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Summary

 

YKL-40 is secreted by macrophages and neutrophils and patients with bacte-
rial infections have elevated circulating YKL-40. The aim was to evaluate
changes in plasma YKL-40 (determined by enzyme-linked immunosorbent
assay (ELISA) at 0, 2, 4, 8, 24 and 32 h) in eight healthy volunteers after injec-
tion with 

 

Esherichia coli

 

 endotoxin or saline. Plasma YKL-40 increased after
endotoxin injection from 31 mmmm

 

g/l (range 19–39 mmmm

 

g/l) to a maximum of 159 mmmm

 

g/
l (61–552 mmmm

 

g/l, 

 

P

 

 <<<<

 

 0·01) at 24 h. The finding that plasma YKL-40 increased
after endotoxin injection compared with saline (

 

P

 

 <<<<

 

 0·001) suggests that YKL-
40 has a functional role in infections.

 

Keywords:

 

 CHI3L1, endotoxin, HC-gp39, TNF-

 

a

 

, YKL-40 

 

I

 

ntroduction

 

YKL-40, a phylogenetically highly conserved heparin- and
chitin-binding lectin without chitinase activity [1–5], is a
member of ‘mammalian chitinase-like proteins’. The gene for
YKL-40 [6,7] and its crystal structure has been described
previously [8,9], but the site and mode of binding of YKL-40
to cell surface receptors is unknown. YKL-40 is expressed by
different inflammatory cells. Thus, neutrophil precursors
start synthesizing YKL-40 at the myelocyte–metamyelocyte
stage; it is stored in the specific granules of neutrophils and
released from fully activated cells [10]. YKL-40 expression 

 

in
vitro

 

 is absent in normal human monocytes but induced
strongly during late stages of macrophage differentiation [6].
In the latter, secretion of YKL-40 appears restricted to dis-
tinct subtypes. Serial analysis of gene expression has demon-
strated 288-fold increased YKL-40 transcripts in monocytes
stimulated with granulocyte-macrophage colony-stimulat-
ing factor (GM-CSF), 182-fold in M-CSF-stimulated mono-
cytes and 31-fold increased YKL-40 transcripts in
lipopolysaccharide (LPS)-stimulated monocytes [11,12]. No
YKL-40 expression is found in human monocytes or den-
dritic cells [13]. 

 

In vivo

 

, YKL-40 mRNA and protein are

expressed by a subpopulation of macrophages in different
tissues, such as inflamed synovial membranes from patients
with rheumatoid arthritis, osteoarthritis or spondylarthrop-
athy [14–16], atherosclerotic plaques [17], arteritic vessels
from patients with giant cell arteritis [18] and sarcoid lesions
from patients with pulmonary sarcoidosis (personal obser-
vation). In patients with rheumatoid arthritis, YKL-40 pro-
tein is expressed in CD16

 

+

 

 monocytes with a dim expression
of CD14 [15]. This CD14

 

+

 

, CD16

 

+

 

 phenotype can differen-
tiate from classic CD14

 

2

 

+

 

 monocytes by maturation 

 

in vitro

 

and is believed to be a more mature version of monocytes
with properties of tissue macrophages, probably of proin-
flammatory type [19]. The blood count of CD14

 

+

 

, CD16

 

+

 

monocytes is increased in numbers in patients with sepsis,
rheumatoid arthritis, tuberculosis and solid tumours [19].

The regulation and definitive biological function of YKL-
40 have not been fully clarified. YKL-40 probably has a func-
tion in both acute and chronic inflammatory processes. The
finding that YKL-40 initiates a signalling cascade in fibro-
blasts which leads to increased cell proliferation suggests a
role in conditions leading to tissue fibrosis [20]. Moreover,
YKL-40 acts synergistically with insulin-like growth factor 1
in stimulating the growth of fibroblasts [20]. YKL-40 also
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acts as a chemo-attractant for vascular endothelial cells,
stimulates their migration and modulates their morphology
by promoting the formation of branching tubules, indicating
a role in angiogenesis [21].

More than 75% of patients with 

 

Streptococcus pneumoniae

 

pneumonia [22] and 

 

S. pneumoniae

 

 bacteraemia [23] have
elevated serum concentrations of YKL-40 compared with
healthy subjects, and an association exists between levels of
circulating YKL-40 and the severity and fatal outcome of the
disease. YKL-40 is found locally within the compartment of
an infection as illustrated by high levels in cerebrospinal fluid
of patients with purulent meningitis and encephalitis [24].
Finally, elevated serum YKL-40 levels are found in patients
with other diseases characterized by inflammation and tissue
remodelling, such as rheumatoid arthritis [2,16,25,26], giant
cell arteritis [18], inflammatory bowel disease [27], liver
fibrosis [28–30] and advanced cancer [31–35]. The study of
these patients, however, does not allow for assessment of the
dynamics of YKL release.

The human endotoxaemia model, featuring intravenous
endotoxin administration to human volunteers, has been
characterized previously in our laboratory [36–38]. Advan-
tages of the model include a well-defined starting point and
a reproducible, highly dynamic course displaying the
features of a systemic inflammatory response that is fully
reversible within hours. The systemic characteristics and
safety of the human endotoxaemia model have been docu-
mented amply. The initial symptoms, consisting of head-
aches, chills and malaise, occur at 60 min and peak at
90 min after endotoxin injection, followed by a gradual res-
olution over the next 2–3 h. The temperature peaks at 4 h
after endotoxin and decreases gradually thereafter. The peak
in symptoms at 90 min coincide with a peak in the arterial
concentration of tumour necrosis factor (TNF)-

 

a

 

, whereas
the concentrations of interleukin (IL)-6 and IL-1

 

b

 

 peak at
2–3 h and at 4 h hours after endotoxin, respectively [38].
The human endotoxaemia model was used in the present
study to test the hypothesis that endotoxin injection in
healthy subjects elevates plasma YKL-40, and to define the
time–course of this elevation in the early phase after endo-
toxin injection.

 

Materials and methods

 

Volunteers

 

Eight healthy young volunteers [21–25 years, 77 

 

±

 

 3 (mean 

 

±

 

s.e.) kg body weight] were studied. None of the subjects had
a history of medical problems. A physical examination and
blood analysis [haemoglobin, white blood cell and differen-
tial count, C-reactive protein (CRP), blood glucose, as well as
biomarkers of kidney function, liver function and the coag-
ulation system] prior to inclusion revealed no abnormalities.
The volunteers did not use any medication and had no
febrile illness in the 2 weeks preceding the study.

 

Study design

 

The design of the study has been described previously
[36,37]. The study was performed in an intensive care unit
setting under continuous supervision of an anaesthesiolo-
gist, with emergency and resuscitation equipment immedi-
ately available. The volunteers were studied after an
overnight fast and an intravenous bolus injection of 

 

Esheri-
chia coli

 

 endotoxin (lot EC-6, United States Pharmacopia
Convention, Rockville, MD, USA; 2 ng/kg body weight) or of
saline, respectively. The sequence of injections was random,
and studies were spaced at least 14 days apart. Because of the
obvious symptoms and clinical changes after endotoxin, nei-
ther volunteers nor staff members were blinded to the study
protocol. Subjects rested in the supine position, with contin-
uous monitoring of cardiovascular functions for 24 h. After
endotoxin injection, subjects were infused with isotonic
saline for 8 h (15 ml/kg/h for 1 h, followed by 7 ml/kg/h for
7 h), and were allowed to eat after 8 h. Blood samples were
obtained at baseline and 2, 4, 8, 24 and 32 h after injection of
endotoxin or saline. The study was approved by the regional
scientific ethics committee; written informed consent was
obtained from each volunteer.

 

Biochemical analysis

 

Blood samples were drawn into tubes containing ethylinedi-
amine tetra-acetic acid (EDTA) and trasylol and spun imme-
diately at 3500 

 

g

 

 for 15 min at 4

 

∞

 

C. Plasma was stored at 

 

-

 

70

 

∞

 

C until analysis. Plasma concentration of YKL-40 was
determined by a sandwich enzyme-linked immunosorbent
assay (ELISA) (Quidel, Santa Clara, CA, USA) [26]. The
intra- and interassay coefficients of variation are 3·6% and
5·3%, respectively; the detection limit is 10 

 

m

 

g/l. Plasma IL-
6 and TNF-

 

a

 

 were measured by ELISA (R&D Systems,
Abingdon, Oxon, UK HS600 and HSTA00C). Plasma IL-6,
TNF-

 

a

 

, neutrophils, serum CRP, orosomucoid and fibrino-
gen have been reported elsewhere [36,37].

 

Statistical analyses

 

Statistical analysis was performed with sigmastat, version
2·0 (SPSS Inc., Chicago IL, USA). Statistical significance
between measurements obtained at the different time-points
after endotoxin and after placebo injection (paired design)
was ascertained by two-way repeated-measures 

 

anova

 

. The
two factors were treatment (saline 

 

versus

 

 endotoxin) and
time. After a statistically significant treatment effect (or
treatment 

 

versus

 

 time interaction) was detected, a multiple-
comparison procedure (Tukey’s test) was used to identify
significant differences at each time-point. The results are
given as medians (range) or box-plots as indicated. Results
with 

 

P

 

-values 

 

£

 

0·05 were considered to be statistically
significant.
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Results

 

Figure 1a illustrates the changes in plasma concentrations
of YKL-40 after injection of endotoxin or saline in the
healthy volunteers. Plasma YKL-40 increased after adminis-
tration of endotoxin compared with saline (

 

P 

 

<

 

 0·001, two-
way repeated-measures 

 

anova

 

) from a median level of
31 

 

m

 

g/l (range 19–39 

 

m

 

g/l) before endotoxin to a maxi-
mum of 159 

 

m

 

g/l (61–552 

 

m

 

g/l) (

 

P 

 

<

 

 0·01) at 24 h. The
increase in plasma YKL-40 was significant (

 

P 

 

<

 

 0·01) at 2 h
and remained significant at all later time-points after
endotoxin injection. Plasma YKL-40 did not change after
saline injection and had a median level of 30 

 

m

 

g/l (15–
38 

 

m

 

g/l) at 24 h. Figure 2 shows the individual changes in
plasma YKL-40 in the healthy subjects after endotoxin or
saline injection.

Plasma concentrations of TNF-

 

a

 

 peaked at 1·5 h and
plasma IL-6 at 2 h after endotoxin injection. Rectal temper-
ature increased by approximately 2

 

∞

 

C, reaching maximal lev-
els at 4 h after endotoxin injection [36,37].

Changes in neutrophil counts and serum CRP over time
are shown in Fig. 1b and c, respectively. Maximum increases
in neutrophil count after endotoxin 

 

versus

 

 placebo injection

were found at 8 h [median (range) 12·0 

 

¥

 

 10

 

9

 

/l (9.2–14.7)

 

versus

 

 3·6 

 

¥

 

 10

 

9

 

/l (2.6–5.7), 

 

P

 

 

 

<

 

 0·01] and in serum CRP at 24
h [438 mg/l (297–779) 

 

versus

 

 48 mg/l, 

 

P

 

 

 

<

 

 0·01].

 

Discussion

 

The present study is the first to demonstrate that intravenous
injection of healthy subjects with 

 

E. coli

 

 endotoxin results in
an increase in plasma concentration of YKL-40 within 2 h.
The highest value was found at the 24 h time-point after
infusion. The peak value was located between 8 and 32 h
after endotoxin, although its exact location was not further
specified in this study.

Circulating TNF-

 

a

 

 and IL-6 increase markedly within the
first 2 h after endotoxin injection [37,38] and it is possible
that they induced YKL-40. However, the present study was
not designed to explore this relationship in detail.

The function of YKL-40 in infectious diseases is unknown,
but it may play a role in inflammatory and tissue remodel-
ling processes. YKL-40 expression is absent in normal
human monocytes but induced strongly during the late
stages of human macrophage differentiation [6,7] and after
stimulation with GM-CSF, M-CSF or LPS [11,12]. Recently,
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Fig. 1.

 

Changes in plasma concentrations of YKL-40 (a), neutrophil 

counts (b) and serum C-reactive protein (CRP) (c) in eight healthy 

subjects after injection with saline (first box-plot at each time-point) 

or endotoxin (second box-plot at each time). Values are box and 

whiskers plots of plasma YKL-40, neutrophil counts and serum CRP. 

Boxes show 25th, 50th and 75th centiles. Whiskers illustrate 5th and 

95th centiles. Circles represent outlier values. *Significant changes 

(

 

P 

 

<

 

 0·01) from baseline levels.
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the transcriptional regulation of YKL-40 during human
macrophage differentiation has been described [6,7]. There
are probably two independent transcription start sites; the
promoter sequence contains binding sites for several known
factors and specific binding of nuclear PU.1, Sp1, Sp3, USF,
AML-1 and C/EBP proteins. The Sp1-family transcription
factors appear to have a major role in controlling YKL-40
promoter activity. It has been suggested that the 

 

CHI3L1

 

gene in monocytes is in an inactive or unstable, yet primed
state, full activation of which may require additional events
(e.g. nucleosome remodelling) that may be initiated by addi-
tional elements upstream or downstream of the promoter
[7]. Neutrophil granulocytes share a common progenitor cell
with monocytes and neutrophil precursors begin to synthe-
size YKL-40 at the myelocyte–metamyelocyte stage [10].
YKL-40 is stored in the specific granules of neutrophils and
released after full activation of the neutrophils [10]. Because
YKL-40 is produced and released by activated macrophages
and neutrophils, it is most likely that these cells are the major
source of the observed increase in plasma YKL-40 after injec-

tion with endotoxin. It has been suggested that YKL-40 act as
an opsonin with a role in the immune response or as a chitin
sensor, switching on innate defences, helping to direct mac-
rophages to the site of invasion and to regulate the inflam-
matory response as a consequence of infection [8]. Another
of the ‘mammalian chitinase-like proteins’, Ym1/ECF-L, has
been proposed to have a role in directing components of the
immune system to the site of nematode infections [39]. YKL-
40 is a heparin-binding protein [4], and it has been found
recently that heparin-binding peptides derived from laminin
isoforms, von Willebrand factor, vitronectin, protein C
inhibitor, fibronectin and complement C exerted antimicro-
bial activities against Gram-positive and Gram-negative bac-
teria and the fungus 

 

Candida albicans

 

 [40]. Future studies
should evaluate if heparin-binding peptides from YKL-40
have similar effects.

In the present study, we found that plasma YKL-40
increased by fivefold at 24 h after injection with endotoxin in
healthy subjects. It has been shown earlier that patients with

 

S. pneumoniae

 

 pneumonia or bacteraemia had eight to 10
times as high serum YKL-40 at the time of hospitalization
as did healthy subjects [22,23]. YKL-40 can therefore be
regarded as an acute phase protein, as its concentration
increases by more than 25% following an inflammatory
stimulus.

In patients with 

 

S. pneumoniae

 

 bacteraemia, high serum
YKL-40, but not CRP, at time of diagnosis of 

 

S. pneumoniae

 

bacteraemia was an independent prognostic marker of mor-
tality [23]. In patients with 

 

S. pneumoniae

 

 pneumonia,
who were followed during antibiotic treatment, serum CRP
reached normal range a few days later than serum YKL-40
[22]. We found in the present study that the level of plasma
YKL-40 was already increased after 2 h, whereas serum CRP
did not increase until 8 h after endotoxin injection. Thus,
plasma YKL-40 increases earlier than serum CRP, suggesting
that it may add to the information provided by serum CRP
and may be of diagnostic value in patients with severe acute
bacterial systemic infections.

Endotoxin is a major stimulator of cytokines. Plasma TNF
and IL-6 are already significantly enhanced 30 and 60 min
after the administration of a bolus of endotoxin [38]. It is not
known how YKL 40 is regulated on the molecular level, but
according to the present study, its production, release, or
both may be stimulated by cytokines such as TNF-

 

a

 

 or IL-6,
which are up-regulated early after an inflammatory stimulus.
The present study suggests that YKL-40 is a true acute phase
reactant, the level of which may add to the information pro-
vided by previous well-characterized proteins such as CRP
during inflammation and infection.
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