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ABSTRACT: In order to clarify the mode of inactivation of alpha, -proteinase
inhibitor (alpha,-PI) in pneumonia, 21 immunocompetent patients and 19 immuno-
compromised patients with acute pneumonia (Groups I and II) were studied. Nine
patients successfully treated for pneumonia and 10 healthy volunteers served as con-
trols (Groups III and IV, respectively).

The concentrations of alpha,-PI, elastase and myeloperoxidase (MPO) in bron-
choalveolar lavage fluid (BALF) were determined using a luminometric assay. Elastase
inhibition capacity was determined using a colorimetric assay. Thus, the functional
activity of alpha,-PI was calculated.

Both elastase and MPO were significantly higher in group I, when compared with
the other groups. The mean concentration of alpha,-PI was significantly higher in
patients with acute pneumonia (Group I 13 mg-/!, Group II 4.22 mg-/') than in
Groups III and IV (2.65 and 0.33 mg-I, respectively), whereas, the proportion of
active alpha,-PI was significantly lower in Group I than in the other groups. Only
a small proportion was present as a complex with elastase (ca. 5.9%) or in oxidised
form (ca. 4.8%), 85% of alpha,-PI was irreversibly proteolized. This resulted in
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free elastase activity in 7 of the 40 patients (18 %) with acute pneumonia.
We conclude that functional activity of alpha,-PI is markedly impaired due to
irreversible proteolysis in acute pneumonia, despite high immunological concentra-

tions.
Eur Respir J., 1994, 7, 127-133.

Despite the use of highly active antimicrobial agents,
bacterial pneumonia remains the most common cause
of death from infectious diseases in industrialized coun-
tries [1]. In immunocompetent patients with pneumo-
nia, neutrophils are attracted to the alveolar space by
chemotactic stimuli [2], giving rise to the distinct gran-
ulocytosis in the bronchoalveolar lavage (BAL). In addi-
tion to the desired antimicrobial effect, these neutrophils
release potentially toxic products [3] into the alveolar
space, that have the ability to produce irreversible
damage to the host tissue [4-9]. Neutrophil elastase
liberated during this process can be "neutralized" by
alpha,-proteinase inhibitor (alpha,-PI), thus protecting
lung tissue from proteolysis [4]. Another "two-sided
sword" of neutrophils are reactive oxygen species, which
are released during active pneumonia [10, 11]. In the
oxidative burst of neutrophils, myeloperoxidase (MPO)
plays a major role by catalysing the reaction between
hydrogen peroxide and chloride ions, to produce the
highly cytotoxic hypochlorous acid (HOCI). Both pro-
teases and reactive oxygen species may lead to inacti-
vation of alpha,-PI, that protects lung tissue from proteolytic
damage [4].

In order to define the interaction between toxic and

protective substances within the bronchalveolar compart-
ment, we asked the following questions: 1) Is there a cor-
relation between concentration and function of alpha,-PI
in bronchoalveolar lavage fluid (BALF)? 2) Is inactiva-
tion of alpha -PI due to oxidation, complexation or irre-
versible proteolysis? 3) Is it possible to obtain an index
of the imbalance of the proteinase-antiproteinase system
in patients suffering from acute pneumonia, which may
be useful for therapeutic intervention?

Materials and methods
Study population

Twenty one immunocompetent patients (Group I) (table
1) with either severe community-acquired pneumonia
(n=7), or severe nosocomial pneumonia (n=14), were stud-
ied. Indication for BAL was failure of empirical antibi-
otic treatment within 3—5 days after onset of symptoms
(n=17), or admission to the intensive care unit (n=4). The
mean period between onset of symptoms and BAL was
95.3+51.3 h. Antibiotic treatment was discontinued at
least 24 h before examination. The underlying illnesses
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Table 1. — Demographic data: groups I-IV

Group I Group 1I Group III Group IV

Subjects n 21 19 9 10
Age yrs mean 58 38 59 24

range 21-76 29-49 48-71 21-27
Sex M/F 13/8 13/6 6/3 10/0
Smokers n 13 8 7 4
Nonsmokers n 8 11 2 6
Pathogen
>10 CFU-ml! 16 14 0 0
<10 CFU-ml"! 5 5 9 10
Survived n 19 17 9 10
Death n 2 2 0 0
Radiology
Alveolar pneumonia 3 2 - -
Bronchopneumonia 14 13 - -
Interstitial 4 6 - -

Group I: patients with acute pneumonia (n=21); Group II: immunocompromised patients with acute pneu-
monia (n=19); Group III: patients successfully treated for pneumonia (n=9); group IV: healthy volun-

teers (n=10). CFU: colony forming units.

were: chronic obstructive lung disease (n=8; two patients
with bronchiectasia); coronary heart disease with chronic
congestion (n=4), chronic alcoholism (n=2), diabetes mel-
litus (n=1) and severe deformity of the thorax (n=1). In
five cases no predisposing conditions were detectable.
The patients were diagnosed as having pneumonia when
the following criteria were fulfilled: a typical clinical
appearance with fever, purulent phlegm and dyspnoea; a
new infiltrate on the chest X-rays; as well as evidence
obtained from laboratory test (i.e. elevated erythrocyte
sedimentation rate, elevated C-reactive protein, leucocy-
tosis with elevation of immature cell forms). In addi-
tion, the response to antibiotic treatment was taken into
account.

Nineteen immunocompromised patients were studied
(Group II: post renal transplant (n=10) receiving threefold
immunosuppression with cyclosporin A, azathioprine
and methylprednisolone; human immunodeficiency virus
(HIV)-infection Center for Disease Control (CDC) stage
IV (n=9) (table 1). The mean period between onset of
symptoms and BAL was 35.3+21.3 h.

For comparison, 9 patients successfully treated for pneu-
monia (Group III) (table 1) were studied. In these patients,
bronchoscopy was performed to exclude a bronchial car-
cinoma as the cause of pneumonia. The mean period
between onset of symptoms and bronchoalveolar lavage
was 246172 h. Group IV consisted of healthy volunteers
(table 1). This study received approval from the local
Ethics Committee

Bronchoalveolar lavage

Bronchoalveolar lavage [12] was carried out under local
anaesthesia with 2% lidocain, after pre-medication with
2.5-7.5 mg midazolam, using a fibreoptic bronchoscope.
On average, 200 ml 0.15 mol-/' was instilled in 20 ml
aliquots. Each aliquot was aspirated immediately fol-
lowing instillation, the first fraction being discarded, the

following portions being pooled before further process-
ing. BAL was performed at the beginning of bronchoscopy
and prior to endo- or transbronchial biopsies to avoid
contamination with blood. Red blood cell (RBC) cont-
amination was assessed using microscopy. The mean
recovery of instilled fluid was: Group I 57%, Group 11
65%, Group III 69% and Group IV 71%.

In patients with localized infiltrations, the lavage was
carried out in this area. In those patients with diffuse
infiltrates or in controls, the lavage was carried out in the
lateral segment of the right middle lobe. The BAL was
centrifuged at 200xg for 10 min and the cell-free super-
natant (BALF) and cell-pellet were then separated. After
cell count, the pellet was stained according to Wright-
Giemsa, and the percentage of the different cell types
determined by counting at least 600 cells.

Microbiology

Quantitative bacterial culture was carried out, as des-
cribed previously [13]. The identification of the micro-
organisms was performed according to the recommendations
of the German Society of Hygiene and Microbiology and
the Manual of Clinical Microbiology [14].

Protein concentration measurements

Alpha -PI, elastase (measured in complex with alpha,-
PI), MPO and albumin were determined by immunolu-
minometric assays [15, 16]. Both the absolute concentrations
and those standardized with respect to albumin were used.

Elastase inhibition capacity (EIC)

After centrifugation of the BAL, the supernatant (BALF)
was concentrated 40 fold by using a microconcentrator
(Centricon 10, Amicon, Witten, Germany). Two milli-
litres of BALF were concentrated by centrifugation at
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5,000xg for 90 min at a rotor angle of 45°. EIC was mea-
sured using the activity of elastase upon the synthetic
substrate Meo-Suc-Ala-Ala-Pro-Val-p-nitroanilide (Proto-
gen, Laufingen, CH) [17-19].

Ten microlitre sample or medium (blank), 100 pl assay-
buffer (1 mol-/' hydroxyethylpiperazine ethanesulph-
onic acid (HEPES), 0.5 mol-/"' NaCl, pH 7.5) and 10 pl
human leucocyte elastase (1 kU-[' in 0.1 mol-/"' Tris
buffer, pH 7.5) were incubated for 5 min at 25°C. After
addition of 100 pl substrate (0.17 pmol), the extinction
was measured kinetically at 405 nm. The EIC was cal-
culated from the formula: F x [dE blank-min-! - dE sam-
ple-min']=U-/"! where dE is the difference in extinction,
F=2.15 x K, where K=molar extinction coefficient E
(E=10,200 [ x mol! x cm). In cases of free elastase
activity, the difference in extinction of the sample (dE
sample-min'') was higher than the difference of the blank
(dE blank-min'). This was further confirmed by photo-
metrical end-point measurement. In this case, different
dilutions of elastase were used, and the extinction was
measured 24 h after addition of the substrate. 1 IU of
elastase activity proteolyses 1 mg of elastin in 20 min-
utes, 1 IU of EIC inhibits this activity.

Functional activity of alpha,-PI

As 90% of the EIC in the lower respiratory tract is
accounted for by alpha,-PI [4], the ratio between the
EIC and the alpha,-PI concentration represents approxi-
mately the functional activity of alpha,-PI. This was
expressed as the percentage of the calculated full activity
of the inhibitor (i.e. 14.4 U-g! alpha,-PI), using an elas-
tase preparation of 25 kU-g"! and a molar inhibition ratio
of 1:1 [4].

Oxidized alpha,-PI

To monitor the slower inhibition of oxidized alpha,-PI
[20], the EIC was determined not only after 5 min incu-
bation but also after 60 min in BALF of 10 patients with
acute pneumonia (Group I) and of the healthy controls
(Group IV). Here the functional activity (after 5 min)
was subtracted from the 60 min value, which gave an
estimate of the oxidized alpha,-PI. For further confir-

mation of these findings, 10 BALF samples obtained
both from Group I and Group IV were subjected to in
vitro oxidation prior to ultracentrifugation. This was done
to distinguish between alpha,-PI, that was already oxi-
dized in vivo (no change expected) and not yet oxidized
alpha -PI. For this, a cell free system was used, con-
sisting of 0.1 mg hydroxylamine, 0.07 mg hypoxanthine
and 30 pl xanthine oxidase, which were added to a 2 ml
BALF sample, and incubated for 60 min at 25°C with
shaking. The reaction was designed to produce O, ions
analogous to those produced during phagocytosis. After
separation of the reaction mixture via ultracentrifugation,
the EIC of the resulting supernatant was measured. The
percentage difference of the EIC as well as the functional
activity of alpha,-PI were measured in BALF, before oxi-
dation (=100%) and after the oxidation procedure.

Different methods of quantification and calculation of
alpha,-proteinase inhibitor concentration and function are
shown in table 2.

Statistics

Non-parametric statistics were used throughout the study.
The Wilcoxon signed rank test was used for paired sam-
ples, the Kruskal-Wallis-test for independent samples.
Correlations were made with the Spearman rank correlation.
The median was used as a marker of central tendency.

Results

The following micro-organisms were found in signifi-
cant numbers (i.e. >10* colony forming units (CFU)-ml")
in the BAL of the immunocompetent patients (Group I):
Haemophilus influenzae (n=5), Klebsiella pneumoniae
(n=3), Staphylococcus aureus (n=3), Bacteroides sp. (n=2),
Legionella pneumophila (n=1), Candida albicans (n=1)
and Aspergillus fumigatus (n=1). Five samples remained
nondiagnostic. In immunocompromised patients (Group
II) the following micro-organisms were found: Preumocystis
carinii (n=6) cytomegalovirus (n=4), Aspergillus fumi-
gatus (n=2), Branhamella catarrhalis (n=1) and
Staphylococcus aureus (n=1). Five samples remained
nondiagnostic. In groups Il and IV there were no pathogens
in significant number detectable (<10* CFU-ml!).

Table 2. — Quantification and calculation of a,-proteinase inhibitor concentration and function

Parameter

Elastase inhibition capacity (EIC)
Elastase activity

Total a,-PI
o,-PI-elastase-complex (Ela)

Calculation

25 U-mg'Ela = 14.4 IU-mg! a,-PI = 100% functional activity
(EIC)/a,-PI) in % of completely active o,-PI

EIQ after 60 min* —EIQ after 5 min incubation with elastase [%]
100% - (EIQ + oxidized a,-PI + complex)

Completely active o,-PI
Functional o -Pl-activity (EIQ)
Oxidized o,-PI

Inactive a,-PI

Method

Photometrical determination IU-ml-!
Photometrical determination U-ml-!
Immunoluminometric assay mg-/-!
Immunoluminometric assay mg:/-!

o,-PI: alpha,-proteinase inhibitor; *: slower inhibition of elastase by oxidized a,-PI
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alpha,-Pl in BAL of subjects studied

Neutrophil count, protein concentrations, EIC and functional activity of

a) Absolute concentrations

Neutrophils alpha,-PI EIC Funct.alpha,-PI Alb

% mg-/! mlIU-ml"! % mg-[!
Group I
Median 51 2.8 0.86 2.2 15.7
Mean 50.9 13 0.69 4.4 50.59
(16-84%) (10-87) (1.22-10.5) (-5.38-3.87) (0-10.8) (3.5-5.2)
Group II
Median 7 3.2 6.13 13.9 23.2
Mean 18.6 4.22 8.36 15.3 28.65
(16-84%) (1-46) (1.38-5.4) (0.75-14.4) (3.1-22.6) (11-45)
Group IIT
Median 3 0.91 2.15 26.4 11
mean 7.8 2.65 5.84 27.6 18.87
(16-84%) (0-5) (0.23-3.66) (0-9.68) (0-45.7) (6.3-18.9)
Group IV
Median 0 0.25 1.77 59 16
Mean 0.2 0.33 1.73 52.8 16.24
(16-84%) (0-0) (0.11-0.31) (1.8-2.15) (27.8-68.2) (7.3-35)
b) Concentrations standardized with respect to albumin

alpha -PI/Alb EIC/Alb Elastase/Alb MPO/Alb

ng-mg! mlU-mg"! ng-mg! ng-mg-!
Group I
Median 201.9 27.9 8 57.7
Mean 556.6 21.8 12.5 136.6
(16-84%) (77.7-611) (-94-338) (1.1-21.9) (4.3-174)
Group II
Median 148 297 1.05 5.1
Mean 174.5 373.7 1.94 14.1
(16-84%) (71-233) (32-561) (0.33-2.0) (1.2-13.1)
Group III
Median 104.2 197.2 0.6 1.8
Mean 99 383.4 1 4.8
(16-84%) (16.4-151.5) (0.1-841) (0.3-1.4) (0.4-8.2)
Group IV
Median 15.4 102.6 0.1 0.01
Mean 21.2 132.6 3.24 0.24
(16-84%) (9.1-35.6) (76.9-198.6) (0.1-0.33) (0-0.01)

EIC: elastase inhibition capacity; alpha,-PI: alpha,—proteinase inhibitor; Alb: albumin; MPO:

myeloperoxidase; 16-84%: 16th to 84th percentile.

groups see legend to table 1.

Table 3a shows the BALF concentration of alpha,-PI.
The alpha,-PI concentrations in Group I and II were high-
er than in group III (p<0.03) and Group IV (p<0.01). The
functional activity of alpha,-PI in Group I was significantly
lower than in group II-IV (p<0.01 in all cases) (table 3a).
The functional activity of alpha,-PI lay below the 16th per-
centile of the healthy controls (Group IV) in 20 of the 21
patients with pneumonia (Group I). In comparison, only
9 of the 19 immunocompromised patients with pneumo-
nia (Group II) and 3 of the 9 with treated pneumonia (Group
IIT) lay under the 16th percentile. Both the concentration

Funct.: functional For explanation of

of MPO and of elastase-alpha,-PI complex were about 100
times higher in immunocompetent patients with pneumo-
nia than in healthy controls (p<0.001) (fig. 1).

The EIC in the BALF in patients with acute pneumo-
nia varied greatly, as can be seen in figure 2, which also
shows that in 6 of the 21 patients in Group I, and one
from Group II, free elastase activity was demonstrable,
despite the fact that alpha,-PI was elevated in these cases.
Table 3a summarizes the absolute concentrations, and
table 3b concentrations standardized with respect to albu-
min, of alpha,-PI and albumin, as well as the EIC and
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Fig. 1. — Mean of elastase and MPO concentration in BAL in
Groups I-IV. Data are presented as median (horizontal bars), and
16-84th percentile (vertical bars). MPO: myeloperoxidase; BAL:
bronchoalveolar lavage; BALF: BAL fluid. Group I: patients with
acute pneumonia (n=21); Group II: immunocompromised patients
with acute pneumonia (n=-19); Group III: patients successfully treat-
ed for pneumonia (n=9); group IV: healthy volunteers (n=10).[_]:
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Fig. 2. — Elastase inhibition capacity in BAL in groups I-IV.

Bars indicate mean value. For abbreviations and explanation of
groups see legend to figure 1.

functional activity of alpha,-PI. There were no statisti-
cally significant differences between patients with or
without documented bacteria in BAL, with regard to pro-
tein concentration or function (data not shown).

A granulocytosis was seen in the differential cell count
of most pneumonia patients, especially in Group I
(51%), whereas Groups II-IV had a lower percentage of
granulocytes (Group II 18.6%, Group III 7.8% and Group
IV 0.2%, p<0.01 in all cases). The percentage of granu-
locytes in patients with acute pneumonia (Group I) cor-
related with the functional activity of alpha,-PI (r=-0.53,
p<0.03). The BALF concentrations of elastase and MPO
showed a similar negative correlation with the functional

a) Healthy vounteer - Group IV

Inactive o,-P! (46.7%) Active o.,-Pl (52.8%)

Ela-o.,-Pl-complex (0.5%)

b) Patients with pneumonia - Group 1
Ela-c.,-Pl-complex (5.9%)
Oxidised o,-PI (4.8%)

Active o,-PI (4.4%)

Inactive o.,-Pl (84.9%)

Fig. 3. — Proportion of active, inactive, oxidized and complexed
proteinase inhibitor (for explanation see also table 2). a) Healthy
volunteers (Group 1V); and b) patients with pneumonia (Group I).
Oxidized alpha,-PI was determined in 10 of the 21 Group I patients.
a,-PI: alpha,-proteinase inhibitor; Ela: elastase.

activity of alpha -PI: elastase r=-0.50; MPO r=-0.47;
p<0.04). Whereas, in Groups II-IV no correlation could
be demonstrated between MPO and alpha,-PI (Group II
r=-0.37, Group III r=-0.1, Group IV r=0.1).

The proportion of oxidized alpha,-PI was highest in
Group I (4.8%); whereas, in healthy controls (Group IV)
no oxidized inhibitor could be detected. After in vitro
oxidation, the EIC in Group I was reduced by about 13%,
showing that most of the active alpha,-PI was already oxi-
dized in vivo. In contrast to this, in Group IV EIC could
be reduced by 49% by in vitro oxidation. These results
are summarized in figure 3, showing the proportion of
native, complexed, oxidized and inactive alpha,-PI.
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Discussion

The main finding of this study was, that patients with
acute pneumonia had a marked reduction in their func-
tional activity of alpha,-PI. Despite elevated alpha,-PI
concentration, functional activity of alpha-PI was low
when compared with the healthy volunteers. In six patients
in Group I, free elastase activity was seen in the BALF.
This imbalance of reduced function and high concentra-
tion of alpha,-PI probably results from the action of neu-
trophil products, as is demonstrated by a negative correlation
between the concentration of elastase and MPO on one
hand, and the active alpha,-PI on the other, in patients
with acute pneumonia.

Similar findings have been documented by ABRAMS et
al. [21], who measured a reduced EIC using albumin as
marker, in the BALF of 13 pneumonia patients, despite
elevated alpha,-PI concentrations. This elevation of alpha,-
PI in patients with pneumonia probably reflects an increased
permeability of the endothelial-interstitial-epithelial bar-
rier, seen as a result of the inflammatory process in which
plasma proteins diffuse into the alveolar space. This
increase is nonspecific, and can also be seen in patients
with bronchial carcinoma and sarcoidosis [22].

Activated neutrophils release both elastase and MPO,
as well as reactive oxygen species, into the extracellular
space. In case of an excess of active alpha,-PI this com-
plexes with elastase and inactivates the latter [3]. On the
other hand, an excess of elastase leads to proteolysis and
irreversible damage of alpha,-PI, before complexation is
accomplished. The catalytic activity of MPO with hydro-
gen peroxide and Cl- gives rise to highly reactive oxy-
gen species, including O, and HOCI which can oxidize
the alpha,-PI, especially the methionine in the active cen-
tre of the molecule. After oxidation, alpha,-PI has a much
lower affinity (about 2,000x) to elastase [10, 23]. Carp
and JaNorr [11] have demonstrated the suppression of
EIC with reactive oxygen species from granulocytes in
vitro. MATHESON et al. [23] showed that MPO in the
presence of H,O, and Cl- suppresses the functional activ-
ity of alpha,-PI, and that this is dependent upon the con-
centration of MPO, H,0, and CI.. In bronchial perfusion
experiments, it has been shown that plasma-inhibitors
were destroyed in animals with induced pneumonia [24].
The pulmonary venous EIC was lower than the pulmonary
arterial EIC in these animals. Similar results were also
found by van Eepen and BEer [25] in acute pneumonia
patients.

We oxidized BALF in vitro to calculate the proportion
of oxidized alpha,-PI. The BALF of the healthy volun-
teers (Group IV) showed a higher loss in EIC than that
from the pneumonia patients (Group I), showing that the
latter had a higher percentage of oxidized alpha,-PI. This
was probably due to the in vitro processes invoked by
oxidants which are released into the alveolar space.

In immunocompromised patients, we found a signifi-
cantly lower percentage of neutrophils than in group I,
despite the fact that the severity of pneumonia was com-
parable in both groups. Similarly, the concentrations of
the neutrophil products were lower when compared to im-
munocompetent patients, This may be due to the shorter

duration between onset of symptoms and lavage proce-
dure. However, the fact that the functional activity of
alpha,-PI was higher in the BALF of immunocompro-
mised patients, supports the hypothesis that the hampered
function of alpha,-PI was due to neutrophil products.

To conclude, this study demonstrates a massive, and
mostly irreversible, reduction in the functional activity of
alpha -PI in patients with acute pneumonia. It is most
probably due to neutrophil products; the reactive oxygen
species produced by neutrophils are able to oxidise alpha,-
PI [26], making it more susceptible to proteolysis by elas-
tase [20]. In addition, oxidized alpha,-PI needs longer
to inactivate elastase. Thus, the measurement of the func-
tional activity of alpha-PI in BALF allows an assess-
ment of the balance between aggressive factors (elastase,
MPO, oxygen radicals) as well as the protective factors
(especially alpha,-PI). It is a marker in addition to the
concentrations of the BALF proteins themselves (elas-
tase-alpha,-PI complex, MPO, alpha,-PI, albumin) [27].
The detection of low activity of alpha,-PI in BALF helps
to identify patients with a protease-antiprotease imbalance.
Further studies of larger patient groups are necessary to
evaluate whether the reduction of functionally active
alpha,-PI is related to a complicated course and poor out-
come, and whether these patients profit from already avail-
able therapeutic options, such as antioxidant treatment
(e.g. N-acetylcysteine) [28], or infusion of active alpha,-
PIL.
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