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Biocompatibility of hemodialysis (HD)
membranes: The role of endocellular
mediators in HD-associated neutropenia

C. Tetta, G. Segoloni, G. Camussi, S. Piva, A. Vercellone
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In its early years, hemodialysis (HD) posed the
difficult task of overcoming numerous, often life-
threatening complications. The development of
advanced technologies has turned HD into a safe mode
of treatment. As a result, a great effort is nowadays
being made in order to optimize it. In this light, the
search for an ever higher degree of biocompatibility of
artificial membranes has-become a leading issue in
contemporary HD.

From the biological point of view, biocompatibility
of a biomaterial is the result of complex interactions at
the interface involving circulating cells and plasma
components ': it requests the absence of thrombo-
genic, toxic-allergic-inflammatory properties, no
effect on circulating cells; plasma proteins and on
the immune system. :

Among the earliest events occurring in HD with
cuprophan membranes, is the acute granulocytopenia
which was first described by Kaplow and Goffinet 2 as
a marked, transient drop’ of circulating leucocytes
occurring within 2-15 min after the start of HD. These
authors made the essential observations that this event
is due to the contact of blood with the dialyser
membrane and related it to the sequestration of
neutrophils in the pulmonary capillary network rather
than in the dialyser 2.

For many years, however, the pathogenesis of HD-
associated neutropenia remained obscure. In 1977,
Craddock et al. * first showed that infusion of
autologous plasma incubated with dialyser membranes
of the cuprophan type in the experimental animal
reproduced the acute granulocytopenia occurring in
HD and implicated the activation of the complement
system in the pathogenesis of the intravascular
alterations and pulmonary dysfunction. Further in vitro
studies implicated C5a, a potent anaphylatoxin *©
generated following contact of plasma with cuprophan
membranes, as the mediator of the neutrophil
aggregating activity 7. C5a was later shown by
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Chenoweth et al. ® to interact with specific receptors
present on human neutrophils, which rapidly
internalize and degrade this ligand.

A number of studies have dealt with the basic
mechanisms of complement activation and the
biological properties of the cascade products (as
reviewed in ref. 9). Cuprophan membranes activate
the complement system via the alternate pathway
according to a sequential multistep process (as
reviewed in ref. 10): 1) binding of metastable C3b to
activating surfaces (i.e. those which restrict binding of
regulatory proteins such as Factor H and 1); 2) the
formation of properdin-stabilized C3bBb complex
following binding of Factor B to C3b (C3 convertase);
3) further binding of C3b to C3 convertase generates
C5 convertase, capable of releasing C5a.

Aside from their complement activating properties,
membranes may also differ as to their ability to absorb
large amounts of C3a and C5a, there by removing
circulating anaphylatoxins from the blood, and
neutralizing their biological potential ' 12, C5a rather
than C3ais active on neutrophils leading to aggregation’
in vitro’ '3, to leukoembolization and enhanced
adherence to pulmonary endothelium in vivo '3-15.
However, in plasma C5a is rapidly desarginated to C5a
desArg by a carboxypeptidase B '® which loses
chemotactic activity but acquires a more potent
neutrophil aggregating effect than its native mole-
cule . The recent availability of the radioimmunoas-
says '7 specific for C3a desArg and C5a desArg have
further confirmed that complement activation does
occur in clinical HD and allowed to monitor the
production of anaphylatoxin by different types of
membranes '8

Aside from the activation of complement, a number
of studies have implicated other mechanisms in the
pathogenesis of HD-associated neutropenia and the
related respiratory dysfunction. Although the seve-
rity of neutropenia related to the degree of comple-
ment activation, the latter occurs in the absence of any
detectable drop in circulating neutrophils % 2°. Wood-
ward et al. showed that complement inhibition does
not prevent neutropenia induced by reinfusion of
showed that neutropenia occurs following transfusion
of products from disintegrated leukocytes 22,

Lipid mediators are now recognized in the



pathogenesis of pulmonary hypertension developed in
the swine injected with cuprophane activated
plasma 2* or of the hypoxia and pulmonary
hypertension in sheep infused with zymosan activated
plasma 24,

In the present review, we will describe studies
performed in this laboratory and elsewhere showing:
neutrophil aggregation in vitro after challenge with
soluble immune complexes (IC), inflammatory
constituents released from neutrophils were found to
be potent aggregating substances of these cells in vitro
and caused a marked transient neutropenia, when
injected systemically in the rabbit.

In the present review, we will describe studies
performed in this laboratory and elsewhere showing
1) the role of endocellular mediators (namely
neutrophil - derived cationic proteins, NCP, and
platelet - activating factor, PAF) in the aggregation of
immunologically and non-immunologically stimulated
neutrophils; 2) the relevance of these mediators in the
pathogenesis of experimental and clinical HD.

Mediators of neutrophil aggregation:
Role of endocellular mediators

Soluble immune complexes (IC) aggregate
neutrophils in the absence of plasma. Cuprophan
membranes were first shown by Camussi et al. to be a
potent non-immunological stimulus for neutrophils 2°.
Short-term (10 min, at 37° C) exposure of neutrophils to
cuprophan membranes triggered the generation of
potent neutrophil and platelet aggregating activities in
the supernatants 2>, The neutrophil aggregating
activity was purified by sequential ion-exchange and
gel permeation chromatography in a group of
neutrophil-derived proteins highly cationic in nature
(isoelectric point > 8.5) (NCP) with a molecular
weight ranging from 21,000 to 29,000 D. First
described by Ranadive and Cochrane ¢, NCP were
later purified and characterized by Olsson and
Venge ¥’ from leukemic leukocytes. NCP display
several biological activities as they increase vascular
and glomerular ?° permeability, activate the
complement cascade with generation of anaphylatoxin
activity in serum 3°, have a bactericidal capacity *',
aggre%ate neutrophils in vitro, cause neutropenia in
vivo 13 28 Furthermore, NCP are actively released
from immunologically stimulated neutrophils '3- 28

Using inhibitors with selective effects on cell
metabolism, C5a, C5a desArg, NCP, NCP desArg
appeared to act on neutrophils via similar metabolic
steps that were independent from cyclooxygenase-
derived metabolites, but partially dependent on lipoxy-
genase-derived products '3. Studies using a specific an-
-tiserum to NCP, showed that C5a-triggered neutrophil
aggregation was to a large extent dependent upon the
release of NCP, as the antiserum markedly inhibited
the aggregation 32. NCP can be regarded as an ampli-
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fying mechanisms of C5a triggered aggregation **. Both
NCP and C5a appear to interact with the same recep-
tors on the neutrophil membrane as shown in cross
specific desensitization studies with NCP and C5a 2.
The transient nature of HD-associated neutropenia may
be considered as due to down-regulation of receptors
notonly for C5a ** but also for NCP. Purified NCP as well
as C5a mimick the acute neutropenia observed after
infusion of IC or cuprophan incubated plasma '3 4.

Neutrophil granule proteins (e.g. lactoferrin *?)
other than NCP may also contribute to neutrophil
aggregation both in vitro and in vivo. Raised serum
concentration of lattoferrin and eosinophil cationic
proteins during dialysis with cuprophan were observed
by Hallgren et al. 3. Very recently, using sensitive
assays, Hoerl et al. have convincingly shown
granulocyte activation and degranulation in HD
patients despite the complete absence of circulating
C3a and C5a antigens °’. The platelet-aggregating
activity, recovered in the supernatants from plasma-
free neutrophils incubated with cuprophan mem-
branes 2* was identified in a lipid mediator, the pla-
telet-activating factor (PAF) which has been later
purified and characterizedasa 1-0- aIkByI -2 - acetyl -
sn - glyceryl - 3 - phosphorylcholine 2. PAF is now
known to be one of the most potent inflammatory
mediators capable of a wide spectrum of diverse
biological activities (for review see ref. 39).
Chemotactic stimuli induce the release of PAF 40 4
and PAF per se promotes the aggregation of neutroPhils
and the release of their granule constituents % 43,

Finally, the metabolic steps involved in the
aggregation of neutrophils challenged by C5a desArg
and NCP are those known to be involved in PAF
synthesis 3. The aggregation induced by C5a desArg
and NCP is quantitatively and temporally correlated
with the amount and kinetics of PAF released in the
supernatants 43, These data suggest that PAF may be
the final common mediator of neutrophil aggre-
gation 3. At the nadir of the neutropenia induced
after infusion of C5a and NCP, PAF is released in the
circulation 43. The infusion of synthetic PAF produces
a neutropenic response that closely mimicks that seen
during HD and is associated with profound
cardiovascular changes #3- %4,

Experimental model of HD

Dissection of the complex events of neutrophil
activation in whole blood or in the presence of plasma
is not feasible in in vivo conditions. For this reason, we
developed an experimental model of HD with
cuprophan dialyser without having the patient on the
circuit under controlled dialysate temperature and
composition #°,

A suspension of plasma-free human neutrophils
was recirculated and, at different time intervals,
supernatants were obtained and the release of NCP,
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lysozyme, beta-glucoronidase, lactic dehydrogenase
and PAF were evaluated. As early as 1 to 5 min after
start of recirculation, neutrophils formed aggregates
which could be shown to firmly adhere to the dialyser
membranes. Concomitantly, NCP and PAF were
released in the supernatants. These events were due to
active processes dependenton Ca** and Mg** ions in
the buffer. These data are in full agreement with those
of Danielson et al. *®, who showed that, in a similar
model of experimental dialysis using fresh, heparinized
whole blood, neutrophil and eosinophil degranulation
occur and are not dependent upon complement
activation. However, the latter is for some reason
blunted in experimental model of HD when
recirculating recalcified banked human serum in the
absence of cells *”. As an explanation, apart from
inadequate procedures in handling the serum, one may
speculate that the lack of endocellular mediators
released from activated cells may be at least in part
responsible for the much slower rise in C3a and C5a
levels than one normally sees in clinical HD.
Preliminary evidence in our laboratory confirm that C3
split products are markedly increased in’plasma added
with autologous leucocytes or platelets in respect to
fresh normal plasma after incubation with cuprophan
membranes (Tetta C, Rotunno M, unpublished
observations).

The direct neutrophil-membrane interaction:
role of the electric charges

Among the various factors involved in the response
to the surface of biopolimers, the general role of the
electrical properties of HD membranes in contact with
blood (charge transfer, other electrochemical
phenomena) are extremely important . lonic groups
or strong hydrogen bonding functionalities can trigger
platelet activation *°. Whether surface electric charges
occur in the HD membranes currently in use and can
somehow be held responsible for «bioincompatible»
effects when coming into contact with blood, is a
difficult matter to assess. Furthermore, as Merrill
suggested in 1977 >°, surface mobility of polimer
molecules may profoundly condition protein
adsorption and cell interactions, so that the polymer
surface must be considered highly dynamic when
coming into contact with blood.

Polymethylmethacrylate (PMMA) is a biopolimer
that is produced with methylmethacrylate (MMA).
PMMA offers the unique opportunity to study negative
or positive electric charges in respect to biological
interactions depending on whether MMA s
copolymerized with hydroxymethylmethacrylate or
quaternized dimethyl aminoethyl methacrylate,
respectively. Using PMMA of different net electric
charge (anionic, neutral, cationic), we recently
showed that only cationic PMMA membranes trigger
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neutrophil aggregation, release of PAF and depletion of
the intracellular content of NCP and elastase 3%. These
events were quantitatively similar to those observed in
the presence of cuprophan membranes. No neutrophil
aggregation nor release of PAF or lysosomal
constituents were observed in the presence of anionic
or neutral PMMA. Modification of the net electric
charge, therefore, can turn PMMA, known as a
«biocompatible» material, into a highly reactive
material with plasma-free neutrophils.

Clinical HD

The role of the direct cell-membrane interaction
and of the attendant release of endocellular mediators
such as PAF and NCP is strongly suggested. The
mechanisms involving complement and cell
activation, however, are intimately interwoven so that
they are mutually at work (fig. 1). The exact
importance of PAF and NCP in clinical HD is under
evaluation. In some patients undergoing HD with
cuprophan membranes, a neutrophil aggregating
activity was detectable in the plasmas coincidently
with the maximal drop in circulating neutrophils 32.
This activity is totally antagonized by preincubation
with an antiserum specific for NCP but only partially
with an anti-C5 serum. The release of small amounts of
PAF in the effluent (venous) line after the dialyser has
been obtained in-a limited number of patients. Failure
to detect PAF in a higher number of patients and
amounts may find various reasons. First, the release of
PAF appears to be an early event and often occurs
before connecting the venous line to the patient. As this
phase of HD is usually done with blood pump at low
speed, the time necessary for filling the dialyser with
blood may be crucial. Furthermore, as PAF is bound to
albumin, which is absorbed onto membranes, this
mediator may be rapidly removed from the
extracorporeal circulation. Preliminary experiments in
this laboratory support this interpretation as PAF can be
extracted from HD membranes. Small amounts of PAF
released from neutrophils may remain undetectable in
the venous line or degraded by the specific plasma
PAF-acylhydrolase °'. The inhibitory serum potential
of PAF biologic activity is intact and even tends to
increase in the course of HD 32
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Fig. 1.—Schematic representation of the plasma and cellular mechanisms of neutrophil aggregation following interaction with cuprophan
membranes. Underlined are the limiting factors of either complement or cellular activation induced by the contact with HD mem-
branes. NCP: neutrophil - derived cationic proteins; ECP: eosinophil cationic proteins.
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