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Summary 

An immunocytochemical study focused on the cellular localization of tissue kallikrein along the human and guinea-pig respiratory 
tracts is reported. A strong immunoreactivity for tissue kallikrein was observed in the seromucous glands of the nasal mucosa, 
trachea, and bronchi. In these glands, the immunostaining was restricted to the serous component of the acinus whereas mucous 
cells showed no staining. Since no immunoreactivity to kininogen was observed in any of the tissue constituents of the human 
and guinea-pig respiratory tree, transudation of the substrate from plasma was considered to be the preferred mode of delivery 
of the kininogen into the bronchopulmonary interstitium and lumen. Our results provide morphological evidence for the well 
documented presence of tissue kallikrein in bronchial lavage fluids and support the hypothesis that kinins may be one of the more 
important mediators involved during acute episodes of asthma and rhinitis. 

Introduction 

Tissue kallikreins are serine proteases that are widely 
distributed in a range of mammalian tissues (see Bhoola 
et al., 1992). Their cell specific distribution has led to the 
suggestion that tissue kallikreins perform different func- 
tional roles depending upon their site of origin (Schachter, 
1980). 

The first report on the presence of a kininogenase in 
the respiratory tissue was provided by Meier et al. (1979) 
who found kinin-generating activity after antigen chal- 
lenge of passively sensitized human lung fragments. 
Generation of this activity in response to antigen chal- 
lenge focussed attention on the mast cell as a possible 
source of this enzyme. Later studies confirmed the 
presence of tryptase, an enzyme which occurs in high 
concentrations in these cells but has weak kininogenase 
activity that generates bradykinin optimally at pH 5.5 
(Proud et al., 1985, 1987a). Such a lack of potency in 
releasing kinins suggested that tryptase was not the 
enzyme described earlier by Meier et al. (1979), thereby 
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raising the possibility of another kininogenase source in 
the respiratory tree. 

So far in only one study, by Christiansen et aI. (1987), 
kinin levels and kininogenase activity have been demon- 
strated in bronchial lavage fluids obtained from asthmatic 
patients but not from control subjects. The same authors 
had previously shown the formation of kallidin during an 
immediate response to nasal airway challenge of allergic 
individuals (Proud et al., 1983). The finding of kallidin 
strongly suggested the presence of a tissue kallikrein in 
nasal secretions. Subsequent analysis demonstrated that 
this enzyme possessed the functional and immunological 
characteristics of a tissue kallikrein (Christiansen et al., 
1987). 

In this morphological study we have extended our 
previous preliminary investigation on the guinea-pig 
(Bhoola et al., 1989) and human (Figueroa et al., 1992) 
trachea, and performed comprehensive immunocyto- 
chemical experiments to localize tissue kallikrein a long 
the human and guinea-pig respiratory tree. The enzyme 
is localized in the serous cells of seromucous glands of the 
nasal mucosa, trachea, and bronchi. In addition we discuss 
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Fig. 4. Guinea pig trachea (a, b) and lung (c). (a) An intense immunostaining for tissue kallikrein is observed in the serous tracheal 
glands (arrows) (Ab2). x 40. E = epithelium; C = cartilage. (b) Higher magnification of the tissue kallikrein-containing glands shown 
in (a). x 400. (c) Lung parenchyma showing no staining for tissue kallikrein, x 500. A = alveoli. 

the importance and involvement of kinins released by  
kallikreins in the causation of bronchial hyper-reactivity. 

after death. At least five or six separate autopsy samples were 
used for each type of tissue in order to confirm the initial 
localization. 

Materials and methods 

Tissue processing 
Human and guinea-pig tissues were fixed in 10% formal-saline 
for 24-28 h at room temperature, dehydrated in ethanol and 
embedded in paraffin wax as previously described (Figueroa 
er a]., 1988). The human respiratory tissues used in this study 
corresponded to conserved areas of tissues surgically removed 
due to the presence of adenomas or carcinomas (turbinate nasal 
mucosa and trachea). Autopsy material was also used especially 
to study the distribution of tissue kallikrein in the human Iung 
and trachea; the human tissues were obtained between 4 to 6 h 

Immunocytochemistry 
Tissue sections (5 gm thick) were de-waxed, rehydrated and 
incubated with four different polyclonal antibodies (Ab) (1:200 
to 1:I000) raised against human urinary tissue kallikrein: Abl, 
rabbit antiserum (Bagshaw et al., 1984); Ab2, rabbit antiserum 
(Vio et at., 1988); Ab3, goat antiserum (Protogen, Switzerland); 
Ab4, rabbit antiserum kindly supplied by Dr David Proud of 
the Division of Clinical Immunology, Johns Hopkins University 
School of Medicine, Baltimore, USA, its characterization and 
specificity have been previously described (Baumgarten et aI., 
1986). One of the antisera (Ab2), strongly cross-reacted with 
guinea-pig tissue kaUikrein and was used to trace the presence 

Fig. 1. Human nasal mucosa. (a) Low-power view of immunoreactive seromucous glands (SMG) (Ab3). x 110. E = epithelium. 
(b) The immunoreactive tissue kallikrein is restricted to the serous component (S) of the acini, while mucous cells (M) remain 
unstained (Ab3). x370. (c) High-power view of the serous portion (S) of an acinus. The immunoreactive tissue kallikrein localizes 
in the granules of the serous cells (Sg) (Ab4). x 1800. n = nucleus. 

Fig. 2. Human trachea. (a) Low-power view of a human trachea section immunostained for tissue kallikrein (Ab2). x60. 
SMG = seromucous glands; E-~ epithelium; C = cartilage. (b) Higher magnification of a serous (S) and a mucous (M) acinus. 
Immunoreactive tissue kallikrein appears in the granules of the serous cells (Sg) (Ab2). x 1000. 

Fig. 3. Human lung. (a) Immunoreactive tissue kallikrein is observed in the seromucous glands (SMG) of an intrapulmonary 
bronchus (Ab4). x 50. Asterisk = the lung parenchyma is devoid of staining; E = epithelium. (b) Higher magnification of the glands 
showed in (a). Tissue kallikrein localizes in the serous (S) component of the acini (Ab2). x 450. M = mucous portion of the acini; 
C = cartilage. (c) Lung parenchyma showing no staining for the enzyme (Ab2). x460. A = alveoli. 
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of the enzyme in the guinea-pig trachea and lung. In addition, 
rabbit anti-guinea-pig, anti-porcine and anti-rat tissue kallikrein 
were used to immunolocalize the enzyme in the guinea-pig 
tissues (Bhoola et al., 1989). 

Bound antibodies were detected by the peroxidase/anti- 
peroxidase method as previously described (Figueroa et aI., 
1984, 1988). Visualization of peroxidase was achieved by 
incubation in a diaminobenzidine (0.1%)-hydrogen peroxide 
(0.03%) solution. After immunostaining, tissue sections were 
lightly counterstained with Harris Haematoxylin, dehydrated 
and mounted in Canada balsam. 

Immunocytochemical controls 
Controls included omission of the first antibody or replacement 
of each of the tissue kallikrein antisera by non-immune rabbit 
serum or an unrelated IgG of the same species. Controls also 
included pre-absorption of the diluted specific antibody with 
20 l, tg ml -~ of commercially purified human urinary kallikrein 
(Protogen AG, Switzerland). Preabsorption controls for the 
guinea pig tissues were performed using the same human 
urinary kallikrein and the anti-human tissue kallikrein sera 
(Ab2). The diluted antiserum and tissue kallikrein were preincu- 
bated overnight at 4~ and then used to incubate the tissue 
sections. 

Results 

Immunocytochemistry performed on both guinea-pig and 
human respiratory tissues showed a similar localization 
for tissue kallikrein (Figs 1-4). All the antibodies used in 
this study revealed the same pattern of immunolocaliza- 
tion for tissue kallikrein in the two species examined. 
Control experiments in which the specific anti-tissue 
kallikrein serum was either omitted, or replaced by 
non-immune serum or pre-absorbed with purified tissue 
kallikrein, showed no immunolocalization of the enzyme 
in both guinea-pig and human airway tissues. 

Human nasal mucosa 

A strong immunostaining was observed in the seromu- 
cous glands of the nasal mucosa. In these glands the 
immunoreactivity was restricted to the serous component 
of the acini whereas mucous cells showed no staining 
(Fig. 1, a and b). Identification of the mucous cells was 
based on their morphological features and on their 
histochemical reactivity to periodic acid-Schiff (PAS) 
staining. Intracellularly, tissue kallikrein was localized in 
the granules of the serous cells (Fig. Ic). In addition, a thin 
immunostaining was observed on the surface of nasal 
epithelium. Other tissue constituents showed no presence 
of the enzyme. 

Human and guinea-pig trachea 

As in the human nasal mucosa, tissue kallikrein im- 
munoreactivity specifically localized in the seromucous 
tracheal glands (Fig. 2, a and b). Immunolocalization of 
the enzyme in human trachea was identical to that 
described for nasal mucosa. On the other hand, guinea- 
pig tracheal glands consisted of serous cells only, which 

showed an intense staining with all antisera used (see 
Fig. 4, a and b). In both species the surface of the tracheal 
epithelium showed a thin layer of immunoreactive ma- 
terial. Structures such as cartilage, submucosa and epi- 
thelium displayed no reactivity to tissue kallikrein 
antibodies (see Figs 2a, 3a, 4a). 

Human and guinea-pig lung 

Immunoreactive tissue kallikrein was detected only in the 
seromucous glands of extrapulmonary and intrapul- 
monary bronchi (Fig. 3, a and b). At this site the 
immunoreactive glands were observed as far out in the 
bronchial tree as the cartilage extended. The tissue 
kallikrein-containing glands were usually situated deeper 
than the muscular layer, through which their ducts 
penetrate to open on the free epithelial surface. Other 
respiratory structures of the lung such as bronchioles, 
alveolar ducts and alveoli (see Figs 3c, 4c) were all devoid 
of immunostaining. 

Tissue kallikrein immunovisualization was abolished 
when the specific antisera were omitted, replaced by 
non-immune serum or when it was used after pre-absorp- 
tion with purified urinary tissue kallikrein. 

Discussion 

Various studies have strongly suggested that kinins may 
be involved in several inflammatory airway disorders 
such as asthma and rhinitis, especially airway hyper- 
reactivity secondary to rhinovirus infection. Thus, im- 
munoreactive tissue kallikrein, kininogens and both 
bradykinin and kallidin have been found in bronchial 
lavage fluids obtained from these patients (see Proud & 
Kaplan, 1988). However, the specific segments of the 
respiratory tree and the cells that contain tissue kalli~ein 
or the kinin-forming substrates had not been clearly 
identified. 

The present study is the first to report on the 
immunolocalization of tissue kallikrein in each of the 
human and guinea-pig airway segments, unlike only one 
other study that was restricted to the human trachea and 
published while our localization experiments were in 
progress (Proud & Vio, 1993). Our study clearly demon- 
strates the existence of immunoreactive tissue kallikrein 
in the serous cell granules of the seromucous glands of 
nasal mucosa, trachea and bronchi. These results support 
the early description of a tissue kallikrein in bronchoalve- 
olar fluid of asthmatic patients (Christiansen et al., 1987), 
and provide further support for the involvement of tissue 
kallikrein and kallidin in asthma and rhinitis. 

Because no immunoreactive kininogen (the substrate 
for tissue kallikrein) containing cells have so far been 
found in the human respiratory tract (Figueroa et al., 
1992), the question as to the source of the substrate for 
tissue kallikrein has to be addressed. Our considered view 
is that kininogen reaches the bronchopulmonary intersti- 
tium and lumen in transudates of plasma. In agreement 



838 POBLETE, GARCES, FIGUEROA and BHOOLA 

with this concept is the finding of Baumgarten et al. 
(1985) who have shown that during an allergic response 
both low-molecular-weight kininogen and plasma 
prekallikrein-high-molecular-weight kininogen com- 
plexes enter nasal secretions from plasma. 

Another kininogenase found to be involved in kinin 
formation during airway inflammation is plasma kallikrein. 
This enzyme circulates complexed to high-molecular- 
weight kininogen and during the immediate phase of the 
challenge response, transudation of prekallikrein-high- 
molecular-weight kininogen complexes and Hageman 
factor occurs (see Proud & Kaplan, 1988). The precise 
mechanism of contact activation involved is not known, 
but participation of negatively charged mucous macro- 
molecules or mast cell heparin has been suggested 
(Hojima et al., 1984; Proud & Kaplan, 1988). Although 
plasma kallikrein is present in approximately 10-fold 
higher concentrations than tissue kallikrein, the latter 
is responsible for most of the kinin-forming activity in 
post-challenge lavages (Baumgarten et aI., 1986). In 
addition, post-challenge nasal lavages contain high 
levels of an aminopeptidase able to convert kallidin 
(lys-bradykinin) to bradykinin (Proud et al., 1987b), sug- 
gesting that the bronchial lavage kallidin levels may in- 
itially be greater than those detected by Proud et al. (1983). 

It is clear that subjects who do not manifest symptoms 
of rhinitis have no kinins in their lavages (Proud et al., 
1983; Proud & Kaplan, 1988). On the other hand, 
intranasal administration of bradykinin in normal subjects 
induces nasal obstruction and rhinorrhea as well as sore 
throat, all common accompaniments of rhinovirus infec- 
tion (Proud et al., 1988). The presence of kinins in nasal 
lavages of subjects with symptomatic rhinovirus infection 
together with the fact that bradykinin administration can 
elicit the relevant symptoms, suggest that these peptides 
are one of the major mediators of rhinovirus symptoms. 
Similar observations have been made in asthmatic sub- 
jects who have an increase in bronchoalveolar kinin levels 
after allergen challenge (Christiansen eta]., 1992). More- 
over, bradykinin causes severe bronchospasm in asth- 
matic but not in normal subjects (Herxheimer & 
Stesemann, 1961; Varonier & Panzani, 1968). 

The mechanisms involved in the release of tissue 
kallikrein from seromucous glands sited along the respir- 
atory tract require to be elucidated. Furthermore, the 
precise contribution of kinins to the pathogenesis of 
inflammatory airway conditions remains an important 
experimental challenge. The clinical use of specific kinin 
antagonists, such as Hoe 140 (Wirth el al., 1991) or 
CP0127 (Whalley el al., 1992), will certainly establish the 
precise spasmogenic role played by kinins in patients with 
airway hyper-reactivity, especially asthmatics. 

Acknowledgements 

We thank Dr David Proud of the Johns Hopkins Univer- 
sity School of Medicine, Baltimore, Maryland, USA, for 

the generous gift of antiserum to human urinary 
kallikrein. This work was supported by Grants s/91/32 
from DID-UACH, Chile. 

References 

BAGSHAW, A. F. BHOOLA, K. D. LEMON, M. J. C. & WHICHER, J. T. 
(1984) Development and characterization of a radio- 
immunoassay to measure human tissue kallikrein in bio- 
logical fluids. J. Endocrinol. 101, I73-179. 

BAUMGARTEN, C. R., TOGIAS, A. G., NACLERIO, R. M., LICHTENSTEIN, 
L. M., NORMAN, P. S. & PROUD, D. (1985) Influx of  k in inogens  
into nasal secretions after antigen challenge of allergic 
individuals. J. Clin. Invest. 76, 191-197. 

BAUMGARTEN, C. R., NICHOLS. R. C., NACLERIO R. M. & PROUD, D. 
(1986) Concentrations of glandular kallikrein in human 
nasal secretion increase during experimentally induced 
allergic rhinitis. ]. Immunol. 137, 1323-1328. 

BHOOLA, K. D., BEWLEY, J., CROTHERS, D. M., CINGI, M. I. & 
FIGUEROA, C. D. (1989) Kinin receptors on epithelial cells 
and smooth musde of the trachea. Adv. Exp. Med. Biol. 
247A, 421-427. 

BHOOLA, K. D., FIGUEROA, C .D. & WORTHY, K. (1992) Bioregula-  
tion of kinins: kallikreins, kininogens and kininases. Phar- 
macol. Rev, 44, 1-80. 

CHRISTIANSEN, S. C., PROUD, D. K. & COCHRANE, C. G. (1987) 
Detection of tissue kallikrein in the bronchoalveolar 
lavage fluids of asthmatic subjects. J. Clin. Invest. 79, 
188-197. 

CHRISTIANSEN, S. C., PROUD, D., SARNOFF, R. B., JUERGENS, U., 
COCHRANE C. G. & ZURAW, B. L. (1992) Elevat ion of  t issue 

kallikrein and kinin in the airways of asthmatic subjects 
after endobronchial allergen challenge. Am. Rev. Resp. Dis. 
145, 900-905. 

FIGUEROA, C. D., CAORSI, I., SUBIABRE, J. & VIO, C. P. (1984) 
Immunoreactive kallikrein localisation in the rat kidney: 
an immunoelectron microscopic study. J. Histochem. Cyto- 
chem. 32, 117-121. 

FIGUEROA, C. D., MACIVER, A. G., MACKENZIE J. C. & BHOOLA, K. D. 
(1988) Localisation of immunoreactive kininogen and 
tissue kallikrein in the human nephron. Histochemistry 89, 
437-442. 

FIGUEROA, C. D., GONZALEZ, C. B., MIDLLER-ESTERL, W. & BHOOLA, 
K. D. (1992) Cellular localisation of human kininogens. 
Agents & Actions Supplements: Recent Progress on Kinins 
38/1, 617-626. 

HERXHEIMER, H. & STESEMANN, E. (1961) The  effect o f  bradykin in  
aerosol in guinea-pigs and in man. ]. Physiol. (Lond) 158, 
38P-39P. 

HOJIMA, Y., COCHRANE, C. G., WIGGINS, R. C., AUSTEN, K. F. & 
STEVENS, R. L. (1984) In vitro activation of the contact 
(Hageman factor) system of plasma by heparin and 
chondroitin sulfate E. Blood 63, 1453-1459. 

MEIER, H. L., NEWBALL, H. H., BERNINGER, R. W., TALAMO, R. C. & 
LICHTENSTEIN, L. M. (1979) Purification of lung kallikrein of 
anaphylaxis. ]. Allergy Clin. Immunol. 63, 191-Abstract. 

PROUD, D. & KAPLAN, A. P. (1988) Kinin format ion:  mechan i sms  
and role in inflammatory disorders. Ann. Rev. ImmunoI. 6, 
49-83. 

PROUD, D. & VIO, C. P. (1993) Localisat ion of  immunoreac t ive  
tissue kallikrein in human trachea. Am. ]. Respir. Cell. MoI. 
Biol. 8, 16-19. 



Tissue kallikrein in the resp i ra tory  tree 839 

PROUD, D., TOGIAS, A., NACLERIO, R. M., CRUSH, S. B., NORMAN, P. S. 
& LICHTENSTEIN, L. M. (1983) Kinins are generated in vivo 
following nasal airway challenge of allergic individuals 
with allergen. ]. Clin. Invest. 72, 1678-1685. 

PROUD, D., MACGLASHAN, D. W. JR, NEWBALL, H. H., SCHULMAN, 
E. S. & LICHTENSTEIN, L. M. (1985) Immunoglobulin E-medi- 
ated release of a kininogenase from purified human lung 
mast cells. Am. Respir. Dis, 132, 405-408. 

PROUD, D., SIEKERSKI, E. S. & BAILEY, G. S. (1987a) Human 
lung mast cell tryptase is a kininogenase. Fed. Proc. 46, 
932-Abstract,  

PROUD, D., BAUMGARTEN, C. R., NACLERIO, R. M. & WARD, P. E. 
(1987b) Kinin metabolism in nasal secretions during 
experimentally-induced allergic rhinitis. ]. Immunol. 138, 
428-434. 

PROUD, D., REYNOLDS, J. C., LA CAPRA, S., KAGEY-SOBOTKA, A., 
LICHTENSTEIN, L. M. & NACLERIO, R. M. (1988) Nasal 
provocation with bradykinin induces symptoms of 
rhinitis and a sore throat. Am. Rev. Resp. Dis. 137,  
613-616.  

SCHACHTER, M. (1980) Kallikreins (kininogenases): a group of 
serine proteases with bioregulatory actions. Pharmacol. 
Rev. 31, 1-17. 

VARONIER, H. S. & PANZANI, R. (1968) The effect of inhalations 
of bradykinin on healthy and atopic (asthmatic) children. 
Int. Arch. Allergy Appl. Immuno. 34, 293-296. 

vIo, c. P., FIGUEROA, C. D. & CAORSI, I. (1988) Anatomical 
relationship between kallikrein containing tubules and the 
juxtaglomerular apparatus in the human kidney. Am. J. 
Hypertens 1, 269-271. 

WHALLEY, E. T., SOLOMAN, J. A., MODAFFERI, D. & CHERONIS, J. C. 
(1992) A dimeric bradykinin antagonist, CP0127, in- 
creases survival in rat and rabbit models of endotoxin 
shock. Agents and Actions Supplements, Recent Progress on 
Kinins 38/III ,  413-420. 

WIRTH, K., HOCK, P. J., ALBUS, U., ALPERMANN, H. G., ANAGNOSTO- 
POULOS, H., HENKE, ST., BREIPOHL, G., KONIG, W., KNOLLE & 
SCHOLKENS, B. A. (1991) Hoe 140, a new potent and long 
acting bradykinin antagonist: in vivo studies. Br. ]. Pharma- 
col. 102, 774-777. 


