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Abstract
Acidic mammalian chitinase (AMCase) is produced during and plays an important role in the
pathogenesis of Th2-mediated diseases and antiparasite responses. However, the effector responses
of AMCase in these settings have not been adequately defined and the relationship(s) between its
chitinolytic and other biologic properties have not been investigated. In these studies we demonstrate
that AMCase protects airway epithelial cells from Fas ligand (FasL)- and growth factor withdrawal-
induced apoptosis. This cytoprotection was associated with Akt phosphorylation and abrogated when
the phosphoinositide 3-kinase (PI3K)/Akt pathway was inhibited. Comparable cytoprotection was
also seen in experiments comparing wild type AMCase and mutant AMCase that lacked chitinolytic
activity. Importantly, the apoptosis-inhibiting effect of enzymatically-active and -inactive AMCase
was abrogated by treatment with allosamidin. These studies demonstrate that secreted AMCase feeds
back in an autocrine and/or paracrine manner to protect pulmonary epithelial cells from growth factor
withdrawal- and FasL-induced apoptosis. They also demonstrate that the cytoprotection is mediated
via a PI3K/Akt-dependent and allosamidin-sensitive pathway that is independent of the chitinolytic
acvtivity of this chitinase.
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INTRODUCTION
Asthma is a chronic inflammatory disease of the lung that affects more than 30 million
Americans [1;2]. Asthmatic airways dysfunction used to be considered largely in terms of the
contraction of airway smooth muscle (bronchospasm). However, numerous studies prompted
a renewed appreciation of the central role of inflammation in this disorder [3-11]. The
application of bronchoalveolar lavage (BAL) and bronchial biopsy to patients with asthma has
provided a picture of the complexity of this response. It is now known that, in aeroallergen-
induced asthma, Th2 cells play key roles in the recognition of antigen and orchestration of
airway events via their production of IL-4, IL-5, IL-13 and other cytokines [12-18]. They also
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highlighted the impressive similarities in the Th2 responses in asthma and at sites parasite
infection [19-21]. In both cases the critical genes that are downstream of these Th2 cytokines
and mediate their asthma-relevant and parasite relevant effects are, however, are still being
defined.

Previous studies from our laboratory demonstrated that acidic mammalian chitinase (AMCase)
is induced in epithelial cells and macrophages at sites of Th2 inflammation [22]. These and
other studies also demonstrated that IL-13 is necessary and sufficient to stimulate AMCase
production, exaggerated AMCase expression can be readily appreciated in biopsies from
patients with asthma, and that AMCase is secreted by respiratory epithelial cells via an
epidermal growth factor (EGFR) and ADAM17-dependent mechanism [23]. These
investigations also demonstrated that anti-AMCase-based interventions ameliorate Th2
inflammation and physiologic dysregulation in a chitin-free experimental system. However,
the effector repertiore of AMCase at sites of Th2 inflammation has not been further defined
and its ability to regulate local epithelial cell function has not been characterized. In addition,
the importance of the enzyme activity of AMCase in the pathogenesis of its effector responses
has not been investigated.

To increase our understanding of the epithelial effector profile of AMCase we evaluated the
effects of AMCase transfection and exogenous AMCase on the apoptosis of respiratory
epithelial cells. We also generated AMCase mutants without chitinolytic activity and compared
the ability of the mutant and wild type molecule to regulate epithelial cell apoptosis in the
presence and absence of the chitinase inhibitor allosamidin. These studies demonstrate that
secreted AMCase protects airway epithelial cells from growth factor withdrawal and Fas ligand
(FasL)-induced apoptosis via a phosphoinositide 3-kinase (PI3K)/Akt-dependent, allosamidin-
dependent and chitinase activity-independent pathway.

METHODS
Reagents

Cell culture media and fetal bovine serum were purchased from Invitrogen Inc. (Carlsbad, CA).
Restriction endonucleases and other DNA-modifying enzymes were obtained from New
England Biolabs Inc. (Beverly, MA). Oligonucleotides were synthesized by IDT Inc or the
Yale University Keck Facility. cDNA were purchased from Clontech Inc. (Palo Alto, CA). A
PCR kit for gene amplification or cloning was obtained from Strategene Inc (La Jolla, CA)..
Staurosporine and the PI3 Kinase inhibitor wortmannin were from Sigma Aldrich (St. Louis,
MO). Monoclonal anti-mouse and anti-human AMCase antibodies were a gift from
MedImmune Inc. (Gaithersburg, MD). Anti-phospho-Akt (S473) and the appropriate isotype
control for FACS analysis were from R&D Systems (Minneapolis, MN). Anti-phospho-Akt
(S473) and anti-total-Akt antibodies for Western blot were from Cell Signalling Technology
(Beverly, MA). An anti-mouse CD31 FITC antibody and the corresponding isotype control
were from BD Biosciences Inc. (San Diego, CA). Anti-mouse panCytokeratin PE antibody
was from Abcam (Cambridge, UK). Anti-mouse CD45-PcP was from BD Biosciences.
Secondary APC-labelled antibodies were from BD Biosciences. Secondary Pe-Cy7 labelled
antibodies were from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA).

IL-13 overexpressing mice
C57BL/6 wild type (WT) were obtained from the Jackson Labs (Bar Harbor, ME, USA). CC10-
rtTA-IL-13 transgenic mice were generated in our laboratory [24] and used in these studies.
These mice utilize the Clara cell 10 kDa protein (CC10) promoter and the reverse tetracycline
transactivator (rtTA) to target IL-13 to the lung in a doxycycline-inducible manner. These
animals have very low to undetectable levels of IL-13 in their lungs at baseline and ng/ml
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quantities after transgene induction by adding doxycycline to the animal’s drinking water (dox
water). When CC10-IL-13 mice were being evaluated, Tg (-) littermates animals were used as
controls. Both IL-13 transgenics had been bred for over 10 generations onto a C57BL/6
background. These studies were approved by the Yale University School of Medicine
Institutional Animal Care and Use Committee.

OVA Sensitization and Challenge
OVA sensitization and challenge were accomplished using a modification of the protocols
previously described by our laboratory [25]. In brief, 6- to 8 wk old WT mice were received
injections containing 20μg of chicken OVA (Sigma, St. Louis, MO) complexed to alum
(Resorptar, Indergen, New York, NY) or alum alone. This process was repeated 5 days later.
After an additional 7 days, the animals received 3 aerosol challenges (40 min a day, 3 days)
with 1% OVA (w/v) in endotoxin-free PBS or PBS alone. The aerosol was generated in a NE-
U07 ultrasonic nebulizer (Omron Health care, Vernon Hills, IL). The mice were sacrificed 24,
48 or 72 h after aerosol exposure.

Flow cytometry
Whole lung cell suspensions were obtained using a modification of the methods of Rice WR
et al. [4]. In brief, lung tissue was digested with dispase (Stem Cell technologies Inc
(Vancouver, BC, Canada), 5 mg/ml), collagenase (0.04%; Sigma) and 100U/ml DNAse
(Sigma, St. Louis, MO). The whole lung cell suspensions then underwent several
centrifugations (10 min., 300g-1000g) and hemolysis (precooled hemolysis solution containing
11 mM KHCO3, 152 mM NH4Cl; washing 5 min, 400g at 4°C). This was followed by passage
through progressively smaller cell strainers (100-20 μM) and nylon gauze and finally
resuspension in FACS buffer (PBS, 2% BSA, 2% FCS) supplemented with 10 U/ml DNAse1.
Macrophages were depleted from the lung cell suspensions by repeated adhesion to plastic
plates at 37°C. For cell surface staining, the cells were incubated for 30 minutes at room
temperature with purified rat anti-mouse CD16/CD32 mAb (1μg/105 cells; mouse Fc-Block;
BD Biosciences) to prevent non-specific binding of antibodies to Fc receptors. Afterwards,
cells were treated for 30 minutes at 4°C with appropriate combinations of specific antibodies
for surface staining of CD45 and CD31. The corresponding isotype controls or secondary
antibodies only were stained in parallel.

Propidium iodide (PI, 5 μg/ml; BD Biosciences) and Annexin V-FITC (5 μg/ml; BD
Biosciences) were used to detect apoptotic (Annexin V+, PI-) and necrotic (Annexin V+, PI+)
cells. For intracellular staining, cells were fixed with 0.5 ml of ice-cold 2% paraformaldehyde
and permeabilized using 0.5% saponin (Sigma, St. Louis, MO) prior to antibody staining with
anti-phosphoAkt, anti-AMCase, anti-panCytokeratin, or the respective isotype controls. To
characterize the AMCase content of epithelial cells in vivo we used a flow cytometric epithelial
evaluation method based on light scatter parameters, negative expression of CD45, negative
expression of CD31 and positive expression of panCytokeratin as previously described by our
laboratory [23]. In brief, lung epithelial cells were characterized according to the following
gating algorithm: Within digested, strained and red cell and macrophage-depleted whole lung
cell suspensions, non-debris cells were gated and CD45+ cells were further excluded. Within
CD45- negative lung cells CD31+ endothelial cells were excluded. Within the CD45-CD31-
lung cell population, cells positive for intracellular pan-Cytokeratin were considered to be
epithelial cells according to methods described previously [26;27]. For anti-phopho-Akt a
saponin (SAP) permeabilization buffer (0.1% (w/v) saponin, 0.05% (w/v) NaH3 in Hanks′
Balanced Salt Solution) was used. We noted that cell fixation and permeabilization decreased
FSC in cells. Cells expressing AMCase >100 MFI were regarded as “AMCase +” and cells
expressing AMCase <100 MFI as “AMCase –”. All antibodies and FACS reagents were from
BD Biosciences except when otherwise indicated. Saturating concentrations of the antibodies
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were used as determined by titration experiments prior to the study. At least 10,000 cells/sample
were analyzed. Isotype controls were subtracted from the respective specific antibody
expression and the results are reported as mean fluorescence intensity (MFI). Calculations were
performed with Cell Quest analysis software (BD Biosciences). All experiments were
performed in triplicate.

Transfection and expression of recombinant AMCase
A human full length AMCase cDNA plasmid constructed in expression vector pcDNA3.1 was
obtained from MedImmune Inc. The same expression vector was used to express AMCase with
a mutation in the enzymatically active site of AMCase. This mutation was generated by
introducing a single mutation at codon 138 (GAC → GCC / Asp → Ala). The mutation of
AMCase renders the enzyme enzymatically inactive without affecting the binding of AMCase
to chitin. The plasmid pCMV-β-Gal (American Type Culture Collection, Rockville, MD) was
used to monitor transfection efficiency. Both the Lipofectamine™ 2000 Transfection Reagent
from Invitrogene (Carlsbad, CA) and TransFectin Lipid Reagent from Bio-Rad Laboratories
(Hercules, CA) were used to dilute in Opti-MEM I medium in forming DNA-lipid mixtures
for each transfection. A549 cells were incubated for 6 h with equal quantities of vector DNA
mixtures that did not contain (pcDNA 3.1) or contained AMCase or reporter inserts. The cells
were washed and incubated for an additional 18 h in complete medium. To increase transfection
efficiency, three time repeated transfections were performed. After the third transfection, the
cells were washed and incubated for an additional 18 h or 42 h in complete medium for
immunoprecipitation assay and in Opti-MEM medium for bioactivity assay. Under these
conditions, the transfection efficiency was found to be greater than 90% as determined by β-
gal assay. In brief, tissue culture plates containing transfected cells were washed three times
with PBS and incubated in 8 ml X-gal reagent (1 mg/ml 5-bromo-4chloro-3-indolyl-b-D-
galactoside (X-gal) in dimethyl- formamide, 4 mM potassium ferricyanide, 4 mM potassium
ferrocyanide, and 2 mM MgCl2r7H2O) for 6 h. Transfected cells were checked for blue color
and photographed using light microscopy. The transfection efficiency was calculated based on
the ratio of blue colored cells/total counted celles (2000 cells each times, counted for 5 times).
The samples were centrifuged at 14,000 rpm in an Eppendorff Microcentrifuge at 4°C for 5
minutes and the clear supernatants were saved. The presence of AMCase was verified by
Western blotting. The activity of expressed AMCase was verified by an enzymatic assay as
described below.

Protein Extraction and Western Blot Analysis
Whole lung and cell monolayer lysates were evaluated by Western Blotting. Lung lysates were
prepared using lysis buffers. The cell monolayers were washed twice with ice-cold PBS
containing 1 mM sodium orthovanadate and 1 mM sodium fluoride, and lysed with lysis buffer
(15 mM Hepes pH 7.9, 10% Glycerol, 0.5% NP-40, 250 mM NaCl, 0.1 mM EDTA, 1 mM
sodium orthovanadate, 10 mM 1 mM sodium fluoride, 10 mM DTT and 1 tablet of complete
mini protease inhibitor cocktail/10 ml lysis buffer). The lysates were then clarified by
centrifugation at 10,000 × g for 15 min, and supernatant protein concentrations were
determined with a Bio-Rad assay kit. The samples were then mixed with an equal volume of
2x SDS-PAGE sample buffer (100 mM Tris-Cl, pH 6.8, 200 mM dithiothreitol, 4% SDS, 0.2%
bromphenol blue, 20% glycerol), heated in a boiling water bath and equal amounts were loaded
onto 12% SDS-polyacrylamide gels (Bio-Rad, Hercules, CA.) and transferred to immune-Blot
PVDF membrane (Bio-Rad). After transfer the membranes were blocked for 1 h in nonfat dried
milk, rinsed, incubated with the appropriate primary antibodies for 1.5h at room temperature
or overnight at 4°C, washed, incubated with secondary antibody (diluted 1:1000–1:2000) for
1.5 h at room temperature and washed in 0.05% Tween-20. Immunoreactive proteins were
visualized using the 20X LumiGLO Reagent and 20X Peroxide according to the manufacturer’s
instructions (Cell Signalling Technology Inc.). The membranes were exposed to BioMax MR
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film (Eastman Kodak Inc, Rochester, NY). Mouse monoclonal antibody reactive to β-tubulin
was purchased from Santa Cruz Biotechnology. The anti-mouse AMCase was generated by
MedImmune Inc. Anti-phospho-Akt (S473) and anti-total-Akt antibodies for Western blot
were from Cell Signalling Technology.

Chitinase bioactivity
The chitinase bioactivity in cell cultural supernatant and cell lysates samples was determined
using a fluorogenic substrate as described previously [28]. Briefly, 50 μl of each sample was
mixed with 30 μl of citrate/phosphate buffer (0.1 M/0.2M, pH 5.2 and 20 μl of 0.5 mg/ml
substrate 4 methylumbelliferyl-D-N, N’-diacetylchito-bioside (sigma) at a final concentration
of 0.17 mM. The samples were incubated at 37 °C for varying amount of time and reaction
was stopped by adding 1 ml of stop solution (0.3 M glycine/NaOH buffer, pH 10.6). The
fluorescence intensity of released 4-methy-lumbelliferone was measured with fluorometer at
excitation 350 nm and emission 450 nm. A standard cure was generated using serial dilutions
of 4-methylumbelliferone (Sigma, St. Louis, MO). Chitinase extracted from Serratia
marcescens (Sigma, St. Louis, MO) was used as a positive control.

Apoptosis assays
A549 epithelial cells were cultured in RPMI 1640 (10% FCS) medium for 48h at 37°C in 5%
CO2. For the growth factor withdrawal (serum starvation) assays, the cells were cultured in
RPMI1640 medium without FCS. For the death receptor-apoptosis assays, FasL (100ng/ml,
Peprotech, Rocky Hill, NJ), staurosporine (10 nM, Sigma Aldrich, St. Louis, MO) or
dexamethsaone (10 nM, Sigma Aldrich, St. Louis, MO) was added to the assay to induce
apoptosis. Apoptosis was assessed by flow cytometry using Annexin V as described in the
flow cytometry section. In addition, DNA fragmentation was determined using TUNEL assay
(terminal transferase-mediated nick-end labeling technique of DNA strands breaks). In these
assays, cells were permeabilized with 0.1% Triton X-100 in 0.1% citrate, and incubated with
TUNEL reagent (labeled solution buffer containing FITC-dUTP, TdT, and reaction buffer) for
three hours at 37°C, 5% CO2 and then for 12 hours at RT. The reaction was stopped by washing
the cells two times with PBS and one time with the TUNEL reaction buffer. Nuclei were
counterstained with PI. Negative controls for TUNEL staining were carried out by omitting
TdT.

Chemokine ELISA
An immuno-sandwich ELISA kit for MCP-1/CCL2 was used according to the manufacturer’s
instructions (R&D Systems, Minneapolis, MN).

Statistics
All data was initially checked for normal/parametric distribution (Kolmogorov-Smirnov-Test).
If parametric distribution was found, analysis of variance (ANOVA) was applied to screen for
differences among at least three groups. To compare two individual groups, Student’s t-test
was applied. If non-parametric distribution was found, the Kruskal-Wallis test was applied to
screen for differences among at least three groups, followed by the Mann-Whitney U test
(Wilcoxon rank-sum test) to compare two individual groups. Statistical analyses were
performed using Prism 4.0 (Graph Pad Software) and STATA version 8.2 for Windows
(STATA Corporation).
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RESULTS
AMCase Regulation of Epithelial Apoptosis

We used in vitro and in vivo approaches to define the effects of AMCase on epithelial apoptosis.
In the former we compared A549 cells that were (a) transfected with AMCase expression
constructs or vector controls or (b) treated with recombinant (r)AMCase or vehicle control.
The cell death responses of these cells after serum starvation (growth factor withdrawal) or
treatment with FasL, staurosporine or dexamethasone were evaluated using flow cytometric
assessments of annexin V and PI staining and TUNEL evaluations. As shown in Figures 1 a
and b, AMCase transfected A549 cells were resistant to serum starvation and FasL-induced
apoptosis when compared to the vector treated controls. Similar but weaker effects of AMCase
were observed with staurosporine and dexamethasone (data not shown). Recombinant AMCase
also conferred similar protective effects on A549 cells in the growth factor withdrawal and
FasL apoptosis assays (Figure 1c). These cytoprotective effects were significantly decreased
when allosamidin was added to the cell cultures (Figures 1a, c).

In the in vivo experiments we compared the levels of apoptosis of epithelial cells with high and
low quantities of AMCase at sites of IL-13-induced Th2 inflammation. To characterize the
AMCase content of epithelial cells in vivo we used a flow cytometric epithelial evaluation
method based on light scatter parameters, negative expression of CD45, negative expression
of CD31 and positive expression of panCytokeratin as previously described by our laboratory
[23] (Figure 2 a-e). This technique was used to separate cells with higher AMCase (AMCase
MFI > 200; AMCasehigh) and lower AMCase (AMCase MFI < 200; AMCaselow) content
(Figure 2 f). The levels of apoptosis in these cells were evaluated with flow cytometric
assessments of TUNEL evaluations. In accord with our in vitro findings, the in vivo
experiments demonstrated that the levels of apoptosis were significantly lower in
AMCasehigh versus AMCaselow cells in lungs with IL-13-induced Th2 tissue responses (Figure
2g). When viewed in combination, these studies demonstrate that AMCase is inhibits growth
factor withdrawal and FasL-induced epithelial apoptosis in vitro and that AMCase induction
is associated with diminished levels of epithelial apoptosis in vivo.

AMCase Regulation of Akt Activation
Similar in vivo and in vitro methodology was used to determine if AMCase regulated epithelial
accumulation of phosphorylated Akt (S473). These studies revealed enhanced levels of
intracellular phosphorylated Akt in AMCase transfected A549 cells compared to vector
transfected controls (Figure 3 a, b). Similar results were seen in comparisons of A549 cells that
were treated with rAMCase versus vehicle control. In these experiments rAMCase stimulated
epithelial cell accumulation of phosphorylated Akt in a dose-dependent manner (Figure 3 b).
In all cases, AMCase phosphorylation was significantly decreased when allosamidin was added
to the cell cultures (Figure 3c and data not shown).

Consistent with our in vitro findings, increased levels of intracellular phosphorylated Akt were
also noted in epithelial cells from OVA-sensitized and challenged mice and IL-13 transgenic
mice in vivo (Figure 4 a). On a single-cell basis, intracellular AMCase colocalized with
phosphorylated Akt in airway epithelial cells in vivo (Figure 4 b). When the airway epithelial
cells in IL-13 transgenic mice were stratified according to their AMCase content, intracellular
phosphorylated Akt was significantly more abundant in AMCasehigh versus AMCaselow cells
(Figure 4 c). These studies demonstrate that AMCase is a potent stimulator of Akt activation
in vitro and that AMCase induction is associated with Akt activation in vivo.
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Role of Akt in Anti-Apoptotic Effects of AMCase
Studies were next undertaken to define the relationship between Akt activation and the
antiapoptotic effects of AMCase. This was done by comparing the cell death responses in A549
cells that were transfected with or treated with AMCase in the presence and absence of the
PI3K inhibitor Wortmanin. These studies demonstrate that Wortmanin is a potent inhibitor of
Akt phosphorylation (Figure 5 a). They also demonstrated that Wortmanin abrogates the ability
of AMCase to block growth factor withdrawal and FasL-induced epithelial apoptosis (Figure
5 b,c). These studies demonstrate that AMCase induction of Akt phosphorylation might play
a critical role in AMCase-induced A549 cell cytoprotection after growth factor withdrawal or
FasL treatment.

Relationships Between the Cytoprotective, Chitinolytic and Chitin-Binding Activities of
AMCase

Studies were next undertaken to define the relationship between the anti-apoptotic and
chitinolytic effects of AMCase. In these experiments we compared the anti-apoptotic and
enzymatic activities of wild type AMCase and AMCase with an engineered mutation in its
chitin-cleaving domain (non-chitinolytic). These studies demonstrated that the mutation
eliminated AMCase chitinase activity (Figure 6 a). In contrast, the AMCase mutation did not
alter the ability of rAMCase to activate Akt or induce anti-apoptotic epithelial effector
responses (Figure 6 b, c). In these experiments the mutant AMCase was comparable in potency
to the wild type transfectant (Figures 6 b and c). These studies demonstrate that the
cytoprotective effects of AMCase are independent of its ability to cleave chitin.

Allosamidin has best been used to block the effects of AMCase and other chitinases in
experimental systems [29]. It is not clear, however, if it mediates its effects by directly blocking
enzyme activity or, instead, blocks chitinase-target binding. The studies noted above
demonstrate that AMCase has important biologic effects that are independent of its chitinolytic
activity. Thus, studies were undertaken to determine if allosamidin can also block these effector
responses. As seen in Figures 6 a-c, these studies demonstrate that allosamidin inhibits the
ability of enzymatically inactive AMCase to inhibit epithelial cell apoptosis and activate Akt.
We showed recently, that AMCase stimulates epithelial chemokine production [23]. As seen
in Figure 6 d, rAMCase stimulated epithelial cell CCL2 production independent of its
chitinolytic activity, but was abrogated when allosamidin was used. Thus, allosamidin inhibits
the enzyme-dependent as well as –independent effects of AMCase.

DISCUSSION
AMCase is induced at sites of Th2 inflammation and remodelling such as that in asthma and
parasite infections [30;31]. However, the tissue effector responses of AMCase in these settings
have not been adequately defined. To address this issue we investigated the epithelial regulatory
effects of secreted AMCase. These studies demonstrate, for the first time, that secreted AMCase
feeds back in an autocrine and/or paracrine manner to inhibit epithelial apoptosis. They also
demonstrate that this cytoprotective effect is mediated by a PI3K/Akt1-dependent, allosamidin-
sensitive mechanism that is independent of the chitinolytic activity of this enzyme.

Apoptosis removes superfluous, damaged or harmful cells in a wide variety of physiologic
contexts. As a result, it plays a crucial role in morphogenesis, wound healing, neoplasia, the
resolution of inflammation and cellular homeostasis [32-38]. It is becoming increasingly clear,
however, that dysregulation of apoptosis also contributes to the pathogenesis of many human
diseases and disorders [39]. This is nicely illustrated by apoptosis in the lungs from patients
with pulmonary emphysema [40;41]. The magnitude of the cell death responses that are seen
at these sites of inflammation, injury and repair are the result of competing pro- and anti-
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apoptotic signals [33;42]. Studies over recent years have demonstrated that the majority of the
stimuli that induce apoptosis engage the cell death machinery via the extrinsic/death receptor
and/or intrinsic/mitochondrial activation pathways [43]. Less is known about the antiapoptotic
pathways that control these responses. PI3K and its downstream serine threonine kinase Akt
(Protein Kinase B), however, have received significant attention based on their ability to
regulate cell proliferation, differentiation and survival [44]. Our studies add to our
understanding of the cellular events that control cellular apoptosis by demonstrating that the
18 glycosyl hydrolase chitinase, AMCase, can inhibit growth factor withdrawal and FasL-
induced epithelial cell apoptosis. To our knowledge, this is the first demonstration that a true
chitinase can confer cellular cytoprotection. Our studies also suggest that this cytoprotection
is mediated, at least in part, by a PI3K-Akt-dependent pathway because transfected and
recombinant AMCase increased intracellular activated Akt in vitro, inhibition of PI3K
decreased the phosphorylation of Akt and the antiapoptotic effects of AMCase in vitro, and
the intracellular expression of AMCase were associated with the intracellular content of
phosphorylated Akt in airway epithelial cells in vivo. When combined with recent studies from
our laboratory that demonstrated that the chitinase-like protein breast regression protein -39
(BRP-39) can inhibit inflammatory cell apoptosis (C. G. Lee and J. A. Elias, manuscript
submitted), these findings suggest that the ability to confer cellular cytoprotection is a general
property of members of the 18-glycosyl hydrolase family.

Studies from our laboratory and others have demonstrated that chitinase and chitinase-like
proteins (C/CLP) including AMCase and murine BRP-39 (and its human homologue YKL-40)
are stimulated during parasite infections and or Th2 inflammation [45;46]. To understand the
biologic consequences of these inductive responses, the biologic repertoires of the C/CLP have
begun to be investigated. These studies demonstrated that enzymatically active AMCase is an
important regulator of responses to chitin-containing agents and contributes to tissue
inflammation in select situations [47;48]. The present studies add to our understanding of the
biology of these responses by demonstrating that AMCase inhibits epithelial cell apoptosis. In
combination, these observations allow for an exciting hypothesis regarding the roles of
chitinases in anti-parasite and other anti-infectious defence responses. An efficient anti-
parasite/infectious response needs to be rapid enough to control the initial invasion. It also
needs to lead to immune and inflammatory responses that are powerful and chronic enough to
control and preferably kill the invading agent. Simultaneously, it needs to maintain tissue
integrity so that structural cell death does not occur. This would work to foster normal healing
and help to ensure that the “cure is not worse than the disease”. Based on the present
observations and recent studies from our laboratory that demonstrate that AMCase stimulates
epithelial chemokine production [23] and that appropriately sized chitin fragments stimulate
macrophage production of inflammatory cytokines like IL-17A, mediated via TLR2 [49;50],
it is tempting to speculate that AMCase can contribute to these needed responses in a number
of ways. First, it can directly inhibit the growth and survival of chitin containing pathogens
[51;52]. Simultaneously, AMCase can generate chitin fragments that induce tissue
inflammation and contribute to the development of innate and adaptive immunity against the
invading pathogen [49;53]. Lastly, these studies suggest that AMCase can also inhibit
pulmonary epithelial cell apoptosis. This would maintain tissue integrity and favour epithelial
cell accumulation by altering the proliferation/apoptosis ratio of these cells. The latter may be
particularly important in severe asthma where an impaired proliferation/apoptosis ratio has
been found to contribute to the enhanced epithelial proliferation, epithelial hyperplasia and
airway remodeling that are seen in the disorder [54].

The evolutionarily conserved 18-glycosyl-hydrolase family contains true chitinases and
molecules that lack chitinase activity [55-57]. Much of the research in this area has focused on
AMCase and has been undertaken with the assumption that the chitinolytic activity of AMCase
is its major relevent effector response [58]. However, the majority of the 18-glycosyl-hydrolase
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family members are CLP which, as a result of mutations in their highly conserved enzyme
sites, do not contain chitinase activity. BRP-39, and its human homologue YKL-40 (also called
chitinase 3-like-1 and human cartilage glycoprotein (HcGP)-39) are the prototypes of these
CLP which bind to but do not cleave chitin [59;60]. Recent studies from our laboratory
demonstrated that BRP-39 and YKL-40 are important inhibitors of inflammatory cell apoptosis
(C. G. Lee and J. A. Elias, manuscript submitted). This prompted us to hypothesize that
AMCase might also mediate biologic response that were not related to its enzyme activity. To
test this hypothesis we compared the effects on epithelial survival of bioactive and
enzymatically inactive AMCase. These studies demonstrated that AMCase confers epithelial
cytoprotection via a chitinasse-independent mechanism(s) because bioactive and
enzymatically inactive AMCase had comparable effects in these assay systems. The ability of
AMCase to stimulate epithelial chemokine production was also mediated via a chitinolytic-
independent mechanism. Interestingly, the cytoprotective and proinflammatory effects of the
enzymatically inactive AMCase were abrogated by allosamidin, which is known to compete
for chitin binding. Since the enzymatically inactive AMCase is fully capable of binding chitin,
these results suggest that AMCase-substrate binding is required and that substrate cleavage is
not required in the induction of these cytoprotective and inflammatory responses. These
findings have impressive implications for the interpretation of experiments that use
allosamidin. Allosamidin has been interpreted to be and has been described as a chitinase
enzyme inhibitor [61-63]. However, our studies demonstrate that allosamidin inhibits chitinase
effects that have nothing to do with enzymatic cleavage. Thus, one can no longer assume that
an effect of a true chitinase that is abrogated by allosamidin is caused by the chitinolytic effects
of the enzyme.

In summary, these studies provide novel insights into the effector functions of AMCase. They
demonstrate that secreted AMCase protects airway epithelial cells from apoptosis via a PI3K/
Akt-dependent and chitinolytic-independent mechanism(s). They also demonstrate that
allosamidin inhibits chitinase-dependent and -independent effects of AMCase. These findings
add to our understanding of the biological roles of AMCase in asthma and other chronic
pulmonary diseases. They also shed light on the potential utility of AMCase-based
interventions in the treatment of allergic/Th2 dominated disorders and disorders characterized
by dysregulated epithelial cell turnover.
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Figure 1. AMCase protects epithelial cells from apoptosis
a. Cultured A549 cells were kept for serum starvation in RPMI1640 medium without FCS for
48h at 37°C or were kept in RPMI1640 medium with addition of FasL (100 ng/mL). Where
indicated AMCase-transfection was performed (AMCase +). Where indicated, AMCase
bioactivity in the cell-culture supernatant was inhibited by allosamidin (10μM). Apoptosis was
assessed by annexin V (left panel) or FACS TUNEL (right panel) staining. * p<0.05, Student’s
t-test.
b. Representative FACS dot-plots of Annexin V vs PI staining are shown. Where indicated
AMCase-transfection was performed (AMCase +). Where indicated, A549 cells underwent
serum starvation.
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c. Annexin V (left panel) or FACS TUNEL (right panel) staining was performed with non-
transfected A549 cells treated with medium or AMCase (10μg/ml). Where indicated, AMCase
bioactivity in the cell-culture supernatant was inhibited by allosamidin (10μM). Representative
FACS dot-plots of FACS TUNEL staining are shown. * p<0.05, Student’s t-test.
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Figure 2. In vivo analysis of AMCase in lung epithelial cells
a-e: Lung epithelial cells were characterized according to the following gating algorithm:
Within digested/strained and red cell and macrophage-depleted whole lung cell suspensions
(see for details Materials and Methods section), non-debris cells were gated (a) and
hematopoietic (CD45+) cells were further excluded (b). Within CD45- negative lung cells
CD31+ endothelial cells were excluded (c). Within the CD45-CD31- lung cell population, cells
positive for intracellular pan-Cytokeratin (d) were considered as airway epithelial cells
according to a modified method as described previously [64;65]. Intracellular AMCase
expression was robustly detectable in pan-Cytokeratin+ cells (e).
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f. Intracellular AMCase was stained in permeabilized pan-Cytokeratin+ epithelial cells in
wildtype (WT) and IL-13 transgenic overexpressing (IL-13 TG). * p<0.05, Mann-Whitney
U test
g. Airway epithelial cell apoptosis was assessed using DNA fragmentation (FACS TUNEL
staining) in IL-13 tg mice in CD45-CD31-Cytokeratin+ lung cells with high (AMCase
MFI>200, AMCasehigh) or low (AMCase MFI <200, AMCaselow) intracellular AMCase
expression. * p<0.05, Mann-Whitney U test
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Figure 3. AMCase induces Akt phosphorylation
a. Intracellular phosphorylated Akt was analyzed by flow cytometry (upper panel) or Western
blotting (lower panel) in A549 cells transfected with the empty vector (Vector) or with human
AMCase (AMCase). Phosphorylated Akt (p-Akt) is shown in relation to total Akt (Akt-total).
* p<0.05, Mann-Whitney U test
b. Representative FACS dot-plots of intracellular levels of phosphorylated Akt or the
corresponding isotype control are shown in A549 cells transfected with the empty vector
(Vector) or with human AMCase (AMCase). The quadrant gate indicates the positive Akt
staining.
c. Intracellular phosphorylated Akt was analyzed by flow cytometry in A549 cells transfected
with the empty vector (Vector) or with full-length human AMCase (AMCase). Data from three
independent experiments is shown. * p<0.05, Mann-Whitney U test
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Figure 4. AMCase and Akt phosphorylation in airway epithelial cells in vivo
a. Intracellular phosphorylated Akt was analyzed by flow cytometry in CD45-CD31-
Cytokeratin+ lung cells in PBS-sensitized and challenged (PBS) and in OVA-sensitized and
challenged mice (OVA) or in wildtype (WT) and IL-13 transgenic overexpressing (IL-13 tg)
mice. *p<0.05; Representative FACS dot-plots of co-staining with intracellular levels of
phosphorylated Akt or the corresponding isotype control and Cytokeratin are shown in IL-13
transgenic overexpressing (IL-13 tg) mice. * p<0.05, Mann-Whitney U test
b. Co-expression of intracellular levels of phosphorylated Akt (pAkt) or the corresponding
isotype control and AMCase in IL-13 tg mice.
c. Intracellular levels of AMCase and phosphorylated Akt in IL-13 tg mice in cells with high
(AMCase MFI>200, AMCasehigh) or low (AMCase MFI <200, AMCaselow) intracellular
AMCase expression. * p<0.05, Mann-Whitney U test
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Figure 5. AMCase acts anti-apoptotic through a PI3K-mediated pathway
Levels of phosphorylated Akt (a), Annexin V expression (b) and DNA fragmentation (c) were
analyzed in A549 cells treated with increasing doses of AMCase (100ng/ml, 1μg/ml, 10μg/ml
and 100μg/ml). Where indicated, the cells underwent serum starvation (left panel) or were
treated with FasL (100 ng/ml) (right panel) as described above in detail. Where indicated, PI3K
was inhibited using wortmannin (1μM). Data from three independent experiments is shown.
* p<0.05, Mann-Whitney U test
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Figure 6. Enzymatic activity is not required for anti-apoptotic and chemokine-eliciting effects of
AMCase
Enzymatic activity was measured in cell culture supernatants as described in detail in the
methods section (a). Annexin V (b) and intracellular phosphorylated Akt (c) were analyzed by
flow cytometry in A549 cells transfected with the empty vector, with full-length human
AMCase (AMCase+ Chitinolytic+) or with mutated, enzymatically inactive AMCase
(AMCase+ Chitinolytic-). CCL2/MCP-1 levels were quantitated in supernatants of A549 cells
A549 cells transfected with the empty vector, with full-length human AMCase. *p<0.05,
Student’s t-test. Where indicated, AMCase bioactivity in the cell-culture supernatant was
inhibited by allosamidin (10μM). Data from three independent experiments is shown.
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