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Abstract. The clinical course of patients undergoing prolonged mechanical
ventilation is often complicated by the development of purulent tracheo-
bronchitis. The purpose of this study was to assess whether ventilator-associ-
ated hypersecretion is associated with elevated levels of tissue kallikrein (TK)
activity. TK can induce marked bronchial inflammation in animal models and
TK activity is increased in the airway secretions of symptomatic asthmatics. It
has not been studied in conditions with predominantly neutrophilic bronchial
secretions, although animal data indicate that neutrophil elastase may stimu-
late TK activity. We measured TK activity in airway secretions of patients
undergoing mechanical ventilation for more than 4 weeks (PMV group) and in
two comparator groups: patients with cystic fibrosis, who were colonized with
Pseudomonas aeruginosa (CF group) and patients undergoing mechanical
ventilation for less than one week who did not have clinical evidence of pu-
rulent airway secretions (acute mechanical ventilation, AMV group). We also
compared the level of neutrophil elastase (NE) activity, an index of neutrophil
activation, in the three patient groups. TK and NE activity in the sol phase
were measured by the degradation of chromogenic substrates (DL Val-Leu-
Arg pNA and N-Methoxy Succinyl Ala-Ala-Pro-Val pNA, respectively).
Intergroup differences in cell counts were not significant. However, TK activity
was significantly less in the AMV group than in the PMV and cystic fibrosis
patients (Kruskal-Wallis ANOVA, p < 0.05). Elastase activity was sig-
nificantly greater in the CF group (p < 0.05) than in the other two groups.
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Compared to patients undergoing short-term mechanical ventilation (AMV
group), TK activity was elevated in patients with purulent tracheobronchitis
associated with prolonged mechanical ventilation (PMV group). The elevation
in TK activity in these patients is comparable to levels in sputum from patients
with cystic fibrosis (CF group), although the latter had a significantly higher
level of NE activity. The observation of increased TK activity in patients with
neutrophilic airway inflammation suggests that TK may play a role in mod-
ulating inflammation in ventilator-associated tracheobronchitis and may be
worthy of further study to determine its source and significance.
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Introduction

Tissue kallikrein (TK) is a generic term for a family of serine proteases that cleave
kininogen and release bradykinin (BK) and lys-bradykinin [18]. Tissue kallikrein
is expressed in many mammalian tissues including submucosal glands, respiratory
epithelium [3, 7, 10, 18] and neutrophils [16]. It acts locally in the tissues where it is
produced and does not circulate in blood to any appreciable extent. The kinins
results from TK activity are capable of inducing vasodilation, increased vascular
permeability, edema, and smooth muscle contraction (including smooth muscle in
mucous glands) and may play a role in neutrophil migration. Studies in patients
with rheumatoid arthritis indicate that levels of TK activity are increased in
synovial fluid in this condition and that the source appears to be the neutrophil
[16]. Kinins can also alter ion transport in glandular tissue and change the
composition of airway secretions [8]. Tissue kallikrein is regulated in a tissue-
specific manner, possibly by neural mechanisms [7, 18], and the inflammation and
mucosal edema that are mediated by kinin activity can be prolonged [4]. Though
clinical studies have demonstrated that TK is increased in the airway secretions of
patients with asthma [5] and allergic rhinitis [6], levels that are further increased
after antigen challenge, it is not known if elevated TK activity is associated with
airway inflammation in which the neutrophil is the predominant cell type.
However, animal data indicate that TK activity can be stimulated by neutrophil
elastase [14], thus suggesting a possible mechanism by which TK activity could be
increased in this population.

The present study was designed to determine if elevated TK activity is as-
sociated with the hypersecretion that develops in patients undergoing prolonged
mechanical ventilation. The clinical course of such patients is often complicated
by the development of tracheobronchitis, manifested clinically by the production
of airway secretions that are frequently both copious and purulent [2, 11–13]. This
bronchorrhea complicates the process of weaning from the ventilator both by
contributing to atelectasis and by possibly predisposing to nosocomial pneumo-
nia. The etiology of the hypersecretion is poorly understood. Bacterial infection,
mechanical irritation of the airway mucosa, impairment of mucociliary and cough
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clearance and the effects of host inflammatory responses to infection and irrita-
tion may all be involved. Treatment of this problem is often unsatisfactory, and
the development of effective therapeutic options for this condition will necessitate
a clearer understanding of the role of host inflammatory responses.

Because TK could potentially be a significant contributor to the inflammatory
process that characterizes tracheobronchitis, we measured TK activity in patients
with purulent tracheobronchitis who were undergoing prolonged mechanical
ventilation. As comparator groups, we measured TK activity in patients with
another condition associated with purulent lower airway secretions (cystic fibrosis
patients whose airways had been colonized with Pseudomonas aeruginosa), and in
patients who were undergoing mechanical ventilation for less than one week and
who did not have clinical evidence of purulent airway secretions. In addition, we
compared cell counts and the levels of neutrophil elastase activity, an index of
neutrophil activation and a possible stimulus for TK secretion [14] in the airway
secretions of these three patient groups.

Methods

Subjects Undergoing Prolonged Mechanical Ventilation

Tracheal aspirates were obtained from 22 patients at a long-term ventilator facility. All patients in the

study had required ventilatory support for greater than one month and all had undergone tracheo-

stomy within their current hospitalization. Patients ranged in age from 64 to 91 years. All had colo-

nization of the tracheobronchial tree with gram-negative organisms (Pseudomonas aeruginosa,

Klebsiella sp., Serratia sp. Enterobacter sp., Acinetobacter sp., Escherichia coli) and/or Staphylococcus

aureus and almost all were currently receiving or had received systemic antibiotic therapy within the

preceding three weeks. The majority of these patients had complex past medical histories. The most

common reasons for their prolonged requirement for mechanical ventilatory support were anoxic

encephalopathy, recurrent septicemia, recurrent aspiration pneumonia, cerebrovascular accident,

congestive cardiac failure, chronic obstructive pulmonary disease and complications of thoracic and

abdominal surgery.

Subjects Undergoing Acute Mechanical Ventilation

Tracheal aspirates were obtained from 13 patients (aged 31–82 years) in a Medical Intensive Care Unit.

All had required endotracheal intubation and mechanical ventilatory support for less than one week.

Four patients were receiving IV antibiotics at the time that samples were collected. The etiology of

respiratory failure in these patients included anoxic encephalopathy, intracranial hemorrhage, cardiac

failure, post-coronary artery revascularization, gastrointestinal hemorrhage, meningitis and diabetic

ketoacidosis. One patient had experienced a near-drowning event and one had had an exacerbation of

chronic obstructive pulmonary disease. No patients had radiographic evidence of pneumonia and none

had clinical evidence of purulent secretions.

Subjects with Cystic Fibrosis

Sputum samples were obtained from 12 patients with cystic fibrosis during their scheduled visits to a

Cystic Fibrosis Ambulatory Care Clinic. Patients ranged in age from 9 to 32 years and were clinically
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stable at the time of study. All had chronic colonization of sputum by Pseudomonas aeruginosa and all

but two of the patients were on long-term oral antibiotic therapy (ciprofloxacin) at the time of the

study. Diagnosis of CF had been based upon a characteristic clinical history and a positive sweat test.

Initial Sample Processing

Sample collection protocols and informed consent procedures were approved by the University of

Miami Institutional Review Board. Tracheal aspirates were obtained during scheduled suctioning of

mechanically ventilated patients using a previously described method [13, 14]. No saline was instilled

and suctioning was performed for 30 sec or until no further secretions could be obtained. Sputum was

obtained from CF patients who were instructed to expectorate a sample as free from salivary con-

tamination as possible, into a clean specimen cup. Patients unable to provide sputum spontaneously

underwent chest physiotherapy for 20 min and were subsequently able to produce specimens. Upon

collection, specimens were placed in an ice-filled container to minimize autolytic activity and were

processed within 1 hour.

Total Cell Counts and Differential

Tracheal aspirates were briefly vortexed until of homogeneous appearance. An aliquot was then re-

moved, weighed and diluted with 10 ml of phosphate-buffered saline (PBS). Sputum specimens were

examined and plugs were identified, removed and weighed in a manner previously described [13, 14].

As above, these plugs were diluted with 10 ml of PBS. The diluted specimen was first gently shaken

(manually) and then pipetted until uniformly dispersed. Total cell count (TCC) was performed on the

diluted specimen using a hemocytometer. TCC was expressed as cells per gram of airway secretion. Cell

viability was determined by Trypan Blue exclusion. A separate aliquot of the diluted specimen was

centrifuged onto a slide using a Cytospin centrifuge and then stained with Diff-Quik (modified Giemsa)

for differential cell analysis.

Sol Phase Analysis

The remainder of the whole sputum/aspirate was ultracentrifuged at 50,000 RPM for 1.5 h at 4�C to

separate the sol and gel phases. The supernatant (sol phase) was carefully aspirated and stored at

)80�C until analyzed; the pellet was discarded.

Assay for Tissue Kallikrein Activity

Detection of tissue kallikrein enzymatic activity utilized the chromogenic substrate DL Val-Leu-Arg

pNA (Sigma Chemical Co., St. Louis, Mo.). A sol sample of 50 ll was diluted with 100 ll of Trizma
(0.05 M) buffer (pH 8.2). Then, 100 ll of substrate was added and the change in optical density over 1 h
was measured at 410 nm in a microtiter plate. Results represent the average of triplicate determinations.

Assay for Human Leukocyte Elastase Activity

A sol sample of 50 ll was diluted with 100 ll of Trizma (0.2 M) buffer (pH8.8). Then, 50 ll of the
chromogenic substrate N-Methoxy Succinyl Ala-Ala-Pro-Val pNA (Sigma Chemical Co., St. Louis,
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MO.) were added and the change in optical density over 1 h was measured at 410 nm in a microtiter

plate. Results represent the average of triplicate determinations.

Statistics

For each experiment, data were analyzed using Kruskal-Wallis nonparametric analysis of variance [1].

If the null hypothesis was rejected, then pairwise comparisons were made using Mann-Whitney two-

sample tests. Using two-tailed tests, a value of p < 0.05 was considered significant.

Results

Total and Differential Cell Counts

Total and differential cell counts are shown in Table 1. There was no significant
difference in total cell counts among the three study groups. Likewise, all groups
demonstrated a predominance of neutrophils with no significant differences in
percentage of neutrophils among the groups. Percentage cell viabilities (mean ±
SE) were 64.7 ± 14.3%, 74.9 ± 18.6% and 83.9 ± 6.4% for patients with cystic
fibrosis, patients undergoing prolonged mechanical ventilation and patients
undergoing acute mechanical ventilation, respectively.

Tissue Kallikrein Activity

Tissue kallikrein activity is reported in Table 1. It was significantly less in tracheal
aspirates from acutely mechanically ventilated patients (median change in optical

Table 1. Comparison of total cell count, percentage of neutrophils, neutrophil elastase activity, and

tissue kallikrein (TK) activity in airway secretions of patients undergoing acute or prolonged me-

chanical ventilation, and patients with cystic fibrosis

Acute

mechanical

ventilation

median (range)

Prolonged

mechanical

ventilation

median (range)

Cystic fibrosis

median (range)

Total cell count/g

of secretions

22.3 (7.6–165) 21.5 (11.4–86.0) 36.1 (12.0–192)

% Neutrophils 90.3 (47.4–96.9) 86.9 (70.8–96.8) 86.0 (76.1–98.1)

TK (DO.D. units) 0.05* (0.00–0.18) 0.14 (0.08–1.47) 0.19 (0.10–1.26)

Elastase (DO.D. units) 0.015 (0.00–2.99) 0.014 (0.00–0.87) 1.21** (0.04–2.65)

Total cell count is expressed as 106 cells/g of airway secretion/sputum, and percentage of neutrophils.

Elastase and TK activities are expressed as change in optical density units (DO.D. units). Results are
expressed as median (range)

*p < 0.05 for acute mechanical ventilation compared to prolonged mechanical ventilation and cystic

fibrosis

**p < 0.05 for cystic fibrosis compared to acute mechanical ventilation and prolonged mechanical

ventilation
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density units (DO.D.u.) = 0.051, p < 0.05 versus other groups) than in either
tracheal aspirates from patients undergoing prolonged mechanical ventilation
(median DO.D.u. = 0.139) or sputum from patients with cystic fibrosis (median
DO.D.u. = 0.189). There was no significant difference in TK activity between
prolonged mechanical ventilation and cystic fibrosis groups.

Elastase Activity

Elastase activity (Table 1) was significantly greater in CF sputum (median
DO.D.u. = 1.205, p < 0.05) than in tracheal aspirates from patients undergoing
either acute or prolonged mechanical ventilation (median DO.D.u. = 0.015 and
0.014, respectively). There was no significant difference in elastase activity be-
tween the two mechanical ventilation groups.

Discussion

The findings of the present study demonstrate that compared to patients under-
going short-term mechanical ventilation, TK activity is elevated in patients with
purulent tracheobronchitis associated with prolonged mechanical ventilation. The
elevation in TK activity is comparable to levels measured in sputum from patients
with cystic fibrosis whose airways were colonized with Pseudomonas aeruginosa
and who had a significantly higher level of NE activity than the patients in the two
ventilator groups.

There are a number of possible explanations for differences in TK levels
between the acute ventilator patients and the PMV patients. One explanation may
be that the TK activity may be an index of inflammation caused by the effects of
prolonged intubation (e.g., bacterial colonization and chronic infection, suction
trauma, oxygen toxicity, mucociliary dysfunction). Alternatively, the elevation in
TK activity may represent a predisposition to develop hypersecretion due to
preexisting bronchial disease, and TK activity may be a reflection of preexisting
but subclinical submucosal gland dysfunction. A combination of these two factors
is also possible and prospective measurement of TK in patients at risk of requiring
prolonged mechanical ventilation may be an appropriate way to further clarify
this issue. Finally, as suggested above, there may be an unidentified mediator in
the sputum of the PMV patients that stimulates TK secretion.

Elevated levels of TK activity were demonstrated in both of the groups with
purulent airway secretions (PMV and CF). Despite similar numbers of neu-
trophils in the secretions of the two groups, NE activity was higher in the se-
cretions of the patients with CF. The finding of increased NE activity in the CF
sputum samples, despite similar neutrophil counts, is most likely explained by a
higher turnover of neutrophils in the CF patients, resulting in the degranulated
NE persisting after the intact neutrophil has ceased to exist. Though animal data
indicate that NE can stimulate TK secretion [14], a significant correlation between
NE activity and TK activity was not observed in these populations. This could
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indicate that the neutrophils in the CF secretions had a greater degree of acti-
vation and that there may be different stimuli involved in TK and elastase se-
cretion. Alternatively, alginate associated with the strains of mucoid Pseudomonas
aeruginosa that occur in CF sputum may have interfered with protease/anti-
protease binding and contributed to the detection of free elastase activity in the
CF patients’ sputum [17]. While the bacterial protease level may have been greater
in the CF samples, the elastase assay was specific for serine proteases and bacterial
proteases would not have affected the results.

The secretions obtained from the AMV and PMV group were suctioned
directly from the lower airways, thereby minimizing the likelihood of contami-
nation of lower airway secretions with saliva, which is known to contain TK
activity [9]. While the CF samples were obtained from sputum collection rather
than from direct aspiration of the lower airway secretions, the purulent appear-
ance of the CF sputum facilitated the identification and removal of plugs of
purulent lower airway secretions from the specimens, thus reducing the risk of
salivary contamination. TK activity has been reported in saliva of patients with
CF at levels similar to those seen in healthy volunteers [9].

The source of the detectable TK activity in the airway secretions of the PMV
and CF patients is unknown. The enzyme has been reported to be expressed in
mammalian respiratory tissues. It is present in the seromucous glands of the
human nasal epithelium [3] and in the serous cells of submucosal glands of the
guinea pig trachea [18]. Submucosal glands are more prominent in central airways
and become hypertrophied in the presence of chronic inflammatory stimuli [15].
Hence, the TK activity may reflect submucosal gland hypertrophy/hypersecretion
in the PMV-associated purulent tracheobronchitis and in those with cystic
fibrosis. Furthermore, previous studies that have reported increased expression of
kinin receptors on glandular epithelium and that have demonstrated the ability of
kinins to influence ion transport [8] suggest a possible role for TK in mediating
hypersecretion. Kinins are potent local mediators that induce vasodilation, in-
crease vascular permeability and cause edema. Neutrophils can be another source
of TK activity. While the number of neutrophils per unit volume of secretions was
similar in all groups, the total number of neutrophils present in the sputum of the
patients with short-term intubation was less than the PMV and CF groups be-
cause the volume of secretions was scant. The observation of increased TK ac-
tivity in patients with neutrophilic airway inflammation suggests that TK may
play a role in modulating inflammation in ventilator-associated tracheobronchitis
and may be worthy of further study to determine its source and significance.
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