
Research Paper

Mediators of Inflammation 4, 43-48 (1995)

HYDROLYTIC enzymes are the major constituents of alveo-
lar macrophages (AM) and have been shown to be in-
volved in many aspects of the inflammatory pulmonary
response. The aim of this study was to evaluate the role
of lysosomal enzymes in the acute phase of
hypersensitivity pneumonitis (HPs). An experimental
study on AM lysosomal enzymes of an HP-guinea-pig
model was performed. The results obtained both in vivo
and in vitro suggest that intracellular enzymatic activity
decrease is, at least partly, due to release of lysosomal
enzymes into the medium. A positive but slight correla-
tion was found between extracellular lysosomal activity
and four parameters of lung lesion (lung index,
bronchoalveolar fluid total (BALF) protein concentration,
BALF LDH and BALF alkaline phosphatase activities). All
the above findings suggest that the AM release of
lysosomal enzymes during HP is a factor involved, al-
though possibly not the only one, in the pulmonary
lesions appearing in this disease.
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Introduction

The pulmonary interstitial-alveolar region is
continuously attacked by antigens from the exterior
and from the pulmonary circulation. Alveolar
macrophages (AMs) are the cells found in the highest
proportions in the alveolus both in healthy individu-
als and in patients suffering from diffuse alveolo-
interstitial disease. These cells play a crucial role in
the induction and resolution of inflammatory pulmo.-
nary injury. In order to participate adequately in the
inflammatory response, AMs release large numbers
of soluble mediators (i.e. hydrolytic enzymes, oxy-
gen free radicals, cytokines, arachidonic acid
metabolites) which can injure the lung parenchyma.

Hydrolytic enzymes are the major constituents of
AMs and have been shown to be involved in many
aspects of the inflammatory pulmonary response in
addition to their better known role in bactericidal
processes. Although it is known that in most diffuse
interstitial pulmonary diseases there is recruitment
and activation of macrophages, no systematic study
has been conducted on the role of hydrolytic en-
zymes in these diseases.

Hypersensitivity pneumonitis (HP) is a group of
lung diseases that result from repeated exposure to
some antigenic organic dusts. The disease mainly
affects the distal airways and is characterized by
interstitial and alveolar inflammation often associated
with granulomas. HP is a model of considerable

interest in the study of the pathogenic mechanisms
of interstitial lung diseases since in this disease
alveolitis is more intense. Various HP models have
been described; of special relevance to the study of
macrophage activity are those developed in guinea-
pigs. We therefore used an experimental model of
HP in order to determine the role of AM lysosomal
enzymatic activity in the pathogenesis of alveolar
damage.

Materials and Methods

HP experimental model: Faenia rectivirgula (CECT
3223) was kindly provided by the Departamento de
Microbiologia (Facultad de Ciencias Biol6gicas,
Universidad de Valencia). This strain corresponds to
ATCC 15347. F. rectivirgula was grown in

trypticase-soy broth at 52C for 6 days in a shaking
incubator, harvested by centrifugation at 450 x g and
the organisms washed three times with sterile saline.
Cell walls were disrupted with a Polytron
homogenizer (Kinematica, Kriens/Luzern, Switzer-
land) and the mixture was then sonicated (Sonifier,
Branson Sonic Power Company, Danford, CT) three
times (20 s periods). The lysate was lyophilized and
stored in sterile vials.
Male Dunkin-Hartley guinea-pigs (200-250 g,

IFFA Credo, Spain) were used for all studies. They
were housed in sterile rooms and were allowed food
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FIG. 1. Experimental protocol. CFA, complete Freund adjuvant; IFA, incom-
plete Freund adjuvant. The figures represent time in days.

and water ad libitum. Intramuscular injection of
ketamine (100 mg/kg body weight) was used for
sedation and intraperitoneal sodium pentobarbital
(100 mg/ml body weight) for anaesthesia. HP was
induced according to the protocol of Schuyler and
Crooks as shown in Fig. 1.

Lyophilized F. rectivirgula antigen was
resuspended in pyrogen-free saline at 4 mg/ml and
administered intratracheally at 3.6 mg/kg body
weight. For intramuscular or subcutaneous inocula-
tion the antigen (1.6 mg) was emulsified in 400 btl of
complete (Sigma F-5881) or incomplete Freund
adjuvant (Sigma F-5506) respectively. A group of
normal guinea-pigs and a control group
(intratracheal and parenteral inoculation of pyrogen-
free saline) was included in the study. All procedures
were performed using standard sterile materials. All
animals were screened for non-apparent infections
by Paraspidodera uncinata.

Collection of samples.. Two hours after the last
intratracheal challenge with Faenia rectivirgula
antigen, the guinea-pigs were sacrificed.
Bronchoalveolar lavage was performed using 12 ml
of pyrogen-free saline in three aliquots (3 x 4 ml).
The fluid was filtered through sterile gauze and then
centrifuged at 500 x g for 10 min at 4C. The
supernatant was immediately frozen at -70C and
the cells were resuspended in 2 ml of phosphate-
buffered saline. Blood was obtained by direct
intracardiac puncture and was used to obtain serum,
which was then stored at-70C. The lungs were then
dissected, weighed, placed in 10% formaldehyde and
processed for histological examination.

Cytological studies of bronchoalveolar lavage: BAL
cells were counted on a haemocytometer and via-

bility was assessed by Trypan blue exclusion.
Cytocentrifuge preparations were stained with Diff-
Quik(R) and a differential count was performed, 200
cells being counted by two observers. Nonspecific
esterase, [-glucuronidase and tartrate-resistant acid
phosphatase stains were performed using commer-
cially available reagents (Sigma Chemical Company).
Results for -glucuronidase and tartrate-resistant acid

phosphatase stains were expressed both as the per-
centage of positive cells and as an intensity score
according to Roodman.

Studies of bronchoalveolar lavage supernatant.. BAL
fluid aliquots were used for the determination of
protein concentration, LDH activity, alkaline
phosphatase activity and tartrate-sensitive acid
phosphatase activity. All measurements were carried
out on the same day and under the same conditions
to avoid interassay variability.

Total protein concentrations were assayed by an
automated colorimetric method (Boehringer
Mannheim). The detection limit was 65 l.tg/ml and
the intraassay coefficient of variation was 3.45%.

All enzyme activities were measured at 37C by
automated colorimetric methods8,9 using reagents
from Boehringer Mannheim and results were re-
ported as U/1. The detection limit for LDH (EC
1.1.1.27) was 0.73 U/1 and the intraassay coefficient
of variation was 2.4%. The detection limit for alka-
line phosphatase (E.C. 3.1.3.1) was 0.58 U/1 and
the intraassay coefficient of variation was 2.26%.
Tartrate-sensitive acid phosphatase activity was
calculated by the difference between total and
tartrate-resistant activity. The detection limit of total
acid phosphatase (EC 3.1.3.2) and tartrate-resistant
acid phosphatase were 0.01 U/1 and 0.025 U/l,
respectively, with an intraassay coefficient of varia-
tion of 1.5% and 7.27%.

Serum studies: Serum aliquots were used for the
determination of total protein concentration, the se-
rum electrophoretic protein profile, LDH activity,
alkaline phosphatase activity and tartrate-sensitive
acid phosphatase activity. All measurements were
carried out on the same day and under the same
conditions to avoid interassay variability.

Total protein concentrations were analysed by an
automated colorimetric method1 using reagents from
Boehringer Mannheim. Concentrations were ex-
pressed in grams per decilitre. The detection limit
was 0.126 g/dl and the intraassay coefficient of vari-
ation was 1.21%. Electrophoresis on cellulose acetate
was used for the separation of serum proteins. The
percentage of each fraction was measured automati-
cally (Olympus Hyte-System 310) after staining pro-
tein bands with Ponceau red. Results were reported
as the concentration of each fraction.
Serum enzyme activities were measured using

the same techniques as for the broncho-alveolar
lavage fluid. The detection limit of serum LDH was
1.7 U/1 and the intraassay coefficient of variation was

0.53%. For serum alkaline phosphatase the detection
limit was 1.38 U/1 and the intraassay coefficient of
variation was 1.1%. The detection limit of total serum
acid phosphatase was 1.02 U/1 and the intraassay
coefficient of variation was 7.38%. Specific antibod-
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ies against F. rectivirgula were detected by double
diffusion in agar11 using a commercial filtered antigen
(Mercia Diagnostics Limited, UK). Positive and nega-
tive control sera was also provided by Mercia Diag-
nostics.

Histological study: Lungs were prepared for histo-
logical examination by fixation with 10% buffered
formalin (pH 7). The tissue was sectioned by
normal procedures and stained with haematoxylin
and eosin.

Lung index: The lungs, with trachea intact, were
isolated and weighed to determine lung index, de-
fined as follows: 12

Lung index
Lung weight/Body weight test animal

Lung weight/Body weight normal animal

In vitro Secretion of acidphosphatase by guinea-pig
AMs: Alveolar macrophages (96 to 98% pure) were
recovered from normal guinea-pigs by BAL which
was performed using 20 ml of pyrogen-free saline in
five aliquots (4 x 5 ml). The BAL fluid was first
filtered through sterile gauze and centrifuged on a
Ficoll-Hypaque gradient (450 x g, 30 min at 20C).
After separation and two washings with sterile PBS,
cells were resuspended in RPMI 1640 supplemented
with 10% FCS (foetal calf serum), 2 mM glutamine
and penicillin-streptomycin (complete medium).

Cells were plated in four culture plates (Costar) in
1 ml of complete medium and allowed to adhere
for 2 h at 37C, 5% CO.. Non-adherent cells were
removed and 1 ml of fresh medium was added.
Cells were incubated alone or with opsonized
zymosan (400 t.tg/ml). After 24 h at 37C, 5% CO,.,
the supernatant was collected and 400 t-tl of

Table 1. Validation of animal model

sucrose-EDTA buffer added to the cell monolayer.
The cells were lysed by six freeze-thawing cycles.
Acid phosphatase and LDH were measured in the
supernatant and in the cell lysate.

Statistical analysis: Data are expressed as means
+ S.E. Statistical analysis was performed using a
non-parametric test (Kruskal-Wallis test for global
comparison, Mann-Whitney test for two-groups
comparison and Spearman rank correlation test) us-
ing the Statworks and Statview software programs
for an Apple Macintosh computer. For comparisons,
p values < 0.05 were adopted as significant.

Results

Validation of the animal model: In order to ensure
that the animal model did indeed make use of a
disease characteristic of HP, various parameters were
evaluated. Initially it was observed that hyper-
gammaglobulinaemia (Table 1) and precipitating
antibodies to Faenia rectivirgula appeared in the
serum of all the guinea-pigs inoculated
intratracheally with particulate antigen. Moreover,
there was an intense alveolitis (mainly mononuclear
phagocytes and eosinophils) and a rise in the lung
index and protein concentrations in the BALF (Table
1). Finally, in the group of animals subjected to the
HP experimental model, histological study of the
lung revealed an intense lymphomonocytic infiltrate,
with the formation of granulomas and intense
alveolitis. Thus, although there are no agreed criteria
in the literature for defining HP, our experimental
model combines the individual criteria used sepa-
rately by other authors, and we are therefore confi-
dent that it is adequate.1q5

Groups

Control Control + saline Acute HP
(n=6) (n=6) (n=6)

Mean S.E.M. Mean S.E.M. Mean S.E.M.

Total cell counts 0.49 0.26 0.89
(x 106/ml)
BALF alveolar macrophages 49.2 32.0 77.2
(x 10"/ml)
BALF lymphocytes 0.1 0.3 0.2
(x 10"/ml)
BALF neutrophils 0.2 0.4 0.1
(x 10"/ml)
BALF eosinophils 28.6 28.3 11.0
(x 10"/ml)
Lung index 0.9 0.12 1.01
BALF total protein 80 15.5 91
(lg/ml)
Serum 7-globulin 0.17 0.03 0.17
(g/dl)

0.44 1.96a’b 1.18

37.8 97.3 37.3

0.4 2.16a,b 1.1

0.2 0.4 1.2

5.1 109.1 a, 95.4

0.08 1.70a’ 0.30
28.5 191 "’" 133

0.04 0.37’ 0.10

HP, hypersensitivity pneumonitis; BALF, bronchoalveolar lavage fluid.
"p < 0.05 compared with control group, bp < 0.05 compared with control + saline group.
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AM lysosomal enzymatic activity: Intracellular
lysosomal enzymatic activities were studied by
cytochemical methods because the number of cells
were too low for use of biochemical methods and it
is reported that cytochemical methods are more ap-
propriate for checking the activity of isolated cell
types. 16

The proportion of -glucuronidase positive and
acid phosphatase positive cells and the score for
these enzymatic activities are shown in Fig. 2. No
significant differences in [-glucuronidase score, the
proportion of positive [-glucuronidase and acid
phosphatase cells were found between the control
group and the control plus saline group, although all
enzymatic activities were significantly decreased in
the acute HP group compared with the other groups.

Extracellular lysosomal enzyme activity (both in
BALF and serum) is summarized in Table 2. There
were no significant differences in BALF total, tartrate-
sensitive and tartrate-resistant acid phosphatase be-
tween the control group and the control plus saline
group, although all enzymatic activities,were signifi-

lO"m.
FIG. 2. Intracellular AM lysosomal enzymatic activities. Data are mean +/-

S.E.M. of six guinea-pigs/group and were analysed by Kruskal-Wallis test
and Mann-Whitney test. Stars (*) represent significant differences (p <
0.05) with respect to control group and control + saline group. Symbols are:

I-glucuronidase (+) cells; [] I-glucuronidase ’score’; I acid
phosphatase (+) cells; and I acid phosphatase ’score’. HP=
hypersensitivity pneumonitis.

candy increased (p < 0.05) in the acute HP. group
compared with the other groups. No correlation was
detected between intra- and extracellular lysosomal
enzymatic activities and there were no differences in
serum acid phosphatase.
These findings, considered as a whole, suggest

that F. rectivirgula induces an enzymatic lysosomal
release in vivo. In order to confirm this interpretation,
AMs from healthy guinea-pigs were incubated in
the presence of a particulate antigen, since under
these conditions enzymes are released into the
extracellular environment. 17 Simultaneous measure-
ment of LDH and acid phosphatase in the
supernatant and in the cell lysate showed that the
release of lysosomal enzymes into the culture me-
dium was an active process since 25-45% acid
phosphatase was released compared with 10-13% of
LDH.

Relationship between lysosomal enzymatic activity
and lung lesion indexes: Having demonstrated that
there was an increase in extracellular lysosomal
enzymatic activity in the NH group, we next studied
the relationship between this activity and various

parameters of pulmonary parenchymal lesion (lung
index, BALF protein, LDH and alkaline phosphatase
in the BAL). A slight, but significant, positive corre-
lation was found between tartrate-sensitive acid
phosphatase and lung index (Rs 0.40, p 0.042)
and BALF protein concentration (Rs 0.41, p
0.039).
LDH and alkaline phosphatase activities in BAL

were both significantly increased in the HP group
compared with the other groups (Fig. 3). No signifi-
cant differences were found in serum LDH levels
(data not shown) and alkaline phosphatase values
were significantly decreased in the HP group (mean

231 U/l; S.E.M. 56) compared with the control
(mean 618 U/l; S.E.M. 168) and control plus saline
(mean 469; S.E.M. 61) groups. A slight, but
significant, positive correlation was found between
tartrate-sensitive acid phosphatase and BALF LDH

Table 2. Extracellular lysosomal enzymatic activity

Acid phosphatase Groups

Control Control + saline Acute HP
(n=6) (n=6) (n=6)

Mean S.E.M. Mean S.E.M. Mean S.E.M.

Total BALF acid phosphatase
(U/I) 1.27 0.26 1.46 0.16 2.92a,b 0.66
Tartrate resistant BALF acid phosphatase
(U/I) 0.45 0.07 0.42 0.01 0.76a,b 0.11
Tartrate sensitive BALF acid phosphatase
(U/I) 0.82 0.21 1.04 0.15 2.28", 0.78
Total serum acid phosphatase
(U/I) 31.8 3.05 19.22 1.21 24.29 2.07

HP, hypersensitivity pneumonitis; BALF, bronchoalveolar lavage fluid.
p < 0.05 compared with control group, bp < 0.05 compared with control + saline group.

46 Mediators of Inflammation. Vol 4. 1995



Lysosomal enzymes in HP

BALF Alkaline

(U/L)

40

BALF LDH activity
(U/L)

:300

240

210

1--

90

60

30

Contrd Control Saline Acute HP

FIG. 3. BALF LDH and alkaline phosphatase enzymatic activities. Data are
mean S.E.M. of six guinea-pigs/group and were analysed by
Kruskal-Wallis test and Mann-Whitney test. Stars (*) represent significant
differences (p < 0.05) with respect to control group and control + saline
groups. No significant differences were found between control and control
+ saline groups. Symbols are: LDH activity; [] alkaline phosphatase
activity; BALF bronchoalveolar lavage fluid; HP hypersensitivity
pneumonitis.

activity (Rs 0.42, p 0.036) and between tartrate-
sensitive acid phosphatase and BALF alkaline
phosphatase (Rs 0.45, p 0.021).

Discussion

Accumulation of inflammatory cells in the alveolar
region of the lung is a key event in pathogenesis of
diffuse pulmonary interstitial disease. In HP the AMs
are activated, and in response to the causal antigens
they release a large number of inflammatory media-
tors (i.e. lysosomal enzymes, oxygen free radicals,
cytokines, arachidonic acid metabolites) capable of
injuring the lung parenchyma. Lysosomal acid
hydrolases form a group of enzymes whose function
is to degrade the material ingested in the phagocytic
vacuole. However, lysosomal enzymes can some-
times gain access to the extracellular medium where
they exert a lytic action by degrading collagen and
proteoglycans under acid pH conditions (as happens
at the focus of inflammation). TM Lysosomal
intracellular activity depends on the equilibrium
between their production and the release into the
extracellular medium. In turn, production depends
on cellular differentiation and the degree of activa-

tion; levels of lysosomal hydrolases vary in different
subpopulations of AMs (minimum activity corre-
sponding to the most immature forms)19 while
enzymatic activity increases upon activation by vari-
ous physical, chemical and biological agents.2-22 The
other factor affecting intracellular acid hydrolase
activity is the release of enzymes, into the
extracellular medium mediated by particulate16,-25 or
immunological stimuli. 26,27

Our results confirm the data obtained in humans,
there being a decrease in the intracellular enzymatic
activity of the guinea-pig AMs. The results obtained
both in vivo and in vitro suggest that this decrease
is, at least partly, due to release of lysosomal en-
zymes into the medium. However, the lack of corre-
lation between the intra- and extracellular activities
indicates that other mechanisms may affect the de-
crease in intracellular enzymatic activity. In this
sense, the very low levels of acid phosphatase com-
pared with [-glucuronidase activity afford comple-
mentary data. In general, it is assumed that although
the release of lysosomal enzymes takes place as a
whole, there are substantial differences when several
activities in a single process are measured simultane-
ously,28 perhaps depending on the different species-
specific enzymatic content or the presence of specific
inhibitors.29 In the case of AMs, another factor influ-
encing these differences is the presence of specific
acid phosphatase isoenzymes with special character-
istics. In particular, these cells possess an isoenzyme
with high electrophoretic mobility, which is tartrate-
resistant (band 5). The presence of tartrate-resistant
acid phosphatase in cells of the MPs has been inter-

preted as a marker of differentiation and indeed it
has been shown that this activity is decreased in
active sarcoidosis, a disease in which there is consid-
erable monocyte recruitment to the lung.1 Accord-
ingly, the decrease in intracellular acid phosphatase
activity involves not only release into the
extracellular environment but also an increase in the
recruitment of young MPs’ cells with lower enzymatic
activity.
The last aspect considered in this work was the

relationship between extracellular lysosomal
enzymatic activity and different parameters, of lung
lesion (lung index, total BALF protein concentration,
LDH activity and alkaline phosphatase activity). Lung
index12,2 and BALF total protein concentration are
two useful but nonspecific parameters for evaluating
lung lesions in interstitial diseases. The acute HP
group showed elevated values of lung index and
BALF total protein concentrations, together with a

positive although low correlation with extracellular
lysosomal activity. BALF lactic dehydrogenase activ-

ity measurement has been used as a parenchymal
lung lesion parameter in diverse experimental animal
models and in human diseases.4 In our study maxi-
mum BALF LDH values were detected in the acute

HP group. We can reasonably reject that LDH come
from plasma since the plasma LDH values were
similar in all the experimental groups. Alkaline
phosphatase activity in the lower respiratory tract is
limited to type II pneumocytes5 and levels of this
enzyme in BALF has been used as an index of
pneumocyte lesion and/or proliferation.29, Since in
acute HP there is a hypertrophy of type II
pneumocytes as well as marked structural alterations
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in these cells,37 we used this measurement to evaluate
these events. Our results revealed a marked rise in
BALF alkaline phosphatase activity in acute HP with
respect to both control groups. This increase cannot
be attributed to increased serum activity since in the
acute HP group the serum values of this enzyme
actually decreased. This could be explained by the
increased synthesis of macrophage cytokines38 and/
or a fall in parathormone activity secondary to the
formation of granulomas.39 We are currently studying
possible mechanisms responsible for this decrease. A
positive but slight correlation was found between
BALF LDH and alkaline phosphatase activities and
extracellular lysosomal activity. All the above find-
ings suggest that the release of lysosomal enzymes
during HP is a factor involved, although possibly not
the only one, in the pulmonary lesions appearing in
this disease.
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