European Journal of Clinical Investigation (1989) 19, 235-240

Effect of HELP-LDL-apheresis on serum
concentrations of human lipoprotein(a):
kinetic analysis of the post-treatment return

to baseline levels

V. W. ARMSTRONG, J. SCHLEEF*, J. THIERY, R. MUCHE, P. SCHUFF-WERNER,
T. EISENHAUERY & D. SEIDEL, Departments of Clinical Chemistry, * Surgery and 1 Nephrology,
University Hospital, Robert-Koch-Str. 40, D-3400 Géttingen, FRG

Received 1 August and in revised form 20 December 1988

Abstract. In addition to LDL, Lp(a) can be quantita-
vely eliminated from plasma in an extracorporeal
LDL-apheresis procedure based on precipitation with
heparin at pH 5-12. The rates of return of post-
apheresis Lp(a) and LDL-cholesterol concentrations
to baseline levels were investigated in six individuals
with familial hypercholesterolaemia (one homozygote,
five heterozygote) and one normolipaemic individual.
The first-order disappearance constants (k) were de-
rived for LDL and Lp(a) according to Apstein et al. [1].
The k values for LDL in the homozygous FH and the
normolipaemic individual were 0-082 and 0-43 respect-
ively while the heterozygous FH patients had k values
intermediate between the two (median 0-231; range
0-116-0-261). The first-order disappearance constants
of Lp(a) did not correlate with those of LDL. The
homozygous FH and normolipaemic individuals had
Lp(a) k values of 0-158 and 0-199 respectively; the
corresponding values in the heterozygous FH patients
were: median 0-142; range 0-045-0-179.

Keywords. FCR, LDL-apheresis, lipoprotein (a), fami-
lial hypercholesterolaemia.

Introduction

High plasma concentrations of the lipoprotein Lp(a)
are strongly associated with an increased incidence of
coronary heart disease [2-6]. The structure of Lp(a) is
essentially that of an LDL particle to which the
glycoprotein apo(a) is attached through disulphide
bridges to apo B-100 [7-9]. Apo(a) exhibits an unusual
polymorphism and several different molecular weight
isoforms have been identified. This polymorphism
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appears to be coded for by a series of codominant
alleles at a single gene locus [10-12]. Recently both
classical protein sequencing studies [13-14] and analy-
sis of the cDNA sequence coding for apo(a) [15] have
revealed a high homology between apo(a) and human
plasminogen. The complete sequence of an apo(a)
isoform derived from its cDNA has been described by
McLean et al. [15]. It consists of a series of 37 kringle
domains, homologous to the kringle 4 region of
plasminogen followed by one copy each of a kringle 5
and an inactive serine protease domain; kringles
homologous to kringles 1, 2 and 3 of plasminogen have
not been retained in apo(a). The polymorphism of
apo(a) is presumed to be due to differences in the
number of kringle 4 domains.

Of all the plasma lipids and lipoproteins, Lp(a)
demonstrates the highest heritability and plasma con-
centrations are under stringent genetic control [16].
These concentrations are refractory to diet [17] and are
generally unaffected by most cholesterol-lowering
drugs. Bile-acid binding resins such as cholestyramine
[18] or HMG-CoA-reductase inhibitors such as sim-
vastatin [19] do not alter plasma Lp(a) levels at doses
which bring about an effective reduction in LDL-
cholesterol concentrations. Modest decreases in Lp(a)
levels have, however, been observed in some indi-
viduals on treatment with neomycin and niacin, par-
ticularly when used in combination [20]. The anabolic
steroid stanozolol has also been shown to reduce
plasma Lp(a) concentrations [21].

In an earlier observation [22] we had noted that
plasma Lp(a) concentrations could be lowered by an
extracorporeal LDL-apheresis procedure based on the
heparin-induced precipitation of LDL at low pH
(HELP). In view of the apparent resistance of Lp(a) to
both dietary and drug treatment, we have now studied
in greater detail the elimination of Lp(a) through
HELP-LDL-apheresis paying particular attention to
the kinetics of the return to the original baseline
concentrations.
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Table 1. Clinical and laboratory data of the individuals included in this study

Serum Serum Serum Serum
LDL-receptor cholesterol triglycerides LDL-cholesterol Lp(a)
Subject M/F Age status (mmol 1~y (mmoll™Y (mmoll~Y) (mg dl—Y
1 F 7  FH homozygous 22:37 1-62 19-92 98
2 M 32 FH heterozygous 11-61 394 7-98 81
3 M 37  FH heterozygous 10-49 267 819 21
4 M 37 FH heterozygous 9-31 1-00 7-08 107
S F 43  FH heterozygous 9-41 2-18 612 75
6 M 45 FH heterozygous 7-46 1-90 4-87 105
7 F 45 Normal 5-82 0-86 332 65

Materials and methods

Subjects

Seven individuals were included in this study (Table 1).
One individual (subject 1) is a young girl with homo-
zygous familial hypercholesterolaemia (FH), docu-
mented by tissue culture to be of the receptor-defective
type. She has now been on regular treatment with
HELP-LDL-apheresis for over 2 years. A further five
individuals (subjects 2-6) are suffering from the heter-
ozygous form of FH, as revealed from tissue culture
studies and/or family histories; they are part of a larger
collective of patients with type II hypercholesterolae-
mia and coronary artery disease currently being
treated with HELP. The seventh individual was a
normocholesterolaemic volunteer included for com-
parison purposes. All probands were selected for this
present study on the basis of their high (> 20 mg dl—1)
concentrations of Lp(a).

Therapy with lipid-lowering drugs was discontinued
4 weeks prior to investigating the effect of a single
apheresis treatment on serum LDL-cholesterol and
Lp(a) concentrations. Written consent was obtained
from all individuals prior to beginning this study. The
approval of the local university ethics committee was
also obtained.

LDL-apheresis

The procedure for HELP-LDL-apheresis has been
described in detail elsewhere {22]. In the case of adults,
3000 ml of plasma were normally treated at one
session, treatment time lasting approximately 2 h. For
the homozygous child we initially began treating 1000
ml of plasma; this was increased to 1500 ml after
approximately 1 year of regular treatment.

Blood samples were taken directly before and after
each LDL-apheresis. For the kinetic study samples
were also taken at 24 h intervals subsequent to the
apheresis for a period of 5-7 days, in order to follow
the return of the various lipoproteins and apolipopro-
teins to their pretreatment values.

Analytical procedures

Lp(a) was quantified by means of a non-competitive

enzyme-linked immunosorbent assay (ELISA). A
polyclonal antiserum was raised in rabbits immunized
with Lp(a). After removal of B-100 antibodies by
immunosorbtion over LDL-sepharose, immunoglo-
bulins (IgG) were separated from other serum proteins
over Protein-A-Sepharose. Microtitre plates (NUNC)
were coated with anti-Lp(a) IgG (0-05 ug protein
well~!) in an overnight incubation at 4°C and pH 10-4.
After washing and blocking for 1 h with 1% (w/v)
gelatine, 0-1 ml of appropriately diluted Lp(a) stan-
dards or serum samples were incubated in the wells for
2 h at room temperature. The wells were then washed
and biotin-labelled anti-Lp(a) 1gG (1-4 pg protein
well~!) was added to each well and incubation conti-
nued for a further hour at room temperature. After
washing, the wells were then incubated with a biotiny-
lated streptavidin peroxidase conjugate (Amersham)
for 30 min. Finally a freshly prepared solution of 0-4
mM Azino-di(3-ethylbenthiazolinsulphonic acid) and
0-01% H,O, was added; colour development was
stopped after 15 min with an equal volume of 1 N
H,SO, and the plate read at 410 nm. Cross reactivity
with human plasminogen was <0-02% using this
assay.

Total cholesterol and total triglycerides were quanti-
fied using enzymatic test kits (Boehringer, Mannheim,
FRG). Serum LDL-cholesterol was measured by a
precipitation procedure [23] using dextran sulphate
(Quantolip-LDL, Immuno, Heidelberg, FRG). Since
both LDL and Lp(a) are precipitated under the
conditions of this assay [23], the LDL-cholesterol
value obtained from this procedure will also include
that cholesterol contained in Lp(a). The true LDL-
cholesterol value can be calculated by subtracting the
corresponding Lp(a) lipoprotein concentration x 0-3
[2,3]. HDL-cholesterol was measured by the phospho-
tungstate/MgCl, procedure (Boehringer, Mannheim,
FRG). The apoproteins B and A-1 were quantified
using rate nephelometry [24].

Results

The extent to which a protein or lipoprotein is
eliminated during apheresis depends upon the effi-
ciency of its removal, the volume of plasma treated,
and the total plasma volume of the individual [25].
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Table 2. Effect of a single HELP treatment on serum LDL-cholesterol, HDL-cholesterol, Lp(a), apoB and apoA-1

concentrations
LDL-c Lp(a) apoB HDL-c ApoA-1
(mmol 171) (mg dl™}) (mg d17}) (mmol 171) (mg di—1)
Co CM CM/C, C, CM CM/C, C;, CM CM/C, C, CM CM/C, C, CM CM/C,
1 1992 6-18 0-32 98 40 041 364 151 0-42 057 023 0-40 29 10 035
2 798 3-88 0-49 81 43 053 231 107 046 1-55 1-24 0-80 187 143 0-77
3 819 363 044 21 10 048 179 9% 0-54 093 085 091 71 51 072
4 708 182 026 107 25 023 172 58 034 1-06 072 0-68 86 63 073
5 612 202 033 75 33 044 160 70 0-44 1-24 106 0-85 125 110 0-88
6 4-87 1-81 0-37 105 30 029 173 76 044 1-27 1-11 0-87 115 88 077
7 332 105 0-32 65 18 028 120 46 0-38 153 142 093 124 91 073
x 0-36 0-38 0-43 0-77 0-71
(SD) (0-08) 0-11) (0-06) 0-19) 0-17)

C,: Steady-state serum concentration immediately prior to the HELP treatment.
CM: Serum concentration immediately after the HELP treatment.

Since we have previously demonstrated [22] that LDL
are completely eliminated in an extracorporeal LDL-
apheresis procedure based on their heparin-induced
precipitation at pH 5-12 we compared the elimination
of Lp(a) to that of LDL-cholesterol by a single HELP-
LDL-apheresis. In addition, the corresponding con-
centrations of apoB, apoA-1 and HDL-cholesterol
were determined. The effects of a single HELP-LDL-
apheresis on serum concentrations of LDL-choles-
terol, Lp(a), apoB, HDL-cholesterol and apoA-1 in all
seven subjects studied are presented in Table 2. The
ratios of the post-treatment to pretreatment values are
included to allow a comparison of the efficiency of
removal of the various lipoproteins and apoproteins.

The mean ratio for LDL-cholesterol was 0-36 and that
for Lp(a) was 0-38; in other words LDL-cholesterol
and Lp(a) levels were reduced by an average of 64%
and 62% respectively through a single HELP-LDL-
apheresis. There was a good correlation (r=0-84,
y=0-71x+ 0-09) between the individual ratios indicat-
ing that LDL and Lp(a) are eliminated to the same
extent. As would be expected, the ratios for apoB were
similar to those for LDL-cholesterol and Lp(a). With
the exception of the homozygote, whose basal levels
were very low prior to apheresis, only minor decreases
were observed in HDL-cholesterol and apoA-1 after
apheresis. These findings are consistent with our
previous observations that HDL are not precipitated
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Figure 1. Post-treatment return to basal levels of (a) LDL-cholesterol and (b) Lp(a) in: ©—0 a normolipaemic individual; 0—0O
an individual with heterozygous FH; and, A—a an individual with homozygous FH. C represents the serum concentration at
time ¢ days after the last apheresis and C, represents the pretreatment concentration.
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by heparin under the conditions of the HELP pro-
cedure [21-26].

The return of both LDL-cholesterol and Lp(a)
concentrations to pretreatment levels was followed
over a period of 5-7 days. In Fig. 1, the rate of return to
baseline levels of both Lp(a) and LDL-cholesterol is
illustrated for three individuals with different LDL-
receptor activities. In the case of the normocholestero-
laemic individual, the post-treatment LDL-cholesterol
concentration rapidly returned towards the steady-
state pretreatment level of 3-32 mmol 17! whereas a
relatively slower rate was observed in the homozygous
child who had a pretreatment LDL-cholesterol level of
1992 mmol 1~! (Fig. 1a). An individual with the
heterozygous form of FH displayed a rate of return of
LDL-cholesterol that was intermediate between those
of the normocholesterolaemic and the homozygous
individuals.

The situation for Lp(a) was, however, quite different
to that for LDL. Despite the differences in their LDL-
receptor status, all three individuals showed similar
rates of return of their Lp(a) levels to pretreatment
values (Fig. 1b).

Apstein et al. [1]have previously shown that the rate
of return of plasma cholesterol to pretreatment choles-
terol concentrations after sustained plasmapheresis
can be predicted from the equation:

Go=C _
Co—CM ™

where C, is the initial steady-state cholesterol concen-
tration prior to plasmapheresis, C M is the minimum
cholesterol level after plasmapheresis and C is the
cholesterol concentration at time ¢ after cessation of
plasmapheresis. The constant k is then the first-order
disappearance constant for plasma lipoprotein choles-
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Table 3. First-order disappear-

ance constants (k) in response to

HELP-LDL-apheresis for LDL
and Lp(a) in seven individuals

k
Subject LDL Lp(a)
1 0-082 0-158
2 0-166 0-142
3 0116 0-045
4 0-231 0-162
5 0-235 0179
6 0-261 0-135
7 0-430 0-199

terol, or in other words the fractional catabolic rate
(FCR) of plasma cholesterol. Although this calcula-
tion assumes that both the synthetic and fractional
catabolic rates of plasma cholesterol remain constant
after a decrease in pool size through plasmapheresis,
reasonable agreement was found between the FCR
determined from the above equation and that obtained
for LDL-apoB from steady-state isotopic studies. We
therefore employed the above equation to derive the
first-order disappearance constant k for both LDL-
cholesterol and Lp(a) in all seven individuals. Least
squares regression analyses were carried out on the
corresponding kinetic data and the results are pre-
sented in Table 3. As would be expected the lowest k
value of 0-082 for LDL-cholesterol was observed for
the homozygous child. This value is similar to those
values reported by Apstein et al. [1] for two homozy-
gotes. Although the latter values were obtained for the
return of total cholesterol to baseline levels, LDL-
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Figure 2. Course of (a) serum LDL-cholesterol and (b) serum Lp(a) concentrations in a homozygous child during regular HELP-
LDL-apheresis therapy. Pre-apheresis values are illustrated by closed circles (®) and postapheresis values by open circles (O).
During the first 2 years of treatment a total of 90 aphereses were performed. The individual data from the first and last aphereses in
this period are presented together with the mean values from the remaining treatments (n = 88). There then followed an apheresis-
free interval in which serum LDL-cholesterol and Lp(a) concentrations were controlled after 4 weeks. Regular treatment was
again resumed after 8 weeks and the results from a further seven individual aphereses are presented.
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cholesterol makes the largest contribution to total
cholesterol. The k values of LDL-cholesterol in the
five heterozygous individuals are in the same range
as the FCRs reported for LDL-apoB from radio-
labelling studies [27]. As would be expected
the normocholesterolaemic individual displayed the
higher value for the first-order disappearance constant
of LDL-cholesterol.

The & values of Lp(a) did not correlate with those of
LDL-cholesterol. Although the homozygous child and
the normocholesterolaemic individual displayed a
four-fold difference in their LDL-cholesterol & values,
there was only a small difference between the Lp(a) &
values of these individuals. With the exception of the
homozygote the k& values of Lp(a) were lower than
those of LDL-cholesterol and averaged 60% of the
latter.

We have now been able to follow the effect of long-
term repetitive HELP-LDL-apheresis on serum Lp(a)
and LDL-cholesterol concentrations in the homo-
zygous child for a period of over 2 years. This child is
being regularly treated at weekly intervals with the
exception of holidays and illness. During the first 2
years of regular HELP treatment, the mean pre-
apheresis LDL-cholesterol concentration was around
50% of the initial pretherapeutic value of 19-92 mmol
1-! (Fig. 2). Serum Lp(a) concentrations could also be
maintained at a reduced level, the mean pre-apheresis
value being 61 % of the original steady-state concentra-
tion. After 2 years of treatment there was an apheresis-
free period due to holiday. During the first 4 weeks of
this period Lp(a) concentrations had returned to their
original, baseline level whereas the LDL-cholesterol
concentration had attained only 72% of its original
pretreatment level. After resumption of apheresis-
treatment serum LDL-cholesterol and Lp(a) concen-
trations could once again be lowered to levels similar
to those observed during the first 2 years of treatment.

Discussion

In addition to LDL and a limited number of other
heparin binding proteins such as fibrinogen [22,26] the
lipoprotein Lp(a) is also quantitatively eliminated
from plasma in an extracorporeal apheresis procedure
based on precipitation with heparin at acidic pH. This
is consistent with the observation that Lp(a) can also
bind to proteoglycans such as heparin this binding
being mediated by the apoB moiety of Lp(a) and not
by apo(a) [9].

Apstein et al. have previously demonstrated [1] that
the rate at which plasma cholesterol levels return to
pretreatment values after sustained plasmapheresis
can be employed to derive the first-order disappear-
ance constant (FCR) of cholesterol. This was based on
the assumption that the production rate for LDL
remains constant after plasmapheresis and that the
FCR is proportional to the plasma cholesterol concen-
tration irrespective of pool size. Thompson et. al.
[28,29] were able to demonstrate by plasma exchange

that the FCR of LDL in FH is indeed independent of
pool size irrespective of whether the individuals stu-
died were homozygous or heterozygous. Furthermore,
the studies of Soutar et al. [30] showed that LDL-apoB
synthesis did not increase after plasma exchange in
both homozygous and heterozygous FH patients. A
short-term decrease in the LDL-pool does not there-
fore alter the synthesis or FCR of this lipoprotein even
in those individuals possessing LDL-receptor activity.
These results confirm the assumptions of Apstein et al.,
at least as far as homozygous and heterozygous FH
subjects are concerned.

In this investigation we compared the rates of return
to post-treatment levels of Lp(a) and LDL after an
acute reduction in their pool size due to removal by
apheresis. We employed the model of Apstein et al. for
this purpose which necessarily requires the assumption
that the synthesis and FCR of Lp(a) are not affected by
changes in pool size. It was of particular interest to
compare the rates of return of post-apheresis Lp(a)
and LDL-cholesterol concentrations in persons with
clinically documented differences in LDL-receptor
status. The rates of return of LDL-cholesterol were
clearly different in a homozygous FH, a heterozygous
FH and a normolipaemic individual the calculated
first-order disappearance constants being 0-082, 0-166
and 0-430 respectively. These three individuals did not,
however, display any major differences in the rates of
return of their Lp(a) concentrations to basal levels, the
corresponding first-order disappearance constants
being 0-158, 0-142 and 0-199 for the homozygote,
heterozygote and normolipaemic subjects respectively.
The data are consistent with the hypothesis that Lp(a)
are not cleared to any great extent by the LDL-
receptor pathway in vivo. This is supported by the
observation that Lp(a) concentrations are unaffected
by bile acid sequestrants such as cholestyramine [18]
and HMG CoA -reductase inhibitors such as simvasta-
tin [19], drugs that effectively lower LDL-cholesterol
levels by raising LDL-receptor activity. Although
several in vitro studies [9,31-33] on cultured human
fibroblasts have indicated that Lp(a) can be bound,
internalized and finally degraded through the LDL-
receptor pathway, Lp(a) is a much poorer ligand for
the receptor than LDL itself [9,34]. Only after removal
of the apo(a) by disulphide reduction does the residual
lipoprotein Lp(a) show similar affinity to the LDL-
receptor as LDL [9].

Krempler et al. [33] studied the in vivo removal of
radioiodinated Lp(a) in 12 normolipaemic individuals
and found a highly significant correlation between the
FCRs of Lp(a) and LDL, the mean value for Lp(a)
being approximately 30% lower than that of LDL.
However, they did include one patient with homo-
zygous FH in this investigation. Interestingly the FCR
for Lp(a) in this individual was higher than the
corresponding FCR for LDL, the former being only
81% of the mean Lp(a) FCR in normal subjects while
the latter was 54% of the mean value in normal
controls. In order to fully clarify the role of the LDL-
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receptor pathway in the catabolism of Lp(a), turnover
studies are obviously required in a larger number of
persons with different LDL-receptor activities.

In view of the fact that a combination of elevated
LDL-cholesterol concentrations and high Lp(a) levels
are associated with a high coronary risk [4], the
simultaneous elimination of these two lipoproteins
must be considered as an additional benefit of this
apheresis system. However, further knowledge of the
causal relationship between Lp(a) and the develop-
ment of atherosclerosis is required before the thera-
peutic potential of this elimination can be properly
assessed.
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