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Recombinant methionyl human granulocyte colony stimulating fac-
tor (G-CSF), a molecule of 18.8 kDa, has been shown to induce a
systemic response after delivery by aerosol. In this work, rate and
extent of absorption as well as the response were determined after
bolus administration of solutions by intratracheal instillation (IT).
The protein was quantified using a specific ELISA and the biological
response was assessed by monitoring the increase in numbers of
circulating white blood cells (WBC). A dose-response curve was
obtained after IT, subcutaneous injection (SC), and intracardiac in-
jection (IC) of 100 L of a nominal dose ranging from 1 to 1000 pg/kg
G-CSF (n = 5). WBC numbers were determined 24 hr postadmin-
istration. Absorption and clearance kinetics were determined after
IT and IC of 500 pg/kg protein over a 24-hr time period (n = 5). The
response of the lung to G-CSF was monitored by WBC counts and
differentials in lung lavage fluid. 73.6 = 10.5% (n = 7) of the IT dose
reached the lung lobes. The response to single doses of G-CSF by IT
or SC was similar, with WBC numbers increasing over 4X baseline
at the higher doses. Absorption from the lung was rapid and did not
follow first-order kinetics. Clearance after the IC dose was de-
scribed by a biexponential equation (« = 1.41, = 0.24 hr ™ !). Peak
serum levels were obtained =~1-2 hr after IT. The bioavailability
was 45.9% of the administered dose and 62.0% of the dose reaching
the lung lobes. These results indicate that G-CSF is rapidly absorbed
from the lung. Pulmonary delivery via the airways has promise as an
alternative to parenteral injection.

KEY WORDS: aerosol; cytokine; drug delivery; granulocyte colony
stimulating factor (G-CSF); recombinant methionyl human G-CSF;
intratracheal instillation; proteins; pharmacokinetics; pulmonary ab-
sorption.

INTRODUCTION

Drug delivery via the airways is an accepted route of
administration to the lung but, with few exceptions, is not
used for systemic delivery of drugs. For most macromole-
cules it would also be expected that their size should signif-
icantly retard their absorption across the pulmonary epithe-
lium (1,2). Consequently, the delivery of larger molecules,
such as proteins, to the systemic circulation via the lungs has
not been thoroughly investigated.

The current revolution in the pharmaceutical industry
with the arrival of DNA technology and the cloning and
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production of numerous therapeutic proteins has led to a
search, in many instances, for noninvasive routes of admin-
istration. Oral administration of these compounds has been
hampered by problems associated with enzymatic and acid
digestion together with apparently poor gastrointestinal per-
meability. This has stimulated interest in the nasal and par-
ticularly the pulmonary routes of administration. Adjei, for
example, has shown that the peptide leuprolide acetate (1.3
kDa) is readily absorbed from the lungs (3) and phase III
clinical trials are presently under way. The early work of
Wigley et al. (4), demonstrating that insulin (5.8 kDa) in-
duces a systemic response by the pulmonary route, has re-
cently been quantified in experimental animals by Colthorpe
et al. (5) and further clinical evidence of its efficacy has been
demonstrated (6,7). Other smaller proteins that have been
shown to be absorbed to different degrees include somato-
statin (1.64 kDa) (8) and calcitonin (=4.5 kDa) (8). However,
larger proteins can also be absorbed including parathyroid
hormone (9.5 kDa) (8), a-interferon (=18 kDa) (8) growth
hormone (22 kDa) (9,10), a-1-antitrypsin (51 kDa) (11), albu-
min (68 kDa) (12,13), and even fluorescently labeled catalase
(230 kDa) (14).

With the exception of insulin (5), very little information
is available on the kinetics of protein transport and there is a
definite need to catalog the rate and extent to which they are
absorbed. By using the proteins as ‘‘probes,’” information on
the mechanism(s) of absorption may be obtained. In this
work the pulmonary absorption of recombinant methionyl
human granulocyte-colony stimulating factor (18.8 kDa) (G-
CSF) has been studied. G-CSF is a polypeptide hematopoi-
etic growth factor that regulates the production of polymor-
phonuclear leukocytes (PMN) (15). It is presently approved
for use in humans by parenteral administration for the treat-
ment of febrile neutropenia and as an adjunct in patients
receiving cancer chemotherapy. Chronic administration of
this growth factor would benefit from administration by a
noninvasive route. It has previously been demonstrated by
Platz et al. (16) and Nelson et al. (17) that G-CSF can induce
a systemic response in rodents after intrapulmonary admin-
istration. Here, we obtain quantitative information on the
dose~response, time course of response, and basic pharma-
cokinetics of G-CSF after intratracheal instillation in the
hamster.

MATERIALS AND METHODS

Dosing Techniques. Male golden syrian hamsters of
weights ranging from 100 to 140 g were dosed by intracardiac
injection (IC), subcutaneous injection (SC), or intratracheal
instillation (IT). For IT, approximately 100 pL of a known
concentration of G-CSF was drawn into a 1-ml syringe and
weighed. A 19-G 4-in. pipetting needle was attached to the
syringe and sheathed by a second 16-G needle attached to a
5-mL syringe filled with 3 mL of air (Fig. 1). Animals were
anesthetized first by inhalation of metafane followed by in-
traperitoneal injection of 400 mg/kg Brevital (0.4 mL, 100
mg/mL, Eli Lilly, Indianapolis, IN). Next, animals were sup-
ported, face up, on a slant board at ~60° angle and a fiber-
optic lamp was focused directly on the external neck. The
tongue was pulled out and back with forceps to allow direct
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Fig. 1. The dosing mechanism used to administer intratracheal
G-CSF. A plunger of a 1-mL syringe (A) was withdrawn =~0.2 mL
and then filled with 100 pL of solution. The plunger was then with-
drawn a further 0.2 mL and connected to a 16-G 4-in. pipetting
needle (D). The pipetting needle was surrounded by 20-G *‘sheath’
stainless-steel tubing (C) that extended to a point 1 cm from the tip
of the pipetting needle. This sheath tubing was in turn connected to
silastic tubing and a “‘t’” junction that fixed to a 5-mL empty syringe
(B). A small plastic barb (E) surrounding the 20-G tube served the
purpose of sealing the larynx during dosing. The plungers of the
5-mL syringe, filled with 3 mL air, and the 1-mL syringe were de-
pressed simultaneously. The sheath air entering the trachea helped
to prevent immediate backflushing of dose into the laryngopharynx.

observation of the larynx. Light from the lamp penetrated
the trachea enabling the opening of the larynx to be distin-
guished from the surrounding tissues. The dosing needle was
then immediately placed into the trachea. The entry into the
trachea could be confirmed by palpating the tracheal carti-
lage rings as placement of the needle was made. The plung-
ers of the dosing syringe and the 5-mL syringe were then
depressed simultaneously. The introduction of ‘‘sheath’” air
helped to prevent backflushing of dose into the throat. An-
imals were allowed to recover in place for =1 min before
being returned to cages. The Brevital is short acting and
animals were typically awake and mobile 15 min after dos-
ing. Syringes were reweighed so that an accurate determina-
tion of the administered dose could be made. IC was per-
formed using a 28-G needle attached to a 1-mL syringe (Mi-
crofine IV insulin syringe, Becton & Dickinson, Franklin
Lakes, NJ). Prior to dosing, the plunger of the syringe was
withdrawn slightly. Blood flow into the hub of the syringe
was an indicator that the dose would be injected into the
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circulation. SC was performed by injecting along the dorsal
midline of the hamster.

Quantitation of Intratracheal Instillation. The dose to
the lung was quantified by using '>’I-labeled human serum
albumin (I-125 HSA Isoject, Mallinckrodt Specialty Chemi-
cal Co., Paris, KY). Animals (rn = 7) were dosed with =100
pL of diluted radioactive marker (=50,000 cpm) in 0.5%
(w/v) bovine serum albumin (BSA; Fraction V, Sigma, St.
Louis, MO) as described above. Syringes were accurately
weighed before and after dosing. Approximately 1 min after
dosing animals were sacrificed by CO, asphyxiation. The
thorax was opened and the lungs were removed. The trachea
and esophagus were dissected out and each component was
placed in tubes suitable for a gamma counter (Cobra Auto-
Gamma, Packard Inst. Co., Downers Grove, IL). In addi-
tion, the dosing needle and the mouth of each animal were
flushed with 5-mL aliquots of saline (3 X Sand 2 X 5 mL,
respectively) into counting tubes. The amount of free I-125
in solution was assessed using trichloroacetic acid (TCA)
precipitation. It was also important to use a dilute solution of
BSA with the I-125 HSA marker. Since the filled syringe
could not be placed in the gamma counter directly, the dose
was determined by the difference in weight before and after
dosing. If BSA was absent from the solutions, the I-125 HSA
would adhere to the syringe as evidenced by low recovery of
dose. This was rectified by the addition of BSA.

Dose—Response. Hamsters were first weighed, anes-
thetized, and then administered =100 pL of either 1, 10, 100,
500, and 1000 p.g/kg r-huG-CSF (G-CSF) in aqueous solution
by SC(n = 4),IC (n = 3), or IT (n = 5) as described above.
The concentration of the unformulated G-CSF stock solution
in 1 mM HCl was 4 mg/mL (pH 3.25). All dilutions were
performed with distilled and filtered water. Syringes were
reweighed after use to determine the dose leaving the sy-
ringe. Animals were sacrificed 24 hr postadministration and
reweighed. One-half milliliter of blood was obtained by in-
tracardiac puncture and placed in tubes containing EDTA.
Animal lungs were also lavaged with 12 X 3 mL of chilled
phosphate-buffered saline to assess the response of the lung
to the G-CSF. A sample of the first pooled 6 mL (2 X 3 mL)
was assayed for the presence of G-CSF. Circulating white
blood cell (WBC) counts were obtained using an automated
blood cell analyzer (Sysmex F800, Microcell Counter, Toa
Medical Electronic Co., Kobe, Japan). For differentials,
blood smears were placed on slides and subsequently treated
with Wright—Giemsa stain prior to microscopic differentia-
tion. Cell counts in lavage fluid were performed using a
Coulter counter [Model ZM (CC) and sample stand, Coulter
Corp., Hialeah, FL]. Cell differentials in the BAL were per-
formed microscopically after preparing cytospins (Cytospin
II, Shandon Co., Pittsburgh, PA).

Time Course. Hamsters (n = 5 for each time point)
were intratracheally instilled with 100 nL of a nominal dose
of 500 p.g/kg G-CSF in water, pH =4, and sacrificed at 0, 12,
24, 36, 48, 72, 96, and 120 hr postadministration. Controls (n
= 6 at each time point) were dosed with an equivalent vol-
ume of vehicle (pH 4.0). Blood samples and lung lavage
samples were obtained and treated as described for the
dose—response study. Animal weights were also monitored
throughout the time course of the study.

Pharmacokinetics. Animals were dosed by IC or by IT
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of 500 pg/kg G-CSF and sacrificed at 0.1,0.5, 1, 3,6, 12, and
24 hr postadministration (n = § at each time point). Blood
and lavage fluid were obtained and treated as described
above. An additional 1 mL of blood was removed and placed
in tubes free of EDTA. Serum, obtained after centrifuging
the blood for 10 min at 10,000g, and samples of the lavage
fluid were assayed for the presence of G-CSF using an en-
zyme-linked immunosorbent assay (ELISA) (R&D Systems,
Minneapolis, MN 55413). The pharmacokinetic parameters
of clearance (CL,), the volume of distribution at steady state
(V,), and the bioavailability [based on the dose leaving the
syringe (F) and the dose reaching the lung lobes (F),,,.)] were
calculated from the area under the curve vs time (AUC) and
the area under the curve * time vs time (AUMC) profiles
using standard methods (18). The linear trapezoid rule was
used to determine the AUC and AUMC values. Rate con-
stants were determined using a nonlinear least-squares re-
gression program, MINSQ II. The IC kinetics were de-
scribed by a biexponential function, while the postpeak
concentrations following IT were described by a single-
exponential function. The volume of distribution of the cen-
tral compartment (V_) was estimated from the intracardiac
dose/(A + B), where A and B are the coefficients of the
biexponential equation. The weighting factor used was 1/y2.

RESULTS AND DISCUSSION

Quantitation of Intratracheal Instillation. A small per-
centage of the I-125 HSA solution was not spun down after
TCA precipitation. This fraction is assumed to have re-
mained within the syringe upon dosing by binding to the
walls of the syringe. It is also assumed that the absorption of
the HSA across the pulmonary barrier would be minimal
between the time of dosing and the dissection of the lung.
Recovery of the administered dose based on weight was 93.9
+ 7.0%. The quantity of instillate reaching the lung lobes
was 73.6 = 10.5% (44.0 = 15.8 right lobes, 29.0 = 7.9 in the
left lobes) (Fig. 2). These results indicate that the majority of
dose was distributed within the lung lobes.

Dose—Response. The dose-response curve for all

% of administered dose

Trachea Mouth

Tot lung

Esophagus

Fig. 2. The distribution of I-125 within the respiratory tract and
components of the dosing mechanism after administration of instil-
late. Error bars are the standard deviation. n = 7.
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three routes of administration is shown in Fig. 3. For the SC
and IC data, the dose is determined from the weight of so-
lution leaving the syringe. The IT data are adjusted to ac-
count for the dose reaching the lung lobes. The response, as
a function of dose, is similar by all the routes of administra-
tion and does not plateau even after a dose 200X greater than
an expected human dose (5 pg/kg). All the routes of admin-
istration cause an influx of PMN to the lung (Fig. 4). There
is apparently some correlation with dose but the trend is not
clear and the presence of PMN in the BAL is transitory as
shown below. There is also the possibility of introducing
bacteria from the upper respiratory tract during IT, and this
could complicate interpretation of results. G-CSF is not di-
rectly chemotactic but will cause margination of the circu-
lating population of PMN as well as the expected stimulation
of progenitor cells in bone marrow (19). Margination would
be the first step prior to diapedesis into the airways. The
migration of PMN is not restricted to the lung and histopath-
ological examination has shown that migration of PMN into
most of the major organs and tissues occurs after repeated
intratracheal instillation of G-CSF (data not shown). The
appearance of neutrophils in tissues does not necessarily
predicate an inflammatory response. Long-term exposure to
G-CSF in mice induces a chronic granulocytosis in all he-
matopoietic tissues without obvious changes in the health of
the animals (20). In fact, the initial migration of neutrophils
into the lower respiratory tract may be a random effect: their
increased numbers in the circulation may simply increase the
probability of being sequestered within the pulmonary cap-
illaries (21).

Time Course. The response to G-CSF after instillation
of a nominal 500 p.g/kg dose as a function of time is shown in
Fig. 5. An increase in circulating PMN is distinguished 6 hr
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Fig. 3. Dose-response curves after administration of G-CSF by IT
( --e-- ), SC (-~-0--), and IC (-—-m-- ). Error bars are the
standard deviation. n = 5.
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Fig. 4. The recovery of PMN from the BAL as a function of the dose
after administration of G-CSF by IT ( --e-- ), SC ( -0~ ), and
IC (---m-- ). Error bars are the standard deviation. n = 5.

postdose. Cell numbers peak at ~24 hr and return to baseline
after 2 days. The increase in cell numbers is restricted to
PMN and very little, if any, increase is seen in other WBC
types. The corresponding PMN fraction in the BAL is shown
in Fig. 6 and the cell numbers and fractions in the blood and
BAL are given in Table I. The results illustrate that infiltra-
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Fig. 5. The time course of response after dosing 100 wL of 500 pg/kg
G-CSF by IT. Control animals were dosed with an equivalent vol-
ume of vehicle. The total WBC counts ( —e—— ) and PMN counts
( =-0-- ) are shown together with the time course profile
(- ) for the control results. Error bars are the standard devi-
ation.

1607
357
301
25
2
a3 201
e
[19]
£
Z
=
o
0% v T : ; y f
0 20 40 60 80 100 120

Time (hrs)
Fig. 6. The percentage of PMN in the BAL as a function of time in
animals dosed with 100 pL of 500 png/kg G-CSF (—e— ) and ve-
hicle ( ==o-= ) by IT. Error bars are the standard deviation.

tion of PMN into the airways occur, while PMN levels are
elevated in the circulation: their corresponding profiles
peaking at approximately the same time after dosing. It
should be emphasized that the 500 pg/kg dose is some 100X
greater than is normally administered to humans by SC and
leukocyte migration at such lower doses is likely to be less
significant. There is also little apparent recruitment and in-
crease in alveolar macrophage numbers and the BAL is prac-
tically absent of eosinophils and lymphocytes. Some weight
loss in the hamsters occurs 24 hr after dosing in both the
control and the test animals but weight gain occurs steadily
after this time (Table I).

Pharmacokinetics. The serum concentrations of G-CSF
after pulmonary absorption and intracardiac injection of a
500 pg/kg dose are shown in Fig. 7. A two-compartmental
model has been used elsewhere to describe the intravenous
kinetics in rats (22) and hamsters (19) and is employed here.
The line in Fig. 7 represents the best fit, by nonlinear least-
squares regression through the IC data. The rate constants
are 1.4t hr ™' (¢, = 0.5hr) and 0.24 hr = (z,,, = 2.9 hr) for
the o« and B phase, respectively. The slope of the terminal
phase after intratracheal instillation is 0.27 hr=! (¢,,, = 2.6
hr) and is similar to that of the intracardiac data, indicating
that the clearance kinetics of G-CSF are similar by both
routes of administration. The amount of G-CSF recovered in
the lavage fluid as a function of time is shown in Fig. 8
together with the corresponding serum concentrations of
G-CSF. The results illustrate that G-CSF is absorbed rapidly
from the airways. Some 20% of the absorbable dose is
present in the serum 6 min postinstillation. Peak serum levels
are obtained 1-2 hr after instillation. Other pharmacokinetic
parameters are shown in Table II. From the BAL data, clear-
ance from the lung appears not to follow first-order kinetics.
However, these data may be complicated by a number of
factors. Instillate is typically distributed to the more central
regions of the lung (5). Consequently, some solution may not
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Table 1. Cell Counts and Differentials in the Blood and BAL Following IT G-CSF or Vehicle
Blood* BAL“
Time WtA WBC PMN Lymph WBC PMN Mac
(hr) (® (X107 %pL)? (%) (%) (x10%° (%) (%)
500 pg/kg G-CSF
0 — 6.2 +33 18.6 80.2 6.4 = 3.0 2.4 97.1
12 0.2+28 122 =31 59.2 40.2 52 +0.7 21.4 78.6
24 -13=x15 203 = 5.4 62.7 36.5 7.6 1.3 25.0 74.8
36 2.5+ 36 143 *75 61.0 39.0 6719 17.8 82.2
48 25+23 7.6 =20 29.4 39.8 104 *+ 6.4 16.5 82.5
72 3753 46 * 1.6 15.5 83.0 8.1x27 13.8 85.8
9% (n = 3) 6.7 5.5 85 * 1.6 24.0 75.0 6.2 + 3.7 5.5 94.5
120(n = 3) 7.0 £ 4.6 9.3 =23 19.0 80.0 1.6 £ 0.7 1.3 98.7
Vehicle
0 — 5.04 = 1.32 6.0 93.3 8026 0.2 99.8
12 31+ 1.5 7.8 = 1.89 17.0 81.5 7.0+ 14 1.0 98.8
24 -25+20 8.5 =3.7 13.0 86.0 7.2+ 1.3 0.8 99.2
36 3.7*+33 104 =12 17.8 81.2 89+ 1.7 1.0 99.0
48 22+15 9.2 +43 18.2 79.8 9.0+ 09 1.3 97.0
72 25*1.2 9.4 =03 22.3 77.5 7.8 2.2 0.5 98.0
96 3215 7.7 =33 18.5 81.0 89 = 1.6 0.2 98.5
120 14.2 = 8.0 102 =24 17.8 81.2 7.2%1.3 0.8 97.0

% WtA, weight change; PMN, polymorphonuclear leukocyte; Lymph, lymphocyte; Mac, alveolar macrophage. n = 5 for each time point
unless otherwise stated. Remaining fraction of cell types in blood is monocytes and eosinophils. The occasional lymphocyte or eosinophil

is seen in the BAL.

® Total white blood cell counts in 1 wL of blood.
¢ White blood cell counts in the total recovered lavage fluid.

be available for absorption, and when lavage is carried out
this ‘‘residual’’ G-CSF will also be collected and assayed. In
addition, respiration may cause instillate that is not immedi-
ately available for absorption eventually to reach regions of
the lung where absorption can take place. These factors may
be partially responsible for the difficulty in interpreting these
data in association with a mathematical model. Neverthe-

100
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.01 7

Concentration of G-CSF (ug/ml)

less, the G-CSF reaching the lung lobes is absorbed to a
significant extent with an apparent bioavailability of 62%
(Fiung> Table II), and from the dose—response curves it can
be seen that little change in bioactivity is occurring as a
consequence of pulmonary absorption. Presumably, the lack
of complete absorption in this case is due to the deposition
patterns of the instillate within the lung lobes and, as has
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Fig. 7. The concentration of G-CSF in the serum after IT (O) and IC
(@) of 500 pg/kg G-CSF. The line represents the best fit of a biex-
ponential equation to the IC data by nonlinear least-squares regres-
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Fig. 8. The concentration of G-CSF in the serum after IT ( --o-- )
and the corresponding amounts of G-CSF found in the BAL
(—o——) as a function of time. The error bars are the standard
deviation. n = 5.
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Table II. Pharmacokinetic Parameters for G-CSF in the Hamster
After IC and IT Administration®

Parameter IC IT
Dose (pg) 48.7 42.4
F (%) dose® 100 45.9
Dose to lung (j.g) — 31.4
Fiyng (%) lung® — 62.0
ty, (hr) & 0.5 —
ty, (hr) B 2.9 —
ty, (hr) postpeak — 2.6
AUC (ug - hr mL™}) 25.3 10.1
AUMC (pg - h> mL™") 99.8 36.4
Cl, (mL/hr) 1.9 —
V¢ (mL) 7.2 —
V. (mL) 34 —

“n = 5 for each time point. Dose is the mean dose administered to
all animals.

® The available percentage of the dose administered from the sy-
ringe, with the available dose by IC defined as 100%.

¢ The available percentage of the dose administered to the lung
lobes.

been found after aerosolization of insulin to rabbits (5), this
can be expected to improve with administration of an aque-
ous aerosol. The fact that a higher bioavailability (F,; Table
II) is achieved with the G-CSF vs insulin (45.9 vs 5.6) by
intratracheal instillation is probably due to a combination of
factors including the nature of the proteins, differences in
dosing technique, metabolism, and, in this case, the size of
the lungs. These results also illustrate the difficulty associ-
ated with assigning sensible values to describe pulmonary
bioavailability which is as much technique (e.g., instillation
vs aerosolization) and device dependent, as it is dependent
upon the nature of the drug or formulation. This is also well
illustrated by Adjei (23), who found marked differences in
the absorption of leuprolide according to the depth of drug
deposition within the respiratory tract.

If absolute bioavailability for the lung is defined as the
fraction of drug that reaches the circulation after being de-
posited at a site from which it can be absorbed, then it is
clear that this parameter is impractical to measure because
there is no method of distinguishing between the absorbing
and the nonabsorbing sites in the lung. It is, however, pos-
sible to ascertain comparative bioavailability as long as sim-
ilar dosing techniques, species, and perhaps a ‘‘standard”
drug are employed. The standard, of course, should be in-
expensive, easily assayable, nontoxic, and not be metabo-
lized. Ultimately, the ratios of the AUC’s for the unknown vs
standard may prove more useful for investigators than at-
tempts to ascertain individual absolute bioavailabilities.

It is worth speculating on the mechanism or mecha-
nisms whereby proteins transfer across the alveolar epithe-
lium into the circulation. Evidence of zonula occludens or
“tight”” junctions between the type I cells, that would re-
strict large solutes, suggests that the majority of large com-
pounds must transfer directly across the epithelium (24,25).
With the demonstration, by ultrastructural techniques, that
vesicles exist within type I cells, it can be argued that their
presence provides the physical means of transportation.
However, very little knowledge has accumulated on how
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these vesicles are regulated and if they regulate the delivery
of macromolecules. Some information can again be gleaned
from ultrastructural studies where it has been shown that
cationized ferritin (CF; >445 kDa) is endocytosed by plas-
malemmal vesicles and evidence suggests that CF is released
at abluminal sites (25). It is unfortunate that few proteins of
therapeutic interest lend themselves to ready detection in
lung tissues by electron microscopy. The immunohistochem-
ical techniques involved in detecting the presence of proteins
within specific regions of lung tissue are both difficult and
tedious and antibodies may not readily be available for many
proteins. However, this approach will be useful in the future.
For the present, important information on the nature of the
transport mechanisms can be found by carefully studying the
pulmonary pharmacokinetics of the increasing number of
therapeutic proteins that are available.

As well as considering how proteins are absorbed across
the pulmonary barrier, it is equally intriguing to consider the
physiological reason for absorption. G-CSF together with
chemotactic factors derived from the macrophages and cell
debris such as leukotriene B, (LTB,) and interleukin-1 (IL-1)
are released in response to a pulmonary bacterial infection or
acute lung injury (26-28). One can speculate that there may
be a pathway for one or more of these factors to penetrate
the pulmonary barrier and stimulate circulating PMN so that
margination and diapedesis can take place.

In summary, the pharmacological response and pharma-
cokinetics of G-CSF have been studied after administration
of a single dose by several routes of administration. The
response to G-CSF by intratracheal instillation is similar to
that obtained after parenteral administration of equivalent
doses indicating that the protein is absorbed to a significant
extent. The transfer of G-CSF across the pulmonary barrier
proceeds rapidly by an unknown mechanism. Further work
is needed to elucidate the nature of the transport process
and, from a clinical standpoint, to assess safety before hu-
man studies can proceed.

ACKNOWLEDGMENTS

The constructive comments of Steve Nelson and co-
workers at LSU Medical Center and Colin Pitt of Amgen are
gratefully acknowledged.

REFERENCES

1. L. S. Schanker and J. A. Hemberger. Relation between molec-
ular weight and pulmonary absorption rate of lipid insoluble
compounds in neonatal and adult rats. Biochem. Pharmacol.
32:2599-2601 (1983).

2. R. M. Effros and G. R. Mason. Measurements of pulmonary
epithelial permeability in vivo. Am. Rev. Resp. Dis. 127:S59-
S65 (1983).

3. A. Adjei and J. Garren. Pulmonary delivery of peptide drugs:
Effect of particle size on bioavailability of leuprolide acetate in
healthy male volunteers. Pharm. Res. 7:565-569 (1990).

4. F. M. Wigley, J. H. Londono, S. H. Wood, J. C. Shipp, and
R. H. Waldman. Insulin across respiratory mucosae by aerosol
delivery. Diabetes 20:552-556 (1971).

5. P. Colthorpe, S. J. Farr, G. Taylor, I. J. Smith, and D. Wyatt.
The pharmacokinetics of pulmonary-delivered insulin: A com-
parison of intratracheal and aerosol administration to the rabbit.
Pharm. Res. 9:764-768 (1992).

6. B. L. Laube, A. Georgopoulos, and G. K. Adams III. Prelimi-
nary study of the efficacy of insulin aerosol delivered by oral
inhalation in diabetic patients. JAMA, 269:2106-2109 (1993).



1610

7.

11.

12.

13.

14.

15.

16.

17.

R. B. Elliot, B. W. Edgar, C. C. Pilcher, C. Quested, and J.
McMaster. Parenteral absorption of insulin from the lung in di-
abetic children. Aust. Paediat. J. 23:293-297 (1987).

. J. S. Patton and R. M. Platz. Systemic delivery of peptides and

proteins through the pulmonary route. J. Aer. Med. 6(Suppl.):
53 (1993).

. J.S. Patton, J. G. McCabe, S. E. Hansen, and A. L. Daugh-

erty. Absorption of human growth hormone from the rat lung.
Biotech. Ther. 1:213-228 (1990).

. J. S. Patton and R. M. Platz. (D) Routes of delivery: Case stud-

ies. (2) Pulmonary delivery of peptides and proteins for systemic
action. Adv. Drug Deliv. Rev. 8:179-196 (1992).

R. C. Hubbard, M. A. Casolaro, M. Mitchell, S. E. Sellers, F.
Arabia, M. A. Matthay, and R. G. Crystal. Fate of aerosolized
recombinant DNA-produced a-1-antitrypsin: use of the epithe-
lial surface of the lower respiratory tract to administer proteins
of therapeutic importance. Proc. Natl. Acad. Sci. 86:680—684
(1989).

E. A. M. Dominquez, A. A. Liebow, and K. G. Bensch. Stud-
ies on the pulmonary air tissue barrier. I. Absorption of albumin
by the alveolar wall. Lab. Invest. 16:905-911 (1967).

H. G. Folkesson, B. R. Westrom, and B. W. Karlsson. Perme-
ability of the respiratory tract to different-sized macromolecules
after intratracheal instillation in young and adult rats. Acta
Physiol. Scand. 139:347-354 (1990).

K. Takada, M. Yamamoto, and S. Asada. Evidence for the pul-
monary absorption of fluorescent labelled macromolecular com-
pounds. J. Pharm. Dyn. 1:281-287 (1978).

G. D. Demetri and J. D. Griffin. Granulocyte colony-stimula-
ting factor and its receptor. J. Am. Soc. Hematol. 78:2791-2808
(1991).

R. M. Platz, M. A. Winters, and C. G. Pitt. Pulmonary admin-
istration of granulocyte colony stimulating factor. International
publication number WO 92/16192, October 1992.

S. Nelson, G. Bagby, J. Andresen, J. Shellito, and W. Summer.
Intratracheal granulocyte colony stimulating factor enhances
systemic and pulmonary host defenses. Am. Rev. Respir. Dis.
143:S398 (1991).

18

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Niven, Lott, and Cribbs

. M. Gibaldi and D. Perrier. Pharmacokinetics, 2nd ed., Marcel
Dekker, New York, 1982.

A. T. Cohen, K. M. Zsebo, H. Inoue, D. Hines, T. C. Boone,
V. R. Chazin, L. Tsai, T. Ritch, and L. M. Souza. In vivo stim-
ulation of granulopoiesis by recombinant human granulocyte
colony-stimulating factor. Proc. Natl. Acad. Sci. 84:2484-2488
(1987).

J. M. Chang, D. Metcalf, T. J. Gonda, and G. R. Johnson.
Long-term exposure to retrovirally expressed granulocyte-
colony-stimulating factor induces a nonneoplastic granulocytic
and progenitor cell hyperplasia without tissue damage in mice.
J. Clin. Invest. 84:1488-1496 (1989).

G. C. Kindt, J. E. Gadek, and J. E. Weiland. Initial recruitment
of neutrophils to alveolar structures in acute lung injury. J.
Appl. Physiol. 70:1575-1585 (1991).

H. Tanaka, Y. Okada, M. Kawagishi, and T. Tokiwa. Pharma-
cokinetics and pharmacodynamics of recombinant human gran-
ulocyte-colony stimulating factor after intravenous and subcu-
taneous administration in the rat. J. Pharmacol. Exp. Ther.
251:1199-1203 (1989).

A. Adjei. Pulmonary bioavailability of LH-RH analogs: A case
study with leuprolide and other LH-RH analogs. J. Aer. Med. 6
(Suppl):54 (1993).

D. O. DeFouw. Ultrastructural features of alveolar epithelial
transport. Am. Rev. Resp. Dis. 127:S9~-S13 (1983).

0. S. Atwal, L. Viel, and K. J. Minhas. An uptake of cationized
ferritin by alveolar type I cells in airway-instilled goat lung:
Distribution of anionic sites on the epithelial surface. J. Submi-
crosc. Cytol. Pathol. 22:425-432 (1990).

S. Nelson, W. Summer, G. Bagby, C. Nakamura, L. Stewart, G.
Lipscomb, and J. Andresen. Granulocyte colony-stimulating
factor enhances pulmonary host defenses in normal and ethanol-
treated rats. J. Infect. Dis. 164:901-906 (1991).

G. C. Kindt, J. E. Gadek, and J. E. Weiland. Initial recruitment
of neutrophils to alveolar structures in acute lung injury. J.
Appl. Physiol. 70:1575-1585 (1991).

H. Y. Reynolds. Lung inflammation: Role of endogenous che-
motactic factors in attracting polymorphonuclear granulocytes.
Am. Rev. Resp. Dis. 127:S16-S825 (1983).



