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Abstract. Erlotinib, an epidermal growth factor receptor 

(EGFR) tyrosine kinase inhibitor (TKI), shows superior 

efficacy in patients with non-small cell lung cancer (NSCLC) 
harboring activating EGFR mutations (EGFR Mut+). However, 

almost all tumors eventually develop resistance to erlotinib. 

Recently, the Phase II JO25567 study reported significant 

prolongation of progression-free survival (PFS) by erlotinib 
plus bevacizumab combination compared with erlotinib in 

EGFR Mut+ NSCLC. Herein, we established a preclinical 
model which became refractory to erlotinib after long-term 

administration and elucidated the mode of action of this 

combination. In this model, tumor regrowth occurred after 

remarkable shrinkage by erlotinib; regrowth was successfully 

inhibited by erlotinib plus bevacizumab. Tumor vascular endo-

thelial growth factor (VEGF) was greatly reduced by erlotinib 

in the erlotinib-sensitive phase but significantly increased in 
the erlotinib-refractory phase despite continued treatment 

with erlotinib. Although EGFR phosphorylation remained 

suppressed in the erlotinib-refractory phase, phosphorylated 

extracellular signal-regulated kinase (pERK), phosphorylated 

AKT, and phosphorylated signal transducer and activator of 

transcription 3 (pSTAT3) were markedly higher than in the 
erlotinib-sensitive phase; among these, pERK was suppressed 

by erlotinib plus bevacizumab. MVD was decreased signifi-

cantly more with erlotinib plus bevacizumab than with each 

drug alone. In conclusion, the erlotinib plus bevacizumab 

combination demonstrated promising efficacy in the B901L 
xenograft model of EGFR Mut+ NSCLC. Re-induction of 
VEGF and subsequent direct or indirect VEGF-dependent 

tumor growth was suggested as a major mechanism of erlo-

tinib resistance, and erlotinib plus bevacizumab achieved 

remarkably prolonged antitumor activity in this model.

Introduction

Erlotinib belongs to the class of molecular targeted drugs 

designed as epidermal growth factor receptor (EGFR) tyrosine 

kinase inhibitors (TKIs). It blocks trans-phosphorylation of 

EGFR and subsequent downstream signaling in pathways such 

as the mitogen-activated protein kinase (MAPK) pathway, 

phosphatidylinositol 3-kinase (PI3K)-AKT pathway, and signal 

transducer and activator of transcription 3 (STAT3) pathway. 
Erlotinib treatment results in prolonged progression-free 

survival (PFS) with a median of 10-14 months in patients with 
non-small cell lung cancer (NSCLC) harboring EGFR exon 19 
deletion or L858R mutations (EGFR Mut+ NSCLC) (1-3).
However, despite these clinical benefits, almost all tumors 
eventually progress due to acquired resistance (4). Recently, 

several mechanisms of EGFR-TKI resistance have been identi-

fied, including EGFR T790M gatekeeper mutation, activation 
of bypass signals (ERBB2 gene amplification and MET gene 

amplification), and other mechanisms (transformation to small 
cell lung cancer, epithelial to mesenchymal transition, and 

tumor microenvironment-mediated resistance) (5).

Bevacizumab, a humanized monoclonal antibody targeting 
vascular endothelial growth factor (VEGF), regresses pre-

existing tumor blood vessels and blocks the formation of new 

ones (6,7). Furthermore, it normalizes vascular permeability 

and thereby decreases interstitial fluid pressure so that it 

improves delivery of co-administered drugs and therapeutic 

outcomes (8-10). Consequently, bevacizumab prolongs PFS 
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and overall survival in advanced NSCLC when administered 
in combination with standard first-line platinum-based chemo-

therapies (11).

Since erlotinib and bevacizumab act on two different 
pathways critical to tumor growth, administering these drugs 

concomitantly may confer promising clinical benefits to cancer 
patients with advanced disease (12,13). The Phase II JO25567 

study reported that erlotinib plus bevacizumab produced a 

statistically significant and clinically meaningful prolonga-

tion of PFS compared with erlotinib alone in the treatment 
of EGFR Mut+ NSCLC (14). Several preclinical studies in 
various xenograft models have reported on the mechanisms 

of erlotinib in addition to bevacizumab (15). In those studies, 

erlotinib was shown to decrease VEGF expression (16,17) and 

block synthesis of angiogenic proteins such as basic fibroblast 
growth factor (bFGF) and transforming growth factor-α 

(TGF-α) (12,18). Moreover, PTK787, an inhibitor of VEGF 

receptor (VEGFR) tyrosine kinases, c-Kit, and angiogenesis, 

was shown to improve delivery of erlotinib into the tumor in 

a PC-9 xenograft model (19). However, those data show the 
mechanisms in the erlotinib-sensitive phase, and the mecha-

nism by which the combination of erlotinib and bevacizumab 

confers prolonged efficacy even into the erlotinib-refractory 
phase remains to be elucidated.

In the present study, we established a human EGFR Mut+ 

NSCLC xenograft model that became refractory in which 
tumor regrowth was observed by long-term erlotinib admin-

istration, and we analyzed the mechanisms of both the 

erlotinib-sensitive and erlotinib-refractory phases.

Materials and methods

Test agents. Erlotinib was provided by F. Hoffmann-La Roche 

Ltd. (Basel, Switzerland) and was dissolved in 6% Captisol 
solution (ChemScene, Monmouth Junction, NJ, uSA). 
Bevacizumab was obtained from F. Hoffmann-La Roche Ltd. 
Human immunoglobulin G (HuIgG) was purchased from MP 

Biomedicals (Santa Ana, CA, uSA). Both bevacizumab and 
HuIgG were diluted with saline.

Cell lines and culture conditions. B901L (harboring EGFR 

exon 19 deletion) was purchased from the institute of Physical 
and Chemical Research (RikeN, Saitama, Japan). This cell 
line was maintained in RPMi-1640 (Sigma-Aldrich, St. Louis, 
Mo, uSA) supplemented with 10% (v/v) fetal bovine serum 
(Bovogen Biologicals, Melbourne, Australia), 0.45% D-glucose 
(Sigma-Aldrich), 10 mM HePeS buffer (Sigma-Aldrich), and 
1 mM Na-pyruvate (Thermo Fisher Scientific, waltham, MA, 
uSA) at 37˚C under 5% Co2. NCi-H1975 (harboring T790M 
mutation) was purchased from ATCC and maintained in 

RPMi-1640 supplemented with 10% (v/v) fetal bovine serum 
at 37˚C under 5% Co2.

Animals. Male, 5-week-old BALB/c-nu/nu mice (CAnN.
Cg-Foxn1<nu>/CrlCrlj nu/nu) were obtained from Charles 
River Laboratories Inc. (Kanagawa, Japan). All animals were 

allowed to acclimatize and recover from shipping-related stress 

for at least 1 week prior to the study. The health of the mice was 

monitored by daily observation. The animals were kept under a 

controlled light-dark cycle (12-12 h), and chlorinated water and 

irradiated food were provided ad libitum. All animal experi-

ments were reviewed and approved by the Institutional Animal 

Care and Use Committee at Chugai Pharmaceutical Co., Ltd.

Evaluation of antitumor activity with concurrent treatment. 

each mouse was subcutaneously inoculated into the right flank 
with B901L cells (5x106 cells/mouse). After the tumor volume 
(TV) reached 200-600 mm3, mice were randomly allocated 

to control and treatment groups, and administration of drugs 

was started (day 1). Bevacizumab or Huigg was administered 
intraperitoneally once a week at a maximum effective dose of 

5 mg/kg. erlotinib or vehicle was orally administered daily 
at 30 or 60 mg/kg (maximum effective dose). TV and body 
weight were measured twice a week. The antitumor activity 

was evaluated by TV, which was estimated from the equation 

TV = ab2/2, where a and b are tumor length and width, respec-

tively. Tumor regrowth was defined as an increase in TV at 
the final observation date compared to the day of minimum 
TV. Complete tumor regression was defined as a tumor volume 
below the limit of detection of <15 mm3.

Evaluation of antitumor activity with bevacizumab add-on 

treatment after becoming erlotinib-refractory. B901L cells 
(5x106 cells/mouse) were inoculated subcutaneously into the 
right flank of the mice. After TV reached 200-600 mm3, mice 

were administered erlotinib orally daily from day 1 until day 63. 

The individual mice which tumor regrowth was observed was 

re-randomized on day 64 and allocated to erlotinib, bevaci-

zumab, or combination of erlotinib plus bevacizumab groups. 

Erlotinib or vehicle was administered orally daily from day 64 

to day 78. Bevacizumab or Huigg was administered intraperi-
toneally once a week from day 64 to day 78. To evaluate the 

antitumor effect, TV and body weight were measured twice 

a week. The antitumor activity was evaluated by TV ratio, 

which was calculated by the equation a/b, where a is the TV 
each day and b is the TV on day 64 because the TV of the 

largest tumor in the re-randomized group on day 64 was more 

than twice that of the smallest tumor. The relative TV mean 

of day 22 became minimum. Complete tumor regression was 

defined as tumor volume under detection limit <15 mm3.

Tumor tissue homogenates. Tumor tissues were collected 

3 h after erlotinib administration on indicated days and were 

immediately frozen in liquid nitrogen and stored at -80˚C 
until use. The tumor tissues were homogenized with Cell 

Lysis Buffer (Cell Signaling Technology, Danvers, MA, uSA) 
containing NaF (Sigma-Aldrich), Complete Protease inhibitor 
Cocktail Tablets (Roche Diagnostics, Tokyo, Japan), and 

PhosSToP (Roche Diagnostics). Following centrifugation, the 
resultant supernatant was used for the assays. Total protein 

concentration of the supernatant was quantified with a Direct 
Detect spectrometer (Merck Millipore, Darmstadt, Germany).

Western blotting. Tumor tissue homogenate supernatants 

(20 µg protein/lane) were electrophoresed on SDS-PAge and 
transferred to a polyvinylidene difluoride membrane using 
an iBlot gel Transfer Device (Thermo Fisher Scientific). 
The membrane was blocked in Blocking one (Nacalai 
Tesque, Kyoto, Japan) and was primarily treated with anti-

bodies to egFR, STAT3, AkT, eRk, pegFR, pAkT, and 
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peRk (Cell Signaling Technology), antibody to pSTAT3 
(Abcam, Cambridge, MA, uSA), and antibody to β-actin 

(Sigma-Aldrich). These proteins were detected by horseradish 
peroxidase-conjugated secondary antibodies (Cell Signaling 
Technology) and eCL Prime western Blotting Detection 
Reagents (ge Healthcare Life Sciences, Little Chalfont, uk). 
imageQuant 400 (ge Healthcare Life Sciences) was used for 
detection, and imageQuant TL Software was used to digitize 
the strength of bands.

ELISA analysis. The concentrations of human VEGF, bFGF, 

placental growth factor (PlGF), TGF-α, granulocyte-colony 

stimulating factor (g-CSF), and interleukin-6 (iL-6) in 
homogenates of tumor tissues were evaluated by using 

Quantikine eLiSA (R&D Systems, Minneapolis, MN, 
uSA) following the manufacturer's instructions. The human 
chemokine (C-X-C motif) ligand 2 (CXCL2) concentrations 

in tumor tissues were evaluated by eLiSA kit (Abnova, 
Taipei, Taiwan) following the manufacturer's instructions. A 
Benchmark Plus Microplate Reader (Bio-Rad, Tokyo, Japan) 
was used for detection.

Ki-67 staining. Proliferating cells were assessed with 

immunohistochemical staining of Ki-67 (mouse anti-human 

Ki-67 monoclonal antibody; Agilent Technologies, Glostrup, 

Denmark). B901L tumors were collected on day 6 after initia-

tion of the treatment. The tissues were fixed with 10% neutral 
buffered formalin, and embedded in paraffin. ki-67 staining 
was performed and the number of Ki-67+ tumor cells in 

1000 tumor cells was counted by Sapporo general Pathology 
Laboratory Co., Ltd. (Sapporo, Japan).

Quantification of microvessel density in tumor tissues. 

Microvessel density (MVD) in tumor tissues was evaluated by 

immunohistochemical staining of CD31 (rat anti-mouse CD31 

monoclonal antibody; BD Biosciences, San Jose, CA, uSA). 

Tumor samples from freshly frozen tissues were collected 

on indicated days. MVD (%) was calculated from the ratio 
of the CD31-positive staining area to the total observation 

area in the viable region. Three to six fields per section were 
randomly analyzed, excluding necrotic areas. Positive staining 

areas were calculated by using imaging analysis software 

(winRooF; Mitani Corporation, Fukui, Japan).

Melting curve analysis. Melting curve analysis was performed 

as previously described (20). in brief, to analyze T790M 
mutation status, exon 20 of EGFR was first amplified by 

PCR from DNA by using the appropriate primers and the 

LightCycler 480 Genotyping Master (Roche Diagnostics, 

Mannheim, Germany), and then hybridized by using sensor 

and anchor probes. Human genomic DNA (Promega, Madison, 

wi, uSA) was used as a wild-type egFR control.

Statistical analysis. Differences were considered statistically 

significant for values of P<0.05 by the t-test or wilcoxon's rank 
sum test using JMP version 11 software (SAS institute, Cary, 
NC, uSA). Data are represented as means and SD.

Results

Combined administration of erlotinib plus bevacizumab 

resulted in prolonged antitumor efficacy in B901L xenograft 
model. First, we evaluated the dose response of erlotinib in the 

B901L xenograft model. Although significant tumor growth 
inhibition was observed in mice treated with 30 mg/kg, drug 

efficacy was moderate and did not result in significant tumor 
shrinkage (data not shown). In mice treated with 60 mg/kg, 

on the other hand, remarkable tumor shrinkage was observed 

in the initial phase. However, tumor regrowth was observed 

despite continued erlotinib administration (Fig. 1). It is 

known that almost all patients eventually acquire resis-

tance to EGFR-TKIs within a few years (4), and with this 

B901L xenograft model we successfully established a model 
that could replicate this acquired resistance to erlotinib by 

prolonged treatment.

Next, we investigated the effects of combined administra-

tion of bevacizumab in this model. In distinction to erlotinib, 

no significant tumor regrowth was observed in the erlotinib 
plus bevacizumab group at the final observation date. Complete 
tumor regression, which was defined as a tumor volume below 
the detection limit, was observed in 2/7 mice treated with erlo-

tinib plus bevacizumab, whereas complete tumor regression 

was not observed in any mice treated with erlotinib alone.

Erlotinib and bevacizumab exhibit stronger inhibition of MVD 
and tumor cell proliferation in the erlotinib-sensitive phase. 

In the erlotinib-sensitive phase, remarkable tumor regression 

was observed with both the erlotinib and the erlotinib plus 

bevacizumab treatments. Even though there was no difference 

in tumor volume in the erlotinib-sensitive phase, afterwards a 

superior antitumor effect was observed and complete tumor 

regression was observed in some mice in the erlotinib plus 

bevacizumab group in contrast to the tumor regrowth seen 

in the erlotinib group (Fig. 1). Therefore, we supposed that 

cellular changes had already occurred in the tumor even in the 

earlier phase.

Figure 1. Prolonged antitumor efficacy of erlotinib plus bevacizumab. 

B901L xenograft-bearing mice were continuously treated with control 
(Huigg plus vehicle, open circles), 5 mg/kg of bevacizumab (closed circles), 
60 mg/kg of erlotinib (open squares), or erlotinib plus bevacizumab (com-

bination, closed squares) (n=6 or 7). each point represents the mean + SD. 
a, P<0.05 versus control on day 22; b, P<0.05 versus bevacizumab on 

day 22; c, P<0.05 versus erlotinib on day 92 (by wilcoxon test). d, P<0.05 
versus erlotinib on day 26; n.s., P>0.05 versus combination on day 40 when 

the mean TV of each group reached its respective minimum (by wilcoxon 
test). CR, complete tumor regression.
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First we examined the effect on signal transduction by 

using tumor tissues obtained on day 5. EGFR and downstream 

eRk, AkT, and STAT3 phosphorylation were inhibited in the 
erlotinib and erlotinib plus bevacizumab groups. On the other 

hand, inhibition of signal transduction was not detected in the 

bevacizumab group (Fig. 2A).

Next, we determined whether there was any difference in 

tumor cell proliferation in tumor tissues sampled on day 6. 

Compared with control, the number of Ki-67+ tumor cells in 

the area was decreased by each single agent. with erlotinib plus 
bevacizumab, it was further decreased compared with each 

drug alone (Fig. 2B). The number of ki-67+ tumor cells per 

1000 tumor cells (mean ± SD) was also decreased significantly 
in the erlotinib plus bevacizumab group (308±74) compared 

to that in the control (610±74), bevacizumab (488±63), and 

erlotinib (426±84) groups (P<0.05) (Fig. 2C).

Then, MVD in tumor tissues was evaluated using speci-

mens obtained on day 4. MVD (%; mean ± SD) of the control, 
bevacizumab, erlotinib, and erlotinib plus bevacizumab 

groups was, respectively, 3.79±0.58, 1.85±0.53, 2.88±0.43, 
and 1.35±0.28, indicating that erlotinib plus bevacizumab 

suppressed MVD compared with each drug alone (P<0.05) 

(Fig. 2D and E). Among the cytokines with pro-angiogenic 

activities that we tested, iL-6, g-CSF, and CXCL2 were inhib-

ited by erlotinib, whereas bFGF and TGF-α were not (Table I).

Re-induction of tumor VEGF was involved in the erlotinib 
resistance mechanism and was inhibited by bevacizumab. 

Figure 2. Effect of erlotinib and bevacizumab on signal transduction and histological analyses. (A) Immunoblots of tumor lysates 3 h after treatment with 

control, 5 mg/kg of bevacizumab, 60 mg/kg of erlotinib, or erlotinib plus bevacizumab combination. Tumor samples (n=6) were collected on day 5. Total 
EGFR (tEGFR), phosphorylated EGFR (pEGFR), total ERK (tERK), phosphorylated ERK (pERK), total AKT (tAKT), phosphorylated AKT (pAKT), total 

STAT3 (tSTAT3), phosphorylated STAT3 (pSTAT3), and actin were detected by a manual western blotting method. (B) Representative images of tumor 
samples (n=12) sectioned on day 6 and stained with Ki-67. (C) Number of Ki-67+ tumor cells per 1000 tumor cells. (D) MVD in tumor tissues was determined 

by CD31-immunostaining. Representative immunohistochemical images of tumor samples collected on day 4 (n=5 or 8). Scale bar is 100 µm. (e) MVD in the 
control, bevacizumab, erlotinib, and erlotinib plus bevacizumab groups. Bars represent mean ± SD. a, P<0.05 versus control; b, P<0.05 versus bevacizumab; 
c, P<0.05 versus erlotinib (by wilcoxon test).
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As shown in Fig. 1, tumor became refractory and regrowth 

was observed in the erlotinib group. Therefore, we compared 

the status of signal transduction using specimens collected 

in the erlotinib-sensitive and erlotinib-refractory phases. In 

the erlotinib-sensitive phase (day 5), pEGFR, pERK, pAKT, 

and pSTAT3 were strongly decreased. in contrast, although 
pEGFR was still suppressed in the erlotinib group in the erlo-

tinib-refractory phase (day 75), peRk, pAkT, and pSTAT3 
were increased compared with levels on day 5 (Fig. 3A). This 

finding implied that there was a resistance mechanism other 
than that occurring in egFR itself, although the T790M muta-

tion was not detected in this model (Fig. 4).

Next, we quantified human VEGF concentrations by 

using tumor specimens obtained in the erlotinib-sensitive 

and erlotinib-refractory phases. In the erlotinib-sensitive 

phase (day 4), human VEGF concentrations were reduced 

significantly compared to concentrations in the control group. 
Interestingly, human VEGF levels in the erlotinib-refractory 

Figure 3. Re-induction of tumor VEGF protein in the erlotinib-refractory phase, and erlotinib plus bevacizumab-induced suppression of MVD and signaling 

pathways. (A) immunoblots of tumor lysates 3 h after treatment with control, 5 mg/kg of bevacizumab, 60 mg/kg of erlotinib, or erlotinib plus bevacizumab 
combination. Tumor samples (n=4 or 6) were collected on day 5 (control or erlotinib) or day 75 (erlotinib or combination). Total EGFR (tEGFR), phosphorylated 

egFR (pegFR), total eRk (teRk), phosphorylated eRk (peRk), total AkT (tAkT), phosphorylated AkT (pAkT), total STAT3 (tSTAT3), phosphorylated 
STAT3 (pSTAT3), and actin were detected by a manual western blotting method. (B) Levels of VegF protein expression in tumors after 3 h of treatment with 
control or 60 mg/kg of erlotinib. Tumor samples were collected on day 4 (control or erlotinib) or day 68 (erlotinib) (n=5 or 6). Bars represent the mean + SD. 
a, P<0.05 versus control; b, P<0.05 versus day 4 erlotinib (by wilcoxon test). (C) Tumor samples were collected on day 75 (erlotinib or combination) (n=4). 
(D) Representative immunohistochemical images of CD31-immunostaining to determine MVD in tumor tissues from mice treated with control, 5 mg/kg of 
bevacizumab, 60 mg/kg of erlotinib, or combination. Tumor samples (n=6) were collected on day 15 (control or bevacizumab) or day 78 (erlotinib or combina-

tion). Scale bar is 100 µm. (e) MVD in the control, bevacizumab, erlotinib, and erlotinib plus bevacizumab groups. Bars represent mean ± SD. a, P<0.05 versus 
control; b, P<0.05 versus bevacizumab; c, P<0.05 versus erlotinib (by wilcoxon test).
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phase (day 68) were increased (P<0.05) compared with levels 

in the erlotinib-sensitive phase (day 4) (Fig. 3B). in contrast, 
levels of free human VEGF in the erlotinib plus bevacizumab 

group on day 75 were below the detection limit (Fig. 3C). 

peRk was decreased strongly and pAkT and pSTAT3 tended 
to be suppressed in the erlotinib plus bevacizumab group 

compared to in the erlotinib group (day 75) (Fig. 3A).

Then we evaluated MVD in tumor tissues. Significant 
suppression of MVD was not observed by erlotinib in the 

erlotinib-refractory phase on day 78 compared with control 

on day 15 (Fig. 3D and E) although MVD was suppressed by 

erlotinib on day 4 compared with control in its sensitive phase 

(p<0.05) (Fig. 2e). Mean MVD (%) in the bevacizumab group 
(2.06±0.47) was inhibited compared with mean MVD in the 

control group on day 15 (5.04±0.65). Furthermore, MVD was 

significantly more suppressed by erlotinib plus bevacizumab 
on day 78 (1.20±0.32) compared with bevacizumab on day 15 

(Fig. 3D and E). In contrast to VEGF levels, the levels of bFGF, 

TGF-α, g-CSF, and CXCL2 in the erlotinib-refractory phase 
were not increased compared with their levels in the erlotinib-

sensitive phase (Table i). Although a significant increase in 
IL-6 was observed in the erlotinib-refractory phase compared 

to levels in the erlotinib-sensitive phase, the levels of IL-6 

were much lower than in the control group (Table I). Taken 

together, these results suggest that VEGF is involved, at least 

in part, in erlotinib resistance mechanisms. Furthermore, the 

antiangiogenic effect and the inhibition of signal transduction 

were suggested to be mechanisms underlying the antitumor 

activity of the combination of erlotinib plus bevacizumab.

Inhibition of VEGF after establishment of refractoriness to 
erlotinib showed significant but limited antitumor efficacy. 
Since the data described above suggested the possibility that 
tumor VEGF, the production of which reappeared even under 

the presence of erlotinib, was the key molecule behind tumor 

regrowth, we examined the effect of VEGF inhibition by 

bevacizumab after the tumors became refractory to erlotinib. 

After tumor regrowth was observed, mice were re-randomized 

on day 64 and allocated to receive erlotinib, bevacizumab, 

or the combination of erlotinib plus bevacizumab. Tumor 

growth was inhibited by erlotinib plus bevacizumab compared 

with erlotinib, although complete tumor regression was not 

observed (Fig. 5A). Furthermore, pERK was suppressed and 

pAkT and pSTAT3 tended to be suppressed by erlotinib plus 
bevacizumab compared with erlotinib (Fig. 5B). MVD was 
also inhibited by erlotinib plus bevacizumab compared with 

erlotinib (Fig. 5C and D).

Discussion

in the B901L xenograft model, tumor regrowth was observed 
following initial strong tumor regression by erlotinib mono-

therapy (Fig. 1). In the erlotinib-sensitive phase, pEGFR and 

its downstream peRk, pAkT, and pSTAT3 were suppressed 
by erlotinib (Fig. 2A), and the expression of tumor VEGF was 

decreased significantly compared with control (Fig. 3B) in 
agreement with previously reported downregulation of VEGF 

by EGFR-TKIs (16,17,21). On the other hand, pERK, pAKT, 

and pSTAT3 were increased in the erlotinib-refractory phase 
compared with that in the erlotinib-sensitive phase, although 

pegFR was still suppressed (Fig. 3A). The T790M mutation, 
which is one of the major erlotinib resistance mechanisms 

occurring in the EGFR tyrosine kinase domain and causing 

a relative decrease in binding with EGFR-TKIs, was not 

detected after progression in this model (Fig. 4). Accordingly, 

it is suggested that bypass pathways other than EGFR acti-

vate signaling pathways leading to tumor regrowth. To date, 

MeT amplification, eRBB2 amplification, and overexpres-

sion of hepatocyte growth factor (HGF), a ligand for MET, 

Figure 4. Analysis of T790M mutation in tumors treated with erlotinib or 
erlotinib plus bevacizumab in the erlotinib-refractory phase. Xenograft-

bearing mice were treated with erlotinib (green) or combination (blue) for 

57 days. The content ratio of the T790M mutation in the B901L model was 
analyzed by the melting curve method. Human genomic DNA extracted from 

whole blood from multiple anonymous normal donors was used as a wild-

type egFR control (grey). NCi-H1975 was used as a positive control (red). 
The peak of the T790M mutation is shown (arrow).

Table I. Levels of angiogenic factors in different phases of 

erlotinib treatment.

 Erlotinib-sensitive Erlotinib-refractory

 phase phase
Angiogenic --------------------------------------------- ------------------------------------

factor Control Erlotinib Erlotinib

bFgF 194±58.6 189±104 201±78.6
PlGF N.D. N.D. N.D.

TGF-α 34.1±7.59 31.1±8.32 N.D.
g-CSF 269±154 62.4±59.3a 99.8±76.4
iL-6 924±1022 22.6±8.94a 80.3±51.1a,b

CXCL2 223±43.8 19.9±4.54a 29.7±4.29a

Levels of bFGF, PlGF, TGF-α, g-CSF, iL-6, and CXCL2 protein 
expression (mean ± SD; pg/mg protein) in tumors after 3 h of treat-
ment with control or 60 mg/kg of erlotinib. Tumor samples were 
collected in the erlotinib-sensitive phase on day 4 or day 5 (control 

or erlotinib) or in the erlotinib-refractory phase on day 68 or day 72 

(erlotinib) (n=5 or 6). aP<0.05 versus control in the erlotinib-sensitive 

phase; bP<0.05 versus erlotinib in the erlotinib-sensitive phase 

(by wilcoxon test). N.D., no data.
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k-RAS mutation and PTeN loss have been proposed as 
erlotinib resistance mechanisms (5,22). However, no change 

in MeT or eRBB2 gene expression nor in HgF protein level 
were observed and k-RAS mutation was not detected in the 
tumors in this model (data not shown). Regarding PTEN loss, 

the amount of pAkT was significantly reduced by erlotinib 
in earlier sensitive phase and it was increased in refractory 

phase suggesting activation of PI3K-AKT pathway. Although 

PTEN loss was considered to be one of its mechanisms, 

pAKT was decreased by addition of bevacizumab even after 

acquisition of erlotinib resistance so that we considered 

it unlikely that observed increase in pAKT was caused by 

gene mutation or deletion such as PTEN loss. On the other 

hand, tumor VEGF was markedly restored in the erlotinib-

refractory phase, although most of the VEGF production was 

suppressed by EGFR during the erlotinib-sensitive phase 

(Fig. 3B).
VEGF expression is driven by many factors that are 

characteristic of tumors, including oncogene expression, 

e.g. ras, src, ERBB2, and EGFR, and hypoxia (18). Under 

hypoxia, VEGF is principally regulated by hypoxia-inducible 

transcription factors (HIFs) (23). Although the mechanism 

leading to VEGF re-induction in the erlotinib-refractory 

phase has not yet been fully investigated in this model, in the 

erlotinib-sensitive phase, MVD was suppressed significantly 
by erlotinib (Fig. 2D and E), at least in part via downregula-

tion of EGFR-mediated tumor VEGF production, so there is a 

possibility that hypoxia in the tumor induced by erlotinib and 

subsequent HIF1α activation may lead to EGFR-independent 

VEGF expression. On the other hand, besides EGFR, the HER 

Figure 5. effect of bevacizumab treatment after establishing erlotinib refractoriness on signaling pathways, MVD, and subsequent tumor growth. (A) B901L 
xenograft-bearing mice were continuously treated with 60 mg/kg of erlotinib (open squares). Tumor re-growth was observed during further erlotinib treatment, 
and mice were re-randomized into 3 groups on day 64 (n=6). Mice were treated with 5 mg/kg of bevacizumab (closed circles), 60 mg/kg of erlotinib (open 
squares), or combination (closed squares) (n=6). each bar represents the mean + SD. a, P<0.05 versus TV ratio of erlotinib-treated group on day 22; b, P<0.05 
versus TV ratio of erlotinib-treated group on day 78 (wilcoxon test). (B) immunoblots of tumor lysates 3 h after treatment with bevacizumab, erlotinib, or 
combination. Tumor samples (n=4) were collected on day 78. Total EGFR (tEGFR), phosphorylated EGFR (pEGFR), total ERK (tERK), phosphorylated ERK 

(peRk), total AkT (tAkT), phosphorylated AkT (pAkT), total STAT3 (tSTAT3), phosphorylated STAT3 (pSTAT3), and actin were detected by a manual 
western blotting method. (C) Representative immunohistochemical images of CD31-immunostaining to determine MVD in tumor tissues collected on day 78 

(n=6). Scale bar is 100 µm. (D) MVD in the bevacizumab, erlotinib, and erlotinib plus bevacizumab groups. Bars represent mean ± SD. (A) P<0.05 versus 
erlotinib (by wilcoxon test).
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family has also been indicated as playing a role with regard 

to VEGF regulation (23). For example, monoclonal antibodies 

targeting HER2 attenuated VEGF expression (24), while 

VEGF production was enhanced in tumor cells exposed to the 

HeR3/HeR4 ligand heregulin (25). in the erlotinib-treated 
group, pHER2 was activated in the erlotinib-refractory phase 

but not in the erlotinib-sensitive phase in almost all mice (data 

not shown). Therefore, HER activation and signaling might 

also induce VEGF expression.

MVD and signaling pathways were also augmented 

in the erlotinib-refractory phase suggesting that VEGF-

mediated angiogenesis and bypass signal activation leads to 

erlotinib resistance. Indeed, as shown in Fig. 5, inhibition by 

bevacizumab of the re-induced VEGF production after the 

erlotinib-refractory phase decreased MVD and signal trans-

duction leading to inhibition of tumor growth. Taken together, 

these results indicate that VEGF may be a key molecule in 

erlotinib resistance. Association of VEGF production and 

erlotinib resistance has also been reported in studies using 

EGFR wild-type tumor cells. For example, constitutive VEGF 

up-regulation in anti-EGFR-resistant variants of A431 squa-

mous cell carcinoma was reported (26), and erlotinib resistance 

was associated with a rise in both tumor cell VEGF and host 

stromal VegF in A549 epithelial carcinoma (27).
Of note, although complete tumor regression was observed 

when erlotinib plus bevacizumab was administered from day 1, 

complete regression was not observed by bevacizumab add-on 

after the erlotinib-refractory phase. Furthermore, although 

there was no significant difference between TV in the erlo-

tinib group and TV in the erlotinib plus bevacizumab group 

in the erlotinib-sensitive phase, the number of Ki-67+ cells 

and MVD were decreased in the erlotinib plus bevacizumab 

group as compared with in the erlotinib group (Fig. 2C and E). 

Schicher et al showed that bevacizumab decreased the number 

of Ki-67+ cells in tumors (28). These results suggest that the 

reduction in the number of proliferating cells and MVD in 

the tumors, which was caused by co-administration of bevaci-

zumab during the erlotinib-sensitive phase, led to the inhibition 

of regrowth. Furthermore, MVD and pERK were inhibited 

throughout the study period in the erlotinib plus bevacizumab 

group (Figs. 2A and E; 3A and E). Taken together, these results 

indicate that co-administration of bevacizumab both in the 

erlotinib-sensitive phase and in the erlotinib-refractory phase 

achieves maximum efficacy. Although pAkT also tended to be 
suppressed by co-administration of bevacizumab in erlotinib-

refractory phase, the level of pAKT was slightly higher than 

that in erlotinib-sensitive phase. It was suggested that unidenti-

fied upstream factors besides VegF contributed to this modest 
activation of pAKT.

MVD was suppressed significantly more strongly in the 
erlotinib plus bevacizumab group compared with in the group 

administered bevacizumab alone (Figs. 2e and 3e). Since 
erlotinib has been reported to block production of the angio-

genic factors bFGF and TGF-α in addition to VegF (18,29),  
we investigated if other angiogenic factors besides VEGF were 

suppressed with erlotinib. In this model, the levels of bFGF 

and TGF-α were not affected by erlotinib and did not increase 

in the erlotinib-refractory phase. On the other hand, human 

g-CSF and human CXCL2, which were reported to have pro-
angiogenic activities (30-33), were inhibited by erlotinib in 

erlotinib-sensitive phase and inhibition of human CXCL2 was 

statistically significant until the end of study period (Table i). 
These results suggested that EGFR signal is the inducer of 

pro-angiogenic factors such as CXCL2 production by tumor 

throughout the study period in contrast to VEGF, which is 

induced by other mechanism in erlotinib-refractory phase.

Inhibition of VEGF by bevacizumab and inhibition of 

other angiogenic factors besides VEGF by erlotinib led to 

the combination effect on MVD. IL-6 production was greatly 

reduced by erlotinib in the erlotinib-sensitive phase, whereas 

a slight but statistically significant increase in iL-6 production 
was observed in the erlotinib-refractory phase. Since iL-6 
is reported to have pro-angiogenic activity either directly by 

acting on vascular endothelial cells or indirectly via STAT3-
induced VEGF production (34,35), the contribution of IL-6 on 

angiogenesis as well as tumor cell STAT3 activation in our 
model are to be further investigated.

our findings suggested that VegF was an inducer of growth 
signals through VegFR- and/or VegF-mediated production 
of tumor/host growth factors in our model. Several studies 
have reported that VEGFRs are expressed in many human 

tumor types and that VEGF is an autocrine growth factor for 

tumor cell lines that express VEGFRs (36-38). On the other 

hand, tumor cells exist within a complex microenvironment 

comprising numerous cells including, for example, vascular 

endothelial cells of the blood and lymphatic circulatory system, 

stromal fibroblasts, tumor associated macrophages (TAMs), 
and myeloid derived suppressor cells (MDSCs). Furthermore, 
paracrine signaling interactions between tumor cells and 

stromal cells are a key component in the proliferation of 

tumors in several organs (39,40). Cumulative evidence shows 
that VEGF can induce tumor growth, not only by promoting 

angiogenesis but also by creation of other favorable tumor 

microenvironments (41). TAMs express VEGFR2, and selec-

tive inhibition of VEGFR2 reduces recruitment of macrophages 

into orthotopic pancreatic tumors (42), and treatment with 

sunitinib, a receptor tyrosine kinase inhibitor, decreased the 

number of MDSCs in advanced tumor-bearing animals (43). A 
number of CD11b+Gr-1+ MDSCs and CD11b+CD206+ macro-

phages infiltrated into tumors in our model (data not shown). 
Therefore, VEGF secreted by the tumor may activate tumor 

growth directly or indirectly through host cells including 

MDSC and TAM.
In conclusion, continuous treatment with erlotinib plus 

bevacizumab shows promising efficacy in the B901L xeno-

graft model of EGFR Mut+ NSCLC. Furthermore, re-induction 
of VEGF and subsequent VEGF-dependent tumor growth 

is suggested as one of the major mechanisms of acquired 

resistance to erlotinib. Therefore, remarkably prolonged 

antitumor activity was achieved by inhibition of VEGF by 

bevacizumab in combination with erlotinib. In this study, we 

established a model that became refractory to erlotinib after 

long-term administration of erlotinib and in which prolonged 

antitumor activity was shown by treatment with erlotinib plus 

bevacizumab, which is in line with the results of the Phase II 

trial (Jo25567) to evaluate the efficacy of erlotinib plus beva-

cizumab in EGFR Mut+ NSCLC patients. A Phase iii trial 
(NEJ026) is currently underway. Further studies are required 

to better elucidate the mechanisms of action of erlotinib plus 

bevacizumab in NSCLC harboring egFR mutations.
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