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Abstract 

Sunitinib is an effective treatment for patients with metastatic Renal Cell Carcinoma (mRCC) but ultimately resistance occurs. The 
aim of this study was to investigate sunitinib resistance in RCCs and to develop therapeutic combination strategies with targeted 

radioimmunotherapy (RIT). 
We studied two RCC models, analyzed Vascular endothelial growth factor (VEGF) and its receptor (VEGFR) and AXL/MET 

expression and performed therapy studies in Balb/c nu/nu mice combining sunitinib and [ 177 Lu]Lu-cG250 RIT (6.5 MBq/10 μg), 
specifically targeting RCC cells. 
pAXL and pMET were expressed in sunitinib-resistant SK-RC-52 and absent in sunitinib-sensitive NU12. NGS evaluation showed 

that expression of VEGFA, VEGFB, VEGFD, PGF and VEGFR1,2,3 was higher and expression of VEGFC and PDGFA was lower 
in NU12 than in SK-RC-52. 
Therapy studies combining sunitinib with [ 177 Lu]Lu-cG250 RIT showed that the best response in mice with “resistant” SK-RC-52 

tumors was observed with two cycles of Sunitinib and 

[177 Lu]Lu-cG250 RIT, probably due to increased vascular permeability by 
sunitinib treatment. In the “sensitive” NU12 model, two cycles of [ 177 Lu]Lu-cG250 RIT and two cycles of combination treatment 
were equally effective. 
Enhanced therapeutic efficacy was achieved when two agents ([ 177 Lu]Lu-cG250 RIT and sunitinib) that on their own did not induce 
satisfactory response levels, are combined. Our findings provide a promising new therapeutic strategy for patients with advanced RCC. 
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Introduction 

The last two decades substantial progress has been made in understanding
the underlying molecular mechanisms of clear cell renal cell carcinoma
(ccRCC) leading to significant number of new treatment options for patients
with metastatic RCC (mRCC), comprising of Tyrosine kinase inhibitors
(TKI) and immune checkpoint (IC) inhibitors [1–3] . Implementation of TKI
in 2007 has improved objective response rates (ORR) and median progression
free survival (PFS) substantially [4 , 5] . 

Since RCC is considered a highly immunogenic tumor, IC-based
therapies were also developed either as monotherapy or in combination:
pembrolizumab/axitinib, nivolumab/cabozantinib, pembrolizumab/
Lenvatinib and nivolumab/ipilimumab are now approved as first line
treatment of patients with mRCC [6 , 7] . However, for patients who cannot
receive or do not tolerate IC inhibitors, monotherapy with sunitinib,
pazopanib and cabozantinib is still the preferred first-line treatment.
Moreover, after IC failure any TKI that has not been used in combination
with an IC is standard of care. Thus, TKI still play a major role in the clinical
management of mRCC patients. 

Previously we studied the effect of sunitinib treatment on antibody
targeting in two RCC models, SK-RC-52, a sunitinib-resistant model
and NU12, a sunitinib-sensitive model to investigate the possibility of
combination therapy [8] , for patients developing therapy-resistance to TKI.
Activation of alternative signaling pathways like AXL and MET plays an
important role in the development of resistance: it leads to angiogenesis,
tumor survival, invasion, and metastasis [9 , 10] . Combination of two
treatment modalities with a different working mechanism might lead to
improved outcome. 

Since the sunitinib target, i.e., the vascular component, is of host origin,
we expected a similar effect of sunitinib in both models. However, depending
on the model studied, sunitinib treatment resulted in extensive necrosis and
decreased microvessel density (MVD) (NU12) or minimal tumor necrosis
and unchanged MVD (SK-RC-52). 

Parallel to the different sunitinib response the models differed
substantially in the accumulation of cG250, a monoclonal antibody targeting
Carbonic anhydrase IX (CAIX) which is highly expressed in clear cell
RCC (ccRCC) [11] . Sunitinib treatment significantly decreased cG250
accumulation in NU12 but the reverse, increased tumor accumulation was
seen in SK-RC-52. How this relates to therapeutic effects of CAIX-targeted
radioimmunotherapy is unknown. This is relevant because we have previously
demonstrated therapeutic responses in mRCC patients in a clinical study of
single-agent CAIX-targeted RIT with 

[ 177 Lu]Lu-DOTA-cG250, albeit that the responses were limited [12] .
Altered pharmacokinetic and pharmacodynamic behavior will certainly
influence therapeutic outcome. 

In this study we aimed to explain the observed differences of SK-RC-52
and NU-12 in response to sunitinib and studied whether we could develop a
therapeutic combination strategy aiming at the tumor vasculature and tumor
cells amendable to both sunitinib-sensitive and sunitinib-resistant RCC. 

Material and methods 

Cell lines, xenografts and reagents 

The human RCC cell line SK-RC-52 was established from a mediastinal
metastasis of a primary RCC [27] . NU12 was initially maintained as a
xenograft established from a primary tumor of a metastasis RCC patient
[28] . Cell line NU12 was a derivative of the NU12 xenograft. For NU12
cell culture, culture plastics were coated with FNC-coating mix (Enzo life
sciences) before use. Cells were maintained in RPMI1640 (Gibco, Bleiswijk,
The Netherlands) supplemented with 10% fetal bovine serum (Sigma-
Aldrich, Zwijndrecht, The Netherlands) and 2 mM glutamine (Gibco).
uman RCC xenograft model NU12 [28] was maintained by passing freshly 
xcised tumor pieces (1-2 mm 

3 ) subcutaneously (s.c.) in mice. Both SK-RC- 
2 and NU12 express high levels of CAIX [26] . SK-RC-52 was authenticated
y Eurofins. NU-12 was not present in the online DSZB database. 

Sunitinib-resistant cells were obtained by weaning cells to escalating 
oncentrations from 4 up to 10 μM sunitinib and subsequently by continuous 
ulturing at 10 μM of sunitinib (SuR cells). Medium containing sunitinib 
as refreshed every 2-3 days. Sunitinib (Selleckchem S1042, Bioconnect, 
uissen, The Netherlands) was prepared fresh from stock solution (20 mM 

n DMSO). 

nalysis of cell viability and morphology 

NU12 or SK-RC-52 cells were harvested and seeded in tissue culture 
reated 96-well plates (Costar 3596, VWR, Amsterdam, The Netherlands) 
t 2000 cells/well in 100 μl in triplicate. Twenty-four hours after seeding, 
ells were treated with 0.02- 20 μM sunitinib or N-desethyl sunitinib 
Toronto chemicals D289650, North York, Canada), freshly prepared from 

0mM stocks in DMSO. Final concentration DMSO in all wells was 0.2%. 
ell viability was measured 72 h after start of treatment with CellTiter- 
lo (Promega, Leiden, The Netherlands) according to manufacturer’s 

nstructions and luminescent signal was analyzed with a Victor3 1420 
ulti Label Counter (Perkin Elmer, Groningen, The Netherlands). Average 

uminescent signal was depicted as % viable cells of control. 
The effect of sunitinib treatment was also analyzed by live imaging 

IncucyteZoom live cell imaging system, Essen Bioscience, Sartorius, 
oyston, UK). Confluence of untreated cells was measured for 24 h. Then 
ells were treated with 0.16-40 μM of sunitinib for 72 h and confluence was
easured every 2 h. IncucyteZoom software (2016B) was used to analyze the 

ata obtained. Doubling times for untreated cells in their exponential growth 
hase were calculated using the Doubling Time Software (Roth V. 2006, 
ttp://www.doubling-time.com/compute _ more.php ). Data are presented as 
ean ± standard deviation (SD) for growth curves and doubling times. 

estern blot analysis 

Cells of SK-RC-52, NU12 and their sunitinib resistant derivatives (SuR) 
ere cultured to 100% confluency, washed with 0.9% NaCl and lysed with 
aemmli buffer (60 mM Tris glycine pH 6.8, 1 mM CaCl 2 , 2 % SDS and
55 mM 2-mercaptoethanol). Cell lysates were separated on 7.5 % SDS- 
AGE gels and transferred to polyvinylidene fluoride (PVDF) membranes 
Amersham Hybond, VWR). Blots were washed with 20mM Tris-buffered 
aline (TBS) supplemented with 0.001 % Tween-20 (TBST) and incubated 
n TBST with 5 % bovine serum albumin (BSA, Sigma-Aldrich) (blocking 
uffer) overnight at 4 °C. 

After washing, membranes were incubated either for 2 h at room 

emperature (RT) or overnight at 4 °C with primary antibodies: c-MET 

#4560, 1:1000), p-MET Tyr1234/35 (clone D26, # 3077, 1:500), both cell 
ignaling, Leiden, the Netherlands, p-Met Tyr1349 (clone EP2367Y, Abcam, 
ambridge, UK, 1:1000), AXL (#13196-1-AP, Proteintech, Bioconnect, 
uissen, The Netherlands 1:1000), p-AXL Tyr702 (clone D12B2, #5724, 

ell signaling, 1:100) and β-actin (#A5441, Sigma-Aldrich,1:5000) diluted 
n blocking buffer. Subsequently, blots were washed and incubated for 1 
 at RT with fluorescent-dye conjugated secondary antibodies (Goat anti- 
abbit IgG (H + L) Alexa Fluor 680, #A-21076; Goat anti-mouse IgG (H&L),
yLight 800 4X PEG, #SA5-35521, 1:5000) (both Thermo Fisher Scientific, 
indhoven, The Netherlands) in blocking buffer. 

After a final washing step, blots were scanned with the Odyssey 
Lx imaging system and protein bands were quantified using the Image 
tudio Lite Version 5.2 software (both LI-COR Biosciences, Miami, USA). 
ollowing background correction and normalization of target protein levels 

http://www.doubling-time.com/compute_more.php
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to endogenous β-actin content, each experimental condition was compared
to untreated cells. 

RNA-Seq analysis 

SK-RC-52 cells, NU12 cells and xenografts harvested from untreated
Balb/c nu/nu mice were profiled using RNA sequencing (Illumina). In short,
libraries were generated from RNA starting material and paired-end library
sequencing was performed with NextSeq500 Illumina platform. 

Expression levels were normalized using HPRT gene expression as
standard. To evaluate gene expression levels of the mouse endothelium
of xenografts, the primary target of sunitinib, mouse gene expression was
separated from human gene expression as described [29] . Data Availability
Statement: The dataset used in this study is available in EGA ( https://
ega-archive.org) with access number EGAD00001008312. 

ENSG00000197461 (PDGFA), ENSG00000100311 (PDGFB), ENSG
00000112715 (VEGFA), ENSG00000173511 (VEGFB), ENSG000001
50630 (VEGFC), ENSG00000165197 (VEGFD), ENSG00000119630
(PGF), ENSG00000134853 (PDGFRA), ENSG00000113721
(PDGFRB), ENSG00000102755 (FLT1/VEGFR1), ENSG00000128052
(KDR/VEGFR2), ENSG00000037280 (FLT4/VEGFR3). 

Conjugation and radiolabeling of cG250 

The conjugation of cG250 (generously provided by Wilex AG, Munich,
Germany) to isothiocyanato-benzyl-1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid (ITC-DOTA) was performed essentially as
described by Lewis et al. [30] . In brief, cG250 was conjugated with
ITC-DOTA (Macrocyclics, Dallas, TX) in 0.1 M NaHCO 3, pH 9.5 for 1
h at RT, using a 15-fold molar excess of ITC-DOTA. To remove unbound
ITC-DOTA, the reaction mixture was dialyzed extensively against 0.25 M
ammoniumacetate buffer, pH 5.5 containing chelex 100 resin 2 g/L. 

The cG250-ITC-DOTA conjugate (150-350 μg) was radiolabeled with
200-450 MBq 177 Lu, no-carrier-added (ITM medical isotopes) in 0.5 MES
buffer, pH 5.5 for 20 min at RT under strict metal-free conditions. After
incubation, 50 mM EDTA was added to a final concentration of 5 mM [13] .

Instant Thin Layer Chromatography (ITLC) was used to determine
labeling efficiency of the [ 177 Lu]Lu -cG250 preparations using silica gel strips
(Agilent technologies, Amstelveen, The Netherlands) and 0.1 M citrate buffer
pH 6.0 as the mobile phase. When labeling efficiency was < 95%, the
reaction mixture was purified on a PD-10 column (GE). The radiochemical
purity exceeded 95% in all experiments. The immunoreactive fraction (IRF),
determined on freshly harvested SK-RC-52 RCC cells at infinite antigen
excess essentially as described by Lindmo et al. [31] with minor modifications
[8] , exceeded 75% in all experiments. 

In vivo therapy experiments 

Institutional guidelines were strictly followed for maintenance of animals
and experimental procedures were approved by the Institutional Animal Care
and Use Committee (IACUC, RU-DEC 2012-038 and RU-DEC 2012-
267). All procedures were performed using the guidelines from the Institute
of Laboratory Animal Research [32] . Female BALB/c nu/nu mice, 6-8 weeks
of age, were obtained from Janvier, France, and maintained at the local central
animal facility. Animals were either injected s.c. with 2 ∗10 6 freshly harvested
SK-RC-52 cells or grafted s.c. with freshly excised NU12 xenograft pieces of
approximately 1-2 mm 

3 . 
Mice were randomly divided into groups of 10-14 mice once tumors

reached the desired volume (50-150 mm 

3 ) and treatment was initiated.
Included number of mice with SK-RC-52 tumors was: 13, 10, 11, 12, 13
and 10 for Su + 

177 Lu-cG250 RIT one cycle, Su + 

177 Lu-cG250 RIT 2 cycles,
177 Lu-cG250 RIT one cycle, 177 Lu-cG250 RIT two cycles, Su two cycles, and
ontrol respectively. Included number of mice was 12, 13, 14, 14, 14 and
4 for Su + 

177 Lu-cG250 RIT one cycle, Su + 

177 Lu-cG250 RIT two cycles,
77 Lu-cG250 RIT one cycle, 177 Lu-cG250 RIT two cycles, Su two cycles,
nd control respectively. 

In Fig. S1, the treatment schedule is illustrated for mice with SK-RC-52
nd NU12 tumors. Mice received the equivalent of 40 mg/kg (0.8 mg/200
l) Sunitinib (SU11248, Sutent®, Pfizer) dissolved in 0.1M Na citrate, pH 4.5
rally per day for 14 days. Three days thereafter, mice received 6.5 MBq/10
g [ 177 Lu]Lu-cG250 (1/3 of Maximum Tolerated Dose) by intravenous

njection (1st cycle). Six (NU12) or 7 (SK-RC-52) weeks after start of the
 

st cycle another treatment cycle was administered (Su + [ 177 Lu]Lu-cG250
IT 2x). Comparator groups were treated with one cycle of combined

reatment (Su + [ 177 Lu]Lu-cG250 RIT 1x), 1 or 2 cycles of [ 177 Lu]Lu -
G250 RIT ([ 177 Lu]Lu -cG250 1x/ 2x), two cycles of sunitinib (Su 2x) or
ere left untreated (control). Tumor volumes were determined twice a week
y caliper measurements by an evaluator blinded to the treatment groups.
umor volume was estimated using the following formula: (length x width x
epth) x π /6. The last observed tumor volume was used to calculate average
umor volumes, i.e., when mice were euthanized. 

Mice were euthanized when either tumor burden reached 1500 mm 

3 or
hen mice reached a predetermined humane endpoint. After the animals
ere euthanized, tumors were dissected and analyzed. Kaplan-Meier curves 

or overall survival (OS) were generated. Mice that were sacrificed because
f other reasons than reaching maximal tumor burden were excluded for
nalysis. 

mmunohistochemical analysis 

After euthanizing mice, tumors were harvested, embedded in tissue-tek®
.C.T. compound (Sakura, Alphen a/d Rijn, The Netherlands), snap-frozen 

n dry ice cooled isopentane and stored at -80 °C and/or formalin-fixed and
araffin embedded. Four μm cryostat sections were stored at -80 °C until use.
orphological analysis of the tumors was performed by Hematoxylin-Eosin 

HE) staining. 
Primary antibodies used were chimeric mAb anti-human CAIX (mAb 

G250, Wilex, 10 μg/mL), rabbit-anti-human mAb Ki67 (clone sp6/RM- 
106-S, Thermo Fisher Scientific, 1:200), rabbit-anti-human mAb MET 

D1C2, cell signaling #8198S, 1:200), polyclonal rabbit-anti-human AXL 

Proteintech #13196-1-AP, 1:250). 
For visualization of cell proliferation, paraffin sections were deparaffinized 

nd rehydrated. Endogenous peroxidase was blocked with 3% H 2 0 2 in PBS
or 5 min. Slides were washed with PBS and antigen retrieval was performed
n 0.1 M citrate buffer, pH 6.0 for 10 min. Subsequently sections were
locked with 20% normal swine serum and incubated with primary antibody
i67 diluted in 1% BSA/ PBS. For visualization of MET, AXL and CAIX

xpression, frozen sections were fixed in acetone, washed and incubated
ith primary antibody. After washing, sections were incubated with PO

onjugated swine-anti-rabbit IgG (Dako, Amstelveen, The Netherlands), 
:100, pre-incubated with 4% normal mouse serum. All sections were
eveloped with bright DAB (Immunologic, Duiven, The Netherlands) and 
ounterstained with hematoxylin. 

Microscopic evaluation was performed on an Axioskop microscope (Zeiss, 
reda, The Netherlands) and images acquired on the Axiocam mrc5 with
xio vs40 version 4.8 2.0 software (Axiovision, Zeiss). 

tatistical analysis 

A mixed model analysis was used to compare the tumor growth in the
ix treatment groups. For each treatment group the development in time was
escribed with a fifth-degree polynomial (fixed effects). The individual mice
ere allowed to follow their own curve (all six coefficients for the polynomial

unction in time were random). Using this model, the geometric mean tumor

https://ega-archive.org
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volume at the end of sunitinib 1 st cycle (Day 14), start of 2 nd cycle (day 42 or
48), end of sunitinib 2 nd cycle (day 55/62), evaluation of 2 nd cycle (day 91/98
and end of experiment (day147/160) for NU12/SK-RC-52 respectively) was
compared between treatment groups for selected hypotheses. Correction for
multiple comparisons was done per day using Holm’s method (improved
Bonferroni method) [33] . 

For survival analysis, p-values were calculated from the log rank or
Gehan-Breslow-Wilcoxon test corrected for multiple comparisons. p < 0.05
was considered significant. 

Results 

Previously we studied the effect of TKI treatment on the accumulation
of CAIX-specific chimeric monoclonal antibody cG250 in two RCC mouse
models, NU12 and SK-RC-52, and noticed that both models reacted
differently to sunitinib treatment [8] . NU12 behaved as a sunitinib ‘sensitive’
tumor: in vivo sunitinib treatment led to massive necrosis and decreased
MVD and concomitantly accumulation of monoclonal antibody cG250,
specific for CAIX which is highly expressed on ccRCC, was markedly reduced.
In contrast, in SK-RC-52 tumors necrosis was hardly observed, MVD
remained unchanged and accumulation of cG250 increased after sunitinib
treatment. Because the vascular component of the xenografts is of the same
host origin, we considered whether intrinsic differences between the tumor
cells could explain our observations. 

Viability of NU12 and SK-RC-52 treated with sunitinib 

Dose-response analysis showed that the viability of NU12 and SK-RC-52
cells decreased significantly from doses of 2.5 μM sunitinib and beyond. Cells
did not survive treatment with 10 μM sunitinib for 7 days ( Fig. 1 A). IC 50

values of the cell lines were 3.9 μM and 3 μM sunitinib for NU12 and SK-
RC-52, respectively. Dose-response analysis with the active form N-desethyl
sunitinib showed that the IC 50 values were 10.5 μM and 5.6 μM for NU12
and SK-RC-52 cells respectively. 

Cell growth and morphology 

Since the IC 50 values did not differ substantially, it was unlikely that this
could explain the difference in NU12 and SK-RC-52 sunitinib sensitivity
in vivo. We examined the morphology of parental and Sunitinib-resistant
(SuR) cells and did not observe morphological changes of SK-RC-52 after
long term treatment with 10 μM Sunitinib, but the morphology of the
NU12 cells changed from a cuboidal shape to a more fibroblastic, spindle
type morphology, possibly indicating a more aggressive cell type ( Fig. 1 B). 

Next, we investigated cell growth of the parental and SuR cells with life
cell imaging. Growth speed of NU12 SuR cells was enhanced compared to the
parental cells ( Fig. 1 C). Confluence of NU12 increased from approximately
13% to 19% in three days of culture and NU12 SuR confluence increased
from 16% to 52%. ( Fig. 1 C, top). In agreement, doubling time of NU12 SuR
cells was substantially shorter: 42 h ± 0.3 versus 122 h ± 4 for the parental
NU12 cells ( Fig. 1 D). In contrast, for SK-RC-52 the difference in growth
speed between untreated and SuR cells was much smaller: Confluence of SK-
RC-52 and SK-RC-52 SuR increased from 14% to 47% and 22% to 78%
respectively ( Fig. 1 C, bottom), and the doubling time was similar: 34 ±4 h
and 39 ±0.9 h for SK-RC-52 and SK-RC-52 SuR, respectively. 

VEGF and VEGFR expression by RNA-Seq analysis of NU12 and 
SK-RC-52 xenografts and cells 

To investigate whether the differences between the different in vivo
responses could be explained by VEGF and VEGFR gene expression levels,
e performed RNA sequencing on NU12 and SK-RC-52 cells and xenografts 
 Table 1 ). After correction using HPRT gene expression as standard, NU12
EGFA, VEGF-B and VEGF-D levels were substantially higher (ratio of 4.8, 
.7 and 1.8 respectively) and VEGFC and PDGFA levels were lower (ratio 
f 0.06 and 0.5 respectively) compared to SK-RC-52 cells. 

To evaluate gene expression levels of the mouse endothelium of xenografts, 
he primary target of sunitinib, mouse gene expression was separated from 

uman gene expression showing that in endothelium of NU12 xenografts, 
xpression levels of VEGFR1-2, the most important sunitinib targets, were 
igher compared to SK-RC-52 (NU12: SK-RC-52 ratio of 11.3 and 3.5 
espectively) while VEGFR3 was expressed in NU12 only. Extraordinary high 
evels of PGF were detected in NU12 tumorcells (NU12/SK-RC-52 ratio of 
71). 

ET and AXL expression in NU12 or SK-RC-52 xenografts of mice 
reated with sunitinib 

Because the observed differences might also be the consequence of 
ltered and/or constitutive activation of cell signaling pathways, we tested 
p)MET and (p)AXL expression and found that MET was abundantly 
xpressed in SK-RC-52 xenografts, regardless of sunitinib treatment 
 Fig. 2 A-B), Likewise, MET expression was unchanged in sunitinib-treated 
U12 xenografts compared to untreated tumors ( Fig. 2 C-D). Also, NU12 

nd SK-RC-52 AXL expression was not influenced by sunitinib treatment 
 Fig. 2 E-F, and 2G-H). 

Long-term sunitinib treatment of NU12 cells resulted in strong 
pregulation of MET and AXL ( Fig. 2 I and Fig. S2). Additionally, NU12
uR cells clearly expressed pMET and pAXL, in contrast to NU12 which was
AXL negative and pMET negative (pMET(tyr1234/35)) or weakly positive 
pMET(tyr1349)). 

Long-term sunitinib treatment of SKRC52 did not alter the high MET 

nd AXL expression ( Fig. 2 I and Fig. S3). Both pMET and pAXL were
resent in SK-RC-52 and SK-RC-52 SuR cells, implying constitutive active 
athways, regardless of sunitinib treatment. 

n vivo experiments 

To exploit differences in sunitinib response of NU12 and SK-RC-52 
umors, xenografted BALB/c nu/nu mice were treated with one or two cycles 
f sunitinib combined with [ 177 Lu]Lu -cG250 RIT to examine whether the 
herapy response differed in these two models. To be able to evaluate the
dditive or synergistic effect of the individual components of the combination 
herapy, the 177 Lu activity dose was reduced to one-third of the maximum 

olerated dose that was previously described for SK-RC-52 [13] . 

reatment of mice with SK-RC-52 tumors 

Treatment was started approximately 4 weeks after tumor cell inoculation, 
hen tumors reached 80 mm 

3 ± 35 mm 

3 . No significant delay of SK-RC-
2 tumor growth was observed after treatment with one cycle of sunitinib 
Su) ( Fig. 3 E,G); p = 0.168, p = 0.442 at day 14 and day 48 respectively)
r one cycle of [ 177 Lu]Lu -G250 ( Fig. 3 C p = 0.126 at day 48). In contrast,
ne cycle of Su + [ 177 Lu]Lu-cG250 RIT resulted in a significant long-lasting
umor growth delay ( Fig. 3 A,G; Table 2 ; Table S2, p < 0.001 day 48).Two
ycles of [ 177 Lu]Lu -cG250 RIT resulted in a moderate, but not significant
umorgrowth delay of SK-RC-52 tumors ( Fig. 3 D,G p = 0.123; day 98).
owever, two sequential sequences combining sunitinib with [ 177 Lu]Lu- 

G250 RIT resulted in almost complete tumor stasis ( Fig. 3 B,G). (p < 0.001).
f note, 91% and 85% of mice survived when treated with two cycles or one

ycle combination therapy, respectively (Table S1). In contrast, survival was 
ower in mice treated with [ 177 Lu]Lu-cG250 RIT: 69% of mice were alive
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Fig. 1. Cell growth and expression of vascular endothelial growth factor (VEGF) or vascular endothelial growth factor receptor (VEGFR) in NU12 and 
SK-RC-52 treated with sunitinib . (A) Cell viability of NU12 (black curves) and SK-RC-52 (blue curves) treated for three days with increasing concentrations 
of sunitinib (solid lines) or N-desethyl-sunitinib (dotted curve). ( B) Morphology of NU12, Sunitinib-resistant (SuR) NU12 (NU12 SuR), SK-RC-52 and 
SK-RC-52 SuR cells. Phase-contrast images were obtained 72 h after seeding. ( C) Tumor cells of NU12, NU12 SuR, SK-RC-52 or SK-RC-52 SuR were seeded 
(2000 cells/well) in triplicate in a 96-wells plate and cell growth was monitored for three days in IncucyteZoom system. NU12 (top), SK-RC-52 (bottom), 
untreated cells (red lines), SuR (black lines). ( D) Doubling times of NU12, NU12 SuR, SK-RC-52 and SK-RC-52 cells. 

 

 

 

 

 

 

T

w
 

w  

(  

d  
after two cycles and 54% after one cycle of [ 177 Lu]Lu -cG250 RIT. Survival
after two cycles of sunitinib treatment was 54% ( Fig. 3 H and Table S1). 

To confirm that animals were completely cured, we examined the absence
of viable tumor cells in mice without palpable tumors by HE and Ki67
staining. No viable tumor cells were observed at the end of treatment in
two mice treated with two cycles of Su + [ 177 Lu]Lu -cG250, one mouse each
treated with one cycle of Su + [ 177 Lu]Lu-cG250 and one cycle of [ 177 Lu]Lu-
cG250 and three mice which were treated with two cycles of sunitinib. 
reatment of mice with NU12 tumors 

Treatment was started approximately 17 days after tumor engraftment 
hen NU12 tumor volumes reached 44 mm 

3 ± 27 mm 

3 . 
A significant immediate tumor growth delay was observed in mice treated

ith one or two cycles of either Su ( Fig. 4 E), [ 177 Lu]Lu -cG250 RIT
 Fig. 4 C,D) or Su + [ 177 Lu]Lu -cG250 RIT ( Fig. 4 A,B), but substantial
ifferences between the different treatment groups was observed ( Fig. 4 G,H;
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Table 1 

Gene expression levels of NU12 and SK-RC-52. 

NU12/SK-RC-52 ratio 

Gene tumor cells Gene mouse endothelium 

ENSG0 0 0 0 0197461| PDGFA 0.57 ENSG0 0 0 0 0134853| PDGFRA 0.8 

ENSG0 0 0 0 0100311| PDGFB 0.79 ENSG0 0 0 0 0113721| PDGFRB 1.15 

ENSG0 0 0 0 0112715| VEGFA 0.96 ENSG0 0 0 0 0102755| FLT1 VEGFR1 2.37 

ENSG0 0 0 0 0173511| VEGFB 0.87 ENSG0 0 0 0 0128052| KDR VEGFR2 1.27 

ENSG0 0 0 0 0150630| VEGFC 0.53 ENSG0 0 0 0 0 037280| FLT4 VEGFR3 - 

ENSG0 0 0 0 0165197| VEGFD 2.06 

Gene expression levels were generated with RNA sequencing of NU12 tumor cells, SK-RC-52 tumor cells, mouse endothelium of NU12 or SK-RC-52 

xenografts. Shown are ratios of NU12:SK-RC-52 of relevant vascular endothelial growth factor (VEGF)/ vascular endothelial growth factor receptor 

(VEGFR) genes. PGF: Placental growth factor. 

Fig. 2. MET and AXL expression of NU12 and SK-RC-52 treated with sunitinib. ( A-D) MET expression in xenografts, ( E-H) AXL expression in xenografts, 
( A/E) SK-RC-52 xenografts of untreated mice (ctr), ( B/F) SK-RC-52 xenografts of sunitinib treated mice (Su), ( C/G) NU12 xenografts of untreated mice 
(ctr), ( D/H) NU12 xenografts of sunitinib treated mice (Su), I : Western blot analysis of (p)MET and (p)AXL expression in NU12, sunitinib resistant (SuR) 
NU12 (NU12 SuR), SK-RC-52, SK-RC-52 SuR tumor cells. β-actin was used as loading control. Representative images were obtained with Odyssey CLx. 
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Fig. 3. Tumor growth of SK-RC-52 tumors and survival of mice during treatment with sunitinib (Su) and/or [ 177 Lu]Lu -cG250 radioimmunotherapy (RIT). 
( A-F) Growth curves of individual mice. ( A) Su + [ 177 Lu]Lu -cG250 RIT one cycle, ( B) Su + [ 177 Lu]Lu -cG250 RIT two cycles, ( C) [ 177 Lu]Lu -cG250 RIT 

one cycle, ( D) [ 177 Lu]Lu -cG250 RIT two cycles, ( E) Su two cycles, ( F ) Control. ( G) Mean tumor volume of all treatment groups, ∗ p < 0.05, ∗∗∗ p < 0.001. 
P-values shown are Holm’s adjusted for the comparison of mean tumor volumes for comparisons of all treatment groups vs control group on day 98 (end of 
2 nd cycle). ( H) overall survival of treatment groups. Mice that were sacrificed because of other reasons than reaching maximal tumor burden, were excluded. 
Overall comparison of survival curves was significant with p < 0.05. P-values shown for the Su + [ 177 Lu]Lu -cG250 RIT one cycle, two cycles and [ 177 Lu]Lu 
-cG250 RIT two cycles all vs Control were calculated from the log rank or Gehan-Breslow-Wilcoxon test corrected for multiple comparisons (p = 0.0124 for 
Su + [ 177 Lu]Lu -cG250 RIT two cycles vs Control, p = 0.0468 for Su + [ 177 Lu]Lu -cG250 RIT one cycle vs Control and p = 0.129 for [ 177 Lu]Lu -cG250 RIT 

two cycles vs Control). 
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Fig. 4. Tumor growth and survival of NU12 tumors during treatment with sunitinib (Su) and/or [ 177 Lu]Lu -cG250 radioimmunotherapy (RIT). ( A-F) Growth 
curves of individual mice. ( A) Su + [ 177 Lu]Lu cG250 RIT one cycle, ( B) Su + [ 177 Lu]Lu -cG250 RIT two cycles, ( C) [ 177 Lu]Lu -cG250 RIT one cycle, ( D) 
[ 177 Lu]Lu -cG250 RIT two cycles, ( E) Su two cycles, ( F) Control. ( G,H) Mean tumor volume of all treatment groups. ∗∗∗ P < 0.001. P-values shown are Holm’s 
adjusted for the comparison of mean tumor volumes for comparisons of all treatment groups vs control group on day 91 (end of 2 nd cycle) ( I) Overall survival 
of treatment groups. Mice that were sacrificed because of other reasons than reaching maximal tumor burden, were excluded. Overall comparison of survival 
curves was significant with p < 0.0001. P-values shown for all treatment groups vs Control were calculated from the log rank or Gehan-Breslow-Wilcoxon test 
corrected for multiple comparisons ( ∗∗∗∗ p < 0.0001). 1x: one cycle. 2x: two cycles. 
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able 3 ; Table S3). At d14, after one cycle of sunitinib, tumors stabilized
mean tumor volumes ∼60 mm 

3 versus 261 mm 

3 control) but rapidly
rogressed after cessation of treatment (tumor volume d42 ∼350 mm 

3 ).
etreatment with a 2 nd cycle of sunitinib resulted in a rapid but transient

umor response ( Fig. 4 E, G). Growth of the NU12 tumors in mice treated
ith one cycle of [ 177 Lu]Lu -cG250 RIT or one cycle of Su + [ 177 Lu]Lu -

G250 RIT resumed 9-10 weeks after termination of therapy and tumors
rew steadily thereafter ( Fig. 4 A,C,G,H). In contrast, when mice were treated
ith two cycles of [ 177 Lu]Lu -cG250 RIT or two cycles of Su + [ 177 Lu]Lu -

G250 RIT, complete tumor regression was observed, which continued until
he end of the experiment. Statistical analysis showed statistically significant
ifferences between the various treatment groups (p < 0.001; day 91). At
he end of the experiment (day 147), all animals treated with two cycles of
u + [ 177 Lu]Lu -cG250 RIT or two cycles of [ 177 Lu]Lu -cG250 RIT survived,
 Fig. 4 I and Table S1) and > 80% of animals were tumor free. Seventy one
ercent of mice survived when treated with one cycle of [ 177 Lu]Lu -cG250
IT, but < 30% of animals were tumor free. Treatment of any of the other

reatments was inferior. 
Based on morphology by HE and Ki67 expression, 83% and 86% of

he mice treated with two cycles of Su + Lu-cG250 RIT or two cycles of
 

177 Lu]Lu -cG250 RIT were cured: no viable tumor cells were detected (data
ot shown). One cycle of [ 177 Lu]Lu -cG250 RIT resulted in 29% of cured
ice (no evidence of disease) and 14% and 8% of mice were completely

umor-free when treated with two cycles of Su or one cycle of Su + [ 177 Lu]Lu
cG250 RIT respectively (Table S1). 

iscussion 

To improve the therapy outcome of patients with mRCC new approaches
re urgently needed. 

In previous studies we found that the RCC models used here, SK-RC-52
nd NU12, differ in their intrinsic response to sunitinib [8] . In the current
tudy we examined inherent differences between the cell lines as well as
icroenvironmental factors to explain the observed difference in sensitivity 

o sunitinib and performed combination therapy studies to examine whether
espite different sunitinib sensitivity, tumor cure could be achieved. 

In vitro, both cell lines exhibited similar sunitinib sensitivity, and both
ere more sensitive for the active metabolite. However, the N-desethyl

unitinib IC 50 of NU12 was substantially higher, suggesting a more sunitinib
esistant phenotype. Long-term sunitinib treatment of NU12 led to an
ncreased proliferation rate, as demonstrated by the decreased doubling time
nd conversion to a mesenchymal morphology, suggesting a more aggressive
henotype. In contrast, long-term sunitinib treatment of SK-RC-52 did not

ead to changes in proliferation rate or morphological changes. 
Continuous sunitinib exposure of NU12 enhanced pMET and pAXL 

xpression and in SK-RC-52 SuR cells, (p)MET and (p)AXL changes were
inimal and suggested MET and AXL activation. This suggested that SK-
C-52 cells are less sunitinib-sensitive as an alternative signaling pathway is
onstitutively active, however, IC 50 values of untreated cells indicated that the
ell lines did not differ in sunitinib sensitivity. 

Although in vitro experiments showed that both cell lines were equally
unitinib sensitive, NU12 tumors responded significantly better albeit that 
ong-lasting responses were not observed. This suggests that the NU12 tumor
asculature is more sunitinib sensitive, whereas the SK-RC-52 vasculature 
an resist this challenge. This is in agreement with previous studies showing
hat NU12 tumors were more sensitive to sunitinib than SK-RC-52 tumors:
reatment with sunitinib leads to massive necrosis and vascular ablation 
nd NU12 tumor regression whereas SK-RC-52 tumors stabilized without 
ubstantial necrosis and vascular changes [8] . Clearly, the differential sunitinib
esponse cannot be attributed to inherent differences between NU12 and SK-
C-52. 
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NGS was performed to investigate whether the different response was 
elated to differences in VEGF and PDGF expression by the tumor cells 
nd corresponding receptor levels in the vascular bed [14] . NU12 and SK-
C-52 differed substantially in their VEGF/PDGF expression profile: SK- 
C-52 showed much higher VEGFC levels and lower VEGFD expression 

evels. In contrast, VEGF-A, VEGF-B, VEGF-D and PGF expression levels 
ere significantly higher in NU12. Also, the VEGFR expression differed 
etween the two models: VEGFR1-2, expression levels were much higher 
n the vascular bed of NU12 tumors and expression of VEGFR3, the 
eceptor of VEGFC, the principal inducer of lymphangiogenesis [14 , 15] , also
romoting vascular permeability, was completely absent from the vascular bed 
f SK-RC-52 tumors. Similar results were obtained by RT2 Profiler TM PCR 

rray Human Angiogenesis (results not shown). Park et al. showed that the 
ombination of high PGF and high VEGFA expression levels might play a 
ajor role in tumor angiogenesis [16] . PGF selectively binds to VEGFR1 

eading to even more VEGFR signaling in NU12. The collective results 
ay explain the difference between the models toward sunitinib treatment: 

n NU12 tumors vascularization is mainly driven by VEGFA/B but also 
y PGF and the tumor vasculature highly expresses sunitinib’s main targets 
EGFR1,2,3 facilitating destruction of endothelial cells by sunitinib. In 

ontrast, in SK-RC-52 tumors, VEGFR1 expression level is substantially 
ower, and VEGFC expression levels substantially higher. Although VEGFC, 
n essential chemotactic and survival factor during lymphangiogenesis is 
igher expressed, VEGFR3, the major ligand for VEGFC, was not expressed 

n the endothelial cells of these tumors, suggesting that lymphangiogenesis is 
ess prominent [17] . Based on the VEGFR expression levels it appears that
K-RC-52 tumors mainly signal through VEGFR2, driven by VEGFA/B and 
EGFC [15] . The higher VEGFC expression levels may lead to enhanced 

ascular permeability through VEGFR2 binding [18 , 19] . Moreover, the 
ower PDGFRB expression level also indicates less stable and more permeable 
asculature in SK-RC-52. The difference in VEGF/VEGFR phenotype 
ts well with previous experiments where we showed that microvessel 
ensity (MVD) was much higher in NU12 tumors compared to SK-RC-52 
umors i.e., 20% and ∼1% respectively. The VEGF and VEGFR expression 
ifferences are also in line with the observed dissimilarity in sunitinib tumor 
esponses: treatment leads to major necrosis in NU12 tumors (high expression 
EGFR1) and stabilization of SK-RC-52 tumors (lower VEGFR1) [8] . 

The results also shed light on the antibody accumulation patterns that we 
reviously observed with enhanced tumor-specific antibody accumulation in 
K-RC-52 tumors after sunitinib treatment. Quite likely the vascular bed of 
K-RC-52 tumors is insufficiently affected by sunitinib treatment to result 
n ablation of the vascular bed, but the damage may lead to enhancement
f the vascular permeability and therefore higher antibody accumulation. In 
ontrast, in NU12 tumors the vasculature is completely destroyed blocking 
ntibody-accumulation through blood flow [20] . 

In view of the observed differences, supporting that they represent 
ifferent, clinically relevant phenotypes, we performed therapy experiments 

n the two RCC models and combined sunitinib therapy with cG250-RIT 

ince a concerted attack on the tumor vasculature and tumor cells may be
ore efficacious. We restricted the sunitinib treatment to relatively short 

eriods to avoid the occurrence and influence of sunitinib resistance and to 
imic treatment cycles in patients, which could influence the outcome of the 

tudies. Treatment with sunitinib alone was insufficient to cure the animals 
n either model. When we combined sunitinib with CAIX-targeted RIT, 
imed at the vascular bed (sunitinib) and tumor cells ([ 177 Lu]Lu-cG250), 
verall survival increased, but ultimately tumors recurred in most mice. 
ddition of a second combination treatment cycle resulted in survival in 
ost animals in both models. Apparently, this combination treatment can 

vercome the sunitinib resistance of SK-RC-52 tumors. In the SK-RC-52 
odel the superior effect of the combination treatment is likely a reflection of

he sunitinib-induced enhanced antibody accumulation, leading to increased 
umor radiation doses. Nevertheless, it must be noted that most animals 
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were not completely tumor free, indicating that more treatment cycles are
necessary to achieve complete cure. In NU12 tumors, sunitinib treatment
leads to vascular collapse and extensive central necrosis and the remaining
viable tumor cells surrounding the necrotic core can be ablated by the targeted
RIT. NU12 tumors are quite cG250-RIT sensitive, as shown by the effects
of two [ 177 Lu]Lu-cG250 RIT cycles alone and as such these treatments are
interchangeable. 

Collectively our results suggest that (part of ) the sunitinib resistance
observed in mRCC patients might be explained by difference in the
permeable status of ccRCC tumors, of which the models used here are
examples. With high VEGFR1,2,3 expression, high PGF, VEGFA, VEGF-B
and VEGF-D levels (and subsequently High MVD) and absence of pMET
and pAXL NU12 can be seen as a classic sunitinib sensitive tumor, whereas
SK-RC-52 tumors with no VEGFR3 expression, high VEGFC levels and the
possibility to use redundant proliferation pathways are less dependent on the
angiogenic component and represent a more sunitinib-resistant phenotype. 

Combination treatment with [ 177 Lu]Lu-cG250 RIT was successful in
SK-RC-52, the sunitinib-resistant model, emphasizing that targeting blood
vessels and tumor cells is more effective than targeting either compartment
alone. The combination treatment was superior compared to two cycles
of sunitinib and to [ 177 Lu]Lu -cG250 RIT alone. This suggests that this
combination treatment might be a possible option for mRCC patients
ineligible or unable to receive CI therapy. Several studies have confirmed
the feasibility and enhanced efficacy of combination therapy of antibody
and TKI [21 , 22] . Kelly et al. [23] observed that combination of [ 177 Lu]Lu
-hu3S193 RIT with EGFR inhibitor AG1478 significantly improved efficacy
in mice with prostate carcinoma. The enhanced effect with the EGFR
inhibitor was attributed to the simultaneous targeting of tumor cells by
two different drugs. In a recently performed meta-analysis for the treatment
of non-small cell lung cancer, the authors showed that chemotherapy or
EGFR-TKIs with bevacizumab significantly prolonged PFS and OS as first-
line treatment for NSCLC compared with chemotherapy or TKIs alone,
indicating that combinations can be more efficacious [24] . Here we combined
tumor-specific antibody with TKI, targeting two different tumor components
(tumor cells and vasculature) and demonstrated substantial improvement of
efficacy. Whether this combination is superior to simultaneous targeting of
tumor cells with different drugs remains to be established. 

Although sunitinib alone showed little SK-RC-52 tumor growth
inhibition, an additive effect was observed when combined with [ 177 Lu]Lu-
cG250 RIT, possibly due to the enhanced uptake of G250 antibody [8] .
Recently, Jedeszko et al. [25] investigated the combination of pazopanib
and chemotherapy in an orthotopic RCC mouse model and claimed that
pazopanib enhanced the intracellular uptake of a chemotherapeutic drug by
a direct sensitization effect on tumor cells. It is possible that a similar effect
applies to our studies and that sunitinib has a direct sensitization effect on SK-
RC-52 tumor cells, leading to increased uptake of mAb G250. The enhanced
uptake was not observed in NU-12 tumors, but this can be explained by
different internalization rates of the two tumor cell types [26] . In SK-RC-52,
cG250 internalization and subsequent metabolization plays a role whereas
internalization is almost absent in NU-12. 

A limitation of this study is that although the combination treatment was
successful in tumor ablation, the CAIX-targeted RIT was still too effective
to objectively measure the additive effect of sunitinib in NU12. Additional
therapeutic experiments with even lower doses of 177 Lu should be performed
to confirm the superiority of the combination treatment. Nevertheless, it also
suggests that much lower [ 177 Lu]Lu -cG250 doses might be effective, which
will prevent bone marrow toxicity, the main dose limiting toxicity for RIT. 

Conclusions 

In conclusion, since the efficacy of targeted agents such as TKI is
limited by both intrinsic and acquired resistance for patients with advanced,
mprovement is needed. Enhanced therapeutic efficacy was achieved when 
unitinib and [ 177 Lu]Lu-cG250 RIT, two agents that on their own do not
nduce satisfactory response levels in preclinical models, are combined. Our
ndings provide a promising new therapeutic strategy for patients with
dvanced RCC. 

nstitutional review board statement 

Institutional guidelines were strictly followed for maintenance of animals 
nd experimental procedures were approved by the Institutional Animal Care
nd Use Committee (IACUC, RU-DEC 2012-038 and RU-DEC 2012- 
67). All procedures were performed using the guidelines from the Institute
f Laboratory Animal Research [32] . 

uthor contributions 

Conceptualization J.O-W., E.O., P.M.; methodology J.O-W., E.O., G.F., 
.dW., O.B.; formal analysis T.dH., D.K; investigation J.O-W., M.dW., 
.F.; resources J.O-W, G.F., M.dW; data curation J.O-W; writing—original 
raft preparation J.O-W., E.O.; writing—review and editing J.O-W., E.O., 
.dW., G.F., O.B., P.M.; visualization J.O-W., M.dW., T.dH.; supervision 

.O-W., E.O., P.M.; project administration J.O-W.; funding acquisition E.O., 

.M. All authors have read and agreed to the published version of the
anuscript. 

unding 

This work has been supported in part by the European Union’s Seventh
ramework Program ( FP7/2007-2013 ) under grant agreement no 259939
ww.eurotargetproject.eu . 

ata availability statement 

The dataset used in this study is available in EGA ( https://ega-archive.org)
ith access number EGAD00001008312. 

cknowledgements 

We thank Kees Jansen, Dennis Verhaegh, Vincent van Deutekom and
ohanna Husch of the Department of Urology, Henk F.G. Arnts and Kitty
.H. Lemmens-Hermans of the Central Animal Facility of the Radboud
niversity medical center for excellent technical assistance. 

upplementary materials 

upplementary material associated with this article can be found, in the
nline version, at doi: 10.1016/j.neo.2022.100826 . 

eferences 

[1] Sanchez-Gastaldo A, Kempf E, Gonzalez Del Alba A, Duran I. Systemic treatment
of renal cell cancer: a comprehensive review. Cancer Treat Rev 2017; 60 :77–89.
doi: 10.1016/j.ctrv.2017.08.010 . 

[2] Barata PC, Rini BI. Treatment of renal cell carcinoma: current status and future
directions. CA Cancer J Clin 2017; 67 :507–24. doi: 10.3322/caac.21411 . 

[3] Popovic M, Matovina-Brko G, Jovic M, Popovic LS. Immunotherapy: a new
standard in the treatment of metastatic clear cell renal cell carcinoma. World J
Clin Oncol 2022; 13 :28–38. doi: 10.5306/wjco.v13.i1.28 . 

[4] Sternberg CN, Davis ID, Mardiak J, Szczylik C, Lee E, Wagstaff J, Barrios CH,
Salman P, Gladkov OA, Kavina A, et al. Pazopanib in locally advanced or
metastatic renal cell carcinoma: results of a randomized phase III trial. J Clin
Oncol 2010; 28 :1061–8. doi: 10.1200/Jco.2009.23.9764 . 

http://www.eurotargetproject.eu
https://ega-archive.org
https://doi.org/10.1016/j.neo.2022.100826
https://doi.org/10.1016/j.ctrv.2017.08.010
https://doi.org/10.3322/caac.21411
https://doi.org/10.5306/wjco.v13.i1.28
https://doi.org/10.1200/Jco.2009.23.9764


12 Combination of sunitinib and 177 Lu-labeled antibody J.C. Oosterwijk-Wakka et al. Neoplasia Vol. 32, No. C, 2022 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[  

[

[  

[  

 

[  

[  

[  

[  

 

[  

[  

[

[  

[

[  

[

[5] Bracarda S, Bellmunt J, Melichar B, Negrier S, Bajetta E, Ravaud A, Sneller V,
Escudier B. Overall survival in patients with metastatic renal cell carcinoma
initially treated with bevacizumab plus interferon-alpha 2a and subsequent
therapy with tyrosine kinase inhibitors: a retrospective analysis of the phase
III AVOREN trial. BJU Int 2011; 107 :214–19. doi: 10.1111/j.1464-410X.2010.
09707.x. 

[6] Ljungberg B, Albiges L, Abu-Ghanem Y, Bedke J, Capitanio U, Dabestani S,
Fernandez-Pello S, Giles RH, Hofmann F, Hora M, et al. European Association
of Urology Guidelines on renal cell carcinoma: the 2022 update. Eur Urol 2022.
doi: 10.1016/j.eururo.2022.03.006 . 

[7] Bedke J, Albiges L, Capitanio U, Giles RH, Hora M, Lam TB, Ljungberg B,
Marconi L, Klatte T, Volpe A, et al. The 2021 updated European Association
of Urology Guidelines on renal cell carcinoma: immune checkpoint inhibitor-
based combination therapies for treatment-naive metastatic clear-cell renal cell
carcinoma are standard of care. Eur Urol 2021; 80 :393–7. doi: 10.1016/j.eururo.
2021.04.042 . 

[8] Oosterwijk-Wakka JC, de Weijert MC, Franssen GM, Leenders WP, van der
Laak JA, Boerman OC, Mulders PF, Oosterwijk E. Successful combination
of sunitinib and girentuximab in two renal cell carcinoma animal models: a
rationale for combination treatment of patients with advanced RCC. Neoplasia
2015; 17 :215–24. doi: 10.1016/j.neo.2014.12.011 . 

[9] Schoumacher M, Burbridge M. Key roles of AXL and MER receptor tyrosine
kinases in resistance to multiple anticancer therapies. Curr Oncol Rep 2017; 19 :19.
doi: 10.1007/s11912- 017- 0579- 4 . 

[10] Zhou L, Liu XD, Sun M, Zhang X, German P, Bai S, Ding Z, Tannir N,
Wood CG, Matin SF, et al. Targeting MET and AXL overcomes resistance to
sunitinib therapy in renal cell carcinoma. Oncogene 2016; 35 :2687–97. doi: 10.
1038/onc.2015.343 . 

[11] Stillebroer AB, Mulders PF, Boerman OC, Oyen WJ, Oosterwijk E. Carbonic
anhydrase IX in renal cell carcinoma: implications for prognosis, diagnosis, and
therapy. Eur Urol 2010; 58 :75–83. doi: 10.1016/j.eururo.2010.03.015 . 

[12] Muselaers CH, Boers-Sonderen MJ, van Oostenbrugge TJ, Boerman OC,
Desar IM, Stillebroer AB, Mulder SF, van Herpen CM, Langenhuijsen JF,
Oosterwijk E, et al. Phase 2 study of lutetium 177-labeled anti-carbonic anhydrase
IX monoclonal antibody girentuximab in patients with advanced renal cell
carcinoma. Eur Urol 2016; 69 :767–70. doi: 10.1016/j.eururo.2015.11.033 . 

[13] Brouwers AH , van Eerd JEM , Frielink C , Oosterwijk E , Oyen WJG ,
Corstens FHM , Boerman OC . Optimization of radioimmunotherapy of renal cell
carcinoma: labeling of monoclonal antibody cG250 with I-131, Y-90, Lu-177, or
Re-186. J Nucl Med 2004; 45 :327–37 . 

[14] Zhao Y, Adjei AA. Targeting angiogenesis in cancer therapy: moving beyond
vascular endothelial growth factor. Oncologist 2015; 20 :660–73. doi: 10.1634/
theoncologist.2014-0465 . 

[15] Alitalo K, Tammela T, Petrova TV. Lymphangiogenesis in development and
human disease. Nature 2005; 438 :946–53. doi: 10.1038/nature04480 . 

[16] Park JE , Chen HH , Winer J , Houck KA , Ferrara N . Placenta growth factor.
Potentiation of vascular endothelial growth factor bioactivity, in vitro and in
vivo, and high affinity binding to Flt-1 but not to Flk-1/KDR. J Biol Chem
1994; 269 :25646–54 . 

[17] Sainz-Jaspeado M, Claesson-Welsh L. Cytokines regulating lymphangiogenesis.
Curr Opin Immunol 2018; 53 :58–63. doi: 10.1016/j.coi.2018.04.003 . 

[18] Heinolainen K, Karaman S, D’Amico G, Tammela T, Sormunen R,
Eklund L, Alitalo K, Zarkada G. VEGFR3 modulates vascular permeability
by controlling VEGF/VEGFR2 signaling. Circ Res 2017; 120 :1414–25. doi: 10.
1161/CIRCRESAHA.116.310477 . 
19] Bui HM, Enis D, Robciuc MR, Nurmi HJ, Cohen J, Chen M, Yang Y,
Dhillon V, Johnson K, Zhang H, et al. Proteolytic activation defines 
distinct lymphangiogenic mechanisms for VEGFC and VEGFD. J Clin Invest 
2016; 126 :2167–80. doi: 10.1172/JCI83967 . 

20] Bates DO. Vascular endothelial growth factors and vascular permeability. 
Cardiovasc Res 2010; 87 :262–71. doi: 10.1093/cvr/cvq105 . 

21] Rini BI, Battle D, Figlin RA, George DJ, Hammers H, Hutson T, Jonasch E,
Joseph RW, McDermott DF, Motzer RJ, et al. The society for immunotherapy of 
cancer consensus statement on immunotherapy for the treatment of advanced 
renal cell carcinoma (RCC). J Immunother Cancer 2019; 7 :354. doi: 10.1186/ 
s40425- 019- 0813- 8 . 

22] Braun DA, Bakouny Z, Hirsch L, Flippot R, Van Allen EM, Wu CJ, Choueiri TK.
Beyond conventional immune-checkpoint inhibition - novel immunotherapies 
for renal cell carcinoma. Nat Rev Clin Oncol 2021; 18 :199–214. doi: 10.1038/
s41571- 020- 00455- z . 

23] Kelly MP, Lee ST, Lee FT, Smyth FE, Davis ID, Brechbiel MW, Scott AM.
Therapeutic efficacy of Lu-177-CHX-A ’’-DTPA-hu3S193 radioimmunotherapy 
in prostate cancer is enhanced by EGFR inhibition or docetaxel chemotherapy. 
Prostate 2009; 69 :92–104. doi: 10.1002/pros.20856 . 

24] Sun L, Ma JT, Zhang SL, Zou HW, Han CB. Efficacy and safety of chemotherapy
or tyrosine kinase inhibitors combined with bevacizumab versus chemotherapy or 
tyrosine kinase inhibitors alone in the treatment of non-small cell lung cancer: 
a systematic review and meta-analysis. Med Oncol 2015; 32 :473. doi: 10.1007/ 
s12032- 014- 0473- y. 

25] Jedeszko C, Paez-Ribes M, Di Desidero T, Man S, Lee CR, Xu P, Bjarnason GA,
Bocci G, Kerbel RS. Postsurgical adjuvant or metastatic renal cell carcinoma 
therapy models reveal potent antitumor activity of metronomic oral topotecan 
with pazopanib. Sci Transl Med 2015; 7 :282ra250. doi: 10.1126/scitranslmed. 
3010722 . 

26] van Schaijk FG , Oosterwijk E , Molkenboer-Kuenen JD , Soede AC , McBride BJ ,
Goldenberg DM , Oyen WJ , Corstens FH , Boerman OC . Pretargeting with
bispecific anti-renal cell carcinoma x anti-DTPA(In) antibody in 3 RCC models. 
J Nucl Med 2005; 46 :495–501 . 

27] Ebert T , Bander NH , Finstad CL , Ramsawak RD , Old LJ . Establishment and
characterization of human renal cancer and normal kidney cell lines. Cancer Res 
1990; 50 :5531–6 . 

28] Beniers AJ , Peelen WP , Schaafsma HE , Beck JL , Ramaekers FC , Debruyne FM ,
Schalken JA . Establishment and characterization of five new human renal tumor 
xenografts. Am J Pathol 1992; 140 :483–95 . 

29] Conway T, Wazny J, Bromage A, Tymms M, Sooraj D, Williams ED, 
Beresford-Smith B. Xenome–a tool for classifying reads from xenograft samples. 
Bioinformatics 2012; 28 :i172–8. doi: 10.1093/bioinformatics/bts236 . 

30] Lewis MR , Raubitschek A , Shively JE . A facile, water-soluble method for
modification of proteins with DOTA. Use of elevated temperature and optimized 
pH to achieve high specific activity and high chelate stability in radiolabeled 
immunoconjugates. Bioconjug Chem 1994; 5 :565–76 . 

31] Lindmo T, Boven E, Cuttitta F, Fedorko J, Bunn PA Jr. Determination 
of the immunoreactive fraction of radiolabeled monoclonal antibodies by 
linear extrapolation to binding at infinite antigen excess. J Immunol Methods 
1984; 72 :77–89. doi: 10.1016/0022- 1759(84)90435- 6 . 

32] Guide for the care and use of laboratory animals: Eighth edition . The National
Academies Press; 2011 . 

33] Goeman JJ, Solari A. Multiple hypothesis testing in genomics. Stat Med 
2014; 33 :1946–78. doi: 10.1002/sim.6082 . 

https://doi.org/10.1111/j.1464-410X.2010.09707.x
https://doi.org/10.1016/j.eururo.2022.03.006
https://doi.org/10.1016/j.eururo.2021.04.042
https://doi.org/10.1016/j.neo.2014.12.011
https://doi.org/10.1007/s11912-017-0579-4
https://doi.org/10.1038/onc.2015.343
https://doi.org/10.1016/j.eururo.2010.03.015
https://doi.org/10.1016/j.eururo.2015.11.033
http://refhub.elsevier.com/S1476-5586(22)00053-7/sbref0013
http://refhub.elsevier.com/S1476-5586(22)00053-7/sbref0013
http://refhub.elsevier.com/S1476-5586(22)00053-7/sbref0013
http://refhub.elsevier.com/S1476-5586(22)00053-7/sbref0013
http://refhub.elsevier.com/S1476-5586(22)00053-7/sbref0013
http://refhub.elsevier.com/S1476-5586(22)00053-7/sbref0013
http://refhub.elsevier.com/S1476-5586(22)00053-7/sbref0013
http://refhub.elsevier.com/S1476-5586(22)00053-7/sbref0013
https://doi.org/10.1634/theoncologist.2014-0465
https://doi.org/10.1038/nature04480
http://refhub.elsevier.com/S1476-5586(22)00053-7/sbref0016
http://refhub.elsevier.com/S1476-5586(22)00053-7/sbref0016
http://refhub.elsevier.com/S1476-5586(22)00053-7/sbref0016
http://refhub.elsevier.com/S1476-5586(22)00053-7/sbref0016
http://refhub.elsevier.com/S1476-5586(22)00053-7/sbref0016
http://refhub.elsevier.com/S1476-5586(22)00053-7/sbref0016
https://doi.org/10.1016/j.coi.2018.04.003
https://doi.org/10.1161/CIRCRESAHA.116.310477
https://doi.org/10.1172/JCI83967
https://doi.org/10.1093/cvr/cvq105
https://doi.org/10.1186/s40425-019-0813-8
https://doi.org/10.1038/s41571-020-00455-z
https://doi.org/10.1002/pros.20856
https://doi.org/10.1007/s12032-014-0473-y
https://doi.org/10.1126/scitranslmed.3010722
http://refhub.elsevier.com/S1476-5586(22)00053-7/sbref0026
http://refhub.elsevier.com/S1476-5586(22)00053-7/sbref0026
http://refhub.elsevier.com/S1476-5586(22)00053-7/sbref0026
http://refhub.elsevier.com/S1476-5586(22)00053-7/sbref0026
http://refhub.elsevier.com/S1476-5586(22)00053-7/sbref0026
http://refhub.elsevier.com/S1476-5586(22)00053-7/sbref0026
http://refhub.elsevier.com/S1476-5586(22)00053-7/sbref0026
http://refhub.elsevier.com/S1476-5586(22)00053-7/sbref0026
http://refhub.elsevier.com/S1476-5586(22)00053-7/sbref0026
http://refhub.elsevier.com/S1476-5586(22)00053-7/sbref0026
http://refhub.elsevier.com/S1476-5586(22)00053-7/sbref0027
http://refhub.elsevier.com/S1476-5586(22)00053-7/sbref0027
http://refhub.elsevier.com/S1476-5586(22)00053-7/sbref0027
http://refhub.elsevier.com/S1476-5586(22)00053-7/sbref0027
http://refhub.elsevier.com/S1476-5586(22)00053-7/sbref0027
http://refhub.elsevier.com/S1476-5586(22)00053-7/sbref0027
http://refhub.elsevier.com/S1476-5586(22)00053-7/sbref0028
http://refhub.elsevier.com/S1476-5586(22)00053-7/sbref0028
http://refhub.elsevier.com/S1476-5586(22)00053-7/sbref0028
http://refhub.elsevier.com/S1476-5586(22)00053-7/sbref0028
http://refhub.elsevier.com/S1476-5586(22)00053-7/sbref0028
http://refhub.elsevier.com/S1476-5586(22)00053-7/sbref0028
http://refhub.elsevier.com/S1476-5586(22)00053-7/sbref0028
http://refhub.elsevier.com/S1476-5586(22)00053-7/sbref0028
https://doi.org/10.1093/bioinformatics/bts236
http://refhub.elsevier.com/S1476-5586(22)00053-7/sbref0030
http://refhub.elsevier.com/S1476-5586(22)00053-7/sbref0030
http://refhub.elsevier.com/S1476-5586(22)00053-7/sbref0030
http://refhub.elsevier.com/S1476-5586(22)00053-7/sbref0030
https://doi.org/10.1016/0022-1759(84)90435-6
http://refhub.elsevier.com/S1476-5586(22)00053-7/sbref0032
https://doi.org/10.1002/sim.6082

	Combination of sunitinib and 177Lu-labeled antibody cG250 targeted radioimmunotherapy: A promising new therapeutic strategy for patients with advanced renal cell cancer
	Introduction
	Material and methods
	Cell lines, xenografts and reagents
	Analysis of cell viability and morphology
	Western blot analysis
	RNA-Seq analysis
	Conjugation and radiolabeling of cG250
	In vivo therapy experiments
	Immunohistochemical analysis
	Statistical analysis

	Results
	Viability of NU12 and SK-RC-52 treated with sunitinib
	Cell growth and morphology
	VEGF and VEGFR expression by RNA-Seq analysis of NU12 and SK-RC-52 xenografts and cells
	MET and AXL expression in NU12 or SK-RC-52 xenografts of mice treated with sunitinib
	In vivo experiments
	Treatment of mice with SK-RC-52 tumors
	Treatment of mice with NU12 tumors

	Discussion
	Conclusions
	Institutional review board statement

	Author contributions
	Funding
	Data availability statement
	Acknowledgements
	Supplementary materials
	References


