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Summary
Low-grade chronic inflammation underlies the develop-
ment of the most dangerous cardiometabolic disorders
including type 2 diabetes and its vascular complications.
In contrast to acute inflammation induced by bacteria
and viruses, chronic inflammation can be driven by ab-
normal reaction to endogenous factors, including Th2
cytokines, metabolic factors like advanced glycation end
products (AGEs), modified lipoproteins, or hyperglyce-
mia. The key innate immune cells that recognize these
factors in blood circulation are monocytes. Inflammatory
programming of monocytes which migrate into tissues
can, in turn, result into generation of tissue macrophages
with pathological functions. Therefore, determination of
the molecular and functional phenotype of circulating
monocytes is a very promising diagnostic tool for the
identification of hidden inflammation, which can precede
the development of the pathology. Here we propose a
new test system for the identification of inflammatory
programming of monocytes: surface biomarkers and ex
vivo functional system. We summarize the current
knowledge about surface biomarkers for monocyte sub-
sets, including CD16, CCR2, CX3CR1, CD64, stabilin-1
and CD36, and their association with inflammatory
human disorders. Furthermore, we present the design of
an ex vivo monocyte-based test system with minimal set
of parameters as a potential diagnostic tool for the iden-
tification of personalized inflammatory responses.

© 2016 S. Karger GmbH, Freiburg

Introduction

Low-grade chronic inflammation underlies the development of
the most dangerous cardiometabolic disorders including type 2 di-
abetes and its vascular complications. A crucial role in the initia-
tion of low-grade chronic inflammation is played by the immune
cells of the adipose tissue [1]. In obesity the higher percentage of
immune cells infiltrating the adipose tissue and their activation is
associated with systemic inflammation, insulin resistance, and
metabolic syndrome [2, 3]. In type 2 diabetes additional inflamma-
tory sites are found in muscle, liver and pancreas, with infiltrating
immune cells secreting a range of pro-inflammatory cytokines like
TNEF-q, IL-1p, and IL-6. These cytokines as well as C-reactive pro-
tein (CRP), fibrinogen, sialic acid, von Willebrand factor (VWEF),
D-dimer, and plasminogen activator inhibitor-1 (PAI-1) are also
predictive of type 2 diabetes and its micro- and macrovascular
complications [3, 4].

Atherosclerosis is the most severe and life-threatening compli-
cation of diabetes which is characterized by the inflammation of
the vascular wall and formation of atherosclerotic plaques caused
by the infiltration and accumulation of lipid-laden macrophages
[5, 6]. Despite a long history of investigation of the inflammatory
nature of atherosclerosis, the early events leading to the activation
of endothelial cells and circulating monocytes are still questiona-
ble, and biomarkers for the initial stages of atherosclerosis are
needed [5].

In contrast to the acute inflammatory reactions induced by bac-
teria and viruses, chronic inflammation can be driven by abnormal
reaction to endogenous factors, including Th2 cytokines [7], meta-
bolic factors like advanced glycation end products (AGEs) [8],
modified lipoproteins [9], or hyperglycemia [10].

The key cells of the innate immune system that recognize these
factors in blood circulation are monocytes. Inflammatory pro-
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gramming of monocytes which migrate into tissues can, in turn,
result in a generation of tissue macrophages with pathological
functions. Therefore, determination of the molecular and func-
tional phenotype of circulating monocytes is a very promising di-
agnostic tool for the identification of hidden inflammation, which
can precede the development of the pathology.

In this review we aim to summarize the current knowledge
about surface biomarkers for monocyte subsets and present a de-
sign of an ex vivo monocyte-based test system with minimal set of
parameters as a potential diagnostic tool for the identification of
personalized inflammatory responses.

Monocyte Surface Biomarkers

The heterogeneity of circulating monocytes has been recognized
for a long time, and various parameters can differ, including mor-
phology, size, level of maturation, molecular profiles, and func-
tional properties [11-13]. However, the primary parameter that is
useful for clinical application and can be quantified by flow cytom-
etry is the expression of surface biomarkers. The best known sur-
face marker for the identification of subsets of human circulating
CD14+ monocytes is CD16. Three major subpopulations of circu-
lating monocytes can be distinguished according to the CD14 and
CD16 ratio: CD14++ CD16- (classical), CD14++ CD16+ (interme-
diate), and CD14+ CD16++ (non-classical). The percentage of
CD16+ monocytes is minor in healthy young individuals, not ex-
ceeding 5%, but is rising with age (reviewed in [14]).

CD16 (FcyR type III) had originally been described as an anti-
gen that discriminates between natural killer (NK) subpopulations
and was later found to be expressed on functionally distinct mono-
cyte subsets (reviewed in [15]). Several studies suggested that CD16
can be an indicator for the specific inflammatory programming of
monocytes. Thus, it was found that the population of CD16(+)
monocytes is a major producer of inducible TNF in human blood,
and the number of CD16(+) monocytes is increased during infec-
tions [16-18].

CD16+ monocytes are also increased in patients with metabolic
disorders where low-grade inflammation is frequently found in fat
tissue. Thus, the percentage of CD16+ monocytes positively corre-
lates with the body mass index, insulin resistance/diabetes and in-
tima-media-thickness, while weight loss after gastric bypass sur-
gery in severely obese patients leads to a significant reduction of
CD16+ monocytes [18, 19].

There are also some indications that the amount of CD16+ is
elevated in patients with familiar hypercholesterolemia (FH), a ge-
netic disorder characterized by high cholesterol levels due to muta-
tions in the LDLR gene which encodes the low-density lipoprotein
(LDL) receptor that leads to early onset of atherosclerosis. A weak
positive correlation of CD16+ monocytes with total plasma choles-
terol and triglyceride levels was first described for FH patients with
coronary heart disease [20]. It was recently demonstrated, that in
patients with acute decompensated heart failure (ADHF) the ad-
mission proportion of CD14++ CD16- monocytes was lower,
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while the proportion of CD14++ CD16+ and CD14+ CD16++
monocytes was higher compared to healthy control individuals.
Further, the proportion of CD14++ CD16- monocytes increased
and the proportion of CD14+ CD16++ monocytes decreased be-
tween admission and discharge [21]. Therefore, the dynamics in
the proportion of CD14++ CD16-, CD14++ CD16+ and CD14+
CD16++ monocyte subsets can be used as an indicator for resolu-
tion of an acute inflammatory state in patients with ADHF [21].

However, the reports about the increase of CD16+ monocytes
in human inflammatory disorders are still controversial. And, since
CD16 is expressed on a part of circulating monocytes in healthy
individuals, it can also be considered as a differentiation marker for
monocytes suggesting that CD14+ CD16+ monocytes are more
mature than CD14+ CD16- ones [15].

The next surface marker that was proposed to distinguish be-
tween monocyte subsets is C-C chemokine receptor 2 (CCR2) (re-
viewed in [22]). CCR2 is a receptor for the major chemoattractant
for monocytes, chemokine (C-C motif) ligand 2 (CCL2) / MCP-1,
that is responsible for the monocyte recruitment to the sites of in-
flammation, including atherosclerotic plaques and tumors. Three
monocyte subsets with distinct functions have been proposed
based on the addition of CCR2 to CD14 and CD16 as a third sur-
face biomarker. They include Monl (classical) CD14++ CD16-
CCR2+, Mon2 (intermediate) CD14++ CD16+ CCR2+ and Mon3
(non-classical) CD14++ CD16+ CCR2-. The following primary
functions were suggested for these subsets: phagocytosis and cy-
tokine production for CD14++ CD16- CCR2+ monocytes, pro-
angiogenic activity for CD14++ CD16+ CCR2+ monocytes, and
collagen deposition and anti-inflammatory effects for CD14++
CD16+ CCR2- monocytes [22]. However, it remains to be identi-
tied how these 3 functional subsets correlate with the clinical mani-
festations of inflammatory disorders in humans.

Also CXC chemokine receptor 1 (CX3CR1), a receptor for the
chemokine chemokine (C-X-C motif) ligand 1 (CX3CL1), can be
used for the identification of monocytes with specific functional
properties — patrolling vascular endothelium under homeostatic
and inflammatory conditions [23]. The patrolling monocyte subset
CX3CR1high CD14dim CD16+ in humans is distinct from the
classical monocyte subset CCR2high CD14+ CD16- and exhibits
unique functions in vasculature and inflammatory disease, includ-
ing the removal of damaged cells and debris from the vasculature,
regulation of wound healing, and the resolution of inflammation in
damaged tissues.

A different system to define the subsets of the circulating
human monocytes was suggested based on the expression of CD64,
Fcy-receptor-1. Grage-Griebenow et al. [11] have defined CD64-
as ‘intermediate’ and CD64+ as ‘regular’. According to this system
‘intermediate’ monocytes are subdivided into the group of CD64-
CD16- (below 10% of total monocytes) and a group that combines
CD64-/CD16+ and CD14dim/CD16+ (below 10% of total mono-
cytes). The CD64+ regular monocytes are subdivided into the
groups of CD64+ CD16- (below 10% of total monocytes) and
CD14+ CD16- (over 80% of total monocytes). The authors have
provided a very comprehensive characterization of the subgroups
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Table 1. Functions

Marker Function Role in inflammation References
of surface markers for
human monocytes CD14 co-receptor for the detection regulation of production of both pro-inflammatory [105, 106]
subsets of LPS cytokines and cytokine inhibitors
CD16 binds to the Fc portion of stimulation of production of pro-inflammatory [17]
IgG antibodies cytokines and antigen presentation for T cells
CCR2 receptor for MCP1/CCL2, induction of monocytes infiltration, involved in [22,107]
CCL7, CCLS8, CCL13 and CCL16 angiogenesis
CX3CR1 receptor for CX3CL1 patrolling vascular endothelium, removal of debris [23]
from the vasculature, regulation of wound healing
CD64 binds to the Fc portion of phagocytosis, chemotaxis, induction of [108, 109]
IgG antibodies pro-inflammatory cytokines
TLR-2/TLR-4 recognizes PAMPs and DAMPs induction of pro-inflammatory cytokines [110]
CD36 clearance of non-self and uptake of oxLDL which leads to up-regulation of [111, 112]
unwanted components pro-atherosclerotic cytokines and ROS production.
Critical for macrophage foam cell formation
Stabilin-1 clearance of non-self and silent clearance of unwanted-self components [30-32, 34]

unwanted components

(modified lipoproteins, cytokines, SPARC,
apoptotic bodies)

PAMPs = Pathogen-associated molecular patterns; DAMPs = damage-associated molecular patterns.

by molecular profiles, including surface markers and cytokines,
and functional properties, including phagocytosis, interaction with
T cells, tumor cytotoxicity and others. However, further studies on
human patient cohorts are needed in order to demonstrate that
changes in the ratio of such groups associate clearly with patho-
physiological processes in human disorders.

Potentially, also Toll-like receptors (TLRs) can be considered
as markers for monocyte subsets in the circulation. Several stud-
ies reported changes in TLR expression on circulating monocytes
in patients with metabolic, cardiovascular and infectious disor-
ders. The overweight / metabolic syndrome group demonstrated
a significant elevation in expression of TLR-2, TLR-4, TNF-a and
IL-6 in peripheral monocytes, and increased circulating levels of
TNF-a and IL-6 when compared with a overweight healthy group
[24]. TLR-4 and TNF-a are potential sensitive diagnostic bio-
markers for diabetic peripheral neuropathy in both general popu-
lation and type 2 diabetic subjects [25]. Patients with acute coro-
nary syndromes have an increased expression of TLR-2 and
TLR-4 on circulating monocytes [26, 27]. During sepsis in new-
borns, monocytes express higher levels of TLR-4 [28]. Monocytes
from HIV-infected patients displayed enhanced expression of
TLR-2 [29].

We were able to demonstrate that also scavenger receptors
(SRs) can be used as biomarkers for monocyte subsets in cardio-
metabolic disorders. SRs comprise a large group of heterogeneous
transmembrane proteins expressed on the cell surface with one
common major function: clearance of non-self and unwanted-self
components by internalization and targeting for the degradation in
lysosomes [5]. The complex interplay between various SRs affects
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the progression of atherosclerosis, since some SRs (e.g. CD36) re-
spond to modified lipoproteins by amplification of inflammation,
while some SRs seem to support tolerogenic reactions. Our long-
term studies indicate that stabilin-1 is one of such tolerogenic SRs
that mediates clearance of modified lipoproteins, apoptotic bodies,
cytokines, extracellular matrix components, and growth factors
without induction of pro-inflammatory reactions [30-35].

It was suggested that in cardiovascular disorders the outcome of
different SR activities will result in the decision of monocytes and
macrophages to maintain the homeostatic balance, to support
chronic inflammation and plaque instability, or to induce rapid fi-
brotic processes stabilizing the plaque [5].

We demonstrated that SRs contribute also to the functional di-
versity of monocyte subpopulations in patients with FH [36]. We
have examined whether CD14+ CD16+ and CD14++ CD16-
monocytes show functional differences in response to hyperli-
pidemic conditions in FH patients. It was demonstrated that
CD14+ CD16+ FH monocytes exhibit an increased uptake of oxi-
dized LDL via CD36, while CD14++ CD16- FH monocytes prefer-
entially internalize native LDL (nLDL). Increased expression of
CD68, stabilin-1, and CD11c was identified on CD14+ CD16+ FH
monocytes that correlated with higher adherence to activated en-
dothelial cells in response to oxidized LDL (oxLDL) and nLDL.
This study suggested that CD14+ CD16+ monocytes in FH pa-
tients have the specific function of oxLDL uptake at activated en-
dothelial cell layers, which is critical for the clearance of oxLDL
deposits from the vessel wall under hyperlipidemic conditions [36]
(table 1).
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Diversity of Monocyte-Derived Macrophages

Analysis of surface biomarkers on circulating monocytes and
identification of the proportion of specific monocyte subpopula-
tions is a promising tool for the detection of chronic inflammation
in the human body. However, low-grade inflammation does not
necessarily have a manifestation at the level of differential expres-
sion of surface monocyte markers and can be detected only by
using more advanced functional ex vivo systems, based on mono-
cyte-derived macrophages.

Adult monocyte-derived macrophages together with yolk
sac- and fetal monocyte-derived macrophages constitute a pull
of resident cells in solid tissues that can initiate acute inflamma-
tion by secretion of cytokines, enzymes and other active mole-
cules in response to pathogens or trauma [37]. Macrophages at-
tract and activate other cells of the adaptive immune system, in
particular T cells, to sites of chronic inflammation. Further,
macrophages are able to sense the time point when an injury is
terminated, to start the process of resolution of the inflamma-
tion, and to control the healing phase. We and others have dem-
onstrated that macrophages orchestrate the healing phase by re-
leasing tolerogenic cytokines and growth factors as well as extra-
cellular matrix enzymes and structural components, and by
clearance of waste molecules and apoptotic cells [31, 33, 38].
During the healing phase, macrophages suppress inflammatory
activities of other immune cells, clear the tissue from apoptotic
bodies and other unwanted-self components, induce and sup-
port angiogenesis to supply healing tissue with oxygen and nu-
trition, and stimulate somatic cells to reconstitute normal tissue
composition [39].

Our long-term investigation of macrophage biology and recent
work of other research groups have revealed that, to fulfill these
multiple temporary and spatially coordinated tasks, macrophages
have developed a great diversity in their subpopulations and plas-
ticity for their functional phenotypes [39-42]. It is widely accepted
that macrophage phenotypes represent a wide spectrum of activa-
tion states not restricted to M1 (classically IFN-y-activated) and
M2 (alternatively IL-4-activated) subtypes. In this review we will
utilize M1 and M2 for simplicity to define acute inflammatory
macrophages as M1 and healing/anti-inflammatory macrophages
as M2 37, 42].

Pathological events that block the ability of macrophages to
change the phenotype from M1 to M2 lead to chronic inflamma-
tion [43, 44]. We and others have demonstrated that inflammatory
macrophages (M1) can be converted to healing macrophages (M2)
by stimulation with cytokines [41, 45]. In tissues, macrophage sub-
populations can be identified by immunohistology and by using
double and triple immunofluorescent staining with advanced con-
focal microscopy visualization [46]. However, most of mac-
rophages’ histological biomarkers define tissue-specific homeo-
static or alternatively activated macrophages (like CD206 and sta-
bilin-1). Such markers can also be used for the identification of tu-
mor-associated macrophages [46-49]. However, specific markers,
which can define inflammatory macrophages in sites of acute or

Perspectives for Monocyte/Macrophage-Based
Diagnostics of Chronic Inflammation

chronic inflammation in human tissue by immunohistological
methods still have to be developed.

The task of our work for over 15 years was to analyze the re-
sponse of human monocytes to distinct M1 and M2 stimuli. Using
several systematic approaches including subtractive hybridization,
Affymetrix chip technology, analysis of protein networks by yeast
two-hybrid technology as well as number of functional assays, we
have identified that not a single factor but a complex molecular sig-
nature reflects responses of monocytes to the specific factors dur-
ing the monocyte-to-macrophage differentiation ex vivo. Molecu-
lar profiles of the macrophage subpopulations have been verified
by various methods including RT-PCR, Western blotting, flow cy-
tometry, immunofluorescence/confocal microscopy as well as
ELISA. Figure 1 summarizes the molecular profiles of mac-
rophages identified by us differentiated, from circulating primary
human monocytes in the presence of M1 stimuli (lipopolysaccha-
rides (LPS) or IFN-y) or M2 stimuli (TGF-f, IL-4, or glucocorti-
coids). These molecular signatures are also indicative for the func-
tional diversity of macrophage subpopulations we studied. We
have developed and applied functional assays for endocytosis,
phagocytosis, transcytosis, transmigration, and bacterial killing to
connect specific molecular profiles with the functional diversity of
macrophage subtypes. Thus, we identified that IL-4 is a major
driver for the tissue remodeling activity of M2 macrophage by the
induction of the release of matrix metalloproteinases (MMPs), tis-
sue transglutaminase, and other extracellular matrix components
[50]. We also demonstrated that the major impact of glucocorti-
coids on macrophage activity is the enhancement of endocytic and
phagocytic activity toward unwanted-self products that is essential
both for the resolution of inflammation and maintenance of ho-
meostatic tissue balance [31-33, 50]. We identified a complex re-
sponse of primary macrophages to TGF-B. TGF- is a pleiotropic
growth factor for which both a protective and a detrimental role in
atherogenesis was demonstrated [51]. We have shown that during
the process of monocyte-to-macrophage differentiation, the pres-
ence of glucocorticoids is essential for the expression of TGF-BRII
on the surface of macrophages that allows them to respond to
TGF-B1 by activation of Smad2/3 signaling and induction of a
complex gene expression program [40]. However, genes activated
by TGF-B1 in primary human macrophages were not limited to the
known Smad2/3-dependent ones (like Smad 7) (fig. 1). The next
study we performed has demonstrated that TGF-B1 induces not
only Smad2/3 signaling but also Smad1/5 signaling in primary ma-
ture human macrophages, where ALK5/ALK1 heterodimer was
responsible for the induction of Smad1/5 signaling by TGF-f1, but
not bone morphogenetic proteins (BMPs) [52]. Activation of
Smad1/5 by TGF-B1 induces very interesting profiles of genes in-
cluding HAMP (coding for the antimicrobial peptide hepcidin)
and PLAUR (coding for the receptor for plasminogen urokinase
activator), which contribute to atherosclerotic plaque vulnerability.
Hepcidin alters iron metabolism in macrophages and reduces lipid
efflux [53, 54], while increased expression of the receptor for plas-
minogen urokinase activator PLAUR is indicative for plaques in-
stability and rupture [55]. Therefore, for the first time we were able
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Fig. 1. Molecular signatures and functional
subtypes of human ex vivo generated
monocyte-derived macrophages.

LPS and IFN-y are grouped as M1-driving stimuli. Inflammatory

IL-4, dexamethasone (Dex) and TGF-p are cyt°k"?e
grouped as M2-driving stimuli. The list of production
specifically activated genes is indicated for each

macrophage subtype. The most pronounced M1

functional activities for each macrophage subtype
are defined according to the molecular profile and
functional tests.

to do distinguish between tolerogenic/profibrotic effects and
chronic inflammatory effects of TGF-p1 on macrophages. These
identified molecular profiles can be also further used in diagnostics
to predict the outcome of the effect of TGF-p in atherosclerotic pa-
tients, where Smad1/5 induced genes that are indicative for the
pro-atherogenic effects, while Smad2/3 mediates atheroprotective
effects of TGF-p.

Chitinase-Like Proteins

The challenging issue for distinguishing macrophage subpopu-
lations is to identify the minimal amount of parameters indicative
for the response to some specific stimuli that can be also linked to
the specific function. In this review we would like to attract the at-
tention to a new set of biomarkers that belong to the family of chi-
tinase-like proteins (CLPs). Mammalian CLPs are induced at sites
of inflammation and in tumors. The common structural feature of
mammalian chitinases and CLPs is the presence of highly con-
served Glyco_18 domain. The Glyco_18 domain is characteristic
for the evolutionary conservative chitinases which belong to the
family 18 glycosyl hydrolases. Enzymatically active chitinases cata-
lyze the hydrolysis of chitin, and their evolutionary conserved
function in lower life forms is host defense against chitin-contain-
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ing organisms [56]. There are 6 Glyco_18 domain-containing pro-
teins identified in human up to date and one additional in rodents
(see fig. 2 [57]). The last member of mammalian cCLP is SI-CLP,
secretion of which is regulated by the receptor stabilin-1 in mac-
rophages [57, 58]. Only two mammalian Glyco_18-containing pro-
teins are true chitinases and possess enzymatic activity: chitotriosi-
dase and acidic mammalian chitinase AMCase [59, 60]. Both chito-
triosidase and AMCase, in addition to the Glyco_18 domain, con-
tain the functional chitin-binding domain on their C-terminus.
Oviductin/MUCY contains a Glyco_18 domain and a long frag-
ment with numerous sites for O-glycosylation, typical for mucins.
YKL-39, YKL-40, SI-CLP, and YM1/YM2 (only in rodents) con-
tain a Glyco_18 domain only, lack critical amino acids within the
catalytic site (fig. 2), and therefore do not exhibit enzymatic activ-
ity [61].

The feature which makes human CLPs very attractive as precise
biomarkers for macrophage activation in response to specific stim-
uli is that these proteins are differentially activated in primary
human macrophages: YKL-40 is induced by IFN-y and suppressed
by dexamethasone, SI-CLP is induced by IL-4 in combination with
dexamethasone and suppressed by IFN-y, and YKL-39 is highly
specifically upregulated by TGF-p [57, 62].

Three human CLPs are secreted into the extracellular space and
can be detected in tissues and in blood circulation. However, up to
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Fig. 2. Chitinases and chitinase-like proteins. 29 360 390
A Schematic presentation of mammalian Glyco_18 Oviductin 678
domain-containing proteins. B Critical amino acid
in catalytic sites. The FDG sequence preceding
catalytic motif is shown in the shadowed box. B
Catalytic amino acids are shown in bold.
Complete active catalytic motifs are underlined. ) )
This research was originally published in Blood 1-186 Egg;gégﬁf 393 giygigl 8 prototype catalytic domain
[57]: Kzhyshkowska J, et al: Novel stabilin-1 l—l3l—FDGLDVSWIY%—385 YKL-39
interacting chitinase-like protein (SI-CLP) is 1-131-FDGLDLAWLYP-383 YKL-40
up-regulated in alternatively activated 1-131-FDGLNLDWQYP-398 YM1
macrophages and secreted via lysosomal pathway. 1-131-FDGLDLDWEYP-466 Chitotriosidase
Blood 2006;107:3221-3228. © the American 1-131-FDGLDEFDWEYP-368 AMCase
Society of Hematology. 1-132-FDGLDLFFLYP-678 Oviductin

date reliable tools for the detection of the CLPs in the circulation
are developed only for YKL-40 and include radioimmunoassay
(RIA) [63] and ELISA developed by Quidel and R&D systems.

Elevated levels of YKL-40 (CHI3L1) were first discovered in pa-
tients with inflammatory joint injuries and afterwards were found
in other inflammatory diseases. Currently YKL-40 is being sug-
gested as a biomarker in inflammatory pulmonary, cardiovascular,
metabolic, joint-related, hepatic and neurologic disorders [64, 65].
High levels of YKL-40 in serum, bronchoalveolar lavage fluid, or
sputum were found in various pulmonary disorders. In asthma,
YKL-40 levels correlated with some clinical signs such as exacerba-
tion, level of control, and obesity [66-69]. In chronic obstructive
pulmonary disease, high levels of YKL-40 were shown to correlate
with disease severity and overall survival [70, 71]. Similar findings
were obtained in patients with cystic fibrosis lung disease [72, 73].
Additionally, YKL-40 has been suggested as a biomarker for pul-
monary sarcoidosis [63], although some studies did not find any
correlation with clinical signs on follow-up [74].

Higher concentrations of YKL-40 in serum and plasma were
also reported in patients with cardiovascular disorders. In patients
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with acute myocardial infarction [75], coronary artery disease [76,
77] and carotid atherosclerosis [78], YKL-40 levels correlated with
the degree of vascular obstruction, symptoms and severity of the
disease. Additionally, it was shown that high serum YKL-40 is as-
sociated with vascular complications in patients with type I and
type II diabetes [79, 80]. Furthermore, analysis of YKL-40 levels in
plasma or serum could predict long-term mortality in patients with
coronary disease and type II diabetes [81, 82].

Increased YKL-40 levels in serum, plasma, or synovial fluid (SF)
were found to correlate with disease activity and response to treat-
ment in patients with rheumatoid arthritis and osteoarthritis [83,
84]. In rheumatoid arthritis, YKL-40 serum levels were also found
to correlate with erythrocyte sedimentation rate and IgM rheuma-
toid factor [85]. Patients with osteoarthritic lesions had a signifi-
cantly higher concentration of YKL-40 in SF as compared to
plasma (1,027.9 + 78.3ng/ml vs. 67.2 + 4.5ng/ml) and this level
correlated to the levels of some catabolic factors (MMP-1, MMP-3,
IL-6 and IL-17) associated with the disease [86].

Furthermore, elevated levels of YKL-40 were shown in patients
with various other disorders, ranging from periodontal disease [87]
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over diseases associated with liver fibrosis [88], to neurodegenera-
tive disorders like Alzheimer’s disease [89], inflammatory bowel
disease [90] and various forms of cancer [61]. Thus YKL-40 is ele-
vated in virtually all forms of chronic inflammation.

YKL-39, also known as chitinase 3-like-2 (CHI3L2), is a less
studied member of the CLP family and is expressed by chondro-
cytes and synoviocytes [91, 92]. On mRNA level, it was shown to
be up-regulated in cartilage and chondrocytes of patients with os-
teoarthritis [92, 93]. In contrast to YKL-40, YKL-39 was found to
play a role in the autoimmune response in patients with rheuma-
toid arthritis and osteoarthritis, with anti-YKL-39 antibodies found
in serum of approximately 11% of patients [94, 95].

The association of circulating levels of SI-CLP with human in-
flammatory disorders still remains to be identified.

Ex vivo Monocyte/Macrophage-Based Test System
as a Promising Diagnostic Approach

A part of resident tissue macrophages originate from monocytes
that circulate in the blood stream and obtain their first differentia-
tion and activation signal in the circulation [37]. Monocytes con-
stitutively migrate in healthy tissues and are actively recruited at
sites of inflammation. In tissues, monocytes differentiate into spe-
cific macrophage subtypes under the control of local soluble fac-
tors, where cytokines and growth factors have major effects.

However, already in the circulation monocytes can be exposed
to the drivers of chronic inflammation that affect their potential to
give origin to healthy tissue homeostatic macrophages, instead of
giving origin to pro-inflammatory macrophages that will affect
local tissue microenvironment. The factors in circulation that can
affect pro-inflammatory programming of macrophages include hy-
perglycemia, modified lipoproteins, heat shock proteins, hor-
mones, cytokines, growth factors as well as the previously de-
scribed family of CLPs.

Nonetheless, this pro-inflammatory programming of mono-
cytes in the circulation does not necessarily have a manifestation
on the level of known surface biomarkers that can be detected by
flow cytometry. In order to evaluate whether monocytes have been
programmed in the circulation, the next level of complexity in the
diagnostic system is needed that includes the isolation of mono-
cytes and ex vivo examination of their responses to cytokines or
other challenges. Such response can be detected on the level of in-
ducible molecular biomarkers where quantifications by RT-PCR,
ELISA and flow cytometry are the most precise methods. RT-PCR
is a precise methodology to quantify expression of genes coding for
the biomarkers the processing, transport or release of which have
no additional control points regulated by cytokines or other tissue/
disease-specific factors. One of such factors is CCL18, the most
abundant M2-produced cytokine; mRNA levels and protein release
in the intracellular space correspond to each other, and both RT-
PCR and ELISA can be used for its quantification. However, re-
lease of several cytokines including TNF-a, the most frequently
used biomarker for acute inflammation secreted by M1 mac-

72 Transfus Med Hemother 2016;43:66-77

rophages, have a very complex mode of release regulation, and
their secreted levels do not directly correspond to the level of
mRNA synthesis. Therefore, ELISA has to be used for TNF-a
quantification. The next level of test system complexity is needed if
functional activity of the secreted factors has to be identified. For
example, in case of MMPs, their release by macrophages do not
necessarily correspond to the enzymatic activity, that can be con-
trolled by activating and inhibiting factors produced not only by
macrophages but also other cell types [96].

Quantification of the surface-expressed biomarkers or trans-
membrane proteins located in the intracellular vesicles is usually
performed by flow cytometry on the intact or permeabilized cells,
correspondingly. In order to access their functional activity a spe-
cific test has to be selected for each specific biomarker. For exam-
ple, functional activity for the multifunctional receptor stabilin-1,
an M2 marker, can include examination of endocytosis of modified
lipoproteins and cytokines, phagocytosis of apoptotic bodies, or
transcytosis of growth factors. The decision which function is ex-
amined has to be related to the specific pathology or medical ques-
tion. For instance, for the examination of monocyte programming
of patients with metabolic syndrome, the internalization, intracel-
lular transporter and lysosomal degradation of modified lipopro-
teins is the most useful parameter to examine.

Based on our ex vivo experimental system for monocyte-to-
macrophage differentiation, we have started to elaborate a diagnos-
tically applicable test system. For the research purposes the best
source of the functionally active monocytes are buffy coats. Using
monocytes isolated out of bufty coats, we could demonstrate in
over 15 years of experience that high level of standardization can
be achieved in the isolation and cultivation procedures that allows
to compare both molecular profiling and functional activity of
monocytes for a number of individual healthy donors [41, 50].

In our system we used a two-step gradient centrifugation (first
gradient: Biocoll - to select for peripheral blood mononuclear cells;
second gradient: Percoll - to enrich for monocytes) followed by a
CD14+ positive selection and cultured the monocytes in serum-
free medium, supplemented with 5 mmol/l glucose and 108 mol/l
dexamethasone (fig. 3) [97]. In order to test whether monocytes of
a healthy donor or a patient have normal reactions or are pre-pro-
grammed for the inflammatory, fibrotic or tolerogenic reactions,
we cultivate monocytes in these conditions for 6 days to generate
MO (no cytokines), M1 (IFN-y) and M2 (IL-4) macrophages. The
release of the secreted cytokines can be monitored starting from 6
h of monocyte cultivation until day 6 and requires minimal
amount of cells (1 x 10° cells for each subtype of macrophages).
However, if flow cytometry, RT-PCR, or functional tests are ap-
plied, a separate sample (a well in a 6/12/24-well plate) is needed
for each time point increasing the required number of primary
monocytes. The amount of monocytes that can be isolated from
buffy coats is usually between 4 x 107 and 6 x 107 for each healthy
donor, which is sufficient for a number of stimulations and analy-
sis of responses by various methods. When the test system has to
be optimized for clinical use, the challenging issues are that the
amount of patients’ blood is restricted and the test system has to be
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Fig. 3. Schematic representation of monocyte isolation out of buffy coats for their subsequent analysis.

30 ml of diluted buffy coat (1:1 in PBS) is added on top of 15 ml of Biocoll solution. After a centrifugation step (30 min at 420 x g, without break) 4 layers are ob-
tained from top to bottom: plasma, peripheral blood mononuclear cell (PBMC), Biocoll and red blood cells (RBC). PBMCs are collected from the serum interphase
and washed twice with PBS and then are layered on top of a freshly prepared Percoll gradient (13.5 ml Percoll + 15 ml of Minimal Essential Medium Eagle + 1.5 ml

10x Earle’s Balanced Salt Solution). After another centrifugation step (30 min at 420 x g, without break) 3 layers are obtained from top to bottom: PBS, PMBCs rich
in monocytes and Percoll. The first two layers are collected and washed with PBS and then are incubated with CD14 beads. After a magnetic cell sorting procedure
CD14+ monocytes are collected (92-98% purity) and cultured in serum free medium. To generate M0, M1 or M2 macrophages no cytokines, IFN-y or IL-4 are

added respectively. Results can be obtained after 6h to 6 days by using the techniques listed in the figure.

adjusted for 5-6 x 10° primary monocytes for each patient. Using
such a monocytes/macrophage differentiation system, more com-
plex functions also can be examined, e.g. adhesion to the specific
surface, including extracellular matrix or implant coating materials
as well as the interaction with other cell types like adhesion to en-
dothelium or transmigration along the endothelium layers. In
order to define the range of healthy and disease-specific reactions,
such methods require a high level of standardization.

Application of ex vivo Monocyte-Based Test System

Nowadays a series of medical issues in the field of dental, ortho-
pedic, cardiovascular, and reconstructive surgery are solved with
the use of implantable biomaterials. They can be used to support a
biological structure, as in the case of bone screws and plates, to en-
hance as in the case of left ventricular assist devices, or to replace a
biological structure as in the case of teeth implants. In order to pro-
tect the organism against foreign bodies, in some cases unfortu-
nately our immune system launches a cascade of reactions with
dramatic outcomes: from intense pain and chronic inflammation
up to implant rejection. Macrophages are the immune cells respon-
sible for the initiation of the foreign body response [98]. This is
characterized by a release of pro-inflammatory cytokines and
chemokines which attract other immune cells to the peri-implanta-
tion site and initiate acute inflammation. If it is not successfully
resolved, it leads to chronic inflammation with the formation of
foreign body giant cells and fibrous encapsulation of the implant.
The chronic inflammation associated with the foreign body re-
sponse leads to a change of microenvironment around the im-
plants that can significantly affect the longevity of the implanted
devices, the end result being additional costs related with an addi-
tional surgical intervention and a decrease in patient quality of life
[99].

To solve these issues, different strategies have been adopted.
One strategy is to select a more biocompatible, preferably a biode-
gradable implant material to minimize adverse immune reactions.
However, in cases in which the mechanical properties of the im-
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plant are the primary concern and metals need to be used, a differ-
ent strategy is applied. Thin biomaterial coatings are used to cover
the main implant material, thus providing a more biocompatible
surface without significantly modifying implant mechanical prop-
erties [100]. Moreover, in order to maximize the biocompatibility
of the implant, there is a need of personalized selection of the ma-
terial, based on the host’s immune reaction at an early pre-implan-
tation stage [99].

In our laboratory, we addressed this problem by analyzing mac-
rophage responses to a biodegradable material [97] and to an im-
plant coating [101]. For this purpose, we used our model system
based on monocytes isolated out of bufty coats, as described ear-
lier, and culturedthem with different implant materials. High-mo-
lecular polylactic acid (PLA) and its modifications were used as bi-
odegradable materials, while the coatings were a multilayered film
of polyarginine and hyaluronic acid (PAR/HA) with the ability to
release an antimicrobial peptide: catestatin (CAT). We analyzed
the release of key inflammatory cytokines at days 1, 3 and 6 of in-
cubation by ELISA and the expression of key surface markers by
immunofluorescence and confocal microscopy. As key inflamma-
tory cytokines we took TNF-a (marker of M1 response) and
CCL18 (marker of M2 response) which are shown to take part in
chronic inflammation [102, 103]. For the study of surface markers,
we analyzed the expression of CD206 (marker of M2 response,
strongly up-regulated in macrophages during chronic inflamma-
tion [104]) and stabilin-1 (marker of M2 response with tolerogenic
functions [38]).

In the analysis of PAR/HA or PAR/HA + CAT coatings, we de-
termined that they had a strong inhibitory effect on the production
of both TNF-a and CCL18 as well as on the expression of CD206,
suggesting that these types of coatings would be suitable for use in
implantation to avoid chronic immune reactions [101]. When we
tested the macrophage reactions to PLA and its modifications, we
observed a donor-specific immune response to each type of mate-
rial. By using the 4 proposed biomarkers, we were able to select the
most biocompatible material for each individual donor [97]. To-
gether these studies show that an in vitro test system based on
CD14+ monocytes is a promising tool to rapidly identify a patient-
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Table 2. Biomarkers for ex vivo diagnostics of macrophage immune responses

Marker Type of Induced by ( type of response) Role in inflammation or tissue remodeling References
biomarker

Applied by us

TNF-a cytokine IFN-y, LPS (M1) stimulation of production of pro-inflammatory cytokines, [113, 114]
induction of endothelial dysfunction

CCL18 cytokine IL-4 (M2) directing the migration of regulatory T cells, regulation of [115,116]
angiogenesis, hematopoiesis

CD206 SR IL-4 (M2) phagocytosis of pathogenic microorganisms, internalization of [117-119]
lysosomal hydrolases, neutrophil-derived myeloperoxidase,
activation of anti-inflammatory functions, involved in antigen
presentation for T cells

Stabilin-1 SR IL-4 + dexamethasone (M2) silent clearance of unwanted-self components [31, 120]
(modified lipoproteins, SPARC, apoptotic bodies)

Planned

IL-1B cytokine IFN-y, LPS (M1) induces pro-inflammatory state and endothelial dysfunction [121]

IL-1Ra cytokine 1L-4 (M2) natural inhibitor of IL-1p, reduces systemic inflammation [122]

IL-6 cytokine IFN-y, LPS (M1), immune induces production of pro-inflammatory cytokines and also [123, 124]

complex + Toll-like receptor anti-inflammatory cytokines, profibrogenic cytokine, angiogenesis
ligands (M2b)

IL-8 cytokine IFN-y, LPS (M1) promotor of angiogenesis, activates neutrophil granulocytes, [1,125]
chemotactic for migratory immune cells

YKL-40 cytokine IFN-y (M2) induction of angiogenesis, stimulates bronchial smooth muscle [2,61,126]
cell proliferation and migration, inhibitor of apoptosis

YKL-39 cytokine TGE-p (M2) unknown

specific immune response and select the appropriate biomaterial
for each individual patient. By increasing the number of markers,
we can raise the specificity of the assay (table 2).

Conclusions

Circulating monocytes in human blood are highly informative
cells in order to detect early stage chronic/low-grade inflammation
and predict the development of cardiometabolic disorders and
their complications. Both the detection of surface biomarkers and
an ex vivo test system are promising approaches to identify pro-
inflammatory programming of monocytes. Despite identification
of several surface biomarkers that can be used to distinguish be-
tween monocytes subsets, the information about the association of
specific monocytes subsets with type and stage of inflammation is
still limited and larger patient cohort studies are needed. Moreo-
ver, isolation of specific monocyte subsets and their functional
analysis ex vivo is also required to predict their pathological func-
tions after differentiation in the tissue or disease-specific environ-
ment. We have initiated the optimization of the ex vivo monocyte/

74 Transfus Med Hemother 2016;43:66-77

macrophage-based test system, and were able to examine inflam-
matory versus tolerogenic reactions to materials used in implanta-
tion using a minimal set of parameters. However, this is only the
first step towards the design of clinically applicable system to iden-
tify individual responses to a spectrum of endogenous drivers of
cardiometabolic disorders, which can be used as a predictive tool
for disease progression and for choosing a personalized therapeutic
approach.
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