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ABSTRACT

Small cell lung cancer (SCLC) is a highly malignant disease with dismal prognosis.
Although great progress has been made in investigating genetic aberrations and
putative drivers of this tumor entity, the mechanisms of rapid dissemination
and acquisition of drug resistance are not clear. The majority of SCLC cases are
characterized by inactivation of the tumor suppressors p53 and retinoblastoma (Rb)
and, therefore, interchangeable drivers will be difficult to target successfully. Access
to pure cultures of SCLC circulating tumor cells (CTCs) and study of their tumor
biology has revealed a number of new potential targets. Most important, expression of
chitinase-3-like-1/YKL-40 (CHI3L1) which controls expression of vascular epithelial
growth factor (VEGF) and matrix metalloproteinase-9 (MMP9) was newly described
in these cells. The process switching CHI3L1-negative SCLC cells to CHI3L1-positive
CTCs seems to be associated with cytokines released by inflammatory immune
cells. Furthermore, these CTCs were found to promote monocyte-macrophage
differentiation, most likely of the M2 tumor-promoting type, recently described to
express PD-1 immune checkpoint antigen in SCLC. In conclusion, dissemination of
SCLC seems to be linked to conversion of regular tumor cells to highly invasive
CHI3L1-positive CTCs, which are protected by immune system suppression. Besides
the classical targets VEGF, MMP-9 and PD-1, CHI3L1 constitutes a new possibly
drugable molecule to retard down dissemination of SCLC cells, which may be similarly
relevant for glioblastoma and other tumor entities.

INTRODUCTION

Lung cancer is the leading cause of cancer-related
deaths worldwide and, in particular, small cell lung cancer
(SCLC) constitutes a highly aggressive variant accounting
for approximately 15% of cases [1 - 3]. This tumor entity
is characterized by early dissemination and, therefore,
the majority of patients is not eligible for surgical
treatment and is treated by systemic chemotherapy [4].
Despite excellent initial response rates to platinum-
based combination chemotherapy patients relapse within
approximately one year and are not amenable to further
effective therapy [5, 6]. A host of chemotherapeutics and
targeted drugs have shown no advantage over standard
therapy [7]. In contrast to other tumor entities, SCLC
has been reported to exhibit high numbers of circulating
tumor cells (CTCs) in blood [8, 9]. CTCs are shed from

primary tumors or metastatic sites and may be used as so-
called liquid biopsies for early diagnosis, risk evaluation
and monitoring of therapy [10, 11]. In SCLC patients, the
detection rates of the CellSearch™ system which counts
EpCAM-positive tumor cells ranged from 14 to 70% [8].
A minority of these disseminated cells can develop into
metastases and most of the cells persist in blood only for a
short time and undergo apoptosis [10].

Molecular characterization of CTCs would require
expansion of CTCs in cell culture systems, so far only
achieved for a few breast cancer CTCs and one colon-
derived line [12, 13]. We collected peripheral blood of
SCLC patients at different stages, enriched CTCs by
Ficoll-Hypaque density gradient centrifugation and
obtained several SCLC CTC cell lines upon culture
in serumfree RPMI-1640 medium supplemented with
insulin, IGF-1, transferrin and selenite [ 14]. Proliferating
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CD56-positive CTC cultures from relapsed SCLC patients
displayed typical loosely attached or compact spheroid
morphology. Access to expanded SCLC CTCs allowed
for a detailed study of the cell biology of this invasive
population for the first time.

Expression of chitinase-3-like-1 by SCLC CTCs.

Screening of the permanent CTC cultures of patients
for secreted cytokines revealed presence of chitinase
3-likel (CHI3L1)/YKL-40, known to be upregulated in a
range of tumor entities and to be associated with increased
metastasis and decreased survival [15, 16]. The alternative
designation of CHI3L1, namely YKL-40, is based on the
first three N-terminal amino acids, tyrosine (Y), lysine
(K) and leucine (L) and the apparent molecular weight
of YKL-40 and is here not used furthermore [17]. This
protein lacks enzymatic activity and its mechanism of
promoting tumor dissemination has not been resolved.
Results from SCLC CTC cultures suggest CHI3L1 as
marker and important effector of tumor cell dissemination
in the peripheral blood. Furthermore, this protein may
link chronic inflammation of the lung, chronic obstructive
pulmonary disease (COPD) and lung cancer.

Levels of circulating CHI3L1 are increased in
many malignancies, including cancers involving the

lung, prostate, colon, rectum, ovary, kidney, breast,
glioblastomas, and malignant melanoma [17]. Numerous
studies have correlated elevated serum levels of CHI3L1
with poor prognosis and low survival in patients suffering
from these malignancies. Furthermore, in breast and
colon cancer it was shown that increased CHI3L1 levels
correlate with tumor grade and poor differentiation of
cancer cells [18, 19]. CHI3L1 was found to promote
cancer cell proliferation, macrophage recruitment and
angiogenesis [20]. CHI3L1 protein overexpression and
high microvascular density (MVD) were significantly
associated with tumor relapse and an unfavorable
overall survival in NSCLC, hepatocellular carcinoma,
glioblastoma, cervical and renal cancer [21 - 25]. In
summary, the CHI3L1 protein is expressed in many types
of cancer cells and its highest plasma levels have been
found in patients with metastatic disease, short recurrence/
progression-free intervals, and low overall survival [16,
26, 27]. Furthermore, serum CHI3L1 was evaluated
in 131 patients with SCLC and increased levels were
associated with increased hazard for death [28]. Elevated
serum levels of CHI3L1 have been correlated with poor
prognosis and shorter survival of patients with cancer and
inflammatory diseases. The biological and physiological
functions of CHI3L1 in cancer causing dissemination of
tumor cells have not yet been elucidated [17, 29].

Figure 1: Proposed model of SCLC CTC dissemination. SCLC is initiated by a series of mutations concerning p53 and Rb
tumor suppressors as well as one of several oncogenes which function as tumor drivers. Factors released by the tumor cells attract immune
effector cells causing local inflammation (IFL). Tumor-associated macrophages (TAM) secrete cytokines which promote cancer cell
growth and seem to induce CHI3L1 in putative precursors of CTCs. Furthermore, TAMs express immune checkpoint proteins (light green
macrophages), such as PD-1/PD-L1, which provide suppression of antitumor lymphocyte responses. The few susceptible SCLC cells
(red) which acquired the ability to produce CHI3L1 and express VEGF and MMP9 enter the bloodstream, possibly after epithelial-to-
mesenchymal transition (EMT). CTCs reach secondary sites for invasion and formation of metastases. Their production of CHI3L1 leads
to monocyte-macrophage differentiation and these new suppressive TAMs may shield the disseminated SCLC cells against attacks of the

immune system, such promoting formation of secondary tumor lesions.
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Role of mammalian chitinases

Chitinase enzymes hydrolyse the polysaccharide
chitin, an abundant architectural component in
invertebrates and fungi. Most mammals encode at least
two endochitinases (CHIT1 and CHIA/AMCase), as
well as several homologues encoding catalytically
inactive chitinase-like proteins in numerous pathological
conditions [30]. Expansion and selection of chilectins is
found in mammals and a function in immunity proposed
for CHI3L1. Mammals are not known to synthesize chitin
or metabolize it as a nutrient, yet the human genome
encodes eight glycoside hydrolase family 18 chitinases
(GH18) family members, obviously fulfilling alternative
functions [31, 17]. A process of gene duplication and
diversification has resulted in multiple functions that
are not related to nutrient utilization or growth-related
turnover of chitinous structures. GH18 proteins which lack
an essential catalytic glutamic acid that donates a proton
required for hydrolytic enzyme activity are likely to act
as lectins. Three human genes (OVGPI1, CHI3L1 and
CHI3L2) encode chitolectins likely to be involved in tissue
remodeling during inflammation and/or development. A
number of cell types, including macrophages, dendritic
cells, chondrocytes and synovial cells secrete CHI3L1
and CHI3L2 proteins under inflammatory conditions [17].
Association of GH18 chitinase activity with Th2-type cell
inflammation suggests a role at the interface of innate and
adaptive immunity.

CHI3L1 interacts with glycosaminoglycans, such as
heparin and hyaluronan, and binds to collagen type I, II,
and III [17]. CHI3L1 is a secreted 40 kDa glycoprotein
which lacks chitinase activity due to mutations within its
active site [32]. CHI3L1 has been linked to activation of
the AKT pro-survival (anti-apoptotic) signaling pathway
and enhances tumor survival in response to irradiation
which is frequently applied prophylactically in SCLC
[33]. CHI3L1 suppression by shRNA reduced glioma
cell invasion and anchorage-independent growth and
increased cell death in response to several anticancer
drugs, including cisplatin, etoposide and doxorubicin
[23]. The CHI3L1 protein was significantly elevated in
human serum samples from all types of lung cancers and
recombinant CHI3L1 stimulated proliferation and growth
of Lewis lung carcinoma cells [34, 35].

CHI3L1 is detectable in a variety of normal cells,
including macrophages, neutrophils, epithelial cells,
smooth muscle cells, and chondrocytes, and its expression
is stimulated by a number of cytokines, including I1L13,
IL6, IL1B, and IFNy [36]. Elevated serum levels of
CHI3L1 have been associated with a negative outcome in
a number of nonmalignant diseases such as inflammation
and asthma [17]. Additionally, CHI3L1 may link
inflammation of bronchial tissue, COPD and lung cancer
and provide an explanation for COPD as risk factor of

lung cancer [37]. The presence of CTCs as examined
by an ISET filtration-enrichment technique (Isolation by
Size of Tumor cells) in COPD patients (3% positivity)
was reported to precede the clinical detection of early
stage lung cancer by 1 — 4 years [38]. CHI3L1-positive
tumor cells, exhibiting altered regulation of VEGF and
MMP9, decreased expression of cadherin and increased
cell motility, display the combination of characteristics
required to generate metastases as CTCs [17]. Our results
demonstrating CHI3L1 as part of the secretome of ex vivo
expanded SCLC CTCs point to these disseminated tumor
cells as partial source of this protein directly produced in
blood [15].

CHI3L1 and inflammation in bening diseases

COPD is a complex inflammatory disease
involving several types of inflammatory cells and
multiple inflammatory mediators. Abnormal numbers of
inflammatory cells such as macrophages, dendritic cells,
neutrophils, and T lymphocytes have been documented
in COPD [39]. Acidic mammalian chitinase (AMCase)
inhibits chitin-induced innate inflammation, allergen-
induced Th2 inflammation and mediates effector functions
of IL-13. AMCase induces airway hyperresponsiveness in
allergic asthma patients. CHI3L1 inhibits oxidant-induced
lung injury, augments adaptive Th2 immunity, regulates
apoptosis, stimulates alternative macrophage activation
and contributes to fibrosis and wound healing [40].
CHI3L1(-/-) animals have markedly diminished antigen-
induced Th2 responses and epithelial CHI3L1 rescues the
Th2 responses in these animals [41]. The ability of IL13 to
induce tissue inflammation and fibrosis was also markedly
diminished in the absence of CHI3L1. This protein also
inhibit inflammatory cell apoptosis/cell death while
inhibiting Fas expression. Significantly higher serum
levels of CHI3LI1 in samples from smokers and COPD
patients compared to non-smokers indicate an important
role in pulmonary inflammation and emphysematous
alterations [42]. The related CHITI1-1 is expressed by
phagocytic cells [43]. Furthermore, CHI3L1 protein is
expressed in colonic epithelial cells and macrophages in
the inflamed colon of colitis [20].

COPD and lung cancer are closely related [44]. The
annual incidence of lung cancer arising from COPD has
been reported to be 0.8-1.7 %. Inflammatory mediators
may promote the growth of bronchioalveolar stem cells
in the development of lung cancer from COPD. The close
association between the two diseases is independent of the
smoking history [45].

CHI3L1 and inflammation in malignant diseases

Elevated serum CHI3L1 levels in patients with
metastatic cancers, including SCLC, are associated with
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poor prognosis, although SCLC cell lines display no or
very limited CHI3L1 expression [46]. In most biopsies
from SCLC patients, CHI3L1 mRNA transcripts were
positive but the signal was localized in macrophages in
the peritumoral stroma. No CHI3L1 mRNA expression
was found in the cancer cells, in macrophages
infiltrating the solid tumor areas, or in non-malignant
tissue. Inflammation is a hallmark of cancer put into
execution by immune cells which exert either pro- or
antitumor properties and alter resistance to therapy [47].
Macrophages originate from monocytic precursors in
the blood and undergo specific differentiation in tumors
to the so-called suppressor M2 type, which has poor
antigen-presenting capacity, impairs T-cell activation
and fuels angiogenesis and metastasis [48]. Tumor-
derived cytokines such as IL-4, IL-10, IL-13, TGF-p,
or prostaglandin E2 promote M2 generation and are
correlated to poor prognosis in several human cancers [49
- 51]. Metastasis is initiated by digestion of extracellular
matrix with matrix metalloproteinases (MMPs) and
stimulation of angiogenesis via VEGF production [52, 53].
In detail, tumor-associated macrophages (TAMs) isolated
in NSCLC and kept in short-term culture expressed high
levels of Cathepsin K, COX-2, MMP-9, PDGF-B, uPA,
VEGEF, and HGF [54]. The increase of invasiveness in
the lung cancer cell lines was also correlated with their
MMP9 activity. The M2-type TAMs in lung cancer release
IL-10 and TGFB [55, 56]. IL-10-positive xenografts
showed significantly increased tumor growth fractions
and increased angiogenesis. Expression of the cognate
receptor, IL-10R, was detected in approximately 20%
of NSCLC xenografts and IL-10R mRNA expression in
almost all cases of NSCLC [57]. The NSCLC patients
with IL-10 production showed a significantly poorer
prognosis [58].

Tumor cell dissemination to distant organ sites is
a complex process involving multiple cell types, soluble
growth factors, adhesion receptors, and tissue remodeling
[59]. In tumor biology, it has been increasingly appreciated
that MMP-9 from inflammatory cells, particularly
neutrophils, codetermines prognosis and outcome [60].
MMP-9 is induced by many pro-inflammatory cytokines.
MMP9-expressing tumor-associated macrophages play
a key role in preparing premetastatic sites for eventual
malignant cell growth in a manner dependent upon
vascular endothelial growth factor receptor-1 (VEGFR-1)
[61]. Whereas TAMs may kill neoplastic cells following
activation by IL-2, IFN, or IL-12, they produce a
number of potent angiogenic and lymphangiogenic
growth factors, cytokines, and proteases that potentiate
neoplastic development. Angiogenesis, i.c. the formation
of new blood vessels, is important for lung tumor
growth, invasion and metastasis [62]. The most studied
anti-angiogenic agents include anti-VEGF monoclonal
antibodies and VEGF receptor tyrosine kinase inhibitors
[63]. CHI3L1 induces angiogenesis in vitro and in animal

tumor models and is expected to promote evasion of
CTCs from primary sites [64]. A CHI3L1-neutralizing
monoclonal antibody blocks tumor angiogenesis and
progression. When CHI3L1 expression of a glioblastoma
cell line was inhibited, VEGF production was reduced but
blockade of VEGF induced the expression of CHI3L1
[17]. Thus, inhibition of VEGF by antibodies or small
molecule inhibitors may be counterproductive in SCLC.

Induction of expression of CHI3L1 in SCLC
CTCs

The proinflammatory cytokines, such as IL-
1, TNF-0, and IL-6, modulate CHI3L1 expression in
chondrocytes, macrophages, and also glioblastoma cells
[65, 66]. In chondrocytes, the inflammatory cytokines
TNF-a and IL1 potently induced steady-state levels of
CHI3L1 mRNA and protein secretion. Cytokines of the
IL-6 family activate STAT3 in vitro [67]. Nuclear factor
[-X3 (NFI-X3) and STAT3 form a complex that binds
to regulatory elements in the CHI3L1 promoter and
activates transcription [68]. In contrast to other cancer
types, TNFa suppresses CHI3L1 expression in glioma
cell lines in a NF-kB -dependent manner. Even though
TNF-alpha causes recruitment of p65 and p50 subunits
of NF-kB to the CHI3L1 promoter in all cell types,
recruitment of histone deacetylases (HDAC)-1 and -2, and
a consequent deacetylation of histone H3 at the CHI3L1
promoter occurs only in glioma cells [66]. The IL6
family of cytokines share gp130 as a signal-transducing
receptor component and oncostatin M, a member of this
family, exerts STAT3 activation [67]. The IL-1-induced
RelB/p50 complex formation was further promoted by
oncostatin M and that these complexes directly bound
to the CHI3L1 promoter [69]. Expression of RelB was
strongly upregulated during inflammation in vivo and
by IL-1 in astrocytes in vitro. Thus, IL-1 and the IL-6
family of cytokines regulate CHI3L1 expression during
inflammation via both STAT3 and RelB/p50 complexes.

pSTAT3 overexpression is an important factor
related to prognosis of NSCLC patients [70]. Similarly,
the expression levels of STAT3, pSTAT3, and VEGF-C
were higher in 128 cases of SCLC than in 40 normal
tissues [71]. These markers showed positive correlations
with lymph node metastasis, clinical stage, tumor size
and overall survival rates. Another group reported that
STAT3 is constitutively phosphorylated in SCLC and
is important in SCLC growth and spreading [72]. Thus,
induction of expression of CHI3L1 in SCLC CTCs stems
most likely from exposure of a fraction of the tumor cells
to inflammatory cytokines produced by macrophages in
the adjacent stroma tissue. STAT3 constitutes a putative
important mediator of this process. CHI3L1-positive
tumor cells armed with MMP9 and VEGF seem capable
to pass the neighboring matrix and enter the bloodstream,
possibly via newly formed microvessels (Figure 1). This
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mechanism of tumor escape and dissemination may not be
limited to SCLC, since similar effectors and processes are
reported for other tumor entities like the highly invasive
glioblastoma.

SCLC and immunotherapy

The immune checkpoint proteins, including the B7/
CD28 receptor superfamily, have become increasingly
important targets for pharmacologic blockade. Several
classes of new agents have impressive clinical activity in
melanoma and lung cancer [73, 74]. None of the SCLCs
showed PD-L1 protein expression in tumor cells [75].
PD-L1 and PD-1 expression was noticed in the stroma:
approximately 20% of cases showed PD-L1 expression in
tumour-infiltrating macrophages and approximately 50%
showed PD-1 positive tumor-infiltrating lymphocytes.
Thus, the PD-1/PD-L1 pathway seems to be activated in a
fraction of SCLCs. Gliomas, which express CHI3L1, are
known to induce local and systemic immunosuppression,
inhibiting T-cell-mediated cytotoxic responses to tumor
growth. In contrast to many other monocyte/macrophage
markers, CHI3L1 expression is absent in monocytes and
strongly induced during late stages of human macrophage
differentiation [76]. Gliomas can upregulate B7-H1
expression in circulating monocytes and tumor-infiltrative
macrophages through modulation of autocrine/paracrine
IL-10 signaling, resulting in an immunosuppressive
phenotype [77]. We have found that cocultures of SCLC
CTCs with normal white blood cells lead to monocyte-
macrophage differentiation (manuscript in preparation).
Such recruitment of macrophages by the CHI3L1-positive
CTCs may induce M2-type local immunosuppression and
protect the disseminated SCLC tumor cells from attack by
the immune system [78].

Targeting of CHI3L1

CHI3L1 suppressed E-cadherin but induced MMP9
and cell motility in glioma cells, all of them essential
features of tumor cell invasion [79]. Targeting CHI3L1
with neutralizing antibodies has been proven effective
as treatment of gliomas in animal models [80]. In good
agreement, CHI3L1 suppression by shRNA reduced
glioma cell invasion, anchorage-independent growth and
increased cell death in response to several anticancer
drugs, including cisplatin, etoposide and doxorubicin
[23]. Overactivation of the STAT3 pathway in lung
alveolar type II epithelial cells was described to induce
chronic inflammation and adenocarcinoma in the lung
of bitransgenic mice and downstream-regulated CHI3L1
showed increased concentration in bronchioalveolar
lavage fluid [81]. Thus, effects of the STAT3 inhibitor
STX-0119 on effects of CHI3L1 were studied [82].
Whereas this inhibitor lacked significant effects on growth

of a temozolomide-resistant U87 glioblastoma cell line,
it suppressed the growth of this tumor in nude mice by
more than 50%, and prolonged survival. Accordingly,
significantly decreased CH3L1 levels were found in cell
supernatants of the resistant U87 cell line in response to
STX-0119.

CHI3L1 has retained its chitosan binding activity.
Correspondingly, reports indicate that N-acetyl-d-
glucosamine oligomers (chitin oligosaccharide; NACOS)
and d-glucosamine oligomers (chitosan oligosaccharide;
COS) have activities against cancer and inflammation
[83, 84]. COS significantly inhibited cell proliferation
of the hepatocellular carcinoma cell line HepG2 and
intraperitoneal injections of COS delayed the growth
of HepG2 xenografts in immunodeficient mice [85].
Moreover, MMP9, an enzyme associated with metastasis,
could be inhibited by COS in Lewis lung carcinoma and
in corresponding xenografts. COS administration inhibited
tumor growth, decreased the number of metastatic
colonies in lung, and prolonged survival time. In another
model, decreased tumor dissemination could also be
demonstrated in response to administration of chitosan
nanoparticles [86].

Employing structural chitinase data, the inhibitor
bisdionin C which shows activity in the submicromolar
range against GH18 enzymes was designed [87]. A
crystallographic structure of a chitinase-bisdionin C
complex demonstrated that two aromatic systems of the
ligand block two conserved tryptophan residues of the
active site chitinases. The AMCase inhibitor bisdionin F
alleviated allergic inflammation in experimental animals;
however dramatic neutrophilia in the lungs was observed
as side effect [88]. Therefore, the current bisdionin drugs
are not expected to work in clinics but may serve as lead
compounds for development of chitinase inhibitors for the
clinics.

DISCUSSION

In contrast to non-small lung cancer (NSCLC),
targeted therapy directed to specific oncogenes is not
available for SCLC and platinum-based combination
chemotherapy with etoposide and second-line topotecan
are standard care [5, 6]. SCLCs invariably show
inactivation of p53 and retinoblastoma (Rb) and in the
absence of these two tumor suppressors several alternative
growth factor pathways induce vigorous progression [89].
Despite an initial high response rate, tumors relapse early
and are not amenable to effective further therapy. In most
cases CTCs are scarce and investigations are restricted
to single-cell genetic analysis and detection of surface
markers or a few cytokines [11] Ubiquitous expression
of CHI3LI in a range of solid tumors, as indicator of
early dissemination and lower overall survival, seems
to be partially due to CHI3L1-positive CTCs providing
an explanation for the correlation of this marker with
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tumor dissemination [15, 17]. Furthermore, several
findings indicate an association of CHI3L1 expression
with chemoreistance. It should be investigated whether
CHI3L1 constitutes a general CTC-associated marker,
aside from SCLC, and whether CTC counts parallel
the serum concentrations of this antigen. Expression of
CHI3L1 by SCLC CTCs is suggested to be acquired in
peritumoral stroma in response to inflammatory cytokines
produced by TAMs. CHI3L1 controls MMP9 and VEGF
and induces an invasive phenotype that may be targeted by
inhibitors aiming at induction, expression and/or function
of this secreted factor. The pathologist Rudolf Virchow
stressed the importance of inflammatory processes for
cancer in 1863, although they are not involved in initiation
of malignant diseases, as he thought, but in maintenance
of the tumors and most likely in arming and shielding of
CTCs [90, 91]. As SCLC is just an example of a highly
invasive cancer the proposed model may hold true for
other tumor entities, especially in the light of several
similar features observed in invasive glioblastoma such
as CHI3L1-positivity and recruitment of myloid-derived
suppressor cells [92, 93].

CONFLICT OF INTEREST

Authors declare no conflict of interest.

AUTHOR CONTRIBUTIONS

Gerhard Hamilton: Writing the manuscript.

Barbara Rath: Writing the manuscript
assembling the figure.

Ernst Ulsperger: Writing the manuscript and
finalizing details.

and

REFERENCES

1. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2015. CA.
A Cancer Journal for Clinicians 2015; 65:5-29.

2. Morabito A, Carillio G, Daniele G, Piccirillo MC,
Montanino A, Costanzo R, Sandomenico C, Giordano P,
Normanno N, Perrone F, Rocco G, Di Maio M. Treatment
of small cell lung cancer. Critical Reviews in Oncology/
Hematology. 2014; 91:257-270.

3. Pillai RN, Owonikoko TK. Small cell lung cancer:
therapies and targets. Seminars in Oncology. 2014; 41:133-
142.

4. Stamatis G. Neuroendocrine tumors of the lung: the role of
surgery in small cell lung cancer. Thoracic Surgery Clinics.
2014; 24:313-326.

5. Hensing T, Chawla A, Batra R, Salgia R. A personalized
treatment for lung cancer: molecular pathways, targeted
therapies, and genomic characterization. Advances in
Experimental Medicine and Biology 2014; 799:85-117.

6. Kalemkerian GP. Advances in pharmacotherapy of small

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

cell lung cancer. Expert Opinion Pharmacotherapy. 2014;
15:2385-2396.

Joshi M, Ayoola A, Belani CP. Small-cell lung cancer: an
update on targeted therapies. Advances in Experimental and
Medical Biology. 2013; 779:385-404.

Yu N, Zhou J, Cui F, Tang X. Circulating Tumor Cells in
Lung Cancer: Detection Methods and Clinical Applications.
Lung, 2015; 193:157-171.

Hodgkinson CL, Morrow CJ, Li Y, Metcalf RL, Rothwell
DG, Trapani F, Polanski R, Burt DJ, Simpson KL, Morris K,
Pepper SD, Nonaka D, Greystoke A, et al. Tumorigenicity
and genetic profiling of circulating tumor cells in small-cell
lung cancer. Nature Medicine. 2014; 20:897-903.

Rolfo C, Castiglia M, Hong D, Alessandro R, Mertens
I, Baggerman G, Zwaenepoel K, Gil-Bazo I, Passiglia F,
Carreca AP, Taverna S, Vento R, Peeters M, et al. Liquid
biopsies in lung cancer: the new ambrosia of researchers.
Biochim Biophys Acta 2014; 1846:539-546.

Alix-Panabieres C, Pantel K. Challenges in circulating
tumour cell research. Nature Reviews Cancer. 2014;
14:623-631.

Yu M, Bardia A, Aceto N, Bersani F, Madden MW,
Donaldson MC, Desai R, Zhu H, Comaills V, Zheng Z,
Wittner BS, Stojanov P, Brachtel E, et al. Cancer therapy.
Ex vivo culture of circulating breast tumor cells for
individualized testing of drug susceptibility. Science. 2014;
345:216-220.

Cayrefourcq L, Mazard T, Joosse S, Solassol J, Ramos J,
Assenat E, Schumacher U, Costes V, Maudelonde T, Pantel
K, Alix-Panabiéres C. Establishment and characterization
of a cell line from human circulating colon cancer cells.
Cancer Research. 2015; 75:892-901.

Hamilton G, Burghuber O, Zeillinger R. Circulating tumor
cells in small cell lung cancer: ex vivo expansion. Lung,
2015; 193:451-452.

Hamilton G, Rath B, Burghuber O. Chitinase-3-like-1/
YKL-40 as marker of circulating cancer cells. Translational
Lung Cancer Research. 2015; 4: 287-291.

Johansen JS, Schultz NA, Jensen BV. Plasma YKL-40: a
potential new cancer biomarker? Future Oncology. 2009;
5:1065-1082.

Libreros S, Garcia-Areas R, Iragavarapu-Charyulu V.
CHI3L1 plays a role in cancer through enhanced production
of pro-inflammatory/pro-tumorigenic and angiogenic
factors. Immunological Research. 2013; 57:99-105.

Shao R, Cao QJ, Arenas RB, Bigelow C, Bentley B, Yan
W, et al. Breast cancer expression of YKL-40 correlates
with tumour grade, poor differentiation, and other cancer
markers. British Journal of Cancer 2011; 105:1203-1209.
Kamba A, Lee IA, Mizoguchi E. Potential association
between TLR4 and chitinase 3-like 1 (CHI3L1/YKL-40)
signaling on colonic epithelial cells in inflammatory bowel
disease and colitis-associated cancer. Current Molecular
Medicine. 2013; 13:1110-1121.

www.impactjournals.com/oncoscience

689

Oncoscience



20.

21.

22.

23.

24.

25.

26.

Kawada M, Seno H, Kanda K, Nakanishi Y, Akitake R,
Komekado H, Kawada K, Sakai Y, Mizoguchi E, Chiba
T. Chitinase 3-like 1 promotes macrophage recruitment
and angiogenesis in colorectal cancer. Oncogene. 2012;
31:3111-3123.

Wang XW, Cai CL, Xu JM, Jin H, Xu ZY. Increased
expression of chitinase 3-like 1 is a prognosis marker
for non-small cell lung cancer correlated with tumor
angiogenesis. Tumour Biology. 2015; 36:901-907.

Pan JJ, Ge YS, Xu GL, Jia WD, Liu WF, Li JS, Liu WB.
The expression of chitinase 3-like 1: a novel prognostic
predictor for hepatocellular carcinoma. Journal of Cancer
Research and Clinical Oncology. 2013; 139:1043-1054.
Ku BM, Lee YK, Ryu J, Jeong JY, Choi J, Eun KM, Shin
HY, Kim DG, Hwang EM, Yoo JC, Park JY, Roh GS, Kim
HJ, et al. CHI3L1 (YKL-40) is expressed in human gliomas
and regulates the invasion, growth and survival of glioma
cells. International Journal of Cancer. 2011; 128:1316-1326.

Ngernyuang N, Francescone RA, Jearanaikoon P, Daduang
J, Supoken A, Yan W, Shao R, Limpaiboon T7. Chitinase
3-like 1 is associated with tumor angiogenesis in cervical
cancer. Intenational Journal of Biochemistry and Cell
Biology. 2014; 51:45-52.

Zhang JP, Yuan HX, Kong WT, Liu Y, Lin ZM, Wangs WP,
Guo JM. Increased expression of Chitinase 3-like 1 and
microvessel density predicts metastasis and poor prognosis
in clear cell renal cell carcinoma. Tumour Biology. 2014;
35:12131-12137.

Hogdall EV, Ringsholt M, Hegdall CK, Christensen 1J,
Johansen JS, Kjaer SK, Blaakaer J, Ostenfeld-Meller L,
Price PA, Christensen LH. YKL-40 tissue expression and
plasma levels in patients with ovarian cancer. BMC Cancer.
2009; 9:8.

27. Johansen JS, Christensen 1J, Riisbro R, Greenall M, Han

C, Price PA, Smith K, Briinner N, Harris AL. High serum
YKL-40 levels in patients with primary breast cancer is
related to short recurrence free survival. Breast Cancer
Research and Treatment. 2003; 80:15-21.

33.

34.

35.

36.

37.

38.

39.

40.

protein family. Journal of Biological Chemistry 1994;
268:25803-25810.

Francescone RA, Scully S, Faibish M, Taylor SL, Oh
D, Moral L, Yan W, Bentley B, Shao R. Role of YKL-
40 in the angiogenesis, radioresistance, and progression
of glioblastoma. Journal of Biological Chemistry 2011;
286:15332-15343.

Yan C, Ding X, Wu L, Yu M, Qu P, Du H. Stat3 downstream
gene product chitinase 3-like 1 is a potential biomarker of
inflammation-induced lung cancer in multiple mouse lung
tumor models and humans. PLoS One 2013; 8:¢61984.

He CH, Lee CG, Dela Cruz CS, Lee CM, Zhou Y, Ahangari
F, Ma B, Herzog EL, Rosenberg SA, Li Y, Nour AM, Parikh
CR, Schmidt I, et al. Chitinase 3-like 1 regulates cellular
and tissue responses via IL-13 receptor a2. Cell Reports.
2013; 4:830-841.

Schimpl M, Rush CL, Betou M, Eggleston IM, Recklies
AD, van Aalten DM. Human YKL-39 is a pseudo-chitinase
with retained chitooligosaccharide-binding properties.
Biochemical Journal 2012; 446:149-157.

Létuvé S, Kozhich A, Arouche N, Grandsaigne M, Reed J,
Dombret MC, Kiener PA, Aubier M, Coyle AJ, Pretolani
M. YKL-40 is elevated in patients with chronic obstructive
pulmonary disease and activates alveolar macrophages.
Journal of Immunology. 2008; 181:5167-73.

Ilie M, Hofman V, Long-Mira E, Selva E, Vignaud JM,
Padovani B, Mouroux J, Marquette CH, Hofman P.
“Sentinel” circulating tumor cells allow early diagnosis of
lung cancer in patients with chronic obstructive pulmonary
disease. PLoS One 2014; 9:e111597.

Murugan V, Peck MJ. Signal transduction pathways linking
the activation of alveolar macrophages with the recruitment
of neutrophils to lungs in chronic obstructive pulmonary
disease. Exp Lung Res. 2009; 35:439-485.

Lee CG, Da Silva CA, Dela Cruz CS, Ahangari F, Ma B,
Kang MJ, He CH, Takyar S, Elias JA. Role of chitin and
chitinase/chitinase-like proteins in inflammation, tissue
remodeling, and injury. Annual Review of Physiology.

28. Johansen JS, Drivsholm L, Price PA, Christensen 1J. High 2011; 73:479-501.
serum YKL-40 level in patients with small cell lung cancer 41. Lee CG, Hartl D, Lee GR, Koller B, Matsuura H, Da Silva
is related to early death. Lung Cancer. 2004; 46:333-340. CA, Sohn MH, Cohn L, Homer RJ, Kozhich AA, Humbles

29. Prakash M, Bodas M, Prakash D, Nawani N, Khetmalas M, A, Kearley J, Coyle A, et al. Role of breast regression
Mandal A, Eriksson C. Diverse pathological implications protein 39 (BRP-39)/chitinase 3-like-1 in Th2 and IL-
of YKL-40: answers may lie in ‘outside-in’ signaling. Cell 13-induced tissue responses and apoptosis. Journal of
Signaling. 2013; 25:1567-1573. Experimental Medicine. 2009; 206:1149-1166.

30. Hussain M, Wilson JB. New paralogues and revised time 42. Sakazaki Y, Hoshino T, Takei S, Sawada M, Oda H,
line in the expansion of the vertebrate GH18 family. Journal Takenaka S, Imaoka H, Matsunaga K, Ota T, Abe Y, Miki
of Molecular Evolution. 2013; 76:240-260. I, Fujimoto K, Kawayama T, et al. Overexpression of

31. Funkhouser JD, Aronson NN Jr. Chitinase family GH18: chitinase 3-like 1/YKL-40 in lung-specific IL-18-transgenic
evolutionary insights from the genomic history of a diverse mice, smokers and COPD. PLoS One. 2011; 6:¢24177.
protein family. BMC Evolutionary Biology. 2007; 7:96. 43. Di Rosa M, De Gregorio C, Malaguarnera G, Tuttobene

32. Hakala BE, White C, Recklies AD. Human cartilage gp- M, Biazzo F, Malaguarnera L. Evaluation of AMCase and
39, a major secretory product of articular chondrocytes CHIT-1 expression in monocyte macrophages lincage.
and synovial cells, is a mammalian member of a chitinase Molecular Cell Biochemistry. 2013; 374:73-80.

www.impactjournals.com/oncoscience 690 Oncoscience



44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Sekine Y, Hata A, Koh E, Hiroshima K. Lung carcinogenesis
from chronic obstructive pulmonary disease: characteristics
of lung cancer from COPD and contribution of signal
transducers and lung stem cells in the inflammatory
microenvironment. General Thoracic and Cardiovascular
Surgery. 2014; 62:415-421.

Takiguchi Y, Sekine I, Iwasawa S, Kurimoto R, Tatsumi
K. Chronic obstructive pulmonary disease as a risk factor
for lung cancer. World Journal of Clinical Oncology. 2014;
5:660-666.

Junker N, Johansen JS, Andersen CB, Kristjansen PE.
Expression of YKL-40 by peritumoral macrophages in
human small cell lung cancer. Lung Cancer. 2005; 48:223-
231.

Colotta F, Allavena P, Sica A, Garlanda C, Mantovani A.
Cancer-related inflammation, the seventh hallmark of
cancer: links to genetic instability. Carcinogenesis. 2009;
30:1073-1081.

Condeelis J, Pollard JW. Macrophages: obligate partners for
tumor cell migration, invasion, and metastasis. Cell. 2006;
124:263-266.

Heusinkveld M, van der Burg SH. Identification and
manipulation of tumor associated macrophages in human
cancers. Journal of Translational Medicine. 2011; 9:216.
Duluc D, Delneste Y, Tan F, Moles MP, Grimaud L, Lenoir
J, Preisser L, Anegon I, Catala L, Ifrah N, Descamps P,
Gamelin E, Gascan H, et al. Tumor-associated leukemia
inhibitory factor and IL-6 skew monocyte differentiation
into tumor-associated macrophage-like cells. Blood. 2007;
110:4319-4330.

Quatromoni  JG, Eruslanov E.
macrophages: function, phenotype, and link to prognosis
in human lung cancer. American Journal of Translational
Research. 2012; 4:376-389.

Qian B. A distinct macrophage population mediates

Tumor-associated

metastatic breast cancer cell extravasation, establishment
and growth. PLoS ONE. 2009; 4:e6562.

Takanami I, Takeuchi K, Kodaira S. Tumor-associated
macrophage infiltration in pulmonary adenocarcinoma:
association with angiogenesis and poor prognosis.
Oncology. 1999; 57:138-142.

Wang R, Zhang J, Chen S, Lu M, Luo X, Yao S, Liu S,
Qin Y, Chen H. Tumor-associated macrophages provide
a suitable microenvironment for non-small lung cancer
invasion and progression. Lung Cancer. 2011; 74:188—196.
Zeni E, Mazzetti L, Miotto D, Lo Cascio N, Maestrelli P,
Querzoli P, Pedriali M, De Rosa E, Fabbri LM, Mapp CE,
Boschetto P. Macrophage expression of interleukin-10 is a
prognostic factor in non-small cell lung cancer. European
Respiratory Journal. 2007; 30:627-632.

Wang R, Lu M, Zhang J, Chen S, Luo X, Qin Y, Chen H.
Increased IL-10 mRNA expression in tumor-associated
macrophage correlated with late stage of lung cancer.
Journal of Experimental and Clinical Cancer Research.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

2011; 30:62.

Naruke M, Abe Y, Hatanaka H, Ohnishi Y, Yamazaki
H, Kijima H, Nakamura M, Ueyama Y, Kobayashi K.
Interleukin-10 expression is correlated with growth
fraction in human non-small cell lung cancer xenografts.
International Journal of Oncology. 2001; 18:1213-1217.

Hatanaka H, Abe Y, Kamiya T, Morino F, Nagata J,
Tokunaga T, Oshika Y, Suemizu H, Kijima H, Tsuchida T,
Yamazaki H, Inoue H, Nakamura M, Ueyama Y. Clinical
implications of interleukin (IL)-10 induced by non-small-
cell lung cancer. Annals of Oncology. 2000; 11:815-819.
Nguyen DX, Bos PD, Massagué¢ J. Metastasis: from
dissemination to organ-specific colonization. Nature
Reviews Cancer. 2009; 9:274-284.

Vandooren J, Van den Steen PE, Opdenakker G.
Biochemistry and molecular biology of gelatinase B or
matrix metalloproteinase-9 (MMP-9): the next decade.
Critical Reviews in Biochemistry and Molecular Biology.
2013; 48:222-272.

van Kempen LC, Coussens LM. MMP9 potentiates
pulmonary metastasis formation. Cancer Cell. 2002; 2:251-
252.

Sun S, Schiller JH. Angiogenesis inhibitors in the treatment
of lung cancer. Critical Reviews in Oncology/Hematology.
2007; 62:93-104.

Wang Z, Dabrosin C, Yin X, Fuster MM, Arreola A,
Rathmell WK, Generali D, Nagaraju GP, El-Rayes B,
Ribatti D, Chen YC, Honoki K, Fujii H, et al. Broad
targeting of angiogenesis for cancer prevention and
therapy. Seminars in Cancer Biology. 2015; pii: S1044-
579X(15)00002-4.

Shao R, Hamel K, Petersen L, Cao QJ, Arenas RB, Bigelow
C, Bentley B, Yan W. YKL-40, a secreted glycoprotein,
promotes tumor angiogenesis. Oncogene. 2009; 28:4456-
4468.

Recklies AD, Ling H, White C, Bernier SM. Inflammatory
cytokines induce production of CHI3L1 by articular
chondrocytes. Journal of Biological Chemistry. 2005;
280:41213-41221.

Bhat KP, Pelloski CE, Zhang Y, Kim SH, deLaCruz C, Rehli
M, Aldape KD. Selective repression of YKL-40 by NF-
kappaB in glioma cell lines involves recruitment of histone
deacetylase-1 and -2. FEBS Letters 2008; 582:3193-200.

Yanagisawa M, Nakashima K, Taga T. STAT3-mediated
astrocyte differentiation from mouse fetal neuroepithelial
cells by mouse oncostatin M. Neuroscience Letter 1999;
269:169-172.

Singh SK, Bhardwaj R, Wilczynska KM, Dumur CI,
Kordula T. A complex of nuclear factor I-X3 and STAT3
regulates astrocyte and glioma migration through the
secreted glycoprotein YKL-40. Journal of Biological
Chemistry. 2011; 286:39893-39903.

Bhardwaj R, Yester JW, Singh SK, Biswas DD, Surace
MJ, Waters MR, Hauser KF, Yao Z, Boyce BF, Kordula T.

www.impactjournals.com/oncoscience

691

Oncoscience



70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

RelB/p50 Complexes Regulate Cytokine-Induced YKL-40
Expression. Journal of Immunology. 2015; 194:2862-2870.

Yu Y, Zhao Q, Wang Z, Liu XY. Activated STAT3
correlates with prognosis of non-small cell lung cancer and
indicates new anticancer strategies. Cancer Chemotherapy
Pharmacology. 2015; 75:917-922.

Zhao X, Sun X, Li XL. Expression and clinical significance
of STAT3, P-STAT3, and VEGF-C in small cell lung cancer.
Asian Pacific Journal of Cancer Prevention. 2012; 13:2873-
78717.

Pfeiffer M, Hartmann TN, Leick M, Catusse J, Schmitt-
Graeff A, Burger M. Alternative implication of CXCR4 in
JAK2/STAT3 activation in small cell lung cancer. British
Journal of Cancer. 2009; 100:1949-1956.

Sharma P, Allison JP. Immune Checkpoint Targeting in
Cancer Therapy: Toward Combination Strategies with
Curative Potential. Cell. 2015; 161:205-214.

Creelan BC. Update on immune checkpoint inhibitors in
lung cancer. Cancer Control. 2014; 21:80-89.

Schultheis AM, Scheel AH, Ozreti¢ L, George J, Thomas
RK, Hagemann T, Zander T, Wolf J, Buettner R. PD-L1
expression in small cell neuroendocrine carcinomas.
European Journal of Cancer. 2015; 51:421-426.

Rehli M, Niller HH, Ammon C, Langmann S,
Schwarzfischer L, Andreesen R, Krause SW. Transcriptional
regulation of CHI3L1, a marker gene for late stages
of macrophage differentiation. Journal of Biological
Chemistry. 2003; 278:44058-44067.

Bloch O, Crane CA, Kaur R, Saface M, Rutkowski MJ,
Parsa AT. Gliomas promote immunosuppression through
induction of B7-H1 expression in tumor-associated
macrophages. Clinical Cancer Research. 2013; 19:3165-75.
Kitamura T, Qian BZ, Pollard JW. Immune cell promotion

of metastasis. Nature Reviews Immunology. 2015; 15:73-
86.

Scully S, Yan W, Bentley B, Cao QJ, Shao R. Inhibitory
Activity of YKL-40 in Mammary Epithelial Cell
Differentiation and Polarization Induced by Lactogenic
Hormones: A Role in Mammary Tissue Involution. PLoS
One. 2011; 6:e25819.

Faibish M, Francescone R, Bentley B, Yan W, Shao R. A
YKL-40-neutralizing antibody blocks tumor angiogenesis
and progression: a potential therapeutic agent in cancers.
Molecular Cancer Therapy. 2011; 10:742-751.

Cong Yan, Xinchun Ding, Lingyan Wu, Menggang Yu, Peng
Qu, Hong Du. Stat3 Downstream Gene Product Chitinase
3-Like 1 Is a Potential Biomarker of Inflammation-induced
Lung Cancer in Multiple Mouse Lung Tumor Models and
Humans. PLoS One. 2013; 8(4): €61984.

Ashizawa T, Akiyama Y, Miyata H, lizuka A, Komiyama M,
Kume A, Omiya M, Sugino T, Asai A, Hayashi N, Mitsuya
K, Nakasu Y, Yamaguchi K. Effect of the STAT3 inhibitor
STX-0119 on the proliferation of a temozolomide-resistant
glioblastoma cell line. International Journal Oncology.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

2014; 45:411-418.

Azuma K, Osaki T, Minami S, Okamoto Y. Anticancer
and anti-inflammatory properties of chitin and chitosan
oligosaccharides. Journal of Functional Biomaterials. 2015;
6:33-49.

Nam KS, Shon YH. Suppression of metastasis of human
breast cancer cells by chitosan oligosaccharides. Journal of
Microbiology and Biotechnology 2009; 19:629-633.

Shen KT, Chen MH, Chan HY, Jeng JH, Wang YJ.
Inhibitory effects of chitooligosaccharides on tumor growth
and metastasis. Food and Chemical Toxicology. 2009;
47:1864-1871.

Libreros S, Garcia-Areas R, Shibata Y, Carrio R,
Torroella-Kouri M, Iragavarapu-Charyulu V. Induction of
proinflammatory mediators by CHI3L1 is reduced by chitin
treatment: decreased tumor metastasis in a breast cancer
model. International Journal of Cancer. 2012; 131:377-386.
Schiittelkopf AW, Andersen OA, Rao FV, Allwood M, Rush
CL, Eggleston IM, van Aalten DM. Bisdionin C-a rationally
designed, submicromolar inhibitor of family 18 chitinases.
ACS Medicinal Chemistry Letters. 2011; 2:428-432.
Sutherland TE, Andersen OA, Betou M, Eggleston IM,
Maizels RM, van Aalten D, Allen JE. Analyzing airway
inflammation with chemical biology: dissection of acidic
mammalian chitinase function with a selective drug-like
inhibitor. Chemical Biology. 2011; 18:569-579.

Pietanza MC, Ladanyi M. Bringing the genomic landscape
of small-cell lung cancer into focus. Nature Genetics 2012;
44:1074-1075.

Virchow R. (1863). Die krankhaften Geschwiilste. Verlag
August Hirschwald, Berlin.

Balkwill F, Mantovani A. Inflammation and cancer: back to
Virchow? Lancet. 2001; 357:539-545.

Iwamoto FM, Hormigo A. Unveiling YKL-40, from Serum
Marker to Target Therapy in Glioblastoma. Frontiers in
Oncology. 2014; 4:90.

Rodrigues JC, Gonzalez GC, Zhang L, Ibrahim G, Kelly
JJ, Gustafson MP, Lin Y, Dietz AB, Forsyth PA, Yong
VW, Parney IF. Normal human monocytes exposed to
glioma cells acquire myeloid-derived suppressor cell-like
properties. Neuro-Oncology. 2010; 12:351-365.

www.impactjournals.com/oncoscience

692

Oncoscience



