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THE ACUTE-PHASE INFLAMMATORY PROCESS

Cell apoptosis and hemodialysis-induced inflammation
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Cell apoptosis and hemodialysis-induced inflammation. Hemo-
dialysis patients exhibit a defective immune response leading
to an increased susceptibility of infections and neoplasms. Far
from being helpful, dialytic therapy per se also may be responsi-
ble for this acquired immunodeficiency. Dialysis membranes
and bacterial products present in dialysis water may trigger
and even perpetuate an abnormal mononuclear cell activation.
Upon contact with cellulosic dialysis membranes, monocytes
display an increased expression of surface markers of cell acti-
vation, such as adhesion molecules CD18, CD49, CD54 and
the lipopolysaccharide (LPS) ligand (CD14). Moreover, proin-
flammatory cytokines as IL-1B and TNF-a are released both
in vivo and in vitro when monocytes are exposed to cellulosic
membranes. Of special interest is the fact that end-stage renal
disease patients undergoing hemodialysis exhibit an increased
mononuclear cell apoptosis. This apoptosis is directly related
to the degree of biocompatibility of the dialysis membrane.
Apoptosis is activated when monocytes enter in contact with
the cellulosic dialysis membrane through cell surface receptors
linked to G-proteins. In early steps of apoptosis signaling, per-
tussis toxin-sensitive G proteins are coupled to protein kinase C
(PKC)-dependent phosphorylative mechanisms. Furthermore,
recent evidence support that the execution phase of apoptosis
is mediated by a caspase-3 dependent pathway. Finally, very
recent available data support that monocytes subjected to re-
peated activation suffer a process of accelerated senescence,
as demonstrated by the senescent phenotype (CD14 and CD32)
expressed and their shortened telomeric length. This senescent
profile may generage a defective cellular response in acute
stress situations, explaining (at least in part) the altered im-
mune response observed in hemodialysis patients.

Patients with ESRD show a deterioration in their im-
mune response that is reflected in a greater susceptibility
to bacterial and viral infections, diseases of the autoim-
mune system, and neoplasms [1-4]. The immunologic
alteration associated with ESRD is not a common immu-
nodeficiency. Paradoxically, it can be observed that not
only does the immune response of sufferers from ESRD
fail to improve with hemodialysis treatment but, in the
majority of cases, such treatment produces an activation
of immunocompetent cells that is more obvious in mono-
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nuclear cells and may intensify the immunodeficiency
response of such patients [5-10]. In this connection, for
the past 15 years, our group has been studying the immu-
nomodulatory effects induced by hemodialysis.

CELLULOSE MEMBRANES INDUCE
ACTIVATION OF MONONUCLEAR CELLS

Since our initial studies, we have demonstrated how the
degree to which the immune response is affected is not
only associated with hemodialysis per se, but also de-
pends on the dialysis membrane used [1]. Our first results
suggested that the mononuclear cell recognized the he-
modialysis membrane as a foreign element and thus,
in accordance with the immunologic concept, activated
itself to produce a specific cellular response. In order to
confirm this hypothesis, we placed mononuclear cells
in contact with different hemodialysis membranes and
observed how the interaction with cellulose membranes
produced an increase in the degree of phosphorylation
of cellular proteins [11], a result that was not observed
with noncellulose membranes. Following the induction
of phosphorylation, the interaction of the cells with the
cellulose membranes induced an increase in the expres-
sion of adhesion molecules such as CD18, CD49, and
CD54; an increase in the expression of activation mark-
ers such as the LPS (CD14) receptor; or the formation
of cellular aggregates [11-13]. Similarly, the effect in-
duced by the cellulose membrane was dependent on
the interaction between the cellular membrane and the
dialysis membrane [14]. The incubation of the dialysis
membrane with albumin or cellular adhesion proteins
prevented such activation, indicating that the potential
bioincompatible structures were capable of becoming
saturated, and confirming the results obtained by other
groups [15]. In addition to these results, various groups
have demonstrated how the activation induced by hemo-
dialysis is related to the presence of various complement
factors [16-20] or by the presence of bacterial endotoxins
[16, 17], thus amplifying its effects on the process of
cellular activation.
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Fig. 1. Peripheral blood mononuclear cells
from patients dialysed with cellulosic mem-
branes show an increased apoptosis after 48
hours of culture in vitro. (A) Mean apoptosis
rate in cells cultured during 48 hours in com-
plete medium. The percent of apoptosis in-
creased significantly in monocytes from pa-
tients with cellulosic membranes (* P < 0.001
vs. controls, # P < 0.05 vs. non-cellulosic). (B)
Determination of apoptosis by flow cytometry
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PROINFLAMMATORY ACTIVITY INDUCED
BY CELLULOSE MEMBRANES

The cellular activation induced by hemodialysis mem-
branes has certain functional consequences. Mononu-
clear cell activation is characterized as being accompa-
nied by cytokine secretions. After 24 hours, cells cultured
with cellulose membranes liberate proinflammatory cy-
tokines such as IL-18 and TNF-«a into the cell culture
medium. These data confirm the results produced by
other groups [5-10], which have demonstrated rises in
the levels of these cytokines in the serum of patients
undergoing hemodialysis.

CELLS THAT HAVE BEEN IN CONTACT
WITH CELLULOSE MEMBRANES

ARE MORE LIKELY TO UNDERGO
SPONTANEOUS APOPTOSIS

Cellular apoptosis regulates the homeostasis of immu-
nocompetent cells. The cells that interacted with cellu-
lose membranes were more liable to die by apoptosis
[13]. It has also been demonstrated that patients with
renal insufficiency who are undergoing hemodialysis are
more likely to display spontaneous apoptosis [21, 22].
Our experiments have shown that the degree of sponta-
neous apoptosis is related to the degree of biocompatibil-
ity of the hemodialysis membrane (Fig. 1).
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(annexin-V/propidium iodide method). Cells
were regarded as apoptotic when they were
marked by annexin-V-FITC (X-axis) and ex-
cluded propidium iodide (Y-axis).

INTRACELLULAR SIGNALS MODULATED BY
CONTACT WITH CELLULOSE MEMBRANES

Following interaction with bioincompatible structures,
the surface molecules of mononuclear cells transduce
the activation signals to the interior of the cell. The bio-
chemical route depending on the PKC activity is proba-
bly the principal cellular mediator implicated in the acti-
vation and differentiation of immunocompetent cells.
Both cellular activation and apoptosis induced by cellu-
lose membranes increase as a result of co-stimulation of
PKC-inductive agents, and they are inhibited when this
biochemical route is blocked [13]. Furthermore, there
exists a family of intracellular proteins (G proteins) that
regulate many of the biochemical signals transmitted to
the cell interior via the surface molecules [23-25]. In order
to determine whether the G proteins are implicated in
the transmission of signals by cellulose membranes, we
utilized various bacterial toxins with modulatory activity
on G proteins. Pertussis toxin (PTX), which is capable
of inhibiting signals that depend on G proteins, inhibited
apoptosis induced by cellulose membranes, confirming
the hypothesis that mononuclear cells recognize and in-
teract with the bioincompatible structures of cellulose
membranes [11].

The execution phase of apoptosis is mediated by a
family of proteases with cysteine residues, known as Cas-
pases. The activity that depends on caspase-3 plays a
fundamental role in the spontaneous apoptosis of mono-
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cytes in healthy subjects [26]. The cellulose membranes
induce caspase-3 activity in mononuclear cells, and this
activity mediates spontaneous apoptosis in cellulose mem-
branes (abstract; Carracedo et al, J Am Soc Nephrol 11:
259A, 2000.

IS APOPTOSIS INDUCED BY CELLULOSE
MEMBRANES AN IRREVERSIBLE PROCESS?

The results obtained demonstrated that mononuclear
cells received a death signal after interacting with the
cellulose membrane. However, these data do not permit
us to confirm whether the spontaneous apoptosis ob-
served in such cells is a consequence of a specific signal
or the activation of physiologic apoptosis. In order to
explore these two possibilities, we exploited an inherent
characteristic of the mononuclear cell, the fact that such
cells live longer when they are stimulated by proinflam-
matory cytokines or bacterial proteins such as LPS
[27,28]. Both the spontaneous apoptosis observed in the
cells of patients dialyzed using cellulose membranes and

Fig. 2. Measurement of telomere length in pe-
ripheral blood mononuclear cells from pa-
tients dialyzed with non-cellulosic or cellulosic
membranes. Measurement of telomere length
was performed by Terminal Restriction Frag-
ment (TRF) assay (A) or flow cytometry using
a PNA telomeric specific probe (B). A) Cells
from patients dialyzed with cellulosic mem-
branes have a shorted telomere as compared
with cells from controls or patients undergoing
hemodialysis therapy with non-cellulosic mem-
branes. B) Telomere length in mononuclear
1 cells from two patients dialyzed with non-cell-
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ulosic and cellulosic membranes. After 48 hours
of cell culture, a subpopulation with shortened
telomeres can be observed in the cellulosic-
membrane-treated patient.

that induced in vitro in cells from healthy subjects after
contact with these membranes were prevented when the
cells were stimulated with IL-1 or LPS, contradicting the
hypothesis of a specific death signal.

Recent studies have demonstrated that somatic cells
subjected to repeated activation suffer a process of accel-
erated senescence [29]. The results described using other
models were compatible with the hypothesis that the
mononuclear cells were suffering a process of repeated
activation that induced the production of elevated levels
of proinflammatory cytokines, which in turn had the
effect of prolonging the survival of these cells in periph-
eral blood [28]. This hypothesis suggests that the cells
of these patients were elderly cells and thus more suscep-
tible to death by apoptosis when they were isolated from
the proinflammatory environment in which they had ex-
isted. We are currently working on the studies needed
to confirm this hypothesis, although we have already
shown that mononuclear cells from patients dialyzed
with cellulose membranes display an increase in their
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Fig. 3. Mononuclear peripheral blood cells
undergo a process of cyclic activation as a con-
sequence of their interaction with hemodialy-
sis membrane, producing proinflammatory cy-
tokines, an increased expression of adhesion
molecules such as CD18, CD49, and CD54 and
activation molecules such as the LPS-receptor
(CD14).

expression of CD14 and CD32 molcules (a phenotype
characteristic of senescent monocytes). This phenotype is
accompanied by a shortened telomere such as defines
cellular senescence (Fig. 2) [28, 30].

CONCLUSIONS

It seems clear that as a consequence of interaction with
the hemodialysis membrane, mononuclear cells suffer a
process of cyclic activation. Furthermore, other factors
such as fractions of the complement or contamination
by endotoxins may amplify this process. As far as the
immune system is concerned, the final result is an aggres-
sion in the face of which an inflammatory response is
induced. As a consequence of this, the activated mono-
nuclear cells produce proinflammatory cytokines, which
act on their own cells in an autocrine manner, prolonging
their survival in peripheral blood, although they are more
likely to die by apoptosis when they are isolated from
the inflammatory medium (Fig. 3). These “senescent”
cells end up altering their production of cytokines and
generate a modified response in the face of acute stress
situations, which may explain the alterations in immune
response of the patient in dialysis.
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