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Abstract 

Recombinant human erythropoietin (rhuEpo) is currently under debate for the treatment of chemo-
therapy-induced anemia due to clinical trials showing adverse effects in Epo-treated patients and the 
discovery of the erythropoietin-receptor (EpoR) in tumor and endothelial cells. Here, using Epo-Cy5.5 
as theranostic near-infrared fluorescent probe we analyzed the effects of rhuEpo as co-medication to 
carboplatin in non-small-cell-lung-cancer (NSCLC)-xenografts with different tumor cell 
EpoR-expression (H838 ~8-fold higher than A549). Nude mice bearing subcutaneous A549 and H838 
NSCLC-xenografts received either only carboplatin or carboplatin and co-medication of rhuEpo in two 
different doses. Tumor sizes and relative blood volumes (rBV) were longitudinally measured by 
3D-contrast-enhanced ultrasound (3D-US). Tumoral EpoR-levels were determined by combined flu-
orescence molecular tomography (FMT)/ micro computed tomography (µCT) hybrid imaging. We 
found that rhuEpo predominantly acted on the tumor endothelium. In both xenografts, rhuEpo 
co-medication significantly increased vessel densities, diameters and the amount of perfused vessels. 
Accordingly, rhuEpo induced EpoR-phoshorylation and stimulated proliferation of endothelial cells. 
However, compared with solely carboplatin-treated tumors, tumor growth was significantly slower in 
the groups co-medicated with rhuEpo. This is explained by the Epo-mediated vascular remodeling 
leading to improved drug delivery as obvious by a more than 2-fold higher carboplatin accumulation and 
significantly enhanced tumor apoptosis. In addition, co-medication of rhuEpo reduced tumor hypoxia 
and diminished intratumoral EpoR-levels which continuously increased during carboplatin (Cp) 
-treatment. These findings suggest that co-medication of rhuEpo in well balanced doses can be used to 
improve the accumulation of anticancer drugs. Doses and indications may be personalized and refined 
using theranostic EpoR-probes. 

Key words: Angiogenesis, Lung cancer, Chemotherapy, Non-Invasive Imaging, Theranostic Agent, Flu-
orescence Molecular Tomography 

Introduction 
Lung cancer is the worldwide leading cause of 

cancer related deaths [1], the predominant histologic 
subtype being non-small-cell-lung-cancer (NSCLC) 

[2,3]. Despite improvements in therapy e.g. combina-
tion chemotherapy and VEGF or EGFR-targeting ap-
proaches, NSCLCs are still associated with a poor 
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clinical prognosis [1,4]. Platinum-based combination 
chemotherapy, recommended as first line treatment in 
NSCLC [5,6], damages the hematopoietic cells in the 
bone marrow and is additionally nephrotoxic, thus 
affecting the Epo-producing cells in the renal cortex 
[7-9]. In consequence, a high number of patients 
treated with platinum-derivatives suffer from chem-
otherapy-induced anemia (CIA) which is associated 
with a decreased quality of life and an enhanced risk 
of hypoxia-induced treatment resistance [10]. Alter-
natively to blood transfusions, severe CIA is treated in 
the clinics with erythropoiesis stimulating agents 
(ESAs) such as recombinant human Epo (rhuEpo) 
[10].  

The use of ESAs is currently under controversial 
debate since several clinical trials and meta-analyses, 
including studies on NSCLCs, reported a negative 
clinical outcome with ESA-treatment, e.g. a lower 
survival rate for these patients [11-15]. The additional 
discovery of EpoR-transcripts and EpoR-protein on 
tumor and endothelial cells [16] has further intensi-
fied the debate, as Epo-treatment of tumors with 
functional EpoR and EpoR-mediated signaling might 
promote cancer growth by either supporting tumor 
cell survival/ proliferation or by stimulating the en-
dothelium and thus promoting angiogenesis. Preclin-
ical studies revealed controversial results [17], show-
ing on the one hand that Epo had no effect on tumor 
growth [18] and in line with this, no functional EpoR 
could be detected on tumor cells [19-21]. On the other 
hand, tumor growth-promoting effects [22] and even 
enhanced metastasis [23] were observed in response 
to Epo-treatment which could in some studies be at-
tributed to stimulation of angiogenesis [24,25]. 

 In order to investigate the effects of Epo longi-
tudinally in vivo, we have recently developed a near 
infrared (NIR)-labeled theranostic EpoR-probe 
(Epo-Cy5.5). This probe is therapeutically fully bioac-
tive [26] and could sensitively assess the EpoR-levels 
of A549 and H838 NSCLC-xenografts in vivo that dif-
fer in tumor cell EpoR-expression [26]. Binding of the 
EpoR-probe was also observed at the tumor endothe-
lium, suggesting that Epo might have an effect on 
endothelial cells in the NSCLC-xenografts. In the 
present study, the theranostic EpoR-probe was used 
to longitudinally analyze the effects of Epo on 
EpoR-expression in these NSCLC-xenografts during 
carboplatin-treatment. In parallel, we investigated the 
effects of Epo on chemotherapy accumulation and 
therapy outcome.  

Materials and Methods 
Cell lines and cell culture  

The NSCLC cell lines A549 and H838 (both 

ATCC) were cultivated in Dulbecco’s Modified Ea-
gle’s Medium (DMEM), 1% penicillin–streptomycin, 
and 10% fetal calf serum (all Invitrogen). Human 
umbilical vein endothelial cells (HUVEC, c-pooled, 
PromoCell) were cultured in VascuLife VEGF Cell 
Culture Medium (Lifeline Cell Technology). Both cell 
lines express the EpoR, but the expression level of 
A549 is approximately 8 times lower than of H838 
[26].  

Effect of Epo on HUVEC proliferation in vitro  
HUVECs (4 x 104 cells / well) were seeded in 6 

well plates (Becton Dickinson). One day after seeding, 
the cells were treated daily with 300 ng/ml or 75 
ng/ml of rhuEpo-β (epoetin β, Roche) for four days. 
These doses correspond to the amount expected per 
ml blood in the mice in vivo. Untreated cells were used 
as controls. The cell medium was renewed all 24 h and 
the cell number was determined using a cell counter 
(Cedex XS, Innovatis). The analysis was done in trip-
licates for each condition.  

Quantitative immunoblotting  
HUVECs were seeded three days in advance and 

washed three times with DMEM without additives 
and then starved for 3 hours in DMEM with 1% peni-
cillin/streptomycin, 2 mM L-glutamine (Gibco) and 1 
mg/mL BSA. The cells were stimulated for 10 min 
with 150 ng/ml rhuEpo-β, washed with ice-cold PBS 
and directly lysed with 1.25 x NP-40 lysis buffer 
(1.25% NP-40, 187.5 mM NaCl, 25 mM Tris pH 7.4, 
12.5 mM NaF, 1.25 mM EDTA pH 8.0, 1.25 mM ZnCl2 
pH 4.0, 1.25 mM MgCl2, 1.25 mM Na3VO4, 12.5% 
glycerol) supplemented with aprotinin and AEBSF 
(Sigma). After removal of the cell debris, the lysate 
was used for determination of protein concentration 
(Pre-diluted Protein Assay Standards (BSA), Thermo 
Scientific; BCA Protein Assay Reagent A&B, Pierse®). 
Immunoprecipitations were performed with anti-
bodies against EpoR (R&D, MAB 307) using protein A 
sepharose beads. Immunoprecipitates were eluted the 
following day by boiling in 2 x sample buffer for 3 
min at 95°C, separated by 10% SDS-PAGE and trans-
ferred to a nitrocellulose membrane (Schleicher & 
Schuell). Proteins were immobilized with Ponceau S 
solution, blocked with 5 % BSA. The membranes were 
incubated with mouse antibodies to phosphotyrosine 
(pTyr) (Upstate, clone 4G10) and horseradish peroxi-
dase-coupled anti-mouse antibodies (Dianova) con-
taining 5 % BSA. To remove antibodies, membranes 
were treated with β-mercaptoethanol and SDS [27] 
and subsequently incubated with rabbit antibodies to 
EpoR (Santa Cruz, C-20) and horseradish peroxi-
dase-coupled anti-rabbit antibodies (Dianova). Detec-
tion was performed using ECL substrate (GE 
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Healthcare) and acquired with the CCD camera-based 
ImageQuant LAS 4000 (GE Healthcare). For quantifi-
cation, the ImageQuant TL version 7.0 software (GE 
Healthcare) was used. 

Effect of Epo on EpoR-expression of HUVECs 
under normoxic and hypoxic conditions  

HUVECs were seeded in a number of 5 x 105 per 
flask (T75, Greiner Bio-One GmbH). After 24h, the 
cells were washed with 4-(2-hydroxyethyl)-1- 
piperazineethanesulfonic acid (HEPES) buffer [28], 
and treated for 48h with 300 ng/ml of rhuEpo-β un-
der normoxic (95% air, 5% CO2) and hypoxic (2% O2, 
5% CO2) conditions. Untreated cells in both culture 
conditions were used as controls (n = 3 per culture 
and treatment condition). Thereafter, the cells were 
washed in cold phosphate buffered saline (PBS) and 
removed from the flask by scraping. Cell pellets were 
frozen at -80°C.  

Expression of EpoR mRNA in HUVECs was an-
alyzed by quantitative real time PCR (RT-qPCR) as 
described earlier [26]. In short, total RNA from 3 x 106 
HUVECs was isolated using the RNeasy Mini Plus Kit 
(Qiagen) according to the manufacturer’s instructions. 
For quantitative RT-PCR, cDNA was generated with 
the High Capacity cDNA Reverse Transcription Kit 
(Applied Biosystems) and analyzed using the Light-
Cycler 480 with the Universal ProbeLibrary platform 
(UPL, Roche Applied Science). Crossing point values 
were calculated using the Second Derivative Maxi-
mum method of the LightCycler 480 Basic Software 
(Roche Applied Science). PCR efficiency was assumed 
to be 100 %. Fold-changed EpoR-expression levels 
relative to untreated HUVECs at normoxia were cal-
culated. UPL probes and primer sequences were: 
EpoR_for 5’-ttggaggacttggtgtgtttc-3’, EpoR_rev 
5’-agcttccatggctcatcct-3’, Probe#69.  

Animal study design and therapy  
All experiments were approved by the govern-

mental review committee on animal care. 
NSCLC-xenografts were induced by s.c. injection of 
either 5 × 106 H838 cells in 100 µl Matrigel (Phenol 
free, Growth Factor Reduced, BD Biosciences) or 4 x 
106 A549 cells in 100 µl DMEM into the right flank of 
immunodeficient female CD-1 nude mice (Charles 
River).  

A total number of 15 mice per NSCLC-model 
were included into the therapy study. At a tumor size 
of ~ 50 mm3, the mice were randomly divided into 
three treatment groups, including five animals each. 
All animals were treated once weekly i.p. with 60 
mg/kg body weight carboplatin (Actavis) for three 
weeks, corresponding to a dose and treatment scheme 
that showed good efficacy [29]. Carboplatin was cho-

sen as chemotherapeutic drug due to lower digestive, 
neuro- and nephrotoxicity compared to cisplatin [6]. 
Two animal groups were additionally treated with 
two different doses of rhuEpo-β, 5 µg/ kg body 
weight or 20 µg/ kg body weight, respectively. These 
correspond to dosages of 75 and 300 ng/ml in a 30 g 
mouse with a mean blood volume of 2 ml. Epo was 
applied trice per week for a period of three weeks and 
injected s.c. because of its short blood half-life [30]. 
Dosing and treatment schedule are equivalent to 
common treatment guidelines for humans [31]. Epo 
was not administered alone since in cancer patients, 
Epo is mainly applied for counterbalancing the 
side-effects of cytotoxic therapy. Additionally, the 
sole application of Epo increases the hemoglobin and 
hematocrit levels, thus increasing the risk of throm-
boembolisms and changing the physiology of the 
animals which hampers the comparability of the 
treatment groups. The Hb levels of the mice were 
controlled once weekly during Epo- and car-
boplatin-treatment by blood withdrawal (maximally 
10 µl). Animals were sacrificed at day 21 of therapy. 
To assess the therapeutic efficacy of the used car-
boplatin dose, tumor sizes of carboplatin-treated and 
untreated mice were compared (n=5 per group).  

Imaging Protocols 

Ultrasound measurements  
For both NSCLC-models, the longitudinal (week 

1, 2 and 3) ultrasound scans were performed on 
anesthetized NSCLC-model mice (isoflurane, 2% v/v, 
AbbVie) at a small animal high frequency ultrasound 
system (Vevo2100; VisualSonics) equipped with a 
MS-250 transducer using the linear contrast mode 
(B-mode) [32]. For determining the tumor size and the 
relative blood volume, 3D contrast-enhanced ultra-
sound was performed as described previously [33]. In 
brief, before contrast agent injection, a first 3D scan 
was done to assess the tumor volume and to record 
the baseline values before contrast agent injection. For 
scanning, the ultrasound transducer was moved 
computer-operated across the tumor, acquiring a 3D 
data set. Thereafter, hard-shelled, gas filled 
poly-n-butylcyanoacrylate (PBCA) microbubbles [34] 
(5 x 106 per injection in 50 µl PBS) were injected via the 
tail vein, and a second 3D ultrasound scan was per-
formed. The relative blood volume was determined 
by subtracting the voxel intensities of the baseline 
from the second 3D ultrasound scan as described [33] 
using the Imalytics Preclinical software (Philips). Due 
to the high inter-individual tumor heterogeneity, the 
tumor sizes and relative blood volumes measured 
during the therapy were normalized to the initial 
values before treatment start.  
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Fluorescence molecular tomography (FMT) and micro 
computed tomography (µCT) 

The longitudinal (week 1, 2 and 3) quantitative 
determination of the EpoR-levels in the two 
NSCLC-models in vivo was done as described previ-
ously using the near infrared florescent (NIRF) 
theranostic probe Epo-Cy5.5 and an FMT-scanner 
which reconstructs the fluorescence based on diffuse 
trans-illumination and emission measurements using 
a CCD-camera (FMT2500 LX, PerkinElmer). 
Epo-Cy5.5 is fully bioactive as shown by induction of 
a similar increase in proliferation of bone marrow 
cells as rhuEpo [26]. 24 h before scanning, Epo-Cy5.5 
was injected intravenously via a tail vein catheter (1 
ng, diluted in 0.9 % NaCl, 100 µl injection volume). 
For scanning, the mice were anesthetized using 
isoflurane (2% v/v). In order to precisely localize the 
organs, a µCT scan was performed directly before the 
FMT measurement at a dual energy µCT system 
(Tomoscope Duo, CT-Imaging GmbH, Germany) as 
described [26]. The mice were kept anesthetized and 
held in a fixed position in a multimodal animal bed 
for the duration of both µCT and FMT scans. Quanti-
tative 3D FMT-and 3D µCT-data were co-registered. 
The organs were segmented based on the anatomical 
µCT-data and the Epo-Cy5.5 concentrations were de-
termined using the Imalytics Preclinical software [35]. 

Since Epo-Cy5.5 is completely cleared from the 
body after 5 days [26], no background levels occured 
in the repetitive measurements (week 1, 2, 3) with 
intervals of six days between each injection.  

Indirect immunofluorescence  
For both NSCLC-models, tumors were resected 

after sacrifice of the mice at the day 21 of therapy, 
frozen in liquid nitrogen vapor and cut in 7-10 μm 
slices. Fixation of the frozen sections and the staining 
procedure were performed as described [36]. Vessel 
density, vessel maturation, angiogenesis and tumor 
hypoxia were assessed using primary antibodies 
against CD31 (rat anti-mouse, BD Biosciences), 
α-smooth muscle actin (biotinylated anti α-SMA, 
Progen) and hypoxia-inducible factor (HIF) -1α (rab-
bit anti-human and anti-mouse, Novus Biologicals) as 
well as corresponding secondary antibodies (donkey 
anti-rat-FITC, streptavidin-Cy-3, and donkey an-
ti-rabbit-Cy-3, all Dianova). Cell nuclei were counter-
stained by 4′, 6-diamidino-2-phenylindole (DAPI; 
Invitrogen). Apoptosis was detected using the 'In Situ 
Cell Death Detection Kit, TMR red' (Roche Diagnos-
tics GmbH, Mannheim, Germany). Stained sections 
were examined and photographed at a fluorescence 
microscope equipped with appropriate detection fil-
ters (Axio Imager M2, Carl Zeiss, MicroImaging 
GmbH) and a digital camera (AxioCam MRm Rev.3, 

Carl Zeiss, MicroImaging GmbH). Each tumor was 
photographed by taking consecutive adjacent images 
in 50 x magnification in order to cover the whole tu-
mor area. All images were fused to illustrate the 
whole tumor section. Quantification was done using 
the AxioVision Rel 4.8 software (Carl Zeiss, Mi-
croImaging GmbH) for determining tumor vascular-
ization (CD31+ area fraction), vessel maturation 
(α-SMA+ vessel/ total vessel number), hypoxia 
(HIF-1α+ area fraction) and apoptosis (TUNEL+ area 
fraction). Vessel sizes were determined by measuring 
the filled area of each vessel.  

Determination of the tumor platinum concentration 
(ICP-MS) 

Platinum concentrations in the tumors were 
measured by inductively coupled plasma mass spec-
trometry (ICP-MS) as described [37]. In brief, the tu-
mor tissue was completely digested in a closed vessel 
microwave reaction system (MLS ethos plus, 
MPV-100/HAT) after addition of 1.5 ml nitric acid 
(65%) to 1.5 ml hydrogen peroxide and 1 mL of rho-
dium as internal standard). The amount of platinum 
was determined using a high-resolution sector field 
inductively coupled plasma mass spectrometer 
[ICP-MS (Elan-DRCII, PerkineElmer)] equipped with 
an injector (2.0 mm i.d. Quartz, Part No.: WE02-3916). 
A quartz cyclonic spray chamber (Part No.: 
WE02-52222) equipped with a Meinhard Type A 
quartz nebulizer was used for sample introduction. 
Data were acquired at medium resolution using rho-
dium as an internal standard. The platinum content 
was expressed in micrograms per kg tumor tissue. 

Statistics 
A one -way ANOVA combined with a Bonfer-

roni post-test was applied using GraphPadPrism 5.0 
(Graph-Pad) in order to assess differences between 
the groups. p < 0.05 was considered as statistically 
significant (*), p < 0.01 was considered as highly sig-
nificant (**). 

Results  
Co-medication of Epo during car-
boplatin-treatment inhibits the growth but 
increases the vascularization in 
NSCLC-xenografts  

The effects of Epo co-medication were analyzed 
in two NSCLC-xenograft models that markedly differ 
in tumor cell EpoR-expression, H838 showing ap-
proximately 8 fold higher levels than A549 [26]. Both 
NSCLC-models responded to chemotherapy with 
carboplatin leading to tumor size reductions to 65% in 
A549 and to 73% in H838 and to an increase in apop-
tosis to 209% and 217%, respectively after three weeks 
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of treatment as compared with untreated tumors 
(Supplementary Figure 1). In order to investigate the 
effects of Epo co-medication on growth and vascu-
larization of these NSCLCs, one animal group was 
treated solely with carboplatin, and two animal 
groups additionally received different doses of 
rhuEpo-β (5 µg/ kg or 20 µg/ kg, respectively). Epo 
was not administered alone in order to avoid throm-
boembolisms in the animals during repetitive admin-
istration over three weeks.  

For both NSCLC-models, Epo had a normalizing 
effect on the Hb-levels of the carboplatin-treated mice. 
While the levels decreased from week two to three in 
mice that received only carboplatin, the decrease was 
lower in mice co-treated with 5 µg/ kg of Epo and 
physiological Hb-levels were measured in the groups 
co-treated with 20 µg/ kg of Epo at week three of 
therapy (Supplementary Figure 2).  

The tumor volumes were determined longitu-
dinally by 3D ultrasound. In both NSCLC-models 
irrespective of the tumor cell EpoR-expression, tumor 
growth was inhibited in animals co-treated with Epo 
while an increase was observed in the groups that 
received only carboplatin (Fig. 1 A). Differences in 

mean size between Epo co-medicated and only car-
boplatin-treated tumors were significant at all 
timepoints for A549 and H838 tumors (*p < 0.05, **p < 
0.01). Both Epo-doses (5 and 20 µg/ kg, respectively) 
exerted similar effects. 

In contrast to the reduced tumor growth, 3D 
contrast-enhanced ultrasound revealed that in both 
NSCLC-models, the relative blood volume (rBV), 
representing the perfused vasculature, was increased 
in tumors receiving Epo co-medication in comparison 
with solely carboplatin-treated groups. Again, the 
trend was similar for both Epo-concentrations (Fig. 1 
B, C). Differences in mean rBV between Epo- and only 
carboplatin-treated tumors were significant at week 
three of therapy in both NSCLC-models (*p < 0.05). 

Immunofluorescent staining of tumor sections at 
day 21 and quantification confirmed the significantly 
higher vessel density and mean vessel size in tumors 
of Epo co-medicated compared with only car-
boplatin-treated animals (Fig. 2, *p < 0.05, **p < 0.01). 
In addition, vessel maturation was significantly lower 
in A549 and H838 tumors co-treated with the higher 
Epo dose (Fig. 3 A and B, n = 5, *p < 0.05). These 
findings suggested vessel-remodeling effects of Epo. 

 
 

 
Figure 1. Epo co-medication reduces tumor growth but increases the relative blood volume in carboplatin-treated NSCLC-xenografts. A: The tumor volumes, as 
measured by 3D ultrasound, were significantly lower in Epo co-medicated (Cp + Epo 5 and Cp + Epo 20) A549 (left) and H838 (right) compared with only car-
boplatin-treated (Cp) tumors starting from week one of therapy (*p < 0.05, **p < 0.001, n = 5 per group). B: In contrast, the relative blood volume (rBV), as 
determined by 3D contrast-enhanced ultrasound, was higher in Epo co-medicated A549 (left) and H838 (right) compared with the only carboplatin-treated tumors 
(*p < 0.05, n = 5 per group). C: Representative maximum intensity over time (MIOT) projections show higher ultrasound contrast in Epo co-medicated A549 (left) 
and H838 (right) tumors compared with only carboplatin-treated tumors, demonstrating an increased amount of perfused tumor vessels. Cp: carboplatin, Epo 5: 
rhuEpo 5 µg/kg, Epo 20: rhuEpo 20 µg/kg. 
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Figure 2. Epo co-medication leads to higher vessel density and size. Representative immunostainings for endothelial cells (CD31, green) and cell nuclei (DAPI, blue) 
of A549 and H838 tumor sections at day 21 (A) and quantification of the CD31+ area fraction (B) demonstrates the significantly higher vessel density in Epo 
co-medicated (Cp + Epo 5 and Cp + Epo 20) A549 and H838 compared with the only carboplatin-treated (Cp) tumors (n = 5 per group, *p < 0.05, **p < 0.001, scale 
bars: 1000 µm). C: Quantification of the mean area of a vessel in A549 (left) and H838 (right) demonstrates a significantly increased vessel size in additionally 
Epo-treated tumors (n = 5 per group, *p < 0.05, **p < 0.001). Cp: carboplatin, Epo 5: rhuEpo 5 µg/kg, Epo 20: rhuEpo 20 µg/kg. 
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Figure 3. Epo reduces vessel maturation. A: Representative immunostainings for α-SMA (red), endothelial cells (CD31, green) and cell nuclei (DAPI, blue) are shown 
for A549 and H838 (mature vessels indicated by arrows, scale bars: 200 µm). B: Quantification of vessel maturation shows significantly lower percentages of 
α-SMA-positive, mature tumor vessels in the groups co-medicated with 20 µg/kg Epo (Cp + Epo 20) in A549 and H838 compared to the only carboplatin-treated (Cp) 
tumors (*p < 0.05, n = 5). Cp: carboplatin, Epo 5: rhuEpo 5 µg/kg, Epo 20: rhuEpo 20 µg/kg, N: necrosis. 

 
In order to analyze whether Epo exerts direct 

effects on endothelial cells, HUVECs were stimulated 
in vitro with Epo-doses corresponding to the amount 
expected per ml blood in vivo. When assuming a 30 g 
mouse with a mean blood volume of 2 ml, 5 µg/kg 
and 20 µg/kg of Epo correspond to 70 ng/ml and 300 
ng/ml, respectively. At day three and four of 
Epo-stimulation, significantly higher cell numbers 
were measured for both Epo-concentrations, demon-
strating that Epo directly enhances endothelial cell 
proliferation (Fig. 4 A, *p < 0.05, **p < 0.01). Analysis 
of EpoR mRNA-expression demonstrated that the 
transcript levels in HUVECs were 1.7-fold higher than 
in A549 but 4.3-fold lower than in H838 (Fig. 4 B). At 
the protein level, a 2.8 fold increased amount of 
phosphorylated EpoR was detected in upon 
Epo-stimulation indicating Epo-mediated signaling 
(Fig. 4 C). 

Epo enhances the accumulation of carboplatin 
in the NSCLCs leading to increased apoptosis  

One possible explanation for the significantly 
reduced tumor growth observed in the combined 
carboplatin- and Epo-treated tumors is an improved 
delivery and thus stronger accumulation of the 
chemotherapeutic drug due to the increased vascu-
larization and perfusion. In order to test this hypoth-
esis, the platinum concentration was measured in 
A549 and H838 tumors of day 21 by inductively cou-
pled plasma mass spectrometry (ICP-MS). Indeed, 
significantly higher platinum concentrations (1.5-fold 
increase for A549 and 2.2-fold increase for H838) were 
found in Epo co-treated compared with only car-
boplatin-treated tumors (Fig. 5 A, A549: rhuEpo-β: 
1161.25 µg/ kg ± 118.34; only carboplatin: 803.00 µg/ 
kg ± 210.08, *p < 0.05; H838: rhuEpo-β: 1471.75 µg/ kg 
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± 749.87; only carboplatin: 673.25 µg/ kg ± 274.81, 
*p < 0.05). 

Next, we analyzed whether the higher car-
boplatin accumulation had an effect on apoptosis in 
the tumor tissue. For both NSCLC-models, 
TUNEL-staining and quantification of tumor sections 
at day 21 revealed significantly higher apoptotic rates 
in the groups that had additionally received Epo as 
compared with solely carboplatin-treated groups 
(Fig.5, representative stainings of whole tumor sec-
tions shown in B, quantification in C, *p < 0.05, **p < 
0.01). The lower TUNEL-positive area in the A549 
tumors treated with 20 µg/kg of Epo can be explained 
by a massive tumor cell loss which was validated by 
quantification of the DAPI+ area (Supplementary 
Figure 3). The apoptotic rate of untreated tumors in 
comparison was 48% (for A549) and 46% (for H838) 
lower than the solely carboplatin-treated groups 
(Supplementary Figure 1 C).  

The EpoR-levels in the NSCLC-xenografts 
change during therapy  

In order to analyze whether Epo co-medication 
had an effect on EpoR-expression, the EpoR-levels 
were measured longitudinally by µCT/FMT hybrid 
imaging using the NIR-labeled EpoR-probe 
Epo-Cy5.5 [26]. In both NSCLC-models, the 

Epo-Cy5.5 levels continuously increased during sole 
carboplatin-treatment, pointing to an up-regulation of 
EpoR in the tumor tissue (Fig. 6 C, Supplementary 
Fig. 4). However, in the H838 model, Epo-Cy5.5 ac-
cumulation was markedly lower in tumors 
co-medicated with Epo, reaching significant differ-
ences to solely carboplatin-treated tumors in week 
three of therapy (Fig. 6 A - C, *p < 0.05). A marginal 
decrease in EpoR-expression was also observed in the 
Epo co-medicated A549 tumors (Fig. 6 C, Supple-
mentary Fig. 4). Since the tumor vascularization was 
significantly higher in the Epo co-medicated groups, 
which could have facilitated passive probe accumula-
tion, the reduced Epo-Cy5.5 levels cannot be ex-
plained by a pharmacological effect but rather by 
down-regulation of EpoR. 

Since EpoR-expression is up-regulated by hy-
poxia in tumor cells [38] and HUVECs (Supplemen-
tary Fig. 5), the hypoxic state was analyzed in A549 
and H838 tumors of day 21 by HIF-1α staining (Fig. 6 
D). The degree of hypoxia was lower in car-
boplatin-treated A549 than H838 tumors (A549: 1.27 
% ± 0.2; H838: 3.96 % ± 1.15). However, in both 
NSCLC-models, Epo co-medication resulted in sig-
nificantly lower hypoxia compared with solely car-
boplatin-treated tumors (Fig. 6 E, *p < 0.05).  

 

 
Figure 4. Epo stimulates endothelial cell proliferation and EpoR-expression in vitro. A: Stimulation of HUVECs with Epo in vitro significantly increased the cell 
numbers starting at day three compared with non-stimulated controls (n = 3 per condition, *p < 0.05, **p < 0.001). B: Comparison of EpoR mRNA expression in 
HUVECs with A549 and H838 reveals higher transcript levels than in A549 (0.6 fold) and lower levels compared with H838 (4.3 fold). C: Phosphorylated EpoR was 
detected on HUVECs by immunoblotting. Significant pEpoR up-regulation was measured in HUVECs after stimulation with rhuEpo-β (300 ng/ml) (+) in comparison 
to untreated control cells (-) (n = 3, *p < 0.05). 
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Figure 5. Epo co-medication improves the accumu-
lation of carboplatin in the tumors leading to en-
hanced apoptosis. A: Significantly higher platinum 
concentrations were measured in the Epo 
co-medicated (Cp + Epo) A549 (left) and H838 (right) 
tumors of day 21 by ICP-MS compared to the only 
carboplatin-treated (Cp) groups (controls: n = 5, 
rhuEpo-β: n = 10; *p < 0.05). B: Representative 
stainings (TUNEL in red, cell nuclei in blue) of whole 
tumor sections showing a lower degree of apoptosis 
in the only carboplatin-treated (Cp) compared with 
additionally Epo-treated tumors (Cp + Epo 5, Cp + 
Epo 20, scale bars: 1000 µm). C: Quantification of the 
TUNEL-+ area fraction demonstrates an enhanced 
apoptosis in additionally Epo-treated A549 (left) and 
H838 (right) tumors at day 21 (n = 5 per group, *p < 
0.05, **p < 0.001). Cp: carboplatin, Epo 5: rhuEpo 5 
µg/kg, Epo 20: rhuEpo 20 µg/kg. 
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Figure 6. Epo co-medication has differential effects on EpoR-expression but reduces tumor hypoxia. The EpoR-status in the tumors was longitudinally assessed by 
µCT/FMT hybrid imaging using Epo-Cy5.5. A: µCT/FMT fusion image demonstrating higher Epo-Cy5.5 accumulation in only carboplatin-treated (Cp) H838 (left panel) 
versus tumors additionally treated with 20 µg/kg of Epo (Cp + Epo 20, right panel) after three weeks of treatment. Note the different signal intensities in the tumors 
(lined in red), whereas they are comparable in the bone marrow of pelvis and tibia (arrowheads). B: 3D rendering of reconstructed µCT/FMT-data of the abdominal 
part of a H838 tumor-bearing mouse at day 21. Specific accumulation of Epo-Cy5.5 (blue) is visible in the EpoR-positive organs, the bone marrow of pelvis, spinal cord 
and hind legs (white), the tumor (green) and the kidneys (yellow). C: Epo-Cy5.5 levels show a similar increase in carboplatin- and additionally Epo-treated A549 
tumors (upper graph), whereas in H838, significantly lower levels are recorded for combinatorial Epo-treated compared with only carboplatin-treated tumors in the 
third week of therapy (lower graph) (n = 5, *p < 0.05). D: Immunostainings for HIF-1α (red), endothelial cells (CD31, green) and cell nuclei (DAPI, blue) of rep-
resentative A549 tumor sections at day 21. Note the reduced hypoxia in the additionally Epo-treated groups (scale bars: 200 µm). E: Quantification of HIF-1α staining 
reveals a significantly lower hypoxia in additionally Epo-treated A549 and H838 tumors at day 21 (n = 5, *p < 0.05). Cp: carboplatin, Epo 5: rhuEpo 5 µg/kg, Epo 20: 
rhuEpo 20 µg/kg. 
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Discussion  
Due to clinical studies with worse outcome in 

several cancer patient groups treated with Epo and 
the putative discovery of the EpoR in tumor and en-
dothelial cells, erythropoiesis stimulating agents 
(ESAs) like rhuEpo-β have become subject to intense 
debates with respect to their use in the treatment of 
CIA. Pre-clinical studies that were undertaken to elu-
cidate the role of Epo revealed controversial results 
with regard to tumor growth [22,24]. Since EpoR ex-
pression in tumors is currently discussed to play a 
crucial role in the effects of Epo in tumor growth and 
progression, we have recently developed a theranostic 
NIRF-probe (EpoCy5.5) that could highly sensitively 
differentiate EpoR-expression in two 
NSCLC-xenograft models in vivo and that maintained 
its therapeutic activity [26]. Using this probe we here 
longitudinally investigated the effects of rhuEpo-β on 
tumor growth during three weeks of car-
boplatin-treatment in two NSCLC-xenografts with 
different EpoR-levels of the tumor cells, A549 with 
very low and H838 with approximately 8 fold higher 
expression [26]. In both NSCLC-models, tumor 
growth was significantly reduced in the groups 
co-medicated with Epo (5 and 20 µg/kg). However, 
Epo exerted stimulatory effects on the tumor endo-
thelium, leading to a significant increase in relative 
blood volume, vessel density and size, as well as 
lower vessel maturation. In line with the in vi-
vo-results, Epo stimulated the proliferation of HU-
VECs with functional EpoR. This strongly suggests 
that Epo promotes vessel remodeling by enhancing 
endothelial cell proliferation and angiogenesis. Our 
findings are in accordance with results of other 
groups that describe increased endothelial cell prolif-
eration, survival and angiogenesis in response to 
Epo-application [39,40]. In different pre-clinical stud-
ies, even enhanced tumor growth and progression 
were observed upon Epo administration [24,25]. 
However, in these studies Epo was applied as sole 
therapeutic agent [22,24,25]. Here it may directly lead 
to tumor progression by stimulating endothelial and 
tumor cells. In contrast to these findings, we observed 
a significantly reduced tumor growth in the 
Epo-treated groups which can be explained by the 
combined administration of Epo and the chemother-
apeutic drug carboplatin. In co-medication with car-
boplatin, the Epo-mediated vascular remodeling 
leading to enhanced vascularization and perfusion 
improved the delivery and treatment efficacy of car-
boplatin in the xenografts as obvious by the higher 
intratumoral platinum concentrations measured by 
ICP-MS and the enhanced apoptosis. Similar obser-
vations of reduced tumor growth due to increased 

drug accumulation were obtained in squamous cell 
and colon carcinoma xenografts co-treated with 
5-Fluoruracil and Epo [41]. Compared to angiogenic 
factors like VEGF-A that induce the formation of tor-
tuous, leaky, highly permeable and instable vessels, 
which are only partially perfused and tend to collapse 
[42,43], Epo co-medication resulted in enhanced ves-
sel perfusion and function in the NSCLC-xenografts, 
as obvious by the significantly increased rBV meas-
ured by ultrasound and the increased vessel size. This 
suggests that in combination with chemotherapy, Epo 
can have beneficial effects on the therapeutic outcome 
by improving the vascularization and thus drug de-
livery [44]. This hypothesis is supported by a recent 
clinical study on esophagogastric cancer patients, 
demonstrating that additional Epo-administration 
increased chemotherapeutic efficacy, resulting in a 
clear trend to improved survival [45]. By improving 
the tumor vascularization, Epo co-medication may 
not only increase the accumulation of low molecular 
weight anticancer agents but is suggested to also en-
hance the delivery of larger drug-loaded carrier sys-
tems such as liposomes, polymers, micelles or nano-
particles including theranostic nanomedicine formu-
lations [46,47]. However, tumor accumulation of na-
noparticles depends on both, the size of the nanopar-
ticles and the enhanced permeability and retention 
(EPR) -effect of the tumor. The latter is strongly in-
fluenced by the vessel density, the vascular leakiness, 
the distribution space, and the composition of the 
extracellular matrix. In this context, the Epo-mediated 
decrease in vessel maturation that we observed in our 
NSCLC-models is suggested to enhance vessel per-
meability. Thus, in particular for long circulating na-
nomedicine formulations the enhancement of EPR 
induced by Epo may lead to an improved tumor ac-
cumulation. On the other hand, the effect of Epo on 
the tumor vasculature might vary dependent on the 
degree of angiogenesis and vessel maturity. Thus, 
subsequent studies including various nanomedicine 
formulations and tumor models with different ag-
gressiveness and angiogenesis are planned in order to 
carefully evaluate the effect of Epo co-medication on 
tumor vascularization, drug delivery and therapeutic 
outcome. 

The significantly increased tumor apoptosis that 
we observed in the Epo co-medication groups is in 
clear contrast to its described cyto-protective effects 
against chemotherapeutic drugs. rhuEpo-α in con-
centrations of 30 U/ ml corresponding approximately 
to 150 ng/ ml enhanced the survival of glioblastoma 
cells in response to cisplatin-treatment in vitro [48]. 
The observation that Epo did not exert tumor cell 
protective effects in our in vivo study but rather had 
stimulatory effects on the tumor endothelium can be 
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explained by the different accessibilities of the 
EpoR-positive compartments to the hormone and 
thus varying local doses. Whereas the tumor endo-
thelium is directly accessible to Epo circulating in the 
bloodstream, the hormone has to extravasate and 
penetrate the interstitium in order to reach the tumor 
cells, resulting in a considerably lower exposure. 
Based on the FMT-measurements with the fully bio-
active NIRF-probe Epo-Cy5.5, we approximate an 
accumulation rate of 0.03% of the injected dose in the 
xenografts, thus the Epo-concentrations in the tumor 
cell compartment are estimated to be substantially 
below the described cyto-protective doses. Therefore, 
we assume that while the Epo-doses attaining the 
vessel compartment in the tumor were sufficient to 
stimulate the tumor endothelium due to the better 
accessibility, the amount of Epo that had reached the 
tumor cell compartment was too low to counterbal-
ance the cytotoxic effects of carboplatin. This suggests 
that there is an optimal Epo-dose for improving drug 
delivery by vascular remodeling without promoting 
tumor cell survival, which strongly motivates the ap-
plication of a companion diagnostic or theranostic 
EpoR-probe.  

Using Epo-Cy5.5, we investigated the 
EpoR-status in the NSCLC-xenografts by µCT/FMT 
hybrid imaging [26]. In both tumor models, the 
EpoR-levels continuously increased with ongoing 
carboplatin-treatment. In view of the cyto-protective 
effects of Epo [48], the observed EpoR-upregulation 
can be explained by a rescue response in the tumor 
due to the cytotoxic effects of carboplatin and by in-
duction of hypoxia as demonstrated for HUVECs in 
vitro. Epo co-medication reduced EpoR-expression in 
the tumors which was predominantly evident in the 
H838-model with higher tumor cell EpoR-expression 
and stronger tumor hypoxia. The histological analysis 
confirmed that additional Epo treatment significantly 
decreased hypoxia in both NSCLC-models, most 
probably due to the improved vascularization leading 
to enhanced oxygen supply. We therefore conclude 
that the improved oxygenation induces 
down-regulation of the survival receptor EpoR, thus 
EpoR-down-regulation may be a marker for vascular 
priming towards improved drug delivery. Since the 
changes in EpoR expression can be monitored using 
EpoR-probes such as Epo-Cy5.5, these may be valua-
ble for personalizing Epo-medication in different tu-
mor types and making its administration safer. With 
regard to clinical translation, the utility of the optical 
EpoR-probe is limited due to restrictions in tissue 
penetration and sensitivity. Therefore, we have re-
cently developed 68Ga-DOTA-rhuEpo as sensitive 
EpoR PET probe that may be applicable in human 
studies as companion diagnostic agent [49].  

Furthermore, Epo may also support radiothera-
py by counteracting tumor hypoxia, since the sensi-
tivity of tumors towards radiation rapidly decreases 
when the partial oxygen pressure declines [50]. Ac-
cordingly, a recent study revealed that combination of 
Epo with radiation therapy of human squamous cell 
carcinoma xenografts resulted in significantly re-
duced tumor growth compared to untreated controls 
[51]. 

In summary, co-administration of Epo in well 
balanced doses led to significantly improved car-
boplatin accumulation by increasing tumor vascular-
ization and perfusion in two lung cancer xenografts. 
Thus, the administration of Epo may be a promising 
concept to modulate EPR and improve drug accu-
mulation in tumors. However, it is not yet clear to 
which extent our findings can be translated to other 
tumor models and therapies. In this context, diagnos-
tic or theranostic EpoR-probes are suggested to be 
valuable in order to identify responsive patient pop-
ulations and to define the optimal Epo-doses for 
vascular remodeling towards improved drug delivery 
and tumor oxygenation.  

Supplementary Material  
Supplementary Figure 1-5. 
http://www.thno.org/v05p0905s1.pdf 
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