HUMAN RECOMBINANT ERYTHROPOIETIN IN THE TREATMENT
OF THE ANEMIA OF CHRONIC RENAL FAILURE
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I. Introduction

The anemia of chronic renal failure has plagued patients for millennia.
It is believed to cause many of the symptoms of chronie renal failure including
fatigue, dyspnea on exertion, lassitude, depression, generalized weakness, angina
pectoris and impaired cerebration. Until recently, modern management of the
anemia has been accomplished by administering androgens or by blood transfusions
which in turn may cause their own serious complications such as chroniec viral
infections, acute volume overload, hyperkalemia, hypersensitivity reactions,etc.
Today, erythropoietin deficiency is recognized as the major cause of the anemia
of chronic renal failure. We now know that erythropoietin, or EPO, is a
glycoprotein that is synthesized in the kidney, is released in response to
decreased oxygen delivery the kidney (e.g. anemia or hypoxia) and regulates
erythropoiesis at the level of the progenitor cells in the bone marrow. Through
the technology of molecular biology the gene for erythropoietin has been isolated
and cloned (64). The implications of this accomplishment are profound as
evidenced by the widespread use of the genetically engineered molecule in the
treatment of anemia of chronic renal failure as well as other anemias. As of
this writing there is no other available product of molecular genetic technology
that enjoys such widespread use in the management of so many diseases. Thus,
EPO therapy has fulfilled a dream of molecular medicine: correction of a hormone
deficiency is achieved by replacement of the exact molecular species through
recombinant DNA technology. Indeed, administration of this agent to renal
failure patients has made it is possible to completely correct the anemia of
chronic renal failure and, eliminate the need for blood transfusions to maintain
normal hematocrits in these patients; a truly amazing achievement. In short,
we can now cure the anemia of end stage renal disease by chronic hormone
replacement therapy.

The purpose of today's discussion is threefold: 1) to review the basis for
anemia of chronic renal failure with special reference to erythropoietin
deficiency 2) to provide an update on what is known about erythropoietin
physiology and 3) to describe the current indications, clinical efficacy and side
effects of recombinant human erythropoietin, rHuEPO, in patients with chronic
renal failure and end stage renal disease (ESRD).

II. Anemia of Chronic Renal Failure

History

Anemia as a complication of renal failure was first described in 1836 by
Richard Bright. In 1863, Jourdanet described the finding of hypoxic polycythemia
in inhabitants of Mexican mountains. However, it was not until 1906 that Carnot
and DeFlandre (37) postulated the existence of a hormone responsible for
erythropoiesis. Subsequently, Reissman (90) demonstrated that hypoxemia in the
parabiotic rat model was capable of inducing erythrocytosis although the
mechanism was not elucidated in his studies. Then in 1953 Erslev (29) clearly
demonstrated that infusions of anemic rabbit plasma into normal rabbits induced
a significant erythrocytosis establishing for the first time the existence of
a humoral erythropoietic factor. 1In 1957, Jacobson et al (53) showed that the
kidney was the major source of this humoral factor. After many years of
intensive investigation into the nature of the hormone, Miyake, Kung and
Goldwasser succeeded in isolating and purifying native human erythropoietin from
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pooled urine samples obtained from patients with aplastic anemia (77). This
remarkable feat then led this same group to the isolation and cloning of the
human erythropoietin gene in 1985 (64). Thus after nearly 150 years after it's
recognition the cure for the anemia of chronic renal failure has been realized.

General Description

Anemia in chronic renal failure is a universal finding. It is normochromic
normocytic anemia of moderate to severe degree generally resulting in average
steady-state hematocrit values of 20-25%. Clinical studies have revealed that
the anemia is hypoproliferative due to a depression of erythropoiesis and that
the severity correlates roughly with the severity of the renal failure (13,65).
Anemia is believed to account for many of the symptoms of chronic renal failure
including fatigue, weakness, lassitude, dyspnea on exertion, angina pectoris,
impaired cerebration, etc. Based on recent studies using erythropoietin to
correct anemia, the list of symptoms contributed to or caused by anemia is
elongating. Thus anorexia, sleep disturbances and sexual dysfunction all of
which are common findings in uremic patients are reported to improve when anemia
is ameliorated by hormonal replacement (23). Furthermore, objective evidence
for improvement in cardiovascular endurance has been accumulated as will be
discussed below (see section on Hemodynamics).

Mechanisms of Anemia

The pathophysiology of the anemia of chronic renal failure is a complex
subject since a variety of factors participate in its genesis. The factors
considered in this review are listed below in Table 1 and are discussed in detail
below.

Table 1

ANEMIA OF CHRONIC RENAL FAILURE
Mechanisms

Primary
Erythropoietin Deficiency
Uremic Inhibitors
Secondary
Blood Loss
Iron Deficiency
Transfusion suppression
Aluminum Toxicity
Osteitis fibrosa cystica
Folate deficiency
Hemolysis

Defective Erythropoiesis
Erythropoietin deficiency

The primary mechanism of anemia in renal failure is defective
erythropoiesis owing to deficiency of erythropoietin (33,30a). As mentioned
earlier Jacobson et al. first established that removal of the kidneys resulted
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in a sharp decrease in plasma erythropoietic activity as shown below in Table
2 reproduced from their original paper.

TABLE 2
EYFECT OF NEPHRECTOMY ON ERYTHROPOIETIN PRODUCTION
IN RATS
Condition of donor Sti (per £ uof)slralsmn 50
incorporated into RBC)
Normal Cobalt .
Nephrectomized Cobalt g%
Ureters ligated Cobalt 55
Control (Saline) 26
Normal (hematocrit 25) Bleedin, 5
b A o
ri -
i b "
ma t 35) leedl: 11-3
Control (Sallnel;‘ 69

In the first group the rats were injected with 76 uM cobalt chloride
immediately after nephrectomy and 12 hr. after ureter ligation. The
Plum was sampled 12 hr. after cobalt administrat: an yed
n starved rats. In the second group the rats were bled (6 ml.) imme-
diately after operation, the plasma sampled 7 hr. later and then
::so:ltlypnd in starved rats. A minimum of 5 rats was included in each

Both cobalt and acute bleeding are known to stimulate erythropoiesis as shown
in the table. Note that after either nephrectomy or 24 hours of ureteral
ligation the plasma erythropoietic activity (percentage of iron-59 incorporated
into RBC) is decreased.

Renal failure leads to deficiency of EPO by loss of nephron mass, thus
renal endocrine deficiency parallels loss of renal excretory function (33,74,87).
As shown in figure 1 below, the anemia begins to develop as the GFR falls below
about 40% of normal and progressively worsens as renal failure worsens.

FIGURE 1

MEAN SERUM ERYTHROPOIETIN AND MEAN HEMATOCRIT AT VARIOUS
STAGES OF RENAL INSUFFICIENCY (A-E) AND IN NORMALS (F)
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[Ref: Radtke et al. Blood 54(4):877-884, 1979.]

The circulating levels of EPO are frequently within the normal range or may even
be elevated above normal despite progressive renal failure as shown in figure
2 below. However, even though erythropoietin levels may be in the "normal range"
they are inappropriately low for the degree of anemia as is depicted in figure
3 taken from the work of Caro et al (15).



FIGURE 2

RELATIONSHIP BETWEEN SERUM EPO LEVEL
AND PLASMA CREATININE IN 60 PATIENTS
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[Ref: McGonigle et al. Kidney Int 25:437-44, 1984.]

FIGURE 3
RELATIONSHIP BETWEEN HEMATOCRIT AND PLASMA ERYTHROPOIETIN
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[Ref: Caro et al. J Lab Clin Med 93(3):449-58, 1979.]

When ESRD is reached the hematocrit tends to stabilize in the 20-25% range.
Nevertheless a low but effective output of EPO from severely damaged kidneys (and
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possibly the liver) is still evident since bilateral nephrectomy in ESRD is
uniformly accompanied by a further substantial fall in hematocrit from
approximately 25% to 15% (104). The presence of detectable EPO at this point
owes to continued, albeit low-level, hepatic output of EPO as illustrated in
figure 3 (open circles). Moreover the kidney and the liver retain the ability
to increase EPO production in hemodialysis patients in response to blood loss.
As illustrated in table 3 below when hemodialyzed patients develop spontaneous
hemorrhage, EPO levels in plasma increase in association with an acute decrease
in hematocrit suggesting that the feedback loop between EPO and hematocrit is
intact (115). Again it should be emphasized that the circulating level of EPO
is inappropriately low for the degree of anemia observed in chronic renal
failure. This is a critical point in the pathogenesis of the anemia of chronic
renal failure as is borne out by the fact that the anemia can be cured in these
patients when sufficient erythropoietin is administered (see below, section IV).
In summary, these data indicate that EPO is a critical factor in the
generation, maintenance and magnitude of anemia of chronic renal failure.

TABLE 3
Hematologic data of eight dialysis patients experiencing minor to
moderate spontaneous hemorrhages of variable duration.

Observed

Corrected Reticulocyte Plasma Erythropoietin period of
Hematocrit (%) count % mU/ml bleeding
From To From To From To (days)
Mean 29.40 22.04 5.38 12.44 9.15 15.70 9.7
+ SD 7.03 7.30 5.61 9.32 2.07 6.15 9.6
p = 0.0005 p = 0.0065 p = 0.006

[Ref: Walle et al. Kidney Int 31:1205-09, 1987.]
Uremic Inhibitors of Erythropoiesis

The existence and the role of important inhibitors of erythropoiesis in the
pathogenesis of anemia in ESRD is controversial. Several "uremic toxins" have
been reported to inhibit erythropoiesis, presumably by interfering with the
action of erythropoietin on one or more of its target cells (82a). Wallner J.
(25,39,75,88,89,114,116). Evidence from both experimental and clinical studies
support the suggestion that erythropoietic inhibitors are present and participate
in the genesis of the anemia (33,70,88). First, Radtke et al (88) have shown
that improvement in anemia despite a reduction in erythropoietin levels occurs
in ESRD patients after initiation of hemodialysis. As shown below in figure 4
serum erythropoietin levels decreased after 3-27 months of hemodialysis in 42
patients whereas the corresponding hematocrit levels increased.

The authors believed that this effect was due in part to removal of uremic toxins
by hemodialysis. Second, a number of studies have reported that uremic serum
inhibit erythropoiesis in vitro (25,39,70,72,89, ,Massry JCI 1981). For
example, McGonigle et al. (74) have shown that the severity of renal failure
correlates with the degree of uremic serum inhibition of erythroid colony forming
units in vitro.



FIGURE U4

SERUM ERYTHROPOIETIN (Spp) AND HEMATOCRIT BEFORE AND
AFTER 3 TO 27 MONTHS OF REGULAR DIALYSIS TREATMENT?
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[Ref: Radtke et al. Kidney Int 17:382-87, 1980.]

As shown in figure 5 below, progressively increasing concentrations of uremic
predialysis plasma inhibit in vitro erythroid colony formation as compared to
normal plasma. In these patients, serum erythropoietin levels in uremic patients
were significantly higher than normals but did not correlate with serum
creatinine. In contrast, erythropoietin levels increased exponentially in anemic
patients with normal renal function and colony erythroid colony forming units
were markedly stimulated by normal serum. Furthermore, Wallner and Vautrin
(116) have shown that uremic serum inhibitory activity increases as renal failure
worsens.

FIGURE 5

EFFECT OF UREMIC PLASMA VS NORMAL PLASMA
ON ERYTHROID COLONY FORMATION IN VITRO
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[Ref: McGonigle et al. Kidney Int 25:437-44, 1984.]

Third, the polyamine spermine (present in high concentrations in uremic plasma
in some patients) can also inhibit erthyropoiesis in vitro as measured by
erythroid colony forming units (CFUS) (58). Fourth, both peritoneal and
hemodialysis are associated with stability and/or improvement in anemia in
patients with ESRD without erythropoietin therapy (56). The bulk of the evidence
suggests that uremic inhibitors present in serum inhibit erythroid progenitor
cells in vitro. In contrast to these data other investigators find either no
evidence for inhibitors or find that the inhibitory effect on cell proliferation
by uremia is non-specific (24,30a,33,94) For example, uremic serum inhibition
of both erythroid and non-erythroid marrow cell lines and GI tract and other
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tissues have been observed suggesting that this is a non-specific effect (72).
Segal et al (94) have shown that there is no difference between normals anemic
ESRD and non-anemic ESRD patients with respect to the frequency of colony forming
cells derived from bone marrow cultures. Moreover, pre-dialysis plasma and serum
from both ESRD groups did not inhibit the growth of normal colonies in culture.
However the ratio of colony forming erythroid units (CFU-E) to burst forming
erythroid units (BFU-E) (an index of EPO levels in vivo stimulated
erythropoiesis) is low in anemic uremic individuals because of a relative lack
of erythropoietin. Furthermore in view of the fact that the effects of
inhibitors (if present and active) can be overcome by administration of adequate
doses of recombinant human erythropoietin, or rHuEPO, it has been suggested that
the role of inhibitors in vivo is negligible. A preliminary report by Haley et
al supports this contention (48). Future studies aimed at demonstrating
inhibition of erythropoiesis in vivo will be necessary to resolve the conflict
concerning the role of uremic inhibitors of erythropoiesis.

Shortened Red Cell Survival

Red blood cell survival is shortened in uremia (33.36). However, red
blood cells of uremic patients themselves are normal as evidenced by the fact
that transfusion of uremic patient cells into normal individuals returns survival
to normal. In striking contrast, cells from normal individuals transfused into
uremic patients have a reduced life-span (Fisher in Renal Endocrinology, ed by
Durm). Based on clinical studies it has been suggested that uremic toxins
particularly "middle molecules" (5,00-5,000 daltons) are responsible for reducing
RBC survival (56). Unfortunately, the putative toxin responsible for rendering
the RBC senescent prematurely remains elusive. It is however interesting to note
that replacement o erythropoietin has been associated with an increase in RBC
survival as demonstrated below in figure 6 (35).

FIGURE 6

RED CELL SURVIVAL (°VCHROMIUM) IN 8 HEMODIALYSIS PATIENTS
BEFORE AND AFTER rHuEPO THERAPY
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Note that as RBC suvival increased toward normal in parallel with hematocrit.
This finding raises the possibility that EPO has effects on RBC survival
independent of its effects on production, however this issue will require further
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studies. Figure 7 depicts an integrated model of the pathogenetic factors
responsible for the anemia of chronic renal failure.

FIGURE 7

Model of Mechanisms of Anemia
of Chronic Renal Failure
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Effects of Dialysis and other factors

Blood Loss and Iron Deficiency

Bleeding from the access site, chronic blood loss in the dialyzer and
gastrointestinal hemorrhage are relatively common occurrences in the hemodialysis
population. Any one of these occurrences may lead to iron deficiency which in
turn depresses erythropoiesis. The amount of blood lost during dialysis varies
depending upon the type of dialyzer, the thoroughness of dialyzer rinsing, and
the adequacy of heparinization. It has been calculated that up to 780 mg of iron
may be lost per year in an average patient on routine hemodialysis (33) so that
periodie iron repletion should be anticipated in this population. Iron
deficiency may develop within 6 months to 1 year as a result of these losses,
thus monitoring of iron stores by measuring serum iron, iron binding capacity
and ferritin levels is performed routinely. In addition, with the advent of
rHUEPO, relative iron deficiency may be a cause for persistent anemia as stored
iron is removed from the reticuloendothelial system for incorporation into heme
in response to rHUEPO (see below).

Aluminum toxicity

Erythroid marrow toxicity induced by chronic aluminum poisoning can result
in a microecytic anemia particularly in dialysis patients who have been taking
aluminum-containing phosphate binders (19). The exact mechanism of aluminum
toxicity has not been elucidated but it appears that aluminum can inhibit delta
‘aminolevulinic acid dehydratase, forroxidase and dihydropteridine reductase, it
binds to transferrin and it may also be directly toxic to the bone marrow.
Aluminum toxiecity typieally results in a miecrocytic, hypochromic anemia in
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dialysis patients. It can be ameliorated by removing aluminum in a two step
process: chelation with desferioxamine and subsequent hemodialysis to remove the
chelated aluminum,

Secondary Hyperparathyroidism

Severe secondary hyperparathyroidism may contribute to anemia by
suppressing erythropoiesis (75) or by osteitis fibrosa cystica-induced reduction
in the erythropoietic tissue mass (104a). How PTH per se produces anemia is
unclear however both a direct marrow toxic effect as well as an effect on red
cell survival have been suggested (75).

Transfusion suppression

Marrow suppression by repeated transfusion of blood may exist in dialyzed
patients as well since the feedback mechanism between hypoxia and renal
EPO output is retained in uremia (33). Repetitive transfusions were necessary
in about 25% of patients prior to the introduction of rHUEPO into our therapeutic
armamentarium only one year ago. This cause of anemia should be eliminated now.

Folate Deficiency

Folate deficiency may occur in hemodialyzed patients due to folate loss
across the dialyzer (33,49). This is an uncommon complication since most
patients ingest sufficient amounts of folate in their diet or in the form of a
supplement to prevent it (5).

Hemolysis

Both acute and chronic hemolysis may contribute to anemia in ESRD patients
maintained on hemodialysis. Dialysis itself may cause hemolysis by multiple
mechanisms including mechanical injury in the dialysis machine blood pump,
development of anti-N-like cold agglutinins in response to formaldehyde exposure
in patients dialyzed with reprocessed dialyzers (54a,Kaehny WD, Miller BE, White
WL: Relationship between dialyzer reuse and the presence of anti-N-like
antibodies in chronic hemodialysis patients Kidney International 12:59, 1977),
and via exposure to other toxins such as chloramines (26) and copper (69).
Chronic hemolysis occurs in patients on dialysis who develop medical disease
known to cause hemolysis such as SLE, hypersplenism, etc.

In summary, the anemia of chronic renal failure 1is multifactorial.
Erythropoietin deficiency the major pathogenetic factor, however erythropoietin
unresponsiveness, presumably related to erythropoietic inhibitors also plays a
major role in its pathogenesis. In addition, shortened red cell survival
contributes. Finally, in hemodialyzed patients iron deficiency, aluminum
toxicity and osteitis fibrosa cystic may also be contributing factors. Both
peritoneal and hemodialysis improve anemia presumably by removing uremic toxins
which inhibit erythropoietin and reduce red cell survival.

I11. Erythropoietin

Physiology



Molecular Structure and sites of synthesis

Native human erythropoietin is a sialoglycoprotein composed of 166 amino
acids with an approximate molecular weight of 34,000 daltons. The hormone is
produced from a gene encoding 193 amino acids, the first 27 of which comprise
a leader sequence which is cleaved prior to secretion from the cell. The mature
molecule has four carbohydrate chains, 3 N-linked and one O-linked, about 40%
of which are sialic acid containing. Although the glycosylation is not
necessary for erythropoietic activity it appears to be relevant in the metabolism
of the hormone. Figure 8 below is an artist's rendition of a two dimensional
of the structure of the amino acid portion of the molecule showing that it
contains two internal disulfide bridges. These disulfide bonds are necessary
for optimal biological activity.

FIGURE 8
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The approximate molecular weight of the amino acid portion of the molecule is
18,400 daltons, thus the carbohydrate component of the molecule makes up about
40% of its molecular weight. The heavy glycosylation makes it extremely
difficult to crystallize this molecule hence deducing its secondary, tertiary
and quaternary structures have not yet been accomplished.

Erythropoietin is synthesized in the liver and the kidney. In adults 10%
of EPO is produced by the liver and 90% by the kidneys. In the kidney, the
cells responsible for synthesizing the hormone reside exclusively in the cortex.
and are concentrated in the juxtamedullary region. The specific cell or cells
responsible for synthesis have been identified as endothelial cells of the
peritubular capillaries utilizing an anemic murine kidney model (59). Utilizing
murine EPO probes in anemic murine kidney sections they demonstrated co-
localizion of EPO mRNA and anti-factor VIII positivity to the cytoplasm of renal
cortical interstitial cells. The identification of an interstitial cell as the
source of EPO synthesis has been independently confirmed by in situ hybridization
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utilizing similar probes for EPO; however, in these studies endothelial cells
were not clearly identified (57). The biological properties of these cell have
not been elucidated since they have not yet been isolated, purified and cultured
as yet. In addition it is noteworthy that EPO secreting cells proliferate in
response to anemia indicating that an additional mode of regulation independent
of increased EPO gene transcription is active in the case of anemia.

Molecular Geneties of EPO

Purification of the native human hormone from urine of aplastic anemia
patients in 1977 (77) triggered a burst of active research into the molecular
biology of EPO culminating in the isolation, cloning and subsequent expression
of the EPO gene in mammalian cell hosts (22,52,64,85). The gene for human EPO
has been localized to the long arm of chromosome 7 (60). Regulated expression
of the recombinant human erythropoietin gene has been accomplished and allowed
for the commercial production of recombinant human erythropoietin alpha, or
rHUEPO, in chinese hamster ovary cells. Furthermore, a human hepatoma cell line
has proved to be an important tool for dissecting the molecular events
responsible for the secretion of erythropoietin in response to hypoxic stimuli.

Thus these cell lines have been shown to increase both EPO RNA and EPO protein
in response to hypoxia in vitro (43).

Physiology of EPO secretion

In normal adults there is a tonic secretion of EPO from the kidney which
is enhanced in response to hypoxia. Secretion of EPO appears to be stimulated
by an imbalance between oxygen delivery and demand. Hypoxia defined as a
decrease in oxygen-carrying capacity (anemia), hypoxemia, shunting of blood from
the kidney or increased hemoglobin-oxygen affinity can stimulate EPO release.
Normal circulating concentrations of EPO are about 15-20 mU/ml. In individuals
with normal renal function anemia can increase this level more than five fold.
However, the diseased kidney is unable to respond to anemia and rarely is the
level as high as 100 mU/ml in renal failure patients. Thus there is an inverse
correlation between hematocrit and erythropoietin levels in the blood of anemic
patients with normal kidney function which doses not exist in patients with renal
failure (see figures 2 and 3 above).

Reissman (90) first demonstrated that a humoral factor was responsible for
the enhanced erythropoiesis observed in mammals. In an ingenious set of
experiments employing parabiotic rats, an experimental "Siamese twin", he showed
that when one rat of the pair was kept in a hypoxic chamber of 8-12% O, while
the twin was kept in a chamber of room air both animals developed erythrocytosis
despite the fact that the O, saturation was low only in the rat kept in the
hypoxic chamber. The results of his experiments are shown below in figure 9.
However it was Erslev (29) that is credited with showing that erythropoietic
activity of anemic plasma was responsible for inducing this effect. As shown
below in figure 10 normal rabbits injected with plasma from anemic rabbits
sharply increase their reticulocyte count within 2-4 days.
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FIGURE 9

Hemoglobin Levels in One Pair
of Parabiotic Rats
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FIGURE 10
RETICULOCYTE RESPONSE TO NORMAL AND ANEMIC
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[Ref: Erslev A. Blood 8:349-57, 1953.]

This observation was subsequently confirmed and the kidney was found to be the
ma jor source of EPO in 1957 (53).

The mechanism by which hypoxia triggers erythropoietin release from the
kidney remains a mystery. The relationship between hematocrit and hypoxia-
induced erythropoietin response is shown below in figure 11. As illustrated in
the figure, as hematocrit rises in hypoxia induced by 0.1% carbon monoxide (CO)
or 8% 0o in rats the serum EPO level increases as hematocrit decreases indicating
that Op carrying capacity is an important determinant of EPO production.
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FIGURE 11

THE RELATIONSHIP BETWEEN HEMATOCRIT AND
HYPOXIA-INDUCED ERYTHROPOIETIN RESPONSE
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[Ref: Bauer & Kurtz. Annu Rev Physiol 51:845-56, 1989.]

Subsequent studies in experimental animals and humans have confirmed that
anemic hypoxia per se is a potent stimulus to erythropoietin and are the subject
of recent reviews (101,102). The location of the EPO synthesizing cells in the
renal cortex makes teleologic sense based on what is known about the anatomical
relationships between renal blood flow, oxygen consumption profile of various
regions of the kidney and renal sodium metabolism. In 1960, Aukland and Krog
showed that there was a sharp gradient between renal cortical pO, and renal
venous pO, (6). Subsequent studies confirmed this finding and documented that
the critical pOp, the value below which O, extraction falls, is relatively higher
in the renal venous effluent (35 mmHg) as compared to the renal cortex (10 mmHG).
Taken together with the known anatomical relationships between efferent
arteriolar and peritubular capillaries in relation to descending and ascending
vasa recta, these results are consistent with O, shunting from peritubular
capillaries to venous capillary segments in both the medulla and the cortex.
In other words it is equivalent to post-glomerular shunting of blood. In hypoxic
hypoxia renal oxygen consumption remains relatively constant, therefore O
extraction must be more efficient. Since most of the O, consumed by the kidney
is used for sodium transport in tubular cells in the renal cortex, a reduction
in O, delivery to the EPO secreting cells in the cortex may be explained by a
reduction in shunting of O, from capillary blood to peritubular venule blood.
If the venular endothelial cells are the site of EPO production this could
perhaps explain how hypoxia increases EPO production.

Though the role of hypoxia in stimulating EPO production is undisputed,
the intracellular mechanisms of O, sensing and signal transduction remain
unknown. New information concerning this issue has been engendered by the
development of molecular genetic technology. In vitro hypoxia or stimulation
with cobalt chloride induce 20 to 50 fold increases in EPO mRNA in the human
hepatoma cell line known as Hep 3B (43). Recent evidence suggests that the
mechanism whereby hypoxia stimulates EPO synthesis is dependent upon an oxygen
sensing heme protein (44). In these studies stimulation of EPO mRNA and EPO
were observed in response to hypoxia or by the addition of the heavy metal
cations cobalt and nickel in uM concentrations. These responses were both
cycloheximide inhibitable indicating that synthesis of new protein is necessary
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for enhancing EPO secretion from this experimental cell line. Co-incubation of
these cells with carbon monoxide (which binds tightly to heme proteins) strongly
inhibited EPO production and this inhibition could be reversed by co-incubation
of the cells in 1% 0o and cobalt. Furthermore a sharp reduction in O, stimulated
EPO production was observed when inhibitors of heme protein synthase were added
to the incubation mixture. Taken together, these data strongly support the
contention that the O, sensing mechanism in this cell line is a heme protein.
Based on this formulation a potential sensing mechanism may be envisioned as
depicted in figure 12 below. In the figure O, is shown bound to a putative heme
protein sensor which is inactive in switching on a signal which ultimately turns
on the EPO gene. When this heme protein is in the deoxygenated state, such as
might occur in hypoxia, the heme protein can then send a signal to switch on the
EPO gene thereby enhancing its production and secretion. The intracellular
signalling mechanism that transduces the signal received by this putative sensor
has not yet been elucidated. However, recent studies suggest that
prostaglandins, particularly prostacyclin may play an important in triggering
the production of EPO (37). Possible interrelationships between prostacyclin
production during hypoxemia and the putative heme protein oxygen sensor have not
been investigated.

FIGURE 12
Hypothetical Mechanism of Erythropoietin
Stimulation by a Hypoxic Stimulus
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It is now known that the steady state plasma level of EPO is a function
of secretion rate and metabolic breakdown of the hormone. Transient hypoxia
increases EPO secretion resulting in an increase in circulating EPO levels and
return of normoxia decreases the level. Thus there is a feedback loop for EPO
production and secretion that regulates the level of erythropoiesis. Normal
plasma levels have been determined by a specific radioimmunoassay for EPO and
the results of measurements made in 175 healthy normal subjects is depicted in
figure 13 below (91). As can be seen the normal level is approximately 15 mU/ml
with a range of about 5-35 mU/ml. The serum level is being explored as a tool
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for characterizing various erythropoietic disorders, however recent data indicate
that the circulating immunoreactive EPO is a heterogeneous group which
complicates the interpretation of the RIA measured levels (97).

Regulation of Erythropoiesis

Erythropoietin stimulates both differentiation and proliferation of its
target cells in bone marrow. The target cell of EPO is the committed erythroid
progenitor cell. EPO stimulates the differentiation of progenitor cells into
globin producing cells and enhances proliferation of these cells. ( For a
detailed review of this process the reader is referred to the excellent
discussion provided in Dr Sheehans's Grand Rounds) (95) The action of EPO
accounts for the normal amount of 20ml of new red cells produced every

FIGURE 13
FREQUENCY DISTRIBUTION OF SERUM EPO TITERS
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[Ref: Rege et al. J Lab Clin Med 100:829-843, 1982.]
day by the normal adult human bone marrow. It acts by engaging a cell surface

receptor which appears to activate a G; protein and increases intracellular
Calcium by as yet unknown mechanisms %1 The murine receptor has recently
been cloned from a murine erythroleukemla cell line (20). It appears to have
some homology to the IL-2 beta receptor gene (21). The murine EPO receptor has
507 amino acids with only a single membrane-spanning domain. Receptor affinity
studies indicate that both high and low affinity receptors may be expressed in
the same cell line. The density of receptors on these progenitor cells is
relatively low which further complicates studies designed to elucidate its
physiology. At the present time the structure of the receptor and its exact
interaction with EPO are the subject of intense study, however little is known
about their interaction apart from the receptor kinetic data relating to affinity
and receptor number.

For now, precisely how engagement of EPO wlth its receptor communicates to the
cell that its destiny is to make large amounts of hemoglobin remains a mystery.
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Comparison of Native and Recombinant Human EPOs

The native and recombinant human EPOs have been carefully compared in terms
of structural, immunoreactivity and erythropoietic activity levels. The results
indicate that they are virtually identical (27). Both hormones stimulate
erythropoiesis in vitro as evidenced by incorporation of radioiron uptake into
erythroid precursor cells as shown below in figure 14. Furthermore their
molecular weights and glycosylation content are identical. This similarity is
due to the fact that expression of the recombinant human gene in mammalian cells
allows for the appropriate glycosylation steps to take place prior to secretion
of erythropoietin. Finally, the ability to stimulate erythropoiesis both in vivo
and in vitro is the same for both hormone. Thus the rHuEPO is essentially
identical that the native hormone both in chemical structure and in hematopoietic
function. It should be mentioned that in vivo to date no antibodies to rHuEPO
have been detected in any clinical study.

FIGURE 14
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IV. Treatment of Anemia of Chronic Renal Failure with rHuEPO

A. Patient Selection

Who should receive rHuEPO therapy? Recombinant human EPO has been
administered to patients with ESRD on dialysis as well as to patients with
chronic renal failure who have not yet reached end stage. Most published data
on the effects of EPO come from studies performed in hemodialysis patients since
it is this group that was first targeted for clinical trials with this agent.
Most of the discussion that follows is taken from data obtained in the
hemodialysis population, however it can be stated that in general the drug is
efficacious in all patients with anemia of chronic renal failure regardless of
the severity.
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The major criteria for patient selection for treatment with this agent are
shown below in table 4 below.

Table U
CRITERIA FOR PATIENT SELECTION FOR rHuEPO THERAPY

Chronic renal failure

Hematocrit less than 30%

Adequate iron stores present

Absence of uncontrolled hypertension

In the first human trials patients with hematocrit levels below 25% were selected
for study (31,119). Based on data from these trials the baseline iron studies
were added to the criteria because of the discovery of refractoriness in patients
who developed relative iron deficiency soon after initiation of EPO therapy.
The presence of chronic renal failure with a hematocrit of less than 30% is
generally used as the level at which to begin therapy with EPO Van Stone (111).
In order to be certain that iron stores do not a limit the efficacy of EPO, serum
iron, total iron binding capacity and ferritin levels are obtained in every
patient. A transferrin saturation of greater than 20% and a ferritin level
greater than 100 ng/ml are required before instituting EPO therapy (see below).
Since hypertension has been reported in up to 25% of patients who achieve the
target hematocrit of 35%, uncontrolled hypertension is a contraindication to EPO
therapy.

Hematologic Response

Hemodialysis

Winearls et al (119) were the first to report the effects of rHuUEPO in
patients with ESRD. They studied the effects of intravenous bolus infusion of
3-192 U/kg rHUEPO administered after each dialysis treatment in 10 chronically
hemodialyzed anemic patients (HCT < 30%) receiving thrice weekly dialysis. They
demonstrated that all patients responded to treatment with an increase in
reticulocyte count by 2 weeks and an increase in hemoglobin concentration after
12 weeks of therapy. In 9 of the 10 patients the hemoglobin concentration
increased from 6.1 to 10.3 g/dl. In addition, of 4 patients in this series who
were transfusion dependent prior to study, transfusion requirements were
eliminated by EPO therapy. Iron stores decreased along with EPO therapy, however
in this study there were no incidents of iron deficiency reported. Indeed, even
in those patients with normal or low iron stores (who were taking oral iron
supplements) an excellent hematologic response was observed. Thus as long as
iron stores were adequate or the patient ingested oral iron, the drug was 100%
effective.

Eschbach et al. (31) have performed the most comprehensive studies and
reported the results of combined phase I and II eclinical trials carried out in
the U.S in 1987. Their patients were very carefully chosen. In their study they
examined the safety and efficacy of rHUEPO in 25 chronically hemodialyzed anemic
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patients with the following characteristics: baseline HCT less than or equal to
25%, stable on dialysis for at least three months, normal blood pressure or
controlled hypertension, absence of hemolysis or aluminum toxicity, not pregnant,
not on androgen or immunosuppressive therapy, not receiving insulin therapy for
diabetes and with normal liver function (AST no more than 2 times normal). They
studied the dose-response relationship between EPO and hematocrit using doses
ranging from 1.5-500 U/kg body weight administered as an intravenous bolus at
the end of each dialysis treatment given 3 times per week. Four key points
emerged from this study. First, they found that at doses of 50 U/kg or higher
a consistent dose-dependent increase in corrected reticulocyte count, erythron
transferrin uptake (index of in vivo erythropoiesis), and rate of rise in
hematocrit occurred. The dose-response curve for this study is shown below in
figure 15. As can be seen the rate of response was clearly dose dependent at
12 weeks. It is noteworthy that the hematocrit increased in all four doses and
that the hematocrit doubled within four to five weeks in the highest dose used.
However, despite the positive response shown for the 15 U/kg dose this was not
a consistent response to therapy in this group of patients. Second, rHuEPO
therapy eliminated the need for transfusions in previously transfusion-dependent
patients confirming the findings of Winearls et al. Third, they discovered the
association between rHuUEPO therapy

FIGURE 15
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and the development of relative iron deficiency. As shown in figure 16 below,
when the drug is administered to patients with normal iron stores who are not
receiving concomitant iron therapy, after a period of initial response to EPO,
refractoriness to therapy may develop as a result of acquired relative iron
deficiency.
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Figure 5. Relative Iron Deficiency Induced in a Patient by 50 Units
of Recombinant Human Erythropoietin (rtHUEPO) per Kilogram
Given Three Times Weekly.

After an initial rise in the reticulocyte count and hematocrit with
therapy, there was a plateau of response at weeks 10 through 12.
The transterrin saturation fell to 13 percent, and con_sequenﬂy 19
of iron dextran was given intravenously. After this there was
lpmmp(reﬁwlocytosis.lndmei\c:amhmehemwaﬂ

was reestablished.

[Ref: Eschbach et al. NEJM 316(2):73-78, 1987]

Note that after reinstitution of rHuEPO therapy at +6 weeks, when iron stores
were decreased relative to baseline, the hematocrit reached a plateau but
promptly increased after the administration of Imferon. This finding has led
to the recommendation that iron stores be determined at the onset and monitored
during course of therapy with EPO (114). Fourth, they demonstrated that
discontinuation of the drug results in recurrence of anemia within 2 weeks
indicating that chronic continuous therapy is needed to maintain the hematocrit.
Finally they showed that virtually every patient has a positive response to the
drug so long a as iron stores are adequate. Thus they confirmed the findings
of Winearls and further demonstrate the dose response to the drug. These data
have been expanded in a multi-center phase III clinical trial involving 300
patients in whom baseline hematocrit increased by 6% in over 97% of patients by
12 weeks of therapy.(34). In this study, the median dose required to maintain
Het in the 32-38% range was 75 U/Kg thrice weekly as shown below in figure 17.

FIGURE 17
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Nevertheless, it is clear that a small proportion of patients will require
doses of 300 or more U/kg to maintain the target hematocrit. Indeed in this
study, 17% of patients required a dose of greater than 150 U/kg. Finally it is
noteworthy that in this large study the steady-state mean serum transferrin
saturation and ferritin levels during therapy were significantly reduced compared
to the pre rHuEPO period.

Several other short-term studies have furnished corroborative data
concerning the effects of rHuEPO (14,84). In all studies the drug has been
administered thrice weekly at the end of each dialysis treatment usually as an
intravenous bolus. It should be noted however that the drug is just as
efficacious when administered subcutaneously. Thus, there is no doubt that
rHuEPO is an effective means of correcting the anemia of ESRD and that it has
the added benefit of eliminating the need for transfusion therapy for a large
number of patients.

Predialysis

Data on the efficacy of rHUEPO in the predialysis patients is similar to
that furnished from the dialysis patient studies. Thus, Stone et al. (105) have
demonstrated a positive response in predialysis patients with creatinine
clearances in the range of 10-30 ml/min receiving rHuUEPO in doses of 150 U/kg
(given thrice weekly as an intravenous bolus) by 8-10 weeks of therapy. The
response to rHUEPO in a representative patient from their study is shown below
in figure 18.

FIGURE 18
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[Ref: Stone et al. Am J Med Sei 296(3):171-9, 1988.]
As can be seen red cell mass, hematocrit and reticulocyte count all increased
dramatically in response to rHuEPO therapy and declined with interruption of
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treatment: findings similar to those seen in dialysis patients. These findings
have been confirmed by Lim et al. (61). In both of these studies the.lirug was
given intravenously, however responses to subcutaneous administration are similar
and this will undoubtedly become the route of administration of rHuEPO for
predialysis patients in the future. EPO reaches peak levels in 8-12 hours after
subcutaneous injection and levels are maintained fairly constant for 12-16 hours

(38).
Dosage of rHuEPO

Based on these and other studies involving similar patient groups the
recommended doses of rHuEPO for initiation and maintenance therapy in dialysis
patients have been published. Since the half life in blood ranges between 5-9
hours in humans on hemodialysis and up to 11 hours in patients on CAPD, the drug
can be given thrice weekly after dialysis as has been demonstrated in the
preceding studies (38). The starting dose is 50-100 U/kg body weight three times
per week administered at the end of dialysis and continuing until hematocrit
increases to a target range of 33% with a maximum Het of 36%. If the response
is inadequate after 2-6 weeks the dose is doubled until a desired response is
reached or until a dose of 300 U/kg body weight is reached. If no response
occurs at this point investigation into causes of resistance to therapy must be
considered. After achieving the target hematocrit the dose is reduced by 12-25
U/kg and titrated to maintain the Het within the target range. Current
guidelines for rHuEPO therapy including monitoring information are summarized
below in Table 5.

TABLE 5
Guidelines for
* Recombi H Erythropoietin Administration
Patient selection criteria

Hematocrit: <0.30 or transfusion dependent
Iron indices: serum ferritin >100 ng/mL and/or
transferrin saturation >20%

Therapeutic goal
Hematocrit: 0.32 to 0.38
Dose/response
Dosage Hematocrit Increases
150 U/kg 3 x fwk 0.018/wk
50 U/kg 3 x iwk 0.010/wk

Reduce dose when hematocrit reaches 0.30, then
adjust maintenance dose by 12.5 to 25 U/kg as

needed
Monitoring guidelines
Test Initial Frequency Duration Thereafter
Hematocrit Weekly 12wk  Bimonthly
Reticulocytes Weekly 110 4 wk As needed
Iron, TIBC,
serum ferritin  Monthly 3 mo Bimonthly
BP 3x/wk  Throughout
Potassium 2x/mo  Until stable Monthly
Iron supplementation
Goal: percent transferrin saturation >20%

Therapy: oral iron 3x/d or IV iron dextran, 0.5 g

Abbreviation: TIBC, total iron-binding capacity.
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Resistance to therapy

Several of the above cited studies have found that certain patients remain
relatively resistant to even large doses of rHuEPO (61-63,84,105). The reasons
for lack of response may include iron deficiency (as cited above), acute
inflammation and surgery (61,104a), aluminum toxicity and osteitis fibrosa
cystica (46,50,109), occult blood loss, hemolysis and underlying hematologic
disease (34), uremic erythropoietic inhibitors (104a) and as yet unknown factors
(3). Interestingly, some hemodialysis patients refractory to rHUEPO respond when
switched to chronic ambulatory peritoneal dialysis which has led to the
suggestion that a dialyzable middle molecule acts as an erythropoietic inhibitor
in some patients (104a). The approach to resistance is schematically illustrated
below in figure 19. Iron supplementation is a key management parameter that must
be prospectively assessed in patients receiving EPO since this is a common cause
for apparent resistance to therapy (114).

FIGURE 19
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Chronic stable anemia in patients with end stage renal disease is

associated with increased cardiac index and decreased total peripheral vascular
resistance (18a,79) and transfusion results in an increase in blood pressure in
these patients accompanied by and increase in total peripheral vascular
resistance (TPR). In both experimental animal models and in ESRD patients,
correction of anemia with rHuEPO is often accompanied by an increase in blood
pressure, TPR and a decrease in cardiac index (CI) (24a,54). Data on rHUEPO in
humans concerning the issue of hemodynamic response have been reviewed by
Nonnast-Daniel et al (82). Table 6 below is taken from their work.
As can be seen, utilizing a variety of both invasive and non-invasive techniques
a fairly consistent pattern emerges: CI decreases in about half the studies
whereas TPR and BP increase in most. Why CI does not decrease in some patients
remains unknown but is in contrast to the response in non-uremic anemic patients
undergoing correction of anemia. Based on these data, three possible mechanisms
have been proposed to explain the increase in BP after correction of anemia in
ESRD patients.
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TABLE 6

Hemodynamic changes induced by thEPO

Author Method Patients,n CI TPR BP
Deschodt et al., 1988 [6] dye dil. 4 ! t 1
Buckner et al., 1989 [4] echo 7 (V) + 1 I
Hori et al., 1988 [14] echo 6 1) 1 1
Abraham et al., 1989 [1] echo 8 o + +
Akiba et al., 1989 [2] Swan-G. 6 l 1 +
6 + ) 1
Nonnast-Daniel et al., 1989 [21] Swan-G. 5 ! 1 1)
2 = T )

CI = Cardiac index; TPR = total peripheral resistance; BP = blood pressure.

First an increase in blood viscosity owing to the increase in packed cell volume
could increase resistance to flow. Second, a reduction in hypoxia-induced
vasodilatation by restoration of O, carrying capacity could result in
vasoconstriction and thereby an increase in TPR. Third a failure in reduction
of cardiac output could play a role in some patients particularly if TPR remains
unchanged or increases. In addition two preliminary reports suggest that the
adrenergic nervous system may be activated by increasing hematocrit by rHuEPO
therapy (8,41). Finally it has been suggested by Moncada (70a) that nitric oxide
EDRF which binds tightly to hemoglobin may be relatively deficient when
hemoglobin levels increase thereby reducing the vasodilator activity of this
substance further potentiating peripheral resistance.

The effect of correcting anemia on exercise capacity has also been
investigated. Two published studies have shown an increase in maximal oxygen
uptake after rHuEPO treatment (92,106) after correction of anemia. In a recent
study performed in our institution by Dr. Jeffrey R. Thompson of the Nephrology
Unit and Dr. James Stray-Gunderson of the Department of Orthopedics similar
results have been obtained in chronically hemodialyzed patients who have been
treated with E rHUEPO for 12 weeks in whom the hematocrit increased to the 35-
49% range. In addition to the increase in maximal O, uptake, cardiac index was
found to increase in during exercise to a greater extent after rHuEPO as compared
to the increase observed before rHuEPO therapy. In addition studies in
predialysis patients reveal that increases in TPR and BP are similar to
hemodialysis patients, however cardiac index may not decrease (51,93). The
increases in maximal O, uptake and cardiac index induced by exercise may explain
in part the fact that patients successfully treated with EPO generally report
an improvement in their quality of 1life.

Quality of Life

The symptoms of anemia of chronic renal failure may contribute to the
relatively poor objective quality of life experienced by this patient population.
For example the weakness, dyspnea, fatigue and anorexia may impact significantly
on the ability to work and their senses of physical and psychological well-
being. Low exercise capacity in ESRD patients has been well documented. The
reasons for low exercise capacity are multiple and complex. Besides anemia
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deconditioning, cardiac disease, hypertension and possibly uremia-associated
abnormalities in mitochondrial enzyme activities may play a role.

Several studies have reported improvement in exercise capacity after
amelioration of anemia by rHuEPO in hemodialysis patients (51,68,92,93,106).
Based on the concomitant increases in hematocrit and maximal O, uptake it has
been concluded that in the short-term, rHUuEPO results in an objective improvement
in exercise capacity. However, even though demonstrable increases in exercise
capacity occur the improved levels are still near the low end of the normal or
frankly subnormal and far below that of a trained athlete (3 to 5 fold lower).
In addition to these effects, Grutzmacher et al (46) have shown improvement in
myocardial function in two patients on long-term hemodialysis and improvement
in symptoms in 16 patients all of whom had symptomatic heart disease.

Subjective improvement in symptoms of anemia has been surveyed in many
studies. A representative sample of the type of data obtained is illustrated
below in table 6 from Eschbach et al (34).

TABLE 7

EFFECT OF RECOMBINANT HUMAN ERYTHROPOIETIN ON PATIENTS'
FUNCTIONAL IMPAIRMENT, ENERGY AND ACTIVITY LEVEL (n=130)

Baseline Second Third
Evaluation® Evaluationt

Hematocrit, mean 0.237 0.342 0.339
Functional impairment
Normal, no complaints;
able to carry on normal
activity (Karnofsky),
96 of patients 25.9 44.5% 43.5%
Activity level
Very or mostly
active, % of
patients 19.8 37.3% 35.5%
Energy level
Patient reporting
very full of
energy or fairly
energetic most
of the time, % 259 45.4% 48.13
Patients reporting
low energy or no
energy atall, % 46.2 2328 22.23
Nottingham
Health Profile
score§ 47.0 31.5% 2778

° Approximately 6 months after initiation of rHuEpo therapy.
t Approximately 10 months after initiation of rHuEpo therapy.
2P < 0.01 compared with baseline.

§ Scores, 100 = plete li ion: 0 = no physi

[Ref: Eschbach et al. Ann Int Med 111:992-1000, 1989]

In addition to the effects on sense of well-being , activity level, energy level
and health profile scoring other effects have been reported. For instance
improvement in cognitive function (80,81), visual-motor tracking and audio-
verbal learning (115a). These data support the view that the correction of
anemia will have long-term implications on the quality of life of ESRD patients
in the future. Most of these data have been reported in small numbers of
patients and some appear only in preliminary form at this time. Moreover,
despite these initial positive results it remains to be determined whether the
correction of anemia by rHuEPO results in sustained improvement in these
parameters and most importantly whether improved rehabilitation and return to
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productive lifestyle will eventuate.
Effects on Renal Function

There is a paucity of information concerning the effects of anemia on
renal function. Interest in the role of anemia and renal failure stems from
the fact that adaptations in renal hemodynamics occur in response to both the
development of renal failure and to anemia. Whereas it might be imagined that
anemia would exacerbate renal failure, experimental animal studies suggest that
anemia protects the kidney from progressive renal failure since correction of
anemia in uremic rats (induced by renal ablation) accelerates the progression
of renal failure (42). In contrast, renal function studies in humans with
chronic renal failure (predialysis) indicate that correction of anemia does not
accelerate progression of renal failure (40,63). Based on these preliminary
studies it is not known whether correction of anemia might even preserve renal
function. In this regard the studies by Lim (62) were suggestive but not
conclusive that progression of renal failure, as estimated by the reciprocal of
the serum creatinine concentration, might actually be slowed by correction of
anemia. This has implications for delaying onset of dialysis patients who will
ultimately develop ESRD.

Effects on dialysis

Clearance of urea and other small molecular weight solutes from plasma
across a dialysis membrane is determined by a complez interaction of various
physical factors including blood flow rate, membrane composition and flow
geometry in blood and dialysate compartments of the artificial kidney. It has
been postulated that increasing hematocrit with the attendant relative reduction
in plasma water might alter the efficiency of clearance of solutes such as urea
necessitating increases in the type, amount and/or duration of dialysis (99, 100).
However, clinical experience with rHuEPO has not supported this theoretical
possibility since only minimal alterations in steady-state BUN and serum
creatinine concentrations have occurred during rHuEPO therapy. (1,34,78,82a,86).
Although slight decreases in potassium and phosphorus clearance have been
reported the and hyperkalemia does develop with rHUEPO (34) these elevations are
believed to be do to increased dietary intake owing to improved appetite and
well-being. Importantly, dialysis prescriptions do not need to be altered to
accommodate the increase in hematocrit in order to maintain adequacy of dialysis.

Adverse Effects of rHuEPO

The beneficial effects of rHUEPO are undisputed; furthermore, it is now widely
accepted as the therapeutic agent of choice for managing anemia in renal failure.
However as has been reported in virtually all studies there are significant
adverse effects that deserve special consideration .
The most common adverse side effect of rHUEPO is hypertension.

This complication occurs in roughly 25% of patients and is usually moderate
although hypertensive crisis has been reported (110). (The possible mechanisms
of hypertension have been discussed, see above.) It is especially likely to
develop in patients treated with antihypertensive agents while on hemodialysis
prior to beginning therapy with rHuEPO (117). Nevertheless the development of
hypertension does not preclude therapy with rHUEPO but patients with hypertension
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should be monitored closely and the dose should be adjusted gradually and BP
treated accordingly as the hematocrit rises. The rise in blood pressure in
patients with hypotension may in fact be beneficial as has been pointed out by
Watson (117).

Grand mal seizures have been reported in a minority of patients treated
with rHUEPO usually in association with the development of hypertension. Whether
rHUEPO causes seizures by a mechanism other than an increase in blood pressure
remains to be determined as controversy still exists on this issue. In view of
the fact that HCT may rise abruptly during dialysis owing to volume removal, it
is possible that hypertension is precipitated by an increase in peripheral
resistance during this period precipitating hypertensive encephalopathy and
seizures (82,107);

Vascular access thrombosis has also been observed in patients as hematocrit
increases with rHUEPO treatment. The incidence of this complication was 11% in
a large multi-center trial (34). In most cases graft occlusion occurred in
patients with prosthetic grafts. These grafts are much more prone to thrombosis
than Cimino-Brescia arterio-venous fistulae and when considered in relation to
the rate of thrombosis of these grafts in non-rHuEPO treated anemic patients,
the authors of the multi-center trial concluded that the incidence of graft
occlusion was not increased by rHuEPO. Nevertheless it remains an important
concern since alterations in blood rheology engender thrombus formation in the
vascular access of patients with non-laminar graft blood flow. Both prosthetic
and primary A-V shunts may exhibit abnormalities in blood flow. Importantly,
there has not been an increase in the incidence of myocardial infarction or
stroke in rHUEPO treated patients studied so far. However, as more patients are
treated with rHUEPO a better estimation of the magnitude of this problem will
undoubtedly emerge.

Finally, other adverse side effects reported with rHuEPO include
hyperkalemia in hemodialysis patients presumably from increased dietary intake
(117), alterations in protein S and C levels (118) and early thrombosis of renal
allograft artery (121).

Economics

There are approximately 125,400 dialysis patients in the United State, 25%
of whom may be transfusion-dependent and the vast majority of whom have HCT
levels below 30% making them candidates for EPO. In addition there are an
estimated 234,000 patients with chronic renal failure about 35% of whom may be
candidates for rHuEPO therapy. The FDA has approved the drug for use in both
of these populations. Furthermore, clinical trials of EPO therapy for anemia
in a variety of other circumstances including Rheumatoid arthritis, cancer,
sickle cell anemia, and AIDS are underway (U45,67,76).

The current wholesale cost of EPO is $10 per 1,000 U and the Health Care
Finance Administration (HCFA), which establishes policy for reimbursement for
ESRD, allows $40 for doses up to 10,000 units and $70 for doses above 10,000.
(There is no policy established for payment of predialysis patients.) At a dose
of 50 U/kg three times per week for a 70 kg person this calculates to $5,460 per
year and for all dialysis patients would amount to $668,776,000 annually. This
is a gross estimate since some patients will require much less and others much
more for maintenance therapy. It is also worth noting that the reimbursement
by HCFA will not be sufficient to cover the cost of some patients whereas it will
more than afford the cost for others. The key question is whether or not the
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costs of the drug will result in sufficient benefits in terms of: lessening
costs of blood transfusions and their attendant morbidity, reducing the incidence
of complications of anemia (e.g. angina peripheral ischemia, etc.), improving
cardiovascular performance, exacting a higher rate of rehabilitation of ESRD
patients, and increasing the time to onset of dialysis in the predialysis
patients. A large number of variables must therefore be taken into account to
perform a valid cost-benefit analysis. Sheingold et al (96) have estimated the
cost-benefit of long-term rHuEPO therapy in the dialysis and predialysis
populations in the U.S and Canada and have concluded that rHuUEPO is cost-
effective in the long-run. It will result in substantial savings in terms of
offsetting costs of dialysis when transfusions, hospitalizations, improved
transplant success and costs of androgen therapy are taken into consideration.
In the predialysis stage the benefit will also be justified presumably by
delaying dialysis.

The recommendations for rHUEPO initiation and maintenance are changing
based on further clinical experience and on the cost considerations (7). Lower
doses than prescribed by the clinical studies may be used to initiate and
maintain therapy than originally proposed. One year after release of rHuEPO
therapy the average dose range for maintenance therapy is 2800-3200 units per
treatment. In view of this evolution in practice it seems likely that many of
the patient outcomes and therapeutic guidelines detailed in this Grand Rounds
are likely to change with time. Much more information is needed before the
application of this agent to renal failure patients is streamlined and effective.

Summary and Conclusions

In summary, rHuEPO is an effective new therapeutic agent forged from the
tools of modern molecular medicine. It has the capability of curing the anemia
of chronic renal failure and is effective in nearly 100% of end stage renal
disease patients. The currently known adverse side effects of the drug are now
well established and can be effectively prevented or managed by judicious use
of the drug and by paying attention to blood pressure response and body iron
stores. Nearly all ESRD patients are being treated with this drug and it is
likely that many predialysis patients with chronic renal failure will be treated
with it shortly. The cost of the drug in dollars is considerable but it is
expected to be partially defrayed by savings accrued from better patient well-
being, reduction in the incidence of complications of anemia, treatment of anemia
with blood transfusions and finally by competition in the medical marketplace.
Finally, it rings true that molecular biology is not only big business in the
laboratory but also in the arena of clinical medicine as exemplified by the
development and application of this novel therapeutic agent.
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