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Abstract
Background The differential outcomes of clinical studies of
the targeted therapies for non-small cell lung cancer (NSCLC)
indicate that better stratification of patients is required. This
could be achieved with the help of patient-derived xenografts
(PDX) of epidermal growth factor receptor (EGFR) wild-type
patients resistant to erlotinib treatment.
Objective To explore the potential of patient-derived NSCLC
xenografts to optimize therapy using 24 well-characterized
early-stage NSCLC PDX.
Method Patient tumor tissue was transplanted subcutaneously
into nude mice. After engraftment, tumors were expanded and
the sensitivity was tested. Gene expression analysis was used
to identify differentially expressed genes between erlotinib
responder (n = 3) and non-responder (n = 21). Tumor tissue
was analyzed with TaqMan PCR, immunohistochemistry
and ELISA to examine the response of the models.
Results Gene expression analysis revealed vascular endothelial growth factor A (VEGFA) to be up-regulated in erlotinib
non-responder. Because of that, the combination of erlotinib
with bevacizumab was evaluated in one erlotinib-sensitive
and four erlotinib-resistant PDX. Combination treatment was
superior to monotherapy, leading to the highest and significant
inhibition of tumor growth in all models investigated. A decline of VEGFA protein and an increase of VEGFA-mRNA
were observed after bevacizumab treatment. Bevacizumab
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treatment resulted in a distinct decrease of blood vessel
number.
Conclusion This study showed that with the help of preclinical PDX models, drug combinations for therapy improvement
can be identified on a rational basis. It was observed that a
dual blockage of EGFR and VEGFA was more effective than a
monotherapy for the treatment of NSCLC in selected PDX
models. PDX could be employed to optimize the treatment
of cancer patients.
Key Points
Patient-derived xenografts could be used to find optimization for the
treatment of cancer patients.
Combined treatment of erlotinib and bevacizumab was superior to
monotherapy in non-small cell lung cancer xenografts.

1 Introduction
Lung cancer is one of the leading cancers worldwide, having a
high mortality in Europe and the USAwith a 5-year survival rate
not better than 15 % for all stages combined [1–3]. Non-small
cell lung cancer (NSCLC) accounts for more than 75 % of lung
cancer cases. Standard treatment does not lead to a significant
improvement in outcome during recent years. Targeted therapies
that inhibit epidermal growth factor receptor (EGFR) or vascular
endothelial growth factor (VEGF) signaling pathways were developed and evaluated in clinical trials [4–6].
Erlotinib is a small-molecule inhibitor of the EGFR tyrosine
kinase that is approved by the US Food and Drug Administration and the European Medicines Agency for the treatment of
NSCLC [7]. Retrospective and prospective analysis of large
clinical trials identified subgroups of patients, e.g. with activating mutations in the EGFR that respond to tyrosine kinase

Targ Oncol

inhibitors like erlotinib or gefitinib [8–10]. The identification
of patients without mutations who benefit from targeted therapies is still crucial because a significant number of lung cancer
patients with EGFR wild-type respond to EGFR tyrosine kinase inhibitors as well [11]. The pathways of VEGF and the
EGFR are connected with each other [12] as VEGF is downregulated by EGFR inhibition through hypoxia-inducible factor 1 α (HIF1A)-dependent and -independent mechanisms
[13]. Bevacizumab inhibits angiogenesis by binding to
VEGFA [14] and is clinically used in combination with chemotherapy for the treatment of non-squamous NSCLC [15].
Because of the tight connection between the EGFR and
VEGF signaling pathways, several clinical combination studies with erlotinib and bevacizumab were performed. Targeting
both VEGF and EGFR pathways showed synergy effects in
preclinical in vivo studies [16]. Resistance to EGFR inhibitors
was suggested to be mediated at least partially by targeting
VEGF-dependent signaling as an alternative survival pathway
[17, 18]. Despite promising preclinical and early clinical evidence [19, 20], a series of clinical trials (BeTa, ATLAS, TASK)
failed to demonstrate a clinically relevant benefit from the
combination of erlotinib and bevacizumab in molecularly unselected patients [21–24]. Better results were achieved when
patients were selected for EGFR mutations [25]. It was shown
in a recently published meta-analysis that the addition of
bevacizumab to chemotherapy or erlotinib could significantly
improve progression-free survival and objective response rate
both in first- and second-line treatments of advanced NSCLC.
Nevertheless, the question whether bevacizumab plus erlotinib
can prolong overall survival will need further validation [26].
These data warrant additional investigations for the optimal
setting of a bevacizumab and erlotinib combination regimen.
The differential outcomes of the clinical studies and the
lack of understanding of the mechanism of action indicate that
better stratification of patients in combining therapies is required. Therefore, a preclinical investigation was initiated
with a set of 24 well-characterized patient-derived xenografts
(PDX) of NSCLC of early tumor stages [27]. All PDX models
had no activating or resistance-mediating mutations in the
EGFR. In the course of the characterization of these models,
a genome wide gene expression analysis with Affymetrix
gene arrays was done that was used as basis for the present
study. Frequently, gene expression analysis has been used to
identify gene signatures or markers. But numerous
(predictive) gene signatures exist that could not qualify as
being beneficial [28]. Therefore, a different and simple approach was applied by searching for genes expressing proteins
against which approved targeted drugs were available.
It was the aim of this study to explore the potential of
patient-derived NSCLC xenografts of early stages for therapy
optimization. Xenograft models that were intrinsically resistant to erlotinib were selected in order to improve the response
by identifying a combination treatment with the help of gene

expression analysis. Further studies were performed to elucidate the mechanisms of response.

2 Methods
2.1 Patient-Derived Xenografts
The establishment and characterization of the PDX was described in detail earlier [27]. In brief, the histological type of
the 24 patients was determined according to World Health Organization (WHO) criteria. The collection consisted of 12
(48 %) squamous cell carcinomas, 6 (24 %) adenocarcinomas,
and 4 (16 %) carcinomas with a pleiomorphic phenotype. The
remaining tumors were diagnosed as large-cell or
dedifferentiated carcinomas. The samples originated from
female and male patients in equal shares. With one exception,
the patients were long-term smokers. The PDX used in this
study had no activating or resistance-mediating EGFR mutations; only Lu7860 had a silent Q787Q mutation. LuCa7462,
LuCa7466 and LuCa7700 had a Kirsten rat sarcoma (KRAS)
mutation.
All mice used in the study were handled in accordance with
the Guidelines for the Welfare and Use of Animals in Cancer
Research [29] and according to the German Animal Protection
Law, approved by the local responsible authorities. Tumor samples were cut into pieces of 3–4 mm and transplanted within
30 minutes subcutaneously into nude mice (in-house breeding).
Once tumors became palpable, tumor size was measured twice
weekly with a caliper-like instrument. Individual tumor volumes
(V) were calculated by the formula V = (length x width2)/2
and related to the values at the first day of treatment (relative
tumor volume, RTV). Median treated to control (T/C)
values of RTV were used for the evaluation of each treatment
modality.
After 6 to 19 days, the mean tumor volume reached the
indicated starting volume (50–100 mm3), the mice were randomized to the four treatment arms (six mice per group) and
treatment was started. The mice were treated using the following drug dosages and treatment schedules: erlotinib 50 mg/kg,
orally, days 1–5 and days 8–12 and/ or bevacizumab 5 mg/kg,
intraperitoneally, twice weekly. Control mice were treated
with the vehicle alone (saline), orally. At the end of the experiments, tumors were excised, snap frozen and stored at −80 °C
for further analyses.
2.2 Gene Expression Analysis
Processing of expression arrays were described in detail in
[27]. In brief, from 24 established NSCLC PDX untreated
tumor samples (n = 2 to 5) were used for hybridization on
Affymetrix GeneChip HGU133Plus2.0. In the present paper,
GeneSpring GX11.0.2 software was used for data analyses.
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The arrays were summarized with the MAS 5.0 summarization algorithm. The detection call was used to filter the probe
sets (collection of probes designed to interrogate a given sequence) according to Bpresent^, Bmarginal^ or Babsent^. Statistical testing of the filtered list was done with the Mann–
Whitney test. The p value was adjusted for multiple comparisons with the Benjamini–Hochberg method to control the
false discovery rate. Only probe sets that change more than
1.5-fold between the erlotinib responder (n = 3) and nonresponder (n = 21) and that had a corrected p value < 0.005
were accepted. In the list, only genes were considered when
targeted therapies against their proteins existed.
RNA was extracted from 2 × 2 × 2-mm tumor tissue samples which were snap frozen. RNA was isolated with an
RNeasy isolation kit (Qiagen) according to the manufacturers’
instructions. Total RNA was reversely transcribed using
TaqMan reverse transcription reagents [Applied Biosystems
(AB)]. TaqMan quantitative real-time polymerase chain reaction (PCR) was performed using cDNA corresponding to
40 ng of RNA per reaction. Gene-specific primers for VEGFA,
HIF1A and carboanhydrase 9 as well as TaqMan® Fast Universal PCR Mastermix (AB) were used according to the manufacturers instructions, and amplifications were carried out on
the StepOnePlus™ real-time PCR system (AB) with 45 cycles.
Each sample was done in at least two replicates. Normalized
ΔCT values were obtained by subtracting the house-keeping
gene β-actin CT from the gene of interest CT.
2.3 ELISA Assay
Lysates for enzyme-linked immunosorbent assay (ELISA)
were prepared by adding lysis buffer (Cell Signaling Technology) containing protease and phosphatase inhibitors (SigmaAldrich) to the tumor tissue. The protein concentration was
determined using the BioRad Protein Assay (BioRad Laboratories GmbH). The VEGFA-ELISA assay (PreproTech) was
performed according to the manufacturers instructions. The
calibration curve was calculated with the four-parameter logistic fit in GraphPad Prism software.
2.4 Microvessel Density
Frozen tissue was sliced with a cryotome (Leica CM1900),
fixed with 4 % paraformaldehyde and blocked with 20 % goat
serum. The sections were incubated with anti-mouse CD31
antibody (Becton Dickinson, Clone MEC 13.3) for one hour,
followed by the secondary horseradish peroxidase (HRP)conjugated anti-rat antibody (Southern Biotech, cat. no.
3050–05). The staining was visualized with the 3-amino-9ethylcarbazole (AEC) system (Vector Laboratories) and counterstained with hematoxylin. Three mice per group, randomly
chosen, were stained and counted for the number of vessels in
at least two representative fields per sample.

2.5 Statistics
All statistical analyses were performed using GraphPad Prism
version 5.02 for Windows, GraphPad Software, La Jolla, California, USA, www.graphpad.com. Analysis of variance
(ANOVA) was applied if more than two groups were compared. In vivo data were expressed as mean ± standard error.
P < 0.05 was considered statistically significant. All statistical
tests were two-sided.

3 Results
3.1 Gene Expression Analysis Revealed Higher VEGFA
Expression Levels in Erlotinib Non-Responders
According to their erlotinib response, the xenografts were
divided into responders (n = 3) and non-responders (n = 21)
using a cut-off level of T/C = 30 %. Around 3100 probe
sets, representing around 2200 fully annotated genes were
found to be differentially expressed. In order to search for
therapy optimization, we considered only genes expressing
proteins against which targeted drugs are available. Furthermore, the ideal candidate should be higher expressed
in the non-responders. A detailed analysis among the differentially expressed genes revealed VEGFA, SRC and
PARP1 that were higher expressed in the non-responders.
Four probe sets of VEGFA were identified with a two-fold
difference in expression levels between responder and nonresponder and a corrected P value <0.002. So the hypothesis was derived that combination with a VEGFA inhibitor,
like bevacizumab, could improve the response rate. The
other therapy options like dasatinib against SRC and
olaparib against PARP will be investigated in separate
studies.

3.2 Combined Inhibition of EGFR and VEGFA In vivo
Out of the available panel of NSCLC PDX, one erlotinibsensitive model (7466) and four resistant models (7126,
7462, 7700 and 7860) were selected for the present study.
Erlotinib monotherapy did not significantly reduce the tumor
volume in all models but a moderate inhibition was observed
in the sensitive model, although this PDX had an EGFR wildtype. The monotherapy with bevacizumab delayed tumor
growth in three out of five models significantly (P < 0.05).
In the sensitive model, the extent of the bevacizumab response
was comparable to erlotinib. The combination treatment of
erlotinib and bevacizumab was superior to the monotherapy,
leading to the highest and significant (P < 0.05) inhibition of
tumor growth in all models investigated (Fig. 1).
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Fig. 1 Sensitivity of five NSCLC xenografts. Tumor growth curves of
five selected models after monotherapy with erlotinib (light grey),
bevacizumab (grey) or the combination (dark grey). The model 7466
was sensitive in former studies, whereas the models 7126, 7462, 7700

and 7860 did not respond to erlotinib. Mean tumor volume (n = 6) with
standard error of the mean was shown. The x-axis shows days after tumor
transplantation. * statistically significant P < 0.05 compared to control
group

3.3 Analysis of VEGFA Expression in Tumor Tissue

treatment. HIF1A and carboanhydrase 9 were analyzed on
mRNA level. Neither HIF1A nor carboanhydrase 9 mRNA
were found to be differentially expressed in the control or
treated tumor samples (data not shown).

The target molecule of bevacizumab, human VEGFA, was
analyzed in order to elucidate its mechanism of action and to
correlate with treatment and response (Fig. 2). Erlotinib treatment had no significant influence on the protein concentration
in all models tested (Fig. 2a). A decreased protein expression
could be observed after bevacizumab monotherapy in two out
of five models. After combination with erlotinib, a significant
decline of VEGFA expression was seen in the erlotinibsensitive and two erlotinib-resistant models.
Four out of five PDX models showed an up-regulation
(lower delta C T values) of the VEGFA mRNA after
bevacizumab treatment that was significant (P < 0.05) in the
sensitive model 7466 and in three resistant models (Fig. 2b).
3.4 Influence on Blood Vessels
The potential influence of the different treatment schemes on
tumor angiogenesis was assessed by immunohistological staining of the murine endothelial protein CD31. The microvessel
number was slightly decreased after erlotinib treatment in four
out of five models. Bevacizumab led to a distinct decrease of
blood vessel number in all models. This effect was strengthened in the combination group, leading to a (significant) decline of this parameter in all models. It was further observed
that the morphology of the blood vessels changed in the treated
samples compared to the control group (see Fig. 3).
3.5 No Impact on Hypoxia Marker Genes in Response
to Bevacizumab
After observing a different regulation of VEGFA mRNA, we
further investigated if this was due to hypoxia caused by the

4 Discussion
Our study was initiated to show that PDX can be used to
propose an optimization of treatment for cancer patients. We
found a combinatorial treatment to overcome erlotinib resistance. During recent years, intense research has been performed to improve the prognosis of NSCLC after chemotherapeutic treatment. Targeted agents were broadly tested in clinical studies or entered the clinics but have shown only limited
efficacy as monotherapy. One explanation could be the use of
cell lines for the generation of preclinical data. The in vitro
system is relatively easy to handle, allows molecular manipulations, functional analyses and a high degree of standardization. Numerous cell line-derived xenografts were established
to perform investigations under in vivo settings. But the individuality of the patient tumor is missing as cell lines with high
passage numbers show an increased dedifferentiation [30].
Further, they only possess limited histological and molecular
congruence with the primary tumor [31]. PDX can be seen as
a link between the bench and the clinic as they combine features from both systems. The individual characteristics like
response rate of the patient are maintained [27, 30] and sufficient tumor material for analysis is available. The use of PDX
as a preclinical tool is a step towards the realization of an
individualized medicine.
The PDX models in this set were subdivided into intrinsically sensitive and resistant xenografts based on erlotinib response. It should be noted, this approach is challenging due to
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Fig. 2 VEGFA mRNA and
protein expression after treatment
in NSCLC xenograft models. a A
decrease of VEGFA protein
expression was determined after
bevacizumab and slightly after
erlotinib treatment. b An increase
of mRNA levels of VEGFA was
observed after bevacizumab
monotherapy and after
combination therapy. Mean
expression (n = 4 to 6) with
standard error of the mean was
shown. Ctr: control, Erl: erlotinib,
Bev: bevacizumab, * statistically
significant P < 0.05

the laborious generation of xenograft models and the resulting
limited number of models included. The gene expression analysis revealed that VEGFAwas differentially expressed among
others. VEGFA was selected as bevacizumab is approved for
the treatment of non-squamous NSCLC. Although EGFR
wild type, one model responded to erlotinib. Like known from
other publications the KRAS mutated PDX were erlotinib
resistant [32]. The combination of erlotinib and bevacizumab
led in all five NSCLC PDX to a significant tumor regression
compared to controls and led to better response rates compared to the monotherapies. That effect was seen both in the
erlotinib-sensitive and erlotinib-resistant PDX models. Published (preclinical) data confirmed an additive anti-tumor effect after treatment with erlotinib and bevacizumab in NSCLC
[33] and xenografts of other cancer types [34, 35] and may be
explained by increasing concentrations of erlotinib in the tumor during treatment [33].
VEGFA mRNA and protein were analyzed as molecular
markers for the targeted mechanism of action. Bevacizumab

binds to VEGFA and neutralizes the growth factor by forming
an immune complex which will be degraded [36, 37]. That
leads to a decrease in the VEGFA protein which could be
observed in all treated models and is consistent with results
of previous studies [33, 38]. In parts, the decrease of the protein could also be explained by interference of the antibody
bevacizumab with the ELISA assay. A slight decline of
VEGFA was found in the erlotinib-treated group and the protein decreased further after bevacizumab treatment in all
models. The level of reduction was not clearly associated with
the response to bevacizumab. Only VEGFA expressed by the
human PDX tissue was detected because bevacizumab binds
exclusively to the human VEGFA and not to the murine protein, and VEGFA expression was analyzed with a humanspecific ELISA assay and primers.
As reported in the literature, cetuximab therapy reduces
pro-angiogenic factors like VEGF in preclinical models of
lung cancer [39]. Similar observations were described for tyrosine kinase inhibitors [40]. A compensatory increase in the
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Fig. 3 Determination of blood
vessel density in NSCLC
xenografts after anti-EGFR and
anti-angiogenic treatment. a The
number of blood vessels
decreased in all models after the
treatment with bevacizumab
(Bev). b One representative
example for CD31 staining. The
number of blood vessels
decreased from the control group
(A) to the erlotinib group (B) and
further in the bevacizumab (C)
monotherapy group. The lowest
number of blood vessels was
observed in the combination
group (D). Ctr: control, Erl:
erlotinib, Bev: bevacizumab, *
statistically significant P < 0.05

a

b

VEGFA mRNA level was described in tumor cells [41] and a
higher mRNA level was also found in our experiments under
bevacizumab monotherapy as well as in the combination
group. These results indicate that a dual blockage of signaling
pathways has the potential for improved NSCLC treatment.
A decrease of VEGFA protein is suggested to inhibit angiogenesis. Therefore, CD31 was used as a marker for endothelial cells in order to visualize the vasculature. Almost all
models showed a reduced number of blood vessels under
bevacizumab and erlotinib treatment. In other preclinical xenografts, anti-EGFR treatment with cetuximab or tyrosine kinase inhibitors was also associated with a decrease of VEGF
and a reduced number of microvessels and metastases [40,
42]. In our study, it seemed that bevacizumab had the major
impact on the reduction of blood vessels, but a further decrease was observed in the combination groups. Thus, it can
be hypothesized that EGFR and VEGFA blockage have an
additive effect on blood vessel density. According to the literature and our own observations, treatment with antiangiogenic drugs not only prevents neo-angiogenesis but also
normalizes the morphology of the vasculature [43, 44] as a
probable precondition for increased drug delivery in preclinical studies [45, 46]. But there is a window of normalization
that differs from patient to patient [47, 48] as well as some
differences of VEGF kinetics and distribution in mice versus
human [49] which might explain the differences of preclinical
and clinical data.
A tight connection between VEGF induction and hypoxia
exists because VEGF is down-regulated by EGFR inhibition
through HIF1A-dependent and -independent mechanisms
[13]. Treatment with drugs could cause hypoxic conditions

in the tumor itself. The mRNA expression of HIF1A and
carboanhydrase 9, which was formerly shown to be upregulated by HIF1A [50], was analyzed. No regulation of
HIF1A or carboanhydrase 9 on the RNA level was seen in
the present study. Hence, it could be concluded that the change
of VEGFA expression was not indirectly induced via hypoxia
but could be due to another unidentified mechanism like an
EGFR blockade.
This study showed that with the help of preclinical PDX
models representing tumors of individual patients, drug combinations for therapy improvement can be identified on a rational basis. It was observed that a dual blockage of EGFR and
VEGFA was more effective than monotherapy for the treatment of NSCLC in the unselected PDX models used here. The
relative VEGFA expression in tumors could be used for a
preliminary stratification of patients for an additional antiVEGF treatment but it needs further validation in larger cohorts. The present response rates coincide with the recently
published meta-analysis, but, on the other hand, differ compared to some clinical trials [21–23, 26]. Schedule and dosing
of such combination therapies require substantial considerations. Further investigations to determine an optimized treatment schedule should be done. In the frame of such a study,
the mechanism of action could be analyzed and validated in
the tumor samples by different methods. In the future, investigations exploring the mechanism of erlotinib resistance
could be done within this molecularly selected PDX panel.
That should help to better understand preclinical data and
translate them to the clinic to increase efficacy. In that way,
high drug costs and redundant patient treatments could be
avoided.
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5 Conclusions
PDX are preclinical models that should be used to find rational
optimization strategies for the treatment of cancer patients. It
could be shown that a dual blockage of EGFR and VEGFA
was more effective than a monotherapy for the treatment of
unselected NSCLC.
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