepinephrine are also classical
and well-recognized stress hormones and are central to the “fight or flight” re-
sponse. Epinephrine is secreted from the adrenal medulla in direct response to in-
creased sympathetic tone; however, the majority of the circulating norepinephrine
is released from the sympathetic nerve endings. Measurements of plasma concen-
trations of catecholamines have limited value as an index of sympathetic nervous
system activity because of their extremely short half-life, because most norepi-
nephrine is taken up by pre- and postsynaptic neurons and only some gains access
to the plasma. But the response of both epinephrine and norepinephrine is loga-
rithmically related to the severity of the illness, considering the fact that very high
levels of epinephrine, in particular, are found in critically ill patients (F16). Cate-
cholamines support blood pressure, heart rate, myocardial contractility, cardiac
output, respiration, and bronchial tone. They also redirect blood flow toward mus-
cle and away from the skin, viscera, and kidney. In addition, epinephrine is an im-
portant catabolic hormone, inducing lipolysis, glycogenolysis, and gluconeogen-
esis. Epinephrine is a first-line defense against hypoglycemia via inhibition of
insulin release and stimulation of glucagon release. The sympathoadrenal response
to severe stress situations such as sepsis is marked, rapid, and transient and plays
an important role in the early metabolic changes during the acute phase of sepsis
(F17) (Fig. 7).
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5.1.3. Other Stress Hormones

In addition to the classical stress hormones already reviewed, several other hor-
mones are augmented in response to stress. Stress-induced prolactin release is one
of the most frequently studied examples. There is no doubt about the causal rela-
tionship between stress and increased pituitary prolactin release, but the biologi-
cal meaning is much less clear (G2). This phylogenetically old hormone has been
shown to have more than 85 different functions in all vertebrate species. Howev-
er, besides its role in the induction of matemnal lactogenesis, the physiological im-
portance of prolactin is at present not fully established. Experimental and clinical
evidence supports the view that prolactin is also an immunoregulating hormone
(M44, R18). Prolactin receptors are present on human T and B lymphocytes (R18),
and T lymphocytes depend on prolactin for maintenance of immunocompetence
(B19). In addition, it has been shown that prolactin is able to influence the devel-



94 A. BEISHUIZEN et al.

opment of inflammatory processes in animal experiments (M22). The proinflam-
matory effect of prolactin and the anti-inflammatory effect of bromocriptine were
clearly demonstrated in animal models (B19, M22). In critically ill patients pro-
lactin concentrations have been shown to be increased in both men and women
with disruption of the circadian rhythm (B48). The sepsis-induced changes in pro-
lactin secretion are disturbed by dopamine administration. Dopamine has been
used for more than 20 years as an important inotropic drug in treatment of patients
with septic shock, and according to the general view it appeared to improve short-
term survival in states of shock (G15). On the other hand, specific membrane-
bound dopamine receptors of the D2 subtype have been identified in the anterior
pituitary and in the median eminence of the hypothalamus, both located outside
the blood-brain barrier. Consequently, dopamine, as the physiological prolactin-
inhibiting factor, after systemic injection can influence the pituitary secretion of
prolactin (B10, B13). In critically ill patients dopamine infusion induced hy-
poprolactinemia, which has indirect effects on cellular immunity (D17). Accord-
ingly, dopamine infusion may provoke or aggravate the susceptibility to infectious
complications in critically ill patients during the second, catabolic phase of sepsis
(Z3,B12).

Growth hormone (GH) is a 191-amino-acid polypeptide with anabolic, lipolyt-
ic, and immune-stimulating properties. As with other anterior pituitary hormones,
its secretion is under hypothalamic neurohumoral control and occurs in a pulsatile
fashion with diurnal variation. The basal GH level is elevated and the pulse fre-
quency is decreased in sepsis syndrome (R16). The blunted GH secretory pattern
appears during prolonged critical illness and the low GH level is associated with
increased mortality (R17). In these patients a GH response to growth hormone—re-
leasing hormone (GHRH) stimulation and an exaggerated GH response to GH-re-
leasing peptide 2 (GHRP-2) are present (B16, G18). GH action is reflected by the
serum concentration of IGF-1, which is generated by the liver and bound to spe-
cific binding proteins (IGFBPs). In septic patients, serum IGF-1and IGFBP-3 con-
centrations are decreased and correlate well with conventional nutritional indices
such as nitrogen balance (R17, V9). The amplitude of secretory GH pulses is re-
duced and serum concentrations of insulin are elevated if high-calorie nutrition is
provided, as commonly used in standard intensive care. Insulin concentrations are
inappropriately high for the plasma glucose concentrations. Despite hypergly-
cemia, glucagon levels are elevated in sepsis, because of the increased release of
catecholamines (R12, V9). In sepsis, glucose intolerance and insulin resistance
may in part result from production of cytokines and glucocorticoids (F17). Be-
cause of the anabolic potential, the therapeutic use of GH with appropriate nutri-
tional support has been advocated by some authors to attenuate the protein catab-
olism in patients suffering from sepsis (V8). A GH dose of 0.1 mg/kg/day resulted
in a significant decrease of urea generation and excretion of potassium (V8). It has
been shown that both basal and pulsatile GH secretions are moderately increased
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by continuous infusion of GHRH, substantially increased by GHRP-2 alone, and
dramatically increased by the combination of both (B16). IGF-1 levels are signif-
icantly increased within 24 hours during these treatments, which opens perspec-
tives for the acute treatment of the catabolic state present in septic patients (B16).

There are experimental observations that neuropeptides may play a role in the
pathogenesis of septic shock. Endogenous opioid peptides are a well-known fam-
ily of hormonal, neurotransmitter, and leukocyte-derived peptides (H16). They are
involved in the down-regulation of stress-induced HPA and sympathetic axis acti-
vation and are probably important mediators in the overall response to endotoxin
(H16). Animal studies of septic shock showed a beneficial hemodynamic response
to administration of the opioid antagonist naloxone in septic shock (F1). It has been
suggested that central endorphin receptor blockade increases adrenal catechol-
amine release, based on the observation that naloxone administration was associ-
ated with a rise in serum adrenaline levels in animals (H25). However, studies of
patients with septic shock intended to test the short-term effects of bolus adminis-
tration of naloxone have failed to show a consistent improvement of hemodynamic
features (B40, D11, G20). In a placebo-controlled double-blind study, continuous
infusion of nalaxone resulted in improvement in hemodynamic status in a small
population of patients suffering from septic shock. A significant reduction in va-
sopressor—inotrope requirements and a significant fall in heart rate, together with
improvement in stroke volume but without any reduction in cardiac output, have
been observed in septic shock patients receiving opiate antagonist infusion. It has
been shown that serum concentrations of B-endorphin and methionine enkephalin
have a mortality-predictive value in septic patients (B11).

The endogenous release of the potent vasoconstrictor neuropeptide Y (NPY) is
increased during sepsis and the highest levels are detected in patients with shock
(A8). NPY is a 36-amino-acid peptide belonging to the pancreatic polypeptide
family of neuroendocrine peptides (T2). It is one of the most abundant peptides
present in the brain and is widely expressed by neurons in the central and periph-
eral nervous systems as well as the adrenal medulla (A3). NPY coexists with nor-
epinephrine in peripheral sympathetic nerves and is released together with norep-
inephrine (L19, W14). NPY causes direct vasoconstriction of cerebral, coronary,
and mesenteric arteries and also potentiates norepinephrine-induced vasocon-
striction in these arterial beds (T8). It appears that vasoconstriction caused by NPY
does not counterbalance the vasodilatator effects of substance P in patients with
sepsis. The properties of vasodilatation and smooth muscle contraction of sub-
stance P are well known (I4), but because of the morphological distribution and
the neuroendocrine effects a possible stress hormone function for substance P was
also advocated (J7). Substance P, which is a potent vasodilatator agent and has an
innervation pathway similar to that of NPY, shows a low plasma concentration in
septic patients with and without shock (A8).

Calcitonin and other peptide products of the calcitonin gene are known to be el-
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evated not only in patients with medullary thyroid carcinoma (S34) but also in
those with several systemic diseases including systemic infections (C4, M3, S22).
At present, four genes with nucleotide sequence homologies corresponding to cal-
citonin are known and called the “calcitonin gene family” (W16). These human
CALC I-1V genes do not all produce the peptide hormone calcitonin. In nervous
tissue of the central and peripheral nerve systems a neuropeptide called calcitonin
gene—related peptide (CGRP) is the main product of CALC-I transcription. CGRP
is a vasoactive neuropeptide with a wide physiological effect. CGRP is a neuro-
transmitter or neuromodulator in the central and peripheral nervous systems (M14,
M39). It is a potent vasodilatator and has positive chronotropic and inotropic ef-
fects on hearts in humans (M40). CGRP is released into the blood stream from the
sensory afferent nerves scattered throughout most arterial beds (B44). Function-
ally, it turned out to be a powerful vasodilatator. In both animal and human stud-
ies, infused synthetic CGRP has been shown to be the most potent vasodilatator
and hypotensive agent yet tested (O5).

It has been shown that CGRP is released into the circulation during the devel-
opment of human sepsis and septic shock (AS8). Plasma CGRP levels correlated
with the APACHE II score as well as with cardiac index and systemic vascular re-
sistence index. There is also a relationship between the initial plasma CGRP lev-
els and the severity of the disease at the time of admission to the ICU. Plasma
CGRP levels are related to the hemodynamic changes seen early in septic shock.

On the other hand, there is overwhelming evidence that another important prod-
uct of CALC-I gene transcription, procalcitonin, is a diagnostic indicator of bac-
terial infections with systemic reactions (A11). In healthy individuals hormonally
active calcitonin is produced and secreted by the C cells of the thyroid gland. Pro-
tein synthesis of calcitonin starts with the translation of a 141-amino-acid precur-
sor protein (preprocalcitonin) after transcription of the CALC-I gene in the C cells
(M43). By specific proteolysis procalcitonin and calcitonin are cleaved intracel-
lularly. Procalcitonin is a 116-amino-acid protein, is a very stable protein ex vivo,
and is not degraded to hormonally active calcitonin in plasma. The plasma concen-
tration of the prohormon procalcitonin in healthy individuals is very low (pg/ml
range). However, endotoxin injection in normal subjects induces release of this
prohormone, resulting in plasma procalcitonin concentrations of 4—6 ng/ml but
without detectable plasma concentrations of calcitonin (D2). Accordingly, during
severe bacterial infections high plasma concentrations of procalcitonin are found,
also without a significant change in the plasma calcitonin concentration (A4, Al1,
G19). In septic patients plasma concentrations of procalcitonin ranging from 1
ng/ml to above 1 p.g/ml are found (G19). Serum concentrations seem to be cor-
related with the severity of microbial invasion and therefore can be used as a mon-
itoring parameter in critically ill septic patients (A 11). This bacterial infection~in-
duced procalcitonin release is most likely not from the C cells of the thyroid but
from the neuroendocrine cells of the lung or the intestine. High plasma concen-
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trations are found not only in sepsis but also in MODS and in patients with pro-
longed circulatory failure. In contrast, the release of the prohormon is not stimu-
lated by viral infections or by chronic nonbacterial inflammation and allergic re-
action. Accordingly, it can be used for the differential diagnosis of bacterial versus
nonbacterial inflammation (A4). Procalcitonin could be a promising marker for
patients with infectious diseases, but further studies are needed to elucidate the
possible physiological and/or pathological role of this peptide. Its endocrine ef-
fect and the place of procalcitonin induction in the cytokine cascade that occurs in
sepsis remain to be investigated.

5.2. FLuiDb AND ELECTROLYTE HOMEOSTASIS

Regulation of volume and water balance is of critical importance to survival in
sepsis; therefore it is not surprising that multiple mechanisms exist to maintain nor-
movolemia and adequate blood pressure.

5.2.1. Vasopressin

Vasopressin is a peptide hormone produced by the hypothalamus and secreted
by the posterior pituitary in response to stimulation. Normal stimuli for vaso-
pressin release are hyperosmolarity and hypovolemia, with thresholds for secre-
tion of greater than 280 mOsm/kg and greater than 20% plasma volume depletion.
A number of other stimuli, such as pain, nausea, epinephrine, and numerous drugs,
induce release of vasopressin. Vasopressin release is inhibited by volume expan-
sion, ethanol, and norepinephrine. The physiological effect of vasopressin is to
promote free water clearence by altering the permeability of the renal collecting
duct to water. In addition, it has a direct vasoconstrictor effect. Consequently, va-
sopressin results in water retention and volume restoration. In patients with septic
shock, vasopressin is appropriately secreted in response to hypovolemia and to el-
evated serum osmolarity (R14).

5.2.2. Renin—Angiotensin—Aldosterone Axis

Renin is a glycoprotein hormone produced by the renal juxtaglomerular cells
(JGCs) in response to volume depletion and low blood pressure (Fig. 8). Its pri-
mary action is to cleave angiotensinogen into the decapeptide angiotensin I. In the
pulmonary circulation, angiotensin-converting enzyme removes two more amino
acids from angiotensin I to produce angiotensin II, which is the active hormone
with a direct strong vasoconstrictor effect and an effect on the adrenal cortex to
stimulate aldosterone production. Aldosterone is the key regulator of the potassi-
um balance and induces sodium and water retention (Fig. 8). In critical illness, the
appropriate response of the RAA axis is that hypotension and volume depletion in-
duce renin release from the JGCs. The high concentration of renin in peripheral
blood triggers, via angiotensin II, aldosterone secretion by the adrenal, resulting
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in hyperreninemic hyperaldosteronism. The critical illness as stressor-induced
pituitary ACTH hypersecretion also induces secondary hyperaldosteronism via
ACTH, independent of volume status (R14).

However, a syndrome of elevated plasma renin activity accompanied by inap-
propiately low aldosterone levels has been identified in some seriously ill patients
(F5, Z7). This entity has been called hyperreninemic hypoaldosteronism and oc-
curs in about 20% of critically ill patients. Because the appropriate response to
high renin is enhanced aldosterone secretion, a normal aldosterone level is con-
sidered inappropiate. A diffuse impairment of the zona glomerulosa is present;
however, mineralocorticoid insufficiency is not the clinical feature of these pa-
tients. This syndrome is characterized by normokalemia, appropriate hypercorti-
solemia, normal metabolic clearance of aldosterone, and normal production of
angiotensinogen II (R1). Hyperreninemic hypoaldesteronism seems to be a syn-
drome presenting after the acute phase, in fact in the same phase in which an in-
appropriate reaction of the HPA axis, with a paradoxically low ACTH level, is also
present (V4). It has been demonstrated that such patients exhibit subnormal re-
sponses to ACTH stimulation but can respond appropriately to dopamine block-
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ing agents (R1). This syndrome is more common in patients who have been criti-
cally ill for over a week, and when it is suspected, adrenocortical insufficiency
should be ruled out by measuring serum cortisol levels and by testing adrenocor-
tisol reserve functions (O2). Its presence has been associated with increased sever-
ity of the underlying diseases and with increased mortality due to the septic shock.
The exact cause of this hyperreninemic hypoaldosteronism is uncertain, but a role
of atrial natriuretic peptide was suggested earlier (E6, N3, R1). In light of the ev-
idence for decreased adrenal androgen secretion in critically ill patients (P5), this
dissociation may be the result of a relative shift in the metabolism of adrenal preg-
nenolone in septic patients away from mineralocorticoids and adrenal androgens
and toward glucocorticoids. This suggests that the dissociation of renin and al-
dosterone secretions may represent an adrenal adaptation to severe illness and be
part of the overall neuroendocrine response to systemic illness after the acute re-
action.

5.2.3. Atrial Natriuretic Peptide

Atrial natriuretic peptide (ANP), brain natriuretic peptide (BNP), and C-type
natriuretic peptide (CNP) are members of a family of so-called natriuretic pep-
tides, synthesized predominantly in the cardiac atrium, ventricle, and vascular en-
dothelial cells, respectively (G13, Y2). ANP is a 28-amino-acid polypeptide hor-
mone released into the circulation in response to atrial stretch (L.3). ANP acts (Fig.
8) on the kidney to increase sodium excretion and glomerular filtration rate (GFR),
to antagonize renal vasoconstriction, and to inhibit renin secretion (M1). In the car-
diovascular system, ANP antagonizes vasoconstriction and shifts fluid from the in-
travascular to the interstitial compartment (G14). In the adrenal cortex, ANP is a
powerful inhibitor of aldosterone synthesis (E6, N3). At the hypothalamic level,
ANP inhibits vasopressin secretion (S3). It has been shown that some of the
effects of ANP are mediated via a newly discovered hormone, called adreno-
medullin, controlling fluid and electrolyte homeostasis (S8). The diuretic and blood
pressure—lowering effect of ANP may be partially due to adrenomedullin (V5).

Relatively few data are available on the response of ANP to endotoxemia or sep-
tic shock. In an ovine model, a 13-fold increase in blood ANP concentration has
been found 2 hours after endotoxin administration in a dose of 1.5 pg/kg body
weight (L17). The ANP level remained elevated during the first 6 hours and was
associated with marked diuresis and natriuresis and with decreased cardiac output
and increased peripheral resistence (L.17). In human studies, a significantly high-
er ANP blood level was observed in ARDS (E4) and in patients with acute respi-
ratory failure associated with sepsis (M30). In a longitudinal study, we found that
plasma ANP levels were increased in patients with sepsis, but the ANP levels
showed no relation to the severity of disease or to the presence of shock (B8).

ANP works to oppose the function of the RAA axis via inhibiting the secretion
and effects of renin, the effects of angiotensin I1, and the adrenal secretion of al-
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dosterone (L3). Accordingly, it is a potential candidate that may play a causal role
in the alteration of the water and electrolyte homeostasis in sepsis. In this con-
struction, the RAA axis primarily defends sodium balance and blood pressure, with
ANP having an increasing counterinfluence in situations involving high blood
pressure or sodium surfeit. Further studies are needed to clarify the significance of
ANP in the pathophysiology of septic shock.

5.3. PITUITARY-THYROID AXIS

Thyroid hormone metabolism is commonly affected by critical illness, which
results in characteristic abnormalities of thyroid function (testing) known as non-
thyroidal illness (NTI) or enthyroid sick syndrome (ESS) (C15, D23, W18). The
term nonthyroidal illness syndrome (NTIS) has also been advocated and suggests
functional abnormalities of the pituitary—thyroid axis (C15, W18). The effects of
infectious diseases on thyroid function tests can be classified as the low tri-
iodothyronine (T,), normal thyroxine (T,), and low T,/T, syndromes. During the
first phase of the infection both T, and T, decreased, reflecting decreased secre-
tion of pituitary thyroid-stimulating hormone (TSH), decreased thyroidal secre-
tion, accelerated T, disappearance, and the inhibition of hormone to transport pro-
tein (D23). Therapy of the infection is associated with resumption of TSH release
and a progressive rise in serum T,/T, levels. A decreased total T, level with nor-
mal total T, is the most common thyroid abnormality during sepsis. The TSH lev-
el is usually normal, reflecting the euthyroid status of these patients (B41), but it
is generally accepted that evaluation of thyroid function in patients with NTI is
difficult. The cause of the alterations is probably multifactorial, but they may also
be the result of accelerated conversion of T, to rT, and conversion of T, to 3,3'-
T,. These reactions markedly lower the circulating level of T, resulting in the low
T, syndrome. The pathogenesis of this syndrome is thought to involve cytokines
such as TNF-a secreted by inflammatory cells, which inhibit type 1,5'-deiodinase,
accelerating inner ring deiodination of T, (C16, D23, D24, P15). The low T, syn-
drome is accompanied by elevated levels of rT,, due to the deficient activity of 5'-
monodeiodinase (R6). This finding is useful for differentiating this syndrome from
secondary hypothyroidism in which rT is also low. The true serum concentration
of free T, (FT,) in patients with low T, syndrome is controversial and seems to
depend on the assay method used (C15, D23, D24, D34, $25, S$26). Early studies
have documented decreased FT, concentrations by equilibrium dialysis (M23,
524) and ultrafiltration (W6) and found normal (K3, S38) or increased (D23, D24)
FT, concentrations using the same techniques. The results are even more con-
flicting when the FT, concentration is measured with analog methods (ES). The
differences in reported FT, concentrations in critically ill patients may be attrib-
uted to discrepancies in selection of patients and/or methodology. Furthermore,
some of these patients possess a circulating inhibitor of T, binding to a serum pro-
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tein (C17, D23, D24), which can interfere in the FT, measurements. With use of
equilibrivm dialysis of minimally diluted sera foliowed by radioimmunoassay
(RIA) of the dialysate for FT,, there is a general agreement now that the FT,, con-
centration is normal or even above the normal level in patients with low T, syn-
drome (C15, H8, W19). True hypothyroidism can be ruled out by the normal total
thyroxine TT,, FT,, and TSH and the elevated rT,.

Patients with low T,/T, syndrome are usually much sicker and the mortality rate
is higher in this group. TT, levels decline progressively with increasing severity
of illness and may serve as a predictor of clinical outcome. In the majority of these
patients serum concentrations of TSH and FT,, are normal and those of 1T, are el-
evated. FT, concentrations measured by equilibrium dialysis proved to be normal
in the phase of decreased TT,. Clinically, these patients are still euthyroid, and sup-
plemental thyroid hormones have not improved mortality (B45). It has been sug-
gested that free fatty acid present in the serum of these patients blocks the T, bind-
ing more than T, binding (C17). Nonesterified fatty acids (NEFAs), mainly oleic
acid, are nondialyzable inhibitors of thyroid hormone binding suggested to be pre-
sent in the plasma of some nonthyroid ill patients and thus exhibit interference in
the measurement of FT,, depending on the method used (ES). Others, however,
could find no evidence for the presence of these inhibitors (D23, M24). In addi-
tion, it has been shown that in septic patients an alternative mechanism might ex-
ist to explain the low T, concentration measured during severe infections. Early
in vitro studies showed that phagocytosing human leukocytes metabolize T, by
peroxidase-mediated cleavage of its diphenyl ether yielding diiodotyrosine (DIT)
(B53). When an RIA was used to measure DIT in 125 severely ill intensive care
patients, displaying the typical thyroid hormone alteration of NTI, only the patients
whose clinical course was complicated by severe bacterial infections showed sig-
nificantly higher DIT serum concentrations (M 19). Serial measurements revealed
a close temporal connection between the infection phase and increased DIT lev-
els, suggesting that the increased phagocytotic activity of leukocytes in sepsis
causes a rise in extrathyroidal DIT formation by ether link cleavage of T,. Ac-
cordingly, DIT might be a relatively specific serum parameter for the presence and
the course of severe bacterial inflammation in patients with nonthyroidal disor-
ders, in contrast to rT, as a general marker of nonthyroidal illness (M19). Mea-
surement of DIT as a general infection marker could be useful for intensive care
patients suspected of having altered thyroid functions.

In view of the frequent and often chronic use of dopamine infusion in critical
care medicine, an iatrogenic effect of dopamine concerning thyroid function in
septic patients has been also suggested (K2, B12). Dopamine infusion induces or
aggravates the low T, syndrome in these patients through direct inhibition of TSH
release and through effects on thyroid hormone conversion, resulting in a low FT,
concentration. Other medications such as glucocorticoids may potentiate the ef-
fect of dopamine on thyroid functions. Dopamine and glucocorticoids both de-
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crease pituitary TSH secretion, decrease the biological activity of TSH, and di-
minish the thyroidal response to TSH. T, is an endogenous inotropic factor and it
is required for protein synthesis, for fuel utilization by muscle, and for growth hor-
mone responsiveness. Consequently, an iatrogenic decrease of circulating T, per-
petuates the catabolic state of critical illness. In addition, the low T, level may play
arole in other problems present in septic shock, such as diminished cognitive sta-
tus with lethargy, somnolence, or depression; glucose intolerance; and insulin re-
sistance (B12). On the other hand, agents frequently used in intensive care units
such as heparin, amiodarone, or iodinated radiocontrast agents cause iatrogenic al-
terations in thyroid function tests (F4, J5, K2).

We can conclude that several abnormalities of circulating thyroid hormones oc-
cur in critically ill septic patients. The most common abnormality is a decrease in
serum TT, concentration together with an increase in the free fractions of T, and
T, due to the decrease in serum concentration of binding proteins, the presence of
endogenous binding inhibitors and exogenous drugs, or some combination of these
factors. The total serum T, concentration can be normal or low, but there is an in-
verse correlation between serum TT, concentration and the severity of illness and
mortality rate. However, the relationship between the circulating and intracellular
hormone concentrations and the patient’s thyroid status at the tissue level produces
a practical diagnostic problem in the intensive care setting and probably results in
the greatest number of inaccurate test results (H18, H26, C15).

5.4. REPRODUCTIVE AXIS

Profound alterations in the function of the reproductive axis occur in response
to physiologic stress of many types. The observation that stress has a disruptive
effect on reproductive function in animals and in humans can be explained by the
CRH-induced inhibition of gonadotropin secretion (B3, O4, R8). As we described
earlier, stressful situations are characterized by activation of the HPA axis (see
Sect. 5.1.1.). It has been demonstrated that CRH acts on the suprapituitary site via
increased endogenous opioid tone to inhibit gonadotropin-releasing hormone
(GnRH) secretion (G9). It is well known that endogenous opiates inhibit GnRH
secretion (V2); consequently, infusion of the opiate antagonist naloxone reversed
the inhibition of gonadotropin secretion occurring during CRH infusion or during
stress in humans and animals (B3, P9). Accordingly, the compromised reproduc-
tive function occurring during stress is secondary to inhibition of gonadotropin se-
cretion induced by endogenous opioids secreted in response to endogenous CRH.

Patients who are critically ill develop temporary hypogonadotropic hypogo-
nadism regardless of the nature of the illness (B14, G7, S17, S31, W20). These pa-
tients had a normal response to releasing hormone (GnRH) stimulation, and the
hypogonadotropism also occurs in the presence of nonfunctionating gonads. Thus,
the gonadotrope appears to be fully responsive during acute illness but is not be-
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ing stimulated appropriately. These observations suggest a central, hypothalamic
and/or suprahypothalamic origin for these alterations. Generally, it is manifested
by low testosterone levels, and estradiol levels in young women fall into the post-
menopausal range (L8, L21, P5, W5, W20). The low testosterone concentrations
are not accompanied by corresponding increases in the free fraction and are not
due to reduced sex hormone binding capacity (L21, S31). Low levels of blood
testosterone have been found in patients with sepsis or with septic shock (C19,
F135, L.21). Testosterone is the most important of the endogenous anabolic steroids.
In men, a decrease of testosterone availability results in a negative nitrogen bal-
ance, which can be restored by testosterone administration. Negative nitrogen bal-
ance is a common problem in critically ill patients and is not easily corrected by
parenteral nutrition or GH supplementation (W135). This catabolism probably has
several etiologies, but androgenes may theoretically serve as a useful adjunct to
parenteral nutrition or GH therapy of catabolism in patients with severe illness.

The changes in blood concentration of estrogens in patients with sepsis are more
complicated. In contrast to the low androgen levels, estrogens have been found to
be increased in animals (C18) and in humans (C19, F15, 1L.21) with sepsis, where-
as serum gonadotropin levels were decreased. The major source of estrogens in
men and in postmenopausal women is conversion by aromatization of testosterone
to estradiol and androstenedione to estrone in muscle and adipose tissue. An in-
crease in aromatase activity is the main mechanism that might explain the high
concentration of estrogens during sepsis. The experimental observation that an en-
dotoxin injection—induced increase in estrogens is absent in animals treated with
aromatase inhibitors supports this view (C18). A significant increase in estrogen
levels was observed in patients with sepsis and septic shock, either males or fe-
males (C19, F15). The correlation between the estrogen levels and outcome is not
clear, and further studies are needed to document the potential consequences of in-
creased estrogen secretion in septic patients.

6. The Interplay of Mediators in Sepsis

For many years, the general assumption was that microorganisms produced
toxic substances that, upon entrance into the circulation, cause hypotension, de-
creased perfusion, acidosis, and death (W11). There is evidence that the systemic
response to invading organisms is independent of the type of organism and that the
host-dependent response is more important (D5, M11). Sepsis and SIRS are char-
acterized by excessive production of inflammatory mediators and excessive acti-
vation of inflammatory cells, resulting in metabolic anarchy; the body’s defense
mechanisms are overwhelmed and it can no longer control its own inflammatory
response (B38). The main consequences of this uncontrolled inflammatory re-
sponse are involvement of many organs, the onset of shock, and the development
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of multiple organ dysfunction syndrome (L.2). The host septic response is ex-
tremely complex: a) there is a cascade involving more than 100 mediators, b) these
mediators have overlapping biological effects, c) SIRS also evokes activation of
endogenous regulators of that response, d) the main actions of mediators take place
in the local microenvironment in an autocrine or paracrine manner, €¢) measure-
ment of both triggers and mediators is technically difficult, and f) plasma levels
of mediators do not correlate clearly with definable clinical processes (M11).

1. The induction phase of SIRS may be initiated by various microorganisms or
by noninfectious causes such as trauma or burn injury. Gram-negative sepsis can
serve as a model, with LPS or endotoxin to be considered as the most important
exogenous mediator. LPS binds to, and can be ingested by, phagocytic cells, en-
dothelial cells, and platelets. This interaction leads to the release of various cate-
gories of endogenous mediators. In the presence of certain cytokines, LPS can also
trigger autolysis of cells, which may add to already existing tissue damage. On the
other hand, LPS can also activate the complement system and the blood clotting
cascade (Hageman factor of the intrinsic pathway and F-VII of the extrinsic path-
way) (H22).

Activated complement angments permeability of the endothelium, causes im-
mune adherence, helps peptidoglycans and endotoxins to activate platelets, in-
duces production of tissue factor by leukocytes and endothelial cells, induces IL-
1 production in monocytes, and potentiates neutrophils in inflicting oxidative and
proteolytic injury to endothelia. Disturbances in the blood clotting system can lead
to DIC, which frequently accompanies sepsis. Factors involved are a) tissue fac-
tor, produced by polymorphonuclear leukocytes (PMNs) and endothelial cells, un-
der control of cytokines, b) activation of Hageman factor, and ¢) disturbed balance
in pro- and anticoagulant activities of endothelial cells, with a shift toward the pro-
coagulant direction with a large excess of PAI-1, mediated by TNF and IL-1.

2. In a second phase cytokine synthesis and production start (B38, D5, D14). In
general, cytokines are not stored as preformed molecules and their synthess is ini-
tiated by new gene transcription or translation of preformed RNA. Cytokine genes
are permanently inactivated in many cell types, so these genes are “accessible” in
a limited number of tissues. Posttranscriptional control of cytokine biosynthesis is
the most prominent method of regulation. At this level small amounts of cytokines,
often undetectable, are released into the circulation. This cytokine response is di-
rected toward defense of the local environment and probably not pathologic or ab-
normal. Macrophages and platelets are recruited, and production of growth factors
is stimulated. An acute phase response may be initiated, which is controlled by a
diminution of the proinflammatory mediators and a simultaneous increase of en-
dogenous antagonists (e.g., IL-1ra, STNF). This complex network of mediators is
aimed at restoring homeostasis. When this fails, phase 3 sets in, leading to SIRS
Or sepsis.
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3. The cytokine cascade. A massive reaction begins with destructive rather than
protective effects of cytokines. The integrity of capillary walls is destroyed and
cytokines spill out and into end organs, producing additional sites of damage. It is
unclear why the control of the initial cytokine response is lost (B37). The balance
between pro- and anti-inflammatory cytokines may be disturbed (I.2). Also, these
cytokines closely integrate with neuroendocrine hormones in an immunoregula-
tory feedback, as the activity of the HPA axis is increased in sepsis (H2) TNF, also
called the “king of cytokines,” plays a primary role in sepsis in close relation with
IL-1, both induced by endotoxin. TNF augments the procoagulant properties of
endothelial cell surfaces: TNF induces PAF, TF, PAI-1, and ELAM-1 synthesis and
reduces thrombomodulin production. TNF targets the neutrophil, leading to pro-
duction of oxygen-derived radicals, induction of increased adherence, and disrup-
tive potential for the endothelium. TNF is a potent inducer of other cytokines: IL-
1, IL-6, and IL-8 (E11). Aside from its actions on cells, it also acts as a catalyst for
humoral systems, such as the complement cascade, the clotting system, and the
kallikein—kinin system. Negative feedback occurs with endogenous antagonists
such as sTNFr. IL-1 also shifts the balance to a prothrombotic state by increasing
TF and PAI-1 and by decreasing thrombomodulin (D20). These effects all con-
tribute to DIC. IL-1 can be stimulated not only by endotoxin but also by thrombin,
TNF, and IL-1 itself. IL.-1 activates the production of TNF, IL-6, and IL-8. IL-1
augments leukocyte adhesiveness to endothelial cells and induces prostacyclin
synthesis. It also triggers negative feedback mechanisms via the acute phase pro-
tein production of hepatocytes, in concert with TNF, IL-6, and corticosteroids. The
main paracrine function of IL-8 is the attraction (recruitment and activation) of
leukocytes to local sites of microbial infection, which can lead to tissue injury. IL-
8 appears to be activated by TNF, LPS, and IL-1 and is produced mainly by acti-
vated macrophages. Peak levels in sepsis parallel those of IL-6.

The counterinflammatory cytokines comprise IL-6 and IL-10 (M8). The exact
role of IL-6 in sepsis is uncertain, and the appearence of IL-6 in plasma may be
related directly to TNF and IL-1 production. IL-6 is the principal hepatocyte-stim-
ulating factor, responsible for the induction of acute phase proteins such as pro-
tease inhibitors and C-reactive protein, which play a role in activation of the clas-
sical complement pathway, activation of macrophages, modulation of neutrophil
activity, and triggering of platelet aggregation and degranulation (B26). IL-6 may
inhibit TNF, thereby exerting anti-inflammatory effects (E11). IL-6 regulates pro-
duction of ACTH and hence of corticoids, which have an overall immunosup-
pressive and anti-inflammatory effect. IL-10 also has predominant counterinflam-
matory actions. In vitro, 1L-10 can inhibit TNF, IL-1, IL-6, and IL-8. IL-10 is a
potent macrophage-deactivating factor and possibly prevents LPS lethality by con-
trolling TNF and IFN-vy secretion (M7, M8). In this complex cytokine network,
several endogenous circulating antogonists exist. Soluble cytokine receptors have
been described for TNF, IL-1, and IL-6. Endotoxin leads to release of excessive
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amounts of STNF-R and IL-1ra into the circulation, with different kinetics com-
pared with TNF and IL-1, respectively (D13). Their exact role is uncertain, but by
forming complexes (e.g., TNF-sTNF-R), they may serve as a slow-release reser-
voir (TNF), which could prolong the inflammatory response.

4. Secondary mediators and end products causing cellular damage. Normally,
blood flow is effectively regulated to match the tissue’s metabolic need. In the crit-
ically ill, physiologic compensatory responses aim at the maintenance of overall
circulatory function and integrity. Abnormal distribution of flow is an important
factor in the development of organ dysfunction in sepsis, with several components
involved at the central, regional, and microregional levels (H25). The endotheli-
um plays an important role in this last phase of sepsis or septic shock, with evi-
dence for increased procoagulant and inflammatory activity (B43, V1). Endothe-
lium is an active barrier that enhances or limits the vascular entry of substances by
secreting many molecules active in the regulation of vascular tone, coagulation,
and permeability (renin, ET, prostacyclin, NO, PGE,, active amines, etc.). Cyto-
kines lead to increased expression of adhesion molecules (e.g., ELAM-1) on the
endothelial cells and neutrophils, resulting in increased migration and main-
tainance of activated cells in injured tissues. Many substances are released, in-
cluding arachidonic acid metabolites, free oxygen radicals, NO, and ET. PAF in-
teracts with cytokines and hematologic growth factors to amplify or down-regulate
mediator release. The balance between vasoconstriction (catecholamines, ET) and
vasodilatation (NO, ANP, prostacyclin) may be disturbed, leading to microre-
gional circulatory abnormalities such as local tissue blood maldistribution (H25,
B1). Endothelium-derived local substances are in a very complex interplay with
central mechanisms such as the autonomous nervous system. Therefore, correla-
tion of one of the (endocrinologic) regulators with hemodynamic alterations is
very difficult. At least, changes of substances responsible for guaranteeing suffi-
cient circulation are significantly altered in sepsis (B32). Cathecholamines stimu-
late ANP secretion, by which negative effects on the microcirculation of epineph-
rine may be compensated. NO can also down-regulate the adrenoreceptor system.
Adrenergic responsiveness diminishes during sepsis, leading to loss of control of
the microcirculation. Both renin and vasopressin can potentiate the vasoconstrict-
ing effects of cathecholamines. ANP antagonizes the vascular effects of vasopres-
sin and the RAAS and also acts on cathecholamine synthesis. ET induces ANP re-
lease and was reported to stimulate cathecholamines and renin. Endothelial injury
causes increased capillary permeability with subsequent edema formation, which
is, next to vasodilatation, a characteristic abnormality in sepsis. Some complement
activation products, in particular the anaphylatoxins, directly increase vasoper-
meability (HS).

Thus, inflammatory mediators of humoral and cellular origin are largely impli-
cated in the development of sepsis and SIRS. These mediators, together with the
inflammatory cells themselves, activate and damage the endothelial cells, which
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leads to dysfunction of the endothelium and production of specific endothelial me-
diators. Induced expression of adhesive molecules aggravates PMN adhesion to
the endothelium, a main consequence of which is increased vasopermeability and
extension of the acute inflammatory reaction, leading to multiple organ failure.
Mechanisms for down-regulating this inflammatory reaction exist: natural in-
flammation inhibitors and some mediators themselves have a negative feedback
on the inflammatory reaction. The production of inflammatory cytokines (TNF,
IL-1, IL-6, IL-8) by activated phagocytes and endothelial cells can be regulated by
other cytokines (IL-2, IL-4, or IL-10) or by inflammatory agents secreted by the
phagocytes themselves, such as PGE,. Cytokines induce the liver to produce acute
phase proteins, some of which are antiproteases active against both complement
and coagulation proteases and active enzymes released by activated PMNs. The
reactive oxygen species and free radicals released by PMNs are neutralized by an-
tioxidant enzymes (superoxide dismutase, catalase) (G17).
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1. Introduction

Blood is essential for the sustenance of life. It transports oxygen and nutrients
to the tissue. Hence, the first priority when a blood vessel breaks is to arrest the
bleeding by forming a coagulum. Once the blood vessel has been repaired, the
mesh of fibrin in the coagulum has to be dissolved to permit blood flow. This will
result in the resumption of the delivery of oxygen and essential nutrients to the tis-
sues. Thus coagulation and the lysis of the fibrin clot mediated by fibrinolysis can
be pictured as two players riding a seesaw, with an exquisite balance between the
two being maintained by circulating procoagulants and anticoagulants. When the
balance is tilted toward clot formation the thrombotic episode is initiated. In con-
trast, excessive activation of the fibrinolytic system leads to bleeding.

Over the past decade there has been an explosion of knowledge on the mecha-
nisms of both coagulation and fibrinolysis that has contributed to our appreciation
of the basic concepts of these two pathways.

This review will attempt to explore our current understanding of both coagula-
tion and fibrinolytic systems, their clinical impact, and variables affecting the lab-
oratory assessment of thrombotic and bleeding disorders.

2. Basic Concepts of Coagulation

2.1. ROLE OF PLATELETS

The first step toward the formation of a coagulum is the adhesion of platelets to
the exposed endothelial cell surface of the broken vessel. The adhesion of platelets
to the surface of the broken vessel is mediated by glycoprotein receptors on the
platelet membrane. Thus, a complex of platelet membrane glycoprotein Ib recep-
tor with glycoprotein IX and glycoprotein V (GPIb/IX/V complex or CD42) binds
to von Willebrand (vW) factor on the exposed endothelial cell surface of the bro-
ken blood vessel during the process of platelet adhesion (1).

In addition to vW factor, other ligands are recognized by specific platelet mem-
brane receptors during the process of platelet adhesion to the exposed surface of
the damaged blood vessel. Thus, glycoprotein IV recognizes the ligands collagen
and thrombospondin on the endothelial cell surface (2, 3). A family of receptors
on the platelet membrane called integrins are also involved in binding to mole-
cules on the endothelial surface of the exposed blood vessel. These integrins are
heterodimeric molecules with alpha (a) and beta () subunits (4).



CURRENT CONCEPTS OF COAGULATION AND FIBRINOLYSIS 135

Integrins themselves are found on nearly all cells and mediate several physio-
logical responses, such as cell-cell and cell-matrix interactions. Three families of
integrins, each family with a common beta subunit in combination with distinct al-
pha subunits, have been recognized. The beta 1 family, also called very late lym-
phocyte-activation antigen or VLA, has receptors mediating extracellular matrix
interactions with molecules such as collagen, laminin, and fibronectin. Naturally,
platelets contain many of the receptors of the beta 1 family.

Thus, while glycoprotein Ia/Ila (a,f,) binds to collagen, glycoprotein Ic/Ila
(a4B,) binds to fibronectin (5). The other integrin belonging to the beta | family
that is involved in platelet adhesion is af,, which binds laminin.

The beta 2 family has receptors on leukocytes (also called LeuCAM) and me-
diates inflammatory and immune recognition functions.

The beta 3 family, known as cytoadhesins, includes receptors found on platelets
and other cell types such as « 8, which interacts with vitronection on the exposed
endothelial cell surface of the ruptured blood vessel (6). The vitronectin receptor
(o,B,), where the subscript v stands for vitronectin, also recognizes ligands such
as fibrinogen, von Willebrand factor, and fibronectin, all of which are recognized
by another member of the beta 3 family, the glycoprotein IIb/llla (o, B,) recep-
tor found on platelets and megakaryocytes.

In the intact blood vessel, ligands involved in adhesion to platelets, such as col-
lagen, fibronectin, and von Willebrand factor, are sequestered in the subendothe-
lium, thus preventing access to platelet adhesive receptors. Table I summarizes the
functions of platelet membrane integrin receptors.

Adhesion of platelets to ligands such as collagen on the subendothelial matrix

TABLE 1
PLATELET MEMBRANE INTEGRIN RECEPTORS
Integrin receptor family Ligand recognized Result
Beta | family
a,B, (GPla/lla) Collagen Adhesion
a B, (GPlc/lla) Fibronectin Adhesion
agB, Laminin Adhesion
Beta 3 family
o, B, (GPlIb/llla) Fibrinogen Aggregation
Von Willebrand factor
Fibronectin
Vitronectin
a B,y Vitronectin Adhesion
Von Willebrand factor
Fibrinogen

Fibronectin
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activates platelet membrane lipases (phospholipase A, or C), resulting in the re-
lease of arachidonic acid from the platelet membrane. Arachidonic acid is con-
verted by the endothelial cell fatty acid cyclooxygenase enzyme to prostaglandin
cyclic endoperoxides (PGG,, the hydroxperoxy, and PGH,,, hydroxy, compounds).
Thromboxane synthetase within the platelets converts cyclic endoperoxides to
thromboxane A,, which in turn causes release of adenosine diphosphate (ADP)
from the platelet dense or 8 granules. ADP promotes aggregation of platelets. The
activation of platelets triggers a change in its shape and induces conformational
changes in the integrin glycoprotein IIb/Illa receptor (a,;, B,) so that it binds read-
ily to fibrinogen. In effect, fibrinogen through specific amino acid sequences such
as arginine—glycine—aspartic acid (RGD) or lysine—glutamine—alanine—
glycine—aspartic acid—valine (KQAGDYV) binds to GPIIb/IIla receptors bridging
adjacent platelets and promoting platelet aggregation (5). The binding of fibrino-
gen to platelet GPiIb/111a receptors initiates a series of biochemical events begin-
ning with the activation of phospholipase C through interaction of thrombin with
its receptor on platelets and signal transduction through guanosine triphosphate
(GTP)-binding regulatory protein or G proteins. Second messengers such as dia-
cylglycerol (DAG) and inositol triphosphate (IP,) are produced by cleavage of
platelet membrane phosphatidylinositols (phosphatidylinositol biphosphate). IP,
causes cellular uptake of calcium. DAG together with calcium activates protein ki-
nase C, which is needed for the phosphorylation of myosin light chain and change
in platelet conformation, with the net effect being the exposure of additional GPI-
Ib/111a receptors on adjacent platelets for fibrinogen binding (7, 8). This domino
effect ensures the formation of the platelet aggregate. The importance of GPIIb/
IIIa receptors to the process of platelet aggregation is evidenced by the presence
of close to 50,000 of these receptors on a single platelet (5). It would almost seem
that the platelets were designed just for clotting! Release of contents of platelet
dense or B granules such as ADP and serotonin together with other agonists such
as thrombin and thromboxane A, leads to activation of additional platelets, for-
mation of a platelet plug, and initiation of coagulation. Among the various ago-
nists thrombin is the most potent platelet activator on platelets. Figure 1 summa-
rizes steps in platelet activation. In the endothelial cell the enzyme prostacyclin
synthetase converts prostaglandin cyclic endoperoxides (PGG,-PGH,) to prosta-
cyclin (PGI), which in turn can stimulate the enzyme adenyl cyclase within the
platelets, resulting in an increase in platelet cyclic AMP (cAMP) produced from
ATP (adenosine triphosphate). Increase in cAMP inhibits release of contents of
platelet granules and thus prevents platelets from aggregating.

2.2. ACTIVATION OF THE COAGULATION CASCADE

Within the intact blood vessel, coagulation factors circulate as inactive zymo-
gens. The formation of a platelet plug to arrest bleeding from a ruptured blood ves-
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F1G. 1. Steps in platelet activation.

sel provides a surface for activation of coagulation factors. Normally, the nega-
tively charged phospholipid phosphatidylserine is localized in the inner leaflet of
the cell membrane. The influx of calcium that results upon platelet activation is
apparently responsible for the translocation of phosphatidylserine to the outer sur-
face of the platelet membrane (9). This anionic phospholipid is important for the
assembly of two major coagulation factor complexes, the tenase and the pro-
thrombinase complex, which lead to thrombin generation, and the subsequent con-
version of fibrinogen to fibrin and the stabilization of the cross-linked fibrin clot.
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By providing a negatively charged surface on the aggregated platelet plug, throm-
bin that is ultimately generated is efficiently localized to the area of the disrupted
blood vessel it is designed to repair (9, 10). The traditional view that coagulation
was being effected by two separate pathways, the intrinsic and the extrinsic, has
undergone revision. Our current understanding is that the tissue factor pathway is
the primary pathway in initiating blood coagulation. Tissue factor is an integral
membrane glycoprotein expressed on the surface of a variety of activated or dis-
rupted cells, including the subendothelial fibroblast-like cells lining the blood ves-
sel (11). It can bind either factor VII or VIIa with similar affinity. Factor VIla it-
self is formed when factor VII is cleaved by activated factor X (Xa) at
Arg-152/11e-153 (12). It is a soluble plasma protease that functions as a catalytic
subunit. Tissue factor, in contrast, can be regarded as an essential regulatory sub-
unit.

The activity of factor VIla is enhanced astronomically (10 millionfold) upon
binding to tissue factor. The VII or VIla—tissue factor complex activates factors
IX and X and autoactivates factor VII. Although the activity of the tissue fac-
tor-factor VII complex is expressed without the presence of the negatively
charged phosphatidylserine, the activity can be enhanced by its presence (9).

As mentioned earlier, the negatively charged phospholipid surface is essential
for the formation of the tenase and prothrombinase complexes. The tenase com-
plex is generated when activated factor VIII (VIIIa) interacts with the surface of
the anionic phospholipid, phosphatidylserine, to generate in the presence of ionic
calcium a high-affinity binding site for activated factor IX (IXa). This complex
converts factor X quickly to its activated form (10). The formation of the pro-
thrombinase complex is facilitated with the binding of activated factor V (Va) to
the surface of the negatively charged platelet phosphatidylserine, which in turn fa-
vors the binding of activated factor X (Xa) in the presence of ionic calcium. Fac-
tor V also binds to prothrombin, thus confining it to the site of the assembly of the
prothrombinase complex. Thrombin is generated when prothrombin is cleaved by
the prothrombinase complex. Figure 2 diagrammatically depicts the formation of
the tenase and prothrombinase complexes.

Along with thrombin, a small fragment called prothrombin fragment 1.2 (PF1.2)
is released from prothrombin, whose clinical significance we shall discuss later.
Small amounts of thrombin can activate factors V, VIII, and even XI to produce a
burst of thrombin generation. Thrombin activation of factor XI is critical for pre-
venting fibrin clots from undergoing fibrinolysis (13). Indeed, whereas a defi-
ciency of either factor XII or other proteins of the contact system such as
prekallikrein or high-molecular-weight kininogen does not result in bleeding, in-
dividuals deficient in factor XI are disposed to bleeding from tissues such as the
urinary tract, nose, oral cavity, or tonsils that are subjected to localized increased
fibrinolytic activity (14). Thus, although contact factors (factor XII and other as-
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FiG. 2. Generation of tenase and prothrombin complexes. PPL represents the anionic phospholipid
surface provided by the platelets (platelet phospholipid). Cleavage of prothrombin by the prothrombi-
nase complex results in the formation of thrombin and the release of a small fragment called pro-
thrombin fragment 1.2 (PF1.2).

sociated proteins) are critical for the clotting of blood in vitro in a test tube, they
are less significant in the initiation of clotting in vivo.

Thrombin converts fibrinogen into fibrin monomers, which in turn are cross-
linked when thrombin activates the enzyme factor XIIl. Fibrinogen itself is
uniquely structurally suited to form the polymerized network when acted upon by
thrombin. It is a disulfide-linked molecule that contains two A, two BB, and two
gamma (y) chains. Indeed, the six polypeptide chains are held together by 29 disul-
fide bonds. It is a 340-kDA molecule. Thrombin acts on the Aa chain at position
16 to generate fibrinopeptide A (FPA) and the « chain. It also cleaves the B chain
at position 14 to generate fibrinopeptide B (FPB) and the {3 chain. Figure 3 illus-
trates the fibrinogen molecule and the formation of FPA and FPB. The cleavage of
FPA permits end-to-end fibrin polymerization. The cleavage of FPB, in contrast,
occurs at a considerably slower rate (15). The removal of FPB facilitates side-to-
side polymerization of the end-to-end linked fibrin monomers. Thrombin targets
just 2 of the arginine—glycine bonds out of 181 arginine—lysine peptide bonds in
effecting the removal of FPA and FPB. Both the highly electropositive fibrinogen
recognition exosite on thrombin and the active site (apolar binding site near the
catalytic site) contribute to the specificity of thrombin’s cleavage of FPA and FPB
(16). Figure 4 depicts the sites on the thrombin molecule involved in the interac-
tion with fibrinogen. Subsequent to the removal of FPA and FPB, cross-linking of
the monomers occurs through the activation of factor XIII (XIIla), a transglutam-
inase enzyme, resulting in the formation of a firm fibrin clot. A molecule of am-
monia is released in this process. The catalyzation of the cross-linking of the o and
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+ chains of fibrin by factor XIII results in the formation of high-molecular-weight
a-polymers and y-dimers. The resulting fibrin clot is rendered resistant to the fi-
brinolytic action of the enzyme plasmin, due to the fact that factor XIIIa also cross-
links the o,-plasmin inhibitor (a.-PI) to the fibrin a-chains (17). Figure 5 depicts
the coagulation pathway as currently understood.

2.3. CONTRIBUTION OF LEUKOCYTES TO COAGULATION

When a blood vessel breaks, the body literally sounds an alarm and recruits
leukocytes to the affected site. Monocyte-macrophages express procoagulant ac-
tivity, enabling coagulation to be effected on their surface (18). In addition, vari-
ous agonists such as phorbol esters, prostaglandins, endotoxin, and complement
can elicit procoagulant activity in monocytes (19). Coagulation can also be elicit-
ed on the surface of neutrophils and lymphocytes (20, 21).

Thrombin molecule

Apolar Catalytic

blgﬁ:g site Anion
binding
exosite

FIG. 4. Sites on the thrombin molecule involved in the interaction with fibrinogen.
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2.4. INHIBITORS OF COAGULATION

Circulating serine proteinase inhibitors (SERPINs) such as antithrombin III
(ATIII), heparin cofactor 11, and proteinase nexins 1 and 2 function as endogenous
inhibitors of coagulation, thus serving to regulate the process. ATIII inhibition of
thrombin requires binding of heparin with more than 18 saccharide chains to both
ATTII and thrombin in order to bring the two molecules closer together in a ternary
complex (22). In contrast, inhibition of factor Xa by ATIII requires a conforma-
tional change at the active site upon binding to heparin, which can even be medi-
ated by a pentasaccharide chain of heparin (23).

Heparin cofactor II, when activated by binding to glycesaminoglycans (der-
matan sulfate, heparins, and heparin), inhibits thrombin (24). The 43-kDa serpin,
proteinase nexin 1, possesses 30% sequence homology with ATIII and can be ac-
tivated by binding to heparin to inhibit several serine proteinases including throm-
bin (25). Proteinase nexin 2 is found within the platelet a-granule and is released
when platelets are activated (26). It is able to inhibit factor XIa.

Tissue factor pathway inhibitor (TFPI), a 42-kDa protein with three Kunitz do-
mains, is a potent inhibitor of coagulation. It inhibits tissue factor—factor Vlla
complex upon binding to the active site of Kunitz domain one. Factor Xa is in-
hibited upon binding to the active site of the second Kunitz domain of TFPI (27).
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A major portion of TFPI is bound to the endothelial surface and can be released
from the cells by heparin (28). Platelets contain very smail amounts of TFP1, which
are released when platelets are activated (29). Figure 6 illustrates the mechanism
of inhibition by TFPL.

3. Basic Concepts of Fibrinolysis

The binding of thrombin to a receptor protein called thrombomodulin on the en-
dothelial cell membrane of the exposed blood vessel abolishes its procoagulant ac-
tivity (15). Instead, it activates protein C, which in turn binds to protein S on near-
by platelet and endothelial cell membranes to inactivate coagulation factors V and
VIIL. The protein C—protein S complex also activates tissue plasminogen activa-
tor (t-Pa), which in turn converts plasminogen to plasmin. Both the fibrin clot and
the residual fibrinogen monomers are converted to smaller fragments by the en-
zyme plasmin. These fibrinogen—fibrin degradation products (FDP—fdp) are
called X, Y, D, and E. Fragments X and Y are further cleaved by plasmin to pro-
duce two D fragments and one E fragment.

A type I transmembrane protein called endothelial cell protein C receptor
(EPCR), which is expressed at high levels exclusively on a subset of endothelial
cells, has also been identified. EPCR has a role in the protein C pathway (30).
EPCR binds to both protein C and activated protein C (APC) with equal affinity.
Activation of protein C presumably requires interaction of the protein C—-EPCR
complex with the thrombin—thrombomodulin complex. APC that is formed as a
result of this interaction is reversibly bound to EPCR until it dissociates to react
subsequently with protein S. The APC—protein S complex inactivates activated
factor V (Va).

Although the fibrinolytic pathway is activated when thrombin binds to throm-
bomodulin, the thrombin—thrombomodulin complex, in addition to activating pro-
tein C (APC), activates a fibrinolysis inhibitor called the thrombin-activatable fi-
brinolysis inhibitor (TAFL ). Thus plasmin generation and, in turn, fibrinolysis are

Endothelial cel
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F1G. 6. Mechanism of inhibition of tissue factor pathway inhibitor (TFPI). Kunitz domain 1 (D1)
inhibits TF—VIIa complex. Domain 2 (D2) inhibits Xa.
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modulated by TAFI, (31). Figure 7 summarizes our current concept of the protein
C pathway.

Plasminogen is synthesized by the liver. Its nominal concentration in plasma is
approximately 20 mg/dl. For fibrinolysis to occur efficiently, plasminogen that is
referred to as glutamic plasminogen (Glu-plasminogen) has to undergo a change
in conformation. This occurs when Glu-plasminogen is activated by activators (t-
PA, urokinase) to Glu-plasmin. Glu-plasmin in turn hydrolyzes the Lys-77/Lys-78
bond in the Glu-plasminogen molecule to convert the latter to lysine plasminogen
(Lys-plasminogen). Apparently, Lys-plasminogen has a conformation more read-
ily accessible than that of Glu-plasminogen to the plasminogen activators to con-
vert it to active plasmin (32). The actual conversion of Glu-plasminogen to Lys-
plasminogen is effected when the former interacts with fibrin monomers that have
polymerized and have become cross-linked through fragment D domains. This in-
teraction, although it is moderately weak, is stronger than the binding of Glu-plas-
minogen to fibrinogen. Both high- and low-affinity lysine binding sites on Glu-
plasminogen are responsible for binding to polymerized and cross-linked fibrin.
The fragment E domain of fibrin apparently interacts with the high-affinity lysine
binding site of Glu-plasminogen. However, when one of the weaker lysine bind-
ing sites on Glu-plasminogen interacts with the fibrin fragment D domain, the con-
formation of Glu-plasminogen is modified to appear more like that of Lys-plas-
minogen. As a result of this conformational change, Glu-plasminogen is activated
by plasminogen activator to Glu-plasmin. The latter in turn transforms free or fi-
brin-bound Glu-plasminogen to Lys-plasminogen (33).

The lysine binding sites on free Lys-plasminogen or free Lys-plasmin are sus-
ceptible to inhibition by a, plasmin, the primary inhibitor of plasmin, because
these sites are not protected by interaction with fibrin. However, when Lys-plas-
minogen is tightly bound to the fragment E domain, it is rapidly activated by the
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Fi6. 7. Our current understanding of the protein C pathway. V. and VIII, represent inactivated fac-
tors V and VIII, respectively. For an explanation of other abbreviations see text.
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plasminogen activator urokinase to active plasmin, thereby shielding it from au-
tolysis (33). The fibrinolytic action of plasmin is accomplished with the formation
of various complexes consisting of D-dimers, fragment D, and fragment E. Thus
D-dimers represent the lysis product of cross-linked fibrin. Figure 8 summarizes
the changes that occur in the conformation of the Glu-plasminogen molecule that
lead to the generation of active plasmin.

It should be noted that the fragments resulting from the action of plasmin have
biological activity (34). For instance, fragment X, like the fibrinogen molecule,
can effect ADP-induced platelet aggregation and can also be acted upon by throm-
bin to produce a clot. Coagulation as determined by the thrombin clotting time as-
say can be inhibited by fragments D and Y. Fragments D and E can stimulate fi-
brinogen synthesis by the liver (35). Figure 9 summarizes steps in the formation
of fibrinogen—fibrin degradation products.

3.1. FIBRINOLYSIS ACTIVATORS

Tissue-type plasminogen activators (t-PAs) and urokinase-type plasminogen ac-
tivators are two of the well-recognized extrinsic plasminogen activators. The
cleavage of the Arg-560/Val-561 bond (Arg560/Val561) of plasminogen by either
of these two types of activators results in the activation of plasminogen.

The 68-kDa t-PA molecule, although synthesized as a single chain, undergoes
modification to result in A and B polypeptide chains connected by a single disul-
fide bridge (36). This modification is mediated by factor Xa, tissue kallikrein, and
directly on the surface of a thrombus by plasmin (37). The affinity of the A chain
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FiG. 8. Conformational changes in the Glu-plasminogen molecule leading to the generation of ac-
tive plasmin.
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FIG. 9. Steps in the formation of fibrinogen—fibrin degradation products. The approximate molec-
ular masses of fibrinogen degradation products in kilodaltons (KDa) are indicated.

of t-PA for fibrin is due to the presence of lysine binding sites on that chain. The
active site of t-PA is located in the B chain. The binding of t-PA to fibrin followed
by binding to plasminogen to form a ternary complex is a device to activate plas-
minogen selectively at the site of the thrombus, thus avoiding the activation of cir-
culating free plasminogen, because in the absence of fibrin, t-PA is a poor activa-
tor of Glu-plasminogen. The release of t-PA by the vascular endothelium is
mediated by a wide range of physiological stimuli varying from exercise and ve-
nous stasis to vasoactive substances such as desamino-8-D-arginine vasopressin
(DDAVP), vasopressin (AVP), and catecholamines, to list a few (36, 37).

The urokinase-type plasminogen activator (u-PA or UK) is secreted mainly, al-
though not exclusively, by the renal parenchymal cells. It is first synthesized as a
54-kDa single chain precursor molecule called prourokinase (scu-PA or pro-UK).
The cleavage of the Lys-158/1le-159 bond by factor XII, kallikrein, or plasmin re-
sults in the formation of the active form of the molecule called high-molecular-
weight urokinase (HMW-UK). The HMW-UK has A and B chains connected by a
disulfide bridge. The HMW-UK is further degraded by uroplasmin, among other
enzymes in urine, to a 32-kDa low-molecular-weight form (LMW-UK).

The fibrinolytic activity of scu-PA is more efficient than that of either LMW-
UK or HMW-UK. Apparently, fibrin within a clot neutralizes an inhibitor in plas-
ma that normally hinders binding of scu-PA to plasminogen, thereby facilitating
binding of scu-PA to Glu-plasminogen and its resultant activation (37, 38). A cell
surface receptor for scu-PA has been implicated in the activation of plasminogen
and the internalization and degradation of u-PA complexed to inhibitors (39).
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In addition to the two types of endogenous extrinsic plasminogen activators
such as t-PA and u-PA, other endogenous intrinsic activators of plasminogen are
present. An example of such an activator is the coagulation factor XIla, which can
activate plasminogen either directly or indirectly through the activation of
prekallikrein or factor XI, resulting in plasmin generation and fibrinolysis (37).
Thus the so-called contact system consisting of proteins high-molecular-weight
kininogen (HK), prekallikrein, and factor XII actually have a role in initiating fi-
brinolysis, in contrast to the traditionally held view that they were required to ini-
tiate coagulation (40). Binding of prekallikrein to HK on the endothelial cell sur-
face results in its conversion to kallikrein. The latter can convert single-chain
urokinase to two-chain urokinase, resulting in a 4.3-fold increase in the activation
of plasminogen (40).

An exogenous plasminogen activator that has been used in clinical trials as a
fibrinolytic agent is the 53-kDa single-chain polypeptide called streptokinase
(SK). It forms a complex with plasminogen on an equimolar basis. The resulting
156-kDa streptokinase—plasminogen complex (plg—SK) converts Glu-plasmino-
gen to Glu-plasmin (41).

3.2. FIBRINOLYSIS INHIBITORS

Specific inhibitors are present in plasma for the inactivation of plasmin and plas-
minogen activators. a,-Antiplasmin and o,-macroglobulin are inhibitors of plas-
min, Several types of plasminogen activator inhibitors (PA inhibitors) are present
(42). The endothelial cell-type plasminogen activator inhibitor 1 (PAI-1) is syn-
thesized by endothelial cells and hepatocytes. It is also located within the a-gran-
ule of platelets. Upon release by endothelial cells or hepatocytes, PAI-1 is de-
posited in the cell substratum attached to the extracellular matrix, where it is
apparently stabilized by complex formation with vitronectin (37, 43). Virtually
more than 95% of circulating t-PA is complexed with PAI-1. A large interindivid-
ual variation ranging from 0.0 to 1.3 nM is seen in the plasma concentration of
PAI-1 in healthy individuals (42). PAI-1 can inhibit both single- and two-chain t-
PA and two-chain u-PA.

Plasminogen activator inhibitor type 2 (PAI-2) is present in human placenta and
monocytes (37, 42). The single-chain inhibitor molecule (sPAI-2) inhibits both
two-chain u-PA and two-chain t-PA. Its inhibition is 10 times greater for two-chain
u-PA compared with two-chain t-PA and it inhibits. single-chain t-PA only mini-
mally (37). Plasma concentrations of PAI-2 up to 2 pM have been observed in the
third trimester of pregnancy (42).

Other plasminogen activator inhibitors are PAI-3, which is believed to be iden-
tical to the activated protein C inhibitor, and proteinase nexin 1, found in the renal
epithelial cells, cytosol of fibroblasts, and cardiac myocytes (37, 42, 44, 45).
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Kallikrein, which activates prourokinase, is inhibited by complement I! esterase
inhibitor (C!1-INH).

4. Anticoagulant Therapy

4.1. CONVENTIONAL HEPARIN

Heparin has been used as an anticoagulant for a variety of clinical conditions
ranging from the treatment of myocardial infarction to venous thrombosis (46, 47).
It does not cross the placenta. Hence, it lends itself for use as an anticoagulant in
pregnancy (48). Because of its mode of clearance from plasma by receptor-medi-
ated uptake by macrophages and endothelial cells and also by the kidney, a linear
relationship between the dose used in the therapeutic range and the anticoagulant
effect cannot be predicted (49). Conventional or unfractionated heparin has a mol-
ecular mass ranging from 3 to 30 kDa with a mean of 14 kDa (49). In addition to
its anticoagulant effect, it has a wide range of biological effects including binding
to human monocytes, platelet factor 4 (PF4) and other chemokines, and histidine-
rich glycoprotein (50, 51). Not only is the bioavailability of conventional heparin
decreased by interactions with substances such as PF4 but also its size is a hin-
drance to its efficient absorption when administered subcutaneously. The interac-
tion of PF4 with heparin can also result in a low platelet count (heparin-Induced
thrombocytopenia). The bioavailability of heparin is very high when 30,000 units
of heparin is administered by continuous intravenous infusion (49).

4.2. Low-MOLECULAR-WEIGHT HEPARINS

The limitations of conventional heparin have led to the introduction of low-mol-
ecular-weight heparin fractions ranging in size from 1 to 10 kDa with a mean of 4
t0 5 kDa (49). These low-molecular-weight heparins (LMWHs) are prepared from
conventional heparin either by chemical methods ranging from treatment with ni-
trous acid to peroxidative cleavage or by enzymatic methods such as the use of he-
parinase. Because only 25—-50% of the various LMWHSs contain more than 18 sac-
charide units, they act primarily by binding to ATIII through the pentasaccharide
sequence and inhibit factor Xa, with less effect on thrombin. In contrast, unfrac-
tionated heparin with more than 18 saccharide units has equal anti-Xa and an-
tithrombin activity (49).

The increased bioavailability of LMWHs together with their limited interactions
with platelets and other plasma proteins lends itself to once-a-day dosing, in con-
trast to two or more injections needed with conventional heparin. Thus, unlike con-
ventional heparin, which needs frequent monitoring with the activated partial



148 SHESHADRI NARAYANAN AND NAOTAKA HAMASAKI

thromboplastin time (APTT) assay, LMWH levels do not require daily monitor-
ing (52). LMWHs have been proved to be effective in the treatment of deep ve-
nous thrombosis (53).

4.3. ORAL ANTICOAGULANT THERAPY

4-Hydroxycoumarin compounds are vitamin K antagonists. Vitamin K is re-
quired for the conversion of glutamyl to the y-carboxyglutamyl group (y-car-
boxylation) in vitamin K—dependent clotting factors such as factors II (prothrom-
bin), VII, IX, and X and the natural anticoagulant proteins C and S. The reduced
form of vitamin K, KH, a hydroquinone, is involved in the catalysis of the car-
boxylase enzyme in the presence of carbon dioxide and molecular oxygen. In the
initial step of the reaction, KH, is oxidized to vitamin K epoxide. Two other en-
zymes, vitamin K epoxide reductase and vitamin K quinone reductase, are im-
plicated in the continual supply of KH, to maintain the y-carboxylation reaction.
Vitamin K epoxide reductase regenerates vitamin K from vitamin K epoxide. Vi-
tamin K (the quinone form) is reduced by vitamin K quinone reductase to regen-
erate KH, required for the y-carboxylation reaction. y-Carboxylation is a prereq-
uisite for calcium binding of vitamin K-dependent coagulation proteins and
subsequent anchoring to the platelet phospholipid surface (54).

4-Hydroxycoumarin compounds such as warfarin sodium (Coumadin), phen-
procoumon, and acenocoumarol function by inhibiting vitamin K epoxide reduc-
tase and possibly also vitamin K quinone reductase (55). An anticoagulant effect
is achieved by the inhibition of vitamin K—dependent coagulation factors. Oral an-
ticoagulant therapy, monitored by the prothrombin time (which is sensitive to de-
ficiency of factor II, VII, and X), has been widely used for the treatment of a wide
range of clinical conditions ranging from deep vein thrombosis to myocardial in-
farction (56). Because the oral anticoagulant drugs cross the placenta, they should
not be used during the first trimester of pregnancy and, if possible, should be avoid-
ed through the duration of pregnancy (56).

The risk of bleeding is related to the intensity of oral anticoagulant therapy,
which can be reduced by decreasing the dose of the oral anticoagulant. Serious
bleeding is encountered with a combination of high-dose aspirin at more than 1
g/day and high-intensity warfarin therapy (56). The inhibitory effect of aspirin on
platelet function contributes to the risk of bleeding.

The optimal therapeutic range for oral anticoagulant therapy as determined by
prothrombin time is expressed in terms of the international normalized ratio (INR).
The INR is the prothrombin time ratio (patient’s prothrombin time divided by the
mean of the normal prothrombin time) that would have been obtained had a World
Health Organization reference thromboplastin preparation been used to determine
the prothrombin time. The sensitivity of the various reagents (thromboplastins)
used to determine the prothrombin time is related to the international sensitivity
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index (ISI), which is a measure of the slope of the line (¢) when INR on a log scale
is plotted versus the patient’s prothrombin time ratio (PT ratio) obtained with a
specific thromboplastin. Thus INR = (PT ratio)“, where ¢ = ISI. Reagents with a
lower IS are more sensitive. Maintenance of less intense oral anticoagulant ther-
apy is indicated by an INR range of 2.0 to 3.0, whereas a more intense therapeu-
tic regimen corresponds to an INR range of 2.5 to 3.5 {56).

4.4, THROMBIN INHIBITORS

The most potent thrombin inhibitor is hirudin, originally isolated from the sali-
vary glands of the medicinal leech Hirudo medicinalis. Its inhibition constant is in
the femtomolar (10~ 13 M) range (57). It is a 65-amino-acid tyrosine-sulfated sin-
gle-chain polypeptide. Recombinant hirudin differs from native hirudin by the ab-
sence of the sulfate group on tyrosine 63 (Tyr-63) and is referred to as desulfato
hirudin. The loss of this sulfate group reduces the thrombin inhibitory potency by
10-fold.

Both the amino and carboxy terminal regions of hirudin are involved in the in-
teraction with thrombin. The amino terminal region of hirudin binds to the apolar
binding site of thrombin. The highly acidic carboxy terminal region of hirudin re-
acts with the anion binding exosite on thrombin that is needed for the binding of
thrombin to fibrinogen. The interaction of hirndin with thrombin is a two-step
process. Initially, an ionic interaction takes place that is diffusion controlled. Sub-
sequently, the thrombin—hirudin complex rearranges itself to effect tight binding
(58). Indeed, hirudin has been visualized as wrapping itself around the thrombin
molecule, thus blocking the various sites responsible for the multiple functions of
thrombin (59).

The coupling of hirudin to polyethylene glycol (PEG) increases its half-life.
PEG-hirudin is also less susceptible to proteolytic degradation (60).

Carboxy terminal portions of hirudin corresponding to amino acids 53 to 64
have been synthesized to bind the anion-binding exosite of thrombin. One such
compound, called Hirugen, was originally designed to inhibit fibrinogen binding
to thrombin, leaving the catalytic site free for interaction with ATIII either alone
or in the presence of heparin (58).

Bivalent inhibitors of thrombin have been synthesized to bind the anion-bind-
ing exosite and active (catalytic) site of thrombin simultaneously. By coupling the
carboxy terminal fragment of hirudin to a tripeptide (D-Phe-Pro-Arg) by includ-
ing a spacer molecule, both the anion exosite and the catalytic site are blocked. An
example of such a molecule is Hirulog, which has 20 amino acids and has a K, of
2 nM (61). Its ability to block the active site has been questioned, since thrombin
has been shown to cleave the Arg—Pro bond of Hirulog slowly in vivo (58). In ad-
dition to hirudin and hirudin-like compounds, three other classes of site-directed
thrombin inhibitors deserve mention.
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Synthetic heterocyclic and modified amino acid derivatives have been grouped
in a class of thrombin inhibitors called peptidomimetics. An example of such a
compound is argatroban, with a molecular mass of 532 Da. It blocks thrombin’s
active catalytic site by binding to the adjacent apolar binding site. This selective
reversible inhibitor of thrombin has a K, of 19 nM and blocks thrombin’s role in
coagulation and fibrinolysis (62).

A group of peptide derivatives such as peptide arginals and boronic acid pep-
tide derivatives belong to another class of reversible thrombin inhibitors. One such
inhibitor is PPACK (D-Phe-Pro-Arg chloromethy! ketone), which functions as a
powerful irreversible thrombin inhibitor by alkylating the histidine residue at the
catalytic site of thrombin (58). It, however, is unstable in neutral solution, as it un-
dergoes cyclization and inactivation. However, the D-methyl derivative of D-Phe-
Pro-Arg-H (D-Mephe-Pro-Arg-H) called efegatran, with a molecular mass of 515
Da, is a stable selective reversible inhibitor of thrombin with a K, of approximately
100 nM. The basic amino terminus in this compound is responsible for promoting
the specificity toward thrombin (63).

DNA- and RNA-derived oligonucleotides (either double- or single-stranded
DNA or single-stranded RNA) can bind and inhibit thrombin. These oligonu-
cleotides are referred to as aptamers (64). Some of the RNA-based aptamers have
a high affinity for thrombin (65). Of special interest is a heterogeneous compound
called defibrotide, which consists of several single-stranded DNA fragments with
a molecular mass ranging from 2000 to 30,000 Da. Its antithrombotic effects may
apparently be related to its ability to increase cAMP levels and the release of tis-
sue factor pathway inhibitor (TFPI), thus interacting with platelets and endothe-
lial cells (66, 67). Table 2 presents a list of thrombin inhibitors together with their
properties.

Direct thrombin inhibitors such as hirudin, Hirulog, the peptide aldehyde efe-
gatran, and peptidomimetic compound argatroban have undergone clinical trials.
Their application in the prevention and treatment of deep vein thrombosis contin-

TABLE 2
THROMBIN INHIBITORS
Approximate
Inhibitor molecular mass (Da) Inhibition constant (K,)
Hirudin 7000 Femtomolar range
Hirulog (bivalent inhibitor) 20 amino acids 2nM
Argatroban (peptidomimetics) 532 19 1M
Efegatran (peptide arginals) 515 100 ;M
Defibrotide (aptamers: Single-stranded DNA nM range
DNA-or RNA-derived fragments ranging

nucleotides) from 2000 to 30,000
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ues to be examined. Their obvious application in heparin-compromised patients
with heparin-induced thrombocytopenia rests on the outcome of several clinical
trials that are in progress.

4.5. PLATELET INHIBITORS

The widely used platelet inhibitor aspirin or acetylsalicylic acid, by acetylating
the enzyme cyclooxygenase, inhibits platelet function by preventing the formation
of thromboxane A, and the synthesis of prostaglandin L, (PGL,) (68). Aspirin has
been used in combination with other antiplatelet agents such as ticlopidine, which
inhibits ADP-induced platelet aggregation (69).

A short-acting platelet inhibitor called dipyridamole functions by maintaining a
high level of cAMP within the platelets by inhibiting the enzyme phosphodi-
esterase, which would otherwise degrade cAMP. It also raises the adenosine con-
centration in plasma by decreasing its cellular uptake and degradation (70).

Prostacyclin and its analogues also function by increasing the level of platelet
cAMP, presumably by activation of the enzyme adenyl cyclase. A chemically sta-
ble analogue of prostacyclin called Hoprost has been effective in preventing con-
sumption of platelets (71).

Drugs targeting specific sites of platelet activation have been developed. Drugs
that act as glycoprotein IIB/Illa receptor antagonists target the RGD
(arginine—glycine—aspartic acid) recoguition site involved in the binding of fi-
brinogen. Several compounds, including monoclonal antibodies, have been de-
veloped to target GPIIb/Illa receptors, and thus effectively prevent platelet ag-
gregation (72).

Drugs that target other sites of platelet action include thromboxane synthetase
inhibitors, serotonin or 5-hydroxytryptamine (5-HT,) receptor blockers, and
thromboxane A, receptor blockers, in addition to cyclooxygenase inhibitors and
prostaglandin analogues.

5. Clinical Aspects

5.1. MOLECULAR DEFECTS

In recent years the molecular and genetic basis for coagulation abnormalities
has been extensively studied. The congenital deficiency of the platelet glycopro-
tein Ib/V/IX complex (GPIb/V/IX), which is a receptor for von Willebrand fac-
tor (vWF) and thrombin, has been implicated in the Bemard—Soulier syndrome
(BSS). The characteristics of this rare autosomal recessive genetic disorder are the
presence of abnormally large platelets noted on peripheral blood smears, pro-
longed bleeding time, and thrombocytopenia. Mutations in the glycoprotein Iba
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coding sequence have been reported in BSS (73, 74). In one patient a dinucleotide
deletion in the GPIba gene resulted in deficiency of GPla on the surface of the
platelet membrane (75). This patient was homozygous for the deletion mutation.
Heterozygous mutations with one allele showing an insertion of a single base and
another allele accounting for a deletion of a single base were reported in another
BSS patient, resulting in deficiency of GPIba (75). Mutations in the GPIX gene
contributing to the absence of GPIX have been reported (76). A variant form of
BSS has been described in which GPIb/V/IX complex is present, with impair-
ment, however, in the aggregation of platelets in response to ristocetin (77). In this
variant form of BSS, a point mutation in the platelet GPIba leucine tandem repeat
region has been reported (77). Deletion in a chromosomal region resulting in a de-
ficiency of GPIbB has been reported in a BSS patient (78). Thus, the sequential
assembly to the platelet surface membrane of GPIbB, GPIX, GPIba, and GPV to
produce the GPIb/V/IX complex can be compromised by a range of molecular de-
fects in BSS (75).

A number of abnormalities in the fibrinogen molecule have been described in
the literature and are referred as dysfibrinogenemias. A mutation from arginine to
cysteine at residue 14 of the BB chain has been noted in fibrinogen Chirstchurch
I and fibrinogen Seattle. As a result of this mutation, the release of fibrinopeptide
B (FPB) by thrombin is impaired and thrombin and reptilase clotting times are pro-
longed (79). The deletion of the Bf 9-72 region results in a molecule called fi-
brinogen New York I, which is also characterized by prolonged thrombin and rep-
tilase times (80). An abnormal fibrinogen called fibrinogen Fukuoka II is
characterized by the substitution of glycine for cysteine at residue 15 of the BB
chain (79). The release of FPB by thrombin is impaired in this molecule with the
abolition of fibrin monomer repolymerization under physiological conditions.
Thrombin and reptilase clotting times were also prolonged in fibrinogen Fukuoka
II. In contrast, similar substitution of glycine for cysteine at residue 15 of the B
chain (as in fibrinogen Fukuoka II) reported in fibrinogen Ise resulted in a pro-
longed thrombin time but a normal reptilase time (81). This discrepancy between
fibrinogen Fukuoka II and fibrinogen Ise is not clear, but presumably additional
mutations may be involved in the fibrinogen Ise molecule (79).

Mutations in the antithrombin (AT) gene have been the basis of AT deficiency.
In type I AT deficiency the level of circulating protein molecule and activity are
reduced to nearly 50% of normal. Molecular defects in the AT gene resulting in
gene deletions at specific DNA sequences may be the basis for type I AT deficiency
predisposing such patients to thrombosis (82).

Eighty distinct mutations in type I AT deficiency, ranging from single nucleotide
substitutions, to deletion or insertion of a small number of nucleotides of 22 base
pairs or less, to major deletions of either a part of or the entire AT gene, have been
recognized (83).

Type I1 AT deficiency comprises mutations that affect the interaction of AT with
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its target protease enzymes (83). AT mutations can also compromise its binding ef-
ficiency to heparin (83).

Two point mutations in the prothrombin gene have been described in a patient
with a severe bleeding tendency (84). By far the most widely described molecular
defect is in the factor V molecule. Replacement at nucleotide 1690 of guanine by
adenine in the factor V gene results in a change from arginine to glycine at posi-
tion 506. This mutation has been referred to as factor V Leiden (85). This mutat-
ed factor V is resistant to inactivation by activated protein C (APC). APC resis-
tance is rare among Asians and absent from native Africans, Australians, and
Americans, but its incidence in the European population is relatively high (85, 86).
APC resistance has been noted in 21 to 60% of thrombotic patients as well as 3 to
10% of healthy European subjects. Data on patients who are homozygous for fac-
tor V Leiden mutation indicate that they have far less severe thrombotic compli-
cations than patients with mutations responsible for homozygous protein C and
protein S abnormality (87). One explanation is that the factor V Leiden mutation
affects only one of the three cleavage sites of activated factor V (Va). Thus, in the
absence of cleavage at position 506, factor V inactivation by protein C is not abol-
ished but is 10-fold less compared with normal factor V. Furthermore, in contrast
to patients with protein C or protein S abnormalities, in patients with factor V Lei-
den mutation, the inactivation of factor VIII is unimpaired (87).

A G (guanine) to A (adenine) transition in position 20210 of the prothrombin
gene (prothrombin 20210 A allele) has been described that leads to increased pro-
thrombin concentrations and, in turn, increased risk for venous thrombosis (88).
This G-to-A transition that occurs in the 3’ untranslated region of the gene may
not be the only reason for increased prothrombin concentrations because appar-
ently only 25% of individuals with prothrombin concentrations greater than 115%
carry the prothrombin 20210 A allele (88).

More than 160 different mutations have been described for the protein C gene,
which has nine exons ranging in size from 53 to 587 base pairs, separated by 8 in-
trons ranging in size from 92 to 2668 base pairs (89). These mutations can result
in a defective or even absent protein C molecule. Mutations that lead to reduced
amounts of protein C molecule without accompanying evidence for an abonormal
protein C molecule in the circulation are characterized as causing type I deficien-
cy. Type II deficiency is represented by mutations that lead to the production of
more or less normal amounts of defective protein C molecule (89).

Homozygous protein C deficiency can cause life-threatening thrombotic syn-
dromes immediately after birth.

Individuals with heterozygous protein C deficiency are seven times more like-
ly to be afflicted with venous thrombosis than normal individuals. A combination
of protein C deficiency with a mutation in the factor V gene (factor V Leiden) car-
ries a much greater risk for venous thrombosis than the presence of only one of
these conditions (89).
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The active protein S gene (PROST) has 15 exons. Approximately 70 different mu-
tations have been identified in the protein S gene (PROST) (90). Screening of con-
secutive patients with low protein S levels with unexplained thrombosis uncovered
a mutation in the protein S gene in 70% of cases (type I deficiency) (91). Whereas
mutations in patients with type I deficiency were distributed throughout the coding
sequence of the protein S gene, patients with type III protein S deficiency had mu-
tations confined to a particular domain (sex hormone—binding globulin homologous
domain) within exons XII, XIII, and XIV (91). Of the protein S gene mutations as-
sociated with type III deficiency, 82% involve a single mutation substituting serine
460 for proline resulting in abnormal binding of the altered protein S molecule to the
complement C4b-binding protein and low free protein S levels (91). However, half
of the patients who had the serine 460 to proline mutation in the protein S gene and
unexplained thrombosis also had a defect in either the factor V gene (factor V Lei-
den) or the protein C gene, suggesting that a combination of genetic alterations may
be operative in triggering the thrombotic episode (91).

Without going into the molecular defects in other coagulation factors, suffice it
to say that our current understanding of mechanisms leading to the clinical ex-
pression of thrombosis and bleeding has been enhanced by the knowledge of such
mutations.

5.2. LABORATORY ASSESSMENT OF HEMOSTATIC ACTIVATION

Sensitive molecular markers can be used for the assessment of activation of co-
agulation that has occurred in vivo. The activation peptides released from the zy-
mogen molecules in the coagulation cascade have a relatively longer half-life than
the corresponding enzymes. Hence, the measurement of these markers allows an
assessment of in vivo activation of coagulation. The measurement of prothrombin
fragment 1.2 (PF 1.2) formed when prothrombin is converted to thrombin by the
action of factor Xa during the activation of coagulation is a measure of thrombin
generation in vivo (92). PF 1.2 provides an assesssment of the extent of ongoing
thrombosis. Thrombin can complex with antithrombin-IIl. The measurement of
the thrombin—ATIII complex (TAT) provides an assessment of thrombotic disor-
ders in which the level of TAT would be expected to be increased (92). In contrast,
the measurement of fibrinopeptide A, which is formed when free thrombin acts on
fibrinogen to generate fibrin, is useful in uncovering hypercoagulable states in
which increased thrombin generation is not necessarily associated with increased
thrombin activity (92). Deficiency of AT-III, protein C, and protein S predisposes
to hypercoagulability.

The measurement of plasminogen activator inhibitor-1 (PAI-1), which com-
plexes with tissue plasminogen activator (t-PA) and thus affects the ability of the
latter to activate fibrinolysis, is useful in the assessment of fibrinolytic disorders
(93). The complex formed by the fibrinolytic enzyme plasmin with its inhibitor
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a,-antiplasmin (PAP) is useful in the assessment of fibrinolytic activation, with
increased levels seen not only in patients with primary fibrinolysis but also in those
who have disseminated intravascular coagulation (DIC) (93).

Measurement of a peptide released by the action of plasmin on both cross-linked
and non—cross-linked fibrin, which is called BB 15-42, is useful for the assess-
ment of fibrinolytic activity (94).

By far the most widely measured marker of hemostatic activation is D-dimer,
which is a product formed by the action of plasmin on cross-linked fibrin (95). D-
dimer levels in plasma are generally elevated in DIC. The consumption of platelets
and coagulation proteins as a result of thrombin generation leads to the deposition
of fibrin thrombi at multiple organ sites. This triggers fibrinolysis with an increase
in the formation of fibrin degradation products, which can cause bleeding at mul-
tiple sites. Because DIC can have a variety of causes and may coexist with sys-
temic fibrinolysis, such as in pulmonary embolism or deep vein thrombosis, the d-
Dimer test is not specific for DIC (95).

Release of markers bound to the endothelial cell such as thrombomodulin is in-
dicative of vascular damage. Increased levels of soluble thrombomodulin in plasma
are diagnostic (93). Other endothelium-derived markers such as 6-keto-
prostaglandin F, , which is a metabolite of prostacyclin, are useful in the assessment
of endothelial function, with lower levels indicative of inability to synthesize this
marker due to defective or damaged endothelium through plaque formation (93).

In thrombotic episodes accompanied by activation of complement, C | -esterase
inhibitor is consumed by binding to the C,-esterase that is formed, leading to an
increase in the C-esterase inhibitor complex (93).

The macrophage-derived tumor necrosis factor level in plasma is elevated in
thrombotic conditions associated with malignancy (93). Likewise, mast cell-de-
rived platelet-activating factor levels in plasma are increased in thrombotic con-
ditions accompanied by mast cell activation (93).

A specific immunoassay for measuring two-chain factor VII levels in plasma
has been developed to identify activation of factor VII in patients with acute coro-
nary syndromes suchs as myocardial infarction and unstable angina (12). Because
regulation of factor VII_ is believed to be mediated by tissue factor pathway in-
hibitor (TFPI), its measurement is also useful in assessing thombotic and cardio-
vasular disorders. Because TFPI is released by heparin, its measurement is also
useful in assessing the efficacy of heparin and endothelial cell function (93).

5.3. ANTIPHOSPHOLIPID ANTIBODIES

Antiphospholipid antibodies include lupus anticoagulants (LAs) and anticardi-
olipin (aCL) antibodies. Lupus anticoagulants are immunoglobulins that are char-
acterized by their ability to inhibit phospholipid-dependent coagulation assays. In
contrast, aCL antibodies are measured in an enzyme-linked immunosorbent assay
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(ELISA) in which the antibodies bind to a target lipid, which is usually cardiolipin.
Platelet antibodies directed to phosphatidylserine and phosphatidylinositol are re-
ferred to as anticardiolipin antibodies and their presence is characterized as anti-
cardiolipin antibody—thrombosis syndrome (96).

Whereas 32 glycoprotein 1 (B2-GPI) is the target of anticardiolipin antibodies,
prothrombin is the antigen for most lupus anticoagulants. Both these antibodies
are risk factors for both venous and arterial thrombosis. In addition, complications
such as thrombocytopenia and recurrent miscarriages are manifestations of the so-
called antiphospholipid syndrome (97).

A phenomenon that is induced in vitro upon collection of blood in ethylene-
diaminetetraacetic acid (EDTA) is due to the presence of antibodies in blood that
are reactive to platelets. These antibodies become reactive to antigens such as the
glycoprotein IIb/I11a complex that is hidden within the platelet membrane. EDTA
exposes these antigens upon chelating calcium. The exposed platelet antigen be-
comes modified at low temperature. Hence, this EDTA-induced phenomenon
causes platelet antibodies to agglutinate platelets at low and room temperature but
not at 37°C, since the glycoprotein IIb/Illa complex is dissociated at the higher
temperature. This ir vitro phenomenon is called EDTA-induced pseudothrombo-
cytopenia (98).

5.4. THE StUDY OF PLATELET FUuNCTION BY FLOoW CYTOMETRY

Whereas the in vivo activation of platelets can be evaluated by the measurement
of contents of platelet granules released during activation, such as platelet factor
4 and B-2 thromboglobulin, by immunoassay, flow cytometry permits the mea-
surement of changes in cell surface markers. In clinical conditions such as acute
myocardial infarction, stroke, and peripheral vascular disease, measurement of
platelet activation by flow cytometry can provide useful information, as well as
platelet defects and monitoring of treatment with GPIIb-IIla receptor antagonists
(99). Platelet activation can be studied using as little as 2 pl of whole blood. The
following platelet activation markers are examples of markers that can be studied
by flow cytometry (99).

1. CD41/61 representing the GPIIb-IIla complex, which is a receptor for fi-
brinogen, von Willebrand factor, fibronectin, and vitronectin. This complex is es-
sential for platelet aggregation.

2. CD62P or P-selectin, which is a component of the platelet « granule mem-
brane of resting platelets. It is expressed on the platelet surface membrane only af-
ter a granule secretion. P-selectin mediates the adhesion of activated platelets to
neutrophils and monocytes.

3. CD36 or GP 1V is a marker that is expressed on both resting and activated
platelets. Labeled antibodies can be used that exhibit increased binding to activat-
ed platelets.
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4. CDA42 represents the GPIb-IX-V complex, which is a receptor for von Wille-
brand factor that is critical for the adhesion of platelets to damaged blood vessels.
This marker is down-regulated on activation of platelets.

Of the four markers just mentioned, the expression of P-selectin on the activat-
ed platelets is the most widely studied. However, CD62P may not be the ideal
marker for detection of circulating degranulated platelets, because they may rapid-
ly lose their surface P-selectin but yet may continue to function. The decrease in
the platelet surface expression of the GPIb-IX-V complex (CD42) perhaps repre-
sents a more sensitive marker of in vivo platelet activation. Apparently platelet ac-
tivation related to strenuous exercise is more readily detected using CD42 than
other markers (99).

6. Nonanaiytical Variables Affecting the Laboratory
Evaluation of Hemostasis

Many of the coagulation factors measured by global coagulation tests have lim-
ited stability, and the time and temperature of storage of sample will affect their
measurements. Concepts of analyte stability and half-life in plasma extend to
markers measured by immunoassay. Markers of platelet activation are affected by
artifactual activation in vitro upon collection of the blood specimen. This section
will highlight some of the nonanalytical variables that, if uncontrolled, can lead to
spurious results and thus affect the interpretation of laboratory data.

6.1. PREANALYTICAL VARIABLES AFFECTING GLOBAL COAGULATION TESTS

Preanalytical variables that affect global tests for coagulation such as pro-
thrombin time (PT) and activated partial thromboplastin time (APTT) include the
choice and concentration of anticoagulant, anticoagulant-to-blood ratio, pH, con-
centration of divalent cations, hematocrit, and storage temperature, to mention a
few.

As to the choice of anticoagulant, citrate is preferred to oxalate, because factor
V is more stable in citrate than in oxalate. In addition, citrate rapidly complexes
with calcium, forming a soluble complex, in contrast to the slow formation of the
insoluble complex of calcium with oxalate (100).

Two concentrations of citrate have been routinely used as anticoagulant for tests
such as PT and APTT (either 0.129 or 0.105 M). The effective molarity depends
on whether the dihydrate or the anhydrous citrate salt was used in preparation of
the citrate solution. A 3.2% solution of sodium citrate prepared using the dihydrate
salt is 0.105 M. However, the molarity of a 3.2% solution of sodium citrate pre-
pared with the anhydrous salt is 0.124 M. Similarly, a 3.8% solution of sedium cit-
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rate prepared with the dihydrate salt is 0.129 M, whereas a 3.8% solution of an-
hydrous sodium citrate is 0.147 M (100).

The concentrations of citrate (0.105 or 0.129 M) cannot be interchanged by a
laboratory that is reporting results of prothrombin time in INR units for patients
who are receiving oral anticoagulant therapy. INR values are generally higher
when a responsive PT reagent is used, such as a recombinant thromboplastin that
is similar in sensitivity to World Health Organization thromboplastin (ISI = 1)
(101). Using responsive PT reagents, the differences in INR between the two con-
centrations of citrate can vary from (.7 to 2.7 INR units (101).

Errors will also be introduced in the calculation of INR when a laboratory that
routinely uses 0.105 M citrate occasionally also analyzes a specimen collected
with 0.129 M citrate but uses the mean of the normal range obtained with the for-
mer concentration in the calculation of the PT ratio (101).

For global coagulation tests (PT and APTT) a 1:9 ratio of anticoagulant (sodi-
um citrate, either 0.129 or 0.105 M) to blood is traditionally used. However, if
less blood is collected than the nominal volume required to maintain a 1:9 ra-
tio, the effective concentration of citrate increases, thus seriously affecting the
APTT result. For instance at a 1:7 ratio of anticoagulant to blood there is a sig-
nificant increase in the APTT result compared with the result obtained using the
nominal anticoagulant-to-blood ratio of 1:9. The effect of the anticoagulant-to-
blood ratio on PT is noticeable only when the ratio reaches 1:4.5, which occurs
when the blood collection tube is filled to just less than half of its nominal vol-
ume (100).

The pH of blood is a variable, and loss of carbon dioxide and the resultant
change in pH can be avoided by leaving the stopper of the blood collection tube
in place during processing steps such as centrifugation and storage.

The biphasic effect of divalent cations such as calcium on APTT is well recog-
nized. Thus, whereas the addition of 0.025 M calcium chloride to citrated plasma
has no effect on the APTT result, both higher and lower calcium chloride concen-
trations such as 0.065 or 0.004 M can artifactually elevate the APTT result (100).

Spurious results can also be obtained as a result of zinc ion contamination, with
lower levels (10 mg/L) abolishing the effect of heparin on the APTT result by pro-
ducing a normal APTT result for a heparinized sample. At higher zinc levels (100
mg/L) the APTT results obtained for both heparinized and nonheparinized sam-
ples are increased, thus confounding the clinical picture (100). Zinc ion contami-
nation between 30 and 100 mg/L. can also artifactually increase the PT value (100).

The increase in hematocrit on decreasing the plasma compartment has an effect
of concentrating citrate and thus effectively increasing its concentration in plas-
ma. The extra citrate present in the plasma compartment will complex with calci-
um added during PT and APTT measurements, thereby artifactually elevating both
PT and APTT, because of insufficient calcium. This effect can be minimized by
adjusting the citrate concentration in accordance with the hematocrit value by us-
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ing empirical formulas or by using a higher dilution of anticoagulant to blood, such
as a 1:19 ratio (102).

The storage temperature of a specimen influences the results of coagulation
tests. Generally, when plasma is stored in contact with cells and maintained at 4°C
for up to 7 hours, the PT is not artifactually shortened (103). However, beyond 7
hours factor VII is activated, thereby shortening the PT (104). At room tempera-
ture (25°C), provided the specimen container is well stoppered, the PT has been
shown to be stable for up to 48 hours (104). Even freezing plasma at —20°C and
at —70°C did not activate factor VII. Both PT and APTT results were shown to be
stable in plasma frozen at —20°C for 10 days and at —70°C for 21 days (104).

Factors II, VII, and X are stable in plasma maintained under refrigeration for up
to 6 hours. Plasma refrigerated for 6 hours and subsequently frozen at —20°C and
at —70°C showed no deterioration in the levels of these factors for up to 14 days.
Factor V was stable for 6 hours when plasma was stored at 4°C. However, 20% of
the activity of factor V was lost in plasma stored frozen at —20°C for over 7 days
(104). Even in samples stored frozen at —70°C, 10% of the activity of factor V was
lost after 7 days (104).

The least stable factor is factor VIII, with 10% of activity lost in 4 hours when
plasma is stored at 4°C. Even in plasma stored frozen at —20°C for 3 days, 20%
of the factor VIII activity is lost (104).

Some residual platelets still remain in blood centrifuged for 15 minutes at the
high speeds attainable in ordinary laboratory centrifuges (1800 X g), since the
thrombin clotting time in plasma frozen for 48 hours and thawed to room temper-
ature prior to testing is shortened by 10% (104). However, in blood centrifuged at
11,000 X g there is very little platelet contamination. Tests such as the PT, APTT,
ATIII, fibrinogen, D-dimer, and dilute Russell viper venom test, the last named test
used for the detection of lupus anticoagulants, were reported to be unaffected by
centrifugation at such high speeds (105).

6.2. MINIMIZING /N ViTRO PLATELET ACTIVATION

Measurement of one of the many constituents within the platelet a-granule
which is released upon activation of platelets can be used to assess in vivo platelet
activation. When platelets are activated the contents of a granules such as platelet
factor IV (PF,), beta thromboglobulin (BTG), platelet-derived growth factor
(PDGF), thrombospondin (TSP), fibronectin, fibrinogen, albumin, and factor
VllI-related von Willebrand factor polymers (VIII:vWF) are released. As noted
previously, platelet activation also results in the release of contents of platelet
dense granules such as ADP and serotonin (8).

Various additive mixtures have been proposed for inclusion in blood collection
tubes ta prevent in vitro platelet activation. One formulation involves the use of a
mixture of acid-citrate-dextrose (ACD, 1:5 dilution), 30 pM acetylsalicylic acid
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(aspirin), and 1 uM prostaglandin E, (PGE,). The rationale is that aspirin, by
acetylating and inhibiting the fatty acid cyclooxygenase enzyme in platelets, will
inhibit release of contents of the platelet a-granules and ADP-induced platelet ag-
gregation by preventing the formation of thromboxane A, (106). However, be-
cause of the stability problems associated with PGE, and the need to use ethanol
to dissolve aspirin and PGE |, an alternative inhibitor of platelet aggregation and
release has found application. This additive mixture is called CTAD (citrate, theo-
phylline, adenosine, and dipyridamole) (107). The rationale for the utilization of
CTAD is based on the maintenance of increased intracellular levels of cCAMP,
which is a potent inhibitor of platelet aggregation. Adenosine activates the enzyme
adenyl cyclase leading to increased levels of cAMP. Whereas red blood cells are
a source of free adenosine formed from adenine nucleotides, they also avidly take
up the added adenosine, as a result of which the level of plasma adenosine is low.
The uptake of adenosine by the red cell is inhibited by dipyridamole, thus permit-
ting increased activation of adenyl cyclase by adenosine, resulting in increased
cAMP levels, which, in turn, prevents platelet aggregation and release. The degra-
dation of cAMP by the enzyme phosphodiesterase is inhibited by the theophylline
and to a certain extent by the dipyridamole present in the CTAD mixture. Citrate,
of course, by chelating calcium, functions as an anticoagulant (108).

The CTAD additive mixture has found application in the monitoring of heparin
therapy by either the chromogenic substrate assay or the APTT and in the measure-
ment of platelet markers such as P-selectin (CD62) by flow cytometry (108, 109).

In vitro platelet activation is dependent on the anticoagulant that is used for
blood collection. In one study it was demonstrated that PF levels in platelet-poor
plasma isolated after incubation without any stimuli for 1 hour at 37°C were as fol-
lows: conventional heparin, 1180 ng/ml; hirudin, 469 ng/ml; citrate, 440 ng/ml;
and EDTA, 217 ng/ml (110). EDTA appears to suppress platelet degranulation.
PF, levels obtained with a low-molecular-weight heparin preparation called Frag-
min were, however, comparable to those obtained with hirudin (110).

6.3. PREANALYTICAL VARIABLES AFFECTING ASSESSMENT OF FIBRINOLYSIS

Measurement of nonspecific fibrinogen—fibrin degradation products may be
problematic in patients receiving heparin therapy. The conversion of residual fi-
brinogen to fibrin by thrombin (used together with soybean trypsin, a plasmin in-
hibitor for blood collection) will be slow in the presence of heparin, thus yielding
spuriously high FDP values due to the remaining unconverted fibrinogen (111).
This problem can be circumvented by incorporation of snake venom, also known
as reptilase, which can rapidly convert any residual fibrinogen to fibrin even in the
presence of heparin (111).

A plasmin inhibitor such as aprotinin used for blood collection, while effective
in inhibiting activation of plasminogen by urokinase, is ineffective against the ac-
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tivation of plasminogen in vitro by recombinant tissue plasminogen activator
(rt-PA) (112). Hence, a thrombin inhibitor such as PPACK (D-phenylalanine-
proline-arginine-chloromethyl ketone), together with an anticoagulant such as
EDTA or citrate, is useful if rt-PA therapy is monitored by measurement of FDP
(113). As PPACK is unstable in neutral pH, the blood specimen should be kept cold
(4°C), centrifuged promptly to obtain plasma, and processed without delay or kept
frozen until ready for analysis.

Some physiological variables influence the measurement of fibrinolytic activa-
tors and inhibitors. For instance, both t-PA and plasminogen activator inhibitor 1
(PAI-1) levels in plasma are subject to diurnal variation in a 12-hour period. Even
in samples taken at the same time of day the coefficient of variation (CV) of mea-
sured PAI levels range from 8 to 143%! To account for this diurnal variation, blood
samples spaced over several time intervals during a 24-hour period should be col-
lected. Consumption of alcohol induces the PAI level in plasma. The half-life of
t-PA is 360 seconds. However, in the presence of trauma or inflammation, when
the PAI-1 level is expected to be elevated 10-fold, the half-life of t-PA is reduced
to 36 seconds (114).

Smoking causes an acute increase in t-PA levels. Hence, subjects should refrain
from smoking for at least an hour before collection of blood (114).

Measurement of free t-PA in plasma presents challenges in terms of preventing
t-PA from complexing to PAI-1 released from platelets after blood collection. To
dissociate any preformed t-PA-PAI-1 complex, the anticoagulant pH has to be
close to 3.0. Even if blood is collected with an acidic anticoagulant, the blood pH
will rise because of the powerful buffering action of hemoglobin. Thus, the pH of
plasma has to be adjusted to 3.0 in order to dissociate the t-PA—PAI-I complex
(115).

Molecular methods used to uncover mutations are subject to several variables.
The anticoagulants used for blood collection can affect digestion with restriction
enzymes and amplification reactions. The type of detergent used in cell lysis can
affect amplification of DNA by inhibiting the DNA-amplifying enzyme such as
the taq polymerase used in the polymerase chain reaction (116). The control of
contamination is crucial in ensuring the quality of results obtained by molecular
analysis (117).

Finally, with the use of direct thrombin inhibitors such as hirudin for anticoag-
ulant therapy, laboratory tests such as APTT may not be sensitive enough to fol-
low therapy.

An enzyme purified from venom from the snake Echis carinatus (Ecarin) can
convert prothrombin to meizothrombin. The latter can to a certain extent convert
fibrinogen to fibrin and activate platelets. Since hirudin inhibits meizothrombin as
soon as it is formed, only after all the hirudin has complexed with meizothrombin
can the additional meizothrombin generated convert fibrinogen to fibrin, resulting
in clotting of the sample. Thus the Ecarin clotting time can be used to follow ther-
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apy with direct thrombin inhibitors (118). Figure 10 illustrates the Ecarin-mediat-
ed formation of meizothrombin from prothrombin.

7. Strategy for the Systematic Examination of Thrombophilia

We will conclude this chapter on a personal note, sharing with you a scheme
that has been instituted at the Kyushu University Hospital (119).

After clinical assessment of thrombosis based on clinical history and imaging
techniques such as computed tomography, magnetic resonance imaging, scintilla-
tion analysis, and angiography, a series of basic laboratory tests are performed.
These include platelet counts, prothrombin time, thrombotest, o,-plasmin in-
hibitor activity, euglobulin lysis time, fibrin and fibrinogen degradation products,
thrombin-antithrombin Il complex, and a,-plasmin inhibitor—plasmin complex.
These basic laboratory tests are intended to exclude severe liver dysfunction, dis-
seminated intravascular coagulation, and vitamin K deficiency as causes and also
to evaluate antithrombotic therapy.

The initial laboratory diagnosis is arrived at after measuring the ATIII activity,
anticoagulant activities of protein C and protein S, plasminogen, and fibrinogen
and heparin cofactor II activity and detecting lupus anticoagulants. Plasma con-
centrations of aberrant factors are confirmed immunologically. In addition, the
concentration of C4b-binding protein, protein C amidolytic activity, and progres-
sive ATIII activity are determined. After a diagnosis of thrombophilia is made, ge-
netic analysis is performed to uncover mutations in protein S, ATIII, protein C, and
plasminogen genes to distinguish between inherited and acquired thrombophilia.
When this scheme was used for 115 patients with venous, arterial, and small ves-

Prothrombin
Ecarin
Meizothrombin (inactivated by Hirudin).

% Autocatalysis

Meizothrombin des F1, + Fragment 1

Autocatalysis

v

o - Thrombin

Fi1G. 10. Ecarin-mediated formation of meizothrombin from prothrombin.
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sel thrombosis, approximately 40% of patients were shown to have some defect in
the regulatory system of coagulation. Twenty-three of the 115 patients had de-
creased protein S activity, emphasizing the important role of protein S in the patho-
genesis of thrombosis in the Japanese population. Decreased activity of any fac-
tor in the regulatory system of coagulation could be an etiological cause that
induces thrombosis irrespective of whether the decreased activities of ATIII, pro-
tein C, protein S, and plasminogen were inherited or acquired. Thus the systemat-
ic assessment of thrombophilia was facilitated by employing this comprehensive
scheme of laboratory tests (119).

8. Conclusion

Our concepts of coagulation and fibrinolysis are still evolving. The increasing
use of molecular methods in the laboratory has uncovered new mutations and has
facilitated the understanding of the genetic basis of hemostatic defects. With an in-
creasing armamentarium of laboratory tests for studying defects in coagulation and
fibrinolysis, the importance of recognizing nonanalytical variables that could af-
fect the quality of laboratory results and, in turn, the interpretation of laboratory
data should not be underestimated.
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1. Infroduction

Tumor markers are tumor-associated analytes that are used in patients with
known malignancy (carcinoma, sarcoma, lymphoma, etc., which have been diag-
nosed and confirmed by biopsy). Tumor marker in vitro diagnostic (IVD) tests are
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intended to detect or measure various analytes associated with tumors. A variety
of tumor markers are proposed for three major intended uses: screening, diagno-
sis, and monitoring. For each intended use, performance characteristics need to be
well established. The value of a marker depends heavily on two predominant per-
formance parameters—sensitivity and specificity. These parameters must be es-
tablished with respect to the intended clinical use of the marker. Therefore, it is
important to balance the analytical/clinical sensitivity and the resultant claims for
the test. The Food and Drug Administration (FDA) review and evaluation of a tu-
mor marker test focuses on the intended use and the clinical utility of the marker.
The sponsor must prove all specific claims. The data must support well-designed
scientific and statistical protocols and clinical studies (1-3).

Tumor markers are technically defined as substances that can be measured in
body fluids or tissue to diagnose presence of cancer, to predict prognosis, and to
monitor therapy. These substances may be cellular or bound to cell surface mem-
branes. They may be identified in intact cells by immunohistopathology or flow
cytometry, or they may be released into the circulation and measured by a variety
of testing systems. The clinical utility of tumor markers requires simultaneous
availability of both the marker test and the treatment modalities. Also, the differ-
ent tumor marker tests available can give different results for a variety of reasons,
including poor calibration because of lack of common purified and certified cali-
brator materials, different antibody production and specifications, robustness fea-
tures of immunoassays such as human antimouse antibodies (HAMAs), hook ef-
fects, and variations in reference ranges quoted in the literature. At the same time,
tumor markers are the fastest changing area in the clinical laboratory specialty area
and oncology. This chapter provides an overview of the current state of tumor
marker testing for monitoring purposes and what to expect in the future.

2. Background

The FDA of the U.S. Department of Health and Human Services (DHHS) ad-
ministers the regulatory controls for the Food, Drug, and Cosmetic Act of 1906
and the 1976 and 1990 amendments, which provide approval for commercial dis-
tribution of safe and effective medical devices. The 1976 amendments directed the
FDA to regulate medical devices under control levels that are necessary to ensure
safety and effectiveness. In order to achieve this task, the Medical Device Law un-
der the amendments required the FDA to issue regulations placing all medical de-
vices on the market at that time into one of three regulatory classes:

¢ Class [—General controls
* Class II—Special controls
* Class III—Premarket approval
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Under the Medical Device Law, the FDA was directed to obtain a recommen-
dation from an advisory panel to place each IVD product into one of the three cat-
egories (classes) depending on the regulatory control needed to provide reason-
able assurance of safety and effectiveness (Table 1). In 1982, the final ruling,
published under classification regulations 21 Code of Federal Regulations (CFR)
(Part 866, Subpart G), contained Tumor-Associated Antigen Immunological Test
Systems. Generally, all new tumor markers were placed in class III because of the
advisory panel’s concern about the highly serious consequences of false negatives
or false positives for cancer patients. Tumor markers placed in class 11l needed to
undergo extensive premarket review and evaluation. The regulation requiring the
PMA is in section 515(h) of the Medical Device Law. For example, each manu-
facturer that made a new tumor marker testing system (i.e., carcinoembryonic anti-
gen, cancer antigen 125) submitted a premarket approval application (PMA),
which provided testing data to support their claim that their device is safe and ef-
fective (3).

The Safe Medical Devices Act of 1990, a major revision to the 1976 amend-
ments, among other revised requirements provided two major mechanisms for
bringing an IVD medical device to market: premarket notification and premarket
approval. The act is administered by the FDA’s Center for Devices and Radiolog-
ical Health, of which the Division of Clinical Laboratory Devices (DCLD) is a
part. The premarket notification process is used for devices that can be classified

TABLE 1
CLASSIFICATION OF DEVICES

Category Levels of Control

Class 1 General: Devices require the lowest level of regulation. These devices are
subject to “general control” requirements, which include manufacturer
registration, device listing, and Good Manufacturing Practices. Examples of
class I IVD devices are immunoelectrophoresis and immunonephlometric
devices intended for general-purpose use.

Class II Special: Devices for which general control alone is insufficient to provide
reasonable assurance of safety and effectiveness and for which sufficient
information exists to establish special controls to provide this assurance.
These devices require special controls in addition to general controls (e.g.,
guidelines, performance standards, postmarket surveillance). Until a
special control is established by regulation, only general controls apply.
Examples of class Il IVD devices are C-reactive protein, rheumatoid factor,
complement components, and tumor marker tests for monitoring purposes.

Class III PMA: Devices in this class require the highest level of regulation, because the
general and special controls are insufficient to provide reasonable assurance
of safety and effectiveness. This must be demonstrated by laboratory testing
and clinical studies. Examples of class IIl IVD devices are automated PAP
cytology screening devices.
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or reclassified as class I or Il and can be compared to a legally marketed predicate
device (substantial equivalence). The premarket approval process is used for
brand-new devices that are in class III and can be evaluated for their proposed new
clinical use. This chapter focuses on the premarket review and evaluation of tu-
mor markers that are being reclassified in the class II category.

3. Reclassification

From a background perspective, reclassification of the tumor-associated anti-
gen immunoassay system is governed by section 520(1) of the act, 21 U.S.C. 306;.
Tumor-Associated Antigen Immunoassay Systems have been regulated as class IIT
devices because, prior to the amendments, they were subject to an approved “new
drug” application submitted under section 505(b) of the Device Amendment Act.
Devices subject to approved new drug applications prior to the Medical Device
Amendments of 1976 are known as “transitional devices” and are automatically
placed in class III to ensure continuity of regulation. This classification has been
modified to down-regulate some tumor markers to class II. In 1973, the FDA reg-
ulated Tumor-Associated Antigen Test Systems as licensed biologicals. Subse-
quently, the Medical Devices Amendments of 1976 designated “Tumor Markers
as Transitional Devices” and placed them by statute in class III. This action was
based on concerns that the clinical application of these markers was, as yet, un-
substantiated. Since 1976, the FDA has approved several specific types of serum
tumor markers, such as carcinoembryonic antigen (CEA), alpha-fetoprotein
(AFP), prostate-specific antigen (PSA), CA-125 (residual epithelial ovarian can-
cer), and soluble interleukin-2 (IL-2) receptor. A petition to reclassify these tumor
markers was filed in 1995, proposing that all tumor-associated antigen tests used
for monitoring be placed in class II. A review of the basic and clinical aspects of
these devices indicated that the use of special controls could support adequate as-
surance of safety and effectiveness for these types of devices. For example, these
tests can be placed into several broad categories:

* Oncofetal proteins, such as CEA and AFP

* Organ-specific antigens, such as PSA

* Monoclonal antibody—defined antigens, such as tumor-associated glycopro-
teins, CA-125 and CA 15-3

* Enzymes, such as prostate acid phosphatase

Atthe FDA, a major effort is under way to streamline the process by which med-
ical devices are reviewed and evaluated. The FDA has made significant progress
in its quest to provide review of medical devices in a more timely manner. In fact,
the agency has completely cleared its backlog of 510(k) and PMA applications for
medical devices and is now turning its attention to quicker, more efficient reviews
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and reengineering of its device evaluation programs. As mentioned before, the
Medical Devices Amendments of 1976 designated tumor marker tests as investi-
gational new drugs (Transitional Devices), which were placed in class IIL. In 1995,
a reclassification petition was filed with the FDA requesting that these devices be
down-classified into class II. Data and information were presented to the FDA
demonstrating that these devices, when intended for monitoring patients for re-
currence of disease or for response to therapy, could be reclassified as class II de-
vices. The FDA’s Inmunology Device Advisory Panel held an open public hear-
ing in December 1995 and unanimously recommended that Tumor-Associated
Antigen Test Systems intended for monitoring be considered as class II medical
devices. The panel’s recommendation was based on a guidance document and the
existence of voluntary standards from the National Committee for Clinical Labo-
ratory Standards (NCCLS) that can be used as special controls for these devices.
It was further recommended that these documents serve as guidelines for the type
of data and information that is needed for the FDA to review and evaluate 510(k)
submissions for these devices, and together they serve as a special control for the
reclassification. Therefore, the reclassification of these devices into class II now
allows sponsors to submit premarket notification 510(k)s to the FDA instead of
more complex and involved PMAs. It is anticipated that this guidance document
will be revised to accommodate advances in science and medicine, the develop-
ment of additional voluntary documents and standards, and the cumulative expe-
rience of both the FDA and sponsors with these submissions. The significance of
these process changes will be presented in this article.

This generic reclassified device category is intended for use in clinical laborato-
ries as an IVD test for the qualitative or quantitative measurement of tumor-associ-
ated antigen levels in serum, plasma, or other body fluids measured or detected by
immunoassay technologies. This generic device category does not include tissue re-
ceptor assays, immunohistochemical stains, or direct tests for oncogenes of other ge-
netic markers with a predisposition to development of certain cancers. Measurement
of tumor-associated analyte levels in various body fluids can help in the monitoring
of certain cancers. Monitoring the serum tumor marker is defined as assessing the
progression of tumor growth or assessing the response of a tumor-associated analyte
to therapy. This includes the serial measurement in patients with histologically con-
firmed diagnosis who are undergoing therapy for residual or advanced disease. In-
creased tumor marker concentrations may be indicative of progressive disease,
whereas decreasing concentrations are often indicative of response to therapy, and
constant serum tumor marker levels are associated with stable disease. Monitoring
is further defined as serial measurements used as an aid in the detection of recurrent
or residual disease in patients following primary curative treatment. Sustained ele-
vations in marker analyte concentrations are suggestive of residual disease, where-
as increasing marker analyte concentrations are indicative of recurring disease. Re-
cent reclassification of tumor marker tests used in monitoring patients has created a
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renewed interest and new developments for cancer diagnosis. It is expected that un-
der reclassification, the 510(k) process can facilitate the availability of many new tu-
mor markers in the market in a timely and cost-effective manner and contribute to
improved care of patients (4).

Reclassification of serum tumor markers has accelerated the clearance process
for the availability of these tests. The regulatory challenge is to ensure adequate
evaluation of new tumor markers without any regulatory burdens or barriers to the
introduction of useful tests in the future. Tumor markers are used to detect disease
recurrence or to monitor tumor burden during therapy. The clinical utility of each
marker relates to the responsiveness of the cancer to treatment. Current major con-
cerns providing suggestions for 510(k) submissions regarding tumor marker tests
employing immunochemistry methodology are based on guidelines that suggest
that sponsors validate the assay cutoff in terms of minimal performance charac-
teristics required to establish the effectiveness of the test. Data on the performance
characteristics should include evaluations of sensitivity and specificity, linear
range, and reproducibility and repeatability studies. Comparison studies between
the sponsor’s test and another legally marketed test system is helpful for evalua-
tion purposes. Tumor markers intended for use in screening for the early detection
or diagnosis of cancer in either the general population or a high-risk population or
for disease staging were not addressed during these reclassification deliberations.
The tumor markers reclassified in this category are considered to be important aids
in the management of cancer patients. These tests are considered to be adjunctive
in nature, providing a part of the broad picture of clinical information available to
the health care providers (5-7, 11, 15, 17).

The special controls designated to be used for this generic class II category are
guidance documents for the submission of 510(k) notifications to the FDA and vol-
untary standards for test performance promulgated by the NCCLS. This guidance
document designated as a special control provides the review and evaluation cri-
teria that describe the data necessary for a 510(k) submission to the FDA. The doc-
ument also points out suggestions for the nonclinical laboratory performance stud-
ies and the design, conduct, and analysis of appropriate clinical studies in support
of applications of these tests. The NCCLS documents designated as part of special
controls are EP5-T2, Evaluation of Precision Performance of Clinical Chemistry
Devices; EP7-P, Interference Testing in Clinical Chemistry; and EP9-P, Method
Comparison and Bias Estimation Using Patient Samples. These standards/guide-
lines provide evaluative techniques to ensure the accurate performance of these
tests. Any additional voluntary standards and/or guidelines, developed by either
NCCLS or an equally capable voluntary organization that the FDA believes to be
applicable in the evaluation of future tumor markers, could be considered as spe-
cial controls and listed in further revisions of the guidance document. These guide-
lines could be considered as horizontal standard guidelines for the evaluation of
tumor marker tests (Table 2).



TUMOR MARKERS 175

TABLE 2

NEw 510(k) PARADIGM APPLICABLE TO TUMOR MARKERS

510(k) Major Modifications—
Reliance on Design Controls and
Select Device Modifications

Abbreviated 510(k)—Use of “Special
Controls™ and “Declarations of Conformity”
with Standards

Device Modifications

Sponsor modifies own legally
marketed class II device and
determines a 510(k) is required

Modification does not affect
intended use/indications for use or
technology

Sponsor assesses modifications in
accordance with design controls (21
CFR 820.30)

510(k) submitted with “Declaration
of Conformity” to design controls

Results of risk analysis
Verification and/or validation
required (including methods or
tests used)

Design outputs/formal reviews
Design controls to ensure input

requirements are appropriate to the
intended use and user needs

Special Controls and Declarations of Conformity
with Standards

FDA/industry guidance

National voluntary standards
organization guidelines (e.g., NCCLS)

Horizonal
EPS5 precision performance

EP6 evaluation of linearity (reportable
range)

EP7 interference testing

EP9 method comparison and bias
estimation using patient samples

EP14 evaluation matrix effects

EP17 estimation of detection limits
Vertical

Purification and characterization of PSA

and PSA-ACT for use as primary
standards

4. The Premarket Evaluation Process

The premarket notification application, 510(k), is reviewed by the FDA scien-
tific staff. This evaluation takes into consideration tumor-associated analytes, test
requirements, medical usefulness of the test system for a particular clinical claim,
and its application (i.e., monitoring or treatment follow-up). The FDA determines
the appropriate performance requirements for each tumor analyte category. The
agency’s staff considers factors, such as consequences of a false positive or false
negative, and the importance or impact of an absolute versus a significant change
in the results or values of the tumor marker tests. The performance criteria (para-
meters) of a particular tumor marker test are compared with those of previously
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reviewed tumor markers within that category or in new tumor marker applications.
Generally, the device’s performance parameters are compared with established ref-
erenced medical procedures and studies (3, 15).

The establishment of performance criteria for a given tumor marker test is not
a simple process because accuracy and precision are unique for each type of ana-
lyte and its application. Establishing methodological limits for accuracy, precision,
sensitivity, and specificity often requires standard reference materials, quality con-
trol materials, comparative studies, and actual clinical specimens. Accuracy and
precision must be measured over the analyte reportable range for which the device
is intended to be used. Sensitivity and specificity must be considered with respect
to the intended clinical use of the device. Also, the indications for use should be
carefully considered in the design of the study protocol. The indications for class
I1 should be to monitor residual tumor after surgery (or radiation), the recurrence
of tumor, or response to therapy. A 510(k) must provide clear evidence that the de-
vice is accurate, safe, effective, and substantially equivalent to a device legally
marketed in the United States.

The FDA evaluates each tumor marker test against its own labeling claims as to
how well it performs and compares it with other cleared and marketed devices
identified in the 510(k) submission. The intended use claim for monitoring must
be supported by valid scientific and clinical data. Labeling a tumor marker test for
a particular claim can mean that the testing system may have to show supporting
data for that claim. For example, a tumor marker proposed for a monitoring claim
will require laboratory and clinical data to support that claim (4, 5).

The evaluation of tumor marker tests is based on criteria ranging from testing
performance requirements to medical usefulness of the product as applicable to
care of patients and treatment follow-up. A tumor marker may have some value
when used in a particular clinical setting, where history of the patient’s disease or
a physical examination follow-up is also helpful in the utility of the marker. The
value of a marker in a given setting depends heavily on two predominant perfor-
mance characteristics—sensitivity and specificity. These parameters must be es-
tablished with respect to the intended clinical use of the marker. The value of the
marker in a particular situation also depends on the effectiveness of therapy for the
malignancy. However, it is imperative to recognize that the evaluation of a tumor
marker should relate to the intended clinical setting. Advances in technology have
made ultrasensitive tests possible. It is important for a sponsor to balance the an-
alytical and clinical sensitivity and specificity of the test and the resultant outcome
of the test. This publication provides conceptual and application guidance and clar-
ification on what information is necessary before the FDA can clear a device for
marketing. The FDA can make more informed decisions based on a uniform data-
base. It is hoped that this will lead to more reliable, reproducible, and standardized
commercial tests (11, 15, 17).
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5. Substantial Equivalence

The basic concept behind 510(k) clearance is that the device being reviewed is
very much like others already being sold in the United States. For FDA process-
ing, a determination of whether a device is considered old or new is made on the
basis of whether it was in the commercial marketplace or traceable to the com-
mercial marketplace at the time of passage of the Medical Device Amendments of
1976. Two working terms must be considered when arriving at such a conclu-
sion—“‘substantial equivalence” and “predicate device.” The 510(k) notification
must show that the device is substantially equivalent to one or more predicate de-
vices legally marketed in the United States. A predicate device is often one that
was legally marketed on or before passage of the Medical Device Amendments to
the Food, Drug, and Cosmetic (FD&C) Act on May 28, 1976. However, a number
of predicate devices were first marketed after that date. They have been declared
by the agency to be substantially equivalent after submission of a 510(k) applica-
tion. New versions of old devices are handled through the 510(k) process. The re-
view objective is to establish that the new product is “substantially equivalent” to
its predicate.

Substantial equivalence for new serum tumor markers can be established by di-
rectly comparing two existing serum tumor markers of the same intended use (in
the case of “me-too”” markers) and/or by recognized IVD reference procedures as
well as other non-IVD procedures (in the case of new analyte tumor markers). The
type of data and information required for tumor marker 510(k)s depends on the in-
tended use, technological features of the new device, and type of claims made by
the sponsor. In the FDA review process, a finding of substantial equivalence re-
quires either of two major conditions to be met. Substantial equivalence is likely
to be determined if the device being reviewed is found to have the same intended
use and the same technological characteristics as the predicate device. The device
can have different technological characteristics. For example, it may be made up
of different materials, have a different design, use a different energy source, or
even rely on different principles of operation and still be substantially equivalent
to a predicate device—but only if it has the same intended use and the sponsor can
demonstrate that it is as safe and effective as the predicate device (Table 3).

6. A New 510(k) Paradigm

A new 510(k) paradigm provides guidance for sponsors of 510(k)s to consider
and use national and international standards and a mechanism for declaration of
conformity assessment criteria for these standards. It is expected that many do-
mestic and international standards will address, in part or full, certain aspects of
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TABLE 3
COMPARISON OF METHODS?

Characteristic

Tumor marker X
(CA 27.29)

Tumor marker Y
(CA 15-3)

Intended use/ndica-
itions for use

Antigen measured

Monoclonal antibodies
Assay principle

Detection of immuno-
complex

Standard curve
Specimen type
Sample volume
Assay time

Assay temperature
Instrumentation
Assay range

The assay values in human
serum and plasma (EDTA) are
intended for the management of
breast cancer patients. Serial testing
for patient CA 27.29 assay values
should be used in conjunction
with other clinical methods for
monitoring breast cancer.

Mucins encoded by the human
MUCI gene

B27.29

Radioimmunoassay (RIA)

Antigen in sample competes with
antigen-coated tube for binding by
iodine- 25-labeled antibody.

7 days curve storage
Serum/EDTA plasma
25 uL for a single test
Approximately 3 hours

Room temperature
Gamma counter
0-200 U/ml

The assay values in human
serum and plasma (EDTA)
are intended for the
management of breast
cancer patients. Serial
testing for patient
CA 15-3 assay values
should be used in conjunc-
tion with other clinical
methods for monitoring
breast cancer.

Mucins encoded by the
human MUCI gene

DF3 and 115D8

Microparticle enzyme
immunoassay (MEIA)

Antigen in sample is bound
by antibody-coated micro-
particles and enzyme-

labeled antibody.

14 days curve storage

Serum/EDTA plasma

105 pL for a single test

Approximately 50-60
tests/hour

34 £ 05°C

ABC analyzer

0-250 U/ml

“Clinical correlation studies between CA 27.29 levels and CA 15-3 levels typically yield correlation

coefficients of >0.95. It has been suggested that the epitope mapping studies reflect that the CA 27.29
antigen is essentially the same breast cancer—associated mucinous antigen detected by the two meth-
ods.

safety and effectiveness of IVD medical devices. This chapter has presented tu-
mor markers as examples in which the use of voluntary guidelines or standards is
helpful in establishing the substantial equivalence of new tumor markers as com-
pared with legally marketed predicate markers. Thus, this type of assessment ap-
proach can serve as a surrogate for comparative information to show that the new
marker is as safe and effective as the predicate via the areas covered by the stan-
dards (Table 2). The new paradigm gives device manufacturers some optional ap-
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proaches to obtaining marketing clearances for the class II devices while main-
taining the traditional (routine) evaluations for devices that require extensive proof
of equivalence to predicate devices.

One of the alternative approaches under the 510(k) paradigm is “Special 510(k):
Device Modifications.” This approach utilizes certain aspects of the Quality Sys-
tem Regulations (Quality System Requirements for Good Manufacturing Prac-
tices). The other alternative is the “Abbreviated 510(k).” This approach utilizes
special controls in which standards or voluntary guidelines can facilitate 510(k)
review and expedite evaluation.

6.1. SPECIAL 510(k): DEVICE MODIFICATION

The Safe Medical Devices Act of 1990 (SMDA) amended section 520(f) of the
act, providing the agency with the authority to issue regulations requiring prepro-
duction design controls. Under this regulation, the FDA may require the methods
used in, and the facilities and controls used for, the manufacturing process, pre-
production design validation (including a process to assess the performance of a
device), packing, storage, and installation of a device conforming with current
good manufacturing practice, in order to ensure that the medical product will be
safe and effective. This portion of the law was based on findings that a significant
proportion of device recalls were attributed to faulty design. The FDA has revised
its current good manufacturing practice requirements to include preproduction de-
sign controls that device manufacturers must follow when initially designing de-
vices or when making subsequent modification to those designs (21 CFR 820.30).

Effective June 1, 1997, manufacturers of class Il and certain reserved class I de-
vices had to follow design control procedures for their devices, including device
modifications. Product modifications that could significantly affect the devices’
safety and effectiveness are subject to 510(k) requirements under 21 CFR 807, as
well as design control requirements under 21 CFR 820.30. In accordance with the
Quality System Regulations, manufacturers must have a systematic set of re-
quirements and activities for the management of design and development, includ-
ing documentation of design inputs, risk analysis, design output, test procedures,
verification and validation procedures, and documentation of formal design re-
views (Fig. 1). In this process, the manufacturer must ensure that design input re-
quirements are appropriate so that the device will meet its intended use and the
needs of the population of patients. The manufacturer must also establish and
maintain procedures for defining and documenting design output in terms that al-
low an adequate evaluation of conformance to design input requirements. Thus,
manufacturers may need to refine their device design requirements as verification
and validation results are obtained. The design specifications that result from this
process are the design outputs that form the basis for the Device Master Record
(DMR), which is subject to inspection by FDA personnel.
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A LEvaluate quality system;]

Review statistical and other
analysis of complaints, rework,
recalls, MDR, product and
process changes

B[ walk through and review manufacturing process by
evaluating control points identified in Step A

Validations or Verification

' )| ' v
Limits Documen- | | Verification| | Corrective
tation activities actions
I [ [ ]

Close
out

Fi1G. 1. Quality systems inspections.

Because design controls are now in effect and require the conduct of verifica-
tion and validation studies of a type that have traditionally been included in 510(k)
submissions, it is expected that the test results generated pursuant to the new de-
sign control requirements will be sufficient to contribute to substantial equivalence
decisions. With the design controls in place, it is expected that it may be appro-
priate, in certain situations, not to conduct a detailed review of the data normally
required in traditional 510(k)s. It is believed that the FDA would rely on the exis-
tence of certain data generated during design control activities. Therefore, under
this proposal, conformance with design controls could be used as an alternative to
some of the traditional data required to demonstrate substantial equivalence for
certain device modifications.

Under this proposal, a manufacturer would use the FDA guidance entitled
“Deciding When to Submit a 510(k) for a Change to an Existing Device,” and
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this would help to determine whether a device modification could be imple-
mented without going through a new or extensive data-driven 510(k). In this pro-
posal, if a new 510(k) is needed for the modification, but it does not affect the
intended use of the device or the scientific technology principle of the device,
conformance with design controls could contribute to clearing the application
for commercial distribution. Under this proposal, a manufacturer who intends to
modify a legally marketed class II device would conduct the necessary verifica-
tion and validation activities (as determined by a risk analysis under Quality Sys-
tem Regulations) to demonstrate that the design outputs of the modified device
meet the design input requirements. Once the manufacturer has ensured the sat-
isfactory completion of this process through design review, it is conceived that
a “Special 510(k): Device Modification” could be submitted. Although the over-
all content of the 510(k) (21 CFR 807.87) would remain the same, this type of
submission could reference a previously cleared 510(k) and refer a manufactur-
er 10 a “Declaration of Conformity” to design control requirements, focusing on
the essentials of the application (Table 3). It is conceived that under this pro-
posal, a manufacturer could have the option of using a third party’s expertise to
assess conformance with design controls. In this case, the third party would per-
form a conformance assessment for the device manufacturer and provide the
manufacturer with a statement to this effect. The marketing application would
then include both the statement from the third party and a declaration of con-
formity attested by the manufacturer.

6.2. ABBREVIATED 510(k)

The SMDA introduced the concept of special controls to ensure the safety and
effectiveness of class Il devices. Special controls are defined by the statute as those
controls, such as performance standards, postmarket surveillance, patient reg-
istries, development and dissemination of guidelines, recommendations, and the
appropriate actions, that provide reasonable assurance of the device’s safety and
effectiveness. In reclassifying tumor markers from class III to class II, consider-
able effort has been expended to develop the concept of a Special Control Guid-
ance Document (SCGD). The tumor marker SCGD was developed in accordance
with the FDA’s Good Guidance Practices in collaborative efforts between the
American Association for Clinical Chemistry (AACC) and the industry experts. In
addition to the tumor marker SCGD, there are ongoing efforts to recognize hori-
zontal and vertical standards that could be useful for class II IVD devices and fu-
ture tumor markers. These standards (NCCLS Guidelines) were cited in the SCGD
for applications as “special controls” that address specific concerns associated
with multiple/generic tumor marker categories. NCCLS EPS5, EP6, EP7, and EP9
are examples of such standards (Table 2). They have broad applicability to many
IVD medical devices including tumor markers. It is expected that the FDA’s recog-
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nition of these standards (NCCLS Guidelines), combined with modified review
procedures, could streamline the review of many 510(k)s.

Under this proposal, device manufacturers could choose to use horizontal stan-
dards for class II devices when an SCGD exists or when the FDA has recognized
an individual special control such as relevant vertical standards (e.g., prostate-spe-
cific antigen). In addition to the required elements of a 510(k) (21 CFR 807.87),
these applications could include summary information that describes how “special
controls” have been used to address the risks associated with the device type and
a declaration of conformity with any relevant recognized standard(s), as applica-
ble. As expected, a declaration of conformity with a standard would provide a sum-
mary of a manufacturer’s efforts to conform with the recognized standard and
would outline any deviations specifying:

* Any elements of the standard that are applicable to the particular device;

« Any standard or part of a family of standards, including collateral and/or par-
ticular parts applicable to the device;

* Any deviations from the standards; and

 Any deviations or differences between the tested device and the device to be
marketed with adequate supporting justifications.

In this proposal, a manufacturer could also have the option of using a third par-
ty to assess conformance with the recognized standard. The third party could per-
form an assessment of conformance with the standard and provide the manufac-
turer with a statement to this effect, and the 510(k) application could then include
the statement as well as summary on declaration of conformity. The abbreviated
510(k) submissions may compete with routine 510(k)s, and it is anticipated that
their review and processing will be more efficient and timely than those of routine
(traditional) submissions, which tend to be intensively data driven (Fig. 2).

7. Comparison Studies

The performance of the device can be established by comparison with any legal-
ly marketed medical device with the same intended use, and/or by other studies,
to determine the operating characteristics of the device. All claims for substantial
equivalence and specific performance characteristics of the device must be sup-
ported by appropriate data analysis and conclusions (e.g., charts, scattergrams, his-
tograms). In order to demonstrate clinical utility as an aid in monitoring, evalua-
tions of new tumor marker analytes should demonstrate that the marker is a
significant indicator of changing clinical status. This may be demonstrated by test-
ing a suitable sample of patients and evaluating the testing power of the marker
against, or in conjunction with, other known clinical diagnostic variables such as
age, sex, disease stage, recurrence, remission, and other conditions including pri-
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or treatment regimens. Appropriate statistical analysis is always helpful, such as
logistic or discriminate regression analysis, to perceive the distinction in terms of
clinical sensitivity, clinical specificity, and predictive power of positive and neg-
ative results. Other approaches can be used such as Cox regression or logistic re-
gression, which can be useful for measuring relative risk of recurrence associated
with a positive test as compared with a negative test result. A recognized reference
method may also be used for comparison purposes in order to establish a proposed
device’s performance characteristics. This comparison is very significant where
there are wide differences in methodology and/or technology between the new de-
vice and the legally marketed device. Quantitative test systems should include, at
a minimum, an evaluation of systematic and random errors in comparison with a
legally marketed or reference methodology. The comparison may be directly be-
tween the two devices and/or indirectly with the new and old test systems when
compared with a reference method.

Linear regression analysis may be used when comparing two tests with sub-
stantially similar linear performance parameters. Estimated slope and intercept
along with the 95 percent confidence intervals can be presented. Where compar-
ing two tests, or when one of the tests does not show linear performance indica-
tors, or where use of linear regression appears to be inappropriate, other statistical
techniques such as concordance measurements or McNemar’s test may be appro-
priate. Linear regression analysis can be helpful when comparing results obtained
using known positive tumor marker samples free from interfering substances. In
such comparisons, use of low and high levels of tumor markers covering the dy-
namic range is desirable. The correlation studies should cover all serum specimens
of patients with benign, healthy, and malignant diseases. These samples can be an-
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alyzed with the new and old tests side by side, on the same day or for the same run.
It is recommended that both tests (new and old) should be performed according to
the specifications and instructions of the manufacturer according to the labelings
or manuals (12, 17, 19, 23).

8. Tumor Marker 510(k) Principles and Applications

The 510(k) notifications for tumor markers involve new analyte or same intend-
ed use (indications for use) in comparison with marker tests already on the market.
The focus of these reviews and evaluations involves analytical performance charac-
teristics and/or other scientific data to demonstrate that the new or modified device
is substantially equivalent to the predicate. Generally, review of most of these 510(k)
submissions is based on analysis of the fundamental analytical principles if [IVD
tests, including accuracy, precision, sensitivity, specificity, interpretations, and use
of results in the monitoring of patients. As mentioned before, the 510(k) application
must show that the device is substantially equivalent to one or more predicate tumor
marker tests legally marketed in the United States. In a typical tumor marker 510(k),
the sponsor describes the device analyte, device methodology or technology, and its
intended indications of use for monitoring cancer treatment patients. The sponsor
compares and contrasts the review device with similar legally marketed devices with
supporting comparable data or, in the case of new marker analytes or modified tech-
nologies (new matrices and new monitoring ranges), data to demonstrate that the
sponsor has considered the effect of the change on safety and effectiveness and has
changed the labeling accordingly (Table 3).

The analytical sensitivity of a marker assay is defined as the minimal concen-
tration of marker analyte that has a high probability of being detected. The ana-
lytical sensitivity levels may be different for each tumor analyte category and/or
technology. This variance may be due to the inherent capability of the state-of-the
art technology as applied to the type of marker. Generally, the sensitivity compar-
ison within a marker category should meet NCCLS guideline criteria. For tumor
markers, the cutoff concentration is a chosen concentration that distinguishes pos-
itive from negative specimens. Validation of the marker test near the chosen cut-
off concentration is of critical importance in evaluating and labeling new marker
tests. This is generally demonstrated using a statistically valid number of “nega-
tive and positive” specimens equally distributed around the cutoff concentration
(the NCCLS guidelines recommend that such specimens be within 25 percent of
the cutoff). The sponsors establish this type of capability by running marker ref-
erence materials with the test system in determining positive or negative results at
or near a selected cutoff concentration. In addition, clinical samples covering the
entire range of the proposed test are tested to support the robustness of the select-
ed or proposed cutoff (3).
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Analytical specificity of a marker test refers to the ability of the methodology
or technology to identify and distinguish a specific marker analyte(s) from other
substances in the specimen matrix. This specificity can be a function of one or all
of the processes associated with the device technology, such as marker analyte iso-
lation, separation, and detection. The antibodies used in immunoassays may dif-
fer substantially in their reactivity to various analytes and metabolites. Some of
the cross-reactivities encountered in the testing of tumor markers are commonly
prescribed therapeutic drugs, antineoplastics, antibiotics, and common over-the-
counter drugs. Typically, in a marker 510(k), the sponsor provides a summary of
sensitivity and specificity comparison data under actual conditions of testing and
description of protocols used to generate the comparison data. The data included
in the notification demonstrate that the proposed marker test is substantially equiv-
alent to another marker test in detecting the analyte within established sensitivity
and specificity criteria. Therefore, the comparative assessment of a marker test in
a given setting depends heavily on two predominant performance characteristics—
sensitivity and specificity. These parameters must be established with respect to
the clinical use of the test. In some instances, the impact of a particular test also
depends on the effectiveness of therapy for the malignancy. Advances in technol-
ogy have made ultrasensitive tests possible; therefore, it is important for a spon-
sor to balance the analytical and clinical sensitivity and specificity of the tests and
the resultant claims for the test (4, 5).

9. Tumor Marker Monitoring

The tumor markers that were down-classified from class III to II are those that
are intended only for monitoring. Measurement of tumor-associated analyte lev-
els may aid in the monitoring of patients for disease progression or response to
therapy or for the detection of residual or recurrent disease. Monitoring is defined
as assessing disease progression, recurrence, or response to therapy. This includes
the serial measurement of tumor-associated analytes in patients with a histologi-
cally confirmed diagnosis who have residual or advanced disease. Tumor marker
tests, like drug monitoring tests, have been useful for monitoring patients with a
variety of cancers. The change in concentration of serum marker reflects a change
in tumor burden and allows therapeutic intervention for the patient. An increase of
the marker value in a patient during remission may signal a recurrence of tumor.
A decrease of the marker to an undetectable level after surgical removal of the tu-
mor may indicate the complete success of surgery. Unfortunately, most markers
are not specific for malignancy, because elevation in a marker value is also ob-
served in benign conditions. Therefore, some of these markers are not very useful
in screening for cancer in asymptomatic patients. Recent scientific literature indi-
cates that mortality from all cancers in the United States is declining for the first
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time in this century. For many new tumor markers, clinicians need to know what
kinds of benefits they offer, for instance, improved overall survival, disease-free
survival, quality of life, and cost-effectiveness. Although studies have addressed
issues of cost-effectiveness, experts state that tumor markers can potentially hold
down health care costs while improving care of patients, which is the primary goal
of the managed care process (6, 7, 11, 34).

10. The Role of Receiver Operating Characteristic (ROC)
Curves in the Evaluation of Tumor Markers

A new tumor marker is evaluated using the same criteria used for many diag-
nostic tests (i.e., sensitivity, specificity, and accuracy). The diagnostic sensitivity
and specificity are best represented by a receiver operating characteristic (ROC)
curve. The ROC curve is constructed with the true-positive rate versus false-pos-
itive rate at various decision levels. As a test improves in its diagnostic perfor-
mance, it shifts upward and to the left as the true-positive rate increases and the
false-positive rate decreases.

The comparison of the effectiveness of different tumor markers (old versus new)
for a given malignancy should be carried out using split samples from both pa-
tients and healthy control subjects (Table 4). Several different decision levels could
be used to establish an interpretive scale instead of using a single point. How to
establish the decision levels is described in the following:

TABLE 4
ESSENTIALS OF TUMOR MARKER 510(K) APPLICATIONS

1. Medical significance, indications for use, and analytic goals for the test.

2. Description of the disease as it relates to the type of demographics intended for (e.g., sex, age).

3. Historical perspectives of test technologies used for the measurement of tumor-associated analyte
levels.

4. Description on statistical applications and clinical interpretation of test results by providing inter-
pretive algorithm for appropriate test follow-up (e.g., an upward trend in test levels in successive
time periods or a test value exceeding a specific cutoff level).

5. Clinical and analytical interpretation of false-negative and false-positive results.

6. Background description of the clinical utility of the test.

7. Advantages and limitations of the proposed tumor marker technology as compared with other
available clinical methodologies.

8. Description of types of specimen(s) or body fluid matrices used by the proposed tumor marker
test system(s).

9. For new markers, provide pertinent scientific and clinical literature that relates to the proposed
analyte for specific cancer(s) to be monitored.
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1. The normal positive/negative cutoff points calculated on the basis of the
marker levels found in healthy controls.

2. The decision level calculated on the basis of the marker levels found in pa-
tients with benign disease—any level above this value should indicate the
presence or probability of disease that is not necessarily the target malig-
nancy.

3. These decision levels calculated on the basis of marker levels found in pa-
tients with confirmed advanced malignancies should indicate a very high
probability of the presence of malignancy.

11. Clinical Aspects and Applications of Tumor Markers

Researchers have developed a multitude of new markers, and it is considered
that these new markers will have greater clinical utility than markers of the past.
These research studies show that we can expect these markers to bring about a
change in therapy of patients or quality of life. As these new markers become avail-
able for some of the most common forms of cancer, the clinical laboratories will
play an important role in diagnosing and treating malignancies and standardizing
marker tests to achieve comparable results that contribute to the patients’ medical
care and quality of life.

11.1. PROSTATE CANCER

Prostate cancer is the leading type of cancer being diagnosed currently in the
United States. The number of diagnosed prostate cancer cases continues to in-
crease with the availability of better and sensitive tests. By measuring the amount
of a protein known as prostate-specific antigen (PSA) in the blood, the tests may
unmask a cancerous prostate earlier than the onset of symptoms. PSA is now rec-
ognized as an important tumor marker for prostate cancer and is utilized for its de-
tection and monitoring.

Increased diagnosis of prostate cancer is attributed in part to the increased uti-
lization of PSA testing. In fact, the American Cancer Society (ACS) now recom-
mends measurement of PSA in addition to digital rectal examinations (DREs) in
men over 50 years of age. Early detection of clinically localized prostate cancer
can potentially result in a cure with radical prostatectomy or other treatments. PSA
tests are used to monitor therapeutic efficacy and detect recurrent disease in pa-
tients with prostate cancer.

PSA determination can be used to investigate the necessity for a prostate biop-
sy. PSA s considered a useful analyte in the diagnosis and management of prostate
cancer; however, increased serum concentrations of PSA are also seen in patients
without cancer of the prostate (e.g., patients with bacterial prostatitis or benign
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prostatic hypertrophy, BPH). Studies have shown that PSA complexes with other
proteins in the blood, including « -antichymotrypsin (Al ACT) and a,-
macroglobulin (A2 MG). Lower ratios of free PSA (uncomplexed PSA) to the
PSA-A1 ACT complex have been reported in patients with prostate cancer. Re-
cent studies have shown that clinicians can differentiate patients with prostatic
carcinoma from those with benign disease by evaluating these ratios (free
PSA/PSA-A1 ACT).

Patients must be monitored to assess their response to treatment and to detect
recurrent diseases. PSA as a specific marker for prostate cancer is most useful in
monitoring patients who have been treated with radical prostatectomy, radiation
therapy, or endocrine therapy. The concentration of PSA falls to undetectable lev-
els following a radical prostatectomy because all prostate tissue has been removed.
Generally, PSA is measured at periodic intervals. In studies, the extent of disease
at the time of surgery correlated well with the postoperative PSA concentration. A
significant measurable PSA concentration after prostatectomy indicates that resid-
ual tumor may be present. PSA concentrations decline gradually after radiation
therapy (36).

The dimensions of the prostate can be estimated by transrectal ultrasonography
and the prostate volume can be calculated from these dimensions. For any given
PSA concentration, prostate glands with BPH are typically much larger than those
with prostate cancer because the cancerous prostate releases much more PSA into
the serum than those with BPH for any given volume of tissue. By calculating the
PSA density (defined as the PSA concentration divided by the prostate gland vol-
ume), elevated PSA concentrations are corrected for large gland volumes due to
BPH.

There is considerable overlap in PSA concentrations between prostate cancer
patients and BPH patients because both groups may have elevated PSA levels.
Studies have suggested that monitoring pre- and postoperative PSA concentrations
is useful in determining the extent of tumor removal; therefore, it is useful as a
marker for monitoring patients after radical prostatectomy for the recurrence of
prostate cancer. Serum levels of PSA are used along with the DRE and the ultra-
sound-guided biopsy in the management of prostate cancer patients. However,
measurement of PSA concentration, in combination with DRE, is the most wide-
ly accepted method for detecting prostate cancer (12, 23, 36).

It has been reported that PSA exists in multiple isoforms in serum: free PSA (30-
kDa protease) and complexed PSA (100-kDa complex between PSA and A1 ACT).
While the PSA in the prostate is in the free form, when the PSA enters the blood
stream, the majority binds to A1 ACT. Recent studies have shown that PSA in
serum occurs in two molecular forms, free (f-PSA) and bound; both PSAs gave
equal detectable signals (“equimolar”). Most of the PSA in serum is complexed
with either A1 ACT or A2 MG. Different proportions of free and complex isoforms
have been detected in the sera of prostate cancer and BPH patients. The fraction
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of f-PSA was shown to be substantially smaller in patients with untreated prostate
cancer than in patients with BPH, Therefore, combined measurements of f-PSA
and total PSA (t-PSA) may provide a better differential diagnosis between BPH
and prostate cancer. Some studies have shown that the f-PSA/t-PSA ratio is help-
ful in the differential diagnosis of BPH and prostate cancer (39).

About 90 percent of the PSA in serum exists as PSA—ACT complex, and 10 per-
cent is free. Some of the current immunoassays for PSA detect these two forms of
PSA differently, which results in significant differences in the molar response of
the assays of the two forms. Some immunoassays detect both free and complexed
forms of PSA, making it essential to develop immunoassays for PSA to recognize
these forms specifically. It has been noted that the term “equimolar” means that
both free and bound PSA gave equal signals. If the antibodies used in the test do
not give equal responses, variability could occur among different PSA im-
munoassays. It is also suggested that the measurement of different forms of PSA
could be used to discriminate better between BPH and prostate cancer. Other stud-
ies indicated that concentrations of complexed PSA were higher in patients with
prostate cancer than in patients with benign disease or in normal individuals. Spe-
cific assays for various forms of PSA have been developed, and the determination
of the ratio of complexed or free PSA to total PSA has been shown to improve the
specificity for prostate cancer because the number of false-positive results due to
BPH will be reduced.

Differences in the relative proportion of f-PSA and PSA-ACT can affect the re-
sult obtained for t-PSA because of the differences in the nature of calibration and
the molar response, sensitivity, and specificity of antibodies used in various im-
munoassays. The efficiency of these immunoassays has been evaluated by sever-
al investigators. Because the proportion of free and complexed PSA varies in be-
nign and malignant diseases, these immunoassays measure one form or the other,
giving rise to different results for different patient groups. It is very important that
data from clinical studies support the proposed intended uses of these assays, since
as many as 5 percent of men with a negative free PSA test (free PSA values >25
percent) will have cancer and not be recommended for biopsy. Therefore, a goal
for standardization is to detect total and free PSA accurately in equimolar frac-
tions.

Currently, there are several assays for the measurement of PSA. All of them con-
tain monoclonal or polyclonal antibodies labeled with enzymatic, fluorometric, or
radioactive markers. These assays have shown significant variations within the
same patient specimens. These variations may result from differences in antibody
specificity, reaction kinetics, calibration, or the system’s sensitivity. Studies have
shown that only free PSA and PSA-ACT show immunological reactivity in these
assays. Also, reaction kinetics can influence the molar ratio. Some of these assays
with shorter incubation times may specifically bind the free PSA molecule (which
is a lower weight form of PSA). In the equimolar assays, changing the incubation
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time from hours to minutes would result in a nonequimolar response because of
the increased binding of free PSA in comparison with complexed PSA. Other as-
say features such as pH and temperature may also affect the molar response (9, 39).

The current PSA decision range is 4 to 10 ng/ml, and a PSA level from 10 to 25
ng/ml is considered to be a diagnostic gray zone. If the PSA level is below 4 ng/ml,
the patient is considered normal. If the PSA level is 10 ng/ml or above, patients
are treated aggressively using additional tests and procedures, and in some situa-
tions a biopsy of the prostate is performed. For PSA ranges of 4 to 10 ng/ml, the
patient is monitored more frequently. PSA ranges (t-PSA) of 4 to 10 ng/ml have
been extensively studied to attempt to improve the low specificity of PSA in dis-
tinguishing benign conditions of the prostate from prostate cancer. It has been re-
ported that quantifying t-PSA in a patient’s serum in the 4 to 10 ng/ml range and
calculating the proportion of free PSA provided the ability to distinguish benign
histological conditions of the prostate from prostate cancer. Studies have suggest-
ed that the f-PSA/t-PS A ratio may be helpful for differential diagnosis of BPH and
prostate cancer in the diagnostic gray area of 4 to 25 ng/ml t-PSA (12, 23, 27).

Reports show that quantifying t-PSA in a patient’s serum in the 4 to 10 ng/ml
range and calculating the ratio of f-PSA to t-PSA enhanced the ability to distin-
guish benign histological conditions of the prostate from prostate cancer while still
retaining high sensitivity for detecting cancer. These studies reported that, within
the 4 to 10 ng/ml t-PSA data set, the subset of patients whose f-PSA/t-PSA was
25 percent were diagnosed with benign disease only. Thirty percent of all patients
with benign conditions whose t-PSA values lay between 4 and 10 ng/ml fell in this
category. Researchers have proposed that by increasing specificity in the diagnos-
tic gray zone, the percentage of patients requiring biopsy to detect cancer may be
reduced. More than 20 percent of men with prostate cancer have serum PSA lev-
els below the usual upper normal reference level of 4 ng/ml, and cancer may be
detected within 3 to 5 years in up to 20 percent of men with total PSA levels be-
tween 2.6 and 4 ng/ml. It has been suggested that consideration be given to mea-
suring the f-PSA in men with t-PSA of 2.6 to 4 ng/ml, with biopsy recommended
when the f-PSA is <27 percent of total PSA. An appreciable prevalence of de-
tectable prostate cancer (22 percent) can be found in men with a total PSA of 2.6
to 4 ng/ml, and measuring the free PSA may reduce unnecessary biopsies in those
with a normal prostate examination (8, 9, 22).

Such factors as age and race and their relevant medical significance should be
used to detect PSA concentrations in the O to 4 ng/ml range. PSA age-related, spe-
cific-reference ranges have been reported in the literature, and it is suggested that
both age and race should be considered when interpreting PSA results. The fol-
lowing factors should also be considered when interpreting the PSA results:

* Calculation of the percentage of free PSA compared with the total PSA;
* Use of age-specific reference ranges;
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* Calculation of the serum PSA concentration per unit volume of prostate gland
(PSA density);

* Monitoring the change in serum PSA concentration over time (PSA rate, PSA
velocity, or rising PSA values); and

¢ Use of computerized neural network—derived indices to enhance sensitivity
and specificity (ProstAsure Index).

Factors such as assay variations, age, and prostate gland size are known to af-
fect cutoff values. Also, free to total PSA cutoffs are influenced by the sensitivity
and specificity values chosen, the reflex range for total PSA used, differences in
free PSA assays, and differences in populations studied. Different PSA values are
considered due to differences in cutoffs in different assays. Studies have shown
that the comparison of a chemiluminescent free PSA showed a 25 percent differ-
ence in values. These types of variations suggest a need for standardization (9, 29).

Ultrasensitive assays for PSA contribute to the earlier detection of prostate can-
cer relapse and (or) residual disease in prostatectomized patients as well as the
more timely evaluation of response to current therapies. PSA determinations can
be useful in detecting metastatic or persistent disease in patients following surgi-
cal or medical treatment of prostate cancer. Persistent elevation of PSA following
treatment, or an increase in the pretreatment PSA concentrations, is indicative of
recurrent or residual disease. Hence, PSA is widely accepted as an aid in the man-
agement of prostate cancer patients, and serum levels are most useful when se-
quential values are obtained and monitored over time. After complete removal of
the prostate gland (radical prostatectomy), PSA levels should become very low or
undetectable. A rise of the serum PSA level in prostatectomy patients indicates
residual prostate tissue, recurrence, or metastasis of the disease (13, 16, 24, 36).

Prostatic tumor volume contributes to the levels of serum PSA as well as patho-
logical staging, with higher PSA concentrations associated with advanced staging.
In the majority of men, PSA concentrations at the time of surgery were found to
be <4 ng/ml (organ confined). Half of those with PSA concentrations >10 ng/ml
had capsular penetration, whereas those with PSA values >50 ng/ml showed pos-
itive pelvic lymph nodes.

The application of PSA measurements for clinical monitoring of prostatic car-
cinoma requires fine tuning of PSA assays. One important aspect of this tuning is
to have well-defined standards (primary calibrators). Calibrators or primary refer-
ence materials consisting of PSA complexed with ACT have been prepared and
are available to sponsors of commercial immunoassays. As a result of this, some
sponsors have studied calibration stability and have shown that calibration did not
change within 14 to 90 days. Primary references of 90 percent PSA-ACT and 10
percent f-PSA have been shown to minimize differences in PSA measurements be-
tween different assays [NCCLS Document—Primary Reference Preparations
Used to Standardize Calibration of Immunochemical Assays for Serum Prostate
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Specific Antigen (PSA): Approved Guideline, 1996]. This guideline could be con-
sidered as a vertical standard guideline or vertical probe for the evaluation of PSA
tests (Table 2).

A general objective in immunoassay standardization is that the standard refer-
ence material should resemble as closely as possible the analyte that is being mea-
sured. This means that for serum assays, the calibrator should comprise a mixture
of free PSA and PSA—ACT and such calibrator material should contain assigned
and validated portions of f-PSA and PSA—ACT to show good agreement or a well-
defined bias between different assays designed for {-PSA/t-PSA ratio determina-
tions. Thus, well-defined PSA primary reference material can be useful for cali-
bration of equimolar response assays for total and free PSA. These primary
reference materials can be used to assign values to serum-based commercial sec-
ondary reference materials or calibrators for PSA testing. Methods for PSA pu-
rification described in the NCCLS approved guidelines can be helpful in produc-
ing secondary PSA reference materials of comparable quality (10, 26, 35).

11.2. BREAST CANCER

Breast cancer has a very high incidence in women. Breast cancer frequently de-
velops into (or is) a systemic disease. The best way to reduce risk due to breast
cancer is early tumor detection and surgical removal. The increase in detection rate
of breast tumors that are <1 cm in diameter over the past 10 years can be mostly
attributed to improvements in the sensitivity and utilization of mammography. The
main utility of CA 15-3 in breast cancer is to monitor patients after mastectomy
(14).

Generally, a CA 15-3 cutoff of 25 U/ml is used to detect stage I breast cancer.
In higher stages, the sensitivity is reported to be much better, which makes it a
good test of tumor burden. CA 15-3 is reported to be elevated in other disease con-
ditions such as liver disease (particularly chronic hepatitis, cirrhosis, and carcino-
ma), some inflammatory conditions (sarcoidosis, tuberculosis, systemic erythe-
matosus), and other carcinoma (lung and ovary). For this reason, positive CA 15-3
results should be interpreted with caution (20, 21).

Generally, changes in the tumor marker concentration reflect changes in tumor
burden. It has been reported that an increase in the tumor marker concentration is
associated with tumor recurrences. An increase of 25 percent or more can be due
to tumor progression. Similarly, a decrease could be due to tumor regression or re-
sponse to therapy (18, 28, 32).

CA 15-3 serum tumor marker is intended to detect disease recurrence in stage
II and stage IiI breast cancer patients. It has been reported that CA 15-3, together
with other snitable markers, is preferred in measuring the effect of applied hor-
monal therapy or chemotherapy in metastatic disease. Studies have indicated that
CA 15-3 assay values are frequently elevated in patients with breast cancer. These
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studies have suggested that the CA 15-3 assay may be of clinical value for moni-
toring the response of patients undergoing therapy because increasing and de-
creasing values correlated with disease progression and regression, respectively
(Table 5). Elevations of CA 15-3 assay values have been reported in individuals
with nonmalignant conditions such as cirrhosis, hepatitis, autoimmune disorders,
and benign diseases of the ovary and breast. CA 15-3 assay values are not elevat-
ed in most normal individuals. As with CEA, one of the limitations of the use of
CA 15-3 is that it is not often elevated with minimal disease. For instance, CA 15-
3 levels are elevated in only about 9 percent of patients with stage I disease. It ap-
pears that CA 15-3 is not a cancer-specific antigen (it is elevated in roughly 5 per-
cent of healthy individuals) and is found much more frequently in patients with
some benign diseases, especially of the liver. Thus, it seems that CA 15-3 has very
little utility in screening the general population for breast cancer. Studies have
shown that aithough up to 75 percent of patients develop elevated CA 15-3 levels
at the time of recurrence, the lead time provided by using this is usually no more
than a few months (6).

At present, there is no reference method available. There is tremendous need to
develop a purified reference material to standardize the assays.

11.3. OvARIAN CANCER

CA 125 is a mucin-like glycoprotein antigenic determinant expressed on the sur-
face of coelomic epithelium and human ovarian carcinoma cells; however, it does
not appear to be specific for ovarian cancer because elevated levels have been re-
ported in breast and colorectal cancers. Studies have shown increased CA 125 lev-
els in patients with ovarian cancer, whereas decreased CA 125 levels in chemother-
apy are associated with improved possibility for survival. Some studies have
shown failure of CA 125 levels to return to normal after chemotherapy, indicating

TABLE S
COMPARATIVE INDICES FOR THE EVALUATION
OF DIAGNOSTIC TESTING

Characteristic CA 27.29 (%) CA 15-3 (%)
Seusitivity 51 30
Specificity 90 98
Efficiency 71 61
Positive predictive value 84 95
Negative predictive value 66 53

Note. Adapted from Abbate, 1., et al., J Tumor Marker Oncol. 8,
69-72 (1993).
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the presence of residual tumor or treatment failure. Therefore, an increase in CA
125 levels during chemotherapy can be due to the presence of progressive disease,
and a rise after the return to baseline would indicate recurrence. Even though an
elevated CA 125 level is correlated with the presence of epithelial or ovarian can-
cer, normal values have been reported in patients with recurrence of residual dis-
ease at second-look laparotomies or subsequent laparoscopies for ovarian cancer.
Second-look procedures in ovarian cancer are performed because of reasonably
greater survival rates associated with therapeutic responses (3).

CA 125 is a widely used cancer marker for monitoring treatment responses and
detecting disease recurrences in patients with ovarian cancer. Generally, the CA
125 cutoff value of 35 U/ml is used for the mean value in normal women. It has
been shown that values above and below this cutoff correlate reasonably well with
the regression or progression of disease (6, 7).

Evaluation of CA 125 tests has shown moderate sensitivity, higher specificity,
and predictive values in ovarian cancer patients when determining the presence of
an intraperitoneal tumor or future occurrence at the time of second-look proce-
dures. Studies have shown that the CA 125 level obtained at the time of a second-
look procedure correlates reasonably well with the size of the tumor. As mentioned
before, the predictive value of a marker depends on the prevalence of a particular
type of malignancy in the intended population. Thus, evaluating a marker’s diag-
nostic potential must be based on prevalence in a well-defined group for results to
be generally applicable (i.e., prevalence of ovarian cancer in women with pelvic
masses).

Periodic testing for CA 125 in women suspected of having ovarian cancer is rec-
ommended. Biopsy is the definitive test; however, women older than 40 should
have a cancer-related physical checkup each year. CA 125 is relatively more sen-
sitive in low-stage (stage I or II) ovarian cancer than CA 15-3 in breast cancer, but
because of the relatively low prevalence of ovarian cancer, it is not recommended
for screening use. Studies have shown that serum CA-125 is elevated more than
35 U/ml in approximately 80 percent of women with carcinoma of the ovary, 26
percent of women with benign ovarian tumors, and 66 percent of women with non-
neoplastic conditions such as pregnancy, menstruation, acute salpingitis, adeno-
myosis, endometriosis, cirrhosis, or inflammation of the peritoneum and uterine
fibroids. The most significant use of CA 125 is in the evaluation of patients for re-
current diseases such as after oophorectomy. The major clinical use of the CA-125
marker has been to follow the course of disease in patients known to have ovari-
an cancer or primary carcinoma of the peritonium (30, 31).

Ninety-five percent patients monitored for recurrence show CA 125 concentra-
tions greater than 35 U/ml and residual ovarian carcinoma. However, a negative
result is not conclusive because half of the patients with negative results have mi-
croscopic residual carcinoma. Therefore, it is essential to have a second-look pro-
cedure in order to rule out residual carcinoma. Postsurgical monitoring of patients
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for recurrent ovarian carcinoma is achieved by combining second-look operations
and CA-125 monitoring (31).

Treatment involves surgical removal of one or both ovaries, the uterus, and fal-
lopian tubes. Radiation is also commonly employed, which may consist of plac-
ing a radioactive liquid in the abdomen. Sometimes chemotherapy is also used
along with CA 125 monitoring in response to therapy.

11.4. CoLoN CANCER

Carcinoembryonic antigen (CEA) is the most frequently used marker in the
monitoring of a number of different tumor types including gastrointestinal tract,
lung, and breast cancer. CEA has been detected in high concentrations in the plas-
ma of adults with carcinomas of the colorectum. The incidence of CEA elevations
varies with the stage of the tumor (Dukes stage A, B, C, and D colorectal neo-
plasms). It is uncommon for CEA levels to remain elevated after ablative surgery
in patients who are clinically free of residual tumor, Measurement of both pre- and
postsurgical CEA levels is recommended for determining a baseline for monitor-
ing patients for tumor recurrence and therapeutic efficacy. Therefore, it is assumed
that the CEA-producing tumor has recurred when the CEA values reach a certain
threshold. CEA values less than 10 ng/ml indicate a better prognosis in patients
when compared with preoperative values greater than 10 ng/ml (25).

Recently, a panel of the American Society of Clinical Oncology (ASCO) eval-
uated several serum and tissue markers for colorectal and breast cancer to devel-
op clinical practice guidelines for their use. For colorectal cancer, it was recom-
mended that CEA be drawn preoperatively and monitored postoperatively in
patients who would be eligible for primary resection and for resection of hepatic
metastases. It was also suggested that CEA can be used to identify ineffective treat-
ment in patients undergoing chemotherapy for metastatic disease. However, the
CEA marker is applied predominantly for control of patients suffering from colon
cancer and cancers of the gastrointestinal tract. Second-look surgery should be per-
formed before the CEA level exceeds 11 ng/ml, because patients with less than
this level have shown the best 5-year disease-free survival rate. Generally, high
CEA concentrations are frequently found in cases of colorectal adenocarcinoma.
Slight to moderate CEA elevations (rarely above 10 ng/ml) occur in 20 to 50 per-
cent of benign diseases of the intestine, the pancreas, the liver, and the lungs (e.g.,
liver cirrhosis, chronic hepatitis, pancreatitis, ulcerative colitis, Crohn’s disease,
and emphysema). Smokers also have elevated CEA values. The main indication
for CEA determination is the follow-up and therapy management of colorectal car-
cinoma (6, 7, 25).

CEA is a prototypic tumor marker. It is neither organ specific nor tumor specif-
ic. CEA concentrations are elevated (greater than 3.0 ng/ml) in the sera of patients
with colorectal, gastric, pancreatic, hepatocellular, and biliary carcinoma. The



196 KAISER 1. AZIZ

CEA levels are elevated in benign diseases such as inflammatory bowel disease,
chronic gastritis and peptic ulcer, cirrhosis, and hepatitis. CEA testing is recom-
mended primarily to monitor patients after surgery for recurrent colorectal carci-
noma. Twenty percent of colorectal carcinomas do not express CEA; therefore,
immunohistochemical methods are recommended to identify the negative cases.
If a 5.0 ng/ml cutoff is used as the detection criterion, approximately 60 to 90 per-
cent of the clinical cases will be detected for recurrences 2 to 10 months prior to
clinical symptoms (37, 38).

11.5. BLADDER CANCER

Bladder tumor—associated antigen (BTA), a human complement factor H, is
produced by bladder cancer cells (men two to three times as often as women). Can-
cer cells are sometimes seen in urine samples by microscope cytoscopy (exami-
nation of the bladder with an instrument inserted into the urethra), which can re-
veal abnormal areas. Biopsy is needed to confirm the diagnosis. Early stage cancer
confined to the bladder wall can often be removed with a cytoscope. If several tu-
mors are present, they are removed by infusing the bladder with a solution con-
taining bacteria able to stimulate the immune system.

Chemotherapeutic drugs may also be put directly into the bladder to lower the
risk of recurrence. If the cancer cannot be easily removed, radiation (from an ex-
ternal source or from a radioisotope placed in the bladder) may be needed. If the
cancer has spread through the bladder wall, the bladder may be removed, and
chemotherapy may be needed after metastasis.

The most common BTA test is an immunoassay-based assay that uses mono-
clonal antibodies to detect the presence of bladder tumor—associated antigen in
urine. In clinical studies, the BTA test was compared with cytoscopy-voided urine
for the detection of recurrent bladder cancer. The sensitivity of BTA appeared su-

TABLE 6
COMPARISON BETWEEN BLADDER TUMOR—ASSOCIATED
ANTIGEN (BTA) AND CYTOLOGY

Sensitivity (%)
Stage/grade BTA Cytology
Ta/l 9 0
Ta/2 71 21
Ta/3 100 60
Carcinoma in situ 80 100
Overall 65 32

Note. Adapted from Sarosdy, M. F,, ef al., J Urol. 154,
379-384 (1995).
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perior to that of conventional cytology (Table 6). These studies showed that dif-
ferences are most significant in early stages and for early grade tumors (e.g., Ta/l,
Ta/2, and Ta/3). The overall sensitivity was 65 percent for BTA versus 32 percent
for the conventional cytology test (33).

12. Conclusion

This chapter has presented an overview of the reclassification, processing, and
evaluation of new tumor markers. The clinical significance and analytical goals of
particular markers are presented. The utility of a marker in a given setting depends
on two predominant performance characteristics—sensitivity and specificity.
These parameters must be established with respect to the intended use of the mark-
er. The value of the marker in a particular situation also depends on the effective-
ness of therapy for the malignancy. Recent developments promise new and more
specific tumor markers. Several tumor markers are already available. In the future,
new markers are anticipated that may greatly expand the range of usefulness in
cancer diagnosis and monitoring. Cancer diagnostic tests provide an example of
the current explosion of technology in the IVD industry. These tests will provide
us with new and better tools but require appropriate oversight to ensure a positive
impact on patients and public health.
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1. Introduction
Detecting the presence of a specific nucleic acid sequence may be sufficient
for some applications, but there is an increasing demand for quantitation of the
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number of copies of a given nucleic acid sequence. Although the initial driving
force behind this demand has been viral load testing for chronic viral diseases
such as hepatitis C and the acquired immunodeficiency syndrome (AIDS), gene
quantitation has value in other research and diagnostic applications. The
branched DNA (bDNA) signal amplification system, developed by Chiron Cor-
poration, Emeryville, California, is one of several methods that are currently
available for quantitation of nucleic acid sequences in clinical specimens. This
chapter will attempt to provide an overview of basic concepts, principles, and
applications of bDNA.

2. Branched DNA

2.1. OVERVIEW

The bDNA signal amplification system is a solid-phase, sandwich hybridization
assay incorporating multiple sets of synthetic oligonucleotide probes and several
simultaneous hybridization steps (Fig. 1). Multiple target-specific probes (five to
nine, depending on the assay), termed capture extenders, are used to capture the
target nucleic acid (DNA or RNA) onto the surface of a microtiter well plate. A
second set of target-specific probes (18-39, depending on the assay), termed la-
bel extenders, hybridize to the target and, in the first-generation assays, also serve
as binding sites for the synthetic bDNA amplifier molecules. The amplifier mole-
cules each have 15 identical arms, each of which can bind three alkaline phos-
phatase—labeled probes. As many as 3000 enzyme-labeled probes can be hy-
bridized to each target molecule in this manner. Detection of the bound labeled
probes is achieved by incubating the complex with an enzyme-triggerable chemi-
luminescent substrate, dioxetane, and measuring the light emission. Because the
number of target molecules is not altered, the resulting signal is directly propor-
tional to the concentration of the target nucleic acid. The quantity of the target in
the sample is determined from a standard curve.

In the second- and third-generation bDNA assays, a preamplifier molecule is
used to increase further the number of labeled probes that can be bound to the tar-
get (Fig. 2). The label extender probes are designed such that two probes must be
bound to adjacent regions of the target for efficient hybridization to the preampli-
fier molecule to occur. Each preamplifier molecule can bind up to eight amplifier
molecules. In the second-generation bDNA assay for human immunodeficiency
virus type 1 (HIV-1) RNA, each captured RNA molecule may bind as many as
10,080 separate alkaline phosphatase—labeled probes (Kern et al., 1996). The low-
est concentration of HIV-1 RNA that could be distinguished from the negative con-
trol was 390 copies/ml in this assay.
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2.2. SAMPLE COLLECTION AND PREPARATION

Serum or plasma is the specimen used in most clinical applications of bDNA.
Blood should be collected in sterile tubes and, for plasma specimens, EDTA is the pre-
ferred anticoagulant, but acid-citrate-dextrose and heparin are acceptable. The mini-
mum volume required ranges between 0.2 and 2 ml, depending on the application.
Unlike many target amplification strategies, nucleic acid extraction and purification
are not required for bDNA assays. Nucleic acids are liberated from the virions and de-
natured by addition of a simple lysis reagent to the sample. The lysis reagent contains
stabilized proteinase K and 0.05% sodium azide and 0.05% ProClin as preservatives.
An untracentrifugation step (25,000 X g), prior to addition of the lysis reagent, is used
to concentrate the virions from 1 ml of plasma in the HIV-1 bDNA assay.

Nucleic acid extraction protocols using guanidine hydrochloride, sodium sarco-
syl, and ethanol have been developed to quantify viral RNA by bDNA in lymph node
tissue, liver tissue, and peripheral blood monocytes (Wilber and Urdea, 1995).

ITI'IT rrrr
-

F1G. 2. Schematic representation of the second-generation HIV-1 bDNA signal amplification assay.
(A) Target probes hybridize to unique 33-base sequences at different positions along the conserved re-
gion of HIV-1 pof gene. Target probe set | mediates capture of the HIV-1 RNA on the microwell sur-
face, whereas target probe set 2 mediates preamplifier binding. (B) Neighboring target probes are
bridged by preamplifier molecules (preamp I and preamp II). (C) Enhancement of the signal is ac-
complished by the binding of up to eight bDNA amplifier molecules to each preamplifier anof 45 al-
kaline phosphatase—labeled probes to each bDNA amplifier molecule. (From Kern et al., 1996.)
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Because bDNA assays are designed to be quantitative, it is important that the phys-
iological level of virus in the sample be preserved. RNA targets are very susceptible
to degradation by the high levels of RNase present in blood. Serum or plasma should
be separated from the cells within 4 hours of collection and then, ideally, stored at
—70°C unti! tested (Cuypers ef al., 1992; Davis, 1994). Short-term (=7 days) stor-
age at 4°C of serum or plasma is acceptable. Repeated freezing and thawing of the
samples should be avoided to prevent target degradation.

2.3. TARGET PROBES

Probes that mediate capture of the target nucleic acid are termed capture exten-
ders. These probes are approximately 50 bases, one portion (20 to 40 bases) of
which is complementary to the target, while the second portion (approximately 20
bases) binds the probe—target complex to a capture probe that is coupled to the sur-
face of a microtiter plate well.

An alkylamine linker is incorporated into either the 5’ or 3’ end of the capture
probe and the probe is activated with ethylene glycol bis-succinimidylsuccinate. The
activated capture probe is bound to polystyrene microtiter wells precoated with
poly(Lys-HBr, Phe). Nearly all of the solid-phase probe coupled to the polystyrene
by this procedure is available for hybridization (Running and Urdea, 1990).

Probes that hybridize to the target and also to either preamplifier or amplifier
molecules are termed label extenders. The locations of the capture and label ex-
tender probes used in the hepatitis B virus (HBV), hepatitis C virus (HCV), and
HIV-1 assays are shown in Figs. 3, 4, and 5, respectively. All target probes are de-
signed to hybridize to the most conserved regions of the genomes. For HBV, the
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F1G. 3. Location of the probes in the HBV DNA bDNA assay.
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probes are located in conserved regions scattered throughout the genome; for HCV,
in the 5’ untranslated region; and for HIV-1, in the pol gene. Multiple capture and
label extender probes are used in each application. The second version HIV-1 as-
say uses a total of 49 different probes to recognize the HIV-1 sequence. Each probe
includes 33 bases, which are complementary to sequences in the pol gene. These
probes were designed after analyzing the pol sequences from 18 isolates of HIV-
1 representing the major subtypes, A—E. The use of multiple probes selected from
conserved regions makes the bDNA approach particularly well suited for detec-
tion and quantitation of targets with known sequence heterogeneity, as is the case
with RNA viruses (e.g., HIV-1 and HCV).

2.4. bDNA AMPLIFIERS

The bDNA amplifier molecule is the key to Chiron’s signal amplification
method. Initially, bDNA amplifiers were synthesized from oligodeoxyribonu-
cleotides that contained three equally distributed N*-alkylamino cytidines, cou-
pled to one another through bifunctional amine reactive cross-linking agents (Ur-
dea er al., 1987). As few as 60,000 copies of the HBV genome could be detected
using these polymers and enzyme-labeled probes. However, construction of larg-
er multimers by this cross-linking method led to only small incremental improve-
ments in signal amplification. Molecular modeling indicated that the internal
oligonucleotides located within the nearly spherical cross-linked structure were
inaccessible to the large enzyme-labeled probes. The investigators reasoned that
the synthesis of linear primary sequences with branching secondary sequences
would greatly facilitate binding of the labeled probe by increasing access.
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The incorporation of branching monomers (BMs) during the chemical syn-
thesis of oligonucleotides proved to be a more useful method for making ef-
fective bDNA amplifiers (Horn and Urdea, 1989). BMs are phophoramidite
reagents containing at least two protected hydroxyl functions. BMs are synthe-
sized from 4-(1,2,4-triazolo)-1-(B-p-O-dimethoxytrityl-3-O-t-butyldimethyl-
siyl-2-dexyribofuranosyl)-5-methyl-2(1 H)-pyrimidinone by triazole displace-
ment with 6-aminohexanol. Subsequent primary hydroxyl protection followed
by phosphitylation yields the derivatives BM1 and BM2. Both primary hydoxyl
groups are protected by dimethoxytrityl groups in BM1, whereas in BM2 the
N4-(hydoxylhexyl) function is protected by a levulinyl group and the 5'-hy-
droxyl function is protected by a dimethoxytrityl group. Two schemes have
been used for synthesis of bDNA molecules. The first employs simultaneous
deprotection of both hydroxyl functions of BM1 that leads to formation of “fork”
structures. The second uses selective removal of the levulinate group from BM2
that leads to formation of “comb” structures. The comb architecture offers a
more open network that permits complete access of the secondary sites.

In general, a primary linear fragment is synthesized with multiple appropriate-
ly spaced BMs. Several simultaneous secondary syntheses are then conducted
from the branch points. bDNAs containing several hundred nucleotides have been
prepared in this manner. However, the synthesis of the large bDNA molecules used
in the current assays involves a combination of solid-phase chemistry and enzy-
matic ligation methods (Urdea, 1993). The bDNA amplifier consists of 1068 nu-
cleotides and contains a maximum of 45 enzyme-labeled probe binding sites. It is
constructed by synthesizing a molecule with 15 identical branches of 168 nu-
cleotides each, which is then combined with a complementary linker that is in turn
complementary to a branch extension or ‘“arm” containing 60 bases, each of which
has three binding sites for alkaline phosphatase—labeled probes. The amplifiers are
assembled by treatment with T4 DNA ligase and then analyzed by capillary elec-
trophoresis. On average, 11-13 of the possible 15 arms are incorporated into each
bDNA molecule.

2.5. PREAMPLIFIER

In the second-generation bDNA assay for HIV-1 RNA, preamplifier molecules and
unique target probe sets are included in an effort both to reduce the background lev-
el and to increase the number of amplifier molecules used to generate the signal (Kern
et al., 1996). Two preamplifier molecules, preamp I and preamp II, are used. Preamp
I consists of 237 bases and is constructed by enzymatic ligation of three oligomers
of 86, 79, and 73 bases by using synthetic linkers. Preamp II consists of 239 bases
and was constructed in a manner identical to that used for preamp I except that an 88-
base oligomer was substituted for the 86-base oligomer. Hybridization and ligation
of the oligomers are carried out overnight with T4 ligase under standard conditions
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and full-length products are purified by 10% denaturing polyacrylamide gel elec-
trophoresis (PAGE). The two preamplifier molecules contain the same repeat se-
quence and differ only in the sequences hybridized to the target probes.

Each preamplifier contains a site for hybridization with sequential overhang se-
quences of target probe set 2 and eight sites for hybridization with the amplifier
molecules (Fig. 2). The overhang sequences of target probe set 2 are 15 or 16 bases
in length and individually cannot efficiently bind to the preamplifiers. However,
when the overhang sequences of two target probes are adjacent, the T increases,
thereby stabilizing the hybridization of the preamplifiers. The preamplifier used in
the second-generation HIV-1 RNA assay is an equimolar mixture of the two pre-
amplifier molecules.

2.6. LABELED PROBE

Alkaline phosphatase—labeled probes are synthesized so that 18 bases are com-
plementary to sequences on the arms of the bDNA. Three hybridization sites are
located on each branch for a total binding capacity of 45 labeled probes per bDNA
molecule. The alkaline phosphatase catalyzes the dephosphorylation of chemilu-
minescent substrate, dioxetane (Lumi-Phos Plus, Lumigen, Detroit, MI). The in-
tensity of the light emission is measured with a plate luminometer as relative lu-
minescent units.

2.7. PROBES WITH NONNATURAL BASES

The molecular sensitivities of the first and second generations of the bDNA as-
says were limited by nonspecific hybridization between the amplification probes
and other nucleic acids. Short regions of hybridization between any of the probes
constituting the amplification system, (preamplifier, amplifier, and labeled probe)
and any nontarget nucleic acid sequence leads to amplification of the background
signal. Capture probes, capture extenders, and sample nucleic acid are all sources
of this background hybridization (Collins et al., 1997).

In order to reduce the hybridization potential to all nontarget nucleic acids, the
nonnatural bases isocytidine (isoC) and isoguanosine (isoG) were incorporated
into the amplification probes in the third-generation assays (system 8 bDNA). IsoC
and isoG are among the six base pairs capable of forming Watson and Crick base
pairs joined by mutually exclusive hydrogen-bonding schemes incorporating three
hydrogen bonds (Piccirilli ez al., 1990; Switzer et al., 1993). Although isoC and
isoG can be incorporated into duplex DNA and RNA by DNA and RNA poly-
merases, these potential extra letters in the genetic alphabet are not found in nat-
ural oligonucleotides. IsoC and isoG bases pair with each other but not with any
of the four naturally occurring bases. Sequences containing isoC—isoG base pairs
are —2°C more stable per base than their C—G congeners. Procedures for prepar-
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ing derivatives of these isobases suitable for incorporation into DNA using an au-
tomated DNA synthesizer have been described (Switzer et al., 1993).

In the system 8 bDNA assay for HIV-1, approximately every fourth nucleotide
of the preamplifier, amplifier, and alkaline phosphatase—labeled probe was either
isoC or isoG, which attenuates the hybridization of these molecules to natural se-
quences (Collins et al., 1997). The use of isoC- and isoG-containing probes in the
system 8 bDNA assays increased the target-specific amplification without a con-
comitant increase in the background from nontarget sequences, thereby greatly en-
hancing the sensitivity to a detection limit of approximately 50 molecules/ml. A
prototype system 8 bDNA assay for HCV RNA in plasma is claimed to have a de-
tection limit of 200 molecules/ml (Chiron, unpublished data).

2.8. MOLECULAR STANDARDS

The accuracy of any quantitative assay depends on the use of standards that have
been thoroughly characterized by accepted and independent methods. Without
careful preparation of standards, the reported values for samples will be system-
atically higher or lower than the true value. Chiron has devoted considerable ef-
fort to the development of “gold standard” preparations of RNA from HIV-1 and
HCYV and DNA from HBYV for use in the bDNA assays. These standards have been
made available to the U.S. Food and Drug Administration and the World Health
Organization.

The preparation and characterization of RNA standards for use in bDNA assay
for HCV were recently described by Collins and coworkers (Collins ez al., 1995).
In vitro transcripts from cDNA clones containing the probe binding regions were
prepared and purified by phenol extraction after gel electrophoresis or column
chromatography. Aliquots of the transcripts were digested to nucleosides and
phosphate and quantified by phosphate analysis against the U.S. National Institute
of Standards and Technology phosphate standard. The quantitation was checked
by optical density (OD,,), hyperchromicity, and isotopic tracer analysis. RNA
standards were assigned to quality level 1 or 2 or were rejected based on the cri-
teria for % full-length, % correct sequence, and accurate quantitation by phos-
phate, hyperchromicity, and OD, . Quality level 2 RNA standards are suitable for
the bDNA assays. Quality level 2 standards must be >50% full length, >99% cor-
rect sequence, and quantitate within 20% by the different chemical methods.

The standard RNAs were used to test the ability of the bDNA assay to quantify
accurately target RNAs regardless of size or slight sequence variation. Standard
RNA preparations of 1.3, 2.2, and 3.2 kb showed no detectable effect on quantita-
tion. The quantitation of standard transcripts prepared from clones of HCV sub-
type la and 3a differed by a factor of 1.6-fold with one probe design and were in-
distinguishable with another probe design. These two 475-mer transcripts differed
at 30 positions.
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Three different lots of a standard 3.2-kb HCV RNA were serially diluted and
quantified over a thousandfold range. The average signal per attomole of target
varied by less than 20% among the three lots.

The reference standards are used to quantitate the standards that are employed
in the kits to generate the standard curves. The kit standards are recombinant sin-
gle-stranded DNA molecules that are added to either negative serum or plasma at
known concentrations. Because the standard curve is not constructed with refer-
ence standards, Chiron initially chose to use the term “equivalent” to describe the
units of nucleic acid quantitation in clinical samples. An equivalent was defined
as the amount of nucleic acid in a clinical sample that gave a signal equal to one
molecule of the reference standard nucleic acid. The term “copy” rather than
“equivalent” is used to describe the units of nucleic acid quantitation in the HIV-
1 bDNA assay. The terms are now used interchangeably.

2.9. AssAY REQUIREMENTS

Each bDNA kit contains sufficient reagents and materials to perform one 96-
well assay consisting of 4 standards, 2 controls, and 42 patient specimens tested
in duplicate. The kit may also be used to assay two half-plates consisting of 4 stan-
dards, 2 controls, and 18 patient specimens tested in duplicate. The enzyme-linked
immunosorbent assay (ELISA)-like format of procedure requires general-purpose
equipment found in most molecular diagnostic laboratories and equipment specif-
ically designed by Chiron for use in bDNA assays. The general-purpose equipment
includes precision pipettes, a 12-channel pipette, serological pipettes, transfer
pipettes, a vortex mixer, a heat block, a water bath, a microcentrifuge, a vacuum
wash system with an eight-well aspirator, and a class II biological safety cabinet.
The sample preparation protocol for the HIV-1 assay also requires a refrigerated
centrifuge with RCF of 23,500 X g and a 45° fixed-angle rotor capable of accom-
modating at least twenty-four 1.5-ml tubes.

Chiron provides a microwell plate heater, a luminometer, and data management
software. The plate heater is specially designed to provide precise control of the
hybridization temperature (0+0.5°C) and to distribute heat evenly throughout the
microwell plate. The luminometer maintains a temperature of 37°C and accom-
modates the 96-well plates. The data management software runs on an IBM PC or
compatible computer with a minimum of 80386, 16-Mhz microprocessor, 2 Mb of
RAM, monitor, mouse, compatible printer, MS DOS (version 5.0 or greater), and
Windows (version 3.1 or greater).

Recently, Chiron introduced the System 340 platform that automates incuba-
tion, washing, reading, data processing, and report generation. It is anticipated that
automation will dramatically reduce operator-to-operator differences while de-
creasing labor requirements. In one laboratory the average coefficient of variation
was reduced 43% and the hands-on labor was reduced 39% with the automated



212 FREDERICK S. NOLTE

platform for the HIV-1 RNA 2.0 assay (Chiron, unpublished data). Future im-
provements in reproducibility and operational efficiency await the development of
a system for automated sample preparation.

2.10. DATA ANALYSIS

Light emission from the chemiluminescent substrate is directly proportional to
the amount of the target nucleic acid in the sample, and the results are recorded as
relative luminescence units (RLUs). All samples, standards, and controls are run
in duplicate, and the mean RLU is used in data analysis. The percent coefficient
of variation (%CV) for duplicate RLU for controls and samples must be within the
recommended limit for that assay for the results to be valid. For example, nega-
tive samples must have a CV of <30% and positive samples <20% in the HCV
assay.

A standard curve is defined by light emission from the standards containing
known concentrations of recombinant bacteriophage. A quadratic equation is used
to fit the curve to the RLU of the four standards. A maximum of two points from
different standards may be eliminated by the data management software in order
to achieve the best curve fit. The concentration of the target nucleic acid in the
sample is determined from this standard curve. An example of the output from
the data management software for the second-generation HCV assay is shown in
Fig. 6.

The assay controls include the four standards (A to D) and two controls. De-
pending on the application, the controls may be low and high positives or a posi-
tive and a negative. The RLU for the standards must be in rank order and the r?
value for the curve fit must be =0.985. In addition, the concentration of the tar-
get nucleic acid in the low and high controls must be within limits, and the %CV
of the RLU must be <25:% for the run to be considered valid. If a negative con-
trol is included, it must quantify below the lower limit of the assay. Any samples
with mean RLU = the lower limit of the assay with %CV higher than the recom-
mended limit must be retested. The data management software automatically
checks these quality control criteria.

3. Signal versus Target Amplification Sysiems

Both target and signal amplification systems have been successfully employed
to detect and quantitate specific nucleic acid sequences in clinical specimens.
Polymerase chain reaction (PCR), nucleic acid sequence—based amplification
(NASBA), transcription-mediated amplification (TMA), strand displacement am-
plification (SDA), and ligase chain reaction (LCR) are all examples of enzyme-
mediated, target amplification strategies that are capable of producing billions of
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CHIRON HCV RNA 2.0 ASSAY Software Version 3.43 RUO
Operator: C. THURMOND 1D List Fite: 101497.DML
Lot Number: MMBISS Expiration Date: 012798
Data File: 971014C1.DMS Collected: 101497 10:41
Relative Luminescence
2 3 4 5 6 7 8 9 10 11 12
A 1892 2217 2229 2531 2612 0755 0750 2904 2477 7780 8331
B 2008 1533 1538 2035 1532 7584 6823 1245 1288 1803 1554
(o] 9268 6672 6013 5921 5662 6450 6186 4275 4221 6299 5797
D 3624 3665 4799 1964 1959 2332 2342 6515 6823 2686 3023
E 7.808 9.204 9.787 5284 4815 9376 8318 121 1358 2618 3.001
F 1884 4389 4475 4458 4534 0858 0901 1398 1387 6664 8901
G 1403 2823 3039 4535 4127 1569 1544 2126 2116 1695 144
H 1570 5722 6801 6882 6272 0350 0663 0966 1058 2369 2272
Standards and Controls Comments
Log
Loc 1D MEa@/mL AvgRL %CV
Al1-2 Std A 120 1809 6.4
A3-4 Std B 12 2223 0.4
A5-6 SdC 12 25N 22 Control Results
A7-8 Std D 02 0752 05 MEg/mL
AS-10 Lo-CH 13 2682 1.2 Lo-Ctl 1.118
Al11-12  Hi-Cd 56 8056 47 Hi-cd [ 51.69]
Standard curve
1000
8 ‘
g 100 '
2 :
g 100
5 b
5 1.0r &
> 1
® 1
o 01 !
I Ll
0.01 : 1 L i N
0.1 1.0 10 100 200
HCV MEg/mL
Diagnostics: 0.999 0.390 <0.001 0.796 <0.001 0.052 0.029

FiG. 6. Example of the output from the data management software for the second-generation HCV
bDNA assay.

copies of a nucleic acid target (Compton, 1991; Guatelli et al., 1990; Saiki et al.,
1988; Walker et al., 1992; Wu and Wallace, 1989). Because these methods pro-
duce large amounts of amplified product, relatively insensitive means can be used
for product detection. A major challenge in developing quantitative target ampli-
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fication systems has been in establishing the relationship between the initial
amount of the target sequence in the specimen and the amount of amplified prod-
uct (Clementi et al., 1993; Piatak et al., 1993).

The total amplification achieved by PCR is described by the expression, (1 + E)*,
where E is the average per-cycle efficiency and n is the total number of cycles. The
amount of target sequence and the variable presence of inhibitors in clinical spec-
imens influence both the efficiency and the kinetics of amplification. As seen in
the preceding expression, small differences in the efficiency of amplification are
exponentially compounded and lead to very large and unpredictable differences in
product yield. The situation is even more complicated when the target is RNA.
PCR must be preceded by reverse transcription to produce complementary DNA
(cDNA), and the efficiency of this process is another variable that may influence
product yield.

Competitive PCR (cPCR) has emerged as the best strategy for controlling the sam-
ple-to-sample variability of PCR. In cPCR different templates of similar lengths and
with the same primer binding sequences are coamplified in the same tube. This en-
sures identical thermodynamics and amplification efficiency for both templates. The
amount of one of the templates must be known and, after amplification, products of
both templates must be distinguishable and separately quantifiable.

Because the templates compete for amplification and, in the case of reverse tran-
scription PCR (RT-PCR), also for reverse transcription, any variable affecting
amplification has the same effect on both. Thus, the ratio of PCR products reflects
the ratio of the initial amounts of the two templates as demonstrated by the func-
tion C/W=C' (1+E)"/W\(1+E)", where C and W are the amounts of competitor
and wild-type product, respectively, and C* and W are the initial amounts of com-
petitor and wild-type template, respectively, (Clementi et al., 1993). From this lin-
ear relationship, it could be concluded that a single concentration of competitor
could be sufficient for quantitating unknown amounts of wild-type templates.
However, in practice, the precise analysis of two template species in very differ-
ent amounts has proved difficult and cPCRs using three to four competitor con-
centrations within the expected range of wild-type template concentrations are
usually performed. In a recent study of different standardization concepts in quan-
titative RT-PCR assays, coamplification on a single concentration of a competitor
with wild-type template was comparable to using multiple competitor concentra-
tions and was much easier to perform (Haberhausen et al., 1998).

In bDNA the number of target molecules is not altered. The signal of direct hy-
bridization rather than the nucleic acid sequence itself is amplified and thus is di-
rectly proportional to the amount of target sequence present in the clinical sample.
Both RNA and DNA sequences can be measured directly in clinical specimens,
and there is no need to transcribe RNA into cDNA as there is with PCR.

bDNA is a nonenzymatic process and is less prone to sample-to-sample varia-
tion that is a concern with the enzymatically mediated target amplification sys-
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tems. Because enzyme inhibitors are not a concern in bDNA assays, the cumber-
some sample preparation steps often used to remove inhibitors are not required.
Also, the efficiency of nucleic acid purification schemes nsed in target amplifica-
tion assays introduces another source of variability.

A major limitation of all target amplification systems is false-positive reactions
resulting from carryover contamination of negative sample with amplified prod-
uct. The tremendous numbers of target molecules produced in each reaction can
be difficult to contain. Physical separation of pre- and postamplification activities,
unidirectional work flow, plugged pipette tips, physical containment, and enzy-
matic or chemical methods for amplicon inactivation are all used to limit false pos-
itives with PCR and other target amplification strategies. None of these practices
are necessary with bDNA because the target molecules are not amplified.

False-positive results with bDNA have been observed with proficiency testing
specimens for HIV-1 in the College of American Pathologists HIV-1 viral load sur-
vey and HCV in the viral quality control program administered by the Netherlands
Red Cross. The reason for the false-positive results with these proficiency testing
specimens is not known but may be sample matrix effects. The extent to which this
problem occurs with clinical samples has not been determined. However, both the
HIV-1 and HCV bDNA assays were designed to have a false-positive rate of =5%.

Target amplification systems generally have greater analytical and clinical sen-
sitivity than bDNA. However, the use of the preamplifier molecules and probes
containing isobases has lowered the limits of detection and quantitation to levels
that rival PCR in some applications (Collins et al., 1997; Kern et al., 1996). The
sensitivity of bDNA is ultimately limited by the signal-to-noise ratio. The princi-
pal component of the noise in bDNA is nonspecific hybridization between the am-
plification sequences and other nucleic acids. The use of amplifier probes con-
taining isobases has effectively reduced the noise due to nonspecific hybridization.
In principle, this should allow the use of preamplifiers and larger amplifiers or the
use of multiple layers of amplification to further enhance sensitivity, because the
signal can be augmented without concomitant amplification of noise.

To test this hypothesis, 5 attomoles of three different isoC- and isoG-containing
targets were hybridized to capture probes on microtiter wells (Collins ez al., 1997).
The first target was detected by hybridization with the alkaline phosphatase probe;
the second target was detected by hybridization with amplifier followed by alka-
line phosphatase probe; and the third target was detected by hybridization with pre-
amplifier, followed by amplifier, followed by alkaline phosphatase probe. The sig-
na) was measured by dioxetane chemiluminescence in RLU. The noise was the
RLU associated with no oligonucleotide target. The signal-to-noise ratios were
5.5, 19.6, and 154.3 for the first, second, and third targets, respectively.

PCR and related target amplification systems typically employ a single pair of
primers. Each primer is usually 20 to 40 bases in length and anneals to the com-
plementary sequence on the target nucleic acid to initiate the amplification reac-
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tion. Mismatches between the primer and target sequences can lead to failure to
amplify the target or to inefficient amplification, depending on the number and po-
sition of the mismatches. PCR primers must be carefully selected from highly con-
served regions to ensure equal amplification of all genotypes.

bDNA employs as many as 49 different target-specific probes to recognize the
target sequence in clinical samples. Each probe includes approximately 30 bases
that are complementary to target sequence. In theory, bDNA should be less sus-
ceptible than PCR to errors resulting from target sequence heterogeneity. In prac-
tice this has been demonstrated for two viral RNA targets, HCV and HIV-1 (Dunne
and Crowe, 1997; Hawkins et al., 1997).

In summary, bDNA has a number of distinct theoretical and practical advantages
over target amplification systems for direct quantitation of specific nucleic acid
sequences. The following sections review the specific clinical and research appli-
cations of this technology.

4. Infectious Disease Applications

4.1. HepaTITIS B VIRUS

Despite the availability of an effective vaccine, HBV infections remain a major
global public health problem. About 5% of patients become chronic carriers of he-
patitis B surface antigen (HBsAg) after acute infection, and there are an estimat-
ed 300 million HBsAg carriers worldwide (Lau and Wright, 1993). Chronic HB-
sAg carriers can be divided into two groups: those with low-level viral replication
and normal liver function tests and those with active viral replication and pro-
gressive liver disease that may progress to cirrhosis and death (Hoofnagle et al.,
1987; Kaneko et al., 1990).

Many assays are used for diagnosis and management of HBV infections. The
presence of HBsAg in serum or plasma indicates HBV infection but does not
provide information on the replicative activity of the virus. The secretory ver-
sion of the HBV core protein, the e antigen (HBeAg), has served as a marker for
active viral replication. In the treatment of chronic hepatitis B, the presence or
absence of HBeAg is an indicator of a high or low replicative state of the virus,
respectively. However, HBV precore mutants, which do not produce HBeAg ir-
respective of their replicative state, have been described (Carmen and Thomas,
1992).

The level of HBV DNA in serum or plasma probably better reflects the replica-
tive activity of HBV. Several assays for the quantitation of HBV DNA are com-
mercially available. In the Genostics assay (Abbott Laboratories), an 25I-labeled
probe binds to single-stranded HBV DNA in solution, followed by separation of
free probe and hybrids using Sepharose chromatography (Kuhn et al., 1988). The
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radioactivity in the column eluate is measured in a gamma counter. A cutoff value
above which a sample is considered reactive is calculated from three negative and
two positive controls (HBV DNA content 103 pg/ml or 3 X 107 copies/ml). A
quantitative result in pg/ml is calculated by a simple formula that relates the sam-
ple counts to the negative and positive control counts. The concentration HBV
DNA in the positive control standard is determined indirectly by plaque assays.

In the Hybrid-Capture assay (Digene), a full-length RNA probe is hybridized to
denatured HBV DNA in solution and the hybrids are captured on the surface of a
tube coated with anti DNA:RNA hybrid antibody. The bound hybrids are reacted
with antihybrid antibody labeled with alkaline phosphatase. A chemiluminescent
substrate is converted to a luminescent compound by the bound alkaline phos-
phatase. Light emission is measured in a luminometer and the concentration of
HBV DNA, in pg/ml, is determined from a standard curve. The concentrations of
the standards are determined spectrometrically (A,c, /A c. 3.

The Quantiplex HBV DNA assay (Chiron) represents a first-generation bDNA
assay (Hendricks et al., 1995). It employs a total of 48 target probes, 9 of which
mediate capture of HBV DNA to the microwells and 39 mediate binding of the
amplifier molecules. The target probes are complementary to approximately 45%
of the minus-sense strand of the HBV genome (Fig. 3). The standard curve is 7 X
10° to 4.5 X 10° HBV DNA equivalents/ml. One picogram of double-stranded
HBV DNA equals 2.85 X 10° DNA equivalents. The primary HBV standard used
for quantitation of assay standards is the entire HBV genome, subtype adw2, which
was purified from a recombinant plasmid and quantitated by total phosphate de-
termination, diphenylamine analysis, absorbance (A, ) of intact DNA, and ab-
sorbance (A,,,.) of deoxyribonucleosides released by complete digestion of
DNA with calf intestinal phosphatase and snake venom phosphodiesterase
(Collins et al., 1995; Urdea, 1992).

The bDNA assay exhibited nearly a four-log dynamic range of quantitation and
an analytical sensitivity of approximately 1 X 103 equivalents/ml (Hendricks et
al., 1995). At a quantitation limit of 7 X 10° equivalents/ml, the assay had a speci-
ficity of 99.7% when sera from 987 healthy blood donors were tested. The in-
terassay CV ranged from 10 to 15% when performed by novice users with differ-
ent sets of reagents. HBY DNA was detected in 94% of HBeAg-positive specimens
from chronically infected patients from the United States and in 100% of HBeAg-
positive specimens from chronically infected patients from Japan. HBV DNA was
detected iess frequently in HBeAg-negative specimens. HBV DNA was detected
in 27% and 31% of HBeAg-negative specimens from patients in the United States
and Japan, respectively.

Several comparisons of bDNA with other methods for quantitation of HBV
DNA have been published (Butterworth er al., 1996, Hwang et al., 1996; Kapke
et al., 1997, Pawlotsky et al., 1997; Zaaijer et al., 1994). Although these compar-
isons have been difficult owing to the use of different standards and units of mea-
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surement as well as differences between assays in dynamic ranges and quantifica-
tion limits, the studies are consistent in their findings.

The analytical sensitivities of the different quantitation methods have been com-
pared using serial dilutions of patients’ specimens (Butterworth et al., 1996) and
the Eurohep HBV DNA standards (Zaaijer ez al., 1994). In both cases, bDNA was
shown to be about 10-fold more sensitive than the liquid hybridization (Abbott)
and the hybrid capture (Digene) assays. Using the Eurohep HBV standards, the de-
tection limits were 2.5 X 106 genomes/ml for bDNA and 2.5 X 107 genomes/ml
for both liquid hybridization (LH) and hybrid capture (HC) assays.

Clinical sensitivity of the three assays has been assessed in several different set-
tings. In an evaluation employing 109 randomly selected HBsAg-positive sera,
HBYV DNA was detected in 39% by bDNA and in 28% by LH (Zaaijer et al., 1994).
Both assays detected HBV DNA more frequently in the 30 sera that were also
HBeAg positive (bDNA, 73%; LH 67%) than in the 79 sera that were HBeAg neg-
ative (bDNA, 25%; LH, 13%). Hwang ef al. (1996) compared the sensitivity of
bDNA and LH using 114 serial specimens obtained from 13 patients with chron-
ic active hepatitis B who had received 600 mg of ribavirin daily for 4 weeks. bDNA
detected HBV DNA in 94% and LH in 77% of the sera. Only two of seven sera
were below the quantitation limit of the bDNA assay and were found to contain
HBV DNA by a sensitive, qualitative PCR assay. When the data were stratified by
bDNA result, LH detected HBV DNA in 95% of the sera with =107 genome equiv-
alents/ml and in only 17% of the sera with =107 genome equivalents/ml. The au-
thors also examined the effect of ribavirin therapy on serum HBV DNA levels
measured by bDNA. The geometric mean level of HBV DNA decreased from 227
million equivalents (Meq)/ml at the start of therapy to 182 Meq/ml at the end of
therapy and finally to 15 Meq/ml 8 weeks after treatment. Four patients lost serum
HbeAg, and two patients lost serum DNA by both bDNA and PCR 8 weeks after
therapy.

Analysis of paired assay results below and above each assay’s limit of quanti-
tation (LOQ) indicated that a significantly larger proportion of observations were
below the LH L.OQ but above the bDNA L.OQ, indicating that bDNA was more
sensitive than LH (Kapke et al., 1997). In another study comparing bDNA and HC
for quantitation of HBV DNA in 300 HBsAg-positive sera, 15% more positives
were detected with bDNA (Pawlotsky ez al., 1997). However, HBV DNA was de-
tected by a qualitative PCR in 50% of the specimens with values below the bDNA
LOQ. A large percentage, 49%, of these bDNA-negative, PCR-positive patients
had no clinical or biological evidence of disease.

Clearly, bDNA is more sensitive than LH, HC, and in-house membrane hy-
bridization assays, but its relatively high LOQ is not optimal for detecting lower
titers associated with active liver disease. There have been no differences in clin-
ical specificity among the HBV DNA quantitation methods reported.

The correlation, agreement, and precision of results of the different commer-
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cially available assays have also been examined in several studies. The results of
the three assays correlated (r values 0.70 to 0.96) but the agreement was poor (But-
terworth et al., 1996; Hwang et al., 1996; Kapke et al., 1997; Pawlotsky et al.,
1997; Zaaijer et al., 1994). The bDNA results were consistently higher than LH
and HC results. The ratios of results for bDNA to LH ranged from 6 to 40 and for
bDNA to HC from 0.4 to 115. Kapke et al. (1997) developed the following equa-
tion for conversion of LH values to bDNA values, which maximized the linear cor-
relation: Meg/ml = 5.82 X (pg/ml)'-2*. The poor agreement between the assays
is attributable to differences in the technology and in the HBV DNA standards em-
ployed. The accuracy of each assay cannot be assessed in the absence of a com-
monly accepted gold standard HBV DNA preparation. The HBV bDNA assay was
more precise than the other commercially available assays with reported CVs rang-
ing from 5 to 20%.

Monitoring levels of HBV DNA in serum may be useful for identifying indi-
viduals most likely to respond to antiviral therapy, evaluating the efficacy of ther-
apy, and following the viral load after therapy (Hendricks er al., 1995). During
therapy the clinician can monitor viral load, perhaps by measuring the absolute re-
duction in or the kinetics of decrease in viral load. The enhanced sensitivity of
bDNA is clinically relevant because its use will identify more patients with ac-
tively replicating HBV and these patients are candidates for antiviral therapy.
Clearly, target amplification methods for HBV DNA are more sensitive than
bDNA with analytical detection limits of 0.4 to 4 fg/ml. However, it is not clear
how ultrasensitive detection methods will be useful in management of chronic he-
patitis B, with reports of long-term persistence of low levels of HBV DNA in in-
dividuals who show clinical and serologic resolution of disease and infection (Car-
reno et al., 1992; Kuhn et al., 1988; Mason et al., 1992).

4.2. HepaTITIS C VIRUS

For more than 20 years, researchers sought the virus or viruses that were thought
to be the cause of non-A, non-B (NANB) hepatitis. Attempts to identify a virus by
conventional immunological and virological methods failed. In 1989, a group from
the Centers for Disease Control and the Chiron Corporation cloned a portion of
the HCV genome from the blood of a chimpanzee inoculated with the serum of a
patient with NANB hepatitis (Choo et al., 1989). HCV now recognized as the ma-
jor cause of what used to known as NANB hepatitis. Nearly 4 million Americans
are infected with HCV, and it is responsible for an estimated 8000 deaths annual-
ly. Hepatitis C is now the leading reason for liver transplantation in the United
States.

HCV is a single-stranded RNA virus of the Flaviviridae family. It has a 9.4-kb
positive-sense genome encoding a polyprotein precursor of 3011 amino acids. In-
dividual isolates of HCV consist of closely related yet heterogeneous populations
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of viral genomes referred to as quasispecies (Martell et al., 1992). Phylogenetic
analysis of nucleotide sequences from different HCV isolates from around the
world established six major genotypes and many more subtypes (Simmonds et al.,
1994). The extensive genetic heterogeneity of HCV has important diagnostic and
clinical implications.

Interferon-a is currently the only agent of proven clinical efficacy in the treat-
ment of hepatitis C; however, only 10 to 51% of patients enrolled in clinical trials
showed a sustained improvement (Davis et al., 1989; Di Bisceglie et al., 1989).
Current interferon-o therapy is, typically, 3 million units, thrice weekly, given sub-
cutaneously for 12 months. Both HCV genotype and pretreatment viral load have
been shown to influence the response to interferon (Lau et al., 1993; Yoshioka et
al., 1992).

The practicing clinician has a number of different tests available to aid in the
evaluation of patients with suspected hepatitis C. These include measurement of
alanine aminotransferase (ALT) levels, liver biopsy, serological tests (ELISA and
recombinant immunoblot assay), and molecular methods for detection and quan-
titation of HCV RNA.

The quantitation of HCV RNA in serum may be important in predicting and
monitoring response to antiviral therapy (Davis, 1994). A variety of methods have
been used to quantitate HCV RNA, including endpoint dilution RT-PCR, compet-
itive PCR, multicyclic RT-PCR, nucleic acid sequence—based amplification, RT-
PCR with a single internal quantitation standard, and bDNA (Chazouilleres et al.,
1994; Detmer et al., 1996; Ishiyama et al., 1992; Kaneko et al., 1992; Klevits et
al., 1991; Kobayashi et al., 1993; Miskovsky et al., 1996).

The current bDNA assay for HCV RNA (Quantiplex HCV RNA 2.0) is a sec-
ond-generation assay that was redesigned to provide accurate quantitation of all
HCV genotypes. Although the first-generation assay included multiple probes de-
signed to include HCV sequence diversity, the hybridization efficiency and quan-
tification varied among the HCV genotypes such that version 1.0 underestimated
genotype 2 by a factor of 3 and type 3 by a factor of 2 (Collins et al., 1995; Lau et
al., 1995).

The version 2.0 assay uses a different set of probes designed to hybridize to
genotypes 1 to 6 with equal efficacy (Fig. 4). The new probe set not only enhanced
the efficiency of binding to genotypic variants but also lowered the LOQ from 3.5
X 10° to 2 X 10° HCV RNA egquivalents/m! (Detmer et al., 1996). The version
2.0 assay displayed almost a 600-fold dynamic range up to 1.2 X 10® RNA equiv-
alents/ml. The LOQ was set at 2 X 10° to ensure a specificity of =95%. The as-
say was reproducible, with a mean CV of 14% for replicates of low-, middle-, and
high-titer sera. Serial dilutions of quality level 1 RNA transcripts (Collins et al.,
1995) representing 5’ untranslated and core sequences from each of the six major
genotypes were tested in the version 2.0 assay and the maximum variance ob-
served was a 1.5-fold difference in quantification between genotypes 3a and 6a.
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The sample preparation is minimal, and as many as 42 patient specimens can be
tested in duplicate with one kit.

Hawkins et al. (1997) examined the accuracy of four different methods for the
quantitation of HCV RNA in plasma using samples from individuals infected with
different genotypes 1, 2, and 3 and using RNA transcripts of predetermined con-
centrations. The methods employed were bDNA versions 1.0 and 2.0, a commer-
cially available quantitative RT-PCR (HCV Monitor, Roche) (Miskovsky et al.,
1996}, and an in-house method based on limiting dilution RT-PCR with nested
primers from the highly conserved 5" noncoding region. Replicate testing revealed
that highly reproducible results were obtained with both bDNA 1.0 and 2.0, with
log,, variances of 0.102 and 0.052, respectively. Greater variability was observed
in the results of the RT-PCR methods with log, variances of 0.184 and 0.316 for
the in-house and Monitor assays, respectively. Significant differences in the effi-
ciency of detection of genotypes 1, 2, and 3 were observed for bDNA 1.0 and Mon-
itor assays, whereas bDNA 2.0 and limiting dilution RT-PCR were able to quanti-
tate the different genotypes with similar efficiencies. By quantitating RNA
transcripts of different genotypes, the sensitivities of the Monitor assay for se-
quences of type 2 and 3 transcripts were estimated to be 11% and 8% of those
achieved with type 1. The genotype sensitivities of bDNA 2.0 for type 2 and 3 tran-
scripts were 50% and 68% of those achieved with type 1.

When correction factors were applied to Monitor results to adjust for the dif-
ferent efficiencies of genotype quantitation, the observed differences in virus load
between patients’ specimens with different genotypes became insignificant. This
approach has also been used to resolve the apparent genotype differences in virus
load observed with bDNA 1.0 (Lau et al., 1995). These results suggest that many
of the previous studies evaluating the effect of genotype and virus load on the re-
sponse to interferon using the Monitor and bDNA 1.0 require reinterpretation.

Jacob et al. (1997) compared the relative sensitivities of bDNA 1.0 and 2.0 with
that of the Monitor assay for detection of HCV RNA in 174 serum samples from
53 patients with chronic hepatitis C. The sensitivities of bDNA 2.0 and Monitor
were similar at 91% and 92%, respectively, and both were more sensitive than
bDNA 1.0 (p <.001). Both assays detected HCV RNA in all 11 patients with geno-
types 2a, 2b, or 3a, whereas only 45% were detected in bDNA 1.0. Major differ-
ences in quantitation between bDNA 2.0 and Monitor were noted on a given spec-
imen, with the Monitor result an average of 41-fold lower (range 0 to 703-fold)
than those obtained with bDNA 2.0. Plots of values obtained with the Monitor and
bDNA 2.0 assays revealed a persistent bias. This bias became larger as the RNA
concentration increased, indicating a possible saturation effect in Monitor. These
results indicate that both methods can be used to detect HCV RNA in patients in-
fected with the genotypes most commonly found in the United States. The bDNA
2.0 may offer advantages over the Monitor assay for quantifying high-level
viremia.
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bDNA has also been used to quantitate HCV RNA in the liver of patients with
chronic hepatitis C (Idrovo et al., 1996). Frozen liver biopsy specimens were
weighed and then rapidly homogenized in 8 M guanidine HCl. RNA in the ho-
mogenized tissue was precipitated with one-half volume of ethanol. After the pre-
cipitate was washed with 70% ethanol, it was resolubilized in the bDNA sample
diluent and processed in the same manner as serum samples. The final results were
normalized on the basis of weight and expressed as HCV RNA genome equiva-
lents per gram of tissue. There was a strong correlation between RNA levels in the
right and left lobes of the liver as well as a strong correlation between RNA lev-
els in the liver and serum. However, there was no significant correlation between
severity of hepatic histology (Knodell’s index) and levels of HCV RNA in serum
and liver among patients with chronic active hepatitis.

Quantitative HCV RNA assays are useful tools for investigators in studying the
natural history, pathogenesis, progression, and treatment of hepatitis C. However,
the role of these assays in the management of individual patients has not been es-
tablished. The National Institutes of Health convened a consensus development
conference on the management of hepatitis C on March 24, 1997 (Internet
http://consensus.nih.gov). The expert panel recommended that interferon therapy
should not be withheld from patients on the basis of HCV RNA levels, mode of
acquisition, risk group, HIV status, or HCV genotype. The efficacy of interferon-
o therapy is currently defined biochemically as normalization of serum ALT and
virologically as the loss of serum RNA. These two parameters are assessed at two
time points: at the end of treatment and 6 months post treatment. Nonresponders
to interferon can be identified early by assessing the serum ALT level and pres-
ence of serum RNA after 3 months of therapy. If the ALT level remains abnormal
and HCV RNA remains detectable in the serum, then therapy should be stopped,
as further treatment with interferon is unlikely to produce a response. The failure
of bDNA to detect low levels of viremia limit its use in assessing the efficacy of
interferon therapy. Determination of viral load may become more clinically rele-
vant as effective alternative therapies become available.

4.3. HepaTITIS G VIRUS/GB VIRUS C

Viruses associated with hepatitis in humans were identified independently in
two laboratories and designated hepatitis G virus (HGV) and GB virus C (GBV-
C) (Linnen et al., 1996; Simons et al., 1996). The viruses show a high degree of
sequence homology (84%) and are referred to collectively as HGV/GBV-C.
HGV/GBYV-C is a positive-sense RNA virus of approximately 9300 nucleotides
that encodes a single polyprotein. The virus is distantly related to HCV and its ge-
netic organization is similar to that of members of the Flaviviridae family. Par-
enteral transmission of HGV/GBV-C has been documented, but the clinical im-
plications of infection and its disease associations are not clearly defined.
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Although as many as 20% of patients with chronic hepatitis C may be coinfected
with HGV/GBV-C, coinfection does not appear to influence the severity of liver
disease or response to interferon-a therapy (Martinot ef al., 1997).

A prototype bDNA assay was developed for quantification of HGV/GBV-C
RNA in serum (Pessoa et al., 1997). The assay employed target probes based on
the relatively conserved sequence in the 5’ untranslated region of the HGV/GBV-
C genome. Preamplifier molecules and incorporation of isoC and isoG into the se-
quences common to bDNA assays were used to enhance the analytical sensitivity.
The provisional limit of detection was 32,500 genome equivalents/ml based on di-
lutions of a 700-nucleotide synthetic HGV/GBV-C RNA transcript. The run-to-
run variance of the assay was <15%.

The bDNA assay was used to study the clinical impact of coinfection and the
effects of interferon-a and ribavirin therapy of HGV/GBV-C RNA levels in pa-
tients chronically infected with both HGV/GBV-C and HCV (Lau et al., 1997;
Martinot et al., 1997; McHutchinson et al., 1997). There were no differences in
the clinical, biochemical, or histological features of the coinfected patients com-
pared with those infected with HCV alone. Interferon-a treatment caused a marked
but usually transient reduction in serum levels of HGV/GBV-C RNA, and rib-
avirin caused a modest reduction of viral load of 0.5 to 1 log,,,.

HGV/GBV-C infection was present in 22% of patients with end-stage crypto-
genic cirrhosis undergoing liver transplantation (Pessoa er al, 1997). Serum
HGV/GBV-C RNA levels were measured by bDNA and were not correlated with
severity of liver disease as judged by histological score. Patients with HGV infec-
tion were similar in their clinical and histological features to those without HGV
infection, raising questions regarding the etiologic importance of this virus in cryp-
togenic liver disease.

4.4, HuUMAN IMMUNODEFICIENCY VIRUS TYPE 1

The quantitation of HIV-1 RNA in plasma has provided insights into the natur-
al history of HIV-1 infection and expedited the development of antiretroviral
drugs. The plasma HIV-1 RNA level, a direct measure of viral burden, is the best
available marker of HIV-1 infection according to the following criteria. Levels of
plasma HIV-1 RNA are associated with disease stage and progression, have low
biological variability, and are strongly correlated with other known prognostic
markers (Coombs et al., 1996; Mellors et al., 1995, 1996; O’Brien et al., 1996).
Changes in plasma HIV-1 RNA levels can be used to assess the activity of anti-
retroviral agents (Saag et al., 1996). Plasma HIV-1 RNA levels decrease in re-
sponse to effective antiretroviral therapy and increase upon selection and prolif-
eration of resistant virus or cessation of drug therapy. The measurement of plasma
HIV-1 RNA levels has quickly become an accepted clinical practice.

Currently, there are three commercially available assays for quantitation of HIV-
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1 RNA: the AMPLICOR Monitor test (Roche), NASBA-QT (Organon-Teknika),
and Quantiplex version 2.0 (Chiron). These assays differ in their sample volume
requirements, sample preparation, methods of amplification, methods of detection,
throughput, turnaround time, and cost (Caliendo, 1997). Only the Monitor assay
has been approved by the U.S. Food and Drug Administration for in vitro diag-
nostic use, but a variety of assays have been used in clinical research and in mul-
ticenter clinical trials of antiretroviral drugs.

The bDNA 2.0 assay was developed by modifying the first-generation assay de-
scribed by Pachl et al., (1995) to reduce the background level and increase the
number of bDNA amplifier molecules used to generate the signal (Kern et al.,
1996). The background noise in the assay was reduced by using shorter overhang
sequences for the capture extenders (target probe set 1), which reduced the T, for
hybridization of target probe set 1 to HIV-1 RNA by approximately 12°C. By re-
lying on the concatenation of nearby probes hybridized to the target to increase the
T ., nonspecific hybridization was diminished and background noise was reduced.
The cruciform design of the label extenders (target probe set 2) further decreased
the background level. The overhang sequences of target probe set 2 are 15 to 16
bases in length and individually cannot efficiently bind to the preamplifier. How-
ever, when the overhang sequences of two target probes are adjacent, the T
increases and stabilizes the hybridization of the preamplifier (Fig. 2).

The sensitivity of the assay was increased by the addition of preamplifier mol-
ecules that require the specific alignment of oligonucleotide sequences and con-
tain eight bDNA amplifier hybridization sites, as described in Sect. 2.5. The probes
in target probe set 2 can bind up to 28 preamplifier molecules per target molecule.
Each preamplifier molecule can bind up to eight amplifier molecules and each am-
plifier molecule contains 15 branches, each of which has 15 branches, each of
which can bind three alkaline phosphatase/labeled probes. At the end of the hy-
bridization steps, as many as 10,080 labeled probes may be bound to each captured
HIV-1 RNA molecule. These changes resulted in at least a 20-fold increase in sen-
sitivity over the first-generation assay. The quantification limit of the second-gen-
eration bDNA assay for HIV-1 RNA is 500 copies/ml.

The second-generation assay retained many of the desirable characteristics of
the first-generation assay, including accuracy, linearity over a wide range of val-
ues, and reproducibility (Kermn et al., 1996). The effect of genotypic variation on
HIV-1 RNA quantitation was assessed by testing serial dilutions of pol gene se-
quence transcripts represent HIV-1 subtypes A to F. All six genotypes were quan-
tified equally, with a maximum observed variance of 1.4-fold difference in quan-
tification between subtypes B and E. The assay showed a linear response over a
dynamic range of 390 to 1.6 million copies/ml using serial fourfold dilutions of a
patient specimen (r* = 0.986). The reproducibility was assessed by testing repli-
cates of specimen panels covering a 2 log, , range of HIV-1 RNA concentrations
in 30 separate assay runs by five different operators. The overall assay precision
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(%CV) ranged from 17 to 39%. The %CV was highest near the quantification lim-
it of the assay. The results from the first- and second-generation assays were high-
ly correlated (» = 0.96), allowing meaningful comparisons of virus concentrations
in specimens tested with either assay.

A number of different assays for the quantitation of HIV-1 RNA have been used
in multicenter clinical trials of antiretroviral drugs. The need to ensure compara-
bility of the HIV-1 RNA data within and among trials obtained from different test
sites by the various methods prompted two large multicenter evaluations of these
methods. In 1994, a multicenter evaluation of a variety of in-house and commer-
cially developed assays, including bDNA version 1.0, showed that several of the
procedures were sufficiently reproducible that an empirical fourfold change could
be viewed as statistically significant (Lin ef al, 1994). Comparison of the indi-
vidual assay standards with a common set of standards showed disagreement with
the nominal HIV-1 copy number value assigned by electron microscopic viral par-
ticle count. Because systematic differences between methods were also observed,
it was unclear whether a common set of standards would be useful in aligning the
differences measurements of HIV-1 RNA. HIV-1 RNA levels correlated with
proviral DNA and were inversely correlated with CD47 cell counts. HIV-1 RNA
assays were more positive than plasma viremia measured by culture and p24 anti-
gen assays.

The AIDS Clinical Trials Group virology laboratory quality assurance program
for quantitation of HIV-1 RNA demonstrated that 65% of the laboratories, using
different commercial and in-house assays, could attain a level of intraassay preci-
sion (standard deviation =0.15 log) to detect reliably a fivefold difference in HIV-
1 RNA copy number (Yen-Lieberman et al., 1996). Laboratories using bDNA ver-
sions 1.0 and 2.0 reported the lowest intraassay standard deviations of 0.08 and
0.06 log,, respectively. The fitted regression lines of estimated RNA concentra-
tions on nominal RNA concentration indicated that the differences between labo-
ratories that used the same kit were generally greater than the differences among
population-average regressions for the kits themselves. They suggested that the
use of a common set of standards across clinical trial protocols would allow cross-
protocol comparisons. However, the experience with patients’ samples indicates
that the variations among assay values for individual patients are not consistent
(Coste et al., 1996; Nolte et al., 1998; Revets et al., 1996; Schuurman et al., 1996).

The version 1.0 bDNA assay was compared with the Monitor and NASBA HIV-
1 RNA assays in three clinical evaluations (Coste et al., 1996; Revets et al., 1996;
Schuurman et ai., 1996). Coste et al. (1996) found that the sensitivity of the bDNA
assay was lower (68.3%) than that of both the Monitor (93.3%) and NASBA
(100%) assays for detection of HIV-1 RNA among 60 plasma specimens. When
results with specimens for which the RNA levels were higher than the lower quan-
titation limit of each method were analyzed, the mean levels by Monitor, bDNA,
and NASBA were 5.38 = 0.52, 5.03 £ 0.55, and 5.39 * 0.53 log, , copies/ml, re-
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spectively. The mean bDNA value differed significantly (p <.01) from both the
Monitor and NASBA mean values, In contrast, using smaller numbers of clinical
specimens, Revets et al. (1996) showed no significant differences among the as-
says in sensitivity and Shuurman ez al. (1996) reported that there was no signifi-
cant difference in the mean RNA levels determined by the three assays. The pre-
cision of the three assays was similar in all of these evaluations, with the bDNA
assay being the most precise. Both studies that examined longitudinal specimens
from patients receiving antiretroviral therapy found that the changes measured in
response to therapy were comparable (Revets et al., 1996; Schuurman et al., 1996).

The genetic diversity of HIV-1 affects the quantitation of HIV-1 RNA by the
various techniques differently. Although HIV-1 subtype B predominates in North
America and Europe, AIDS is a global epidemic and greater subtype diversity ex-
ists in other parts of the world. HIV-1 subtype A is not detected by Monitor and
subtype G is not detected by NASBA; however, all subtypes are quantitated with
similar efficiency by bDNA (Coste er al., 1996; Dunne and Crowe, 1997; Nolte et
al., 1998). Also, Monitor appears to be less efficient than bDNA in quantitating
subtypes E and F and is affected more by interstrain genetic variability within these
subtypes. The copy number detected by Monitor may be more than 1 log,, lower
than the copy number detected by bDNA for some subtype E and F strains.

The performance characteristics of the bDNA 2.0 assay were compared with the
Monitor assay in a clinical evaluation using dilutions of a stock virus suspension,
a subtype panel, and plasma specimens from 64 HIV-1-infected individuals (Nolte
et al., 1998). Plots of HIV RNA copies/ml versus nominal virus particles/mi
demonstrated that both assays were linear over their stated dynamic ranges, but
comparison of the slopes of the linear regression lines suggested that Monitor had
greater proportional systematic error. The between-run CVs of the assays were
similar. HIV-1 subtypes B, C, and D were quantitated with similar efficiencies by
bDNA and Monitor; however, Monitor was less efficient in quantitating subtypes
A, E, and F. The sensitivities of the two assays for detection of HIV-1 RNA in clin-
ical specimens were similar (bDNA, 83%; Monitor, 86%). The Monitor copy num-
ber values were consistently greater than the bDNA values, with population means
of 142,419 and 67,580 copies/ml, respectively (p <.01). The correlation of the re-
sults of the two assays was high (r = 0.91) but the agreement was poor, with a
mean difference in log,, copies/ml * 2 standard deviations of 0.45 = 0.61. The
differences between the values obtained with the two methods were not consistent
between patients. Because the limits of agreement (mean difference in log,,
copies/ml * 2 standard deviations) between the methods exceeded what is gener-
ally considered a biologically relevant change in plasma HIV-1 RNA levels (>0.5
log, ), the assays should probably not be used interchangeably to monitor the ef-
fects of antiretroviral therapy.

The introduction of HIV-1 protease inhibitors has driven viral loads to levels be-
low the 500 copies/ml detection limit of the bDNA 2.0 assay. The background
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noise due to nonspecific hybridization of assay components resulted in a limited
signal-to-noise ratio of approximately 1.8 at the lower quantitation limit of this as-
say. The prototype third-generation assay incorporates isoC and isoG in the label
extender, preamplifier, amplifier, and alkaline phosphatase—labeled probes to min-
imize nonspecific hybridization, and a 14- rather than 8-site preamplifier molecule
further enhances the signal generation capacity (Collins er al, 1997). These
changes resulted in an eight-fold increase in the signal-to-noise ratio over the pre-
vious generation of the assay. It was designed to have a sensitivity of 50 copies/ml,
a specificity of >95%, a broad dynamic range of 50 to 500,000 copies/ml, and
equal quantitation of all HIV-1 subtypes. The bDNA version 3.0 was also designed
for testing in singlet, which will reduce the sample volume requirement from 2 to
1 ml. To date, no independent evaluations of the bDNA 3.0 assay have been pub-
lished.

HIV-1 RNA levels have quickly become part of the routine management of pa-
tients infected with HIV-1. Recommendations for the appropriate use and inter-
pretation of HIV-1 viral load assays in clinical practice have been developed, but
a thorough discussion of these recommendations is beyond the scope of this re-
view (Saag et al., 1996; Centers for Disease Control and Prevention, 1998).

4.5. CYTOMEGALOVIRUS

Cytomegalovirus (CMYV) is an important cause of morbidity and mortality in or-
gan transplant recipients and in HIV-infected individuals. The development of safe
and effective antiviral therapy for CMV infections led to the search for methods
for the timely detection of this slowly growing virus. Detection of CMV in the
blood is the best marker for identifying the patients most at risk for developing
symptomatic disease and for disease diagnosis. Rapid culture techniques, pp65
antigen staining, and detection of CMV DNA or mRNA by PCR have all been used
to detect CMV in leukocytes (Gleaves er al., 1985; Jiwa et al., 1989; Van der Bij
et al., 1988) CMV DNA has also been detected in plasma using PCR (Nolte ez al,,
1995). Because CMV DNA can be detected in the blood of latently infected,
asymptomatic individuals, its mere presence does not always indicate active dis-
ease. Quantitative CMV DNA assays may be required to realize the full prognos-
tic and diagnostic value of this marker.

A bDNA assay for the direct quantitation of CMV DNA in blood has been de-
scribed (Chernoff et al., 1997). The assay required the harvest of peripheral blood
mononuclear cells by a dextran settling procedure and preparation of cell pellets
of 2—6 X 10° cells. The cell pellets were lysed under denaturing conditions to re-
lease the CMV DNA. The assay employed 43 target probes: 9 to mediate capture
of the CMV DNA and 34 to mediate binding of the amplifier molecules to the
CMV DNA. Each target probe contained a 33-base sequence that hybridizes to ei-
ther the gB or UL56 region of the CMV genome. These regions were selected be-
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cause of the high degree of sequence conservation among different CMV isolates.
Four assay standards were prepared by serial dilution of linearized plasmid DNA
containing one copy of the gB and UL56 genes to 5.6 X 106,3.5 X 10°,4.4 X 104,
and 4.4 X 103 copies of CMV DNA per well. The assay also included a positive
and a negative control prepared for infected and uninfected fibroblast cells, re-
spectively. The results are expressed as CMV DNA copies per 106 cells.

The assay displayed a linear response over the nearly 3 log, , range of the stan-
dard curve. The specificity of the assay was evaluated by testing 99 leukocyte spec-
imens obtained for healthy CMV-seronegative and -seropositive blood donors and
found to be 96%. The clinical sensitivity of the bDNA assay for CMV was com-
pared with leukocyte culture using 211 specimens from seropositive subjects. The
bDNA assay detected 95% of the culture-positive specimens. CMV DNA was also
detected by bDNA in 14% of the culture-negative specimens. It in unlikely that
these additional positives by bDNA were false positives because 90% were from
patients either receiving specific antiviral therapy or later diagnosed with CMV-
related disease. The bDNA assay appears to more sensitive than standard culture
methods for detection of CMV in leukocytes. The CVs for overall assay precision
ranged from 14.4 to 46.2%. The assay was sufficiently precise to discern 1.5- to
5.0-fold changes in CMV DNA levels. A number of different microorganisms and
drugs that may be found in the blood of immunocompromised patients were test-
ed in the bDNA to assess whether these substances would affect the signal gener-
ated in the assay, and no effects were found.

The potential clinical utility of the bDNA assay in AIDS patients was demon-
strated by monitoring CMV DNA levels in the blood of a patient undergoing gan-
cilovir therapy (Chernoff et al., 1997), in semen specimens from patients being
treated with the antiviral nucleotide analogue cidofovir (Lalezari et al., 1995), and
in cerebrospinal fluid from patients with CMV neurologic infections (Flood ef al.,
1997). These studies demonstrate that bDNA can be used to measure CMV DNA
in various clinical specimens. To date, no comparisons of bDNA with other strate-
gies for detection of CMV DNA in clinical specimens have been published.

4.6. TRYPANOSOMA BRUCEI SPP.

Human sleeping sickness is caused by the hemoflagellates Trypanosoma brucei
gambiense in West Africa and T. brucei rhodesiense in East Africa. Sleeping sick-
ness is a major public health problem for both humans and cattle in many African
countries. African typanosomiasis is an acute and chronic disease with hemolym-
phatic involvement in the early stages and invasion of the central nervous system
in the later stages, resulting in death if not treated (Bales, 1991).

The clinical manifestations of trypanosomasis are variable and nonspecific. Di-
agnosis depends on the demonstration of typanosomes in body fluids or tissues.
Demonstration of typanosomes in the blood is problematic because of the typically
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low numbers of parasites and the wavelike fluctuations in parasitemia. The large
repertoire of antigenically variable surface glycoproteins of T. brucei are expressed
one at a time and routinely switched by the parasite to avoid the host immune re-
sponse. This hampers the development of immunodiagnostic tests. Molecular
methods such as PCR and bDNA may hold promise for the detection of try-
panosomes in blood.

Indeed, a bDNA assay for diagnosis of African trypanosomiasis was developed
and compared with buffy coat microscopy for detection of 7. brucei in human
blood samples (Harris et al., 1996). Two repetitive DNA sequences found only in
the T. brucei complex, a 177-bp satellite repeat and the ribosomal mobile element,
were selected as targets in the bDNA assay. The assay used the standard bDNA
components: capture probes, target probes, amplifier molecules, and alkaline
phosphatase—labeled probes. Various blood fractions and sample preparation
methods were examined. Ultimately, buffy coat samples resulted in the highest
sensitivity. Although typanosomes do not infect leukocytes, they cosediment with
them.

The limit of detection of the assay was estimated to be 200 parasites/ml of
blood. The detection limit is well within the range of sensitivity needed to diag-
nosis trypanosomiasis, as the parasitemia may vary from 5000 to 1,500,000 para-
sites/ml (Vickerman, 1974). The bDNA assay was compared with buffy coat mi-
croscopy for detection of T. brucei in 56 blood samples (36 buffy coat positive and
20 buffy coat negative by microscopy). There was complete concordance between
the results of the two tests in terms of identifying specimens as positive of nega-
tive. However, the numbers of parasites observed by microscopy were lower over-
all than those calculated with the bDNA assay. The authors suggested that the ex-
cess of leukocytes in the buffy coat could interfere with the microscopic detection
of typanosomes, resulting in lower apparent parasitemia than the true value.

The authors also demonstrated a low-technology method for recording the
chemiluminescent signal of the bDNA assay. The light emission was recorded on
black-and-white film Polaroid film using a handheld camera. The bDNA assay
could be applicable to field situations because of the stability of the reagents and
the ability to record the data without the use of sophisticated equipment.

5. Quantitation of Messenger RNA

Interferon-y (IFN-y) mRNA levels were measured in unstimulated peripheral
blood mononuclear cell (PBMC) and purified cell populations, using a bDNA as-
say, to characterize the cell types that contribute to the in vivo increase in IFN-vy
gene expression seen in HIV infection (Breen et al.,, 1997). IFN-v is a cytokine
that can be produced by multiple cell types and is considered to enhance cellular
responses by activation of monocytes and macrophages. It is one of the type 1 cy-
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tokines that is considered to contribute to effective cell-mediated immunity. IFN-
~ drives the production of neopterin, an activation marker detectable in serum or
plasma that is elevated in HIV-1 infection and serves as a predictor of disease pro-
gression (Fahey ez al., 1990; Melmed et al., 1989). IFN-y itself is difficult to mea-
sure in serum, so its production is often assessed by examining mRNA expression
in cells or measuring IFN-vy protein secreted into cell culture supernatants.

Cellular mRNA was obtained from cell pellets containing known numbers of
cells after homogenization in 8 M guanidinium HCI and precipitation in 50%
ethanol at —20°C overnight. The IFN-y mRNA bDNA assays were performed di-
rectly on the RNA solutions, without further purification, reverse transcription, or
amplification of the target sequence. The assay used first-generation bDNA tech-
nology. IFN-y mRNA results were expressed as relative light units per 106 cells.

PBMC and CD8™" T cells from HIV-1-seropositive subjects showed a 2.5-fold
increase in mean IFN-y RNA levels over the mean for HIV-1-seronegative sub-
jects. Within individual subjects, CD8" T cells showed the highest [FN-y expres-
sion regardless of the HIV-1 status, suggesting that HIV-1 infection enhances IFN-
+ gene expression in CD8* T cells rather than inducing a shift to and/or increasing
expression of the IFN-y mRNA in other cell types. HIV-1-infected subjects with
increased PBMC IFN-y mRNA had elevated plasma levels of HIV-1 RNA,
neopterin, and 3,-microglobulin. No differences in [FN-y mRNA levels were seen
among HIV-1-infected subjects stratified by CD4* T cell number. The authors
concluded that increased IFN-y may result from or be a contributing factor to in-
creased viral load.

A bDNA assay for quantitation of mouse insulin II mRNA was developed to
study the regulation of insulin preRNA splicing by glucose (Wang et al., 1997).
Although most species have a single gene, in mice and rats a duplication has re-
sulted in a second copy. The ancestral and duplicated genes are termed insulin II
and insulin I, respectively. Different hybridization conditions allowed DNA and
RNA target sequences to be distinguished. The samples were harvested in a neu-
tral buffer with sodium dodecyl sulfate and proteinase K to ensure that the DNA
remained double stranded and did not hybridize with the probes and that the RNA
is protected from degradation. The assay was both sensitive and highly specific.
Mouse insulin II mRNA was detected from a single beta-cell, whereas 1 million
non—insulin-producing alpha-cells gave no signal. The limit of detection was ap-
proximately 10* insulin mRNA molecules as determined with in vitro transcripts
from mouse insulin I cDNA. By using intron and exon sequences, probes were
designed for bDNA assays that distinguished the various spliced and partially
spliced insulin preRNAs from mature insulin mRNA.

Insulin mRNA splicing rates were estimated from the rate of disappearance of
the insulin preRNA signal from beta-cells treated with actinomycin D to block
transcription. The two introns in mouse insulin II are not spliced with the same ef-
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ficiency: intron 2 is spliced out more efficiently than intron 1. As a result, some
mRNA-retaining intron 1 enters the cytoplasm and accounts for approximately 2
to 10% of the insulin mRNA in the cell. When islets cells grown in high concen-
trations of glucose were shifted to low-glucose medium, the levels of insulin pre-
RNA and the rate of splicing fell significantly. The authors concluded that glucose
stimulates insulin gene transcription and insulin preRNA splicing.

The studies described here demonstrate that bDNA can be used to quantitate
mRNA at physiologic levels and that the technology can also be used effectively
in cell biology as well as infectious diseases. The bDNA assays do not have the
sensitivity of RT-PCR assays that have been described for the same purposes, but
bDNA may be better suited for truly quantitative mRNA measurements, since it
does not require reverse transcription or amplification of the target sequences.

6. Summary

In this chapter I have reviewed the development of bDNA as a method for quan-
titation of nucleic acid targets and the application of this technology to the study
of infectious diseases and cell biology. The ability to quantify viral nucleic acids
in clinical specimens has led to a better understanding of the pathogenesis of
chronic viral infections such as HIV-1, HCV, and HBV. The information provided
by these methods can also be important in the management of patients with these
infections. The prognostic value of a single baseline HIV-1 RNA level rivals that
surgical staging procedures for cancer, which are among the most powerfully pre-
dictive tests in medicine (Mellors et al., 1996). These methods have been used to
assess rapidly the effects of antiviral therapy, which has both expedited the devel-
opment of antiviral drugs and improved the management of patients with HIV-1
and HCV infections.

bDNA has several characteristics that distinguish it from the quantitative target
amplification systems, including better tolerance of target sequence variability,
more direct measurement of target, simpler sample preparation, and less sample-
to-sample variation. However, the first- and second-generation bDNA assays
lacked sensitivity compared with the target amplifications systems. The changes
incorporated into the third-generation assays have effectively increased the signal-
to-noise ratio to such a high level that the analytical sensitivity of system 8 bDNA
approaches that of PCR. In theory, bDNA can be made even more sensitive by in-
creasing both the sample volume and the signal-to-noise ratio. Nonspecific hy-
bridization can be further reduced by finding more effective blockers for the sol-
id phase or by redesigning the amplifier molecule or the solid phase itself. The
increased sensitivity may create new applications for the technology in filter and
in situ hybridization assays.
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CRH, see Corticotropin-releasing hormone
CTAD, 160
C-type natriuretic peptide (CNP), 99
Cyclooxygenase inhibitors, sepsis therapy with,
85-86
Cytoadhesins, 135
Cytokine genes, 104
Cytokines
sepsis and, 56, 59, 86, 104—105, 107
assay, 58, 60, 62
heat shock proteins (HSPs), 6869
IL-1, 49, 58, 59, 62-63, 66, 105
IL-1Ra, 59, 63, 66-68, 69, 106
IL-6, 59, 65-66, 105
IL-8, 58, 59, 63-64, 105
IL-10, 56, 59, 64-65, 105
sTNF-R, 59, 66—68, 105, 106
TNE, 58, 60-62, 66, 69, 105
Cytomegalovirus virus (CMV), branched DNA
signal amplification assay, 227-229

D

D-dimer, 155
Defibrotide, 150
Dehydroepiandrosterone (DHEA), sepsis and,
89,91
Dehydroepiandrosterone sulfate (DHEAS), sep-
sis and, 89, 91
Desulfato hirudin, 149
Diacylglycerol (DAG), 136
DIC, see Disseminated intravascular coagula-
tion
Diiodotyrosine (DIT), 101
Diphosphoglycerate mutase (DPGM)
deficiency, 2-3, 31-32
structure and function, 8—9
Diphosphoglycerate phosphatase (DPGP), 8
Dipyridamole, anticoagulant therapy, 151
Disseminated intravascular coagulation (DIC)
D-dimer, 155
in sepsis, 76, 105
thrombomodulin, 83
Dopamine
sepsis treatment with, 94
use in critical care medicine, 101-102
DPGM, see Diphosphoglycerate mutase
DPGM gene, mutations, 32
DPGP, see Diphosphoglycerate phosphatase
Dysfibrinogenemias, 152



240

E-5880, 85
Ecarin, 161-162
EDTA-induced pseudothrombocytopenia, 156
Efegatran, 150
ELAM-1, 106
Electrolyte homeostasis, sepsis and, 97, 104
atrial natriuretic peptide (ANP), 99-100
renin-angiotensin-aldosterone axis, 97-99
vasopressin, 97
Embden—Meyerhof pathway, 2
defects, 4, 16-24
aldolase deficiency, 4, 14, 19-20
glucose phosphate isomerase deficiency, 4,
14,17-18
hexokinase deficiency, 4, 16-17
phosphofructokinase deficiency, 4, 14,
18-19
phosphoglycerate kinase deficiency, 4, 14,
21
pyruvate kinase deficiency, 4, 21-24
triose phosphate isomerase deficiency, 4,
20-21
Endogenous extrinsic plasminogen activators,
146
Endogenous opioid peptides, 95
Endothelial cell protein C receptor (EPCR), 142
Endothelial cells, coagulation regulation and,
82-84
Endothelin (ET)
biological activity, 71, 106
sepsis and, 72-73
Endothelium
function, 82, 106
inflammatory reactions and, 69-70
Endotoxemia, 66
Endotoxins
biological activity, 104, 105-106
HPA axis and, 89
Enolpyruvate, 9
Epinephrine, sepsis and, 92
EPCR, see Endothelial cell protein C receptor
Erythrocytes, see Red blood cells
Erythroenzymopathies, 4; see also Red blood
cell enzyme deficiencies
hereditary hemolytic anemia, 2, 4, 14—-16, 37
adenosine deaminase overproduction, 4,
30-31
adenylate kinase deficiency, 4, 29

INDEX

aldolase deficiency, 4, 14, 19-20
clinical features, 14-15
diagnosis, 15
glucose-6-phosphate dehydrogenase defi-
ciency, 4, 14, 25-27
glucose phosphate isomerase deficiency, 4,
14,17-18
glutamylcysteine synthetase deficiency, 4,
28
glutathione peroxidase deficiency, 4, 28
glutathione reductase deficiency, 4, 27-28
glutathione synthetase deficiency, 4, 29
hexokinase deficiency, 4, 16—17
phosphofructokinase deficiency, 4, 14,
18-19
phosphoglycerate kinase deficiency, 4, 14,
21
pyrimidine 5'-nucleotidase deficiency, 4,
29-30
pyruvate kinase deficiency, 4, 21-24
therapy, 16
triose phosphate isomerase deficiency, 4,
14,20-21
hereditary nonhemolytic disorders
diphosphoglycerate mutase deficiency,
2-3,31-32
lactate dehydrogenase deficiency, 2-3, 32
NADH cytochrome b, reductase deficien-
cy, 2-3,32-33
mutations causing, 5
nonhematologic hereditary disorders
acatalasemia, 5, 35
adenine phosphoribosyltransferase defi-
ciency, 5, 34-35
adenosine deaminase deficiency, 4-5,
33-34
carbonic anhydrase deficiency, 5, 36—37
galactosemia, 4-5, 35-36
Lesch—Nyhan syndrome, 34
porphyrias, 4-35, 36
prolidase deficiency, 4-5, 35
purine nucleoside phosphorylase deficien-
cy, 5,34
Estradiol, sepsis and septic shock and, 103
Estrogen, sepsis and septic shock and, 103
ET, see Endothelin
Euthyroid sick syndrome (ESS), 100
Extrinsic coagulation system, activation of,
76-77
Extrinsic fibrinolytic pathway, 79
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Factor II, stability in plasma, 159
Factor IV, stability in plasma, 159
Factor V

coagulation cascade, 83, 138, 142

molecular defect, 153

stability in plasma, 159
Factor Va, coagulation and, 138, 142
Factor V gene, 154
Factor V Leiden, 153
Factor VII

coagulation and, 138

stability in plasma, 159
Factor VIIa, coagulation and, 138, 155
Factor VIII

coagulation, 83, 138

stability in plasma, 159
Factor VIlla, coagulation and, 138
Factor IX, coagulation and, 138
Factor IXa, coagulation and, 138
Factor X

coagulation and, 138

stability in plasma, 159
Factor Xa, coagulation and, 138, 141, 144
Factor XI, coagulation and, 138, 146
Factor Xla, coagulation and, 141
Factor XII, coagulation and, 76, 78, 146
Factor XIIa, coagulation and, 76, 78
Factor X111, coagulation and, 139, 140
Fibrin, 137-138, 139
Fibrinogen

coagulation cascade, 137138, 139,

140

molecular defects, 152
Fibrinogen Christchurch, 152
Fibrinogen—fibrin degradation products

(FDP-fdp), 142, 145, 160

Fibrinogen Fukuoka 11, 152
Fibrinogen New York I, 152
Fibrinogen Seattle, 152
Fibrinolysis, 142—143, 160161
Fibrinolytic system, sepsis and, 79-80
Fibrinopeptide A (FPA}), 139
Fibrinopeptide B (FPB), 139, 152
Fibronectin, 159
Fletcher factor, 76
Fluid homeostasis

sepsis and, 97, 104

atrial natriuretic peptide (ANP), 99100
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renin-angiotensin-aldosterone axis, 97-99
vasopressin, 97
Food and Drug Administration, tumor marker
evaluation, 170-175
Fructose-1,6-diphosphate, metabolism, 7

G

G6PD, see Glucose-6-phosphate dehydrogenase
G6PD gene, 13, 25-27
Galactokinase
deficiency, 35-36
structure and function, 35
Galactose-1-phosphate uridyltransferase
deficiency, 35-36
structure and function, 35
Galactosemia, 4-5, 35-36
GB virus C, bDNA signal amplification assay,
222-223
GC-S, see Glutamylcysteine synthetase
GC-S gene, mutations, 28
Genetic defects, coagulation, 151-154
GK, see Glucokinase
GK gene, 6, 17
Global coagulation tests, nonanalytical vari-
ables, 157-159
Glucagon, sepsis and, 94
Glucokinase (GK), 6
Glucose-6-phosphate dehydrogenase (G6PD)
deficiency, 4, 14, 25-27
structure and function, 12—13
Glucose phosphate isomerase (GPI)
deficiency, 4, 14, 17-18
structure and function, 67
Glu-plasmin, 143, 144
Glutamic plasminogen (Glu-plasminogen),
143144, 145
Glutamylcysteine synthetase (GC-S)
deficiency, 4, 28
structure and function, 28
Glutathione metabolism, enzyme deficiency, 2, 4
Glutathione peroxidase (GSH-Px)
deficiency, 4, 28
structure and function, 28
Glutathione reductase (GR)
deficiency, 4, 27-28
structure and function, 27
Glutathione synthetase (GSH-S)
deficiency, 4, 29
structure and function, 28
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Glycerate mutase deficiency, 2-3
Glycogenosis type VII, 18
Glycogenosis type X, 32
Glycolysis, 2
enzyme deficiencies, 2, 4
hexokinase, 6
phosphofructokinase (PFK), 7
phosphoglycerate kinase (PGK), 9
pyruvate kinase (PK), 9, 11-12
triose phosphate isomerase (TPI), 8
B2Glycoprotein 1 (B2-GPI), 156
Glycoprotein complexes, platelet adhesion, 134
Glycoprotein Ia/lla, 135
Glycoprotein Ib receptor, 134
Glycoprotein Ib/V/IX complex, 151
Glycoprotein Ic/Ila, 135
Glycoprotein IIb/Illa complex, 156
Glycoprotein IIb/Illa receptor, 136
Glycoprotein IV, 134
Glycoprotein IX, 134
Glycoprotein V, 134
Gonadotropin-releasing hormone (GnRH), 102
GPI, see Glucose phosphate isomerase
GPIb/IX/V complex, platelet adhesion, 134
GPIb/V/IX complex, 151, 157
GPI gene, 7, 17-18
GPIIb/Ila complex, 156
GPI1V, 156
GR, see Glutathione reductase
Growth hormone, sepsis and, 94
GSH-Px, see Glutathione peroxidase
GSH-S§, see Glutathione synthetase
GSH-S gene, mutations, 29

H

HA-1A, sepsis treatment with, 86
Hageman factor, 76, 78
Heat shock proteins (HSPs), function, 68-69
Heat shock response, 68
Heme synthesis, enzymes, 36
Hemolysis, clinical features, 14
Hemolytic anemia, enzyme abnormalities and, 2
Hemostasis, nonanalytical variables affecting,
157-162
Heparin cofactor II, 141
Hepatitis B virus, branched DNA signal amplifi-
cation assay, 205, 207, 216219
Hepatitis C virus, 219-220
branched DNA signal amplification assay,
205, 206, 211, 212, 213, 215, 219-222

INDEX

Hepatitis G virus/GB virus C, branched DNA
signal amplification assay, 222-223
Hereditary hemolytic anemia, 2, 4, 14-16, 37
clinical features, 14-15
diagnosis, 15
Embden—-Meyerhof pathway defects, 4,
16-24
aldolase deficiency, 4, 14, 1920
glucose phosphate isomerase deficiency, 4,
14, 17-18
hexokinase deficiency, 4, 16—17
phosphofructokinase deficiency, 4, 14,
18-19
phosphoglycerate kinase deficiency, 4, 14,
21
pyruvate kinase deficiency, 4, 21-24
triose phosphate isomerase deficiency, 4,
14, 20-21
hexose monophosphate deficiency, 4, 25-29
glucose-6-phosphate dehydrogenase defi-
ciency, 4, 25-27
glutamylcysteine synthetase deficiency, 4,
28
glutathione peroxidase deficiency, 4, 28
glutathione reductase deficiency, 4, 27-28
glutathione synthetase deficiency, 4, 29
nucleotide metabolism deficiency, 4, 29
adenosine deaminase overproduction, 4,
30-31
adenylate kinase deficiency, 4, 29
pyrimidine 5'-nucleotidase deficiency, 4,
29-30
therapy, 16
Hereditary methemoglobinemia, 33
Hereditary nonhematologic disorders, see Non-
hematologic hereditary disorders
Hereditary nonhemolytic disorders
diphosphoglycerate mutase deficiency, 2-3,
31-32
lactate dehydrogenase deficiency, 2-3, 32
NADH cytochrome b, reductase deficiency,
2-3,32-33
Hexokinase (HX)
deficiency, 4, 1617
structure and function, 6
Hexose monophosphate pathway, 2, 3, 12-13
defects, 2, 4, 25-29
glucose-6-phosphate dehydrogenase defi-
ciency, 4, 14, 25-27
glutamylcysteine synthetase deficiency, 4,
28
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glutathione peroxidase deficiency, 4, 28
glutathione reductase deficiency, 4, 27-28
glutathione synthetase deficiency, 4, 29

High-molecular-weight kinogen (HMK), 76, 78,
138, 145, 146

Hirudin, 149, 150, 161

Hirulog, 149, 150

HIV-1, branched DNA signal amplification as-
say, 202, 203, 205, 207, 208-209, 210,
215, 223-227

Homeostasis, sepsis and, 75-76, 104
endothelium and, 69, 82-86
fluid and electrolyte homeostasis, 97—100
plasma cascade system, 56, 76-82

Hormonal regulation, sepsis and, 86—89
fluid and electrolytes, 97-100
pituitary—thyroid axis, 100—102
reproductive axis, 102-104
stress hormones, 89-97

HPA axis, see Hypothalamic—pituitary—adrenal
axis

HPRT, see Hypoxanthine-guanine phosphoribo-
syltransferase

HPRT gene, 34

HSPs, see Heat shock proteins

5-HT,, see 5-Hydroxytryptamine

Human immunodeficiency virus type 1 (HIV-1),
branched DNA signal amplification assay,
202, 203, 205, 207, 208-209, 210, 215,
223-227

HX, see Hexokinase

HxI gene, 6

HxII gene, 6, 17

HxIII gene, 6

HxIV gene, 6, 17

4-Hydroxycoumarin compounds, 148

Hydroxytryptamine (5-HT,) receptor blockers,
151

Hyperreninemic hypoaldosteronism, 98—99

Hypogonadotropism, in critically ill patients,
102-103

Hypothalamic—pituitary—adrenal (HPA) axis,
sepsis and, 88, 89-92

Hypoxanthine-guanine phosphoribosyltrans-
ferase (HPRT)

deficiency, 34
structure and function, 5, 34

I

Ibuprofen, sepsis therapy with, 85-86
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IL-1 (interleukin-1), 58
function, 59, 62, 66, 105
sepsis and, 62-63
source, 69
IL-1 receptor antagonist (IL-1ra}
biological activity, 59, 63, 67, 106
sepsis and, 67-68
source, 69
1L.-6 (interleukin-6)
biological activity, 59, 64, 105
sepsis and, 64-65
source, 59
IL-8 (interleukin-8), 58
function, 59, 105
sepsis and, 63-64
source, 59
IL-10 (interleukin-10), 56
function, 65, 105
sepsis and, 65-66
source, 65
lloprost, anticoagulant therapy, 151
Immunodeficiency syndromes, diagnosis using
RBC enzyme activities, 4-5
Inducible NO synthase (iNOS), 73, 74, 75
Inflammatory mediators, sepsis and, 56,
103-107
Inositol triphosphate (IP,), 136
Insulin, sepsis and, 94
Integrin receptors, 135
Integrins, coagulation and, 134-135
Interferon-a, hepatitis C treatment with, 220
Interferon-y, 229-230
International normalized ratio (INR), 148
International sensitivity index (ISI), 148149
INTERSEPT study, 61
Intrinsic coagulation system, activation of, 76,
77
Intrinsic fibrinolytic pathway, 79, 80
IP,, see Inositol triphosphate
Ischemia—reperfusion, heat shock proteins,
68

J
Japanese-type acatalasemia, 35

K
Kallikrein, 78, 144, 147

6-Ketoprostaglandin F
KH,, 148

155
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L

Label! extender probes, bDNA signal amplifica-
tion, 202
Lactate dehydrogenase (LDH)
deficiency, 2-3, 32
structure and function, 32
LAs, see Lupus anticoagulants
LDH genes, 32
Lesch—Nyhan syndrome, 34
LeuCAM, 135
Leukocytes, coagulation and, 140
Limit of quantitation (LOQ), bDNA signal am-
plification assay, 218
Low-molecular-weight heparins (LMWHs)
anticoagulant therapy, 147148
heparin, 147
oral therapy, 148—149
Low T3 syndrome, 100
L-PK gene, 11-12, 22-23
Lupus anticoagulants (LAs), 155-156
Lys-plasminogen, 143

M

a,-Macroglobulin (a,-M), 78, 146
Markers, see Platelet activation markers; Tumor
markers
Mediators, sepsis and, 56, 103-107
Medical Device Law, tumor marker evaluation,
170, 171
Meizothrombin, 161
Methemoglobinemia, 33
Methemoglobin reuctase system, 32—33
MOQODS, see Multiple organ dysfunction syn-
drome
Molecular chaperones, 68
Monoclonal antibodies, sepsis treatment with,
86
Monophosphoglycerate mutase (MPGM), 8, 32
Multiple organ dysfunction syndrome (MODS),
70
defined, 58
heat shock proteins, 69
PAI-1,79
Murine endotoxemia, 66
Muscle PJK deficiency, 18

N

NADH (nicotinamide-adenine dinucleotide), 2

INDEX

NADH cytochrome b, reductase, 2-3, 32-33
NADH diaphorase, 32
NADHP (nicotinamide-adenine dinucleotide
phosphate), 2
Neuroleukin, 7
Neuropeptides, sepsis and, 95
Neuropeptide Y (NPY), sepsis and, 95
NIDDM, see Non-insulin-dependent mellitus
Nitric oxide, 73, 74-76
Nitric oxide synthase inhibitors, 75
Non-A, non-B (NANB) hepatitis, 219
Nonesterified fatty acids (NEFAs), 101
Nonhematologic hereditary disorders
acatalasemia, 5, 35
carbonic anhydrase deficiency, 5, 36-37
diagnosis using RBC enzyme activities, 4-5
galactosemia, 4-5, 35-36
immunoloical disorders, 4—5
adenosine deaminase deficiency, 33-34
purine nucleoside phosphorylase deficien-
cy, 34
Lesch—Nyhan syndrome, 34
porphyrias, 4-5, 36
prolidase deficiency, 35
purine metabolism disorders
adenine phosphoribosyltransferase defi-
ciency, 34-35
Lesch—Nyhan syndrome, 34
Non-insulin-dependent mellitus (NIDDM), hex-
okinase deficiency and, 17
Nonthyroidal illness (NTT), 100
Norepinephrine, sepsis and, 92
Nucleic acid sequence, bDNA signal amplifica-
tion, 201-231
Nucleotide metabolism defects, 4, 29
adenosine deaminase overproduction, 4,
30-31
adenylate kinase deficiency, 4, 29
pyrimidine 5'-nucleotidase deficiency, 4,
29-30

(¢)

Ovarian cancer, tumor marker for, 193-195
Oxidized glutathione (GSSG), 12, 27

P

P5N, see Pyrimidine 5'-nucleotidase
PSN-I gene, 30
P5N-II gene, 14
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PALIs, see Plasminogen activator inhibitors
Pancytopenia, 20
Partial HPRT deficiency, 34
PCG,, see Prostaglandin cyclic endoperoxides
PCR assay, see Polymerase chain reaction assay
PDGF, see Platelet-derived growth factor
Pentoxifylline, endotoxemia and, 66
Peptide arginals, 150
PFK, see Phosphofructokinase
PFK gene, 7, 18-19
PFK-M deficiency, 19
PFK-M gene, 7
6-PGD, see Phosphogluconate dehydrogenase
PGI, see Prostacyclin
PGK, see Phosphoglycerate kinase
PGK gene, 9,21
Phenprocoumon, 148
Phosphatidylinositol biphosphate, 136
Phosphatidylserine, 138
Phosphoenolpyruvate, 9
Phosphofructokinase (PFK)
deficiency, 4, 14, 18-19
structure and function, 7
6-Phosphogluconate dehydrogenase (6-PGD),
12
Phosphoglycerate kinase (PGK)
deficiency, 4, 14, 21
structure and function, 9, 10
Pituitary—thyroid axis, sepsis and, 100-102
PK, see Prekallikrein; Pyruvate kinase
PK gene, 11-12, 22-24
PK-M gene, 12
Plasma cascade system, sepsis and, 56
coagulation system, 76-78
complement activation, 81-82, 104
contact system, 78-79
fibrinolytic system, 79—80
Plasmin, 79, 144, 155
Plasminogen, 143
Plasminogen activator inhibitors (PAls), 79,
105, 146, 154
PAI-1, 146, 161
PAI-2, 146
PAI-3, 146
Plasminogen activators (PAs)
coagulation and, 146
sepsis therapy with, 85
Platelet-activating factor (PAF), 84
Plateiet-activating factor (PAF) antagonists, sep-
sis therapy with, 85
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Platelet activation markers, 156-157
Platelet-derived growth factor (PDGF), 159
Platelet inhibitors, anticoagulant therapy, 151
Platelet plug, 136—139
Platelets
activation, 137, 156, 159-160
coagulation and, 134-136
flow cytometry study, [56-157
PNP, see Purine nucleoside phosphorylase
Polyethylene glycol (PEG)-hirudin complex,
149
Polymerase chain reaction (PCR) assay, 212,
214
Porphobilinogen deaminase deficiency, 36
Porphyria cutanea tarda, 36
Porphyrias, 4-5, 36
PPACK, 150, 161
Preamptlifier molecule, bDNA signal amplifica-
tion, 202, 208-209
Predicate device, tumor markers, 177
Prekallikrein (PK), 76, 78, 138, 146
Preproendothelin, 71
Primaquine sensitivity, 25
Probes, bDNA signal amplification, 202,
205-207, 209-210
Procalcitonin, sepsis and, 96—-97
Procoagulant factors, 83
Proinflammatory cytokines, 56
assay, 58, 62
functions, 59
regulation, 107
sepsis and, 64, 89, 105
IL-1, 58, 59, 62-63, 66
IL.-8, 58, 59, 63-64
TNF, 58, 59, 60-62, 66
source, 59
Prolactin, sepsis and, 93-94
Prolidase
deficiency, 4-5, 35
structure and function, 35
Prolidase gene, 35
PROS1 gene, mutations, 153—154
Prostacyclin (PGI), 106, 136, 151
Prostaglandin cyclic endoperoxides (PCG,),
136
Prostate cancer, tumor markers for, 187-192
Prostate-specific antigen (PSA), 172, 187-192
Protease inhibitors, 79
Proteinase nexin 1, 141, 146
Proteinase nexin 2, 141
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Protein C (PC), 77-78, 83-84
coagulation and, 142
sepsis therapy with, 85
Protein C deficiency, 154
Protein C gene, mutations, 153
Protein C pathway, 142-143
Protein C—protein S complex, 142
Protein S (PS), 83
coagulation and, 142
deficiency, 154
sepsis therapy with, 85
Prothrombin, 138
Prothrombinase complex, 138, 139
Prothrombin fragment 1.2 (PF1.2), 138, 154
Prothrombin gene, mutations, 153
Prothrombin time, 148, 157-159
Pro-t-PA, 79
Pro-u-PA, 79
Prourokinase (scu-PA, pro-UK), 145
PSA, see Prostate-specific antigen
P-selectin, 156, 157
PT ratio, 149
Purine metabolism defects, erythroenzy-
mopathies, 5, 34-35
Purine nucleoside phosphorylase (PNP)
deficiency, S, 34
structure and function, 34
Pyrimidine 5'-nucleotidase (P5N)
deficiency, 4, 29-30
structure and function, 1314
Pyruvate kinase (PK)
deficiency, 4, 21-24
structure and function, 9, 11-12

R

Rapoport—Leubering cycle, 2, 8-9
Reactive oxygen species (ROS), heat shock re-
sponse, 68
Receiver operating characteristic (ROC), tumor
marker evaluation, 186-187
Recombinant hirudin, 149
Red blood cell enzyme deficiencies, 2—4; see
also Erythroenzymopathies; individual en-
zymes
Red blood cell enzymes, 2
adenine phosphoribosyltransferase (APRT),
5,34-35
adenosine deaminase (ADA), 4, 14, 30-31,
33-34
adenylate kinase (AK), 4, 13, 29

aldolase, 4, 7-8, 14, 19-20
aminolevulinic acid (ALA) synthetase, 36
carbonic anhydrase, 5, 3637
catalase, 35
diphosphoglycerate mutase (DPGM), 2-3,
8-9,31-32
galactokinase, 35-36
galactose-1-phosphate uridyltransferase, 35
glucose-6-phosphate dehydrogenase (G6PD),
4,12-13, 14, 25-27
glucose phosphate isomerase (GPI), 4, 6-7,
14,17-18
glutamylcysteine synthetase (GC-S), 4, 28
glutathione peroxidase (GSH-Px), 4, 28
glutathione reductase (GR), 4, 27-28
glutathione synthetase (GSH-S), 4, 28, 29
heme synthesis, 36
hexokinase, 4, 6, 16—17
hypoxanthine-guaninephosphoribosyltrans-
ferase (HPRT), 5, 34
lactate dehydrogenase (LDH), 2-3, 32
NADH cytochrome b, reductase, 2-3, 32--33
phosphofructokinase (PFK), 4, 7, 14, 18—19
phosphoglycerate kinase (PGK), 4, 9, 10, 14,
21
prolidase, 4-5, 35
purine nucleoside phosphorylase (PNP), 34
pyrimidine 5’-nucleotidase (P5N), 4, 13~14,
29-30
pyruvate kinase (PK), 4,9, 11-12, 21-24
triose phosphate isomerase (TPI), 4, 8, 14,
20-21
uridine diphosphate galactose-4-epimerase,
35-36
Red blood cells
enzymes, see Red blood cell enzymes
metabolism, 2—-3
morphology, 2
Reduced glutathione (GSH), 12, 27
Renin-angotensin—aldosterone axis, biological
activity, 97-99
Reproductive axis, sepsis and, 102-103
Reptilase, 152,160
Ro-24-4736, 85
ROS, see Reactive oxygen species
R-PK gene, mutations, 24

S

Safe Medical Devices Act (1990), 171, 179-181
Selye, Hans, 86, 88
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Sepsis
ARDS, 68-69
clinical manifestations, 56, 103
cytokines and, 56, 59, 86, 104—105, 107
assay, 58, 60, 62
heat shock proteins (HSPs), 6869
IL-1, 58, 59, 62-63, 66
IL-1Ra, 59, 63, 6668
IL-6, 59, 65-66
IL-8, 58, 59, 63-64
IL-10, 59, 64-65
sTNF-R, 59, 6668
TNF, 58, 59, 60~62, 66, 105
defined, 57, 58
homeostatis in, 75~76
endothelium and, 69, 82-86
fluid and electrolyte homeostasis, 97-100,
104
plasma cascade system, 56, 7682
hormonal changes in, 8889
hormonal regulation of, 8689
fluid and electrolytes, 97-100
pituitary—thyroid axis, 100-102
reproductive axis, 102—-104
stress hormones, 89-97
mediators, 56, 103-107
metabolic changes in, 92, 93
pathogenesis, 55-57, 70
therapeutic approaches, 84-86
vasoactive agents, 69-70
endothelin, 71-73
nitric oxide, 73-75
Sepsis syndrome, defined, 57
Septic shock, 70
complications, 75-76
cytokines and, 65, 66, 89
defined, 57, 58
hormonal changes during, 87
hyperdynamic phase, 82-83
TNF and, 60, 61
Serine protease urokinase, 79
Serine proteinase inhibitors (SERPINs), 141
Severe sepsis, defined, 58
SIRS. see Systemic inflammatory response syn-
drome
SK, see Streptokinase
Sleeping sickness, 228
sTNF-R (soluble TNF receptors), 56
biological activity, 59, 6667, 105, 106
sepsis and, 67
source, 69

Streptokinase (SK), 146
Streptokinase—plasminogen complex (plg—-SK),
146
Stress hormone response, 56
Stress hormones, sepsis and, 86, 88—89
ACTH, 89, 91
calcitonin, 95-96
calcitonin gene-related peptide (CGRP), 96
catecholamines, 92
corticosteroid-binding globulin (CBG), 89,
91
corticotropin-releasing hormone, 89
cortisol, 89, 91
dehydroepiandrosterone (DHEA), 91-92
dehydroepiandrosterone suflate (DHEAS),
91-92
epinephrine, 92
glucagon, 94
growth hormone, 94
hypothalamic—pituitary—adrenal (HPA)
axis, 88, 89-92
insulin, 94
neuropeptides, 95
neuropeptide Y (NPY), 95
norepinephrine, 92
procalcitonin, 96-97
prolactin, 93-94
Substance P, sepsis and, 95
Substantial equivalence, tumor markers, 177
Swiss-type acatalasemia, 35
Systemic inflammatory response syndrome
(SIRS)
clinical manifestations, 103
defined, 57, 58
disseminated intravascular coagulation (DIC),
76
induction phase, 104
thrombomodulin, 83
TNF and, 60, 61

T

TAF],, see Thrombin-activatable fibrinolysis in-
hibitor

Target amplification system, signal amplifica-
tion system, comparison, 212-216

Target probes, bDN A signal amplification,
205-207

Tarui disease, 18, 19

TAT, see Thrombin—ATI1II complex

TCV-309, 85
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Tenase complex, 138, 139
Testosterone, sepsis and septic shock and, 103
TF, see Tissue factor
Thrombin, 136, 138, 139, 140, 142, 152
Thrombin-activatable fibrinolysis inhibitor
(TAFL), 142143
Thrombin~ATTII complex (TAT), 154
Thrombin-hirudin complex, 149
Thrombin inhibitors, anticoagulant therapy,
149-151, 161
B-Thromboglobulin (B-TG), 159
Thrombomodulin (TM), 83, 142
Thrombophilia, diagnostic strategy, 162—163
Thrombospondin (TSP), 159
Thromboxane A, 136
Thromboxane A, receptor blockers, 151
Thromboxane synthetase inhibitors, 151
Thyroid hormone metabolism, sepsis and, 100
Ticlopidine, anticoagulant therapy, 151
Tissue factor (TF), 76-77, 83, 138
Tissue factor pathway inhibitor (TFPI),
141-142, 150, 155
Tissue plasminogen activator (t-PA), 79, 142,
144, 161
TM, see Thrombomodulin
TNF (tumor necrosis factor)
function, 59, 6061, 66, 105
sepsis and, 61-62, 105
source, 59, 60
synthesis, 60—61
TPI gene, 8, 20
Triose phosphate isomerase (TPI)
deficiency, 4, 14, 20-21
structure and function, 8
Trypanosoma brucei spp., branched DNA signal
amplification assay, 228-229
Trypanosomiasis, 228
TSH (thyroid-stimulating hormone), 100, 102
TSP, see Thrombospondin
T,/T, syndrome, 101
Tumor markers, 169-170
applications
bladder cancer, 196-197
breast cancer, 192-193
colon cancer, 195-196
ovarian cancer, 193-195
prostate cancer, 187-192
classification, 171
defined, 169, 170
evaluation
comparison studies, 182-184

INDEX

new 510(k) paradigm, 177-185
premarket evaluation, 171, 175-176
receiver operating characteristics (ROC),
186-187

substantial equivalence, 177

monitoring, 185-186

reclassification, 172-175

U.S. Food and Drug Administration, 173,

175-177
Tumor necrosis factor, see TNF

u

Uridine diphosphate galactose-4-epimerase
deficiency, 35-36
structure and function, 35
Urokinase, 146
Urokinase-type plasminogen activator (u-PA,
UK), 144, 145
Uroporphyrinogen decarboxylase deficiency, 36
Uroporphyrinogen III cosynthetase deficiency,
36
U.S. Food and Drug Administration, tumor
marker evaluation, 170-175

\Y

Vasoactive agents, 106
sepsis and, 69-70

endothelin, 71-73

nitric oxide, 73-75
Vasoplegia, 74
Vasopressin, biological activity, 97
Very late lymphocyte-activation antigen (VLA),

135
Vitamin K, 148
Vitamin K epoxide reductase, 148
Vitamin K guinone reductase, 148
Vitronectin receptor, 135
von Willebrand factor (WF), 83

W

Warfarin sodium, 148
WEB-2086, 85

Zymogens, 136
Zymogens factor XII, 76
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