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Current evidence suggests that the keratinocyte growth
factor (KGF) and the polymorphonuclear leukocyte may
play key roles in the development of lung fibrosis. Here we
describe the construction, expression, purification, and
identification of a novel NIF (neutrophil inhibitory factor)–
KGF mutant fusion protein (NKM). The fusion gene was
ligated via a flexible octapeptide hinge and expressed as an
insoluble protein in Escherichia coli BL21 (DE3). The
fusion protein retained the activities of KGF and NIF, as it
inhibited both fibroblast proliferation and leukocyte
adhesion. Next, the effects of NKM on bleomycin-induced
lung fibrosis in mice were examined. The mice were divided
into the following four groups: (i) saline group; (ii) bleomy-
cin group (instilled with 5 mg/kg bleomycin intratrache-
ally); (iii) bleomycin plus dexamethasone (Dex) group (Dex
was given intraperitoneally (i.p.) at 1 mg/kg/day 2 days
prior to bleomycin instillation and daily after bleomycin
instillation until the end of the treatment); and (iv) bleomy-
cin plus NKM group (NKM was given i.p. at 2 mg/kg/day
using the same protocol as the Dex group). NKM signifi-
cantly improved the survival rates of mice exposed to bleo-
mycin. The marked morphological changes and increased
hydroxyproline levels resulted from the instillation of
bleomycin (on Day 17) in the lungs were significantly inhib-
ited by NKM. These results revealed that NKM can attenu-
ate bleomycin-induced lung fibrosis, suggesting that NKM
could be used to prevent bleomycin-induced lung damage
or other interstitial pulmonary fibrosis.
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Introduction

The keratinocyte growth factor (KGF) is a member of the
fibroblast growth factor family and binds solely to its

known high-affinity receptor (KGFR), which is exclusively
localized on epithelial cells [1]. KGF produced by stromal
cells is a critical growth factor in lung development and a
protective agent after lung injury, indicating that it influ-
ences the interaction between epithelial and mesenchymal
cells in a paracrine manner [2,3]. Overexpression of KGF
in the lung results in papillary cystadenomas and enlarge-
ment of the bronchial airspaces [4]. Inhibiting the effects of
KGF with a dominant-negative KGFR mutant results in the
absence of branching morphogenesis within the developing
lung [5]. The neutrophil inhibitory factor (NIF) is a
hookworm-derived glycoprotein ligand of the CD11/CD18
integrin family that potently inhibits human neutrophil
function in vitro, reduces leukocyte adhesion, decreases the
number of neutrophils infiltrating tissues, and prevents
in vivo neutrophil-dependent lung injury [6]. The recombi-
nant NIF has been shown to markedly inhibit CD11/CD18-
dependent human neutrophil function in vitro and in vivo
[7,8]. Lung fibrosis is a pathological process characterized
by injury and loss of lung epithelial cells and replacement
of normal tissue by mesenchymal cells that produce an
extracellular matrix [9]. The sequence of events leading to
fibrosis of an organ involves subsequent injury processes,
including inflammation, and disruption of the normal
tissue architecture, followed by tissue repair and accumu-
lation of mesenchymal cells in the area of derangement.
The inflammatory cells play direct and indirect roles in
tissue injury and repair. The early inflammatory phase is
usually associated with the release of several cytokines and
chemokines by activated resident cells and infiltrating cells
[10]. Cytokines and growth factors secreted by inflamma-
tory cells and interstitial cells (fibroblasts and myofibro-
blasts) play an important role in the fibrogenic phase of
pulmonary fibrosis by inducing matrix synthesis [11].
Pulmonary fibrosis may be related to KGF and NIF. In this
paper, we designed an NIF and KGF [neutrophil inhibitory
factor–keratinocyte growth factor mutant fusion protein
(NKM)] fusion protein linked by a flexible octapeptide
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(G8) hinge to determine whether treatment with this
protein can improve the outcome in the mice with
bleomycin (BLM)-induced pulmonary fibrosis. We com-
pared the fusion protein with dexamethasone (Dex),
especially focusing on the acute phase of this model. We
found that the fusion protein, but not Dex, showed a sig-
nificant protective effect in this model, and possible mech-
anisms of action were discussed in the hope of discovering
new pharmaceutical targets.

Materials and Methods

Expression vectors and reagents
A 774-bp segment encoding NIF (GenBank No. L27427.1)
and a 423-bp segment encoding KGF (GenBank No.
NM_002009.3, the full-length KGF coding sequence trun-
cated by 69 bps at the N-terminus) were chemically syn-
thesized by Chongqing Fagene Biomed Inc. (Chongqing,
China), based on the codon bias for foreign gene
expression in Escherichia coli. The expression vector
pET-11c was purchased from Merck (Madison, USA). Gel
extraction kits were from Shanghai Watson Biotech.
(Shanghai, China).

Construction of expression plasmids for the
NIF–KGF fusion
The strategy adopted in designing the recombinant plasmid
vector expressing the NIF–KGF fusion protein is shown in
Fig. 1. Three rounds of PCR were employed. A sequence
encoding a flexible hinge octapeptide (GGGGGGGG) was
fused to the 30-end of the NIF gene and to the 50-end of
the KGF gene. A DNA fragment encoding NIF was
amplified by PCR using NKM1 (50-CGCATATGA
ACGAACACAACTTGAGATGTCCACAAAACGGT-30) as
the forward primer and NKM2 (50-TCCACCGCCTCCTCCA

CCGCCTCCCAATTCTCTGAATCTGTA-30) as the reverse
primer, resulting in a 24-bp oligonucleotide sequence encod-
ing a flexible glycine octapeptide hinge (GGGGGGGG) at
the 30-end. A DNA fragment encoding the KGF mutant was
synthesized by PCR using NKM3 (50-GGAGGCGGTG
GAGGAGGCGGTGGATCTTACGACTACATGGAA-30) as
the forward primer and NKM4 (50-CGGATCCTCAGG
TGATAGCCATCGGCAGGAAGTGAGCGGT-30) as the
reverse primer, resulting in a 24-bp oligonucleotide sequence
encoding a flexible glycine octapeptide hinge at the 50-end
of the KGF mutant. The two PCR products were purified
and joined together using an overlap PCR with NKM1 as
the forward primer and NKM4 as the reverse primer. The
PCR product was purified, digested with NdeI–BamHI, and
subcloned into the pET-11c vector treated with the corre-
sponding enzymes. The identity of the insert was confirmed
via sequencing, and the expression construct was designated
pET-NKM.

Expression, refolding, and purification of the
recombinant protein and western blot analysis
Competent E. coli strain BL21 (DE3) plysS Star bacteria
(Invitrogen, Carlsbad, USA) was transformed with the
plasmid pET-NKM, and the resulting transformants were
selected on LB (Luria–Bertani) agar plates containing
100 mg/ml ampicillin. For large-scale expression and purifi-
cation, 300 ml of starter culture with a recombinant NKM
colony was added to 2 l of LB medium (pH 7.0) containing
100 mg/ml ampicillin at 378C in a 3 l fermenter. When the
OD600 reached 5.0, recombinant NKM expression was
induced by adding IPTG to a final concentration of 0.5 mM
and the fermentation was continued for 3 h. The cells were
harvested and suspended in 1 l lysis buffer, and then soni-
cated using an ultrasonic disintegrator for 40 cycles (4 s per
cycle). The inclusion bodies (IBs) were sedimented by

Figure 1 Construction and cloning of the NIF and KGF mutant fusion gene The NIF and KGF mutant gene (deletion of the 23 N-terminal amino

acid residues in KGF) were cloned by PCR amplification using the forward and reverse primers NKM1 and NKM2, NKM3 and NKM4, respectively.

The NKM fusion gene was constructed by ligating the above two PCR products using a third-round overlap PCR with the primers NKM1 and NKM4.
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centrifugation, followed by three more washes in water con-
taining 2 M urea buffered with 50 mM Tris base (pH 10.5).
The resulting IB pellet was solubilized in 8 M urea buffer
until the solution became clear, and then applied to a
Fast-Flow DEAE-Sepharose column (Amersham, Uppsala,
Sweden) in an AKTA primer purifier (Amersham). The
sample was eluted using a discontinuous gradient of 0.1–
0.3 M NaCl in the same buffer. Positive fractions were
identified by western blotting. The purified fusion protein
was dialyzed overnight and diluted with 20 volumes of 50
mM Tris, pH 9.5 (0.5% sodium dodecyl sulfate (SDS) was
added). The target protein was precipitated by adjusting the
pH to its isoelectric point (6.1), concomitantly removing
the SDS using isopropyl alcohol, and then centrifuging at
12,900 g for 15 min at 48C. The protein concentration was
determined by the Lowry method. SDS–Polyacrylamide
gel electrophoresis (PAGE) was carried out according to
Laemmli [12] in a 15% polyacrylamide gel under reducing
conditions for determining the relative molecular mass, and
under non-reducing conditions to test the purity and mono-
meric nature of the samples. The N-terminal amino acid
sequence was determined by Edman degradation at the
Research Center for Proteome Analysis, Institute of
Biochemistry and Cell Biology, SIBS, CAS. Western blot-
ting was performed using rabbit polyclonal anti-NIF (1:500
dilution) and anti-KGF (1:400 dilution) serum (Chongqing
Fagene Biomed Inc.), and anti-rabbit IgG conjugated with
horseradish peroxidase (1:500 dilution) (Zhongshan
Goldenbridge Biotechnology, Beijing, China). The peroxi-
dase activity was detected using 3,3-diaminobenzidine. The
reaction was stopped by washing with double-distilled
water as described by Ma et al. [13]. The resulting picture
was scanned with a GIS-700D imaging system.

In vitro bioactivity assay of the recombinant protein
Blood was withdrawn from the hearts of male New Zealand
white rabbits (2.5–3.0 kg) and the leukocytes were purified
by gradients of Percoll as described [14]. The resultant
white cell pellet was suspended in RPMI 1640 medium
containing 1% human serum albumin (HSA). The adhesion
inhibition activity of the NKM fusion protein was assayed
by the quadruple serial dilution method in RPMI 1640 con-
taining 2.4 mM CaCl2, 2.0 mM MgCl2, 1% HSA, and
1 mM phorbol myristate acetate (PMA; Sigma, St Louise,
USA) over the range of 24.4 ng/ml–100.0 mg/ml. The
assay was performed as described by Bullido et al. [15]
with some modifications. Briefly, 96-well microtiter plates
(Costar, New York, USA) were plated with 50 ml of cell
suspension and 50 ml of the serially diluted fusion protein
in triplicate. After 1 h of incubation, the non-adherent cells
were removed by washing and the adherent cells were
stained with 0.5% crystal violet, washed with PBS, and
lysed with 1% TritonX-100. The degree of adhesion

inhibition was determined by comparing OD630 values with
those of control cells (cells not exposed to the NKM fusion
protein). The percentage of adherent cells was calculated.

The effect of the NKM fusion protein on the viability of
NIH/3T3 cells was assessed using the MTT assay. NIH/3T3
cells (6 � 104 2 8 � 104 cells/ml) were plated in 96-well
plates and grown in DMEM (Gibco, Grand Island, USA)
supplemented with 10% (v/v) heat-inactivated fetal bovine
serum (Hyclone, Logan, USA) in a 5% CO2 humidified
incubator at 378C for 24 h. Then the medium was removed
and replaced with 0.1 ml of fresh medium containing
different concentrations of the NKM fusion protein (3.9 2

500 mg/ml). All the experiments were carried out in tripli-
cate. After incubation for another 24 h, 20 ml of MTT
solution (Fluka, Buchs, Switzerland) was added. The plates
were further incubated for 6.5 h at 378C. The resulting for-
mazan product was dissolved in 120 ml of acidified isopro-
panol, and the absorbance was measured at 630 nm.

In vivo effect of the recombinant protein
All animal-based experimental procedures were performed
in accordance with the ethical guidelines stated in the
Guide for the Use and Care of Laboratory Animals in
China. Female Kunming strain mice (weighing 23–27 g)
were purchased from the Laboratorial Animals Center in
Xi’an Jiao Tong University. After acclimation, the mice
were then randomly divided into the following four groups:
(i) saline group (n ¼ 8); (ii) BLM alone group (n ¼ 8)—
animals were intratracheally instilled with 5 mg/kg BLM
solution (Nippon Kayaku, Tokyo, Japan) (2.5 mg/ml in
0.9% sterile saline); (iii) BLM þ Dex group (n ¼ 12)—
animals were intraperitoneally (i.p.) given Dex at 1 mg/kg/
day 2 days prior to BLM instillation and daily after BLM
instillation until the end of the treatment; and (iv) BLM þ
NKM group (n ¼ 12)—animals were i.p. given NKM dis-
solved in 0.9% sterile saline at 2 mg/kg/day using the same
protocol as the Dex group. The animals were shaken to
facilitate the distribution of the BLM and saline [16]. On
day 17 after administration, animals were euthanized, and
whole blood was taken and collected into anticoagulant
(EDTA)-containing tubes. Total and differential peripheral
leukocyte counts were measured. Pulmonary fibrosis was
assessed based on lung hydroxyproline content and histo-
logical changes. The lung tissues were fixed with a buf-
fered 15% formalin solution for 1 week, embedded in
paraffin, and then sectioned at 3 mm. The sections were
stained with hematoxylin and eosin (H&E) and Masson tri-
chrome, and a-smooth muscle actin (a-SMA) expression
was detected by immunohistochemical assay.

Statistical analysis
The data are expressed as the mean+SD. The data from
the cell bioactivity assays were analyzed by linear
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regression of the different concentrations of the NKM
against inhibition activity (specified as ln OD630 value),
and the differences between the differential blood counts
and lung hydroxyproline levels among the groups were
evaluated by ANOVA followed by the F-test and Fisher’s
LSD test. Statistical analysis of mortality among the groups
was carried out by the x2 test. A probability value of
,0.05 was considered statistically significant for all data.

Results

Cloning and sequencing the NKM fusion gene
Using the three-primers PCR method, we anchored the gene
fragment encoding the KGF mutant at the 30-end of the NIF
gene to form a fusion gene. This was then inserted into the T
vector. To support the natural conformations of NIF and the
KGF mutant, a flexible octapeptide (G8) hinge was intro-
duced between the two peptides (Fig. 1). The PCR product
was purified and digested with BamHI and NdeI and then
subcloned into the expression vector pET-11c, which had
been digested using the same restriction enzymes. The results
of double enzyme digestion and PCR amplification showed
that the fusion gene encoding NKM was inserted into the
pET-11c vector correctly (Fig. 2). The identity of the fusion
gene was confirmed by sequencing, and the full-length
nucleotide and deduced amino acid sequences are shown in
Fig. 3. Taken together, these results demonstrate that the
NKM fusion gene was constructed successfully.

Expression, purification, and western blot assay of the
recombinant protein
Recombinant protein expression was achieved in E. coli
using the pET system. To purify the protein, a Fast-Flow
DEAE-Sepharose column was applied. Under reducing and
non-reducing conditions, the purified recombinant protein
yielded a single band of 46 kDa (Fig. 4) on an SDS–
PAGE gel after Coomassie blue staining. The active

monomer molecules were enriched. The N-terminal 15
amino acids were Met-Asn-Glu-His-Asn-Leu-Arg-Cys-Pro-
Gln-Asn-Gly-Thr-Glu-Met, in agreement with the natural
amino acid sequence of NIF. Furthermore, western blot
analysis showed that primary antibodies recognizing NIF
and the KGF mutant also recognized the purified fusion
protein, forming bands of 30.6, 16, and 46.6 kDa, respect-
ively (Fig. 5). These results indicated the presence of the
recombinant NKM protein.

NKM inhibits polymorphonuclear leukocyte adhesion
The ability of the NKM to inhibit polymorphonuclear leu-
kocyte (PMN) binding was determined using an in vitro
plate assay. As presented in Fig. 6, the inhibition of
adhesion and the concentration of the NKM correlated well,
with r ¼ 20.81 by single linear regression analysis. This
close correlation indicated that NKM prevented the binding
of PMA-activated PMNs to the plate in a dose-dependent
manner. NKM at 100 mg/ml inhibited PMN adhesion in
response to PMA by �56%. The inhibition of PMN
adhesion was also observed at an NKM concentration of
24.4 ng/ml, reaching 23%. This indicated that the NKM
reproduced the effect of NIF that can inhibit PMN adhesion.

NKM inhibits NIH3T3 cells proliferation
To determine whether NKM inhibits cellular proliferation,
an MTT assay was performed. The optical density values
representing NKM inhibitory activity were measured, and
the subsequent analysis used natural logarithms to assess
the correlation with NKM concentration by linear
regression. Linear regression analysis of the data revealed a
highly negative correlation between inhibitory activity and
increasing concentration (r ¼ 20.94). NKM inhibited the
proliferation in a dose-dependent manner (Fig. 7), further
suggesting that NKM possesses the function of the KGF.

Mortality
Out of eight mice in the BLM group, seven died. This
87.5% cumulative mortality was reduced to 25% in the
BLM þ NKM group, as only three mice died out of 12 in
this group, indicating NKM could reverse the high mor-
tality caused by BLM. Nine of the 12 mice (75%) in the
Dex þ BLM group died over the course of the study,
suggesting Dex did not improve the survival rate. In the
saline group, two mice out of eight died.

Total and differential cell counts in whole blood
The total and differential cell counts in whole blood from
various groups are shown in Table 1. There was no differ-
ence in total cell count between mice in the BLM þ NKM
and Dex þ BLM groups, and this count was lower than
that of the saline control group. However, the difference
was not statistically significant. The differential cell counts

Figure 2 Identification of the expression vector pET-NKM Lane M

represents the DL 2000 DNA Marker A. (A) Lane 1, the NIF gene; lane

2, the KGF mutant gene; and lane 3, the NKM gene. The arrows indicate

the presence of the target gene fragments. (B) Lane 1, the recombinant

plasmid undigested with NdeI and BamHI; lanes 2 and 4, the recombinant

plasmid digested with NdeI and BamHI; and lanes 3 and 5, the NKM

PCR product using the recombinant plasmid pET-NKM as the template.
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showed that treatment with NKM or Dex significantly
reduced neutrophil numbers compared with saline treat-
ment. Furthermore, mice treated with NKM or Dex had
significantly lower numbers of lymphocytes and mid-cells
comparing with those treated with saline alone. There was
no difference between mice treated with NKM and Dex.

Assessment of pulmonary fibrosis
Lung collagen levels, as assessed by hydroxyproline
content, were presented in Fig. 8. Treatment with BLM
alone produced a significant increase in hydroxyproline
levels when compared with the controls that received
normal saline. NKM and Dex treatment prevented the
increase in hydroxyproline content caused by BLM treat-
ment after 17 days, but there was no difference between
Dex and NKM treatment.

Histopathology examination
Histological examination of the lungs from saline-treated
mice [Fig. 9(A)] revealed normal bronchiolar epithelium,
thin interalveolar septa, a lack of inflammatory cells, and
fibrosis. This also showed normal alveolar spaces and
normal thickening of the alveolar septa. Mice treated with
BLM alone showed collapsed and narrow alveolar spaces
[Fig. 9(B)]. The pulmonary interstitium was markedly infil-
trated with inflammatory cells and fibroblasts in the mice
treated with BLM alone, leading to thickening of the inter-
alveolar septa. The lungs from mice in the BLM þ NKM
group [Fig. 9(C)] showed thick interalveolar septa similar
to those of the saline-instilled mice, no infiltration of
inflammatory cells, and a clear diminution of the fibrotic
lesions. The lungs from mice in the BLM þ Dex group
had fewer fibrotic lesions than the mice in the BLM group,

Figure 3 Nucleotide and deduced amino acid sequences of NKM The linker octapeptide between the NIF gene and the KGF mutant is underlined.

The ‘*’ indicates a stop codon.
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and moderate thickening of the interalveolar septa was
observed [Fig. 9(D)]. In addition, there was an excessive
amount of collagen deposited around the alveoli in the
lungs of the BLM-treated mice, as revealed by Masson tri-
chrome staining [Fig. 9(F)]. Mice in BLM þ NKM
showed marked suppression of the BLM-induced collagen
accumulation, as evidenced by reduced thickening of the
interalveolar septa on Day 17 compared with the lungs of
BLM-treated mice [Fig. 9(G)]. However, slight interstitial
wall thickening was observed in the BLM þ Dex group
[Fig. 9(H)]. Next, the correlation between a-SMA
expression and fibrosis was assessed. In the BLM-treated
mice, a-SMA expression in the lungs was observed
[Fig. 9(J)]. This was significantly reduced in the BLM þ
NKM mice to the level found in the control saline-treated
mice [Fig. 9(K)]. On the 17th day after BLM treatment,
modest expression of a-SMA was found in the BLM þ
Dex group [Fig. 9(L)]. These results suggest that markedly

suppressed expression of a-SMA is associated with the
improvement of BLM-induced lung fibrosis after NKM
treatment.

Discussion

The KGF is almost exclusively synthesized by mesenchy-
mal cells, particularly fibroblasts, and it can protect epi-
thelial cells from various insults through the KGFR
expressed on these cells [17]. Recombinant human KGF
(rHuKGF, DN23-KGF) expressed in E. coli (palifermin)
has been demonstrated to provide highly significant ameli-
oration of the radiation-induced mucosal response when
applied at the onset of clinical mucositis [18]. Deletion of
the 23 N-terminal amino acid residues in the KGF
increases the stability of the protein but does not affect its

Figure 4 SDS–PAGE analysis of NKM expression in E. coli Lane M, intermediate molecular weight protein standard. (A) Lane 1, total cellular

extract before induction; lane 2, total cellular extract from IPTG-induced E. coli BL21 (DE3) containing pET-NKM. (B) Lane 1, total cellular extract

from E. coli BL21 (DE3) not containing pET-NKM; lane 2, total cellular extract containing pET-NKM before induction; and lanes 3–6, total cellular

extracts of IPTG-induced E. coli BL21 (DE3) containing pET-NKM for 1, 2, 3, and 4 h, respectively. (C) Lane 1, the insoluble fraction before

purification; lane 2, the flow-through peak from the Fast-Flow DEAE-Sepharose column; and lanes 3–7, the active peaks eluted using 0.1, 0.15, 0.2, and

0.3 M NaCl, respectively.

Figure 5 Western blot analysis of NKM expressed in E. coli Purified

NIF and KGF were transferred onto nitrocellulose membrane from an

SDS gel and blotted with rabbit anti-NIF and anti-KGF sera. Anti-rabbit

IgG conjugated with HRP was used as the secondary antibody. (A) Lanes

1 and 2, purified recombinant NIF protein binding to rabbit anti-NIF

serum. (B) Lanes 1 and 2, purified recombinant KGF protein binding to

rabbit anti-KGF serum. The arrows indicate binding of the NKM fusion

protein to the rabbit anti-NIF and KGF sera.

Figure 6 NKM prevents binding of PMNs to plate glass PMNs were

layed onto a plate surface and immediately activated by treatment with

PMA (1 mM for 1 h) in the absence (control column) or presence of the

indicated concentrations of recombinant NKM Ln OD630 showed a linear

correlation with NKM concentration (with a correlation coefficient of

r ¼ 20.81). NKM inhibited the binding of PMNs to the plate in a

dose-dependent manner. Data are expressed as mean+SD of three

separate experiments. **P , 0.01 compared with the control.
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activity in a Balb/MK epidermal keratinocyte cell line [19].
When administered intratracheally, KGF acts as a potent
mitogen of alveolar epithelial type II cells, and the pro-
duction of surfactant protein A associated with the tubular
myelin fraction of the intra-alveolar surfactant increased by
47% in comparison with buffer-treated control lungs. In
contrast, intra-alveolar surfactant subtypes were not
affected [20]. However, we found in our previous study
that the analog can inhibit the proliferation of fibroblasts
markedly in a dose-dependent manner (data not shown),
consistent with results of Tang and Gilchrest [21]. In the
present study, a fusion protein connecting NIF and
N23-KGF via a flexible octapeptide (G8) hinge behaved
identically (Fig. 7). This may be one of the mechanisms by
which KGF prevents the generation of lung fibrosis.
However, the rapid accumulation of neutrophils in the lung
is one of the first recognizable events in response to
inflammatory stimuli, and it plays a critical role in the
pathogenesis of many pulmonary diseases such as acute
lung injury, acute respiratory distress syndrome, and lung
fibrosis. The process by which neutrophils cross the pul-
monary vasculature, migrate through the lung interstitium,
and ultimately accumulate in the airways requires complex

interactions between circulating leukocytes and the cells of
the lung [22]. NIF, a 41-kDa CD11/CD18 b2 integrin-
binding protein isolated from the canine hookworm
(Ancylostoma caninum), specifically blocks PMN adhesion
to endothelial cells, infiltration into the lungs, and
migration responses in a concentration-dependent manner
[23]. Recombinant NIF can inhibit PMN adhesion in a
concentration-dependent fashion (data not shown).
Therefore, expression of the NIF and KGF mutant fusion
protein is a practical strategy for preventing lung fibrosis.
Recombinant NIF–KGF fusion protein has not previously
been reported in either E. coli, insect, potato, tomato, or
tobacco [24]. Here, we report the cloning and expression of
the NIF–KGF mutant fusion gene in E. coli BL21 (DE3).
The recombinant NKM fusion protein not only has the
same proliferation-inhibitory activity as the KGF mutant
(Fig. 7), but it also plays the same role as NIF (Fig. 6).
However, NKM cannot fully abrogate PMN adhesion
in vitro.

Consequently, we tested purified NKM in a BLM-
induced animal model of lung fibrosis. BLM causes
inflammatory and fibrotic reactions in the lungs of mice
within a short period after intratracheal instillation, leading

Figure 7 NKM inhibits NIH3T3 cells proliferation After treatment of

NIH3T3 cells for 24 h with various doses of NKM (3.92500 mg/ml), cell

proliferation was assessed by MTT assay. Data are expressed as mean+
SD of three independent experiments. The effect of the NKM on cell

viability was described by linear regression (with a correlation coefficient

of r ¼ 20.94). *P , 0.05, **P , 0.01 compared with the control.

Table 1 Effect of NKM on BLM-induced changes in total and differential cell counts in blood from mice

Treatment

group

n Total cells

(�109/L)

Neutrophils

(�109/L)

Mid cell

(�109/L)

Lymphocytes

(�109/L)

Saline 6 7.00+1.20 1.38+0.36 0.58+0.11 5.05+0.92

BLM 1 10.2 1.3 0.9 8

BLM þ NKM 8 5.79+1.01 0.54+0.17 0.39+0.11 4.96+0.76

BLM þ Dex 3 5.54+1.31 0.74+0.13 0.31+0.16 4.67+1.18

Data presented as mean+SD. BLM, bleomycin; NKM, neutrophil inhibitory factor–keratinocyte growth factor mutant fusion protein; Dex,

dexamethasone.

Figure 8 NKM-treated mice had lower lung hydroxyproline
levels BLM treatment significantly increased the hydroxyproline content

in the lung tissue of mice compared with lungs of control mice receiving

saline. NKM and Dex both significantly decreased the hydroxyproline

levels in the lung tissue of mice induced by BLM. The number of

animals in each group is noted. Values are expressed as mean+SD.

**P , 0.01 compared with the BLM alone group.
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to histological features similar to those of human lung dis-
eases [25]. Chaudhary et al. [26] reported the pathological
features of BLM-induced acute lung injury and fibrosis,
including alveolitis and interstitial infiltration of inflamma-
tory cells. Epithelial cell injury appeared to occur around
Day 9 after BLM treatment. In addition, intratracheal
administration of BLM (5 mg/kg) significantly decreased
the survival rate, and seven mice died before Day 17. We
evaluated the effect of NKM in this model and compared it
with that of Dex. Dex (1 mg/kg) did not improve the survi-
val rate, consistent with the previous report [27]. In
contrast, NKM (2 mg/kg) improved the survival rate sig-
nificantly over the 17-day period. Some reports have
shown that treatment with Dex does not inhibit lung injury
induced by several kinds of toxins, including BLM
[28,29]. One possible explanation is that Dex is not ben-
eficial at an early stage of acute lung injury [30]. In our
model, however, Dex was not tolerated in mice treated
with BLM, and Dex and NKM both suppressed the total
number of cells, neutrophils, and lymphocytes in the blood
when compared with saline, in agreement with the previous
study [31]. Furthermore, NKM inhibited a significantly
greater number of neutrophils than Dex, suggesting that the
difference in survival rate observed between Dex therapy
and NKM therapy may depend partly on their different
abilities to inhibit neutrophils. In vitro, transfer and

expression of the NIF gene in endothelial and epithelial
cells can prevent the adhesion of neutrophils [32]. In vivo,
when mice were challenged with E. coli, inflammation-
specific NIF expression induced by the E-selectin promoter
prevented lung PMN sequestration and vascular injury
[33]. In the NIFþ/þ-mouse transgenic model, CD11b inac-
tivation as a result of binding to NIF interfered with lung
PMN infiltration and prevented increases in lung microves-
sel permeability and edema formation [34]. In acid-induced
lung injury in rabbits mediated primarily by activated neu-
trophils, pretreatment (5 min before acid treatment) with
NIF prevented 50–70% of the acid-induced abnormalities
in oxygenation and an increase in extravascular water and
protein accumulation in the lung [35]. These studies
suggest that neutrophil-dominated inflammation in the
lungs contributes to the pathophysiology of pulmonary
fibrosis. This indicates that adhesion plays a crucial role in
mediating lung PMN sequestration and vascular injury in
the early phase of lung injury [34]. NKM treatment is ben-
eficial to BLM-evoked acute lung injury because of
NKM’s capacity to reduce neutrophil activation and cell
counts.

KGF is a potent mitogen that enhances cell proliferation
in various organs, including the skin, intestines, breasts,
liver, and lungs [36]. Intratracheal instillation of KGF
causes transient, but marked, epithelial cell hyperplasia of

Figure 9 NKM significantly prevented the BLM-induced histological changes in mouse lungs (A) The normal histological appearance of the lung

stained with H&E (saline). (B) Extensive fibrosis (BLM). (C) Marked prevention of the BLM-induced histological changes in mouse lungs by NKM and

(D) Dex. The lungs were stained with Masson trichrome and detected for the expression of a-SMA in mice with anti-a-SMA antibody. BLM-treated mice

showed excessive collagen deposition (F) and the expression of a-SMA in their interstitial lung tissue (J). NKM plus BLM treatment led to a marked

reduction in the interstitial deposition of collagen (G) and suppression of a-SMA (K). Dex plus BLM treatment resulted in a moderate reduction of the

interstitial deposition of collagen (H) and suppression of a-SMA (L). The arrows indicate the locations of the inset photographs. Magnification, 400�.
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both bronchiolar and alveolar epithelial cells in the lungs
of rats and mice. Following KGF treatment, cell prolifer-
ation peaks in 2–3 days [37]. As KGF has marked pro-
mitotic activity in respiratory epithelial cells, its potential
utility for the prevention or treatment of lung injury has
been explored in vivo [38]. Pretreatment of the lung with
KGF protects animals from the various effects of oxygen-,
acid-, BLM-, or radiation-induced lung injury [39].
Additionally, an increase in KGF levels has been observed
in injured lungs [40], suggesting that KGF has important
functions in regulating the response of the lung to injury.
The exact mechanisms of the protective effect of KGF
have not yet been elucidated, but various mechanisms
appear to be involved. KGF induces the proliferation of
alveolar epithelial type II cells, stabilizes surfactant homeo-
stasis, improves the barrier function of both vascular
endothelia and alveolar epithelia, increases fluid clearance
from the alveoli, limits lung permeability, and causes an
anti-inflammatory effect [41]. Therefore, we speculate that
NKM exerts its protective action by inhibiting the prolifer-
ation of fibroblasts together with other anti-inflammatory
properties. Of course, various other mechanisms may also
contribute to the ameliorative effects on lung injury, as the
decreases in mouse mortality and the improvements in lung
hydroxyproline levels and morphological indices for asses-
sing lung fibrosis in BLM-induced mice have confirmed
(Figs. 8 and 9). The NKM fusion protein, which was con-
structed by connecting a KGF mutant via an octapeptide to
the C-terminal of NIF, was found to be a good design, and
our method is scalable to the preparation of large quantities
of biologically active recombinant NKM fusion protein,
which will enable its future application in preclinical and
clinical studies on pulmonary fibrosis.
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