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Abstract 

Compelling evidence implicates that overexpression of basic fibroblast growth factor (bFGF) and 
fibroblast growth factor receptor 1 (FGFR1) in non-small cell lung cancer (NSCLC) drives tumor 
progression, can serve as prognostic biomarkers or therapeutic targets for NSCLC patients. But at 
present, we still lack of effective drugs for bFGF. The preparation of monoclonal antibodies against 
bFGF or to understand its mechanism of action is urgently need. Previously, we used hybridoma 
technology to produce a murine anti-bFGF monoclonal antibody (E12). However, E12 carries risks 
of heterogeneity and immunogenicity. In the present work, we produced three humanized variants 
(H1L1, H2L2 and H3L3) based on E12 by substituting residues in or near the 
complementarity-determining region (CDR). In addition, we thoroughly explored VH/VL domain 
combinations to simulate full-length IgG1 antibodies using computational protein design. H3L3 was 
selected for further study, as it demonstrated the best humanization and strongest affinity for bFGF. 
Specially, humanization of H3L3’s light chain and heavy chain were 100% and 98.89%, respectively. 
The FGF2 neutralizing effect of H3L3 were confirmed by ELISA. We also found that H3L3 can 
effectively suppress the growth and angiogenesis of cancer through reduce the phosphorylation of 
AKT and MAPK. Moreover, H3L3 dramatically reduced tumor size and micro-vessel density in nude 
mice. Altogether, our study demonstrates that H3L3 exerts anti-tumor effects by impeding NSCLC 
development. 
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Introduction 
Lung cancer is among the most common cancers 

in the world with high morbidity and mortality rates. 
Specifically, non-small cell lung cancer (NSCLC) 
comprises 85% of all lung cancers and has a 5-year 
survival rate of only 4% in cases of metastatic 
disease[1]. Although current cancer treatments such 
as chemotherapy, radiotherapy and immunotherapy 
can improve overall survival (OS) and 
progression-free survival (PFS), only a subgroup of 
patients respond to these therapies. Compounding 
the problem, tumors are often not detected until they 

have progressed to an advanced stage. However, 
angiogenesis or vascular remodeling is a major 
process of tumor cell metastasis and proliferation. 
Angiogenesis is a complex procedure involving 
several cell types. The maturation of endothelial cells 
to capillary tubes is a critical step[2, 3] and is the basis 
of forming a tumor-associated vascular network. 
Cancer cells utilize such angiogenic mechanisms to 
stimulate tumor growth. Stromal cells or tumor cells 
can secrete growth factors or chemokines that 
promote formation of blood vessels or lymph vessels. 
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Thus, finding effective targets to suppress angio-
genesis for NSCLC treatment is urgently needed. 

bFGF is a member of the FGF family. It is a 
cationic polypeptide of 155 amino acids that is highly 
conserved, associated with the angiogenesis or matrix 
remodeling in cancers[4]. bFGF interacts with the 
high-affinity FGFR and the low-affinity paran sulfate 
proteoglycans(HSPGs) [5]. Binding of bFGF to FGFRs 
induces a conformational change resulting in dimeri-
zation[6]and activation of the receptors’ intracellular 
tyrosine kinase domains and downstream signaling 
pathways producing different pathological 
responses[7]. Moreover, dysregulation of FGF/FGFRs 
signaling in cancers contributes to pathogenesis[8]. 
Accumulating evidence has revealed that expression 
of bFGF and FGFRs is significantly elevated in the 
sera of multiple tumor types[9-11] and is associated 
with tumor recurrence[12]. bFGF and FGFR1 
expression is commonly aberrant in early-stage 
NSCLC, and is associated with tumor growth, 
invasion, metastasis, and angiogenesis[13-16].Thus, 
targeting bFGF /FGFRs may be an effective way to 
inhibit formation of blood vessels in tumors.  

Several bFGF/FGFRs inhibitors have shown 
promising anti-angiogenic activity. Both monoclonal 
antibodies and tyrosine kinase inhibitors (TKIs) have 
been developed to target FGF2/FGFRs signaling 
networks[17-19]. Although FGFR TKIs, such as 
BIBF1120 and BMS-582, can block receptor signaling 
through competitive inhibition of ATP binding with 
the cytoplasmic domain of EGFR, FGFR and VEGFR, 
their low specificity and various side effects put a 
brake on clinical treatment. We attempted to prepare 
monoclonal antibodies to block the interaction 
between bFGF and FGFR1, to affect cell proliferation 
and angiogenesis. To this end, we previously 
produced an anti-bFGF murine monoclonal antibody 
(E12) by hybridoma technology, that showed 
promising antitumor activity[20, 21]. However, E12 
would cause a potent anti-murine antibody response 
in humans. Therefore, it is necessary to humanize the 
antibody before conducting detailed pre-clinical and 
clinical studies. We have developed three novel 
human mAb against bFGF (H1L1, H2L2 and H3L3) 
based on E12 with computational protein design 
methods. We found that H3L3 can bind to bFGF 
specifically and displayed better humanization than 
the others. In addition, H3L3 could effectively target 
bFGF, weaken the interaction between bFGF and 
FGFR1, and prevent activation of downstream signal 
pathways. These activities exerted a strong antitumor 
activity in vitro and in vivo. Therefore, our study 
reveals that H3L3 is a promising candidate to inhibit 
the invasion, proliferation, migration, and 
angiogenesis of NSCLC. 

Materials and methods 
Cell culture and animals 

Human lung cancer cells (H460) and human 
umbilical vein endothelial cells (HUVEC) were grown 
in DMEM (Gibco) media supplemented with 10% fetal 
bovine serum (Gibco) and 1% penicillin/streptomycin 
at 37°C in a 95% humidity atmosphere containing 5% 
CO2.  

BALB/c-nu mice (female, 5-6 weeks) were 
purchased from Beijing HFK Bioscince Co. Ltd, 
Beijing, China. All the animals used in the 
experiments were treated humanely in accordance 
with the Institutional Animal Care and Use 
Committee Guidelines of Jinan University. 

Production of fully Humanized Monoclonal 
Antibodies 

The CDR-grafted sequence was constructed by 
selecting fully human antibody VL and VH domains 
that had the highest sequence similarity with the 
murine antibody (E12) in NCBI BLAST. Each 
homologous human VL and VH domain of interest 
was substituted with E12 complementarity- 
determining regions (CDRs) to produce the 
CDR-grafted humanized variants (H1L1, H2L2 and 
H3L3). To obtain a stable structure, the energy of 
model was minimized using proprietary structural 
optimization software until the energy gradients 
reached the optimal level. Recombinant plasmids, 
containing the various optimized combinations of 
light and heavy chains, were transiently transfected 
into mammalian 293F cells(2×106cells/ml) at a density 
of 0.5 mg/L and cultured for 5 days before the 
cultural supernatant was collected.  

Immunofluorescence assay 
bFGF and H3L3 were conjugated with PE and 

FITC, respectively. All steps were performed 
according to the product brochure. H460 cells were 
seeded in 6-well plates and incubated overnight at 
37°C. The cells were washed with PBS three times 
prior to treatment with H3L3-FITC + bFGF-PE or 
bFGF-PE alone. After 1h of treatment the cells were 
imaged using laser scanning confocal microscopy. 

Cell viability assay 
The effects of H3L3 on cell viability were 

evaluated by CCK8 assay. H460 cells were seeded to 
96-well plates at 3000 cells/well and incubated 
overnight at 37°C. After treating with 0.5% FBS in 
DMEM for 12 h, the experimental group was treated 
with serially diluted H3L3 plus 20 ng/mL bFGF for 72 
h. The cells were then incubated with Cell Counting 
Kit-8 solution at 37°C for 3 h (CCK-8; Dojindo 
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Laboratories, Kumamoto, Japan) and detected at 
OD450 in the ELISA reader (BioTek).  

Wound healing assay 
H460 cells were seeded in 6-well plates and 

incubated overnight at 37°C. When the cells had 
grown to confluence, a cell-free area was introduced 
in the monolayer using a pipette tip. The test and 
control groups received different treatments (H3L3: 
200 µg/ml H3L3 + 20 ng/mL bFGF; Control: 20 
ng/mL bFGF). The cells were captured for analysis at 
0 h and 24 h. 

Western blot assay  
H460 cells were seeded in 6-well plates, treated 

with serially diluted H3L3 and 0.5% FBS with or 
without bFGF (20 ng/mL) and incubated for 48 h. 
Cells were lysed with RIPA lysis buffer at 4°C for 10 
min (Bey-otime Biotechnology, Suzhou, China). The 
lysates were transferred into new EP tubes and 
centrifuged at 12,000g for 10 min at 4°C. The Pierce 
BCA Protein Assay Kit (Thermo Scientific, Rockford, 
IL, USA) was used to quantify total protein. The 
proteins were separated by 12% SDS- PAGE and 
transferred to PVDF membrane (Millipore) and then 
blocked with 5% nonfat milk at 37°C for 1h, incubated 
with rabbit anti-t/p-MAPK (4695/4370; Cell Signaling 
Technology, Danvers, MA, USA) and rabbit 
anti-t/p-Akt (4691/4060; Cell Signaling Technology) 
at 4°C overnight. The membrane was then incubated 
with the HRP-conjugated goat anti-rabbit IgG for 1h 
at 37°C. The blots were detected with an immobilon 
Western chemiluminescent HRP Substrate (Millipore) 
according to the manufacturer’s protocol. 

Transwell assay 
HUVEC cells were transferred to inserts of each 

transwell chamber (BD Biosciences, Bedford, MA, 
USA) with CM of H460 cell cultures. H3L3 (200 
µg/ml) and isotype IgG was added to the inserts and 
incubated at 37°C for 24 h. Controls received the 
medium with DMSO. The lower chambers contained 
600 µL complete medium as a chemoattractant. After 
24 h, the cells on the upper side of the filters were 
mechanically removed, and those that had migrated 
into the lower side were fixed with 75% ethanol (20 
min), stained by 0.1% crystal violet (Meryer, 
Shanghai, China), and imaged with a computerized 
imaging system.  

Tube formation assay 
Matrigel matrix (50 µl/well) was added into 

96-well plates. The plates were incubated for 30 min at 
4°C and then for 30 min at 37°C. HUVEC (5×104 
cells/well) suspended in DMEM complete medium 
with 20 ng/mL bFGF were seeded to each well. 

Purified H3L3 (200 µg/ml) and isotype antibody were 
added and incubated for 16 h. Tube formation was 
observed under a microscope and tube numbers were 
counted in five random high-power fields. 

In vivo xenograft studies 
H460 cells (5×106) were subcutaneously injected 

into the back of BALB/c-nu mice. Once the tumors 
were palpable, the BALB/c-nu mice were randomly 
assigned into five treatment groups (five mice per 
group). H3L3 (25mg/kg, 12.5mg/kg, 6.25mg/kg), 
Cisplatin (2.5mg/kg), or PBS was injected into the 
tumors. All groups were injected six times at 3 day 
intervals. A vernier caliper was used to measured 
tumor size in two dimensions. Tumor volume (mm3) 
was calculated as v=1/2(a×b2). a: length of tumor, b: 
width of tumor. The rate of tumor growth inhibition 
was calculated as (1-the mean of the tumor volume of 
treated groups/the mean of the tumor volume of PBS 
group) ×100%.  

Statistical analysis 
Data are expressed as the mean and standard 

deviation (SD). P<0.05 were considered statistically 
significant. Assays were performed at least three 
times independently. 

Results 
Humanization of the murine antibody E12 

The anti-bFGF murine antibody (E12) was 
selected as a template to construct the human 
monoclonal antibody. To achieve maximum 
humanization, we altered the constant and CDR 
regions to mimic that of its most similar aligned 
peptide from a human germline antibody producing 
three strains of humanized antibodies (Fig. 1A, B). 
After making all possible single substitutions to 
simulate the human germline sequence, the number 
of mutations produced less diversity among light 
chains compared to heavy chains, and the 
humanization of heavy and light chains in H1L1, 
H2L2 and H3L3 were 93.26, 82.22; 94.38, 92.22; and 
100%, 98.89% respectively (Fig. 1E, F). In addition, we 
assessed the affinity of these antibodies by ELISA, and 
found that they all display favorable affinities and 
stabilities at high temperatures, have alkali resistance, 
and can withstand repeated freeze-thaw cycles 
(Supplementary Table S1, Fig. S1). Based on these 
analyses, we chose the humanized monoclonal 
antibody H3L3 for further investigation. In order to 
verify whether the spatial structure was changed after 
the antibody humanized, we compared the 
interactions of bFGF with E12 and H3L3 by homology 
modeling. The structural stability was evaluated by 
rotameric energy. Molecular docking analysis showed 
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that the humanized CDR regions did not affect the 
binding of H3L3 to bFGF (Fig. 1C, D). These data 
indicate that H3L3 is stable and is theoretically able to 
bind bFGF. 

H3L3 significantly inhibits the proliferation and 
migration of H460 cells, and migration and 
angiogenesis of HUVEC cells 

After the identification and purification of H3L3 
by reducing and non reducing SDS-PAGE and 
SEC-HPLC assays, we determined that the heavy and 

light chains assembled into a complete antibody with 
a molecular weight of 150 KD (Supplementary Fig. 
S2). We further investigated its effect on the viability 
of H460 cells using the CCK8 kit. At 500 µg/ml of 
H3L3, the inhibition rate reached 66.82%, and this 
inhibitory capacity was dose-dependent in a certain 
range (Fig. 2A). In addition, the migration rate of 
H460 cells was markedly decreased to 60.00% 
compared to the control after 24h in wound healing 
assay (Fig. 2C, F). The migration of endothelial cells 
plays a key role in tumor angiogenesis[22]. Migration 

 
Figure 1. Sequence analysis the humanization of murine antibody. (A)CDR of heavy chain; (B) CDR of light chain; (C) Molecular docking of mouse monoclonal 
antibody(E12) and (D) humanized monoclonal antibody(H3L3) with bFGF. (E)The number of base substitutions in light chain (L chain) and heavy chain (H chain). (F) The degree 
of humanization among L chains and H chains in WT(E12), H1L1, H2L2 and H3L3. WT represents the murine monoclonal antibody; light chain(White); heavy chain(gray). 
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of HUVEC cells was significantly reduced in the 
H3L3-treated group compared to the control in 
transwell assay (Fig. 2D, G). Tube formation rates in 
groups treated with DMSO, the isotype antibody 
control, and H3L3 were 42.2%, 37.8%, and 11.0%, 
respectively (Fig. 2B, E). These results demonstrate 
that H3L3 can effectively inhibit the proliferation and 
migration of H460 cells, and that it can also decrease 
the migration and angiogenesis of HUVEC cells. 

H3L3 inhibits the proliferation of H460 cells via 
FGF2/FGFR signaling pathways 

We next investigated the signaling pathways 
through which H3L3 influences cancer progression. It 

has been reported that PI3K/AKT/mTOR and 
MAPK/ERK are the main signaling pathways that 
affect cancer cells proliferation[23]. Western blot 
revealed that H3L3 markedly inhibited the 
phosphorylation of MAPK and AKT in H460 cells in a 
dose-dependent manner (Fig. 3A). We then used 
immunofluorescence assays to explore whether H3L3 
could block the binding of bFGF to extracellular 
FGFRs. The results implied that bFGF could 
effectively bind FGFRs and that H3L3 may inhibit the 
ability of bFGF to bind FGFRs on the cell surface, 
thereby preventing the activation of the downstream 
FGF2/FGFR signaling pathways (Fig. 3B). 

 
Figure 2. H3L3 effectively inhibited the proliferation, migration, angiogenesis of H460 and HUVEC cells. (A)The proliferation of H460 cells were assayed by 
CCK8-kit. (B) Tubules were sparser in H3L3 cultures compared to their corresponding control(0.01%DMSO) in HUVEC. (C) H3L3 suppresses the migration of H460 cells at 
0h and 24h measured by a Wound healing assay (200×magnification). (H3L3: 200ug/ml H3L3 + 20ng/mL bFGF; Control: + 20ng/mL bFGF). (D)HUVEC were treated with the 
condition medium(CM) of H460 cell supernatant, adding with DMSO(0.01%), Isotype IgG and H3L3, respectively, complete by Boyden chamber assay.(E-G) Histograms 
represented the percentage of tube formation (E) and relative migration rate in the wound healing assay (F)numbers of migration of HUVEC cells in the Transwell assay (G). Data 
are presented as the mean SD of three independent experiments performed in triplicate. NS: no significant; *P<0.05, **P<0.01, ***P<0.001. 

 

±
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Figure 3. The mechanism and combined form of H3L3 in H460 cells. (A)H3L3 suppresses the proliferation of H460 cell by MAPK and AKT signaling pathways by 
Western blot assay. GAPDH was used as the reference control. (B) Immunofluorescence assay revealed the binding of H3L3 to bFGF and then interacted with FGFRs by using 
confocal microscope. The date showed as statistical analysis of the mean OD450 in various group, presented as the mean SD of three independent experiments performed in 
triplicate. 

 

H3L3 suppresses tumor growth in vivo 
To investigate whether H3L3 exerts potent 

anti-tumor effects in vivo, we establish the tumor 
model via hypodermic injection of H460 cells in nude 
mice. Consistent with the results in vitro, H3L3 could 
markedly inhibit tumor growth in comparison with 
the control group(PBS) in a dose dependent manner 
(Fig. 4A). The tumor volumes were larger in the 
H3L3-treated group than Cisplatin-treated group. 
However, the tumor volume in the H3L3-treated 
group was significantly reduced compared to the 
control (Fig. 4B, C). Inhibition of tumor growth 

reached 68.84% with H3L3 treatment (25 mg/mL) 
(Fig. 4D). To further investigate the side effects of 
H3L3 in nude mice, we measured the weight of 
BABL/c-nu mice every three days after injection of 
H3L3. We found the weight of BABL/c-nu mice was 
relatively stable (Fig. 4E). Moreover, H3L3 visibly 
reduced the formation of micro-vessel density in 
tumor xenografts (Fig. 4F, G). These results indicate 
that H3L3 is able to suppress tumor growth in vivo.  

Taken together, our data indicate that the fully 
human monoclonal antibody (H3L3) could effectively 
suppress the progression or growth of NSCLC by 
targeting bFGF/FGFRs. 

±
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Figure 4. The inhibitory effects of H3L3 on the tumor growth in vivo. (A) Changes in tumor volume during the days of the experiment in different groups. (B) 
Photographs of xenograft tumors formed from H460 cells in different experiment groups. (C) Histogram showing the volume of different experiment groups. (D) Histogram 
revealing the inhibition rate of tumor growth in different experiment groups compared to control (PBS). Cisplatin is the positive group. (E) Weight of BABL/c-nu mice were 
measured every three days during the experiments in different groups. The data are presented as means ± SD from five mice. (F)Tumor xenografts established from H460 cells 
are immunostained for CD31 and analysed for micro-vessel density, treated with H3L3(25mg/kg), H3L3(12.5mg/kg), H3L3(6.25mg/kg), Cisplatin(2.50mg/kg) and PBS, 
respectively. (G)Quantification of the micro- vessel density. Data are presented as the mean ± SD of three independent experiments performed in triplicate. ***P<0.001. 
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Discussion 
bFGF plays an important role in the growth, 

metastasis and angiogenesis of tumors including lung 
cancer, it is a valuable target of investigation[24-26]. 
Previously, we produced the murine anti-bFGF 
monoclonal antibody (E12), which could inhibit the 
metastasis of LLCs, but it existed the heterogeneous 
and would induce an HAMA response if used in 
humans. These limitations led us to modify the 
murine antibody, with the goal of humanizing it to 
prevent an unwanted immune response while 
maintaining its affinity and specificity for bFGF, and 
its stability. More importantly, humanization is 
widely applicable due to its well-developed 
technology and low cost. It occupies a large part of the 
monoclonal antibody market and has produced 
promising clinical candidates [27]. Antibodies can be 
humanized via resurfacing, framework shuffling, 
phage display approaches and specificity determining 
residue grafting[28]. Moreover, analysis of the crystal 
structures of antigen–antibody complexes shows that 
less than 33% of CDR residues are directly involved in 
antigen–antibody interactions and when CDR 
residues are changed, it can increase affinity for the 
antigen[29]. However, traditional CDR grafting by 
transplanting key antigen- recognizing residues from 
an exogenous antibody onto a human antibody 
generally produces a humanized antibody that has 
low immunogenicity or fails to express[30]. Thus, we 
have produced three strains of human full-length 
monoclonal antibodies based on E12 using 
structure-based computational protein design to 
simulate the crystal structure, which closely resembles 
the actual structure. Among them, H3L3 has the 
highest humanization and affinity, and a 
humanization percent for the heavy and light chains 
of 100% and 98.89%, respectively.  

Multiple mechanisms have been described to 
explain how monoclonal antibodies exert their 
function on tumors. In general, bFGF and FGFRs 
dimerize leading to a conformational change and the 
formation of a tetrameric complex on the cell surface, 
which will activate the downstream signaling 
pathways. However, from Immunofluorescence and 
Western blot assays, we found that H3L3 could 
reduce the expression of p-AKT and p-MAPK in 
downstream signaling pathways, but could not 
completely block the binding of bFGF and FGFR1. 
The affinity of bFGF to FGFR1 is 1.2×10-10 [31], but 
H3L3 with FGFR1 is only 1×10-9, which may be the 
main reason for the effect of H3L3. Our next step is to 
clearly define the CDR boundaries to increase the 
affinity of H3L3 by altering the residues in or around 
the CDR based on homology modeling.  

Most tumors are sensitive to chemotherapy 
during the first round of treatment, but recurrent 
tumors often develop drug resistance, which is a 
major hurdle to successful therapies. Targeted 
therapy using humanized antibodies is beneficial for 
individualized and precise treatment of tumors. 
Angiogenesis is controlled by multiple signaling 
pathways, including bFGF and VEGF or PDGF, 
making treatment with single-target anti-vascular 
drugs impractical[32-34]. Treatments targeting 
multiple signaling pathways simultaneously have 
been and continue to be developed to face this 
challenge. In addition, by enabling the simultaneous 
engagement of two distinct targets, bispecific 
antibodies can broaden the potential utility of 
antibody-based therapies[35, 36]. Along these lines, 
application of H3L3 in combination with other drugs 
could provide personalized treatments. Combination 
therapy may be a promising and effective strategy to 
suppresses cancer progression by simultaneously 
acting on different targets, which could achieve better 
therapeutic outcomes for patients. 

Collectively, our data demonstrate that the 
human full-length monoclonal antibody H3L3, with 
humanization of light and heavy chains of 100% and 
98.89%, respectively, could bind to bFGF comparably 
to the murine monoclonal antibody E12. In addition, 
H3L3 could effectively suppress tumor progression in 
vitro and in vivo. H3L3 may be a promising antibody 
to block the progression of NSCLC. 

Supplementary Material  
Supplementary figures and tables.  
http://www.jcancer.org/v09p2003s1.pdf  
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