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General introduction and outline of thesis



Introduction

The prevalence of atherosclerotic cardiovascular diseases (CVD) in patients with
chronic renal failure (CRF) is extremely high and accounts for much of the morbidity and
mortality in this group (1). In end stage renal disease (ESRD) patients 60% of mortality is
caused by atherosclerosis (2). Somehow, a decrease in renal clearance and neurohumoral
consequences of renal disease aggravate the atherosclerotic process (3-6). Indeed activation
and dysfunction of endothelial cells, increased adhesion molecules (7) and monocyte
activation (8) have been demonstrated in renal patients (9, 10) and might be responsible for
accelerated atherosclerosis in CRF.

Inflammation, a common feature of CRF, could contribute to the accelerated
atherosclerosis (1). In fact inflammation has been shown to be involved in all stages of
atherosclerosis (11). Plasma levels of some inflammatory factors (e.g. interleukin-6 (IL-6) and
C-Reactive Protein (CRP)) can be viewed as atherosclerosis markers (1). Indeed, recent
evidences demonstrate strong association between inflammation and endothelial
dysfunction as well as mononuclear cell activation in patients with renal failure (1, 8). A
growing body of evidence indicates that management of inflammation could substantially
decrease prevalence of CVD (11, 12), pointing to the importance of molecules that are able to
diminish or inhibit inflammation. As there is as yet no recognized or even proposed,
treatment for renal patients with chronic inflammation (1), it is of paramount importance to
find new ways to manage inflammation in patients with renal failure. In this regard
understanding how inflammation works at the cellular level may provide new possibilities to

control inflammation and consequently atherosclerotic CVD in renal patients.

Atherosclerosis development

Atherosclerosis is initiated when low density lipoproteins accumulate in the intima
and activate the endothelium, an early stage of atherosclerosis. Activation of endothelial cells
induces expression of adhesion and chemokine molecules that result in recruitment and
translocation of monocytes and lymphocytes from the circulation into the intima. This is
followed by monocyte differentiation into macrophages and later on to foam cells along with

increased numbers and activation of T-helper-1 (Th-1) cells and proliferation of smooth
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muscle cells within the lesions. In concert all cells within the lesions secrete pro-inflammatory
cytokines that contribute to local inflammation and plaque growth (11). This brief description
indicates the central role of endothelial dysfunction and mononuclear cell adhesion and
transmigration in initiation and progression of atherosclerosis. Increased systemic
inflammation in CRF potentiates endothelial dysfunction and mononuclear cells activation,

which could explain facilitated atherosclerosis in CRF.

Chronic renal failure

Chronic renal failure is the clinical syndrome associated with a slow decline in kidney
function over time. Chronic renal failure may be caused by a number of disorders, which
include long-standing hypertension, diabetes, glomerulonephritis and congenital kidney
disease. If renal function declines to a low enough level (GFR below 15 ml/min/1.73 m?)
patients enter the End Stage Renal Disease (ESRD) phase in which renal replacement therapy
using dialysis may be necessary. Decreased renal function is accompanied by a dramatic
mortality rate in renal patients. The mortality rate among 400,000 American ESRD patients in
2003 was almost 20% yearly (13), which was 40-fold higher than in the general population
(14). Strikingly, half of the deaths related to CVD (13, 14). In another report 60% of mortality
in ESRD patients was related to atherosclerotic CVD (2). The high prevalence of CVD-related
mortality is not only a common problem in ESRD patients, but also in patients with mild-
moderate reduced renal function (13), commonly referred to as Chronic Kidney Disease (CKD)
patients. The chance of CVD-related death in CKD patients is 5-10 times higher than the
chance of entering the ESRD stage (14). The presence of eight million patients with CKD in
2002 in the USA highlights a major global public health concern: the increasing number of
renal patients with CVD. Recently, it has been recognized that a decreased level of kidney

function per se is an independent risk factor for atherosclerotic CVD (15).

Inflammation & CVD

The underlying cause of increased CVD events in CRF is complex and contains
traditional risk  factors including hypertension, diabetes, dyslipidemia, and

hypertriglyceridemia (16, 17), and non-traditional or uremic-related risk factors including
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malnutrition, anemia, oxidative stress, endothelial dysfunction and inflammation (3-6, 17).
Inflammation is the focus of this thesis and is not only an independent atherosclerotic CVD
risk factor but it also interacts closely with oxidative stress, malnutrition, anemia, and
endothelial dysfunction (7, 17, 18). Inflammation in CRF (in 30-50% of patients (1)) is
characterized by increased plasma CRP and inflammatory cytokines, in particular IL-6, TNFa,
IL-8, IL-10 and IL-1B (1, 7, 19-21).

Available data suggest that pro-inflammatory cytokines play a central role in
atherogenesis and mortality in renal patients (1, 7, 8). Importantly, management of
inflammation could decrease incidence of CVD events (11, 12), pointing to the importance of
molecules that are able to diminish or inhibit inflammation. In this regard understanding how
inflammation works at the cellular level may provide new opportunities to control

inflammation and consequently atherosclerotic CVD in renal patients.

Peripheral blood mononuclear cells activation in CRF

Mononuclear cells (MNC) are actively involved in atherosclerosis development (11).
Renal failure is accompanied by changes in the activation, phenotypes and number of
mononuclear cells (8, 22). For instance, the number of activated monocytes is increased (22),
even though lymphopenia occurs in CRF (23). Previous reports indicate monocyte defects and
a decreased proportion of functional T-cell subsets in renal patients (24-26). Simultaneously,
a wide variety of factors in ESRD, are capable of stimulating monocytes/macrophages to
release inflammatory cytokines like IL-6, and TNFa, which might be the cause of increased
inflammation in CRF and further activation of MNC (27, 28). Furthermore, cell surface
adhesion molecules on monocytes are increased in CRF (29) that enhance adhesion of
monocytes to the endothelium. Hemodialysis skews T-cell differentiation towards a Th-1
subset capable of producing pro-inflammatory cytokines (e.g. TNFa and IFNy), which also
favors atherogenesis (30-32). Together, these data indicate that mononuclear cells are
affected in CRF and they contribute to the production of inflammatory cytokines. This could

link mononuclear cell activation to systemic inflammation in CRF.
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Endothelial cells dysfunction in CRF

The endothelium is a functional barrier between vessel wall and blood stream that
fulfills important tasks including coagulation, fibrinolysis, vascular tone, growth, and immune
response (33). Endothelial dysfunction is an injury response mechanism, with impaired
endothelium-dependent vasodilatation, and increased adhesion of platelets and leukocytes,
both critical factors in atherosclerosis development (7, 33). Endothelial dysfunction is
common in patients with moderate renal failure (34) and also in ESRD patients undergoing
hemodialysis (35) or peritoneal dialysis (36), characterized by impaired endothelium-
dependent vasodilation or increased soluble cell adhesion molecules (7). Inflammation has a
central role in endothelial dysfunction (33, 37, 38). A comparison between CRF patients and
CVD patients with normal renal function has demonstrated that in both groups endothelial
dysfunction was related to increased inflammatory markers (IL-6, TNFa, and CRP), which
were most elevated in CRF patients (7). Furthermore, in vitro studies indicate that exposure
of endothelial cells (EC) to pro-inflammatory cytokines induces production of cell surface
adhesion molecules and impairs endothelium-dependent vasodilatation (33). This could link

systemic inflammation (that exists in CRF) to atherosclerotic CVD.

Cytokine signaling through the Jak/STAT pathway

Many inflammatory cytokines including IL-6, and IL-10 that are involved in
inflammation and increased in CRF, relay biological information to a wide variety of target
cells by activating the Janus Kinase (Jak) / Signal Transducer and Activator of Transcription
(STAT) pathway (39), that mediates the translation of extra-cellular signals to gene
transcription.

Briefly, interaction between cytokines and their cognate receptors, brings the
receptor-bound Janus kinases (Jak1l-3 and Tyk-2) into proximity, resulting in trans-
phosphorylation and activation of Jak kinases. In turn activated Jak kinases, phosphorylate
specific tyrosine residues within the cytoplasmic region of the receptor. This provides docking
sites for STAT molecules (STAT1-4, 5a-b and 6). STAT monomers associate with the
phosphorylated tyrosine sites on cytokine receptors and become tyrosine-phosphorylated

through the action of Jak kinases. Activated (phosphorylated) STATs are then released from
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the receptor. They are now able to form homo- or heterodimers, a necessary step for
initiation of transcription. Dimerized STATs translocate to the nucleus and initiate cytokine-
specific gene transcription (fig. 1), which can affect vital functions of their target cells,
including proliferation, apoptosis, activation, survival, cytokine production and migration (40,
41).

Cytokine signaling is, however, a transient action and it must be tightly controlled to
avoid detrimental consequences of excessive stimulation (40, 42). For instance uncontrolled
IFNy signaling causes lymphocyte depletion (43). Therefore, regulatory mechanisms are
needed to keep responses to cytokines in check. There are three major classes of negative
regulators of the Jak/STAT pathway: 1) protein tryrosine phosphatases (PTPs); 2) protein
inhibitors of activated STAT (PIAS); and 3) suppressors of cytokine signaling (SOCS) proteins
(40, 42, 44, 45). SOCS proteins provide long-lasting inhibition of the Jak/STAT pathway and

are the topic of this thesis.

SOCS expression and mechanism of inhibition of Jak/STAT

Since their discovery, SOCS have also been termed Cytokine-Inducible Src homology-
2 (SH2) domain-containing protein (CIS) (46), Jak-Binding protein (JAB) or STAT-induced STAT
Inhibitor (SSI) (47). The first studies on SOCS focused on the role of SOCS as inhibitors of
Jak/STAT signaling (46, 48). Very soon it became clear that SOCS are important players in
many inflammatory diseases (49, 50). Recently, we suggested that SOCS could also be

considered as intracellular indicators of inflammation.

a. SOCS expression

The SOCS family comprises eight molecules (SOCS-1-7 and CIS-1). Each SOCS contains
a central SH2 domain, an N-terminal domain of variable length and sequence, and a highly
conserved C-terminal domain named SOCS box (40, 51). A small Kinase Inhibitory Region
(KIR), located near the N-terminus of the SH2-domain, has only been identified in SOCS-1 and
SOCS-3. KIR is believed to enhance binding to and inhibition of Jak activity by acting as a
pseudo-substrate (41, 52).
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In general, SOCS proteins are not present or only expressed at very low levels in non-
stimulated cells (40, 53), but SOCS expression is rapidly induced by a broad range of cytokines
and serves as a tightly linked negative-feedback mechanism to limit cytokine-induced cellular
activation (40). STAT proteins appear to mediate SOCS gene expression, as several SOCS
genes have STAT binding sites in their promoters (40). Generally, cytokine stimulation results
in up-regulation of several members of SOCS family. In contrast, SOCS-3 is more specifically
induced by some cytokines (40). For instance interleukin-10 (IL-10) stimulation of monocytes
induces only SOCS-3 expression (54). To date, no information is available regarding whether

increased systemic inflammation in CRF affects SOCS expression in MNC and EC.

b. SOCS and inhibition of Jak/STAT

Once expressed, SOCS proteins inhibit responses to cytokines by down-regulating the
Jak/STAT pathway. In this context it is important to realize that the inhibitory effects of SOCS
are not limited to the cytokines that caused their induction, but also provide a cross-
inhibitory mechanism between cytokine pathways. SOCS inhibits Jak/STAT activation using
three distinct mechanisms (40, 42); 1) suppress the catalytic activity of Jak Kinases through
direct interaction with Jaks via its SH2 domain (e.g. SOCS-1) (52), 2) initial docking onto the
cytokine receptor subunit through its SH2 domain, and then interacting with Jak (e.g. SOCS-3)
(40), 3) SOCS competes with STAT for binding to phosphotyrosine residues on the receptor
(e.g. CIS-1) (55) (Fig. 1). SOCS proteins can also target their substrates for degradation by the
proteasomal protein degradation pathway. The SOCS box acts as an adaptor region, coupling
the SOCS proteins to elongins B and C, which in turn recruit the protein complex to the
proteasome (42, 56). So far, the role of SOCS-1, SOCS-3, and CIS-1 in inhibition of a wide
range of cytokines, growth factors and hormones has been documented (40). SOCS-2 also has
an inhibitory effect on cytokine signaling, although under certain circumstances it can also
enhance cytokine signaling (40, 57). Unfortunately, our present knowledge about SOCS-4 to
SOCS-7 is very limited (40, 45).

Thus, cytokines can induce negative feedback to inhibit Jak/STAT activation via SOCS

proteins, thereby dampening the response to both harmful and beneficial substances that
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depend upon Jak/STAT activation. However, it is not clear whether SOCS is increased in MNC

and EC of CRF patients and how this affects pro- and anti-inflammatory signaling pathways.

¢.SOCS as an intracellular indicator of inflammation

As mentioned before, SOCS are induced upon cytokine signaling through Jak/STAT
pathway. Therefore, increased SOCS expression also reflects the activation of intracellular
inflammatory pathways, indicating whether cells experience inflammation and whether a
cellular response is in proportion to increased inflammation in the environment. We suggest
that SOCS expression could be used as a new intracellular marker related to inflammation and
inflammatory-related diseases such as atherosclerosis. By analogy, loss of SOCS2 expression
has recently been associated with cell proliferation and tumor growth in breast carcinoma
(58). SOCS expression and its relation to increased inflammation and atherosclerotic CVD in

CRF patients was not characterized previously.

Activation of signaling Inhibition of signaling
Cytokine U Cytokine
Receptor Plasma membrane Receptor

SOCs1
SOCS3
Cis-1

Transcription

Fig. 1. The molecular mechanism by which SOCS proteins negatively regulate cytokine signaling. It starts with
cytokine binding to its receptor and activation of Jak followed by STAT activation, dimerization, translocation to
the nucleus and initiation of transcription of genes inculding SOCS. SOCS proteins in turn inhibit Jak/STAT
activtion through different mechanisms. SOCS1 binds to the Jaks and inhibits catalytic activity, SOCS3 binds to
Jak-proximal sites on the cytokine receptors and inhibits Jak activity, and CIS-1 blocks the binding of STATs to
cytokine receptors.
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SOCS and inflammatory diseases

SOCS1 and SOCS3 expressions have been demonstrated in different inflammatory
diseases (53). SOCS1 expression is increased in lymphocytes and macrophages, as well as
keratinocytes and stromal cells that are capable of antigen presentation, but not in
granulocytes in Th-1-type inflammatory diseases (e.g. arthritis, colitis and dermatitis) (53). In
general, SOCS1 expression inhibits inflammatory diseases (49, 50). In contrast to Thil-type
diseases, SOCS3 is increased in Th-2 lymphocytes in Th-2-type diseases (e.g. asthma) and the
degree of SOCS3 expression correlates with the severity of the disease (53). Other studies
have indicated that dysregulation of SOCS3 is involved in inflammatory diseases in the
gastrointestinal tract and joints (59-61). SOCS3 is highly expressed in the colon of mice in an
experimental model of colitis, and in intestinal T cells from Crohn’s disease patients (63-64).
Inhibition of SOCS3 activity, using a dominant-negative transgene, induced hyperactivation of
STAT3, and increased the severity of colitis (63). Furthermore, while SOCS3 expression
inhibits arthritis (59), it promotes asthma (60), indicating a dual role of SOCS3 in inhibition as

well as promotion of inflammatory diseases.

SOCS and CVD

How SOCS can be related to initiation of plaque formation and growth is not well
studied. The first step to unravel the role of SOCS in atherogenesis, was taken by Tang and
colleagues (61), who indicated strong presence of SOCS-1 and SOCS-3 in atherosclerosis
lesions of ApoE'/‘ mice (61). Interestingly, both SOCS-1 and SOCS-3 co-localized with Mac-2
positive lesion macrophages (61), suggesting the important contribution of macrophages in
SOCS induction or reversely the importance of SOCS in macrophage functions within the
lesions. However, this study provided no data supporting a causal role for SOCS in
atherogenesis. The first evidence that demonstrated a causal link between SOCS and
atherosclerosis is recently provided by Yamamoto and colleagues (62) who indicated that the
absence of SOCS-3 in macrophages of ApoE'/' mice decreases atherosclerosis (62). This might
be partially related to the inhibitory effect of SOCS3 on IL-6-induced STAT3 activation.
Niemand et al., indicated that in the absence of SOCS3, IL-6 has anti-inflammatory effects in

macrophages (63).
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SOCS1 could have anti-atherogenic effects, especially by inhibiting IFNy signaling in
macrophages and consequently inhibition of the production of the pro-atherogenic molecules
CD40 and TNFa, as well as adhesion molecules. In sum, evidence is emerging from the
literature that SOCS-1 and SOCS-3 may be mediators of several disease states, suggesting that

molecules that modify or mimic their function may be useful therapeutics (63).

SOCS and increased CVD in CRF

Inflammation is induced in CRF by overproduction of pro-inflammatory cytokines,
such as TNF-a, IL-1B, and IL-6 by chronically active mononuclear cells or by decreased
clearance of inflammatory cytokines. These cytokines are potent SOCS inducers in different
cell types (64). It is therefore conceivable that in CRF, SOCS is increased in circulating cells and
endothelial cells that are in direct contact with ongoing systemic inflammation. In CRF, a few
scenarios could be predicted, which might exist simultaneously; 1) increased inflammation
causes increased distinct SOCS expression, which could dampen cell response to pro-
inflammatory cytokines that signal through Jak/STAT, 2) Increased SOCS could dampen anti-
inflammatory cytokines that signal through Jak/STAT. 3) the absence or insufficient SOCS
expression, despite increased inflammation, could result in uninhibited cytokine signaling
through Jak/STAT with detrimental consequences. 4) increased SOCS might differentially
modulate pro and anti-inflammatory signals initiated by a distinct pleiotropic cytokine.

Increased SOCS expression could be involved in pathogenesis of inflammatory
diseases. For instance increased SOCS1 and SOCS3 expression could be involved in metabolic
syndrome, which is related to diminished STAT3 activation (65). Furthermore, increased
SOCS1 expression in cardiac myocyte inhibits enterovirus-induced signaling of Jak/STAT,
which is accompanied by increased viral replication, cardiomyopathy, and mortality in this
model (66). Interestingly, inhibition of SOCS1 in the same mice model increased myocyte
resistance to the acute cardiac injury caused by enteroviral infection (66). These findings
indicate that increased SOCS expression within cells could inhibit protective signals through
Jak/STAT, resulting in damaging effects.

Another scenario in CRF is the absence or insufficient induction of distinct SOCS

expression that could allow harmful signals (that pass through Jak/STAT) to act without being
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interrupted. For instance, insufficient SOCS1 expression results in autoimmune diseases,
which is related to prolonged activation of STAT molecules (49). Similarly, severity of acute
arthritis is much stronger in the absence of SOCS1 (67). SOCS1 is specially important since it
can modulate responses to different cytokines including IFNy, IL12 and IL-4 (49).
Furthermore, joint arthritis in SOCS3”" mice model is particularly severe, which is related to
enhanced responsiveness to granulocyte-colony stimulation factor (G-CSF) and IL-6 (68).
Therefore, insufficient SOCS expression is also involved in dysregulation of Jak/STAT pathway
and consequently in its detrimental effects.

In CRF patients, increased inflammatory cytokines is accompanied by a state of
resistance to growth hormone (GH), erythropoietin (Epo), and insulin (69-71). Interestingly,
these factors exert their actions via the Jak/STAT pathway, and therefore their signals can be
inhibited through induction of SOCS proteins. Possible increased SOCS expression in CRF
could, therefore, be one of the mechanisms involved in GH, Epo, or insulin resistance. Indeed,
it has been demonstrated that dysregulation of Jak/STAT signaling, by increased levels of
SOCS2 and SOCS3, contribute to the GH resistance in rats with experimental CRF (72).
Similarly, CIS-1 and SOCS3 might be involved in Epo resistance (73, 74). In particular, CIS-1 is
an important inhibitor of Epo signaling. This notion is based on the observation that in cis-17
mice, T-cells and hematopoietic cells are hyper-responsive to Epo (74). Impaired Jak/STAT

signaling by increased SOCS expression has also been correlated with insulin-resistance (65).

Summary

In sum, the uremic condition in CRF is accompanied by low-grade inflammation. In
this regard, production of inflammatory cytokines by activated mononuclear cells is central.
Inflammation in CRF is accompanied by inhibited transmission of beneficial factors such as
Epo, insulin and GH. As both EPO and GH also signals through the Jak/STAT pathway,
increased SOCS could possibly be involved in inhibition of Epo and GH signaling (72, 73).
Simultaneously, increased production of pro-inflammatory cytokines, or insufficient SOCS
expression to limit the action of pro-inflammatory cytokines, causes further activation of
mononuclear, and endothelial cells (that are exposed to increased inflammation) and

consequently increased atherosclerosis in CRF (fig. 2). This suggests that under uremic
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conditions there is an imbalance between pro and anti-inflammatory signals in favor of pro-
inflammatory pathways. Dysregulation in Jak/STAT & SOCS pathway, which could be involved
in increased inflammation and consequently facilitated atherosclerosis in renal patients, has
not been studied previously. We suggest that increased SOCS expression could result in
resistance to some protective signals through Jak/STAT pathway, while increased SOCS might
not be in proportion to the elevated pro-inflammatory cytokines that are consequently
insufficiently limited in their actions. Therefore, insufficient SOCS expression in CRF could be
the underlying cause of continuous inflammation by prolonged activation of Jak/STAT
pathway by pro-inflammatory cytokines. At the same time, increased SOCS might
differentially modulate pro and anti-inflammatory signals initiated by the same pleiotropic
cytokine (like IL-6), thereby shifting its biological function towards a more pro-inflammatory

nature.
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Hypothesis

The central hypothesis in this thesis is that uremic conditions in CRF cause increased

SOCS expression in MNC (and potentially in EC). Furthermore, increased SOCS expression in

monocytes or lymphocytes could reflect whether cells experience inflammation or not, and, in

relation to other markers and risk factors of CVD, could represent a new intracellular marker

of inflammation-related CVD in CRF. In addition, we suggest that increased SOCS expression

could cause an imbalance between components of JAK/STAT, so that harmful signals are left

uninhibited and beneficial signals are dampened. This leads to an increased inflammatory

state (Fig. 2).

Under uremic conditions

Pro-inflammatory
Cytokines (IL-8
IL6, IL-1B8, TNFa)

Damaging

SOCS

Anti-inflammatory
Cytokines (IL-10,
IL6, Epo, GH)

Protecting

Fig. 2. Differential modulation of Jak/STAT
pathway by SOCS. Increased production of pro-
inflammatory cytokines in most cases is resolved
by production of anti-inflammatory cytokines
that antagonize the function of pro-
inflammatory cytokines. However, higher level
of pro-inflammatory cytokines shifts the balance
toward a pro-inflammatory state in CRF.
Furthermore, increased SOCS expression could
be involved in resistance to anti-inflammatory
signals, while the level of SOCS might not be in
proportion to increased pro-inflammatory
cytokines in CRF.
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Outline of this thesis

The role of inflammation as a cause of atherosclerotic CVD in renal patients has been
extensively studied (1, 17). This is not true for the inducible inhibitors of cytokine signaling;
SOCS, which play a crucial role in pathogenesis of other inflammatory diseases (49, 64). This
thesis is the first attempt to make a link between SOCS expression, inflammation and CVD in
CRF patients. We investigated the increased inflammation in CKD (chapter 2) and ESRD
(chapter 3) patients by characterizing the plasma IL-6, TNFa and CRP. In addition the pattern
of SOCS expression in monocytes and lymphocytes and its relation to inflammation and other
CVD risk factors will be demonstrated. Furthermore, we will discuss the value of SOCS as a
new intracellular marker of inflammation-related CVD in CRF patients.

CRF is accompanied by increased levels of some pro-inflammatory cytokines and
inhibition of some protective stimuli such as Epo and GH (69, 72). Furthermore, increased
inflammation is accompanied by endothelial dysfunction (that could explain increased
atherosclerosis) in CRF. This indicates that damaging signals are present, while protective
signals are dampened. This could be (partially) explained by the fact that cytokines can
potentiate or inhibit signaling by other cytokines. In this regard SOCS might play a crucial role.
In Chapter 4, the cross-talk between two important atherogenic cytokines IFNy and IL-6 (that
increased in CRF) has been studied in endothelial cells. Similar to some other inflammatory
cytokines (63), IFNy inhibited IL-6-induced STAT3 activation, which is the main transcription
factor in IL-6 signaling.

IL-6 has both pro and anti-inflammatory effects. Therefore, it is important to
understand whether the inhibitory effect of IFNy on IL-6, similarly or differentially, affects the
pro and anti-inflammatory effects of IL-6. In chapter 5, using gene expression profiling, we
studied how cross-talk between IFNy and IL-6 affected downstream target genes involved in
pro- or anti-inflammatory pathways.

Similar to other studies (75), our data indicated that, in addition to STAT3, other
transcription factors are involved in IL-6 signaling. As IL-6 is able to signal through STAT1 in
STAT3” cells, we suggested that STAT1 could be a potential transcription factor under IL-6
signaling cascade. In chapter 6, we presented preliminary data obtained from wild type and

STAT1” mice, concerning the role of STAT1 in IL-6 signaling.

22



Chapter 2

Increased expression of SOCS3 in monocytes and SOCS1 in
lymphocytes correlates with progressive loss of renal function

and cardiovascular risk factors in chronic kidney disease

M. Mehdi Rastmanesh!, Hans A.R. BIuyssenZ, Jaap A. Joles', Peter Boer!, Nel

Willekes®, Branko Braam™**

! Department of Nephrology and Hypertension, University Medical Center Utrecht, the
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Poznan, Poland. * Division of Nephrology and Immunology, Dept. Medicine, Univ. of Alberta,

Edmonton, Canada and 4 Dept. Physiology, Univ. of Alberta, Edmonton, Canada.
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Abstract

Inflammation, an independent cardiovascular disease risk factor is common in
patients with chronic kidney disease. Suppressors of Cytokine Signaling (SOCS) are induced by
cytokines in a variety of cells and modulate inflammatory responses. We hypothesized that in
chronic kidney disease (CKD), SOCS expression in peripheral blood mononuclear cells (PBMC)
is increased, and related to inflammation and renal function. We also tested correlations
between SOCS expression and biomarkers and risk factors of cardiovascular disease. Whether
monocytes and lymphocytes differentially respond to interleukin-6 (IL-6) was also tested ex-
vivo.

Monocytes and lymphocytes were isolated from peripheral blood of chronic kidney
disease patients (n=9) and controls (n=11). In three other healthy subjects, whole blood was
incubated with IL-6 before cell isolation. SOCS expression was assessed by real-time
quantitative PCR. Plasma cytokines were measured as well as pulse wave velocity.

SOCS3 expression was increased in monocytes and SOCS1 in lymphocytes along with
increased plasma levels of IL-6 and tumor necrosis factor-a (TNFa) in chronic kidney disease
patients. While monocyte SOCS3 correlated with glomerular filtration rate, urea and diastolic
blood pressure, lymphocyte SOCS1 correlated with TNFa, pulse wave velocity and systolic
blood pressure. IL-6 stimulation of whole blood caused expression of different SOCS genes in
monocytes and lymphocytes.

Increased expression of SOCS3 in monocytes versus SOCS1 in lymphocytes coincided
with elevated plasma levels of IL-6 and TNFa, suggesting that these cell types process the
uremic milieu differently. This could reflect cell-specific responses to inflammation, as
supported by our ex vivo study. Moreover, increased SOCS expression in peripheral blood
mononuclear cells correlated with decreased renal function. Since chronic kidney disease
predisposes to cardiovascular disease, we speculate that increased SOCS expression in
peripheral blood mononuclear cells could be a new marker of cardiovascular disease in

chronic kidney disease patients.
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Introduction

Cardiovascular disease is the major cause of morbidity and mortality in patients with
chronic kidney disease (76, 77). In addition to traditional risk factors (e.g. hypertension and
dyslipidemia) (76, 78), chronic kidney disease forms an independent risk factor for
cardiovascular disease. Inflammation and oxidative stress are considered central in the
pathogenesis.

Many inflammatory cytokines signal through the Janus Kinase / Signal Transducer
and Activator of Transcription (Jak/STAT) pathway (79, 80). Suppressors of cytokine signaling
(SOCS) proteins (Cytokine-inducible SH2-containing protein-1, CIS-1, and SOCS-1 to -7)
regulate strength and duration of the inflammatory signaling cascade by inhibiting the
Jak/STAT signaling (48, 81). Each cytokine specifically induces one or more SOCS proteins,
which can inhibit the signal initiated by the cytokine itself and potentially by other cytokines
(82). Thus, SOCS proteins are not only modulators of cytokine signaling, but also they reflect
the activation of intracellular cytokine pathways. The physiological importance of the SOCS
proteins is illustrated by the strong macrophage infiltration in sOCcs1” mice (83) and the
erythrocytosis in S0CS3” mice (84). Moreover, SOCS1 and SOCS3 are frequently increased in
different inflammatory diseases (68).

Chronic kidney disease is associated with increased production of pro-inflammatory
cytokines interleukin 6 (IL-6) and tumor necrosis factor a (TNFa) (19, 85) and with activation
of peripheral blood mononuclear cells (23, 32, 85-87). Inflammatory cytokines in turn
regulate the adhesion of monocyte to endothelium (88) and skew monocyte differentiation
to macrophages (89). SOCS proteins tightly regulate the action of those cytokines.
Furthermore, SOCS are involved in differentiation, cytokine production and survival of T-cells
(90, 91). Whether chronic kidney disease affects monocyte and lymphocyte SOCS expression
and how SOCS relate to residual renal function, inflammatory cytokines, and risk factors of
cardiovascular disease in chronic kidney disease is unknown.

We therefore hypothesized that in chronic kidney disease SOCS expression in
peripheral blood mononuclear cells is increased, and related to inflammation and renal

function. We also tested correlations between SOCS expression and biomarkers and risk
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factors of cardiovascular disease. Finally, we tested whether monocytes and lymphocyte

differentially respond to IL-6 ex-vivo.

Material and method

Subjects, blood samples and pulse wave velocity

Nine chronic kidney disease patients in Stage 3-4 of renal failure (according to the
classification of Kidney Disease Outcomes Quality Initiative (K/DOQI)) and 11 healthy controls
were included. None of the chronic kidney disease patients was dialyzed. Subjects with
diabetes, hepatitis, infection, cancer, recent surgery or on immunosuppressive medication
were excluded. Blood pressure and body mass index were assessed. Pulse wave velocity was
measured as described previously (92). Fasting blood (50 ml) was sampled in EDTA-
anticoagulated tubes. Hemoglobin was measured with a Multiparameter Haematology
Analyzer, Cell Dyn 1700 (Abbott, Hoofddorp, the Netherlands). Serum samples were analyzed
for albumin, blood lipids, C-reactive protein (CRP; CRP values of <5 considered 4.99 and of <7
considered 6.99), glucose, creatinine, and urea using routine laboratory methods. Three
healthy individuals donated blood for ex-vivo stimulation with IL-6. The Medical Ethics
Committee of the University Medical Center Utrecht approved the study. Informed consent

was obtained from all participants.

Plasma cytokines

Plasma levels of IL-6, IL-10, and TNFa were measured using highly sensitive
colorimetric sandwich ELISA kit (R&D Systems) according to the manufacturer’s instructions.
The lower detection limits were 0.16-5 pg/ml for IL-6, 0.8-25 pg/ml for IL-10, and 0.5-16

pg/ml for TNFa. All samples were measured in duplicate.

Isolation of peripheral blood mononuclear cells, monocytes and lymphocytes

Peripheral blood mononuclear cells were isolated using Ficoll® (Amerhsam)
according to the manufacturer’s instructions. Monocytes were isolated using indirect
magnetic labeling system (MACS®, Miltenyi Biotec) for the isolation of untouched monocytes

from human peripheral blood mononuclear cells. Non-monocytes i.e. T cells, natural killer
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cells (NK), B cells, dendritic cells and basophils were indirectly magnetically labeled using a
cocktail of biotin-conjugated antibodies against CD3, CD7, CD16, CD19, CD56, CD123,
glycophorin A, and Anti-Biotin microbeads (93). Since lymphocytes form the majority of non-
monocytic mononuclear cells, we refer to this fraction as lymphocytes (94). Cell separation
procedure was performed on ice. For ex-vivo experiments, whole blood was incubated with

20 U/ml IL-6 (Sigma) for 60 min at room temperature before cell isolation was performed.

Quantitative PCR

Total RNA was isolated using TRIzol® (Gibco). The quality of isolated RNA was tested
using a Bio-Analyzer™ system (Agilent). RNA from lymphocytes of one chronic kidney disease
subject was excluded because of RNA degradation. One pg RNA was reverse transcribed
(iScript® cDNA synthesis Kit, Bio-Rad). Gene expression was assessed by real-time PCR using
pre-designed SOCS1, SOCS2, SOCS3, CIS1, GAPDH and 18S primers (Applied Biosystems
TaqMan® Assays-on—DemandTM) on an Applied Biosystems 7900 HT Fast Real-Time PCR
System. Expression of each target gene in each subject was normalized to endogenous
controls GAPDH+18S (ACT) and related to a reference (AACT), being RNA from untreated
peripheral blood mononuclear cells of a healthy volunteer. Gene expression is expressed as

(2'3"2"CT *100) £ S.D. All samples were tested in duplicate.

Statistics

Results are expressed as mean * S.D. Data were compared using Student’s t-test, or,
if data were not distributed normally, the Mann-Whitney rank sum test. Correlation
coefficients were calculated by Pearson’s product moment correlation test, or, if the data
were not distributed normally, the Spearman’s rank order correlation test. All statistical tests
were performed with SigmaStat (version 3.5, Systat Software Inc, San Jose, Ca). P < 0.05 was

considered to be significant.
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Results

Clinical characteristics

In chronic kidney disease patients, diastolic blood pressure was increased (P < 0.05),
whereas systolic blood pressure was not (table 1). Furthermore, hemoglobin and albumin
were significantly lower in patients compared to controls (P < 0.05). Etiologies of chronic
kidney disease were: unknown (n=3), hypertension (n=3), glomerulosclerosis (n=2),
autosomal dominant polycystic kidney disease (n=1). No patient received erythropoietin.

Medication is summarized in table 2.

Table 1. General and biochemical variables of chronic kidney disease and control subjects

Variables Controls Chronic kidney disease
patients
N 11 9
Age (year) 56.4+12.2 64.1+9.6
F:M 6:5 6:3
Body mass index (kg/m?) 253+3.4 25.1+3.9
Urea (mmol/L) 56+1.2 14.7+6.2°
Creatinine {(pmol/L) 81+8.7 191+ 62°
Estimated GFR {ml/min/1.73 m’) 78+9.0 30+8°
Systolic blood pressure mmHg 121 +12.7 138 +31
Diastolic blood pressure mmHg 73+5.7 81+8°
Pulse wave velocity {m/s) 6.6+1.8 9.9+26"
Cholesterol (mmol/L) 5.6+0.9 52+0.8
HDL {mmol/L) 14405 1.4+04
LDL (mmol/L) 35+0.8 3.1£0.4
Albumin {g/L) 457422 42.9+33°
Glucose {mmol/L) 5.3+0.5 54+0.5
Triglycerides (mmol/L) 1.3+0.5 1.5+05
Hemoglobin (mmol/L) 9.5+0.9 8.0+12°

“p<0.001,°P<0.05

Table 2. Summary of medications of chronic kidney disease and control subjects

Medications Controls Chronic kidney disease patients
Antihypertensives None 70f9
Diuretics None 7 of9
Statins None 60f9
Folic acid None 40f9
Anticoagulants None 20of9
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Plasma IL6, TNFa, IL-10 and CRP

Confirming previous studies (95) we found increased plasma levels of both IL-6 and
TNFa in chronic kidney disease subjects versus controls (P < 0.01; fig. 1A). IL-10 (data not
shown) and CRP (fig. 1A) levels were unchanged in chronic kidney disease patients. A
significant negative correlation between IL-6 and glomerular filtration rate could be

demonstrated (r = -0.69, P < 0.05; Fig. 1B), this was not the case for TNFa.
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Fig. 1. Increased plasma level of inflammatory cytokines in chronic kidney disease patients. Plasma levels of
IL-6, TNFa and CRP in healthy controls and chronic kidney disease subjects were measured as described at
material and methods (A). Correlation between IL-6 and glomerular filtration rate (GFR) were calculated by
spearman rank order correlation test (B). The values are the mean * S.D. of 11 controls and 9 chronic kidney
disease patients. P < 0.05 was considered significant.

Differential SOCS gene expression in lymphocytes and monocytes

SOCS3, but not CIS1 and SOCS1 expression was significantly increased in monocytes
of chronic kidney disease patients versus controls (P < 0.01; fig. 2A). In contrast, SOCS1, but
not CIS1 and SOCS3 expression was increased in lymphocytes of patients (P < 0.05; fig. 2B).
The highly variable expression of SOCS2 in both cell types prevented further analyses. A
significant relationship between monocyte SOCS3 and estimated glomerular filtration rate (r
=-0.70, P < 0.05; fig. 3A) as well as urea (r = 0.80, P < 0.01; fig. 3B) could be demonstrated.
Furthermore, a significant negative correlation was found between diastolic blood pressure

and monocyte SOCS3 (r = -0.69, P < 0.05; fig. 3C). This was not the case for lymphocyte
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SOCS1. In contrast lymphocyte SOCS1 was significantly related to plasma TNFa, pulse wave
velocity (r= 0.682, P < 0.05 and r = 0.857, P < 0.05, respectively; data not shown) and systolic
blood pressure (r = 0.78, P < 0.05; fig. 4). Together these data link peripheral blood
mononuclear cells SOCS expression in chronic kidney disease to the known risk factors and
markers of cardiovascular disease and suggest the potential of SOCS as a new intracellular

marker of cardiovascular disease in chronic kidney disease patients.
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Fig. 2. Increased SOCS expression in monocytes and lymphocytes of chronic kidney disease patients. SOCS1,
SOC3 and CIS-1 gene expression in monocytes (A) and in lymphocytes (B) of healthy controls and chronic kidney
disease patients were measured using quantitative real time PCR. The values are mean (2'AACT *100) £S.D. of
gene expression in samples from 11 controls and 9 chronic kidney disease subjects. RNA from lymphocytes of
one chronic kidney disease subject was excluded because of RNA degradation. P < 0.05 was considered
significant.

Monocytes and lymphocytes differentially express SOCS genes in response to IL-6.

As underscored by SOCS1/SOCS3 and CIS1/SOCS3 ratios (fig. 4A), SOCS1 and CIS1
expression was significantly higher in lymphocytes as compared to monocytes of both chronic
kidney disease and control groups (P < 0.001), while SOCS3 expression was of comparable
level. Our data further suggest that lymphocytes and monocytes differentially respond to
uremia-related inflammation, as indicated by differential SOCS expression (fig. 2A and 2B). To
obtain further evidence for this, we incubated whole blood from three healthy subjects with

IL-6 for 1 hour and measured SOCS1, SOCS3 and CIS-1 expression in both monocytes and
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lymphocytes. IL-6 only caused increased expression of SOCS3 in monocytes (P < 0.001),

however, increased expression of both SOCS1 and SOCS3 in lymphocytes (P < 0.05, and P <

0.01 respectively; fig. 4C). Furthermore, SOCS3 induction in monocytes was much stronger

than in lymphocytes (P < 0.01) (fig. 4C). Together, these ex-vivo experiments indicate that IL-6

can elicit differential responses in peripheral blood monocytes and lymphocytes, in line with

our in-vivo data.

Monocyte SOCS3 (-ddCT)

2.0 4
151
1.0 1
0.5 1
0.0 1
0.5
-1.0 1
-1.5
20"

*  Control r=-0.14, P=0.67
o Chronic kidney disease r=-0.71, P=0.03

0 20 40 60 80
GFR (ml/min/L.73 m?)

*  Control r=041, P=0.17
°  Chronic kidney disease r=-0.69, P=0.03

-20 -15 -10 05 00 05 1.0 15 20

Monocyte SOCS3 (-ddCT)

Monocyte SOCS3 (-ddCT)

*  Control r=-0.25, P=0.45
°  Chronic kidney disease r=0.80, P=0.01

2.0 §
1.5 1
1.0 1
051
0.0 4 *
0.5 1 e

1.0 1 .
-1.54

207 ; ; ; : . :
10 15 20 25 30

Urea (mMol/L)

Fig. 3. Correlations between SOCS and markers of
renal function and blood pressure. Correlations
between monocyte SOCS3 (-AACT data) and
glomerular filtration rate (GFR) (A), serum urea (B),
and diastolic blood pressure (DBP) (C). P < 0.05 was
considered significant.
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Discussion

Our study revealed increased expression of SOCS3 in monocytes and of SOCS1 in
lymphocytes of chronic kidney disease patients accompanied by increased plasma levels of
the inflammatory cytokines IL-6 and TNFa. Interestingly, increased monocyte SOCS3
significantly correlated with progressive loss of renal function, measured by estimated
glomerular filtration rate and urea. Moreover, lymphocyte SOCS1 was correlated with other
known markers and risk factors of cardiovascular disease, TNFa, systolic blood pressure and
pulse wave velocity. In particular, systolic blood pressure and pulse wave velocity have been
related to arterial stiffness (96), and the latter to the outcome of end-stage renal disease (97).
Therefore, these results link peripheral blood mononuclear cells SOCS expression in patients
with chronic kidney disease to known markers and risk factors of cardiovascular disease and
indicate SOCS expression as potential new intracellular marker of cardiovascular disease in
chronic kidney disease patients. In analogy, loss of SOCS2 expression has recently been

associated with cell proliferation and tumor growth in breast carcinoma (58).
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Monocytes are involved in initiation (98) and progression of atherosclerosis.
Increased monocyte SOCS3 could indicate enhanced activity of inflammatory cytokines such
as IL1-B, TNFa, IL-6, IFNy and IL-10 (82), but also of Angiotensin Il (Ang Il) (99) and LPS (100).
Medication such as statins and Ang Il inhibitors could also modulate SOCS3 expression in

monocytes (53). In this study, chronic kidney disease patients exhibited increased levels of IL-
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6 and TNFa. However, even though our ex-vivo data clearly demonstrated a potential role of
IL-6 in SOCS3 induction in monocytes, no significant correlation could be detected between
monocyte SOCS3 with plasma IL-6 or with TNFa. As such, SOCS3 gene expression may reflect
how the overall inflammatory factors and disturbances in the internal environment in chronic
kidney disease affect the monocytes. In accordance is the correlation between monocyte

SOCS3 and estimated glomerular filtration rate and serum urea.
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Beyond simply being a new intracellular biomarker of cardiovascular disease,
increased SOCS3 may inhibit or modulate cytokine signaling. Recently, it was demonstrated

that SOCS3 predominantly plays a negative regulatory role in STAT3 activation and in biologic
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responses to IL-6 (101). Interestingly, in mice lacking SOCS-3 in macrophages, IL-6 has anti-
inflammatory effects and inhibits production of TNF-a and IL-12 from macrophages (101).
Moreover, a recent study by Yamamoto T. and colleagues indicates that the absence of SOCS-
3 in macrophages of apolipoprotein-E knock out (ApoE'/') mice decreases atherosclerosis (62).
This studies strongly point to the pro-inflammatory and pro-atherogenic effects of SOCS3.
Other studies suggest a role for SOCS3 in inhibition of insulin (102), growth hormone (103)
and Erythropoietin (73) signaling.

However, SOCS3 could have also anti-inflammatory effects. For instance, anti-
inflammatory effects of IL-10 and statins might be related to the induction of SOCS3 (104,
105). Therefore, this remains an exciting research area for follow up studies.

Lymphocytes have been implicated in the atherosclerotic process in a variety of
ways. Subsets of T helper (Th) cells are important producers of pro-inflammatory cytokines;
Th1 cells produce pro-inflammatory cytokines like IFNy, TNFa and IL-12 and -18, all of which
have been shown to promote atherogenesis (106). Th2 cells produce anti-inflammatory
cytokines like IL-10 and antagonize Th1 (107). SOCS1 is specifically expressed in Thl cells.
Since SOCS1 expression in Thl cells specifically inhibits the growth inhibitory effects of IFNy
on these cells, but not on Th2 cells (108), it is possible that increased lymphocyte SOCS1 in
chronic kidney disease skews the immune response to the Th1 type in these patients (109), in
favor of inflammation and atherosclerosis development.

In contrast to monocyte SOCS3, increased lymphocyte SOCS1 was not correlated
with loss of renal function or diastolic blood pressure, but it was positively correlated with
plasma TNFa, systolic blood pressure and pulse wave velocity. Together, these observations
provide evidence to suggest that these two mononuclear cell types differentially process
uremia-related inflammation. In line with these considerations are our ex-vivo experiments.
Using whole blood, IL-6 increased SOCS3 expression in monocytes as well as lymphocytes but
only increased SOCS1 expression in lymphocytes. Although SOCS3 was induced in both cell
types, IL-6-induced SOCS3 expression in monocytes was substantially higher than in
lymphocytes.

Unfortunately, we were not able to recruit patients with cardiovascular disease without renal

failure. Availability of such data would allow us to dissect whether changes in SOCS
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expression in peripheral blood mononuclear cells is specific for chronic kidney disease
patients or can also be seen in cardiovascular disease patients with normal kidney function.
However, we believe that increased systemic inflammation, an additional cardiovascular
disease risk factor in chronic kidney disease patients, is the key factor in affecting SOCS
expression in peripheral blood mononuclear cells. This idea is supported by a previous report,
which indicated that inflammatory cytokines are increased in renal patients in comparison to
cardiovascular disease patients with normal renal function (7). Theoretically medication could
affect SOCS expression in peripheral blood mononuclear cells. Although this should be
addressed in an adequate number of patients, preliminary data in 3 chronic kidney disease
patients indicated that medical intervention for four weeks did not affect SOCS expression in

peripheral blood mononuclear cells significantly (data not shown).

In sum our data show increased monocyte SOCS3 and lymphocyte SOCS1 in chronic
kidney disease patients in relation to cardiovascular disease risk factors including
inflammation. This is the first report to introduce SOCS expression in peripheral blood
mononuclear cells as a new marker for cardiovascular disease in chronic kidney disease
patients. However, this study needs to be confirmed in a larger chronic kidney disease
cohort. Understanding whether changes in SOCS expression in peripheral blood mononuclear
cells of chronic kidney disease patients is accompanied by endothelial cell dysfunction and
atherosclerotic plaque formation is a necessary knowledge to confirm the value of SOCS
expression in peripheral blood mononuclear cells of chronic kidney disease patients as a new
marker of cardiovascular disease. In this context, increased SOCS expression in peripheral
blood mononuclear cells might also be an indicator for increased SOCS expression in the
vascular wall. In fact the presence of SOCS1 and SOCS3 in atherosclerotic plaques has recently
been demonstrated (61). Furthermore, characterizing the role of SOCS1 and SOCS3 in more
detail in the development of cardiovascular disease in chronic kidney disease patients may
well provide new therapeutic targets for cardiovascular disease. We were unable to measure
SOCS proteins in peripheral blood mononuclear cells because of technical difficulties. Hence,
this should be addressed in follow up studies to confirm our data at the protein level. Once
confirmed, SOCS could become a marker of occult cardiovascular disease in chronic kidney

disease patients without symptoms of cardiovascular disease. It is also noteworthy, that our
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data indicated that plasma cytokines and SOCS expression were predominantly increased in
patients in stage four (15 < GFR < 30 ml/min/1.73 m®) of renal disease (data not shown),
pointing to the importance of therapeutic intervention in early stages of renal failure to delay

increased inflammation, which might delay cardiovascular disease progress.
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Abstract

Inflammation is a characteristic of cardiovascular disease and is increased in end-
stage renal disease. Suppressors of cytokine signaling (SOCS) inhibit and reflect activation of
intracellular inflammatory pathways. We hypothesized that SOCS expression in peripheral
blood mononuclear cells of end stage renal disease patients is increased. Whether SOCS
expression in peripheral blood mononuclear cells is related to inflammation, dialysis, and
dialysis modality was investigated.

Monocytes and lymphocytes were isolated from peripheral blood mononuclear cells
of patients not on dialysis (n=8), on peritoneal dialysis (n=8), on hemodialysis (n=14) and of
healthy control (n=15) subjects. SOCS expression was assessed by real-time quantitative PCR
and plasma cytokines by ELISA.

In end stage renal disease patients monocyte SOCS1, and lymphocytes SOCS1 and
cytokine-inducible SH2 containing protein-1 (CIS-1) gene expression were increased along
with increased plasma levels of interleukin (IL)-6, tumor necrosis factor (TNF)a ,and C-reactive
protein (CRP). Monocyte SOCS1 correlated with IL-6. Lymphocyte CIS-1 was increased in non-
dialysis and peritoneal dialysis but not in hemodialysis patients. Lymphocyte CIS-1 in
peritoneal dialysis patients correlated with plasma TNFa.

Despite the relatively low number of patients studied we observed increased
expression of SOCS1 in both monocytes and lymphocytes, and of CIS-1 solely in lymphocytes
of the patients. SOCS expression was related to increased systemic inflammation, illustrated
by a significant correlation between monocyte SOCS1 and plasma IL-6. SOCS expression in
peripheral blood mononuclear cells was also affected by hemodialysis, indicated by increased
lymphocyte CIS-1 in non-dialysis and peritoneal dialysis but not in hemodialysis patients. We
suggest that increased SOCS expression in peripheral blood mononuclear cells of end stage
renal disease patients reflects whether and to which extent systemic inflammation activate

the intracellular inflammatory pathways.
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Introduction

Inflammation is a common feature in end stage renal disease. In fact, C-reactive
protein (CRP) and the pro-inflammatory cytokines IL-6, and TNFa are increased at all stages of
renal failure (110, 111). Inflammation is known to activate endothelial cells, lymphocytes and
monocytes and forms an independent risk factor for cardiovascular disease and mortality in
renal patients at all stages of renal failure (88, 110). Interestingly, drugs that diminish
inflammation, can reduce atherosclerosis and cardiovascular events (112), pointing to the
importance of molecules that inhibit inflammatory signals.

SOCS proteins (SOCS1-7 and CIS-1) are inducible inhibitors of cytokine signaling.
Cytokines specifically induce one or more SOCS proteins, which can inhibit the signal initiated
by the cytokine itself and potentially by other cytokines (81). Thus, SOCS proteins are not only
modulators of cytokine signaling, but also they reflect the activation of intracellular cytokine
pathways. Moreover, SOCS have been identified as important regulators of the immune and
inflammatory responses, evidenced by the fact that SOCS1 and SOCS3 are frequently
increased in inflammatory diseases (61, 68). As such, SOCS expression reflects the initiation of
negative feedback responses to an increased inflammatory pressure on cells, resulting in
protecting or damaging effects through inhibition of pro- and anti-inflammatory signals,
respectively. Differential SOCS expression could therefore be used at the cellular level to test
whether patients with end stage renal disease are experiencing increased inflammation.

Renal failure is associated with activation of peripheral blood mononuclear cells.
SOCS are involved in differentiation, cytokine production and survival of monocytes and
lymphocytes. We recently observed increased SOCS in monocytes and lymphocytes of chronic
kidney disease patients that correlated with plasma inflammatory cytokines, renal function
and cardiovascular disease markers (113). However, no information is available regarding
SOCS expression in monocytes and lymphocytes of end stage renal disease patients and its
relation to inflammation, dialysis modality, and markers of cardiovascular disease. We
hypothesized that SOCS expression in monocytes and lymphocytes of end stage renal disease
patients is increased, related to inflammation, dependent on whether dialysis is initiated, and
on which dialysis modality is applied. We also tested the correlation between SOCS

expression and cardiovascular disease markers or risk factors.
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Materials and methods

Subjects and blood samples

Thirty end stage renal disease patients (non-dialysis, n=8; hemodialysis, n=14; and
peritoneal dialysis, n=8) and 15 controls were included. Hemodialysis treatment comprised
three 4-hours sessions weekly using synthetic polysulfone membrane and bicarbonate
dialysate. Peritoneal dialysis patients were treated with regular continuous ambulatory
peritoneal dialysis (n=3) or continuous cycler peritoneal dialysis (n=5). None of the patients
had signs of ultrafiltration failure. Exclusion criteria were infection, diabetes mellitus,
hepatitis, cancer, recent operation and use of immunosuppressive medication. Blood was
sampled (in hemodialysis prior to dialysis and prior to erythropoietin administration) in EDTA-
anticoagulated tubes. Plasma was directly isolated and stored at -802C for analysis of
albumin, lipids, CRP (CRP values of <5 considered 4.99 and of <7 considered 6.99), glucose,
creatinine, and urea using routine laboratory methods. Thiobarbituric acid-reactive
substances (TBARS) were measured as described previously (114). Hemoglobin was measured
with a Multiparameter Haematology Analyzer, Cell Dyn 1700. Glomerular filtration rate (in
non-dialysis patients) was calculated using MDRD formula. The study was approved by the
Medical Ethics Committee of the Utrecht Medical Center. Informed consent was obtained

from all participants.

Plasma cytokines

Plasma IL-6, IL-10, IFNy, and TNFa levels were measured using colorimetric ELISA kits
and IL-2 levels using a chemiluminescent ELISA (R&D Systems). Detection limits were 0.16-5
pg/ml for IL-6, 0.8-25 pg/ml for IL-10, 15.6-500 pg/ml for IFNy, 0.5-16 pg/ml for TNFa, and
1.7-1250 pg/ml for IL-2.

Isolation of peripheral blood mononuclear cells, monocytes and lymphocytes

Peripheral blood mononuclear cells were isolated using Ficoll® (Amerhsam)
according to the manufacturer’s instructions. Monocytes were isolated using indirect
magnetic labeling system (MACS®, Miltenyi Biotec) for the isolation of untouched monocytes

from human peripheral blood mononuclear cells. Non-monocytes i.e. T cells, natural killer
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cells (NK), B cells, dendritic cells and basophils were indirectly magnetically labeled using a
cocktail of biotin-conjugated antibodies against CD3, CD7, CD16, CD19, CD56, CD123,
glycophorin A, and Anti-Biotin microbeads (93). Since lymphocytes form the majority of non-
monocytic mononuclear cells, we refer to this fraction as lymphocytes (94). Cell separation

procedure was performed on ice.

Quantitative PCR

RNA was isolated using TRIzol® (Gibco). Quality of isolated total RNA was tested
using a Bio-Analyzer™ system (Agilent). RNA from two monocyte and two lymphocyte
samples of controls and one lymphocyte sample from the non-dialysis group were excluded
because of RNA degradation. One pug RNA was reverse transcribed (iScript® cDNA synthesis
Kit, Bio-Rad). Gene expression was assessed by real-time PCR using pre-designed SOCS1-3,
CIS1, GAPDH and 18S primers (Applied Biosystems TaqMan® Assays-on-Demand ™).
Expression of each target gene in each subject was normalized to endogenous controls
GAPDH+18S (ACT) and related to a reference (AACT), being RNA from untreated peripheral
blood mononuclear cells of a healthy volunteer. Gene expression is expressed as (2'3'&CT *

100) £ SD.

Statistics

Results are expressed as mean * SD. Data were compared using Student’s t-test, or a
one Way ANOVA and the Studentized Newman Keuls post-hoc test, where appropriate. If
data were not distributed normally we used the Mann-Whitney rank sum test or Kruskal-
Wallis ANOVA on ranks and Dunn’s post-hoc test. Correlation coefficients were calculated by
Pearson’s product moment correlation test (a linear regression test). P < 0.05 was considered

significant.
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Results

General and biochemical data

Systolic (SBP) and diastolic (DBP) blood pressure were increased in end stage renal
disease patients (table 1) as compared to healthy controls (P < 0.001 and P < 0.01
respectively). Total and LDL cholesterol, alboumin and hemoglobin (Hb) were decreased (P <
0.001). CRP, used as marker of inflammation, was significantly increased in end stage renal
disease (P < 0.01). This was not the case for TBARS, a marker of oxidative stress ( P = 0.35).
There were no significant differences among the end stage renal disease subgroups except
for the SBP, which was significantly higher in non-dialysis (148428 mmHg) and hemodialysis
(147420 mmHg) groups versus both peritoneal dialysis (113+14 mmHg) and controls (12112
mmHg) (P < 0.01). Etiologies of renal failure were: unknown (n=9), hypertension (n=5), Lupus
erythematosis (n=3), hemolytic uremic syndrome (n=1), nephritic syndrome (n=1),
glomerulonephritis (n= 2), glomerulosclerosis (n=2), Alport’s syndrome (n=1), Goodpasture’s
syndrome (n=1), autosomal dominant polycystic kidney disease (n=4), and microscopic
polyangitis (n=1). All hemodialysis patients received recombinant EPO (once a week, during
hemodialysis), 6 of the 8 peritoneal dialysis patients (once a week), and 3 of the 8 non-dialysis
patients (once a month) received recombinant EPO subcutaneously. Medication is

summarized in table 2. n represents the number of patients.

Increased monocyte SOCS1 and lymphocyte SOCS1 and CIS-1 in end stage renal disease
patients

Expression of SOCS1, but not SOCS3 and CIS-1, was increased in monocytes of end
stage renal disease patients versus controls (P < 0.05; fig. 1A). In contrast, expression of
SOCS1 and CIS-1, but not SOCS3, was increased in lymphocytes of end stage renal disease
patients (P < 0.05, and P < 0.01 respectively; fig. 1B). SOCS2 expression was highly variable in
both cell types (not shown). SOCS expression was also analyzed separately according to
dialysis modality and to whether dialysis was initiated or not. We found that monocyte SOCS1
was predominantly increased in hemodialysis patients (P = 0.06; fig. 2A), while lymphocyte
SOCS1 and CIS-1 in peritoneal dialysis and non-dialysis patients (P = 0.06, and P < 0.01
respectively; fig. 2B).
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Table 1. General and biochemical data of controls and end stage renal disease (ESRD)
subjects.

Variables Controls ESRD P

N 15 30 -
Age (year) 52+14 54 +19 0.64
F:M 8:7 15:15 -
BMI (kg/m’) 25+ 4 255 0.76
GFR (1.73 / min / m*) 80+ 11 10 + 4 (n=8) <0.001
Systolic BP (mmHg) 121+12 136+ 21 <0.05
Diastolic BP {mmHg) 726 82+11 <0.01
Cholesterol (mmol/L) 5.6+0.9 3.9+1.0 <0.001
HDL (mmol/L) 14+05 1.1£03 0.08
LDL {mmol/L) 36207 2008 <0.001
Albumin (g/L) 451424 405+3.7 <0.001
Glucose (mmol/L) 52105 53+0.8 0.90
TG {mmol/L) 13+05 1.8+0.8 0.23
Hb {mmol/L) 941038 8.0+1.0 <0.001
TBARS (M) 3.611.0 40+1.9 0.35

Table 2. Medication used by end stage renal disease (ESRD) subjects.

Drug type Controls ESRD
Erythropoietin None 23 of 30
Statins None 17 of 30
ARB/ ACEi None 23 of 30
Other anti- None 22 of 30
hypertensives

Anti-coagulants None 11 of 30

Increased plasma levels of IL-6, TNFa and CRP

Plasma levels of IL-6 and TNFa, as well as CRP were significantly increased in end stage renal
disease patients (P < 0.001, P < 0.001, and P < 0.05 respectively; fig. 3A). In contrast, plasma
levels of IL-10 were not significantly changed (data not shown). IFNy and IL-2 levels were

below the lower detection limit of our method. Further analysis indicated that IL-6 was
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significantly increased in non-dialysis, peritoneal dialysis, and hemodialysis patients (P <
0.001), TNFa in peritoneal dialysis and hemodialysis ( P < 0.001) , and CRP in hemodialysis (P <
0.001) (fig. 3B). Correlation was found between monocyte SOCS1 and IL-6 in all end stage
renal disease patients (r = 0.43, P < 0.05; fig. 4A), and between lymphocyte CIS-1 and TNFa in
peritoneal dialysis patients only (r = 0.73, P < 0.05; fig. 4B). No other significant correlations

were found between SOCS expression and the level of inflammatory marker.
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Fig. 1. Increased SOCS expression in monocytes and lymphocytes of end stage renal disease patients. SOCS1,
SOC3 and CIS-1 gene expression in monocytes (A) and in lymphocytes (B) of healthy controls and end stage
renal disease patients were measured using quantitative real time PCR as described under material and
methods. The values are mean (2" * 100) + S.D. of gene expression in samples from 15 controls and 30 end
stage renal disease subjects. RNA from lymphocytes of two controls and one end stage renal disease subjects
and from monocytes of two controls were excluded because of RNA degradation. P < 0.05 was considered
significant.

Discussion

Our study revealed increased monocyte SOCS1 and lymphocyte SOCS1 and CIS-1 in
end stage renal disease patients, which was accompanied by increased plasma levels of IL-6,
TNFa, and CRP, known biomarkers of inflammation and cardiovascular disease. Interestingly,
monocyte SOCS1 correlated with plasma IL-6 levels, linking monocyte SOCS-1 to enhanced
activity of this known marker of inflammation and cardiovascular disease. CIS-1 was
significantly increased in lymphocytes of non-dialysis and peritoneal dialysis patients but not
in hemodialysis, potentially pointing to different inflammatory conditions or cell

responsiveness in hemodialysis patients (115), which could be related to the hemodialysis
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procedure (116). For instance, hemodialysis membrane could increase inflammation by

activating the mononuclear cells (117), though synthetic polysulfone membrane used in this

study has higher biocompatibility and is more efficient in removing the oxidized low density

lipoproteins (118, 119). Indeed CRP was only significantly increased in hemodialysis patients,

but not in the other subgroups. We found a significant correlation between lymphocyte CIS-1

and TNFa, confirming a link between systemic inflammation and SOCS expression in

mononuclear cells.
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Fig. 2. Increased CIS-1 expression in
lymphocytes of  non-dialysis  and
peritoneal  dialysis  subjects. SOCS
expression data of monocytes (A) and
lymphocytes (B) of 8 non-dialysis, 8
peritoneal dialysis and 14 hemodialysis and
15 controls were compared to test the
effect of dialysis and dialysis modality on
SOCS expression in peripheral blood
mononuclear cells (RNA from lymphocytes
of two control and one non-dialysis
subject, and monocytes of two control
subjects were excluded because of RNA
degradation). P < 0.05 was considered
significant.

Increased SOCS expression is recognized in different inflammatory diseases (68).

Likewise we report increased SOCS1 and CIS-1 expression in peripheral blood mononuclear
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Fig. 3. Increased plasma levels of CRP and inflammatory cytokines in end stage renal disease patients. Plasma
levels of IL-6, TNFa and CRP in healthy controls (n= 15) and end stage renal disease (ESRD) (n=30, IL-6 value of
one hemodialysis patient was lost) (A) and in non-dialysis (ND; n=8), peritoneal dialysis (PD; n=8), hemodialysis
(HD; n=14) and control (n=15) subjects (B) were measured as described in the material and methods section.
The values are the mean = S.D. n represents the number of subjects in each group.

cells of end stage renal disease patients, which could possibly reflect initiation or
development of cardiovascular disease. SOCS1 and CIS-1 are important mediators of
lymphocyte development and differentiation, and activation. SOCS1 is highly expressed in T
helper-1 (Th-1) (109), while increased CIS-1 correlates with Th2 cell differentiation (30). Th-1
cells produce pro-inflammatory cytokines like IFNy and TNFa; Th-2 cells produce anti-
inflammatory cytokines like IL-10 (120) that antagonize Th-1 effects (120). Increased
lymphocyte CIS-1 in non-dialysis and peritoneal dialysis might point to a predominance of Th2
cells (30, 109, 121). It has been suggested that in hemodialysis there is a shift to Th1 cells
(23). However, we did not find increased lymphocyte SOCS1 in hemodialysis. That could be
related to lymphocyte dysfunction in hemodialysis patients (122). Furthermore, insufficient
SOCS1 expression in lymphocytes causes hyper-responsiveness of lymphocytes to different
inflammatory cytokines (49). The expression of CIS-1 is selectively induced in T-cells after T-
cell receptor stimulation (123), and prolongs survival of activated CD4" T-cells. Interestingly,
the number of circulating CD4" is significantly higher in non-dialysis and peritoneal dialysis
versus hemodialysis patients (124). The increased CIS-1 expression in lymphocytes of
peritoneal dialysis and non-dialysis patients but not in hemodialysis, as shown here, could
possibly reflect the lower number of CD4" cells in hemodialysis. Moreover, increase in

circulating single positive T cells (CD4* and CD8') accompanied by a poor response to
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erythropoietin (125), could be explained by CIS-1 being an intrinsic inhibitor of erythropoietin
signaling (81).

In vivo and in vitro studies indicate a specific role for SOCS1 in inhibition of IFNy
signaling, which has a central role in atherosclerosis (112). However, studies in SOCS1
transgenic mice indicate that SOCS1 modulates a wider range of cytokine responses (126).
Monocytes are involved in initiation and progression of atherosclerosis. Therefore, increased
SOCS1 in monocytes, the precursors of macrophages, could delay monocyte responses to
pro-inflammatory cytokines and delay atherosclerosis. In fact, SOCS1 inhibits IL-6-induced
macrophage differentiation (127) and IFNy-induced CD40 production that is involved in
initiation of atherosclerosis (128). However, whether increased SOCS1 in monocytes of end
stage renal disease patients is in proportion to increased pro-inflammatory cytokines and
whether it could efficiently dampen pro-inflammatory signals remains unclear. Previous
studies, however, indicate an increased number of activated monocytes with a pro-
inflammatory phenotype in end stage renal disease (29, 129), which might suggest that
increased monocyte SOCS1 is insufficient to dampen increased inflammatory pressure on
monocytes. A similar phenomenon has been shown for example in synoviocytes of
rheumatoid arthritis patients, which are hyper-responsive to IL-6, because of inadequate
levels of SOCS3 (59).

Previously we reported increased monocyte SOCS3 in chronic kidney disease
patients (15< GFR > 60 ml/min/1.73m?) (113). SOCS3 expression in monocytes seems to have
pro-atherogenic properties. This notion is based on a recent study that indicated decreased
atherosclerosis in ApoE‘/' mice, when SOCS3 was deleted from macrophages (62). Therefore,
increased monocye SOCS3 in chronic kidney disease patients could be related to higher
prevalence of cardiovascular disease. In fact, the chance of cardiovascular death in chronic
kidney disease patients is 5-10 times more than the chance of reaching the end stage stadium
(14). In the present study, we did not find significant changes in SOCS3 expression in end
stage renal disease patients (all three subgroups). However, this is a cross-sectioned study
and we did not follow the patients over the time. A subpopulation of patients with chronic
kidney disease does not reach ESRD, since they die of cardiovascular disease. It can be

speculated that this group has different monocyte SOCS3 expression in time than the patients
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who survive and reach ESRD. Moreover, it could well be that advanced renal failure affects

SOCS3 expression differently than milder chronic renal failure.
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Fig. 4. Correlations between SOCS expression in peripheral blood mononuclear cells and inflammation.
Correlations between monocyte SOCS1 and IL-6 in end stage renal disease (ESRD; n=29) (A), and lymphocyte
CIS-1 and plasma TNFa in non-dialysis (ND; n=7), peritoneal dialysis (PD; n=8), hemodialysis (HD; n=14), and
controls (n=13). RNA samples of one non-dialysis and two control subjects were excluded because of RNA
degradation (B).

Theoretically medication could affect SOCS expression in peripheral blood
mononuclear cells. For instance both erythropoietin and statins are able to induce SOCS in
peripheral blood mononuclear cells (81, 105). However, resistance to erythropoietin therapy
is frequent in end stage renal disease, and this is related to inflammation; possibly involving
SOCS (130, 131). In accord, while all hemodialysis patients received erythropoietin, we did
not find significant changes in SOCS expression in mononuclear cells of these patients.
Furthermore, as we reported previously (113), our preliminary data in 3 chronic kidney
disease patients indicated that medical intervention for four weeks did not affect SOCS
expression in peripheral blood mononuclear cells significantly. Therefore, it is hard to define
the involvement of medications in the changed SOCS expression in mononuclear cells of the

patients in this study.
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In conclusion, despite the relatively small number of subjects in this study we
observed increased SOCS expression in peripheral blood mononuclear cells of end stage renal
disease patients, indicating activation of intracellular inflammatory pathways. The SOCS
profile in monocytes and lymphocytes was different, which appeared to be related to
inflammation and dialysis modality. Unfortunately, we were unable to measure SOCS proteins
in peripheral blood mononuclear cells because of technical difficulties. Hence, this should be

addressed in follow up studies to confirm our data at the protein level.
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Abstract

IL-6 has pro and anti-inflammatory effects. IL-6 signals through STAT3, which is in
turn modulated by suppressors of cytokine signaling-3 (SOCS3). IL-6 is usually increased
together with other inflammatory cytokines, that could affect IL-6 signaling and functions.
We hypothesized that cross talk between IFNy and IL-6 leads to increased inflammation in
endothelial cells (EC), through inhibition of IL-6-induced STAT3 activation in a SOCS

dependent manner.

Human microvascular endothelial cells (HMEC) stimulated with IL-6 in the presence
or absence of IFNy. STAT phosphorylation was measured by western blot analysis. Gene
expression was studied using real time PCR. Gene expression was manipulated by

actinomycin-D or RNA interference (RNAI) system.

IFNy stimulation of HMEC cells resulted in STAT1 and 3 activation and SOCS1 and
SOCS3 expression. IL-6 activated STAT3 and led to SOCS3 expression. IFNy pretreatment of
HMEC cells inhibited IL-6-inuced STAT3 activation, which was accompanied by increased
SOCS3 protein. This effect did not occur when HEMC cells were co-stimulated with IFNy and
IL-6, when gene expression was inhibited using actinomycin-D or when SOCS3 expression was
down regulated using siRNA. Furthermore, the cross-talk between IFNy and IL-6 led to

increased MCP-1.

Taken together, IFNy inhibits IL-6-induced STAT3 activation in endothelial cells in a
SOCS3 dependent manner, which differentially affects IL-6 downstream target genes.
Increased MCP-1, a pro-atherogenic chemokine suggest that interaction between IFNy and IL-

6 is in favor of increased inflammation in EC.
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Introduction

IL-6 is increased in patients with renal failure (95) as well as in patients with
congestive heart failure (132). Plasma level of IL-6 is associated with progression of carotid
atherosclerosis (133) and correlates with increased mortality and poor outcome in end stage
renal disease patients (134, 135), and with mortality in the elderly (136). Furthermore, IL-6
serum reflects endothelial dysfunction, a characteristic of atherosclerosis development (137).
Indeed, IL-6 promotes atherosclerosis in ApoE’/' mice (138). However, IL-6 deficiency
enhances atherosclerotic plaque formation in ApoE‘/'/ IL-67 mice (139), and endogenous IL-6
diminishes inflammatory response by controlling the level of pro-inflammatory cytokines
(140, 141). Together these data indicate both pro- and anti-inflammatory as well as pro- and
anti-atherogenic effects of IL-6.

IL-6 is commonly induced together with other inflammatory cytokines that could
affect IL-6 signaling and its biological effects. In accord, IL-1B, TNFa, IL-10, and LPS interfere
with IL-6 signaling, and diminish its anti-inflammatory effects (63, 142). Therefore, the
function of IL-6 as a pro or anti-inflammatory cytokine is also related to the presence or
absence of other inflammatory cytokines.

IFNy is a pro-inflammatory cytokine with a central role in atherosclerosis (112).
Strikingly, IFNy and IL-6 share the same intracellular signaling molecules to induce a partially
overlapping set of genes (143), though they have opposing biological effects. At signaling
level, upon binding to their cognate receptors, IFNy and IL-6 activate Jakl, 2 and Tyk2 from
Jak family of kinases (144, 145), which terminate in activation of STAT1 and 3 in different cell
types (146, 147). However, STAT1 is the main transcription factor in IFNy signaling (148) and
STAT3 in IL-6 signaling (149). Interestingly, these two transcription factors have opposing
actions, despite structural homologies (150, 151). For instance, while STAT1 has apoptotic
action, STAT3 inhibits apoptosis (150). This could explain differences in IFNy and IL-6
functions. However, in the absence of STAT3, IL-6 signals through STAT1 and induces IFNy-like
signals (152). This suggests that activation of STAT3 upon IL-6 signaling is the key element to

define to what extent IL-6 functions differ from IFNy.
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The next important difference in IFNy and IL-6 signaling is related to how their
signaling pathway is being modulated. In general, activation of Jak/STAT pathway is mainly
modulated through inducible proteins of suppressors of cytokine signaling (SOCS). In vivo
studies indicate a selective role for SOCS1 in inhibition of IFNy (108) and of SOCS3 in IL-6
signaling (101). Moreover, in the absence of SOCS3, IL-6 has anti-inflammatory effects in
macrophages, which is related to the prolonged IL-6-induced STAT3 activation (153). As anti-
inflammatory effects of IL-6 rely on STAT3 activation, molecules that induce SOCS expression
could potentially affect IL-6 signaling and its physiological effects. In accord, LPS, IL-10, and
TNFa inhibit IL-6-induced STAT3 activation that is accompanied by increased SOCS3
expression (63, 142). Therefore, the physiological role of IL-6 is closely related to the
presence of other factors that induce SOCS expression. IFNy induces SOCS in many cell types
including endothelial cells, however, it is unclear whether IFNy could interfere with IL-6
action, whether the interference is related to SOCS, and how this affect IL-6 signaling in
endothelial cells. Therefore, in the present study we hypothesized that cross talk between
IFNy and IL-6 in endothelial cells leads to increased inflammation (pro-atherogenic effect)
through inhibition of IL-6-induced STAT3 activation in a SOCS dependent manner. This could
present a common phenomenon in how inflammation shifts the IL-6 signaling in favor of

inflammation.

Material and methods

Reagents and cell culture

Human Micro-vascular Endothelial Cells were generously provided by Centers for
Disease Control and Prevention (Atlanta, USA). Recombinant IFNy and IL-6 were purchased
from Sigma. Rabbit polyclonal antibodies P-Tyr (701) STAT1, and mouse antibody to P-Tyr
(705) STAT3, goat polyclonal antibody to SOCS3, and HRP conjugated antibodies were
obtained from Santa Cruz Biotechnology. Mouse monoclonal antibodies to STAT1, and STAT3
were purchased from BD Biosciences. Generally, one day before an experiment, the MCDB-
131 (Invitrogen) medium supplemented with penicillin/streptomycin 1%, hEGF 0.1%,

hydrocortisone 0.1%, L-glutamine 5%, and 10% fetal calf serum (Invitrogen) was replaced
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with MCDB-131 containing 0.5% FCS and penicillin/streptomycin 1%. However, in RNAi
(siRNA) experiments HMEC cells that were transfected with RNAi or not received serum free
MCDB-131, 1 hour before cytokine stimulation. RNAi against SOCS1, SOCS3 and GAPDH and

off-target siRNA were purchased from Dharmacon.

Gene expression assay

After total RNA was isolated using TRIzol® (Gibco), 1 ug RNA was reverse transcribed
(iScript® cDNA synthesis Kit, Bio-RAD). Gene expression was assessed by real-time PCR
(Applied Biosystems TaqMan® Assays—on-DemandT'vI Gene Expression Products) using pre-
designed SOCS1, SOCS3, MCP-1, GAPDH and 18S primers on the Applied Biosystems, 7900 HT
Fast Real-Time PCR System. The amount of target gene in each subject was normalized to
endogenous controls 18S (ACT). Gene expression is expressed as mean (Z'i"‘CT *100) + S.D. of

at least six independent experiments.

Western analysis

Total cell extracts (15 pg protein for STAT or 50 pg for SOCS), from untreated and
treated HMEC were electrophoresed on a 4-20 % pre-cast acrylamide gradient gel (Cambrex)
or 10% acrylamide gel (for SOCS) and transferred to nitrocellulose membrane (Roche). After
blocking in ECL-blocking buffer the membrane was either incubated with polyclonal
antibodies for P-Tyr STAT1 and 3 (1:1000), or SOCS3 (1/500). After 3 times washing with PBS-
Tween (PBST) the membrane was incubated with goat anti-mouse, goat anti-rabbit or rabbit
anti-goat HRP conjugated (1: 1000) antibody. Next, the membrane was washed 2 times with
PBST and once with PBS and bound proteins were detected with enhanced
chemoluminescence (ECL, Amersham). The membrane was then stripped, blocked and
incubated with specific monoclonal antibodies for STAT1, STAT3 (1:5000), to measure the
total amount of STAT proteins. The intensity of each band was quantified using Quantity One
program (BioRad) and normalized on the level of STAT proteins. Results are expressed as

mean (P-STAT/STAT or SOCS3/ STAT3) + S.D. of at least six independent experiments.
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Small Interference RNA (siRNA)

HMEC cells were plated on fibronectin coated 6 well plates (5 * 10° cells/well) and
incubated at 37°C with 5% CO,. Sub-confluent cells were transfected with siRNA (50nM) using
DharmaFECT1 (2 ul/ml) (Dharmacon) in serum and antibiotics free medium. Transfection
efficiency was tested and optimized using Cy3 probe (data not shown). siRNA against GAPDH
was used as a positive control and to optimize the system (data not shown). Off target effect
was tested using a mix of 4 unmatched sequences of siRNA (data not shown). HMEC cells

were stimulated with IFNy (1ng/ml) or IL-6 (50 U/ml) 48 hr post-transfection..

Experimental design

1. Time course study of IFNy and IL-6 were performed by stimulation of HMEC with IFNy
(1ng/ml) or IL-6 (20 U/ml) for 0-6 hours. Cell lysates and RNA were isolated to study the
activation of STAT1, and STAT3 or the levels of SOCS proteins and the expression of SOCS1,
and SOCS3 genes.

2. Concentration course study of IFNy (data not shown) and IL-6 were performed by
stimulation of HMEC with 0-5 ng/ml IFNy or 0-50 U/ml IL-6 for 30 and 120 minutes. Cell
lysates and RNA were isolated to study the activation of STAT1, and STAT3, or the levels of
SOCS proteins (at 30 min) or the expression of SOCS1, and SOCS3 genes (at 2 h).

3. The effect of IFNy on IL-6 signaling was studied by incubation of HMEC with IFNy (1ng/ml)
2 hours prior to IL-6 stimulation for 30 minutes (for STAT activation) or 60 minutes (for gene
expression).

4. The role of SOCS in cross-talk between IFNy and IL-6 was determined by: a) co-
stimulation of HMEC with IFNy (1ng/ml) and IL-6 (50 U/ml) for 30 minutes; b) by
pretreatment of HMEC cells with actinomycin-D (Act-D; 10 pg/ml) for 15 min prior to
stimulation with IFNy (1ng/ml; 2h) and IL-6 (50 U/ml; 30 min), and; c) down-regulating SOCS3
or SOCS1 and SOCS3 by siRNA prior (48 hours) to stimulation with IFNy (1ng/ml; 2h) and IL-6
(50 U/ml; 30 min).
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Statistical analysis

Results are expressed as mean + SD. Data were compared by a One Way ANOVA and

the studentized Newman Keuls post-hoc test, when appropriate. If data were not distributed

normally we used Kruskal-Wallis ANOVA on ranks and Dunn’s post-hoc test. All statistical

tests were performed with SigmaStat (version 3.5, Systat Software Inc, San Jose, Ca); p < 0.05

was considered to be significant.
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Fig. 1. IFNy activated STAT1 and
STAT3 and induces SOCS1 and
SOCS3 in EC. HMEC cells were
treated with IFNy (1 ng/ml) (A-B)
for up to 6 hours. (A) Cell lysates
were analyzed by western blot for
activated STAT and SOCS protein
levels. Data were analyzed by
Kruskal-Wallis Anova On Ranks /
Dunn’s  method. (B) SOCS
expression was assessed using
real time PCR and normalized on
185 expression. Data were
analyzed by Kruskal-Wallis Anova
On Ranks / Dunn’s method. P <
0.05 considered significant.
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IFNy activated STAT1 and STAT3 and induced SOCS1 and SOCS3 expression in EC in a time-

dependent fashion.

In a time-dependent manner IFNy activated both STAT1 and STAT3 in EC (fig. 1A).
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as 1 ng/ml that reached its peak at 30 min. STAT1 activation decreased after one hour, but it

was still detectable even after 6 hours. STAT3 activation was, however, weak and short-lived

and decreased to the normal level after one hour. This was probably due to increased SOCS3
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protein, which was significantly increased after one hour and started to decrease after

4hours. IFNy-induced STAT activation was not increased at higher concentrations (data not

shown).
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Fig. 3. IFNy pretreatment of EC
inhibited IL-6 induced STAT3
activation and SOCS3 expression.
HMEC cells were pretreated with
IFNy (0-1ng/ml) 2 hours before IL-
6 stimulation (0-50 U/ml) for
another 30 minutes. (A) Cell
lysates were prepared to study
the STAT activation and SOCS
protein levels. Data were
analyzed by One Way Anova /
Student-Newman-Keuls method.
(B) IL-6 stimulation took 1 hour
post IFNy pretreatment of EC.
mRNA were prepared to study
SOCS expression using real time
PCR. Data were analyzed by
Kruskal-Wallis Anova On Ranks /
Dunn’s  method. P<  0.05
considered significant.
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STAT activation was followed by increased expression of SOCS1 and SOCS3 mRNAs
(fig. 1B). SOCS1 was maximally induced after 2 hours and it was still significantly present after
6 hours (even at later time-points; data not shown). Similar to STAT3 activation, SOCS3 gene
induction by IFNy was much weaker than SOCS1 and it was short-lived. However, SOCS3
induction was stronger than SOCS1 at earlier time points. SOCS3 gene expression preceded
the increased SOCS3 protein (compare fig. 1B with fig. 1A), the latter was accompanied by
decreased STAT3 activation (fig. 1A, lanes 4-7).

IL-6 activated STAT3 and induced SOCS3 expression in EC in a time- and concentration-
dependent fashion.

In contrast to IFNy, IL-6 activated only STAT3 in EC (fig. 2A). IL-6-induced STAT3
activation had a peak at 30 minutes and rapidly decreased at later time points. This was
accompanied by increased SOCS3 protein at 30 min, which reached its peak at 1 hour. At later
time points (after 4 hours) SOCS3 protein decreased, and that was followed by a slight
increase in STAT3 activation. Increased SOCS3 protein level was preceded by increased SOCS3
gene expression upon IL-6 stimulation, which was maximally increased within 30-60 minutes

(fig. 2B).

IFNy inhibited IL-6-induced STAT3 activation and SOCS3 expression.

Cross-talk between IFNy and IL-6 signaling was studied by incubation of EC with a
low concentration of IFNy (enable to induce SOCS1 and SOCS3 (gene and protein); fig. 1 and
2) prior to IL-6 treatment. Pre-treatment of EC with IFNy significantly decreased IL-6-induced
STAT3 activation (fig. 3A, compare lanes 2-3 with 5-6), that was accompanied by increased
IFNy-induced SOCS3 protein level (fig. 3A, lanes 4-6). Similar to STAT3 activation, IL-6-induced
SOCS3 gene expression was decreased (fig. 3B) by pretreatment of EC with IFNy. This

interaction, however, did not affect STAT1 activation or SOCS1 gene expression (fig. 3A-B).
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hours and IL-6 (0-50 U/ml) for additional 30 minutes. Cell lystes were prepared to study STAT activation by
western blot analysis. Data were analyzed by One Way Anova / Student-Newman-Keuls method. P< 0.05
considered significant.

Inhibition of IL-6-induced STAT3 activation by IFNy is SOCS-dependent

To test whether the effect of IFNy on IL-6-induced STAT3 activation was related to de
novo gene or protein induction, EC were co-stimulated with IFNy and IL-6 for 30 minutes.
Interestingly, this approach totally eliminated the inhibitory effect of IFNy on IL-6-induced
STAT3 activation (fig. 4A, compare lane 2 with 4). Furthermore, incubation of EC with
actinomycin-D that inhibits genetranscription, totally reversed the inhibitory effect of IFNy on
IL-6-induced STAT3 activation (fig. 4B; compare lanes 2 with 4, and 6 with 8).
We suggested that elevated SOCS expression by IFNy could inhibit IL-6-induced STAT3
activation. To test this hypothesis, SOCS1 (data not shown), SOCS3 or both SOCS1 and SOCS3

were knocked down in EC using siRNA method. While downregulation of SOCS3 almost
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reversed the inhibitory effect of IFNy on IL-6-induced STAT3 activation, downregulation of
SOCS1 did not have a major effect. This is also indicated when both SOCS1 and SOCS3 were
downregulated , which did not further increase STAT3 activation (fig. 5, compare lane 2 with

4, 6 with 8, and 10 with 12).

Cross-talk between IFNy and IL-6 increased MCP-1 expression in EC

Although, IFNy pre-treatment of EC resulted in decreased IL-6-induced STAT3
activation and SOCS3 gene expression, it did not decrease MCP-1 expression (fig. 6). IFNy and
IL-6 both are able to induce MCP-1 expression in EC, though not significantly. However, pre-
treatment of EC with IFNy, resulted in significant increased MCP-1 expression upon IL-6

stimulation (fig. 6).

Discussion

Like many other cytokines, IL-6 signals through Jak/STAT pathway, and its signal is
being mainly modulated through SOCS proteins (63). It is, therefore, conceivable that
possible cross-talk between IL-6 and other cytokines through Jak/STAT and modulating SOCS
proteins could be of paramount importance in IL-6 signaling and its biological effects. Indeed,
previous studies have demonstrated the inhibitory effects of IL-10, LPS, TNFa, and IL-6 on IL-
6-induced STAT3 activation along with increased SOCS3 (63, 142). SOCS3 is in particular an
interesting protein in cross-talk between IL-6 and other inflammatory cytokines. This notion
is based on the in vivo observation that SOCS3 specifically inhibits IL-6 signaling (101), and
also because it modulates not only the quantity of IL-6 signaling but also it affects the quality
of IL-6 signaling (153). Yasukawa et al (153) demonstrated that SOCS3 diminishes the anti-
inflammatory effects of IL-6 by inhibiting the IL-6-induced STAT3 activation, indicating that
anti-inflammatory effects of IL-6 rely on STAT3 activation (63). Therefore, we suggested that
under inflammatory conditions (such as uremia), possible increment of SOCS expression in EC
could inhibit IL-6-induced STAT3 activation and consequently its anti-inflammatory effects. To
test this idea we studied the cross-talk between IFNy and IL-6. We hypothesized that cross-
talk between IFNy and IL-6 in endothelial cells leads to increased inflammation (pro-

atherogenic effect) through inhibition of IL-6-induced STAT3 activation in a SOCS dependent
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manner. This could present a common phenomenon regarding how inflammation may shift
the IL-6 signaling in favor of inflammation.

IFNy was a very interesting candidate. This is based on the fact that IFNy is increased
in atherosclerotic plaques and has a central role in atherosclerosis development (112). It uses
the same components of Jak/STAT pathway as does IL-6, to induce partially overlapping sets
of genes including SOCS1 and SOCS3 in different cell types (143, 154). Furthermore, a single
switch from STAT3 to STAT1 makes IL-6 have IFNy-like or pro-inflammatory and pro-
atherogenic effects (152). Therefore, IFNy could also function as a positive control to
evaluate to what extent a possible cross-talk between IFNy and IL-6 could increase the pro-
inflammatory effects of IL-6.

We observed that IFNy activates both STAT1 and STAT3 in EC. However, while STAT1
activation was long lasting, STAT3 activation was short-lived. This latter was accompanied by
increased SOCS3 protein levels. IFNy also induced SOCS1 and SOCS3 gene expression in EC.
Similarly, SOCS1 expression was long lasting, while SOCS3 expression was transient. Time
course study of IFNy-stimulated EC indicated that IFNy-induced SOCS3 gene expression
preceded the increased SOCS3 protein level (unfortunately, because of technical difficulties
we were not able to detect SOCS1 protein), which led to fast inhibition of IFNy-induced STAT3
activation. This suggests a novel mechanism through which early induction of SOCS3 steers
IFNy to signals through STAT1, by blocking the STAT3 pathway. This also strongly suggests
that SOCS3 is able to bind to IFNy receptor as well. In contrast to IFNy, IL-6 solely activated
STAT3, and led to predominant SOCS3 (gene and protein) expression and slight induction of

SOCS1 mRNA at higher concentrations. However, similar to IFNy and similar to IL-6 signaling
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in macrophages, IL-6-induced STAT3 activation was transient, that could be explained by the
fast induction of SOCS3 and its inhibitory effect on IL-6-induced STAT3 activation (63).
Interestingly, the kinetics of STAT3 activation and SOCS3 (gene and protein) expression upon
IFNy or IL-6 stimulation of EC are similar. This suggests a unique pattern of STAT3 activation
and SOCS3 expression regardless the stimulus that leads to STAT3 activation and SOCS3
induction.

IFNy-induced SOCS expression in EC created a desirable condition for our intension
to study how increased SOCS might affect IL-6 signaling. Indeed, we observed that IFNy pre-
treatment of EC caused inhibition of IL-6-induced STAT3 activation, and decreased SOCS3
expression upon IL-6 stimulation. These data were so far in line with other studies, in which
other inflammatory cytokines inhibited IL-6-induced STAT3 along with increased SOCS3
expression (63, 142). Our data also indicated that inhibitory effects of IFNy on IL-6-induced
STAT3 activation were accompanied by increased SOCS1 and SOCS3 gene expression (and
SOCS3 protein level). However, the question remained unanswered whether SOCS is indeed
functionally involved in this cross-talk and if so which SOCS is the important one. For
instance, LPS induces SOCS3 expression in macrophages, but its inhibitory effect on IL-6-
induced STAT3 activation occurs rapidly and does not depend on de novo gene transcription
(63). Furthermore, phorbol 12-myristate 13-acetate (PMA) and ionomycin also inhibit IL-6-
induced STAT3 activation. These inhibitory effects are also rapid and do not require new RNA
or protein synthesis (155). In our study the inhibitory effect of IFNy was, however, related to
de novo protein induction. This is because co-stimulation of EC with IFNy and IL-6 (which
would not allow de novo protein induction prior to IL-6 stimulation (63)) did not show the
inhibitory effect on IL-6-induced STAT3 activation. Furthermore, inhibition of de novo gene
and protein induction by Act-D (63), completely reversed the inhibitory effect of IFNy on IL-6-
induced STAT3 activation, confirming the necessity of de novo gene and protein induction in
cross-talk between these two cytokines. At last, to confirm that this phenomenon was
related to SOCS proteins and not to other possible inducible genes, SOCS1 and SOCS3 mRNA
were down-regulated using RNAi system. This experiment nicely indicated that down-
regulated SOCS partially reversed the inhibitory effect of IFNy on IL-6-induced STAT3

activation, and in this regard, SOCS3 plays the central role.
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As anti-inflammatory effects of IL-6 is related to STAT3 activation, cross-talk between
IFNy and IL-6 could inhibit the anti-inflammatory effects of IL-6. It is known that in the
absence of STAT3, IL-6 might have IFNy-like effects (152). It was therefore, interesting to
know whether inhibition of IL-6-induced STAT3 activation could somehow increase the pro-
inflammatory or IFNy-like effects of IL-6. Interestingly, pre-treatment of EC with IFNy, led to
an additive effect of IFNy and IL-6 on MCP-1 expression in EC. MCP-1 is a chemokine with
atherogenic properties. MCP-1 enhances atherosclerotic plaques formation by mediating
monocyte/macrophage infiltration into arterial wall and foam cell formation (156). IFNy
induces MCP-1 in a STAT1-independent fashion(157). Our study indicated that Inhibited IL-6-
induced STAT3 activation did not lead to decreased IL-6-induced MCP-1 expression,
suggesting that MCP-1 expression is also STAT3-independent. These data together suggest
that MCP-1 expression should be triggered by other transcription factor(s) rather than STAT1
or STAT3.

Together, our data indicate that the inhibitory effect of IFNy on IL-6-induced STAT3
activation, differentially affects the expression of IL-6 target genes. This is in accord with a
previous report in which IL-10 treatment of monocytes inhibited the IFNy-induced ICAM-1
and the chemokine inducible protein-10 (IP-10) but not the IFNy induction of interferon
regulatory factor-1 (IRF-1) (54).

In sum, IFNy pretreatment of EC inhibits IL-6 induced STAT3 activation and
differentially modulate the expression of IL-6 downstream genes. It is tempting to speculate
that a part of IL-6 signaling pathway is inhibited by IFNy pretreatment of EC, which
suppresses anti-inflammatory effects, but does not affect (or stimulates) the pro-
inflammatory responses. Therefore, The outcome of inflammation is not only dependent on
the level of pro and anti-inflammatory cytokines (158), but also on how cytokines affect each

others signaling.
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Abstract

IL-6 has both pro and anti-inflammatory effects. IL-6 is mostly increased under
inflammatory conditions along with other inflammatory cytokines that could affect IL-6
signaling and function. Previously we reported that IFNy-pretreatment of EC inhibits IL-6
induced SOCS3 and increased IL-6-induced MCP-1 expression. In the present study we tested
the hypothesis that part of the pro-inflammatory response of IL-6 would be enhanced by IFNy
and part of the anti-inflammatory response inhibited.

Transcriptional responses of IL-6 in the presence or absence of IFNy as well as the
transcriptome of IFNy in EC were studied using Illumina ® microarrays. Of several key genes
the microarray gene expression data were confirmed by real time PCR.

Our data indicates that IL-6 induces a limited number of genes in EC with both pro
and anti-inflammatory properties including SOCS3, MCP-1, Id-1 and Myc. IFNy induced a
number of chemokines and antproliferative genes including IP-10, GBP1, and IRF1. IFNy-
pretreatment of EC lowered the expression of SOCS3, Id-1, and Myc, while the expression of
other genes including chemokines MCP-1, CXCL11, and CCL8 was increased. NLF2 is a new
identified target of both IFNy and IL-6 in EC.

This is the first report of IL-6 induced transcriptome in EC. Besides the known IL-6
target genes (e.g. SOCS3, Myc, and Id-1) we identified NLF2 as a new target of IL-6 (and also
of IFNy) in EC. IFNy-pretreatment of EC lowered the expression of some proliferative and
protective target genes of IL-6 such as Id-1 and Myc. IL-6 and IFNy stimulation of EC had an
additive effect on the expression of NLF2, and MCP-1. Furthermore, IFNy increased
adhesiveness of EC through induction of genes involved in adhesion including CCL8, CXCL11,
and CXCL2. The expression of these genes was increased in the presence of IL-6 that might
present a new mechanism involved in EC dysfunction and consequently increased

atherosclerosis.
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Introduction

Endothelial cells (EC) cover the vessel wall and play critical roles in controlling
vascular tone and adhesion of circulating (mononuclear) cells, and inflammatory responses
(159). The function of EC is affected by systemic inflammation that leads to production of cell
surface adhesion molecules, chemokines and inflammatory cytokines, which are
characteristics of EC dysfunction (160). The latter is involved in initiating of atherosclerosis
lesions (33).

IL-6 is increased under different inflammatory conditions including chronic renal
failure (95, 132, 161). Increased plasma IL-6 levels are demonstrated to be related to EC
dysfunction and atherosclerosis development in renal patients (33). However, IL-6 is a
pleiotropic cytokine with both pro- and anti-inflammatory properties (95, 140). Whether IL-6
affects EC function as a protective or damaging cytokine is still far from clear. IL-6 uses the
same components of Jak/STAT pathway as the pro-inflammatory cytokine IFNy and the anti-
inflammatory cytokine IL-10. In fact IL-6 may have both IFNy-like and IL-10-like effects under
certain circumstances (63, 143, 152). For instance, similar to IL-10, IL-6 inhibits cytokine
production by activated macrophages, which is related to IL-6-induced STAT3 activation (63).
This latter is the main transcription factor in IL-6 and IL-10 signaling cascade (63).
Nevertheless, the anti-inflammatory effect of IL-6 is supposedly weak, which is related to the
high sensitivity of IL-6-induced STAT3 activation to the inhibitory effect of inducible
suppressor of cytokine signaling-3 (SOCS3) (63). Moreover, in STAT3 knock out fibroblast
cells, IL-6 signals through STAT1 (the main transcription factor in IFNy signaling cascade), and
has IFNy-like effects (152). These data indicate that STAT3 activation is the key element that
makes IL-6 signaling different from IFNy. Simultaneously, higher sensitivity of IL-6-induced
STAT3 activation to the inhibitory effect of SOCS3 makes it different from IL-10.

IL-6 is frequently induced along with other inflammatory cytokines that could affect
IL-6 signaling and actions. For instance, IL-6 is increased together with IFNy in atherosclerosis
lesions (162). Previously, we reported that IFNy pretreatment of EC results in inhibition of IL-
6-induced STAT3 activation in a SOCS-dependent manner (chapter 4). Other studies have also
indicated inhibition of IL-6-induced STAT3 activation by TNFa, IL-1B, IL-10, and LPS in other

cell types (63, 142). As STAT3 is the main transcription factor in IL-6 signaling, inhibited STAT3
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activation should result in decreased expression of IL-6 downstream target genes. However,
in our previous study decreased STAT3 activation upon IL-6 treatment was accompanied by
differentially modulated IL-6 downstream target genes; while SOCS3 was inhibited, MCP-1
expression was increased. As MCP-1 is a pro-inflammatory chemokine with atherogenic
properties (156), the question was raised whether the inhibitory effect of IFNy on IL-6-
induced STAT3 activation could have divergent effects on the expression of anti and pro-
inflammatory genes downstream of IL-6 signaling cascade in EC. The present study employed
microarrays to study the transcriptional response to IL-6 without and with IFNy pretreatment
in EC. We hypothesized that part of the pro-inflammatory response of IL-6 would be

enhanced by IFNy and part of the anti-inflammatory response inhibited.

Materials and Methods

Reagents and cell culture

Human Micro-vascular EC were generously provided by Centers for Disease Control
and Prevention (Atlanta, USA). Recombinant IFNy and IL-6 were purchased from Sigma. One
day before an experiment, the MCDB-131 (Invitrogen) medium supplemented with
penicillin/streptomycin 1%, hEGF 0.1%, hydrocortisone 0.1%, and 10% fetal calf serum
(Invitrogen) was replaced with MCDB-131 containing 0.5% FCS and penicillin/streptomycin
1%.

Experimental design
To identify the genes modulated by IL-6, IFNy or IFNy pretreatment + IL-6, four conditions
have been chosen (n=4 for each condition) to study the gene profiling of HMEC cells in the
presence or absence of IFNy and IL-6 stimulation:
1. HMEC cells left untreated.
2. HMEC cells were treated with IFNy (1ng/ml) for 3 hours.
3. HMEC cells were treated with IL-6 (50 U/ml) for 1 hour.
4. HEMC cells were pretreated with IFNy (1ng/ml) for 2 hours and then with IL-6 (50 U/ml)

for an additional hour.
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RNA isolation and hybridization

Total RNA was isolated using TRIzol® (Gibco) according to the manufacturer’s
instruction and stored at -80 °C until use. Samples were sent to ServiceXS (Leiden, The
Netherlands) for further processing. With the Agilent Bioanalyzer (lab on chip) the quality and
integrity of the RNA samples was analyzed. The Illumina® TotalPrep’ RNA Amplification
kit (Ambion, art. No. AM-IL1791) was used to synthesize biotine labeled cRNA. Concentration
of the labeled cRNA was measured using the Nanodrop spectrophotometer. The amount of
biotinylated cRNA that was hybridized onto the HumanRef-8 Expression BeadChip was 750
ng. In total 16 samples from 4 independent experiments (4 times 4) were used for RNA gene

expression profiling. Two BeadChips were used, each one containing eight samples.

Data analysis

We developed software for the analysis of the raw bead data (T4lllumina). Briefly,
the program first tested for each gene identifier whether there were beads that were
outliers. Individual beads were excluded if the signal intensity was > median intensity + 2x
median absolute deviation or < median intensity - 2x median absolute deviation. Next the
mean intensity was calculated for each gene, and compared to the mean intensity of the
negative controls. If the variance was not different between these means, a regular unpaired
T-test was performed. If the variance was different, a T-test was performed for samples with
unequal variance. The output of the program is a) a quality control file, b) a list with mean
intensities per gene identifier, and c) a similar list, but with added p-values for the
comparison to the negative controls. The mean intensities of all samples in all 4 groups were

Log, SVT normalized using FlexArray (http://genomequebec.mcgill.ca/FlexArray/) and a

CyberT test performed for each relevant comparison. The normalized data were then read by
a second routine of T4lllumina. For each group, it was determined whether the average of
each gene intensity of the group was different from the average negative controls in that
same group (P < 0.05 was considered significant). A comparison using Cyber T-test between
two samples was only performed on a specific gene, if one of the groups showed an average
gene intensity larger than the negative controls (P < 0.05 was considered significant). Data of

all groups was put together in one file (if one of the averages per gene was higher than the
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negative control), and subjected to hierarchical cluster analysis using Expression Profiler (EBI).
To identify the genes modulated by IL-6, IFNy or IFNy pretreatment + IL-6, intensity values of
gene expression from 4 independent experiments were combined and ratios of IL-6 versus
control, IFNy versus control, and IFNy-pretreatment+ IL-6 versus control were generated (P <

0.05 was considered significant).

Real time PCR

To confirm the microarray expression data, the expression of a few selected genes
were tested by real time PCR (Applied Biosystems TaqMan® Assays—on—DemandTM Gene
Expression Products) using pre-designed SOCS1, SOCS3, MCP-1, and 18S primers on the
Applied Biosystems, 7900 HT Fast Real-Time PCR System. The amount of target gene in each
subject was normalized to endogenous controls 18S (ACT). Gene expression is expressed as

(2“™*100) + S.D.

Results

IL-6-induced limited number of genes in EC

In contrast to IFNy, IL-6 regulated relatively a small number of target genes in EC
(821 vs. 170 respectively; fig. 1). However, the additive or synergistic interactions between IL-
6 and IFNy substantially increased the number of up as well as down-regulated genes (fig. 1).
As indicated in the Venn diagram (fig. 1), there are 1485 genes regulated by IFNy + IL-6. There
is also an overlap between IL-6- and IFNy- modulated genes. In fact, 30% of IL-6-regulated

genes are also modulated by IFNy (fig. 1).

IFNy-pretreatment of HMEC cells differentially affected IL-6-regulated genes

Of the top 10, IFNy-induced genes nine genes were known IFNy-target genes, while
eosinophil lysophospholipase-like (LOC400696) has not been reported previously (table 1).
Among the most strongly induced genes by IL-6 (table 2), some genes can be found that are
known IL-6 target genes including; SOCS3, pim1, Myc, and BCL3 (163). The expression of

NLF2, was not reported previously. Interestingly, all genes that were reduced by IL-6, were
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also reduced upon IFNy stimulation (table 2). This was not true for IL-6-induced up-regulated
genes. While MCP-1 and NLF-2 were increased by both IL-6 and IFNy, Myc was decreased by
IFNy. IFNy pretreatment of EC differentially affected the IL-6-regulated genes (table 3); the
expression of some genes including SOCS3, MAP3K8, Myc and Id-1 was downregulated, while
the expression of other genes including NLF2 and CCL2 was upregulated. Interestingly, there
were also IFNy target genes that were increased (e.g. CCL8, and CXCL11) in the presence of IL-
6.

Quantitative PCR confirmed the microarray gene expression data

Using real time PCR we tested the expression of SOCS1, SOCS3, and MCP-1.
Real time PCR confirmed the same pattern of SOCS1, SOCS3, and MCP-1 expression.
However, in HMEC, MCP-1 is significantly increased by IFNy, IL-6 or both in the

microarray experiments, while it is only significantly increased in IFNy-pretreatment

+ IL-6 condition according to the real time PCR data.

T 790

1 695 1485

Fig. 1. Venn diagram illustrating the
number of changes observed in the
individual groups and overlap
between the groups.

IFNy+IL6
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data for the genes coding for SOCS
and MCP-1. Real time PCR data (A)
are from 6 independent experiments
and are presented as mean (2
ACT"‘100) + S.D. Microarray data (B-C)

are mean intensity values
(normalized as described under
material and methods) of 4

independent experiments *S.D.

77



Discussion

Previously we have reported that IFNy-pretreatment of HMEC cells led to inhibition
of IL-6-induced STAT3 activation, which was accompanied by decreased SOCS3 and increased
MCP-1 expression (chapter 4). These data suggested that the inhibitory effect of IFNy on IL-6
signaling might differentially modulate IL-6 target genes expression. Since MCP-1 has
proatherogenic effects we suggested that part of the pro-inflammatory response of IL-6
would be enhanced by IFNy and part of the anti-inflammatory response inhibited. Using
MRNA gene expression profiling we characterized the transcriptome of IFNy and IL-6 as well
as the effect of IFNy on IL-6 transcriptome in HMEC cells.

IL-6 modulated a relatively small number of genes in EC (fig. 1). Similarly, IL-10
induces a limited number of genes in monocytes, which are not believed to be responsible for
the anti-inflammatory effects of IL-10 (163). Instead, it has been suggested that anti-
inflammatory effects of IL-10 is mostly related to suppression of inflammatory genes induced
by pro-inflammatory stimuli rather than induction of new genes (163). The relevance of this
hypothesis for anti-inflammatory effects of IL-6 needs to be clarified. However, our data
indicated that IL-6 indeed decreased the expression of the most IFNy-target genes listed in
table 1. In contrast to IL-10, biological responses to IFNy are mainly modulated by the
regulation of gene expression, mediated by Jak/STAT pathway (157). In accord, IFNy
stimulation of HMEC cells led to modulation of a great number of genes (fig. 1). Interestingly,
IFNy treatment of EC prior to IL-6, resulted in even more significantly regulated genes,
indicative a synergistic or additive effect of IFNy and IL-6 (fig. 1). To confirm the microarray
gene expression data, the expression of SOCS1, SOCS3 and MCP-1 were tested with real time
PCR, which indicated similar results. However, MCP-1 was not significantly induced by IL-6 or
IFNy in real time PCR experiments. This might be related to higher variance in MCP-1
expression in those experiments.

Most of the top-10 IFNy-induced genes listed in table 1 are known to inhibit
proliferation and to induce apoptosis (e.g. GBP-1 (164), IRF-1 (165)) or increase the
adhesiveness of EC (e.g. CXCL11 (166), IRF-1 (167) IP-10(168)). Among the maximally induced
genes upon IL-6 stimulation was SOCS3, which is a known IL-6 target gene and has specific

role in inhibition of IL-6 signaling (63). Furthermore, in the absence of SOCS3, IL-6 has anti-
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inflammatory effects in macrophages, which is related to prolonged activation of STAT3 (63,
153). Some IL-6-induced genes (table 2) have potentially pro-inflammatory and pro-
atherogenic properties. For instance, MAP3K8, which is required for CD40-induced NF-KB
activation (169). NLF2, is a newly identified inflammatory gene induced by IL-1B in EC (170).
Here we report the induction of NLF2 by both IL-6 and IFNy in EC. NLF2 is believed to increase
vascular permeability in acute inflammation (170). MCP-1 is a chemokine with atherogenic
properties. MCP-1 enhances atherosclerotic plaques formation by mediating
monocyte/macrophage infiltration into arterial wall and foam cell formation (156). CEBPD or
NF-IL-6-beta is also involved in NF-KP signaling (171) and induced also by other inflammatory
cytokines such as IL-1B (172) and TNFa (173). IL-6 induces CEBPD in a STAT3 dependent
manner in hepatocytes (174). CEBPD expression is associated with acute phase gene
induction and plays an important role in LPS induced inflammation of mouse macrophages
(175).

Other IL-6 induced genes (table 2) have more protective and proliferative effects.
Zinc finger protein 36 (ZFP36) is induced in EC in response to inflammatory cytokines such as
IL-1B (176) and has been shown to bind to and accelerate mRNA degradation, as already
demonstrated for TNF- and granulocyte-macrophage colony-stimulating factor (GM-CSF)
MRNAs (177). proto-oncogene BCL3 could have anti-inflammatory effects by inhibiting the
NF-KB (178). Id-1 is an interesting target of IL-6 in the scope of this study. Id-1 promotes EC
proliferation, angiogenesis and EC migration and delay EC senescence (179, 180). Pim1 and
Myc are STAT3-dependent IL-6 targets that promote proliferation and have anti-apoptotic
effects (181).

Pretreatment of EC with IFNy, considerably affected IL-6-induced genes. A fast
overview of the genes listed in table 1-3 suggests at least 3 sets of genes:

The first group includes IL-6 target genes that are inhibited in the presence of IFNy
such as: SOCS3, Id-1, Pim-1, MAP3K8, BHLHB2, and Myc (table 3). As the expression of these
genes were preceded by inhibited IL-6-induced STAT3 activation. It could be suggested that
they are STAT3-target genes. Indeed previous studies indicated the STAT3-dependency of
Myc (182), SOCS3 (183), Pim1 and Myc (181). This indicates that the expressions of IL-6 target
genes that are STAT3-dependent are diminished in the presence of IFNy in a SOCS3-

dependent manner. Importantly, some of the STAT3-target genes including I1d1, Pim-1, SOCS3
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and Myc are also induced immediately by IFNy in STAT1” cells (157, 184). It has been
suggested that immediate- early genes, induced by IFNy in STAT1” cells, play important roles
in cell proliferation (185). This suggests that induction of some immediate IFNy target genes
could be STAT3-dependent. As the role of STAT3 as a part of IFNy signaling has not yet been
defined, we suggest that the induction of those genes could be mediated by fast activation of
STAT3 upon IFNy stimulation (chapter 4).

The second group of genes shows an expression patterns like MCP-1. There are
genes that are induced by both IL-6 and IFNy, and their expressions are increased upon IFNy +
IL-6 stimulation that includes MCP-1, NLF-2, ZFP36, and CXCL2. As the expression of these
genes does not follow the fashion of IL-6-induced STAT3 activation in the presence of IFNy, it
could be suggested that these genes are STAT3-independent. A comparative study in wild
type and STAT1” cells indicated that MCP-1 can be induced in both cell types upon IFNy
stimulation (157), indicating MCP-1 also as a STAT1-independent gene. Although, the STAT-
dependency or independency of the other genes in this class needs to be identified, we
suggest that the expression of these genes might not be STAT1 or 3 dependent. This idea is
also supported by the fact that the expression of these genes upon IFNy stimulation is much
lower than STAT1-dependent target genes of IFNy such as IP-10 and IRF-1 (157). Furthermore,
NLF-2 is reported to be induced by IL-1B, and TNFa in EC (172, 173), and the role of STAT as a
part of IL-1B and TNFa is not well understood.

The third group of genes is IFNy target genes that are increased in the presence of IL-
6 that includes CXCL11, CCL8, ISGF3G, ATF3 and SOCS1. The expression of CCL8, CXCL11, and
SOCS1 have been demonstrated to be STAT1-dependent upon IFNy stimulation (157, 186),
suggesting that IL-6 might in someway potentiate the transcriptional activity of STAT1.
Although, we could not demonstrate further activation of IFNy-induced STAT1 activation
upon IL-6 stimulation (chapter 4). This does not rule out the possibility that IL-6 could
potentiate the transcriptional activity of STAT1. This idea is supported by the fact that STAT1
activation in EC was not concentration-dependent upon 1-5 ng/ml IFNy, suggesting that
STAT1 is maximally activated even with 1ng/ml IFNy. However, it is not possible to classify
these genes as only STAT1 dependent genes, especially because IL-6 inhibited some known

STAT1-dependent IFNy target genes such as IRF1 (table 1).
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In sum, gene expression profiling of IL-6 in EC indicated that IL-6 induces a limited
number of inflammatory as well as protective genes in EC. IL-6 stimulation of EC in the
presence of IFNy, inhibited the expression of some IL-6 target genes with protective and
proliferative effects such as Id-1, Pim-1, and Myc, while the expression of some other genes
in particular chemokines were increased, which might potentiate migration of leukocyte
through EC layer and promote atherosclerosis. Our data suggest that IL-6 and IFNy induce
genes in STAT-dependent and independent fashions. Unfortunately, our present knowledge is
limited to the information regarding the IFNy-induced transcriptome in wild type and STAT1”
cells. This study highlights the importance of further studies to define the role of other

transcription factors downstream of IL-6 and IFNy signaling.
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Abstract

STAT3 carries the most characterized functions of IL-6 including induction of acute
phase response (AP) in the liver. However, IL-6 stimulation of hepatocytes leads to activation
of both STAT1 and STAT3. The role of STAT1 as a part of IL-6 signaling and in particular
induction of acute phase response is not well studied. In the present pilot study we measured
the expression of two well known AP genes; serum amyloid-Al (SAA1) and haptoglobin (Hp)
in wild type and STAT1” mice to test the hypothesis that STAT1 plays an active role in
induction of AP genes in the liver upon IL-6 stimulation.

Wild type and STAT1" balb/c mice were treated with IL-6 together with IL-6 soluble
receptor. STAT activation in the liver was studied by western analysis, gene expression was
assessed by real time PCR.

IL-6 induced STAT3 activation in the liver that was followed by SOCS1, SOCS3, SAA1
and Hp expression in the liver. IL-6-induced STAT3 activation and gene expression was time-
dependent, SOCS1 was maximally induced after 1 hour, SOCS3 and Hp after 2 hours and SAA1
after 4 hours. SAA1 expression was substantially decreased in STAT1” mice.

IL-6 stimulation of wild type and STAT1” mice for four hours significantly increased SAA1l
expression in wild type but not in STAT1” mice. Decreased SAA1 expression in STAT1” mice
indicates the importance of STAT1 in IL-6-induced SAA1 expression in the liver. STAT1
activation and the role of STAT1 in SOCS and Hp and other IL-6 target genes expression in the

liver needs to be studied at other time-points.
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Introduction

IL-6 has both pro- (95) and anti-inflammatory (187) effects as well as pro- (95) and
anti-atherogenic (139) effects. IL-6 promotes inflammatory responses through different
mechanisms including induction of an acute phase (AP) response in the liver (95). IL-6-
induced AP proteins, e.g. C-reactive protein (CRP), and serum amyloid A (SAA) are strong and
consistent inflammatory markers that are associated with cardiovascular events (188, 189). In
mice, SAA represent the main AP protein, while CRP is the minor in response to IL-6 (188,
190). In addition to its role as a marker of inflammation, SAA can be found in atherosclerosis
lesions at all stages and can also function as a chemo-attractant for macrophages in mice
(191). However, there are also other IL-6-induced AP proteins that have protective effects.
For instance haptoglobin (Hp) that gives protection against reactive oxygen species (192).

At signaling level, IL-6 binds to the IL-6 receptor-a (IL-6Ra; gp80) that is not involved
in signal transduction events. Signaling is triggered by the IL-6/IL-6Ra-induced
homodimerization of signal transducer gp130 subunits (gp130) (193), followed by Janus
Kinase (Jak) activation, receptor phosphorylation and, finally, activation of signal transducer
and activator of transcription 1 (STAT1) and STAT3 (75, 194). While the role of STAT1 as a part
of IL-6 signaling is not well understood, STAT3 carries the most well characterized effects of
IL-6 including induction of acute phase (AP) response in the liver (75, 195) and inhibition of
cytokine production by macrophages (140, 141). However, induction of some AP genes (e.g.
complement component-3 (C3)) are not impaired in conditional STAT3” mice (STAT3'/' in the
liver and macrophages) upon IL-6 treatment (75). Furthermore, we have previously
demonstrated that pretreatment of endothelial cells with IFNy diminishes IL-6-induced STAT3
activation (chapter 4). Using mRNA micro-array gene profiling, we have reported that
inhibition of IL-6-induced STAT3 activation is accompanied by inhibition of some IL-6 target
genes, while the expression of other genes are unaffected or even increased (in particular
some IFNy target genes)(chapter 5). Together, these observations suggest that other
transcription factor(s) should also be involved in IL-6 signaling.

It is now clear that in the absence of STAT3, IL-6 is able to signal through STAT1
(152), indicating STAT1 as an important downstream component of IL-6 signaling. In fact,

there are two tyrosine modules within the cytoplasmic tail of gp130 that mediate STAT1
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activation, which is independent from STAT3 recruitment and activation (194). These
observations suggest that STAT1 might play an important role in IL-6 signaling, and could
carry some IL-6 effects. The present study was, therefore, initiated to test the hypothesis that
STAT1 plays an active role in IL-6-induced AP response in the liver. To test this hypothesis we
used wild type and STAT1” mice to measure the expression of SAA1 ( a member of SAA
family (196)), which is reported to be totally defective in STAT3” hepatocytes and Hp, that is

not substantially affected in STAT3” hepatocytes upon IL-6 stimulation (75).

Material and Methods

Animal models

Wild type, STAT1” Balb/c mice, recombinant human IL-6, and recombinant human
IL-6 soluble receptor (IL-6 SR) were generously provided by Dr. D.E. Levy (School of Medicine,
NYU, USA). The establishment of STAT1” mice has been described previously (197). Animals
received IL-6 and IL-6 SR or PBS intra-peritoneally. After desired treatment duration animals
were sacrificed and their liver were isolated, rinsed briefly with PBS and frozen on dry ice and
stored at -80°C. All animal experiments were done at the Department of Pathology, Dr. D.E.

Levy’s Lab and in accordance with the animal guidelines of the New York University.

Western analysis

Frozen livers were lyzed by homogenization in a buffer containing complete EDTA-
free protease inhibitor cocktail (Roche), NaF (40 mM), NaVo, (4 mM), and Triton-X100 (1%).
The protein concentration was determined by detergent compatible (DC) protein assay (Bio-
Rad). Proteins were fractionated by sodium dodecyl sulfate-polyacrylamide gel (7.5%)
electrophoresis and transferred to nitrocellulose membrane (Roche). After blocking in ECL-
blocking buffer the membrane was either incubated with polyclonal antibodies for P-Tyr
STAT1 and 3 (1:1000) or specific monoclonal antibodies for STAT1, STAT3 (1:5000). After 3
times washing with PBS-Tween (PBST) the membrane was incubated with goat anti-mouse,
goat anti-rabbit or rabbit anti-goat HRP conjugated (1: 1000) antibody. Next, the membrane
was washed 2 times with PBST and once with PBS and bound proteins were detected with

enhanced chemoluminescence (ECL, Amersham).
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Gene expression assay

Frozen tissues were lyzed by homogenization in TRIzol® (Gibco). Total RNA was
isolated using TRIzol®, one microgram of total RNA was used for cDNA synthesis by using
oligo(dT) primer. Relative abundances of specific mRNA sequences were determined by real-
time fluorescent PCR by using Syber green (Molecular Probes) by comparison with a standard
curve generated by serial dilution of a cDNA sample containing abundant target sequences
and normalized to the expression of GAPDH, and presented as the mean (2"*‘”*100) +SD. All
PCR reactions were performed in duplicate. Sequences of primers used are available on

request.

Statistics
Data (in fig. 2) were compared using one Way ANOVA and the Studentized Newman
Keuls post-hoc test, which was performed with SigmaStat (version 3.5, Systat Software Inc,

San Jose, Ca). P < 0.05 was considered to be significant.
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Results
IL-6 activates STAT3 and induces AP genes in a time-dependent manner in mice liver

Wild type female balb/c mice (n=1 in each time-point) were treated with IL-6
(IP,1ug/g body weight) plus IL-6sR ( 5ng/g body weight) for up to 6 hours. IL-6 induced only
STAT3 activation in the liver, which was detectable at the first time-point (1 hour) and
decreased after 2 hours (fig. 1A; n=1). This was accompanied by SOCS1 and SOCS3 induction.
However, while SOCS1 expression indicated a peak at 1 hour, SOCS3 was maximally increased
after 2 hours (fig. 1B; n=1). Furthermore, IL-6 induced serum amyloid-Al (SAA1) and
haptoglobin (Hp) expression. The expression of SAA1 and Hp was also time-dependent. Hap

was maximally induced after two hours, while SAA1 peak was measured at 4 hours (fig. 1C;

n=1).
A
Fig. 1. IL-6 induced STAT3 activation and gene expression
o= - P-STAT3 in the liver. Wild type female balb/c mice were treated
: 5 ] with IL-6 (1pg/g body weight) together with IL-6SR (5ng/g
—_— e L) " STAT3 body weight) for up to 6 hours. A. STAT1 and STAT3
: Fe activation was measured by western blot analysis. The
P-STAT1 expression of SOCS1 and SOCS3 (B) and SAA1 and Hp (C)
was measured by real time PCR. Gene expression data are
——% & S —IRL! presented as (2" * 100).
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STAT1 plays an important role in IL-6-induced SAA expression in the liver
Next wild type and STAT1” balb/c mice were treated with IL-6 (IP,1 ug/g body
weight) plus IL-6sR ( 5ng/g body weight) or PBS for 4 hours (n=3 in each condition). At this

time point we could not detect STAT activation (data not shown), as it could be expected
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according to the time-course study (fig. 1A). However, IL-6 induced SAA1 and Hap in the liver.
There was no significant difference in Hap expression between wild type and STAT1” mice in
the presence or absence of IL-6 at this time point. In contrast, SAA1 was only significantly
increased in wild type balb/c mice and its expression was substantially decreased in STAT1”
mice, indicating the importance of STAT1 in SAA1 induction upon IL-6 stimulation of the liver

(fig. 2; n=3).

*
60 - o SAAl1
= Hp
§ 50 Fig. 2. STAT1 is necessary for maximal
= 40 induction of SAA1 in the liver upon IL-6
u; 30 A stimulation. Wild type and STAT1-/-
50 balb/C mice were treated with IL-6
(1Mg/g body weight) together with IL-
10 4 &i Ifi 6SR (5ng/g body weight) for 4 hours.
0 - Each condition contained 3 mice (2
;- + . .-

+ . IL-6(4h) female and 1 male) and in total 12 mice

Wild type SR e were used in this experiment. The

expression of SAAl1 and Hp was
* vs. wild type con. P < 0.01; data were analyzed by One Way Anova measured by real time PCR. Data are
/ Student-Newman-Keuls test presented as (2'ACT *100) £S.D.
Discussion

The present pilot study was initiated to study the role of STAT1 in IL-6 signaling and
in particular IL-6-induced AP response in the liver. We used STAT1” mice model, which is a
well-characterized model (197) and give the opportunity to study the STAT1 function in a
knocked out system, which is much more convenient than knocked down models (e.g. by RNA
interference), particularly, because STAT1 is abundantly present in different cell types (198)
(see also chapter 4). Besides in contrast to conditional STAT3” mice, in which STAT3 is
removed from hepatocytes and macrophages (75), in STAT1” mice, STAT1 is knocked out in
all tissues. This makes STAT1” mice a very interesting model to study the role of STAT1 in IL-6
signaling in other tissues as well. In particular STAT1” mice is an outstanding model for
studying the role of STAT1 in IL-6 signaling (in the presence of absence of IFNy) in endothelial
cells, which has not yet studied.

The IL-6 system promotes inflammatory events partially through induction of an

acute phase response in the liver (95). In this regard, STAT3 suggested playing the central role
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(75). Indeed, STAT3 was first described as a transcription factor in IL-6—stimulated
hepatocytes, capable of selectively interacting with an enhancer element in the promoter of
acute-phase genes (182).

However, the induction of some AP genes (e.g. C3) is not affected or just affected at
later time points (e.g. Hp) in conditional STAT3” mice (75), indicating that other transcription
factor(s) should be involved to cover all transcriptional activities of IL-6. Importantly, STAT1
activation is increased in STAT3” cells (75, 152), introducing STAT1 as an important
transcription factor in IL-6 signaling. In fact, two of the four tyrosine modules within the
cytoplasmic tail of gp130 are able to mediate STAT1 activation, which is independent of
STAT3 (which means that STAT3 is not necessary for STAT1 binding to gp130) (194). STAT1
and STAT3 may also compete with each other to bind to the cytoplasmic domain of the
receptor, for example in COS7 cells that has low endogenous amount of STAT3, IL-6
stimulation preferentially activates STAT1 (194). Together, these findings indicate STAT1 as a
potential transcription factor candidate in IL-6 signaling.

In line with previous studies (75, 194), we could indicate STAT3 activation upon IL-6
stimulation in the liver, which was accompanied by increased SOCS1, SOCS3, SAA1 and Hap
expression in a time-dependent fashion. Although, we could not detect STAT1 activation in
wild type mice (which could be related to the time-points used in this study), the expression
of SAA1 was substantially decreased in STAT1” mice, indicating the importance of STAT1 in
SAA1 induction in the liver upon IL-6 stimulation. A previous report indicated that SAA1
expression is totally defective in conditional STAT3” mice (75). Our data indicated that STAT1
is also necessary for maximal induction of SAA1. In fact, IL-6 stimulation of hepatocytes leads
to activation of both STAT1 and STAT3 (194). Activated STAT1 and STAT3 could make homo or
heterdimers, both capable of translocating into the nucleus and initiating of transcription
(199). It is therefore, possible to imagine that STAT3/STAT3, STAT1/STAT1 and STAT1/STAT3
dimers are capable of binding to SAA1 promoter.

As mentioned before IL-6 has both pro and anti-inflammatory effects. STAT3 is
known as an anti-inflammatory transcription factor, important in IL-10 signaling (200). Other
studies even suggest that STAT3 activation per se has anti-inflammatory effects (201). In
accord, Conditional STAT3” animals (in macrophages and liver) show hyperproduction of

cytokines and are susceptible to endotoxic shock (8). In contrast to STAT3, STAT1 is the major
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transcription factor activated by IFNy signaling and carries the pro-inflammatory effects of
IFNy and has opposing effects comparing to STAT3 (150-152). Taken together, it is interesting
to suggest that STAT3 predominantly carries the anti-inflammatory, and STAT1 might carry
some pro-inflammatory effects of IL-6 (in distinct cell types and under certain circumstances).

This study provides preliminary data regarding the role of STAT1 in IL-6 signaling,
confirmed by defective SAA1 expression in STAT1” mice upon IL-6 treatment. Unfortunately,
we were not able to test the expression of SOCS and Hp at their suitable time points in wild
type and STAT1” mice (fig. 1B-C). Also we could not detect STAT1 activation, which needs to
be studied in other time points and with different concentrations of IL-6. Furthermore, we
have previously indicated, diminished IL-6-induced STAT3 activation in endothelial cells in the
presence of IFNy. This was accompanied by decreased expression of some STAT3-dependent
protective genes and simultaneously by increased some IFNy-induced chemokines such as
CCL8 and CXCL11, which play important role in atherosclerosis development by attracting the
mononuclear cells through the endothelial cell layer (202). As induction of CCL8 and CXCL11 is
STAT1-dependent (186), we suggested that IL-6 could in someway increase transcriptional
activity of STAT1. In this regard, the STAT1” mice will be the suitable model for studying the
role of STAT1 in IL-6 signaling in endothelial cells in the presence or absence of IFNy, and
could clarify whether STAT1 carries some pro-inflammatory and pro-atherogenic effects of IL-

6.
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Summary

Atherosclerosis is the major cause of morbidity and mortality in renal patients (1)
and a major health concern in western countries per se. Recent studies point to the
important role of inflammation as an underlying cause of atherosclerosis (1). Importantly
drugs that limit the inflammation lower the incidence of atherosclerosis as well (12). This
indicates the importance of molecules that are able to control inflammation. Inflammation in
renal patients is characterized by increased plasma levels of some inflammatory cytokines in
particular TNFa, IL-10, IL-1B, and IL-6 (1, 7).

Cytokines may have both pro-inflammatory and anti-inflammatory properties. A
dysbalance between these two types of cytokines is involved in progression of several
inflammatory diseases and possibly in enhanced/accelerated atherosclerosis in renal patients
(7, 33). If the anti-inflammatory cytokines are not able to counteract the effects of pro-
inflammatory cytokines, other molecules that might diminish or inhibit the pro-inflammatory
process will be of great importance. Suppressors of cytokine Signaling (SOCS; a family of 8
proteins: SOCS1-7 and CIS-1) are inducible inhibitors of cytokine signaling (40). They are
induced by cytokines and in turn in a negative feedback loop they inhibit signaling initiated by
the cytokines. This suggests that SOCS proteins not only inhibit the inflammatory signals
initiated by the cytokines, but also indicate that systemic inflammation affects the
intracellular signaling. Furthermore, the function of SOCS protein will not necessarily lead to
diminished inflammation. SOCS proteins could also inhibit the anti-inflammatory and
protective signals initiated by anti-inflammatory stimuli as well (72, 73), and in this way they
may participate in progression of inflammation and inflammatory diseases. In fact, renal
failure is accompanied by resistance to some beneficial stimuli such as EPO and GH (69-71). In
this regard, in vitro and animal studies suggested that SOCS could be involved in GH and EPO-
resistance (72, 73).

Data presented in this thesis can be divided into in vivo and in vitro studies. At first
we tested the hypothesis that increased inflammation in patients with renal failure should be
related to increased SOCS expression in peripheral blood mononuclear cells that are in direct
contact with systemic inflammation, are involved in production of inflammatory cytokines,

and are involved in atherosclerosis development (chapter 2-3). Indeed, in chronic kidney
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disease patients (CKD; stage 3-4 of renal failure) (chapter 2) we found increased plasma TNFa
and IL-6 along with increased SOCS3 in monocytes vs. increased SOCS1 in lymphocytes. This
indicated that increased systemic inflammation is accompanied by increased SOCS expression
and it affects monocytes and lymphocytes differentially. This later was confirmed by two sets
of complimentary data. First, exposure of whole blood to a single cytokine (IL-6) resulted in
differential responses in SOCS expression in monocytes and lymphocyte. Second, correlation
studies indicated that monocytes SOCS3 was significantly correlated with markers of renal
function (i.e. GFR and serum urea), while lymphocyte SOCS1 was significantly correlated with
increased systolic blood pressure, plasma TNFa, and increased pulse wave velocity.
Decreased renal failure, increased systolic blood pressure, inflammation, and pulse wave
velocity are known risk factors of cardiovascular disease, and therefore, our data linked
increased MNC SOCS to the known risk factors of CVD, indicating the potential of SOCS as a
new intracellular marker for CVD in renal patients (113).

In end stage renal disease (stage 3) additional factors (e.g. dialysate and contact with
dialysis membrane) may cause further activation of MNC and increased inflammation (116).
In fact, previous studies have pointed to a state of MNC dysfunction along with increased
activation of MNC in ESRD (8, 22). In line with previous studies we found increased plasma
levels of TNFa, IL-6 and CRP in ESRD (110, 111). Moreover, we found increased SOCS1 gene
expression in monocytes and lymphocytes, and CIS-1 gene expression in lymphocytes of ESRD
patients. A significant correlation was also found between monocyte SOCS1 and plasma IL-6.
Further analysis of the data whether dialysis was initiated or not and regarding dialysis
modality, indicated a similarity in the profile of SOCS expression in MNC of non-dialysis ESRD
patients and peritoneal dialysis patients. In both groups CIS-1 gene expression was
significantly increased in lymphocytes and SOCS1 was also increased in lymphocytes although
the expression of SOCS1 was only marginally significant in non-dialysis patients. In addition, a
significant correlation was found between lymphocyte CIS-1 and plasma TNFa in non-dialysis
patients (chapter 3). Together, these data confirmed our previous conclusion that increased
inflammation in renal patients is accompanied by increased SOCS expression in MNC.
Furthermore, hemodialysis may have substantial effect on monocytes and lymphocyte
activation and responsiveness, which is indicated by differential SOCS expression in MNC of

hemodialysis patients comparing to non-dialysis and peritoneal dialysis.
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Next, we were interested to understand how increased SOCS could affect cytokine
signaling. In particular we were wondering whether SOCS could discriminate between pro-
inflammatory and anti-inflammatory signals. In this regard, IL-6 was the most suitable
candidate, as it increased in all patients in our study and has both pro and anti-inflammatory
effects (95, 140). IL-6 is mostly increased together with other cytokines. Previous studies
indicated that for instance TNFa and IL-1f are able to inhibit IL-6-induced STAT3 activation
(63, 142). In this thesis we studied the interaction between IFNy and IL-6 (chapter 4 and 5).
IFNy is a pro-inflammatory and pro-atherogenic cytokine that mainly signals through STAT1
and induces SOCS in different cell types (112). The idea was to induce SOCS within the cells in
prior to IL-6 stimulation and test how pro-inflammatory and anti-inflammatory signals are
affected. We explored this interaction in endothelial cells, which are important in initiation
and progression of atherosclerosis. In addition, endothelial dysfunction has been
demonstrated in CRF and suggested to be a cause of increased atherosclerosis in CRF (34-36).
Our data indicated that IFNy pretreatment of EC led to inhibition of IL-6-induced STAT3
activation in a SOCS3-dependent fashion (chapter 4). STAT3 is the main transcription factor in
IL-6 signaling and carries the most well characterized effects of IL-6 including its anti-
inflammatory effects and acute phase response induction in the liver (75, 195). Using gene
expression profiling we characterized the transcriptome induced by IL-6 in EC in the presence
or absence of IFNy (chapter 5). Our data indicated that IL-6, in contrast to IFNy, induces
relatively a small number of genes with both pro- as well as anti-inflammatory effects. The
presence of IFNy, however, inhibited some protective IL-6 target genes including 1d-1, Pim-1,
and Myc and simultaneously some inflammatory genes were increased. These sets of genes
were IFNy target genes (e.g. CCL8 and CXCL11) or genes that were induced by both cytokines
(e.g. NLF-2 and MCP-1). In particular, the expression of some chemokines (CCL8, CXCL11,
MCP-2, and CXCL2) was increased. Chemokines could have atherogenic effects by attracting
the MNC through the endothelial cell layer (156). Furthermore, our data indicate that IL-6 as
well as IFNy induced gene in STAT-dependent and independent fashions. It is known that IL-6
can activate both STAT1 and STAT3 in different cell types (75, 194). As this two transcription
factors have apposing role (STAT3 anti-inflammatory and STAT1 pro-inflammatory) (150, 151)
we suggested that STAT1 might carry some pro-inflammatory effects of IL-6 (chapter 6). To

test this idea, in a pilot study we treated the wild type and STAT1” mice with IL-6 and studied
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the expression of some acute phase genes (e.g. SAA-1) in the liver. Our data indicated that IL-
6-induced SAA-1 expression was substantially decreased in STAT1” mice, indicating the

importance of STAT1 as a part of IL-6 signaling. However, this work needs to be expanded.

Discussion and perspectives

1- Increased SOCS expression in monocytes or lymphocytes of CRF patients as a new marker
of atherosclerosis.

This study is the first attempt to characterize the pattern of SOCS expression in
circulating MNC in renal patients. Our data indicated that progressive loss of renal function is
accompanied by increased inflammation and this, in turn, by increased distinct SOCS in
distinct subtype of circulating MNC. Correlations were also found between increased SOCS
expression and some other known risk factors of CVD. This led us to suggest that SOCS could
be a new intracellular marker of CVD in renal patients. However, our results and the value of
SOCS as a new CVD marker need to be confirmed in a bigger cohort. In addition it should be
demonstrated that increased SOCS expression in MNC is accompanied by atherosclerosis
development in CRF, For instance, whether increased (distinct) SOCS in MNC is accompanied
by increased cell surface adhesion molecules, and or endothelial cell dysfunction, that is

involved in atherosclerosis development.

2- Inhibition of SOCS3 and induction of SOCS1 in monocytes of CRF patients could delay or
limit atherosclerosis.

Our data are not suitable to test a causal link between SOCS expression in MNC and
development of atherosclerosis. It is however known that monocytes in ESRD have
premature macrophage characteristic with increased cell surface adhesion molecules (29). It
is, therefore, interesting to study the correlations between increased SOCS expression and
cell surface adhesion molecules in CRF. In chapter 5, we indicated that interaction between
IFNy and IL-6 leads to increased expression of chemokines along with increased SOCS
expression in endothelial cells. Interestingly, we indicated increased monocyte SOCS3 and
plasma IL-6 and TNFa in CKD patients. The question is whether increased monocyte SOCS3 is

accompanied by increased cell surface adhesion molecules.
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There is yet no information available regarding the presence of SOCS in human
atherosclerosis lesions. However, in ApoE'/' mice the presence of SOCS1 and SOCS3 co-
located with macrophages in atherosclerosis lesions has been demonstrated (61). This is
important since macrophages might have a central role in progression of atherosclerosis. In
accord, deletion of SOCS3 from macrophages led to decreased atherosclerosis in ApoE'/' mice
(62). These data linked SOCS with atherosclerosis, and indicated that manipulation of a
distinct SOCS in monocytes/macrophages could have therapeutic values. This might also
suggest that increased SOCS3 in monocytes of CKD patients could have pro-atherogenic
effects (chapter 2). Therefore, molecules that could diminish SOCS3 expression in monocytes
might have potential therapeutic indications. Moreover, SOCS1 is an interesting molecule for
therapeutic intentions. In contrast to SOCS3, that has both pro-and anti-inflammatory effects
(59, 60), SOCS1 expression is mostly related to dampening of the inflammatory process (45,
49). In atherosclerosis, increased SOCS1 in monocytes could have also potential value in
limitation or prevention of inflammation. This is based on the fact that SOCS1 strongly inhibits
IFNy, the classic macrophage activator, and also other inflammatory cytokines (49). This idea
could be tested by breading the SOCS1 transgenic mice with ApoE"/' mice, and studying the
atherosclerosis development in response to IFNy treatment.

SOCS1 expression was increased in lymphocytes of both CKD and ESRD patients
(chapters 2-3). SOCS1 expression in T-cell could shift T-cell differentiation towards Th-1,
which might have atherogenic effects (as atherosclerosis is a Th-1-type inflammatory disease)
(53). Nevertheless, increased SOCS1 could inhibit lymphocyte responses to several
inflammatory cytokines (49). The net protective or damaging effect of increased SOCS1 in
lymphocytes needs, therefore, further investigation. CIS-1 was increased in lymphocytes of
non-dialysis and peritoneal dialysis but not in hemodialysis and CKD patients (chapter 2-3).
CIS-1 seems to be necessary for survival of activated T-cells (123). It is also reported that T-
cell count is decreased in hemodialysis patients (124). It is therefore, interesting to study
whether there is a link between unchanged CIS-1 expression in lymphocytes of hemodialysis
and decreased count number of T-cells.

We indicated that there are differences in the pattern of SOCS expression in CKD
patients comparing to the ESRD (chapters 2-3). However, this is a cross-sectioned study and

we did not follow the patients over the time. It is clear that the chance of CVD death in CKD
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patients is 5-10 time more than the chance of getting the ESRD stage (14). The question is
whether there is a difference regarding the SOCS expression in their MNC between patients
how reach the ESRD stage and others who died, and whether entering the ESRD is
accompanied by changes in the pattern of SOCS expression in MNC. In CKD we found
increased monocyte SOCS3, which as discussed could have potential atherogenic effects. In
ESRD, SOCS1 was slightly increased in monocytes, which potentially could have anti-
inflammatory effects in monocytes. The question is whether SOCS1 was increased in pre-
dialysis stages, or there is a shift from SOCS3 to SOCS1 expression in monocytes. This could
suggest that manipulation of SOCS expression in monocytes in earlier stages of renal failure
could have prevention benefits.

At last we should admit that we can not ascertain whether increased SOCS
expression in CKD and/or ESRD is in proportion to increased systemic inflammation. It is
possible that increased SOCS expression in MNC is capable of inhibiting the protective signals
(which are in minority) through Jak/STAT, while they can not counteract the pro-

inflammatory signals (which are in majority) through Jak/STAT.

3- Both STAT1 and STAT3 and other transcription factor(s) are needed to cover the whole
gene induction activity of IL-6 and IFNy

Our in vivo data indicated increased SOCS expression, however, evidences regarding
how SOCS could affect cell response to other cytokines were provided by our in vitro studies.

As IL-6 is increased in CRF patients (chapter 2-3) and it mainly signals through the
Jak/STAT pathway, we were interested to know what kind of responses are initiated in cells
exposed to IL-6 and how increased SOCS by other cytokines could affect IL-6 signaling. The
intention of our in vitro studies was to answer the following questions: a) since IL-6 has both
anti- and pro-inflammatory effects, does SOCS equally modulate those effects? B) IL-6 signals
predominantly through STAT3, however it activates STAT1 in different cell types. As STAT1
and STAT3 have opposing effects, could STAT1 carry some pro-inflammatory effects of IL-6?

Pretreatment of EC with IFNy resulted in induction of both SOCS1 and SOCS3
(chapter 4). This, in turn diminished IL-6-induced STAT3 activation in a SOCS3-dependent
manner. Using gene array we studied the effect of this interaction on the genes induced by IL-

6 (chapter 5). Our data indicated that IL-6 alone induced a few pro- as well as anti-
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inflammatory genes. The new challenge is to identify whether anti-inflammatory effects of IL-
6 are related to de novo gene induction or suppression of inflammatory genes induced by
other stimuli. Furthermore, inhibition of IL-6-induced STAT3 activation led to inhibition of
some proliferative and protective STAT3-depenent genes including Pim-1, Id-1 and Myc.
Simultaneously, other genes, which might not be STAT3-dependent were increased, in
particular the expression of some chemokines including MCP-1, CXCL2, CCL8 and CXCL11
were increased. It is now the question whether increased expression of chemokines could
substantially increase adhesiveness of endothelial cells and attraction and migration of MNC
through endothelial cell layer.

Previous studies indicated that the expression of some chemokines (e.g. CCL8 and
CXCL11) upon IFNy is STAT1-dependent (157, 186), while the others (e.g. MCP-1) is STAT1-
independent (157). The expression of these genes was increased in the presence of IL-6,
indicating that IL-6 might potentiate the expression of some genes through STAT1. The classic
idea is that STAT1 carries the well characterized effects of IFNy (148) and STAT3 of IL-6 (149).
However, our data indicate that other transcription factors are needed to cover the whole
gene induction activities of these cytokines. This is also a challenging area for follow up
studies. We have already taken the first step to unravel this enigma. In a pilot study using
STAT1” model we indicated that at least induction of some acute phase genes (which is
believed to be STAT3-dependent) is substantially decreased in STAT1” mice upon IL-6

treatment (chapter 6).
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Samenvatting in het Nederlands voor de niet-ingewijde lezer

Inleiding

We spreken over chronisch nierfalen als de nieren onvoldoende in staat zijn om de
afvalstoffen te verwijderen uit het bloed. Wanneer 90 tot 95 procent van de nier is
uitgevallen, is een niervervangende behandeling zoals dialyse of niertransplantatie
noodzakelijk. Chronisch nierfalen is er de oorzaak van dat stoffen die normaal gesproken uit
het bloed verwijderd zouden moeten zijn, zich toch in het bloed blijven ophopen en zo zorgen
voor secondaire problemen zoals hart- en vaatziektes. In feite zijn de hart- en vaatziektes en
dan vooral atherosclerose de belangrijkste doodsoorzaak bij nierpatiénten.

Atherosclerose is een ziekte van de grote en middelgrote arterién, waarbij sprake is
van een ontstekingsproces wat gekarakteriseerd wordt door de lokale ophoping van vet,
macrofagen en lymfocyten (die tot de circulerende witte bloedcellen behoren), bindweefsel
en gladde spiercellen in de vaatwand. Deze ophoping in de vaatwand kan leiden tot een
vernauwing van het betreffende vat met alle gevolgen van dien. Het atherosclerotisch proces,
ook wel een atherosclerotische plaque genoemd, bevindt zich in de tunica intima van een
arterie, die weer de binnenste laag van arterie vormt. Deze laag scheidt zicht van het bloed af
door een laagje endotheelcellen en vormt een barriére die bijvoorbeeld ervoor zorgt dat
monocyten en lymfocyten in het bloed blijven. Als endotheelcellen beschadigd zijn, verandert
dat het karakter van deze cellen en verzwakt de eigenschap van de barriére. In dit geval
trekken beschadigde endotheelcellen de monocyten en lymfocyten naar zich toe . Dit is de
beginfase van het atherosclerotische proces.

Dat atherosclerose frequent in nierpatiénten voorkomt, heeft te maken met het feit
dat nierpatiénten bepaalde risicofactoren hebben die de kans op atherosclerose vergroot
zoals bloedarmoede, hoge bloeddruk en ontsteking. Recente studies tonen aan dat
ontsteking, die een nierpatiént oploopt, een belangrijke rol speelt in het ontstaan van
atherosclerose. Verhoogde ontsteking of inflammatie in nierpatiénten kan worden
aangetoond door het meten van het bloedgehalte van bepaalde ontstekingfactoren, die ook
cytokinen worden genoemd zoals interleukine 6, en tumor necrosis factor alfa. Cytokinen

kunnen het inflammatie proces versnellen of vertragen. Cytokinen die het inflammatie proces
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versnellen worden pro-inflammatoir genoemd (zoals tumor necrosis factor alfa en interferon
gamma) en cytokinen die het inflammatie proces vertragen worden anti-inflammatoire
cytokinen genoemd (zoals interleukine 10). In het algemeen geldt dat als het niveau van pro-
inflammatoire cytokinen verhoogd is, de anti-inflammatoire cytokinen worden gemaakt die
de balans tussen pro- en anti-inflammatoire cytokinen herstellen. Echter, als de balans tussen
deze twee soorten cytokinen verstoord blijft, kan dit tot inflammatoire ziektes zoals
reumatoide artritis en atherosclerose leiden. Omdat inflammatie in nierpatiénten verhoogd
is, geeft dit aan dat de productie van pro-inflammatoire cytokinen hoger is dan die van anti-
inflammatoire cytokinen. Dit kan een belangrijke rol spelen in verhoogde atherosclerose in
nierpatiénten. In dit geval is het belangrijk om naar andere mogelijkheden te zoeken die de
balans tussen pro- en anti-inflammatoire cytokines kunnen herstellen en het inflammatie
proces in nierpatiénten zouden kunnen vertragen. Om dit te realiseren, zouden we dan eerst
moeten weten hoe cytokinen werken.

Op het celoppervilak zijn verschillende cytokine receptoren aanwezig. ledere
cytokine heeft zo zijn eigen receptor. Nadat een cytokine een verbinding heeft gemaakt met
zijn specifieke receptor, leidt dit tot intracellulaire activatie van een aantal eiwitten,
waaronder transcriptirfactoren van de STAT familie (wat voor “Signal transducer and
activator of transcription” staat). Deze moleculen kunnen zich vervolgens verplaatsen naar de
kern, om daar te binden aan DNA en te zorgen dat van bepaalde genen mRNA kopieén
worden gemaakt. Later wordt in het cytoplasma op basis van deze gekopieerde genen nieuwe
eiwitten gemaakt, die bepaalde functies van de cel (zoals cytokinen productie en migratie)
kunnen beinvloeden. De activiteit van STAT transcriptiefactoren leidt ook tot de inductie van
een speciale familie van eiwitten die SOCS worden genoemd (SOCS is de afkorting voor
“suppressors of cytokine signaling”). SOCS eiwitten zijn in staat de werking van STAT
transcriptiefactoren te remmen en vormen zo eigenlijk de natuurlijke procesremmers van
cytokinen. Omdat de productie van SOCS eiwitten het gevolg is van STAT activiteit (die door
cytokinen geactiveerd is), kan verhoogde SOCS in de cel aangeven dat deze cel onder invloed
van cytokine(n) geweest is. Tot dusver zijn er 8 eiwitten bekend die tot de SOCS familie
behoren namelijk SOCS1 t/m 7 en CIS. Het is belangrijk ons te realiseren dat normaliter SOCS
eiwitten de werking van zowel van pro- als anti-inflammatoire cytokinen kunnen remmen. Als

de werking van anti-inflammatoire cytokinen geremd wordt, of als de werking van pro-
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inflammatoire cytokinen onvoldoende geremd wordt, leidt dit tot verhoogde inflammatie. In
nierpatiénten bestaan aanwijzingen dat de werking van belangrijke anti-inflammatoire
factoren verminderd is. De oorzaak hiervan is echter niet duidelijk, maar zou mogelijk
verband met de aanwezigheid van te veel SOCS eiwitten in bepaalde cellen. Daarom denken
we dat verhoogde SOCS in bepaalde celtypen zou betrokken zijn bij verhoogde inflammatie in

nierpatiénten en vervolgens in de ontwikkeling van atherosclerose.

Het proefschrift

Dit proefschrift bestudeert de relatie tussen SOCS eiwitten en inflammatie in
nierpatiénten en eveneens hoe verhoogde SOCS eiwitten de werking van cytokinen kan
beinvloeden.

Hoofdstuk 1 geeft een uitgebreide inleiding over chronisch nierfalen en de daarbij
behorende gevolgen zoals verhoogde atherosclerose. Verder is er beschreven hoe verhoogde
inflammatie de functie van zowel bloedcellen als endotheelcellen in een pro-inflammatoire
richting verandert. Verder wordt ook veel aandacht besteedt aan de invloed van cytokinen op
de functie van hun target cellen door het activeren van STAT eiwitten en inductie van SOCS
eiwitten. In hoofdstuk 1 wordt verder beschreven dat veranderingen in SOCS expressie aan
de basis van een aantal inflammatoire ziektes liggen. Ook wordt de vraag gesteld of SOCS
betrokken kan zijn bij de ontwikkeling van hart- en vaatziektes. Ten slotte worden de
algemene hypothese en vragen van deze studie beschreven.

Eerst is de hypothese getest of verhoogde inflammatie in CKD patiénten gepaard
gaat met verhoogde SOCS in monocyten en lymfocyten. (CKD, wat voor “chronic kidney
disease” staat verwijst naar patiénten die nog geen dialyse behandeling hebben gehad).
Omdat deze cellen in direct contact zijn met verhoogde systemische inflammatie (hoofdstuk
2). Inderdaad hebben we aangetoond dat in CKD patiénten SOCS3 verhoogd is in monocyten
en SOCS1 in lymfocyten. Tevens hebben we aangetoond dat verhoogde SOCS1 in lymfocyten
correleert met verhoogde tumor necrosis factor alfa (een pro-inflammatoire cytokine) in het
bloed. Dit bewijst dat SOCS verhoogd is in circulerende witte bloedcellen van CKD patienten
en dat dit mogelijk het gevolg is van verhoogde inflammatie. Vervolgens hebben we met

behulp van statistische testen gekeken of er correlaties bestonden tussen verhoogde SOCS in
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circulerende bloedcellen en risicofactoren van hart- en vaatziektes zoals bloeddruk,
verminderde nierfunctie en de flexibiliteit van de vaatwanden. Deze analyses toonden aan
dat verhoogde SOCS3 in monocyten correleert met verminderde nierfunctie, terwijl
verhoogde SOCS1 in lymfocyten correleert met verhoogde bloeddruk, in flammatie en
verminderde flexibiliteit van de vaatwanden. Omdat verminderde nierfunctie, verhoogde
bloeddruk, verhoogde inflammatie en verminderde flexibiliteit van de vaatwanden bekend
zijn als risicofactoren van hart- en vaatziektes, stellen we voor dat verhoogde SOCS een
nieuwe intracellulaire marker voor hart- en vaatziektes in nierpatiénten zou kunnen zijn.
Vervolgens wordt dezelfde hypothese dat verhoogde inflammatie gepaard gaat met
verhoogde SOCS in circulerende witte bloedcellen getest in ESRD (wat voor “end stage renal
disease” staat) patiénten die in eindstadium van nierfalen verkeren (hoofdstuk 3). Bij deze
patiénten is de functie van de nieren zodanig verminderd dat dialyse onvermijdelijk is. Verder
is de inflammatie bij deze patiénten nog hoger dan CKD patiénten, wat te maken zou kunnen
hebben met het dialyse proces. We vonden zowel verhoogde SOCS1 in monocyten als
lymfocyten en verhoogde CIS-1 in lymfocyten van ESRD patiénten. Verder constateerden we
dat verhoogde SOCS1 in monocyten met verhoogde interleukine 6 (een cytokine die beide
pro- en anti-inflammatoire effecten heeft) correleert. Dit bevestigt dat verhoogde
inflammatie in nierpatiénten gepaard gaat met verhoogde SOCS in circulerende cellen.
Hoewel deze data onze hypothese bevestigen, leggen ze geen direct verband tussen
verhoogde SOCS in monocyten en lymfocyten en het ontstaan van atherosclerose in
nierpatiénten. Desondanks zijn er studies met muizen uitgevoerd, die de aanwezigheid van
SOCS1 en SOCS3 in atherosclese plaques hebben aangetoond. Bovendien toont één van deze
studies aan dat de afwezigheid van SOCS3 in monocyten in het atherosclerose muizen model
gepaard gaat met verminderde atherosclerose. Deze studie legt een direct verband tussen
SOCS expressie in monocyten en het atherosclerose proces en introduceert SOCS3 in
monocyten als een pro-atherosclerose factor. In onze studie hebben we aangetoond dat
SOCS3 in monocyten van CKD patiénten verhoogd is en niet bij ESRD patiénten. En dus is het
interessant om verder uit te zoeken of verhoogde SOCS3 in monocyten van CKD patiénten
gepaard gaat met verhoogde atherosclerose. In tegenstelling tot SOCS3 kan SOCS1 het
ontstaan van atherosclerose vertragen en dat heeft te maken met het remmende effect van

SOCS1 op een aantal pro-inflammatoire cytokinen (o.a. interferon gamma). We vermelden
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hier de verhoogde SOCS1 in monocyten van ESRD patiénten. Desondanks kan onze data niet
aangeven of verhoogde SOCS1 in monocyten van ESRD patiénten inderdaad gepaard gaat
met verminderde atherosclerose. Dit zou dan ook in een vervolg studie moeten worden
onderzocht.

In de hoofdstukken 4 en 5 beschrijven we hoe verhoogde SOCS in een bepaalde
cellijn de response van de cel op andere cytokinen beinvloedt. Zoals hierboven besproken is
onder inflammatoire omstandigheden (zoals nierfalen) het bloedgehalte van bepaalde
inflammatoire cytokinen verhoogd. Gevolg van dit fenomeen is dat cellen die direct contact
hebben met het bloed zoals bloedcellen en cellen die de vaatwand bedekken
(endotheelcellen) bloot worden gesteld aan een aantal cytokinen. Deze cytokinen kunnen
elkaars werking versterken of verzwakken. Als bijvoorbeeld twee cytokinen via dezelfde
STAT(s) werken, kan hun gelijktijdige signaal verstrekt worden. SOCS eiwitten die echter door
een cytokine worden opgereguleerd, kunnen zo de werking van een andere cytokine(n)
verminderen. In dit verband hebben we in een humane endotheelcellijn de interacties tussen
twee cytokinen bestudeerd die een belangrijke rol bij de ontwikkeling van atherosclerose
spelen, namelijk: interleukine 6 en interferon gamma. In eerste instantie hebben we
onderzocht welke STAT door interferon gamma of interleukine 6 in endotheelcellen wordt
geactiveerd en welke SOCS door ieder cytokine worden geinduceerd. Vervolgens hebben we
de interacties tussen deze twee cytokinen onderzocht (hoofdstuk 4). Onze data toonde aan
dat stimulatie van endotheelcellen door interferon gamma tot activiteit van STAT3, en
voornamelijk STAT1 leidt, en dat stimulatie door interleukine 6 tot activiteit van STAT3 leidt.
Verder is aangetoond dat interferon gamma stimulatie van endotheelcellen tot inductie van
SOCS3 en voornamelijk SOCS1 leidt, terwijl interleukine 6 stimulatie tot inductie van SOCS3
leidt. SOCS1 remt voornamelijk de activiteit van STAT1 en SOCS3 remt de activiteit van STAT3.
Vervolgens werden endotheelcellen eerst behandeld met interferon gamma en vervolgens
met interleukine 6. De belangrijkste bevinding was dat de voorbehandeling van
endotheelcellen met interferon gamma, de activiteit van STAT3 door interleukine 6
vermindert. In dit verband hebben we met behulp van verschillende technieken aangetoond
dat dit remmende effect afhankelijk is van SOCS3 inductie door interferon gamma. Omdat
voornamelijk STAT3 activiteit verantwoordelijk is voor het induceren van target genen van IL-

6, hebben we uitgezocht hoe deze verminderde STAT3 activiteit de expressie van interleukine
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6 target genen (die pro- of anti- inflammatoire effecten kunnen hebben) beinvioedt
(hoofdstuk 5). Onze data suggereert dat de communicatie over en weer tussen interferon
gamma en interleukine 6 (die SOCS3 afhankelijk is) ervoor zorgt dat de expressie van STAT3
target genen - die beschermende effecten voor endotheelcel zouden kunnen hebben
verminderd is, terwijl de expressie van bepaalde genen (die waarschijnlijk STAT3
onafhankelijk zijn) die pro-inflammatoire invloeden zouden kunnen hebben ongedeerd
bleven of zelfs verhoogd waren. Dit zou een mechanisme kunnen zijn waarbij het
functioneren van endotheelcellen wordt verstoord en dit zou weer kunnen bijdragen aan de
ontwikkeling van atherosclerose.

Het is ook belangrijk te weten dat activiteit van STAT1 en STAT3 tot tegengestelde
effecten leidt. In de meeste gevallen leidt STAT1 activiteit tot celdood en pro-inflammatoire
effecten, terwijl STAT3 activiteit de levensduur van de cellen verlengt en het zou ook andere
anti-inflammatoire effecten kunnen hebben. Eerdere studies hebben aangetoond dat in
afwezigheid van STAT3, interleukine 6 via STAT1 kan werken, en in dit geval interleukine 6
meer proinflammatoire effecten heeft. Omdat interleukine 6 zowel pro- als anti-
inflammatoire effecten heeft, hebben we in hoofdstuk 6 de hypothese getest dat STAT1 een
belangrijke rol in de werking van interleukine 6 speelt en dat STAT1 verantwoordelijk zou
kunnen zijn voor pro-inflammatoire effecten van interleukine 6. Om deze hypothese te testen
hebben we gebruik gemaakt van bepaalde muizen modellen die geen STAT1 bevatten. Onze
voorlopige data in hoofdstuk 6 toont aan dat de expressie van bepaalde target genen (zoals
SAA1; een eiwit die betrokken is bij inflammatie proces) van interleukine 6 behoorlijk wordt
verlaagd in afwezigheid van STAT1, wat weer aantoont dat STAT1 een belangrijke rol in de
werking en effecten van interleukine 6 speelt. Deze studie zou echter met een groter aantal
muizen moeten worden herhaald.

In hoofdstuk 7 zijn de bevindingen van de gehele studie op een rijtje gezet en is
uitgelegd wat die voor nierpatiénten zou kunnen betekenen en waarop eventuele vervolg
studies zich moeten richten om de rol van SOCS als een marker van hart- en vaatziektes in
nierpatiénten en de rol van SOCS als een therapeutische mogelijkheid voor atherosclerose te

kunnen bevestigen.
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