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Abstract
Background: Disruption of fibrinolytic homeostasis participates in the pathogenesis of severe lung
diseases like acute respiratory distress syndrome (ARDS), idiopathic pulmonary fibrosis (IPF) and
plastic bronchitis. We have developed a pulmonary formulation of tissue plasminogen activator (pf-
tPA) that withstands nebulization and reaches the lower airways.

Objective: Since treatment of ARDS, IPF and plastic bronchitis will require repeated administration
of pf-tPA, the purpose of this study was to determine the safety of prolonged, repeated administration
of pf-mouse tPA (pf-mtPA) to the lungs of healthy mice.

Methods: Male and female B6C3F1 mice received one of two intratracheal (IT) doses of either
nebulized pf-mtPA or sterile saline twice daily for 28 days. Weekly blood samples were collected to
estimate hematocrit. Following the dosing period, animals were sacrificed for gross necropsy, the
acquisition of bronchoalveolar lavage fluid (BALF), and histological assessment of the lungs and
other major organs.

Results: The low dose of pf-mtPA was well-tolerated by both female and male mice. However,
female and male mice that received the high dose experienced a 16% and 8% incidence, respectively,
of fatal pulmonary hemorrhage. Although male mice had a lower incidence of bleeding, these events
occurred at lower mean (±S.E.) doses (1.06±0.02 mg/kg/d) of pf-mtPA compared with females (1.48
±0.03 mg/kg/d, p < 0.001). In addition, male mice had higher BALF mtPA concentrations. Bleeding
occurred six and 12 days in male and female mice, respectively, after the initiation of dosing
suggesting that mtPA accumulated in the lungs.
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Conclusion: This study established a safe dose range and demonstrated the feasibility of prolonged,
repeated dosing of pf-tPA. High doses (≥ 1mg/kg/d) were associated with pulmonary hemorrhage
that may be due, in part, to accumulation of drug in the lungs.

Keywords
pulmonary drug delivery; therapeutic protein; plastic bronchitis; experimental lung injury;
fibrinolysis; lung clearance; gender differences

Introduction
Severe, life-threatening lung diseases such as acute lung injury (ALI)/acute respiratory distress
syndrome (ARDS), idiopathic pulmonary fibrosis (IPF) and plastic bronchitis, are categorized
as rare but they represent significant hazards to human health because they are associated with
significant morbidity and mortality [1-3]. Presently, no effective pharmacotherapy exists for
these ailments and little progress has been made in identifying potential, viable therapeutics.
The pathogeneses of these lung diseases are distinct and complex but inflammation and loss
of fibrinolytic homeostasis appear to be common [4-8].

Tissue plasminogen activator (tPA) is a serine protease with a known fibrinolytic function that
also possesses anti-inflammatory activity [9-11]. The amalgamation of these properties could
make tPA advantageous in the treatment of lung illnesses in which inflammation and fibrosis
are hallmark. However, the utility of tPA for these indications has limitations since higher
systemic doses are required for its anti-inflammatory action compared with those used for
fibrinolysis as in the treatment of myocardial infarction (MI) or stroke. In addition, unlike the
treatment of MI or stroke, the use of tPA for pulmonary diseases will require repeated dosing
because of the prolonged nature of these illnesses [6,7,12].

In hope of circumventing the systemic circulation and targeting drug therapy to the lungs, we
developed a pulmonary formulation of human tPA (pf-tPA). We have previously demonstrated
the feasibility of pf-tPA as evidenced by the retention of protein stability and activity following
nebulization [13]. In addition, we have proved the concept of the delivery of active protein in
a human lung replica by showing that the nebulized particle size distribution would permit
diffuse airway distribution. We have also shown that a maximally feasible dose (3 mg/kg) of
pf-tPA can be given repeatedly with increasing frequency over a short period of time without
complications [14]. However, the anticipated clinical situation will require prolonged repeated
administration of pf-tPA. Therefore, to test the feasibility and safety of this regimen, mice
received intratracheal (IT) doses of either a nebulized pulmonary formulation of mouse tPA
(pf-mtPA) or sterile saline twice daily for 28 consecutive days.

MATERIALS AND METHODS
Mouse tPA Formulation and Nebulization

Since mouse plasminogen is activated very slowly by human tPA, recombinant mouse tPA
(mtPA; Molecular Innovations, Southfield, MI) was formulated to mimic a previously
described pulmonary formulation of human tPA for use in this and our previous mouse studies
[15,16]. The stability and function of the mouse formulation (pf-mtPA) was assessed by
measuring protein aggregation index (AI), an indicator of protein self-association, by
ultraviolet (UV) spectroscopy and fibrinolytic activity as described in previous work [13,14].
An AI of ≤ 10 was considered optimal.

In preparation for dosing, the liquid formulation of pf-mtPA was nebulized using a Micromist
nebulizer (Hudson Respiratory Care, Temecula, CA) and a Sunrise compressor (Model 3655D,
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Somerset, PA). The aerosol condensate was collected and assayed for protein concentration
and AI by UV spectroscopy. We have previously demonstrated that the aerosol consists of
particles with a mass mean diameter and geometric standard deviation of 2.4 μm and 2.7 μm,
respectively and the nebulized protein retains fibrinolytic activity [13,14].

Aliquots (80 μL) of nebulized pf-mtPA were stored (4°C) until use at which time protein
concentration and AI were re-assessed. Periodically, stored nebulized material was assayed for
fibrinolytic activity by measuring its ability to cleave mouse plasminogen as previously
described [13]. For dosing, the needed volume of pf-mtPA or sterile saline was drawn into a
gavage needle (22G; Hallowell EMC, Pittsfield, MA) attached to a sterile syringe (1mL). The
dose was prepared so that approximately 100μL of air followed the dose. We have previously
shown that this approach results in diffuse distribution of the agent in the lungs including the
lower airways [14,17]. In addition, since mice are nose-breathers so inhalation of aerosols or
liquids results in a substantial amount of deposition in the nasal passages and sinuses [18].

Animals
The animal protocol was approved by the University of Colorado Health Sciences Center
Animal Care and Use Committee and the University of Michigan Committee on Use and Care
of Animals. The research and the care and handling of the animals were in accordance with
the National Institutes of Health Office of Laboratory Animal Welfare “Principles of
Laboratory Animal Care” (http://grants.nih.gov/grants/olaw/references/phspol.htm).

Male and female mice (8-10 weeks old; B6C3F1; Taconic Farms, Hudson, NY) were studied
in blocks of 16 (8 males, 8 females) in which an equal number of animals received either
nebulized pf-mtPA or sterile saline. The pf-mtPA treated mice received one of two different
doses of pf-mtPA were studied; a low dose (0.30 mg/kg/d) or a high dose (0.60 mg/kg/d). Mice
received either saline or pf-mtPA every 12 h for 28 days by instilling the dose into the trachea
via the oral route under gas anesthesia [14,17]. This dosing regimen was derived from previous
in vitro data based on protein concentrations achieved in a human lung replica [13]. Each mouse
was anesthetized under isoflurane (IsoFlo, isoflurane, USP; Abbott Animal Health, North
Chicago, IL) after which a rodent intubation table (Hallowell EMC) and a pediatric otoscope
(Welch-Allyn Medical Products, Skaneateles Falls, NY) were used to visualize the vocal cords.
The gavage needle was carefully moved past the vocal cords and into the trachea and the dose
of pf-mtPA or saline was delivered by depression of the syringe's plunger. After IT
administration, the mouse was held upright for ~5 s, after which it was returned to the cage
and allowed to recover from anesthesia.

During the study, animals were weighed prior to dosing and were routinely assessed for changes
in behavior that could be associated with morbidity (e.g., grooming, posturing). In addition, to
monitor for occult bleeding, blood (50 μL) was acquired once a week from the retro-orbital
sinus by carefully inserting a heparinized capillary tube into the medial canthus at a 30° angle
to the nose while the animal was under gas (isoflurane) and local (proparacaine) anesthesia.
Each capillary tube was sealed using Critoseal™ (LW Scientific, Atlanta, GA) and centrifuged
in a micro-capillary centrifuge (International Equipment Company, Boston, MA) after which
hematocrit was estimated as the percentage of packed red blood cell volume to the total sample
volume.

Assay of Bronchoalveolar Fluid (BALF)—Upon the completion of the dosing period,
mice were anesthetized with ketamine and xylazine and a tracheostomy was performed. The
trachea was cannulated with a luer stub adapter (20 G; Becton Dickinson, Sparks, MD) and
the lungs of some mice were lavaged twice with 400 μL of sterile phosphate-buffered saline
(PBS). The BALF samples from each mouse were pooled and a cell count was performed using
a hemacytometer. The BALF cells were pelleted by centrifugation (10,000 g, 4° C, 5 min) in

Lackowski et al. Page 3

Pulm Pharmacol Ther. Author manuscript; available in PMC 2011 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://grants.nih.gov/grants/olaw/references/phspol.htm


preparation for fluorescence-activated cell sorting (FACS). The BALF supernatant was frozen
(−80°C) until the time of assay.

Albumin concentrations in BALF samples were determined using a modified albumin assay
kit (Bethyl Laboratories, Montgomery, TX). Purified mouse albumin (MP Biomedicals, Solon,
OH) was used to create the standard curve (0-250 ng/mL). The concentration of mtPA was
determined in BALF samples using a mtPA ELISA (Molecular Innovations) that measured
functionally active mtPA. The absorbance data acquired from both assays were analyzed with
Softmax PRO 4.1 on a ThermoMax microplate reader (Molecular Devices, Sunnyvale, CA).

The differential of the BALF cells from each sample was obtained by fluorescence-activated
cell sorting as previously described [17]. Briefly, following staining with antibodies, cells were
washed in staining buffer and fluorescence was detected by a Cytomics FC500 (Beckman
Coulter, Fullterton, CA) at the University of Colorado Cancer Center Flow Cytometry Core
Laboratory or a FACS Canto II (BD Biosciences) at the University of Michigan's
Comprehensive Cancer Center.

Histology and Gross Necropsy—Following thoracotomy, the lungs of mice that were not
lavaged were perfused blood-free with buffered formalin (10%) via catheterization of the right
ventricle after which the lungs were inflated to 20 cm of water by instilling formalin into the
trachea cannula. After 20 min, the lungs were removed en bloc and they, along with the
carcasses, were submitted for gross necropsy by a veterinarian blinded to treatment group
assignment. After gross necropsy, vital organs were paraffin-embedded and a single 5 μm
section from each sample was acquired and stained with hematoxylin and eosin for microscopic
histological evaluation. Paraffin embedding, sectioning and staining was performed by the
University of Colorado Histology Core Laboratory and the University of Michigan's
Laboratory Animal Medicine pathology service.

Measurement of mtPA Lung Clearance—To begin to investigate the ability of the lungs
to degrade tPA, lungs of an untreated post-mortem male mouse were perfused blood-free with
PBS and homogenized, in the absence of protease inhibitors, in tissue extraction reagent
(Pierce, Rockford, IL). Residual red blood cells were lysed by the addition of red blood cell
lysing buffer (1 mL; Sigma, St. Louis, MO) and the sample was homogenized (Tissuemiser,
Fisher Scientific, Pittsburg, PA) on ice. Homogenate was transferred to microcentrifuge tubes,
after which they were clarified by centrifugation (13,000 × g, 4° C) for 20 min. A known
amount of mtPA (25 μg) was added to the homogenized mouse lung tissue (1 mL) and it was
incubated (37°C). Periodically over time, an aliquot (50 μL) was removed and frozen (−80°C)
until the time of assay. Upon completion of the experiment, an equal volume (30 μL) of each
sample was subjected to 12.5% SDS-PAGE. Following electrophoresis, proteins were
transferred to PVDF and the membrane was probed for mouse tPA (1:10,000 dilution of a
rabbit anti-mouse tPA antibody; Molecular Innovations). Protein was detected using a
secondary fluorescent antibody, the image of which was acquired using a Typhoon Variable
Mode Imager (GE Healthcare). The amount of active mtPA was detected in the remaining lung
homogenate (20 μL) using a mtPA ELISA as described above.

DATA ANALYSIS
Data were analyzed by a one-way analysis of variance (ANOVA) and if required a Fisher
protected least significant difference post hoc analysis was performed. Some data, where
appropriate, were compared by an unpaired two-tailed Student's t-test. Analyses were
performed using StatPlus software (AnalystSoft, Vancouver, BC, Canada). In all cases a p
value of ≤ 0.05 was considered statistically significant.
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RESULTS
Mouse tPA Formulation and Dosing

As expected, nebulized pf-mtPA protein concentrations varied across the treatment blocks but
aggregation indexes were similar and consistent with the feasibility criteria established for the
human pulmonary formulation of tPA (Table 1). Freshly nebulized pf-mtPA was
fibrinolytically active and remained so for up to four weeks of storage (4°C) (Fig. 1). The pf-
mtPA (pre and post-nebulized) used primarily consisted of the double-chain form (~85%; MW
~34kDa).

The initial planned target doses of nebulized pf-mtPA were 0.15 mg/kg and 0.30 mg/kg in
order to achieve measurable amounts of tPA in the lungs [13]. However, because female mice
were much smaller than male mice, the weight-based volume of drug for the 0.15 mg/kg dose
resulted in a volume of less than 5 μL. This volume was considered too small to accurately
deliver to the lungs. Dilution of the formulation was avoided so that the consistency and
integrity of the formulation was maintained. Therefore, the “low dose” drug and saline volume
was administered as 5 μL. The “high dose” drug and saline volume was administered as 10
μL. Following the completion of the study the mean daily dose (mg/kg/d) for each dose range
for male and female mice was calculated. Since male mice weighed more than female mice,
they received lower mean doses than female mice in both the low and high doses (Table 2).

Animal Testing
A total of six blocks of mice were studied (three low-dose and three high-dose) with an equal
number of male and female mice in each. Prolonged, 28-day, IT twice daily low dose pf-mtPA
was well tolerated in male and female B6C3F1 mice. However, in mice that received high dose
pf-mtPA, there was an 8% (n = 1) incidence of fatal pulmonary hemorrhage in males and a
16% (n = 2) incidence in females. In addition to the cases of fatal lung hemorrhage, two male
mice (one high dose pf-mtPA and one high dose saline) showed signs of hemorrhage in the
lungs by histology. The most likely explanation for the higher incidence of fatal bleeding in
the female mice is that they received, on average, higher doses (1.48±0.03 mg/kg/d) compared
with male mice (1.06±0.02 mg/kg/d, p < 0.001 by unpaired Student's t-test). However, male
mice may be at greater risk of tPA-induced pulmonary hemorrhage. This concept is illustrated
by several observations. First, despite receiving a lower mean daily dose, male mice trended
towards having higher BALF mtPA concentrations compared with those of females (Fig. 2).
Second, pulmonary hemorrhage occurred 6 days after the initiation of pf-mtPA in male
compared with 12 days in female mice, providing evidence that mtPA accumulated the lungs
and that this may have been more pronounced in male mice.

The slow elimination of mtPA in the lungs was exemplified by a mouse lung homogenate
experiment in which single-chain mtPA was rapidly converted to its two-chain form (Fig.
3A) during which there appeared to be little to no reduction in the two-chain species (MW ~35
kDa) over time. Probable formation of a mtPA-plasminogen activator inhibitor (PAI; MW ~43
kDa) complex was evident by 1 h with the formation of a protein band at ~77 kDa. This
conclusion is supported by the ELISA data which showed a rapid reduction in mtPA activity
that coincided with the formation of the mtPA-PAI complex on Western blot (Fig. 3B). To
investigate the fate of double-chain mtPA in lung homogenate, the experiment was repeated
using two-chain mtPA. The results of this experiment were similar in that double-chain mtPA
seemed to rapidly complex with PAI which was followed by slow degradation of the protein
(Fig. 3C). This was mimicked by the ELISA data (Fig. 3D). In both experiments there was a
detectable level of active mtPA at 24 h suggesting a slow terminal lung clearance. Using the
ELISA data, the estimated initial clearance of the two-chain and single-chain species were 2.3
h (Fig. 3D) and 4.3 h (Fig. 3B), respectively. This difference may be attributable to the fact
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that two-chain mtPA is more catalytically active and has a greater affinity for PAI than one-
chain mtPA [15]. Recombinant human tPA (alteplase, Activase™, Genentech, S. San
Francisco, CA) is comprised of predominately the single-chain species (60-80%) [19]. In the
presence of fibrin, the catalytic activity of human single- and double-chain are similar however,
in its absence, like mtPA, double-chain human tPA is markedly more active than single-chain
tPA.

In aggregate, these data support the concept that the elimination of mtPA from the lungs may
be prolonged. This does not necessarily eliminate the need for twice daily dosing since the
level of tPA needed to elicit a therapeutic response in the lungs is not yet known. In addition,
other clearance mechanisms exist in the intact lungs (e.g., mucociliary action) that could
contribute to the removal of mtPA. Investigation of these processes are beyond the scope of
this work but future studies are warranted to more thoroughly study mechanisms of clearance
and gender-related differences that may exist in these mechanisms as well as how the presence
of disease may influence them.

Notably, none of the mice, male or female, showed signs or symptoms of systemic hemorrhage.
There was no evidence of systemic bleeding by gross necropsy or by micro-histological
assessment of the other major organs and there were no differences in estimated hematocrit
over time among the treatment groups (Fig. 4). There were however, instances of unanticipated
euthanasia due to perforation of the trachea in five mice over the course of the study (n = 2
low dose pf-mtPA; n = 2 high dose saline; n = 1 high dose pf-mtPA). Other than these, there
were no changes in animal behavior or moribund states that required euthanasia and there were
no notable alterations in weight over the course of the study that could be attributed to the
administration of pf-mtPA. Although we did not measure blood levels of mtPA, these data
provide evidence that pf-mtPA most likely remained in the lungs and that the risk of systemic
hemorrhage following its administration is low.

We measured BALF albumin as an indicator of lung injury. Extravasation of albumin into
airways and the formation of non-cardiogenic pulmonary edema is an indicator of the loss of
epithelial-endothelial barrier function [20,21]. In male mice, administration of both doses of
pf-mtPA were associated with increased BALF albumin concentration compared with saline
controls (Fig. 5C & D). However, low-dose pf-mtPA-treated male mice had BALF albumin
concentrations that were lower than those that are achieved (≥100 μg/mL) following the IT
administration of substances known to cause lung injury (e.g., inflammatory cytokines) [17].
Collectively, these data show high dose pf-mtPA may lead to tPA-induced lung injury that
could contribute to an increased risk of pulmonary hemorrhage. Although we were not able to
measure BALF albumin levels in mice that succumbed to pulmonary bleeding, it is tempting
to speculate that tPA-induced lung injury may have preceded these events. The mechanism by
which this occurs will require further study but it is reasonable to suspect that enhanced
proteolysis, either due to direct or indirect (e.g., tPA-induced activation of matrix
metalloproteinases) actions of tPA, may lead to the degradation of the extracellular matrix and
could have contributed to these adverse events [8].

Finally, BALF cell concentrations were greater in high dose pf-mtPA-treated male and female
mice compared with high dose saline controls (Fig. 6) but these counts are well below those
that which resulted from the IT administration of inflammatory cytokines [17]. In all cases,
most of the cells (≥ 75%) were macrophages and there were no differences in the differential
between pf-mtPA-treated and saline-treated mice. The immunogenicity of the tPA protein in
the lungs has not been studied. While the immunogenicity of single-dose systemically
administered tPA is very low, additional studies are needed to investigate whether prolonged
lung administration of pf-tPA would result in the production of antibodies that could negate
the therapeutic function of the protein or result in immune-mediated adverse events [22].
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Discussion
This study provides the first data to demonstrate the feasibility and safety of prolonged
administration of pf-mtPA to the lungs in daily dose ranges of 0.34-0.66 and 0.28-0.50 mg/kg/
d in healthy female and male B6C3F1 mice, respectively. This work is significant because lung
delivered tPA could have utility in the treatment of a number of serious lung diseases that will
require repeated administration. These data establish a safe range of doses that can be used for
prolonged administration of pf-tPA and support the continued pursuit of this avenue of
investigation. However, this work also identified doses associated with toxicity and uncovered
the possibility of gender-related differences in the clearance of lung delivered tPA.

Doses of pf-mtPA ≥ 1 mg/kg/d were associated with an increased risk of acute, fatal pulmonary
hemorrhage which may be due, in part, to the accumulation of tPA in the lungs and tPA-induced
lung injury. This was evidenced by preliminary data that showed limited degradation of tPA
protein in lung homogenate. In addition, high dose pf-mtPA-treated mice had increased BALF
albumin concentrations compared with saline-treated mice that were consistent with those that
are achieved following IT administration of inflammatory cytokines [17]. Importantly, while
the safe dose ranges of pf-mtPA for female and male mice are similar, there appeared to be a
gender difference in the associated risk of tPA-induced lung injury in the higher pf-mtPA dose
ranges. This is illustrated by the fact that despite male mice having an overall lower incidence
of fatal pulmonary bleeding, these events occurred at lower doses of pf-mtPA in males
compared with those in females. Also, pulmonary hemorrhage occurred earlier in male mice
compared with female mice. The gender effect was also evident by differences in BALF mtPA
and albumin concentrations between male and female mice (Fig. 2 and 4). Taken together,
these data suggest that male mice may be more susceptible to pf-tPA-induced lung injury.
While gender in both mice and humans appears to influence the susceptibility to lung illnesses
there are few data to suggest that the disposition of lung delivered drugs, in particular,
therapeutic proteins, vary by gender [23,24]. This makes our data the first to introduce this
concept. One possibility for this difference includes distinct metabolic and/or clearance
capabilities in the lungs of male and female mice that may be sex hormone mediated. Certainly,
this avenue requires further investigation as well as whether there is application to the human
situation.

Since lung delivered pf-mtPA appeared to accumulate in the lungs, we conducted a simple
experiment to begin to investigate the lung clearance of tPA. This involved adding a known
amount of mtPA to mouse lung homogenate. The results of this work provided important clues
about the disposition of tPA in the lungs by showing the rapid conversion of single-chain mtPA
to its double-chain form and subsequent probable binding to PAI which is known to be present
in the lungs (Fig. 3) [25,26]. While plasminogen probably contributed to the conversion of
single-chain to double-chain mtPA, double-chain mtPA appeared only to undergo some
degradation over time with a detectable amount of active mtPA in the homogenate for up to
24 h [27]. The changes observed in the Western blot were mimicked in the ELISA that showed
a rapid reduction in active mtPA followed by a prolonged elimination phase with a half-life
that exceeded 24 h. These data support the concept that twice daily dosing as used in the work
described here, could lead to the accumulation of drug in the lungs.

Admittedly, these preliminary experiments only permitted us to address one (metabolism) of
the many potential drug clearance mechanisms of the lungs albeit an important one. Certainly,
in the live breathing mouse (and human) there are other routes of pulmonary clearance
including non-absorptive mechanisms such as mucociliary clearance and alveolar
macrophages that were not addressed by our preliminary lung homogenate experiment [28,
29]. In particular, there are processes in place for the maintenance of airway protein
homeostasis. These may be especially important for lung delivered therapeutic proteins. For
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example, small, soluble proteins like insulin (5.8 kDa) typically dissolve quickly and/or are
transported across the air-blood barrier to the systemic circulation [29]. Given the molecular
weight (~68 kDa) of mtPA this is an unlikely mechanism. Also, given the absence of any
evidence of systemic bleeding, it is unlikely that a substantial amount of tPA exited the lungs
and entered the circulation. Alternatively, larger proteins are often removed from the airways
as intact molecules via paracellular routes [30]. More recently however, the extracellular
proteasome, present in the alveolar space of the human lungs, has been shown to play an
important role in maintaining alveolar protein homeostasis [31]. Given these processes in the
intact lungs, we expect that in a whole animal model, pf-tPA may be cleared from the lungs
more quickly than it appears to be in the lung homogenate. Nevertheless, given the timing of
pulmonary hemorrhage in our mice, it is apparent that the protein does remain in the lungs for
some time. Exactly how long will need to be determined and confirmed in order to optimize a
dosing regimen for the clinical use of pf-tPA. Work is ongoing to more fully characterize the
pharmacokinetics of pf-tPA in the lungs.

Conclusions
In the present study we identified a safe dose range (mg/kg/d) of pf-mtPA for delivery to the
lungs of healthy, normal mice. In the clinical situation of ALI/ARDS, IPF and plastic
bronchitis, the presence of fibrin in the lungs would likely enhance the catalytic activity of
tPA. In these environments, tPA-mediated plasmin generation would increase leading to the
potential therapeutic benefit of fibrin degradation but also possibly augmentation of the risk
of pulmonary hemorrhage. In fact, in the absence of fibrin, human tPA is generally considered
a weak protease although the double-chain form is more active than the single-chain form
[19]. In the presence of fibrin, single and double-chain tPA have similar proteolytic activity.
Thus, it is reasonable to expect that the dose of tPA in the clinical situation of ALI/ARDS, IPF
or plastic bronchitis will be lower than those identified as safe in the present work. Accordingly,
the efficacy of pf-tPA in experimental models of disease still needs to be established. However,
the safe dose ranges identified from the work described here provide support for the continued
evaluation of pf-tPA for the treatment of severe lung diseases in which fibrin deposition is a
component and for which there is presently no effective pharmacotherapy.
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Figure 1.
The fibrinolytic activity of nebulized pf-mtPA was maintained during storage. Samples were
incubated (37°C) with fibrinogen (375 μg/mL) for 5 h after which they were subjected to SDS-
PAGE (12.5%). Protein bands were visualized by staining the gel with Coomassie blue (freshly
nebulized pf-mtPA + fibrinogen, lane 1: 50μg/mL; lane 2: 100μg/mL; lane 3: 250μg/mL and
nebulized pf-mtPA after four weeks of storage at 4°C + fibrinogen, lane 6: 50 μg/mL; lane 7:
100 μg/mL; lane 8: 250 μg/mL). Mouse plasminogen (lane 4), plasmin (lane 5) and molecular
weight markers (MWM) were used for protein identification and size determination.
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Figure 2.
Male mice (A) that received high dose pf-mtPA had higher BALF mtPA levels compared with
female mice (B). The difference between male and female high dose BALF mtPA approached
significance (*p = 0.06) and there was a dose effect in male mice between the low and high
doses (‡p = 0.05). The lack of significance between male and female groups is most likely due
to the large variability associated with the BALF mtPA concentrations in male mice. In all
saline treated mice, the BALF mtPA concentrations were below the limit of detection of the
assay. Data are the mean (+S.E.) of 7-8 animals per group.
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Figure 3.
Western blot of mouse homogenate containing single- and double-chain mtPA (A). The single-
chain species (~68 kDa) was rapidly converted to the double-chain species (~34 kDa) and by
1 h binding of the predominate double-chain species to plasminogen activator inhibitor (PAI)
was apparent by the appearance of a protein band at ~77 kDa. The presumed binding of two-
chain mtPA to PAI corresponded with a rapid decline in active mtPA concentration as measured
by ELISA (B). By 4 h there was little change in the amount of double-chain mtPA by Western
blot (A); this was mimicked by the ELISA data (B). When double-chain mtPA was added to
lung homogenate, the Western blot showed a similar pattern (C) with PAI-binding occurring
early followed by a prolonged elimination phase and some degradation of the protein by 4 h.
The ELISA data followed a similar pattern (D). The pattern of single- and double-chain mtPA-
PAI binding (A and C) were similar to that when mtPA was incubated in the presence of excess
PAI (E; lane 1: mtPA, 5 μg; lane 2: CPAI, 15μg; lane 3: mtPA, 5μg, and CPAI, 15μg). This
also showed the ability of the mtPA antibody to detect PAI-bound mtPA. Lane 1 (mtPA) on
each blot (A and C) is a representative sample of the respective mtPA (0.75 μg) used in the
experiment. mtPA was not detected in untreated lung homogenate by Western blot (data not
shown) or by ELISA (blank, B and D).
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Figure 4.
Neither IT saline nor IT pf-mtPA administration in either low or high doses resulted in
detectable changes in estimated hematocrit during the four week study period in male and
female mice. There was also no evidence of systemic bleeding by gross necropsy or histology.
Data are the mean (+S.E.) of 6-8 animals per group of females that received either a low (A)
or high dose (B) pf-mtPA or saline or males that received either a low (C) or high dose (D) pf-
mtPA or saline. The obvious declines in estimated hematocrit at week four in the high dose
female and male groups (B and D) are most likely due to different operators.

Lackowski et al. Page 14

Pulm Pharmacol Ther. Author manuscript; available in PMC 2011 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
There was no difference in BALF albumin between the low dose male and female mice (A and
B) or between pf-mtPA and saline treated female mice (A). However, the low dose pf-mtPA
in male mice (B) resulted in higher BALF albumin compared with saline (+p = 0.05) but one
that was lower than that which resulted from serious lung injury (see text). The high dose saline
treated females had unexpectedly high BALF albumin concentrations (C) which resulted in
the detection of a difference between low dose and high doses of saline-treated female mice
(*p = 0.02). High dose pf-mtPA resulted in increased BALF albumin in male mice (D)
compared with low dose pf-mtPA (†p = 0.05) and high dose saline (‡p = 0.04). Data are the
mean (+S.E.) of 4-8 animals per group.
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Figure 6.
There was no difference in the BALF cell counts in female (A) or male (B) mice that received
the low dose pf-mtPA or saline. The BALF cell counts were higher in female (C) and male
(D) mice that received the high dose of pf-mtPA compared with their respective saline controls
(*p = 0.03; +p = 0.03). Data are the mean (+ S.E.) of 5-12 animals per group.
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Table 1

Concentrations and Aggregation Indexes for Nebulized pf-mtPA

Block
pf-mtPA

(mg/mL, mean ± SE)
Aggregation Index

(AI, mean ± SE)

1 1.151 ± 0.028 4.1 ± 1.5

2 1.179 ± 0.009 7.1 ± 0.9

3 1.182 ± 0.022 8.0 ± 0.8

4a 0.833 ± 0.089 4.1 ± 1.5

5b 1.411 ± 0.023 5.7 ± 0.8

6c 1.471 4.4

end materiald 1.385 ± 0.034 6.5 ± 0.3

a
The mean mtPA concentrations in block 4 and 5 were lower and higher, respectively, compared with those of the other blocks (p ≤ 0.0017).

b
The mean mtPA concentrations in block 4 and 5 were lower and higher, respectively, compared with those of the other blocks (p ≤ 0.0017).

c
material was only nebulized once during this block

d
end material represents nebulized pf-mtPA that was nebulized and collected during block 1, stored (−4°C) and was assayed at the completion of

block 6
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Table 2

Nebulized pf-mtPA Doses (mg/kg/d) in Male and Female Mice

Males
range

(mean ± SE)

Females
range

(mean ± SE)

Low Dosea 0.28 - 0.50
(0.41 ± 0.01)

0.34 – 0.66
(0.50 ± 0.01)

High Doseb 0.76 - 1.19
(1.01 ± 0.01)

0.96 – 1.61
(1.37 ± 0.02)

a
The male pf-mtPA doses were lower and higher, respectively, than those of female mice (p < 0.01).

b
The male pf-mtPA doses were lower and higher, respectively, than those of female mice (p < 0.01).
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