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Abstract

Keratinocyte growth factor (KGF) administered as a single in-
tratracheal injection causes a prominent dose-dependent prolif-
eration of type II alveolar epithelial cells in the lungs of adult
rats. The increase in mitotically active alveolar cells histologi-
cally appears as a micropapillary epithelial cell hyperplasia
after 2 d and peaks after 3 d in the form of monolayers of
cuboidal epithelial cells lining alveolar septae. Proliferating
cell nuclear antigen immunohistochemistry confirmed the pro-

found proliferative response induced by KGF. The hyperplastic
alveolar lining cells contain immunoreactive surfactant protein
B and are ultrastructurally noted to contain lamellar inclusions
characteristic of surfactant-producing type II pneumocytes.
Mild focal bronchiolar epithelial hyperplasia is noted but is
much less striking than the proliferation of type II pneumo-

cytes. Large airways are unaffected by KGF. Daily intravenous
injection of KGFis also able to cause pneumocyte proliferation.
The normal adult rat lung constitutively expresses both KGF
and KGF receptor mRNA, suggesting that endogenous KGF
may be implicated in the paracrine regulation of the growth of
pneumocytes. In conclusion, KGF rapidly and specifically in-
duces proliferation and differentiation of type II pneumocytes
in the normal adult lung. (J. Clin. Invest. 1994.93:1298-1306.)
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Introduction

The alveolar epithelial lining of the lung is composed of type I
and II pneumocytes. Type I pneumocytes are flat metabolically
relatively inactive cells that cover > 95% of the alveolar air
space with a thin layer of cytoplasm. Type I pneumocytes are

therefore suited to the function of oxygen exchange between air
and the blood of the alveolar capillary bed. Type II pneumo-

cytes are cuboidal metabolically active cells that are also
known as the corner cells of the alveolus because of their char-
acteristic location in the corners of alveoli in healthy lungs.
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Type II pneumocytes synthesize and secrete surfactant. Surfac-
tant is composed of lipids, proteins, and carbohydrates, and
stabilizes the patency of the alveolar space by decreasing the
surface tension of the alveolus. Type II pneumocytes are ultra-
structurally seen to contain lamellar inclusions that represent
intracellular surfactant. After lung injury, type II pneumocytes
proliferate and eventually can come to line the alveolar septae
as rows of columnar cells. During the course of healing, type II
pneumocytes differentiate into type I pneumocytes to allow the
reconstitution of normal alveolar parenchymal architecture.
Type II pneumocyte hyperplasia persists during chronic pneu-
monitis.

A number of defined growth factors as well as undefined
activities in bronchoalveolar lavage fluid and in conditioned
media from cultured cells have been observed to stimulate
DNAsynthesis in type II pneumocytes in vitro (1, 2). How-
ever, DNAsynthesis as measured by [3H]thymidine uptake in
vitro in primary type II pneumocyte cultures is not generally
accompanied by a proportionate increase in cell number ( 1,
3). Several members of the fibroblast growth factor (FGF)'
family, including acidic and basic FGF, stimulate DNAsynthe-
sis in type II pneumocytes in vitro ( 1-3).

Type II pneumocytes are prominent in fetal lungs and most
likely play an important role in the morphogenesis of the lungs
as well as in the production of surfactant necessary for the
successful transition of the alveolar space from an environment
of amniotic fluid to air ( 1). Glucocorticoids, estrogen, thyroid
hormones, bombesin, and epidermal growth factor may en-
hance the maturation of fetal lung and promote fetal surfactant
production in vivo, whereas androgens, transforming growth
factor beta, and insulin may inhibit fetal lung maturation ( 1, 4).

Type II pneumocyte hyperplasia and hypertrophy in the
adult can be induced in vivo in a large number of experimental
models of lung injury. Exposure to oxygen, ozone, silica, and
asbestos, for example, cause type II pneumocyte hyperplasia
accompanied by an increase in type II pneumocyte size and
lamellar body content ( 1, 5). The endogenous mediators that
initiate and regulate type II pneumocyte proliferation in vivo in
the adult lung remain unknown.

The purpose of this study is to report that the intratracheal
administration of keratinocyte growth factor (KGF) causes a
striking proliferation of type II pneumocytes in vivo. KGF, also

1. Abbreviations used in this paper: FGF, fibroblast growth factor;
KGF, keratinocyte growth factor; PCNA, proliferating cell nuclear an-

tigen.
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known as FGF-7, is an 1 8.9-kD member of the FGFfamily that
was originally purified from a lung fibroblast line and, unlike
other FGF molecules that can also stimulate mesenchymal
cells, appears to be a specific epithelial growth factor secreted
by stromal cells to act in a paracrine fashion (6). KGFhas
recently been reported by Panos et al. (7) to be a growth factor
for alveolar type II cells in vitro. Although a number of growth
factors are known to promote the proliferation of cultured
pneumocytes in vitro and can be considered as putative growth
factors for pneumocytes in vivo, we are unaware of any re-
ported growth factors that cause significant type II pneumocyte
hyperplasia in vivo in adult animals.

Methods

Lewis rats, male, weighing 250 g (n = 29), received a single intratra-
cheal injection, as previously described by our laboratory (8), of vary-
ing doses (5 mg/kg with the exception of dose-response experiments)
of recombinant human KGF. The KGFwas purified to homogeneity,
is endotoxin free, is 94% homologous to rat KGF(9), and stimulates
human and rodent keratinocytes equally well. At 6 h and at 1-6 d after
intratracheal injection the rats were killed. Control rats (n = 12) re-

ceived an intratracheal injection of saline. Additional Lewis rats (n
= 18) were killed up to 1 wk after daily intravenous or intraperitoneal
injections of 5 mg/kg KGF. The lungs were inflated with Bouin's fixa-
tive via an intratracheal catheter, saggital sections of the lung were

Figure 1. A multifocal knobby micropapillary
proliferation of alveolar epithelial cells is noted
along alveolar septae at 2 d after intratracheal
injection of 5 mg/kg KGF(H&E; [A] x200 and
[B] x400 original magnification).
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paraffin embedded, and histologic sections were stained with hematox-
ylin and eosin (H&E). Indirect immunohistochemistry was performed
on paraffin-embedded tissues pretreated for 5 min with 3% hydrogen
peroxide in methanol usingthe avidin-biotin complex technique, horse-
radish peroxidase, and diaminobenzidene as a chromogen ( 10) for the
demonstration of surfactant protein B and proliferating cell nuclear
antigen. The rabbit anti-bovine surfactant protein B antiserum (a gen-
erous gift of Dr. Jeffrey Whitsett, Children's Hospital Medical Center,
Cinncinati, OH) has been previously well characterized ( I1 ), as has the
monoclonal anti-rat proliferating cell nuclear antigen (PCNA) clone
PC10, which recognizes the 36-kD polymerase delta accessory protein
(Dako Corp., Glostrup, Denmark).

Total RNAfrom lung and skin of normal adult Sprague Dawley
rats was isolated as described by Chomczynski and Sacchi ( 12). RNase
protection mapping of KGFreceptor (KGFR) and KGFtranscripts

was performed with DNAprobes cloned into the transcription vectors
pGEM4Zand pSP72, respectively (Promega Biotec, Madison, WI).
The rat KGF(9) antisense transcript corresponded to bases 132-336
(EMBL accession number X5655 1). The KGFR( 13) antisense tran-
script corresponded to bases 1270-1417 (GenBank accession number
M63503). This region of KGFRsequence was determined to be identi-
cal in mouse and rat (R. Biltz, unpublished data). The vectors were
linearized and antisense transcript was synthesized in vitro using SP6
or T7 RNApolymerase and 32Pr-UTP (800 Ci/mmol; 1 Ci = 37 GBq;
NewEngland Nuclear, Boston, MA). The full-length RNAprobe was
purified from an 8%polyacrylamide/7 Murea gel. After the protocol
of RPAII kit ( 1410; Ambion) triplicate samples of 50 ,gg of total cellu-
lar RNAwere hybridized at 450C overnight with I05 cpm of labeled
antisense probe. RNase digestion was performed for 40 min with a
1:500 dilution of solution R (Ambion). The RNA/RNAhybrids were

B
4*.

Figure 2. A proliferation of cuboidal alveolar
epithelial cells lines alveolar septae in a diffuse
monolayer and as focal nests of cells (short
arrow) at 3 d after intratracheal injection of 5
mg/kg KGF(H&E; [A] X200 and [B] X400
original magnification). In comparison with the
septae lined by hyperplastic alveolar epithelium,
note a remaining thin hypocellular normal al-
veolar septum (long arrow).
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At 2 d a knobby micropapillary overgrowth of alveolar septal
lPneuY~mocyte //;epithelial cells is noted within the lungs of KGF-treated rats

(Fig. 1, A and B). At 3 d a diffuse low-cuboidal to cuboidal
growth of alveolar epithelial cells is noted lining entire alveoli
in large segments of the lung (Fig. 2, A and B). Someareas of

0ActHours §the lung, however, retain a normal histology. Mitotic figures
are present within pneumocytes in the areas of hyperplasia,
demonstrating the occurrence of cellular proliferation (data
not shown). The histologic appearance of the hyperplastic al-
veolar epithelium in the rat on day 3 is very similar to the
appearance of reactive type II pneumocyte hyperplasia in hu-
man lungs. Pneumocyte hyperplasia and proliferation is not
noted in control rats injected intratracheally with either saline

i§7n >//, | or equivalent protein amounts of bovine serum albumin, con-
firming that the hyperplasia is not a nonspecific reaction to a

*dd7 foreign protein. The pneumocyte hyperplasia is not a response
48 Hours to inflammation since no inflammatory cells were noted either

* 6 |histologically or in cytocentrifuge preparations of bronchoal-
P e Adveolar lavage samples taken at daily intervals after the intratra-

Probbyen cheal injection of KGF. Hyperplastic alveolar epithelium is
recognizable in decreasing amounts in the lungs of KGF-
treated rats on days 4 and 5 after intratracheal injection. On
day 6 the lungs of KGF-treated and control rats are indistin-
guishable. The histologic appearance of the pneumocyte hyper-

V. ,,
I $ t g 72 Hours

Difu Figure 3. A schematic diagram
Proliferatio DIshows the progression of type

*;7 \> II pneumocyte hyperplasia in *,
the lung after a single intratra-
cheal injection of KGF.

precipitated, resuspended, and separated on an 8% polyacrylamide/7
Murea gel. Signal from protected fragments was quantified on a phos-
phorimager (Molecular Dynamics, Inc., Sunnyvale, CA) and averaged
over the triplicate sample points. To quantify the amount of message in a u
various tissue samples, unlabeled sense RNAcorresponding to the la- W
beled antisense probe was synthesized, purified over a G50 spin col- aeo
umn, quantified by OD260.m, and used as standards in the hybridiza- e
tion assay. The equivalent picograms of message per 50 ,gg of total W ANNE-

RNA was calculated by comparison of each tissue RNA-protected
band signal to one derived from hybridization to the known standard AX#
of sense RNA. The values obtained were then normalized using the
ratio of the probe size to the full-length message. W

Results

KGFwas injected intratracheally at doses of 0. 1, 1.0, 5.0, and A

10.0 mg/kg, and the lungs at 3 d after injection were histologi- l_
cally examined in a blinded fashion by two pathologists (T. R. v4
Ulich and E. S. Yi). KGFat 0.1 mg/kg did not cause histologi-
cally discernable alveolar epithelial cell hyperplasia. KGFat
1.0 mg/kg caused a mild but definite increase in alveolarepithe-

lial cells. A substantial increase in alveolar epithelial cell hyper-
plasia was noted at 5.0 and 10.0 mg/kg as compared with 1.0W
mg/kg. A slight increase in pneumocyte hyperplasia was noted
between 5.0 and 10.0 jig/kg. In all subsequent studies to be --A
described, KGFwas injected at 5.0 mg/kg. Figure 4. Immunoreactive surfactant protein B is demonstrable in

KGFdoes not cause a histologically discernable increase in hyperplastic alveolar lining cells 3 d after intratracheal injection of
alveolar epithelial cells at 6 or 24 h after intratracheal injection. 5 mg/kg KGF(avidin-biotin complex indirect immunoperoxidase).
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Figure 5. An electron micrograph shows a group
of hyperplastic alveolar epithelial cells containing
cytoplasmic lamellar inclusions at 3 d after intra-
tracheal injection of KGF(X3,300). The lamellar
structure of the inclusions is appreciated at higher
magnification (x 14,700).
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plasia can be conceptually understood as an initial prolifera-
tion of numerous individual microanatomically separated type
II cells resulting in multifocal micropapillary excresences fol-
lowed 1 d later by the migration of type II cells to form a
monolayer lining the alveolar septae (Fig. 3).

The hyperplastic alveolar epithelium contained abundant
immunoreactive surfactant protein B on day 3 as demon-
strated by immunohistochemistry (Fig. 4). The immunoreac-
tivity was most prominent along the membranes of intracyto-
plasmic vacuolar structures. Surfactant immunoreactivity was
also, as expected, shown within the cytoplasm of some alveolar
macrophages that are known to phagocytose surfactant. The
lung of a KGF-treated rat was ultrastructurally examined 3 d
after intratracheal injection. The hyperplastic alveolar epithe-
lial cells lining the alveolar septae almost invariably contained

one or more lamellar inclusions of varying size and shape (Fig.
5, A and B).

The bronchiolar epithelium of KGF-treated rats is focally
hyperplastic on day 3, but the hyperplasia is not nearly as prom-
inent as the alveolar cell hyperplasia. Hyperplasia was appre-
ciated as pseudostratification of the epithelial lining of smaller
distal bronchi that are normally lined by a single layer of epithe-
lium, by tufting or micropapillary growth ofbronchiolar epithe-
lium, and by an increase in mitotic figures within the bronchio-
lar epithelium (Fig. 6, A and B). Large airways did not demon-
strate morphologically recognizable hyperplasia. KGFwas not
noted to exhibit any effects on goblet cells, pulmonary stromal
cells, connective tissue, or vessels.

PCNA expression was prominently detected in type II
pneumocytes at 24 h after the intratracheal injection of KGF

Figure 6. The bronchiolar epithelium of a 5 mg/
kg KGF-treated rat shows epithelial hyperplasia
with tufting (A) as compared with the bronchiolar
epithelium of a control rat (B) (H&E).
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Figure 7. PCNAexpression (avidin-biotin
complex indirect immunoperoxidase) was
prominently detected in type II pneumocytes
(A) at 24 h after the intratracheal injection
of KGF, a time at which pneumocyte hyper-
plasia is not yet morphologically recogniz-
able. The type II pneumocytes in the lungs
of control rats (B) do not demonstrate any
PCNAexpression in many microscopic
fields, although occasional alveolar pneumo-
cytes did express PCNA. KGFcauses an in-
crease in PCNAexpression in bronchiolar
airway epithelium (C) at 24 h. The PCNA
expression in bronchioles is, however, much
more focal and less striking than that in the
alveolar pneumocytes, an observation that
concurs with the very focal and mild bron-
chiolar epithelial hyperplasia as compared
with alveolar pneumocyte hyperplasia.
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(Fig. 7 A), a time at which pneumocyte hyperplasia'is Yety1'
morphologically recognizable. The type II pneumocytes in the
lungs of control rats showed only very rare expression of PCNA
(Fig. 7 B). The majority of the morphologically hyperplastic
pneumocytes recognizable 2-3 d after intratracheal injection of
KGFalso demonstrated PCNAexpression. KGFalso caused
an increase in PCNAexpression in bronchiolar airways that
was more focal and less striking than that in the alveolar pneu-
mocytes (Fig. 7 C).

The effects of systemic injection of KGF'(5 mg/kg) on
pulmonary epithelium also were investigated. A single intrave-
nous injection of KGFdid not cause alveolar epithelial cell
hyperplasia. On the other hand, three daily injections of KGF
caused patchy alveolar epithelial cell growth (data not shown)
in a knobby pattern similar to, but less striking than, the prolif-
eration noted in rats at 2 d after a single intratracheal injection
of KGF. Alveolar epithelial cell hyperplasia within the central
tissues of the pulmonary parenchyma was no longer apprecia-
ble after 1 wk of daily injections of KGF. The results suggest
that the intratracheal injection of KGFis a more potent stimu-
lus for type II pneumocyte hyperplasia and that a refractory
state to the action of KGFdevelops after continued daily sys-
temic injection. Although intraparenchymal alveolar epithelial
cell proliferation in the above-described and illustrated fashion
was not noted after 1 wk of daily injections of KGF, a prolifera-
tion of an often more glandular-appearing epithelium was fo-
cally noted localized immediately adjacent to the connective
tissue of lobar septae, the peribronchial connective tissue
sheath, or subpleurally. The cellular nature of the proliferation
is not entirely clear but might be postulated to relate to the
release of KGF that had become bound to the extracellular
matrix (KGF is a heparin-binding protein) in the mentioned
connective tissue structures after systemic administration.

The lungs of adult rats express mRNAfor both KGFand
KGFRas detected by RNAse protection assay (Figs. 8 and 9).
The BALB/MK mouse keratinocyte cell line was used as a
positive control. The amount of KGFand KGFRmRNAin

A

YEAST(- control)

BaIb/MK (+ control)

LUNG -A

SKIN

0 100 200 300 400 500

Equivalent picograms KGFRmRNAper 50;iG total RNA

B

YEAST(- control)

LUNG

SKIN

0 10 20 30 40 50 60

Equivalent picograms KGF mRNAper 501iG total RNA

Figure 9. KGFand KGFRmRNAlevels in rat lung and skin are
presented as picograms± 1 SDper 50 ug total organ RNAof triplicate
samples. Note the high level of KGFRmRNAin the lung as com-
pared with skin. Yeast total RNAserved as a negative control and
BALB/MK total RNAas a positive control for KGFreceptor mRNA
expression.

lung and skin was compared to obtain a sense of the possible
importance of KGFin the homeostasis of lung. An approxi-
mately equal amount of KGFmRNAper 50 ,g total tissue
RNAwas present in the lung and skin, but an approximately
threefold greater amount of KGFRmRNAwas present in lung
as compared with skin.

Discussion
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Figure 8. KGFand KGFRmRNAautoradiograms demonstrate the
expression of KGFand its receptor in the adult rat lung, consistent
with a role for endogenous KGFin the homeostasis of the alveolar
epithelium.

KGF, a member of the FGF family, is an epithelial growth
factor that is thought to be synthesized and secreted by stromal
cells within epithelial organs (6, 14). The KGFreceptor is a
splice variant of the FGF receptor 2 and has high affinity for
KGFand acidic FGF, but not basic FGF ( 13, 15-17). While
acidic FGFcan bind to other FGFreceptors, KGFis thought to
only bind to the KGFreceptor that contains a unique 49-
amino acid region in the COOH-terminal half of the third im-
munoglobulin loop (13, 15-17). In this study the finding of
large amounts of KGFand KGFRmRNAin the adult rat lung
is consistent with the hypothesis that KGFmay play an impor-
tant endogenous role in the'maintenance of pulmonary epithe-
lial integrity.

KGFadministered intratracheally causes a striking hyper-
plasia of alveolar epithelial cells characterized first by micropa-
pillary and then by linear type II pneumocyte hyperplasia
(Figs. 1-4). The presence of lamellar cytoplasmic inclusions
within the cells at the ultrastructural level is consistent with the
proposal that the hyperplastic cells are type II pneumocytes.
The lamellar inclusions did not appear as numerous or as osmi-
philic, as those illustrated in some cases of experimental type II
pneumocyte hyperplasia in the rat (1), but are very similar to
the lamellar inclusions illustrated in normal rat lung ( 18). In
addition to causing alveolar cell hyperplasia, KGFcauses mild
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focal bronchiolar epithelial cell hyperplasia. The possibility
must be considered that the hyperplastic alveolar epithelium
could represent a downgrowth of bronchial epithelium from
terminal bronchioles into the alveolar parenchyma. However,
we propose that KGFacts directly on type II pneumocytes
because of the multifocal micropapillary budding growth pat-
tern of pneumocytes on alveolar septae 2 d after injection of
KGF, a growth pattern that precedes the confluent lining of the
alveoli by cuboidal cells on the third day. In addition, type II
pneumocytes are thought to be the mitotically responsive al-
veolar epithelial cell population and would be expected to be
the alveolar cell type to respond to a potential endogenous
mediator of alveolar cell growth such as KGF. Finally, the
identification of lamellar inclusions within the hyperplastic
cells suggests not only their differentiation into type II pneu-
mocytes but also their origin from type II pneumocytes.

While this study was under review, Panos et al. (7) reported
that KGFstimulates the proliferation of type II pneumocytes
in vitro. Future studies will need to address the probable local-
ization of KGFRs on both bronchiolar and alveolar epithe-
lium. Since KGFbinds to heparin, specific demonstration of
the binding of KGFto its receptor in vivo will be technically
difficult and the receptor maybe best localized by in situ hybrid-
ization. The more substantial alveolar epithelial cell hyperpla-
sia noted after intratracheal as compared with systemic injec-
tion of KGFsuggests that the intratracheal administration of
KGFallows direct access of a higher concentration of growth
factor to the target epithelium. The molecular basis for the
refractory state of the alveolar epithelium to KGFthat appears
to develop after continued systemic injection of KGF is un-
known, but may be related to receptor downregulation. Some
KGF-responsive epithelia do not develop a refractoriness to
KGFafter 1 wk of daily systemic injections ( 19).

The identification of KGFas a growth factor for type II
pneumocytes raises the possibility that KGFwill show thera-
peutic potential similar to or better than glucocorticoids as a
stimulant of fetal lung maturation. KGFmight also be clini-
cally useful in stimulating bronchoalveolar repair after lung
injury in the adult. The proliferative effect of KGFon type II
pneumocytes suggests that KGFmay play an important role in
regulating the synthesis and secretion of surfactant. Finally, the
histologic similarity of diffuse type II pneumocyte hyperplasia
and the bronchoalveolar cell variant of lung carcinoma sug-
gests that the possibility that dysregulation of KGFplays a role
as a growth factor in pulmonary neoplasia should be investi-
gated.
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