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Abstract Acidic mammalian chitinase (AMCase) and

chitotriosidase (CHIT-1) are two active chitinases expres-

sed in humans. The chitinase activity of AMCase was found

to be causative in allergic inflammation and its expression

was found to be induced by interleukin-13. CHIT1-1 is

expressed by phagocytic cells and extremely high levels are

seen in lysosomal storage diseases. Despite that AMCase

expression in the inflammation is under investigation, little

is known regarding its regulation during macrophages’ full

maturation and polarization. In this study, we compared

AMCase and CHIT-1 modulation during monocyte to

macrophage transition and polarization. Gene expression

analysis was investigated by real-time PCR from mRNA of

human monocytes obtained from buffy coat of healthy

volunteers, from mRNA of polarized to classically activated

macrophages (or M1), obtained by interferon (IFN)-c and

lipopolysaccharide (LPS) treatment, and from mRNA of

alternatively activated macrophages (or M2) obtained by

interleukin (IL)-4 exposure. Our results showed that the

expression of AMCase and CHIT-1 were differently modu-

lated in HMMs at different stage of maturation. The behavior

of these two active chitinase suggests that in the immune

response their role is complementary.
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Introduction

Chitin is the most abundant polysaccharide in nature after

cellulose. It is found as a basic component of numerous

species such as exoskeleton of crustaceans, parasitic

nematodes, and walls of fungi [1]. Chitinases are enzymes

that hydrolyze chitin and are a part of the anti-parasitic

response against chitin-containing organisms in lower life

forms. Although there is no chitin in humans, it has been

found that mammals have two genes encoding active

chitinases, chitotriosidase (CHIT1) and acidic mammalian

chitinase (AMCase or CHIA), that represent an ancient

gene duplication event and show sequence homology to

bacterial chitinase [2, 3]. AMCase is one of the enzymes

with true chitinase activity [4]. The gene is located on

chromosome 1q13.1e21.3 and contains 12 exons which

transcribes into a 50 kD protein [4]. The gene also encodes

various splice forms. Similarly, CHIT-1 gene is localized

in chromosome 1q31–q32 [4] and consists of 12 exons. The

location of the AMCase gene (CHIA) on human chromo-

some 1 and the sequence homology and conservation of

intron exon boundaries with CHIT-1 confirms that these

genes arose from a duplication event in an ancestor gene

[4]. The relatively abundant presence of AMCase in the

gastrointestinal tract and lung supports a possible role as a

food processor in stomach and its involvement in lung

inflammation [4, 5]. Furthermore, the expression of AM-

Case in the lung suggests that the enzyme may have a dual
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function in digestion of chitinous substrates and host

defense. In their pioneering study, Zhu et al. [6] showed

that AMCase is expressed in the epithelial cells and alve-

olar macrophages in patients with asthma with its pro-

duction driven by Th2-cytokines IL-4 and IL-13,

suggesting that it may play a role in the development of

this disease. In addition, inhibition with the transition-state

analog allosamidin improved the Th2 driven, IL-13-

dependent inflammation, suggesting that its chitinase

activity play a role in the disease, even in the absence of

chitin. Several genetic variants were later proposed to be

partially responsible for predisposition to the disease [7].

The precise role of AMCase in immune-mediated diseases

is still far from clear since a report suggested that chitinase

activity exerts a beneficial effect by negatively regulating

chitin-induced tissue infiltration of innate immune cells

associated with allergy [8]. In contrast, CHIT-1 is not an

effector molecule in allergic inflammation, rather is

regarded as a host-defense mechanism against chitin-con-

taining pathogens [9, 10]. CHIT-1 is selectively expressed

and highly regulated in activated macrophages and it is also

present in human neutrophil-specific granules which

release it upon stimulation [11, 12]. The enzyme was first

described in Gaucher disease patients. The sources of

secreted CHIT-1 are abnormal lipid-laden macrophages

formed in tissues Gaucher disease patients [13]. CHIT-1

activity is currently used as a biochemical marker of

macrophage activation in some lysosomal diseases. Sub-

sequently, the levels of this enzyme were found elevated

not only in Niemann-Pick diseases [14] but also in other

pathological conditions including b-thalassemia [15], sar-

coidosis [16], multiple sclerosis [17], atherosclerosis [18],

and in parasitic infections such as Plasmodium falciparum

malaria [19]. Interestingly, other investigations have sug-

gested that CHIT-1 could have a crucial role even in

pathological conditions, such as coronary artery disease

[18], acute ischemic stroke [20] cerebrovascular dementia

(CVD), and Alzheimer’s disease (AD) [21]. Furthermore, it

has been shown that CHIT-1 may be involved in the pro-

gression of nonalcoholic steatohepatitis [22, 23].

Macrophages play a crucial role in regulating the initi-

ation, amplification, and resolution of innate immune

responses. Several diseases including atherosclerosis, dia-

betes, cancer, and rheumatoid arthritis are associated with a

deficiency or alteration in macrophage function [24]. These

cells derive from granulocyte/macrophage progenitors,

which are the precursors of monocytes, in the bone mar-

row. Monocytes coming out from the bone marrow respond

to cytokines and chemokines during their recruitment into

tissues where they differentiate into resident macrophages.

Macrophages can be classically activated (M1) in the

presence of interferon (IFN)-c and lipopolysaccharide

(LPS), while in the presence of T helper 2-type cytokines,

such as interleukin (IL)-4 and (IL)-13, macrophages

undergo alternative activation or are skewed toward an

alternatively activated (M2) phenotype. Therefore, response

of these cells is reliant on the extracellular milieu [25].

Macrophage polarization deeply alters the immune prop-

erties of these cells as shown by the potent antimicrobial

properties of M1 macrophages versus the conspicuous

tissue repair properties of M2 macrophages [25]. Since the

involvement of AMCase and CHIT-1 in several cases

of inflammation not necessarily are activated by chitin-

containing organisms, there is a need to dissect the roles

played by these chitinases on important effectors of

immunity such as monocyte/macrophages.

The aim of our study was to compare the modulation of

AMCase and CHIT-1 expression during the differentiation

in the population of classical activated macrophages (M1)

and alternative activated macrophages (M2).

Materials and methods

Cells

Human monocyte-derived macrophages (HMMs) were

isolated from fresh buffy coat of healthy volunteers as

described previously [26]. The buffy coat was diluted with

phosphate-buffered saline (PBS) supplemented with

2.5 mM EDTA and layered onto Ficoll-Hypaque gradients

(Gibco, Invitrogen, Milan, Italy). After 30 min of centri-

fugation at 4009g at room temperature, the mononuclear

cells were collected, washed twice with PBS, and placed

in plastic Petri dishes at a concentration of 1 9 106

–2 9 106 cells/cm surface areas in Iscove’s medium sup-

plemented with 2 mM glutamine and 50 mg/ml of peni-

cillin/streptomycin. After 2 h incubation, the non-adherent

cells were washed out using PBS. The adherent cells

(monocytes) were cultured in Iscove’s medium supple-

mented with rHuman M-CSF 5 ng/ml (Peproteck, BDA,

Italy), 10 % fetal bovine serum (FBS), 2 mM glutamine,

and 1 % of penicillin/streptomycin (Invitrogen, Milan,

Italy).

Macrophage differentiation and polarization

Macrophages were obtained by culturing monocytes for

7 days in Iscove’s medium supplemented with 10 % fetal

bovine serum (FBS) 2 mM glutamine, 1 % of penicillin/

streptomycin (Invitrogen), and 5 ng/ml M-CSF in Petri

dishes at a density 1 9 106–2 9 106 cells/cm2. Macro-

phage polarization was obtained by removing the culture

medium and culturing cells for an additional 18 h in RPMI

1640 supplemented with 5 % FBS and LPS (50 ng/ml) plus

IFN-c (100 U/ml) (for M1 polarization) or IL-4 (20 ng/ml)

74 Mol Cell Biochem (2013) 374:73–80

123



(for M2 polarization) (Peproteck, Milan, Italy). Five dif-

ferent cell types were generated: freshly isolated mono-

cytes (Mono T0), cells at intermediate differentiation

(3 days of culture: Mono T3), resting fully differentiated

macrophages (7 days of culture: Macrophages), classical

activated macrophages (M1), and alternative activated

macrophages (M2) (Fig. 1). Macrophage polarization was

confirmed by real-time PCR for two M1 markers (TNF-a
and CXCL11) and two M2 markers (CCL18 and CD206)

(Fig. 1).

Gene expression analysis by real-time RT-PCR

Total RNA was extracted from cells using TRIzol reagent

(Invitrogen, Milan, Italy). For reverse transcription–poly-

merase chain reaction (RT-PCR), 2 lg of total RNA was

reverse transcribed using High-Capacity cDNA Reverse

Trascription Kit (Applied Biosystems, Monza, Italy) in a

20 ml reaction solution. Real-time fluorescence PCR,

based on SYBR Green, was carried out in a 30-ml final

volume containing 1 SYBR Green PCR Master Mix

(Applied Biosystems, Monza, Italy), 200 nM forward and

200 nM reverse primers (Supplementary Table 1) and

20 ng of cDNA. Thermal cycling was performed for each

gene in triplicate on cDNA samples in MicroAmp Optical

96-well reaction plate (Applied Biosystems, Monza, Italy)

with MicroAmp optical caps (Applied Biosystems) using

the ABI PRISM 7700 sequence detection system (Applied

Biosystems, Monza, Italy). Amplification was carried out

with the following conditions: 50 �C for 2 min, 95 �C for

10 min, and 40 cycles each of 95 �C for 15 s and 60 �C for

1 min. Data are presented as mean % ±SD of at least three

independent experiments. Differences were analyzed by

Student t test, with p \ 0.05 being considered statistically

significant.

Flow cytometry

Flow cytometric measurements were performed using a

four color FacsCalibur (BD Biosciences, San Jose, CA).

Cells were fixed and permeabilized using Cytofix/Cyto-

perm kit (BD Biosciences, San Jose, CA), as per the

manufacturer’s instruction. Intracellular staining for CD68

was performed using PE-conjugated mouse anti-human

Fig. 1 a Real-time PCR

confirming the macrophage

polarization performed for two

M1 markers (TNF-a and

CXCL11) and two M2 markers

(CCL18 and CD206). Statistical

analysis was performed by

Student’s t test. b Analysis by

cytofluorimeter of marker CD68

Mol Cell Biochem (2013) 374:73–80 75

123



CD68 (BD Biosciences, San Jose, CA). Data were ana-

lyzed by Cyflogic software, version 1.2.1

Statistical analysis

Data are expressed as mean ± standard error (SE). Sig-

nificance was assessed by one-way analysis of variance

(ANOVA). p \ 0.05 was considered to be statistically

significant.

Results

Levels TNF-a and superoxide dismutase (SOD2)

during in vitro differentiation and polarization

of peripheral blood monocytes

In order to verify that monocytes macrophages were not

activated during differentiation, we detected the transcrip-

tional levels of TNF-a and superoxide dismutase SOD2.

During the first 7 days of differentiation, the levels of both

TNF-a and SOD2 were significantly downregulated, con-

firming a non-activation of the monocyte. In particular,

quantitative real time RT-PCR evaluation of TNF-a
expression indicated a twofold decrease during the first five

days, and a fivefold (p = 0.015) decrease on the seventh

day whereas SOD 2 levels ranged from 3.99- to 3.31-fold

decrease (p = 0.005) on the fifth and seventh day,

respectively (Fig. 2a, b). In contrast, the polarization of

macrophages in M1 induced by LPS (50 ng/ml) and IFN-c
(100 U/ml) resulted in an increase of both TNF-a and

SOD2 expression (16.5-fold, p = 0.009; 2.19-fold, p = 0.006;

respectively) (Fig. 2a, b).

Differential expression of AMCase and CHIT-1

during in vitro differentiation and polarization

of peripheral blood monocytes

The modulation of expression was investigated by quanti-

tative real time RT-PCR on primary human monocyte-to-

macrophage maturation and subsequent polarization into

M1 or M2 cells. The levels of AMCase mRNA expression

during the differentiation of monocytes into macrophages

and subsequent macrophages polarization into M1 and M2

were modestly changed compared to CHIT-1 mRNA

expression. Over the first 3 days of culture, a fold decrease

of 1.11 compared to the day 0 was observed (Fig. 3).

Instead, the levels of CHIT-1 expression were increased by

1.56-fold after 3 days of culture. Therefore, comparing the

level of CHIT-1 with AMCase, we found that CHIT

expression increased by 1.75-fold. On the fifth day, AM-

Case expression increased by 1.09-fold compared to the

day 0, whereas the levels of CHIT-1 expression were

increased by 15.12-fold compared to the day 0. Comparing

the level of CHIT-1 with AMCase, we observed a differ-

ence of increase by 13.83-fold (Fig. 3).

On the seventh day, when monocytes were completely

differentiated into macrophages as confirmed by cytofloro-

metric data (Fig. 1b), AMCase expression was unchanged

compared to the day 0, in contrast CHIT-1 levels were

increased by 15.75-fold compared to the day 0. Hence, after

seven days, comparing the level of CHIT-1, with respect

to AMCase, we found that CHIT-1 expression increased

by 15-fold. As M1 polarization occurred, AMCase expres-

sion increased by 1.39-fold compared to the day 0, instead

CHIT-1 levels were increased by 6.62-fold compared to

the day 0. Consequently comparing CHIT-1 expression with

Fig. 2 Real-time PCR confirming the non-activation of the mono-

cyte/macrophages. a variation of TNF-a expression and b SOD2

expression on monocyte/macrophages at day 0, 3, 5, 7 (M U),

classical activated macrophages (M1), alternative activated macro-

phages (M2). All RT- PCR values are given as DCt values, which

correspond to the difference of the maximum number of RT-PCR

cycles (40) and the value obtained for each individual sample.

Statistical analysis was performed by Student’s t test. *p \ 0.05 of

differentiated or polarized cells versus day 0 cells

76 Mol Cell Biochem (2013) 374:73–80

123



AMCase, we observed a difference of 4.75 (p = 0.001)-

fold. Concerning AMCase expression in M2, no variation

was detected compared to the day 0 monocytes, in contrast

in M2 CHIT-1 expression increased by 7.52-fold. Hence,

comparing CHIT-1 with AMCase expression in M2 mac-

rophages a difference of 7.11-fold was detected (Fig. 3).

Effect of LPS and IFN-c on the expression of AMCase

and CHIT-1 in monocytes

In order to compare the effect exerted by LPS and IFN-c on

AMCase and CHIT-1 expression between undifferentiated

monocytes and polarized macrophages, we treated the cells

at different time points (2, 4, 8, and 24 h) maintaining the

concentration used for the polarization in M1. We found

that the treatment with LPS (50 ng/ml) was able to mod-

ulate only slightly AMCase expression. As shown in

Fig. 4a, LPS increased AMCase expression by 1.32-, 1.33-,

1.30-, and 1.2-fold over that of the control within 2, 4, 8,

and 24 h, respectively. In contrast, the expression of CHIT-

1 under the effect of LPS (50 ng/ml) was reduced by 1.17-

fold since 2 h compared to the control and hold steady

within 24 h (Fig. 4a).

Similarly, the treatment with IFN-c (100 U/ml) power-

less modulated AMCase expression. As shown in Fig. 4b,

IFN-c increased AMCase expression by 1.37, 1.48, and

1.50-fold over that of the control within 4, 8, and 24 h,

respectively. The expression of CHIT-1 under the effect of

IFN-c (100 U/ml) was increased by 1.60-fold within 2 h

and 1.59 at 24 h compared to the control (Fig. 4b).

Effect of IL-4 on the expression of CHIT-1

in monocytes

To examine the effect of IL-4 on AMCase and CHIT-1

expression in undifferentiated monocytes, we treated the

cells at different time points (2, 4, 8, 24 h) using the con-

centration used for the polarization of macrophages in M2.

Treatment with IL-4 (20 ng/ml) was able to modulate

AMCase expression. We found that the expression of

AMCase underwent 2.25- and 2.55-fold increase over that

of the control within 2 and 4 h, respectively, showing

thereafter at 8 h a 1.31-fold decrease (Fig. 5) compared to

treatments at 2 and 4 h, this reduction of AMCase

expression was significant at 24 h (2.68-fold, p = 0.04)

compared to 2 and 4 h treatments.

Fig. 3 Real-time PCR of AMCase and CHIT-1 expression during

human monocyte/macrophages differentiation and polarization. T0,

T3, T5 (monocyte/macrophages at day 0, 3, 5); M U 7 (macrophages

at day 7), M1:classical activated macrophages, M2: alternative

activated macrophages. All RT-PCR values are given as DCt values,

which correspond to the difference of the maximum number of RT-

PCR cycles (40) and the value obtained for each individual sample.

Statistical analysis was performed by Student’s t test. *p \ 0.05

CHIT-1 expression and #p \ 0.05 AMCase expression of differenti-

ated or polarized cells versus day 0 cells

Fig. 4 Detection of AMCase and CHIT-1 mRNA level by real time

RT-PCR in undifferentiated monocytes, untreated and treated for 2, 4,

8, and 24 h with a LPS (50 ng/ml), b IFN-c (100 U/ml). Statistical

analysis was performed by Student’s t test. *p \ 0.05, of treated cells

versus control; #p \ 0.05 AMCase expression versus CHIT-1

expression
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The pattern of expression of CHIT-1 was found to be

similar to that detected for AMCase. The CHT-1 showed

an increase in the early hours of treatment (5.30-fold

increase, p = 0.0034 and 5.47-fold increase, p = 0.0079

within 2 and 4 h, respectively, compared to the control

cells (Fig. 5). Whereas a significant reduction of CHIT-1

expression was detected within 8 and 24 h (1.04-fold

decrease, p = 0.04 and 5.66-fold decrease, p = 0.02

respectively) compared to the untreated cells (Fig. 5).

Discussion

In this study, we compared the modulation of both AMCase

and CHIT-1 expression during monocyte/macrophages

differentiation and polarization. The results reported here

show that the effective maturation of monocytes into mac-

rophages is characterized by the exponential increase of the

CHIT-1 levels over time, showing a peak of expression

between the fifth and the seventh day of culture. In contrast,

we observed that the pattern of AMCase expression does not

show significant changes in the diverse stage of HMMs

differentiation and/or polarization. Our finding demon-

strates different variations of AMCase and CHIT-1 pro-

duction, during macrophages polarization, and indicates a

different rule of these two chitinases in the immune

response. The term ‘‘macrophage polarization’’ describes

the propensity of fully differentiated macrophages to

respond to external stimuli by changing their phenotypic and

functional characteristics. The most commonly described sub-

set of macrophages are ‘‘classically’’ polarized macrophages

or M1 corresponding to Th1 cells they are considered pro-

inflammatory, which is reflected by their production of

proinflammatory cytokines, such as IL-1b, IL-6, IL-8, or

TNF-a, and of an array of cytotoxic molecules that aid in the

clearance of invading pathogens and stimulate the acquired

immune response. In our study, verifying the effect that LPS

or IFN-c individually exert on mRNA of AMCase and

CHIT-1 expression in undifferentiated monocytes, we found

that treatment with LPS barely enhanced AMCase expres-

sion, whereas was unable to induce significant changes in

CHIT-1 levels, suggesting that AMCase acts precociously,

but weakly, against infections, and therefore may be

involved in innate immunity. Instead, IFN-c enhanced both

AMCase and CHIT-1 levels. The major sites of expression

of AMCase are airway epithelial cells. Our finding indicates

that AMCase, unlike CHIT-1, is not selectively expressed

and highly regulated in activated macrophages, nevertheless

its slight increases in M1 stage and its modulation following

treatment with pro-inflammatory stimuli suggests that the

antimicrobial pathway in monocyte/macrophages involves

also a slight activation of AMCase. Numerous evidences

report the central role of CHIT-1 in the expanding spectrum

of disorders ranging from granulomatous disease such as

sarcoidosis [16] to a large amount of infections including

mycobacterial diseases such as tuberculosis [27, 28] and

leprosy [29]. In this contest, a great attention must be given

to the fact that CHIT-1 is produced by differentiated mac-

rophages themselves and can also be damaging to host tis-

sues and could be implicated in the progression of a number

of chronic inflammatory diseases. Consequently, overpro-

duction of CHIT-1 could exert deleterious effect in many

degenerative disorders [21]. This idea is also sustained by

our recent findings in which we observed that genetic vari-

ation within the CHIT-1 gene was strongly associated with

human longevity and with several phenotypes of healthy

aging [30], and that a functional polymorphism in the CHIT-

1 gene protects from NAFLD progression [31]. Alternative

or ‘‘M2’’ macrophages, largely reproduce the Th2 response,

and since they express an array of phagocytic receptors and

release anti-inflammatory cytokines and products that pro-

mote tissue regeneration and healing are considered anti-

inflammatory [25]. The type of macrophage activation ini-

tiated upon phagocytosis of a specific pathogen is essential

since it strongly influences the pathogenesis and outcome of

the infection. The Th2 cytokine IL-4 promotes immune

responses to parasites. Interestingly, in our undifferentiated

monocytes, IL-4 treatment induced a significant increase on

CHIT-1 expression. Despite in M2 macrophages the level of

AMCase were unchanged compared the levels observed in

undifferentiated monocytes, IL-4 treatment in undifferenti-

ated monocytes increases significantly AMCase expression

in particular at 2 and 4 h, confirming that expression of

AMCase is induced by Th2 type. This result confirms the

Fig. 5 Detection of AMCase and CHIT-1 mRNA level by real time

RT-PCR in M2-alternative activated macrophages, untreated and

treated for 2, 4, 8, and 24 h with IL-4 (20 ng/ml). Statistical analysis

was performed by Student’s t test; *p \ 0.05, of treated cells versus

control; #p \ 0.05 AMCase expression versus CHIT-1 expression
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opinion that monocyte/macrophages at the different stages

of differentiation have a plastic gene expression and exert

diverse activities. Many of these activities appear to be

opposing in nature: pro-versus anti-inflammatory effects,

immunogenic versus tolerogenic activities, and tissue

destruction versus tissue-repair [32]. It has been reported

that AMCase is specifically upregulated in response to Th2

inflammation in the lung [6, 33] the effect of IL-4 in

undifferentiated monocytes suggests that such upregulation

may occur precociously. Allergy and atopic asthma arise as

a consequence of poorly controlled Th2 responses [15] our

data indicate that inhibition of AMCase may prevent this

immune response [6]. In addition, this result clarifies why

AMCase is closely associated with pathophysiological

conditions dominated by Th2 type cells such as allergy and

asthma [6, 33]; as well as our finding explain why increased

secretion of CHIT-1 occurs in malaria, fungal infections,

fibrosis, allergy, and asthma. In addition, IL-4 is a well-

appreciated antagonist of the M1 response and macrophage

pro-inflammatory properties [34]. Of interest, IL-4 promotes

a M2 phenotype in regressive atherosclerotic lesions [35],

providing in such a way a potential explanation of enhanced

CHIT-1 activity associated with the presence of athero-

sclerosis [18]. Although macrophages are paradoxically

involved in both generation of fibrosis and its resolution and

M2 polarization generates a positive feedback loop during

resolution of inflammation, it is unclear what are the events

influencing M2 differentiation and interrupting tissue repair/

remodeling as well fibrotic outcomes. This finding could

support the idea that increased levels of CHIT-1 in this stage

could be involved in the modulation of the extracellular

matrix affecting cell adhesion and migration during the

tissue remodeling processes that take place in fibrogenesis

[22, 23]. These same fibrotic changes occur over time in the

lung fibrosis as a result of chronic and acute inflammation.

Chitin has been shown to induce inflammatory cell recruit-

ment [8], while the immunologic actions of chitin would

normally be limited in mammals by chitinase-mediated chitin

degradation, interference with chitinase enzymatic activity

would likely result in chitin accumulation. Therefore, both

CHIT1 and AMCase may be required to insure full degra-

dation and clearance of chitin. The level of chitinase activity

in the lung and the predominance of one enzyme over the

other may influence the size and quantity of chitin degrada-

tion products, which has been shown to determine the

inflammatory outcome [36]. In conclusion, the findings pre-

sented here emphasize that although our result indicates that

AMCase expression is necessary during adaptive and innate

immunity and vice versa CHIT-1 may exert an additional role

during Th2-driven immune response, and suggest that the

confines of action of these two chitinase are not so net, rather

their function is interchangeable and/or complementary. This

hypothesis opens new view to be explored.
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