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Abstract Patients with end stage renal disease (ESRD)
suffer from many disturbances of the immune system.
These immunopathologies are related to the higher failure
of vaccination, and increased prevalence of infections and
neoplasms. In the presented article, we review the current
data regarding the role of monocytes in immune dysfunc-
tions which are observed in terminal renal failure. As
monocytes play a pivotal role in regulating the function of
the immune system, their dysfunction can have a profound
effect on the immune system and may lead to accelerated
arteriosclerosis and deteriorating overall health conditions.
More specifically, we suggest that peripheral blood
monocytes in patients with ESRD are chronically activated,
and their functional and phenotypical features resemble
those of inflammatory macrophages. This state of chronic
inflammation is unfavorable for dendritic cells and conse-
quently, the prevalence of dendritic cells is reduced. As
these effects are consistent across different modes of
dialysis, they are probably mediated by the uremia itself.
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Immune System Pathologies in Patients
with End Stage Renal Disease

The prevalence of end stage renal disease (ESRD) con-
tinues to increase worldwide. These patients suffer from
various aberrations of the immune system with several
significant clinical implications (Abbott et al. 2001; Abbott
and Agodoa 2002; Kamalakannan et al. 2007; Ozdemir
et al. 2001; Perunicic-Pekovic et al. 2008; Pesanti 2001;
Sezer et al. 2000; Stewart-Phillips et al. 1990; Vamvakas
et al. 1998). Compared to age-matched peers, these patients
are more susceptible to sepsis, tuberculosis, endocarditis,
opportunistic or fungal infections (Abbott and Agodoa
2001, 2002; Kamalakannan et al. 2007; Ozdemir et al.
1998). Moreover, the induction of acquired immunity after
vaccination is significantly less common (Pesanti 2001;
Sezer et al. 2000). There is increased prevalence of various
neoplasms (Maisonneuve et al. 1999; Vamvakas et al.
1998). Atherosclerosis process is significantly accelerated
in ESRD patients which can be at least partially attributed
to increase in the frequency of inflammatory cells (Berg
et al. 2012; Nockher and Scherberich 1998; Saionji and
Ohsaka 2001). All of these findings suggest that the per-
formance of the immune system in ESRD is aberrant and
has several characteristics typical for immunosuppression.
On the other hand, some features of the immune system are
suggestive of over-activation. Presence of auto-antibodies,
increased activity of complement, or elevated serum level
of the acute-phase protein are some of the examples of the
increased activation of the immune system in patients with
ESRD (Marchant et al. 1996; O’Byrne et al. 2001; Sezer
et al. 1998). Some authors even suggested increased
prevalence of the autoimmune disease in ESRD, but
definitive epidemiological evidence is lacking (Sezer et al.
1998). In summary, in the patients with ESRD the immune
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system exhibits the features typical for both over-activation
and immunosuppression, resulting in its overall aberrant
function.

Here, we focus our attention on a relatively narrow but
pivotal aspect of the immune system aberrancy in the
patients with ESRD. We hypothesize that monocyte (MO)-
related pathologies underlie several symptoms and clinical
phenomenons seen in these patients. MO play a critical role
in phagocytosis, emergence of the dendritic cells (DCs) and
macrophages (Mac) under physiological and stressful
conditions, as well as regulate the function of the T and B
cells. Aberrant activation of the monocytes is related to the
development of atherosclerosis, increased susceptibility to
infections and neoplasms as well as failure to induce
immunity after vaccination (Berg et al. 2012; De et al.
2003; Jeneway 2004; Stewart-Phillips et al. 1990). All of
the above suggest that MO play significant role in pathol-
ogy of immune system aberration in ESRD. This process is
frequently characterized as smoldering inflammation. It is
believed that it is responsible for accelerated atheroscle-
rosis among other pathologies (Papagianni et al. 2003;
Perunicic-Pekovic et al. 2008). Also low level of inflam-
mation can explain frequent pruritus in patients with ESRD
since it is speculated that pruritus is low-grade pain trig-
gered by inflammation (Kimmel et al. 2006; Mettang et al.
2002). The degree of complaint of pruritus strongly cor-
related with serum IL-6 levels (Kimmel et al. 2006).

Differentiation Plasticity of the Peripheral Blood
Monocytes

Peripheral blood MO are sentinel cells under physiological
condition (Jeneway 2004). Upon activation they are able to
produce a large number of cytokines. While most mono-
cytes undergo activation and apoptosis, some undergo
differentiation into terminally differentiated cells (Tacke
and Randolph 2006). MO are unique cells in their ability to
differentiate into several effector cells including Mac,
activated monocytes, or DCs. MO-derived offspring cells
differ from each other in respect to their function or
involvement in etiology of certain clinically prevalent
pathologies (Gordon and Taylor 2005; Palucka and
Banchereau 2006; Tacke and Randolph 2006; Ziegler-
Heitbrock 2000). Mac are most commonly recognized for
their phagocytic properties. They play a pivotal role in the
removal of damaged tissue and pathogens as well as tissue
repair (Gordon and Taylor 2005; Palucka and Banchereau
2006; Tacke and Randolph 2006; Ziegler-Heitbrock 2000).
Lack of Mac is related to the impaired healing as well as the
storage diseases (Pastores 1997; Stefater et al. 2011). On the
other hand, they also play a role in the progression of ath-
erosclerosis (Berg et al. 2012; Gordon and Taylor 2005).
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Both activated monocytes and Mac seem to play an
important role in the etiology of septic shock (Abbott and
Agodoa 2001; Gordon and Taylor 2005; Joffre et al. 2009;
Kimmel et al. 1998). Alternatively, MO can differentiate
into DCs (Tacke and Randolph 2006). DCs exhibit superb
ability to detect, process and present antigens to the effector
cells (Palucka and Banchereau 2006; Tacke and Randolph
2006). Activation of DC is critical for selection of optimal
clones of T and B cells with subsequent elimination of
pathogens (Auffray et al. 2009; Geissmann et al. 2008;
Gordon and Taylor 2005; Joffre et al. 2009; Palucka and
Banchereau 2006; Tacke and Randolph 2006). MO can
perform these functions as well but with much less effi-
ciency. Some estimate that single DC can stimulate up to
10* of T cells while MO can only stimulate 10%. These
unique features of DC are related to the expression of several
stimulatory receptors and the secretion of cytokines critical
for optimal stimulation of T and B cells (Auffray et al. 2009;
Geissmann et al. 2008; Gordon and Taylor 2005).

The emergence of offspring cells from peripheral blood
MO depends on the delicate balance of the local cytokine
environment (Auffray et al. 2009; Geissmann et al. 2008;
Gordon and Taylor 2005; Palucka and Banchereau 2006;
Tacke and Randolph 2006). Interleukin (IL-6), IL-10,
macrophage colony-stimulating factor (M-CSF), tumor
necrosis factor (TNF-o), interferon 7y, lipopolysaccharide
(LPS) and vitamin D5 support the emergence of Mac while
IL-4, IL-3, IL-13, and granulocyte macrophage colony-
stimulating factor (GM-CSF) are critical for the differen-
tiation of MO into DC (Auffray et al. 2009; Geissmann
et al. 2008; Gordon and Taylor 2005; Palucka and Ban-
chereau 2006; Tacke and Randolph 2006; Wu et al. 2001).
IL-4 and GM-CSF can differentiate MO into DC in vitro
resembling those in lymph nodes or after severe inflam-
mation (Auffray et al. 2009; Geissmann et al. 2008).
Conversely, IL-3 or TGF-f IS more supportive for popu-
lation of Langerhans-like cells (Auffray et al. 2009;
Geissmann et al. 2008; Palucka and Banchereau 2006). Not
only is the composition of the local cytokine environment
critical, but also its timing. For example IL-6 is supportive
in the maturation of DCs late in their differentiation pro-
cess while if they are introduced early it results in Mac
from precursory MO (Auffray et al. 2009; Geissmann et al.
2008; Gordon and Taylor 2005; Tacke and Randolph
2006). Macrophages are usually divided into tissue and
inflammatory Mac (Gordon and Taylor 2005). The latter
ones are the most common offspring of peripheral blood
MO (Gordon and Taylor 2005; Tacke and Randolph 2006).

MO exhibit several properties typical for DC or Mac.
They can stimulate T and B cells but not as effectively as
DC (Auffray et al. 2009; Geissmann et al. 2008; Gordon and
Taylor 2005; Tacke and Randolph 2006; Ziegler-Heitbrock
2000). They also have some phagocytic properties, but Mac
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can do this process much more effectively. Differentiation
spectrum of Mac < MO — DC should be understood as
continuum in both differentiation and functional sense.
Cells evolving through this spectrum exhibit different level
of professionalism and may complement each other’s
functions. Also, a deficit in one population can be com-
pensated for by the expansion or increased activation of the
alternative population to some extent.

Function of Peripheral Blood Monocytes
in Dialyzed Patients

In general, the absolute number of the MO in peripheral
blood is usually increased in dialyzed patients. This is
probably a non-specific answer to the stress secondary to
the uremia and renal replacement therapy as being signified
by increase in CD14TCD16™" positive cells (Nockher and
Scherberich 1998; Saionji and Ohsaka 2001).

Peripheral blood MO obtained from patients with ESRD
are characterized by the chronic low-grade activation even
if an offending pathogen cannot be identified. This
increased baseline activation is characterized by increased
production of IL-18, TNF-a, neopterin and increased
expression of MHC type II receptors. (Girndt et al. 1998;
Morita et al. 1997; Nockher and Scherberich 1998; O’Byrne
et al. 2001; Papayianni et al. 2002). Also, expression of
surface adhesion molecules (ICAM-1, CDI11b/CD18,
CD11c¢/CD18) is elevated (O’Byrne et al. 2001; Papayianni
et al. 2002). Both chronic activation and elevated expres-
sion of adhesion molecules are frequently linked to
accelerated atherosclerosis (Gordon and Taylor 2005).
Moreover, expression of CDI16, a critical receptor for
scavenging large immunocomplexes from blood, is elevated
in ESRD (Cavaillon et al. 1992; Kawanaka et al. 2002;
Nockher and Scherberich 1998; O’Byrne et al. 2001;
Papayianni et al. 2002; Saionji and Ohsaka 2001). However,
despite having increased surface levels of several adhesion
molecules and receptors for immunoglobulin complexes,
the phagocytic ability of the peripheral blood MO obtained
from patients with ESRD is impaired versus MO obtained
from healthy peers (Hubel et al. 1991; Lewis and Van Epps
1987; Ooi and Ooi 1983). Production of pro-inflammatory
cytokines is not uniformly elevated in ESRD since secretion
of pro-inflammatory IL-6 by ESRD patients cannot be
easily depicted after reviewing different studies (Cavaillon
et al. 1992; Malaponte et al. 2002; Paczek et al. 1991;
Takahashi et al. 2000). Secretion of IL-6 by ESRD patient is
significantly impaired in some studies (Cavaillon et al.
1992; Malaponte et al. 2002; Paczek et al. 1991; Takahashi
et al. 2000). Others reported that elevated level of IL-6 in
ESRD has significant impact on several clinical variables
(Bossola et al. 2010; Kimmel et al. 2006; Meuwese et al.

2011). At present, it seems to be impossible to characterize
the role of IL-6 in ESRD patients in a definitive way.
Additionally, the serum level of the IL-10 is elevated in
patients with ESRD (Girndt et al. 2001c; Morita et al.
1997). This cytokine is produced primarily by MO (Alla-
vena et al. 1998; Auffray et al. 2009; Geissmann et al. 2008;
Gordon and Taylor 2005) and also by B cells and Th2,
Interestingly, IL-10 is one of the most potent anti-inflam-
matory cytokines as it provides a negative feedback loop to
the activity of the immune system (Allavena et al. 1998).
However, concomitant elevated levels of pro-inflammatory
cytokines suggest a diminished response to immuno-
inhibitory production of IL-10 (Girndt et al. 2001c).

Since cytokines play an important role in the regulation
of the function of monocytes and their offspring, it is not
surprising that several of their functions are significantly
impaired. Elevated surface expression of CD16 and several
adhesion molecules suggest enhanced ability of MO/Mac
to perform phagocytotic function (O’Byrne et al. 2001;
Papayianni et al. 2002). However, it has been demonstrated
that phagocytosis is impaired in ESRD patients (Hubel
et al. 1991; Lewis and Van Epps 1987; Ooi and Ooi 1983;
Schauer et al. 1991). Moreover, the response to common
pathogen danger signal like LPS is impaired (Cavaillon
et al. 1992; Descamps-Latscha et al. 1995; Girndt et al.
1998; Le Meur et al. 1999; Malaponte et al. 2002). This
diminished ability to respond to LPS is inversely related to
the duration of the dialysis (Malaponte et al. 2002). This
suggests that ESRD patients develop a tolerance to LPS.
The possible mechanism is the diminished expression of a
critical receptor for common pathogens patterns like CD14
and Toll-like receptors (Calvano et al. 2003). However, the
emergent phenomenon of LPS tolerance is not as
straightforward. Subsequent challenge of MO from ESRD
patients results in diminished production of TNF-o, but
enhanced secretion of IL-8 and IL-13 (Kimmel et al. 1998).
This may suggest that aberrant response to LPS in ESRD is
not a related to diminished expression of sensing receptor
but change in mechanisms transducing stimulation from
receptor (Calvano et al. 2003).

One can speculate that aberrant production of the
cytokine results in faulty stimulation of the B cells. Opti-
mal stimulation is critical in inducing production of
immunoglobulins by B cells. This is a critical step in
forming immune memory and providing adequate response
to vaccination. However, it is difficult to assess which of
the cytokine is responsible for this defect since cytokines
are differently affected and uniformly reported across
studies (Pesanti 2001; Sezer et al. 2000).

Peripheral blood MO in ESRD exhibit an interesting
mix of features. Some of their function seems to be
enhanced while some others are impaired. On one side,
elevated production of TNF-¢, IL-1§, or IL-8, IL-6 under

@ Springer



456

Arch. Immunol. Ther. Exp. (2012) 60:453-459

resting condition suggests state of chronic activation of
MO. On the other hand, several functional characteristics
seem to be aberrant. Among many examples the response
to LPS is abnormal. Impaired ability to perform their
function and ability to precisely adjust their response may
be a contributing factor to several pathologies seen in
ESRD such as accelerated atherosclerosis (Papagianni et al.
2003; Perunicic-Pekovic et al. 2008). This resembles the
profile of activated inflammatory monocytes and Mac as
seen in some other medical conditions (Gordon and Taylor
2005; Joffre et al. 2009; Kurz et al. 1986).

DCs in Dialysis Patients

DCs are important part of the acquired immunity (Palucka
and Banchereau 2006; Auffray et al. 2009; Geissmann
et al. 2008). They exhibit several regulatory properties and
are able to limit collateral damage from inflammation.
They also play a critical role in response to vaccines. DC
can emerge from several specific precursory cells or MO.
However, serum profiles of cytokines and chronic activa-
tion of the MO are not conducive to the emergence of DCs
(Morita et al. 1997; Nockher and Scherberich 1998; Ven-
tura et al. 1998; Weber et al. 1998). Instead, such cytokine
environment supports development of Mac-like cells or
inflammatory MO. As a matter of fact circulatory MO in
patient with ESRD have several features suggesting their
commitment to the Mac-like cells. Increased expression of
CD16 or CDI11b and diminished expression of co-stimu-
latory CD86 are stigmas of Mac-like characteristics (Girndt
et al. 200la; Kawanaka et al. 2002; Nockher and
Scherberich 1998; Saionji and Ohsaka 2001) This pre-
determination of MO towards Mac can be partially related
to the elevated serum level of M-CSF, G-CSF and MCP-1
(Brauner et al. 1998; Papayianni et al. 2002; Ventura et al.
1998). Additionally, elevated level of IL-10 in ESRD
patients further retards an emergence of DCs and adequate
activation of circulating MO (Allavena et al. 1998; Morita
et al. 1997). These cytokines are potent stimuli for Mac
commitment (Allavena et al. 1998; Gordon and Taylor
2005; Tacke and Randolph 2006). Their influence can be
potentially counter-balanced by IL-4 or IL-13, two cyto-
kines supportive emergence of the DC from precursory MO
(Auffray et al. 2009; Geissmann et al. 2008; Ziegler-
Heitbrock 2000). Both cytokines are produced by Th2
cells. Interestingly, the percentage of these T cells is ele-
vated in patients with uremia (Libetta et al. 2001). Despite
elevated levels of Th2 cell, Mac-like characteristics are
predominant among circulatory MO suggesting that their
influence on the differentiation fate of circulating MO is
diminished (Girndt et al. 2001a; Kawanaka et al. 2002;
Nockher and Scherberich 1998; Saionji and Ohsaka 2001).

@ Springer

As a matter of fact ability of MO to differentiate into DC
has been reported as seriously impaired in several studies
even with optimal cytokine stimulation (Choi et al. 2011;
Lim et al. 2007; Puig-Kroger et al. 2007).

There are few studies directly assessing the prevalence
of DC in ESRD patients. Betjes et al. (1993a, b) analyzed
the frequency of DC in the lymph nodes but failed to
generate a definitive conclusion. Other investigators mea-
sured the frequency of the Langerhans cells in the skin of
ESRD patient (Alscher et al. 2002; Mettang et al. 1993).
Frequency of these cells was lower after initiation of
dialysis. However, since Langerhans cells emerge from
specific precursors, it is difficult to extrapolate this result
into MO-derived DC populations (Auffray et al. 2009;
Geissmann et al. 2008; Palucka and Banchereau 2006). It is
also unclear whether functional properties of the differen-
tiated DC in ESRD are fully matured and are reflected in
their ability to optimally stimulate effector T and B cells. It
should also be noted that T cells have some features of
anergy in ESRD, but it is unclear whether this defect is
independent of DC/MO aberrations (Girndt et al. 2001b;
Kurz et al. 1986).

Etiology of Aberrant MO Function and Differentiation

It is believed that chronic inflammatory state in ESRD is at
least partially responsible for the aberrant function and
differentiation of peripheral blood MO in ESRD. The eti-
ology of these changes is sometimes attributed to the
hemodialysis treatment itself. Hemodialysis membrane and
fluid are most often cited (Alscher et al. 2002; Mettang
et al. 1993, 2002; Paczek et al. 1991; Schauer et al. 1991).
Some observations confirmed the ability of different
membranes to activate MO while buffers seemed to have
minimal impact (Alscher et al. 2000). Some authors sug-
gest that during dialysis, activation of MO is due to the
presence of residual LPS but data failed to confirm this
(Weber et al. 1998). The critical involvement of dialysis
membranes in chronic activation of peripheral blood MO is
questioned by some authors while others showed con-
vincing evidence (Memoli et al. 2000; Ventura et al. 1998).
Interestingly, peritoneal dialysis induces similar aberra-
tions of the immune system despite not utilizing artificial
membranes. In these subjects, the waste products are
exchanged with the patient’s own peritoneum. Activation
related to this process should be minimal, but activation of
the immune system is still detected (Alscher et al. 2002;
Mettang et al. 2002; Puig-Kroger et al. 2007). Imple-
menting special dialysis fluid may alleviate the immuno
system aberration but does not remove them completely
(Alscher et al. 2000). This suggests that uremia itself can
result in chronic activation of monocytes or Mac-like
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characteristics (Chatenoud et al. 1994; Descamps-Latscha
et al. 1994; Girndt et al. 2001a; Pesanti 2001). Alterna-
tively, loss of the kidney function can be blamed for
chronic activation of the immune system. Mesangial cells
in the Bowman apparatus have an important role in the
removal of the immune complexes from blood (Jeneway
2004). Circulating excessive immune complexes seen in
ESRD stimulate peripheral MO and induce their Mac
development with concomitant increase in CD16 expres-
sion (Rus et al. 1983). This molecule is critical in
scavenging complexes but it is seen in Mac-like cells
(Jeneway 2004). Another mechanism of MO pathology in
terminal renal disease is increased activation of the plate-
lets seen in ESRD (Gawaz et al. 1994). Platelets contain
several cytokines critical for MO differentiation and their
activation can support the differentiation of MO into Mac.
No study has directly addressed this question to date.

Conclusion

Here, we have reviewed data to suggest profound aber-
rancy in the function of peripheral blood monocytes in
ESRD. These aberrations may be related to impaired
mechanisms of acquired immunity related to the deficit of
DCs and pathological chronic activation of the MO. It
would be interesting to conduct studies directly linking
described MO aberrant characteristics to clinical outcome
since there is some potential for therapeutic intervention.
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