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Abstract
Vascular endothelial growth factor receptor 2 (VEGFR2), a key regulator of tumor angiogenesis, is highly expressed across 
numerous tumor types and has been an attractive target for anti-cancer therapy. However, clinical application of available 
VEGFR2 inhibitors has been challenged by limited efficacy and a wide range of side effects, potentially due to inadequate 
selectivity for VEGFR2. Thus, development of potent VEGFR2 inhibitors with improved selectivity is needed. Rivoceranib 
is an orally administered tyrosine kinase inhibitor that potently and selectively targets VEGFR2. A comparative understand-
ing of the potency and selectivity of rivoceranib and approved inhibitors of VEGFR2 is valuable to inform rationale for 
therapy selection in the clinic. Here, we performed biochemical analyses of the kinase activity of VEGFR2 and of a panel 
of 270 kinases to compare rivoceranib to 10 FDA-approved kinase inhibitors (“reference inhibitors”) with known activity 
against VEGFR2. Rivoceranib demonstrated potency within the range of the reference inhibitors, with a VEGFR2 kinase 
inhibition IC50 value of 16 nM. However, analysis of residual kinase activity of the panel of 270 kinases showed that rivo-
ceranib displayed greater selectivity for VEGFR2 compared with the reference inhibitors. Differences in selectivity among 
compounds within the observed range of potency of VEGFR2 kinase inhibition are clinically relevant, as toxicities associated 
with available VEGFR2 inhibitors are thought to be partly due to their effects against kinases other than VEGFR2. Together, 
this comparative biochemical analysis highlights the potential for rivoceranib to address clinical limitations associated with 
off-target effects of currently available VEGFR2 inhibitors.
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Introduction

Angiogenesis, the formation of new blood vessels from 
existing vasculature, is a well-known hallmark of cancer and 
is considered essential for tumor progression and metasta-
sis [1, 2]. By enabling a supply of oxygen, nutrients, and 
growth factors to the tumor microenvironment as well as 
an avenue for tumor dissemination to distant sites, angio-
genesis contributes to tumor growth, metastasis, and drug 
resistance across many tumor types [3]. Angiogenesis is 
driven by the binding of vascular endothelial growth factor 
(VEGF), secreted by tumor cells and surrounding stroma, to 

VEGF receptor 2 (VEGFR2; also known as KDR). VEGFR2 
is the main signaling receptor for VEGF and is expressed 
on endothelial cells [4]. Elevated VEGF mRNA expression 
has been detected in a variety of tumors, and this increased 
expression can serve as an important prognostic indicator 
in patients with cancer [5, 6]. VEGF-mediated activation of 
VEGFR2 leads to the proliferation and survival of endothe-
lial cells, resulting in the formation of new blood vessels. 
VEGFR2 is thus a key receptor regulating angiogenic func-
tion, and agents targeting VEGFR2 are actively pursued as 
anti-cancer therapies.

Both antibodies and small molecules with activity 
against VEGFR2 have been approved for the treatment 
of a variety of tumor types. Bevacizumab, a recombinant 
humanized monoclonal antibody targeting VEGF, was the 
first approved therapy targeting the VEGF–VEGFR2 axis 
for the treatment of cancer and has demonstrated benefi-
cial clinical effects in a variety of tumor types [2, 7, 8]. 
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However, anti-VEGF antibodies have been associated with 
high immunogenicity and low stability. The clinical appli-
cation of these antibodies is further limited by the effects 
associated with the inhibition of physiological angiogen-
esis [2]. Inhibition of tumor angiogenesis via targeting 
VEGFRs has achieved greater success than via targeting 
VEGF. Ramucirumab, a VEGFR2-targeted monoclonal 
antibody, and several VEGFR small molecule inhibitors 
have been approved for clinical use [2, 9]. However, ramu-
cirumab has been associated with limited efficacy, poten-
tially severe side effects, and high cost [10, 11]. Similarly, 
currently available small molecules have been associated 
with acquired drug resistance, limited efficacy, compound 
toxicity, and a wide range of side effects [12]. Toxicities of 
VEGFR inhibitors observed in the clinic include hyperten-
sion, proteinuria, hypothyroidism, leukoencephalopathy 
syndrome, and arterial thrombosis, among others [2]. The 
toxic effects of available VEGFR inhibitors may be due 
to the high structural similarity of VEGFR protein family 
members and other tyrosine kinases (including PDGFRs, 
CSF1R, FLT-3, and c-Kit, among others) and the lack of 
selectivity of available small molecule inhibitors for bind-
ing to VEGFR2 [12]. Therefore, further investigation of 
more selective VEGFR2 inhibitors is needed.

Rivoceranib, a highly potent inhibitor of VEGFR2, 
was the first small molecule tyrosine kinase inhibitor to 
be approved in gastric cancer under the name apatinib in 
China in December 2014, and has demonstrated promising 
anti-tumor activity in a variety of tumor types, including 
hepatocellular carcinoma, breast cancer, and non-small cell 
lung cancer [13–16]. Through binding to the intracellular 
ATP-binding domain of VEGFR2, apatinib has been shown 
to block VEGF-mediated downstream signaling, endothelial 
cell proliferation, and tumor angiogenesis [17]. In addition, 
apatinib has demonstrated the capacity to induce apopto-
sis and autophagy as well as reverse multidrug resistance 
[18, 19]. Rivoceranib is currently being developed in the 
US as monotherapy and in combination with chemotherapy 
or immunotherapy in clinical trials across multiple tumor 
types, including gastric cancer, hepatocellular carcinoma, 
adenoid cystic carcinoma, and colorectal cancer. Rivocer-
anib has been well tolerated in clinical trials worldwide with 
manageable toxicities, and the majority of adverse events 
were mild to moderate in severity [20].

Given the clinical challenges thought to be associated 
with the variable selectivity of current small molecule 
inhibitors of VEGFR2, understanding and comparison of 
the potency and selectivity of these agents are important to 
inform therapy selection in the clinic. Here, we performed 
head-to-head biochemical analyses of rivoceranib and 10 
additional FDA-approved TKIs with known activity against 
VEGFR2 (Table 1) to compare their activity and selectivity 
against VEGFR2 and a panel of 270 kinases (representing 

approximately half of the total number of known kinases) 
to serve as a potential basis for clinical decision-making.

Methods

VEGFR2 inhibitors

A panel of 10 FDA-approved kinase inhibitors with known 
activity against VEGFR2 (“reference inhibitors”) plus the 
investigational VEGFR2 inhibitor rivoceranib was evalu-
ated in this study (Table 1). All VEGFR2 reference inhibi-
tors were acquired from commercial vendors and stored 
as powder at 4 °C. Rivoceranib was obtained from Elevar 
Therapeutics. Prior to use in experiments, compounds were 
dissolved in 100% dimethyl sulfoxide (DMSO), then further 
diluted with assay buffer to prepare the final test compound 
solution.

Binding assay

The affinity of rivoceranib for VEGFR2 was determined 
by surface plasmon resonance (SPR) using biotinylated 
VEGFR2 and Biacore T200 [21]. Biotinylated recombinant 
cytoplasmic domain of VEGFR2, encompassing amino 
acid residue 790 to 1356 (C-terminus), was purchased from 
Carna Biosciences, Inc. (Kobe, Japan) (Cat. No. 08–491-
20N). Biotinylated VEGFR2 cytoplasmic domain was 
diluted to 40 µg/mL in pre-cooled Biacore buffer (50 mM 
Tris pH 7.5, 0.05% Tween 20, 150 mM NaCl and 5 mM 
MgCl2) and immobilized with the biotin tag on a strepta-
vidin-coated chip (Cat. No. BR100531; Cytiva). First, the 
streptavidin on the sensor chip was washed three times with 
a washing solution (1 M NaCl, 50 mM NaOH) for a period 
of 60 s with a flow rate of 10 µL/min. Then, biotinylated 
protein was captured on the chip with a targeted immobiliza-
tion level of 4000 RU. Remaining streptavidin was blocked 
with 10 µg/mL biocytin injections to circumvent a specific 
binding of compound to the streptavidin-bound surface. 
Immobilization was performed at 4 °C. Subsequent binding 
assays were conducted at 22 °C. Rivoceranib was dissolved 
to a 10 mM solution in 100% DMSO and diluted in Biacore 
buffer without DMSO to obtain a solution with 1% DMSO. 
Further dilutions were made in Biacore buffer containing 
1% DMSO, which was also used as running buffer during 
the experiments. The kinetic constants of rivoceranib were 
determined with single-cycle kinetics with five consecu-
tive injections with an increasing compound concentration 
gradient of 10–31.6–100–316–1000 nM. Experiments were 
performed with a flow rate of 30 µl/min, an association 
time of 100 s per concentration and dissociation period of 
1200 s. A blank run was performed before the compound 
range was injected. This blank run is an injection range with 
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five times a buffer injection with the same flow rate, contact 
time, and dissociation time. The sensorgrams were analyzed 
with SPR Evaluation Software using the method of double 
referencing. In the first step, the reference channel was sub-
tracted from the channel containing immobilized protein, 
and then the reference curve obtained with buffer injections 
was subtracted. The resulting curve was fitted with a 1:1 
binding model. The kinetic constants (ka, kd) were geometri-
cally averaged from two experimental replicates each with 
two technical replicates. The equilibrium dissociation con-
stant, that is, the binding affinity (KD), was calculated from 
the ratio of the association and dissociation rate constant 
(KD = kd/ka).

Enzyme activity assays

Kinase assays were performed to evaluate inhibitor activity 
on VEGFR2 and other kinases using either mobility shift 

assays (MSA) or immobilized metal ion affinity particle 
(IMAP) assays at Carna Biosciences, Inc (Kobe, Japan). 
The panel of kinases assayed comprises all wild-type 
kinases available for profiling at Carna Biosciences, Inc. 
For VEGFR2, the same cytoplasmic domain was used as in 
the SPR binding assay. For dose–response and determina-
tion of the half-maximum inhibitory concentration (IC50), 
rivoceranib was tested in duplicate 10-point dilution series 
(Supplemental Table 1). For determination of the percent 
inhibition of 270 wild-type kinases, rivoceranib was tested 
at two fixed concentrations (160 nM and 1600 nM). For the 
ten reference inhibitors, the VEGFR2 IC50 values and per-
cent inhibition at 1000 nM were previously determined in 
identical assays [22, 23].

Off-chip MSA was performed by preparing a 4 × sub-
strate/ATP/metal solution using kit buffer (20 mM HEPES, 
0.01% Triton X-100, 5 mM DTT, pH 7.5), and a 2 × kinase 
solution was prepared in assay buffer (20 mM HEPES, 

Table 1   Small molecule kinase inhibitors with activity against VEGFR2 included in the current study

* FDA approval history and indication information obtained from www.​drugs.​com/​histo​ry. Accessed September 30, 2022

Inhibitor Initial FDA 
approval 
date*

Current indication* Primary targets

Axitinib 2012 Advanced renal cell carcinoma VEGFR1-3
Cabozantinib 2016

2019
2021

Advanced renal cell carcinoma
Hepatocellular carcinoma
Differentiated thyroid cancer

MET, RET, AXL, VEGFR2, FLT3, c-KIT

Lenvatinib 2015
2016
2018
2021

Differentiated thyroid cancer
Advanced renal cell carcinoma
Hepatocellular carcinoma
Advanced endometrial carcinoma (in combination with 

pembrolizumab)

VEGFR1-3, PDGFRα, FGFR, KIT, RET

Nintedanib 2014
2019

Idiopathic pulmonary fibrosis
Interstitial lung disease

VEGFR1-3, PDGFRα, FGFR1-3

Pazopanib 2009
2012

Advanced renal cell carcinomar
Advanced soft tissue sarcoma

VEGFR1-3, PDGFRα, FGFR1-3, KIT

Regorafenib 2012
2013
2017

Advanced colorectal cancer
Advanced gastrointestinal stromal tumors
Hepatocellular carcinoma

VEGFR1-3, TIE2, KIT, RET, RAF1, BRAF, PDGFR, 
FGFR

Sorafenib 2005
2007
2013

Advanced renal cell carcinoma
Hepatocellular carcinoma
Metastatic differentiated thyroid cancer

RAF-1, VEGR1-3, PDGFR-β, FLT-3, c-KIT

Sunitinib 2006
2011

Gastrointestinal stromal tumors, advanced renal cell 
carcinoma

Progressive neuroendocrine cancerous tumors located in 
the pancreas

VEGFR1-3, PDGFR, c-KIT, FLT-3, CSF1R, RET

Tivozanib 2021 Relapsed or refractory advanced renal cell carcinoma VEGFR1-3, PDGFRα/β, c-KIT
Vandetanib 2011 Advanced medullary thyroid cancer VEGFR-2, EGFR, RET
Rivoceranib Investiga-

tional in 
U.S.;

Approved as 
Apatinib 
in China 
(2014)

In China: Late-stage gastric carcinoma VEGFR-2, c-KIT, c-SRC

http://www.drugs.com/history
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0.01% TritonX-100, 1 mM DTT, pH 7.5). The VEGFR2 
substrate was used at a concentration of 1000 nM and ATP 
at a concentration of 75 µmol/L, which corresponds to the 
Km,ATP of the enzyme. A 4 × compound solution and the 
4 × substrate/ATP/metal solution, and 2 × kinase solution 
were mixed and incubated in a 384-well microplate at room 
temperature for 1 or 5 h, dependent on the kinase. Termi-
nation Buffer (QuickScout Screening Assist MSA; Carna 
Biosciences) was added to the well, and the reaction mix-
ture was applied to the LabChip™ system (Perkin Elmer) 
to separate and quantitate the product and substrate peptide 
peaks. The kinase reaction was measured using the product 
ratio calculated from the peak heights of the product (P) and 
substrate (S) peptides: [P/(P + S)].

For the IMAP assays, a 4 × substrate/ATP/metal solution 
and 2 × kinase solution were prepared using assay buffer 
(20 mM HEPES, 0.01% Tween 20, 2 mM DTT, pH 7.4). 
ATP concentrations in the solution were within twofold of 
the affinity for ATP (KM,ATP) for each individual kinase. 
Then, the 4 × compound solution, 4 × substrate/ATP/metal 
solution, and 2 × kinase solution were mixed and incubated 
in a single well of a polystyrene 384-well black microplate. 
After incubating for 1 h at room temperature, IMAP-binding 
reagent (IMAP Screening Express kit; Molecular Devices) 
was added to the well and incubated for 30 min. The kinase 
reaction in each well was measured via fluorescence polari-
zation at excitation of 485 nm and emission of 530 nm.

The value obtained from the reaction control (complete 
reaction mixture) was set as 0% inhibition, and the back-
ground value (mixture lacking enzyme) was set as 100% 
inhibition to calculate the percent inhibition for each test 
solution. IC50 values were calculated by fitting a 4-param-
eter logistic curve to the percentage inhibition values at the 
tested concentrations. For the determination of the percent 
inhibition at fixed inhibitor concentration, percentage inhi-
bition values < 0 were capped at 0, while values > 100 were 
capped at 100. The capped percentage inhibition values were 
converted to residual kinase activity values (100 % inhibi-
tion), and residual kinase activity values were visualized 
via radar chart.

Kinome tree biochemical selectivity

Using the data obtained from the kinase activity assays 
described above, the percentage inhibition values for each 
inhibitor were mapped to the kinome tree. Protein names 
as reported by Carna could be mapped to HGNC names for 
266 of the 270 kinases on which all inhibitors were profiled. 
A list of the kinases assayed is provided in the Supplemen-
tal Methods. Different protein isoforms or complexes of 
the same kinase were profiled; only one was mapped to the 
HGNC name used in the kinome tree. Proteins not mapped 
to HGNC name included LYNb, AurA/TPX2, CDK2/CycE1, 
and PKCβ2. For each inhibitor and kinase pair, the percent-
age inhibition value was grouped into one of the following 
four categories: > 95%; > 90% & ≤ 95%; > 50% & ≤ 90%; 
and ≤ 50%. CORAL was used to generate the kinome trees 
[24].

Results

Rivoceranib binds to VEGFR2 with low nanomolar 
affinity

The binding affinity (KD) of rivoceranib to VEGFR2 was 
determined using SPR, a label-free and probe-free method 
for the determination of kinetics of biomolecular interac-
tions. The advantage of SPR over kinase activity assays is 
that the kinetics of binding is observed in real time and no 
confounding competitive molecules, such as ATP or sub-
strates, are present in the reaction. For SPR, the target pro-
tein is immobilized on a chip, and a solution of the kinase 
inhibitor is injected and flown over the surface. Binding of 
a compound changes the refractive index and is measured as 
a positive signal expressed in resonance units (Fig. 1). Dis-
sociation of the compound results in a decrease of resonance 
units. The resulting sensorgram shows the rate of formation 
of a target–compound complex and the rate of its subsequent 
dissociation.

Fig. 1   Representative sensor-
gram of a single-cycle kinetics 
experiment with rivoceranib 
and the cytoplasmic domain 
of VEGFR2. The red line cor-
responds to the actual response 
and the black line to the 
response after fitting with a 1:1 
model using Biacore T200 soft-
ware. Based on four replicates, a 
KD of 2.08 nM was determined 
(Supplemental Table 2)
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A recombinant, insect cell expressed protein correspond-
ing to the cytoplasmic domain of VEGFR2 and encompass-
ing the tyrosine kinase domain of the receptor was used to 
study the binding kinetics of rivoceranib. The kinase was 
immobilized on a streptavidin-coated chip using a biotin tag. 
Figure 1 shows a representative sensorgram of rivoceranib 
binding. The KD, calculated from the association rate (ka) 
and dissociation rate constant (kd), was 2 nM (Supplemental 
Table 2).

VEGFR2 kinase inhibition is similar 
between rivoceranib and reference inhibitors

The same cytoplasmic domain fragment of VEGFR2 was 
used to determine the inhibitory potency (IC50) of rivocer-
anib in an enzyme activity assay using a MSA. In MSA, 
the phosphorylation of a peptide substrate is quantitatively 
measured through the effect of phosphorylation on electro-
phoretic mobility of the peptide. The assay was performed 
at an ATP concentration of 75 µM, which corresponds to 
the Km,ATP of the recombinant enzyme (74 µM). The activity 
of rivoceranib in the kinase assay was compared to that of 
10 FDA-approved TKIs (“reference inhibitors”) with known 
activity against VEGFR2, which were measured in the same 
MSA. As shown in Fig. 2A, while some variation in potency 
of VEGFR2 kinase activity inhibition was observed between 
compounds tested, rivoceranib activity against VEGFR2 
was within the range of the inhibition mediated by the ref-
erence inhibitors. IC50 values calculated based on the con-
centration–percent inhibition curves ranged from 0.95 nM 
to 29 nM for the reference inhibitors, and the IC50 value 
for rivoceranib was 16 nM (Fig. 2B). Four inhibitors (tivo-
zanib, axitinib, lenvatinib, and nintedanib) demonstrated 
approximately tenfold lower IC50 values than rivoceranib, 
three inhibitors (cabozantinib, vandetanib, and pazopanib) 
demonstrated approximately twofold to sixfold lower IC50 
values, and three inhibitors (sunitinib, regorafenib, and 
sorafenib) demonstrated higher IC50 values. Tivozanib was 
the most potent VEGFR2 inhibitor, while sorafenib was the 
least potent. Together, these data demonstrate that rivocer-
anib mediates VEGFR2 kinase inhibition within the range 
of that seen with the reference inhibitors.

Rivoceranib retains greater overall activity 
of non‑targeted kinases compared with reference 
inhibitors

To compare the selectivity of rivoceranib and the 10 refer-
ence inhibitors, we performed either IMAP assays or off-chip 
MSA to assess the residual kinase activity of a panel of 270 

kinases in the presence of 160 nM or 1600 nM rivoceranib or 
1000 nM of reference inhibitor. The 270 kinases represent a 
broad representation of the more than 500 kinases encoded 
by the human genome. The rivoceranib concentrations tested 
represent values that are tenfold and 100-fold higher than the 
IC50 of rivoceranib in the VEGFR2 kinase activity assay. As 
shown in Fig. 3, radar chart visualization of these results dem-
onstrates substantial differences in the overall residual activity 
across the panel of kinases between inhibitors. Among all of 
the inhibitors profiled, rivoceranib demonstrated the greatest 
residual kinase activity (at both 160 nM and 1600 nM) across 
the panel of kinases. Sunitinib demonstrated the least residual 
kinase activity. When many kinases retain high residual kinase 
activity in the presence of an inhibitor, the inhibitor is consid-
ered more selective, suggesting that rivoceranib has greater 
selectivity compared with the reference inhibitors.

Fig. 2   Potency of rivoceranib-mediated VEGFR2 kinase inhibition 
is within the range of reference inhibitors. Off-shift mobility shift 
assays (MSA) were performed to measure VEGFR2 kinase activity 
in the presence of increasing concentrations of rivoceranib and 10 
FDA-approved inhibitors. A Dose-response curves for extent of inhi-
bition of VEGFR2 kinase activity mediated by each inhibitor. Rivo-
ceranib displayed in orange: inhibitors with greater potency displayed 
in red, and those with less potency displayed in green. B IC50 values 
obtained from dose-response curves of VEGFR2 kinase inhibition 
mediated by each inhibitor. Inhibitors were ordered from most potent 
(left) to least potent (right)
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Rivoceranib is the most selective inhibitor 
of VEGFR2 kinase activity among the tested 
inhibitors

To further understand the selectivity of rivoceranib com-
pared to the reference inhibitors on an individual kinase 
basis, we generated kinome trees displaying the percent 
inhibition of each kinase in the presence of each inhibitor. 
These percent inhibition values were grouped into four cate-
gories (> 95%; > 90% & ≤ 95%; > 50% & ≤ 90%; and ≤ 50%) 
and mapped to corresponding nodes on the kinome tree. 
Rivoceranib demonstrated 96.1% and 100.8% inhibition of 
VEGFR2 at 160 nM and 1600 nM, respectively, with greater 
than 90% inhibition of VEGFR family members VEGFR1/
FLT1 (93.3% and 99.5%) and VEGFR3/FLT4 (92.9% and 
99.3%) as well as RET (71.7% and 97.9%), PDGFRβ (62.1% 
and 94.8%), and KIT (47.3% and 92.6%) at the two rivo-
ceranib concentrations, respectively (Fig. 4, Supplemental 
Table 3, and Supplemental Fig. 1). Compared with rivocer-
anib, all reference inhibitors tested demonstrated activity 
against a broader array of kinases (Fig. 4 and Supplemental 
Fig. 2). Tivozanib, the most potent VEGFR2 inhibitor in 
the analyses described above, displayed greater than 50% 
inhibitory activity against more than 70 additional kinases 
beyond VEGFR2 (Fig. 4). Similarly, sunitinib inhibited 125 
additional kinases by > 50% and was identified as the least 
selective inhibitor in this study. Lenvatinib demonstrated the 
most similar selectivity to rivoceranib in terms of the num-
ber of additional kinases affected, with 31 kinases inhibited 
by 50% or more in the presence of lenvatinib. The profiles 

of kinases inhibited by each reference inhibitor can be found 
in additional kinome trees in Supplemental Fig. 2. Together, 
these data demonstrate that rivoceranib is the most selective 
inhibitor of VEGFR2 evaluated in this study.

Discussion

With the continuing expansion of therapeutic options for tar-
geting VEGFR2 in cancer, an understanding of the potency 
and selectivity of available and investigational agents is nec-
essary to inform clinical decision-making. Here, we per-
formed comparative biochemical analyses of the inhibitory 
effects of rivoceranib and a panel of 10 FDA-approved small 
molecules with known activity against VEGFR2. An approx-
imate 30-fold difference in the potency of VEGFR2 kinase 
inhibition was found between the most and least potent 
inhibitors, and rivoceranib potency was within the range of 
the panel of reference inhibitors. Substantial variation in the 
selectivity of the inhibitors tested was also observed, and 
rivoceranib was identified as the most selective VEGFR2 
inhibitor compared with the reference inhibitors.

The KD for binding of rivoceranib to VEGFR2 was 
approximately 2 nM in this study. This low nanomolar bind-
ing affinity of rivoceranib for VEGFR2 is consistent with the 
low nanomolar IC50 for rivoceranib-mediated inhibition of 
VEGFR2 kinase activity [17].

Consistent with previous reports, rivoceranib demon-
strated inhibition of VEGFR2 kinase activity within the 
range of that of currently available TKIs [17, 25]. The IC50 
values for the reference inhibitors determined in this study 
are generally consistent with reported values (Supplemental 
Table 4), although the absolute values vary between studies. 
However, assay conditions used in these other studies may 
strongly differ, whereas we used the same panel and assay 
conditions for all VEGFR2 inhibitors [21, 22]. Despite the 
differences in absolute values, the relative potencies among 
the reference inhibitors are comparable to the results of this 
study.

In this study, rivoceranib demonstrated VEGFR2 kinase 
inhibition with an IC50 of 16 nM, while a previous study 
has indicated an IC50 value as low as 1 nM [17]. In this 
earlier study, a lower ATP concentration (10 µM) was used 
compared with our assay (75 μM). Assays in both stud-
ies were performed at an ATP concentration at or close 
to KM,ATP, indicating that the different IC50 values reflect 
subtle differences in the recombinant proteins and reac-
tion conditions used in the assays. Notably, following oral 
administration of a clinically relevant dose of rivocer-
anib (250 mg QD), the unbound maximum concentration 
is expected to be within the range of 5 to 10 nM (data 
not presented), which is greater than the IC50 value for 
rivoceranib and lower than the selected concentrations 

Fig. 3   Rivoceranib maintains greater overall residual activity of 
270 kinases compared with reference inhibitors. The activity of 270 
kinases was measured in the presence of a fixed concentration of each 
inhibitor (160 nM and 1600 nM rivoceranib, and 1000 nM for all ref-
erence inhibitors), and the percent inhibition values were calculated 
for each kinase + inhibitor pair. Residual kinase activity values were 
calculated as 100 % inhibition and visualized via radar chart
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Fig. 4   Rivoceranib is the most selective inhibitor of VEGFR2 kinase 
activity in the current study. The kinase activity of 270 kinases was 
measured in the presence of a fixed concentration of each inhibitor 
(1600  nM rivoceranib or 1000  nM for all reference inhibitors), and 
the percent inhibition values were calculated for each kinase + inhibi-
tor pair. These values were grouped into one of the following four 
categories: > 95%; > 90% & ≤ 95%; > 50% & ≤ 90%; and ≤ 50% 

and are indicated by the node colors displayed on the kinome tree. 
Kinome trees shown here for comparison with rivoceranib include the 
most potent reference inhibitor in the VEGFR2 enzyme activity assay 
(tivozanib) as well as inhibitors with kinome trees most (lenvatinib) 
and least (sunitinib) similar to rivoceranib. The kinome trees for the 
full panel of reference inhibitors evaluated in this study are available 
in Supplemental Fig. 2



498	 Cancer Chemotherapy and Pharmacology (2023) 91:491–499

1 3

of rivoceranib evaluated in this study (i.e., 160 nM and 
1600 nM). Our analysis of the inhibitory profiles of rivo-
ceranib and the reference inhibitors against a panel of 270 
known kinases detected substantial variation in selectiv-
ity between compounds, with rivoceranib identified as the 
most selective inhibitor of VEGFR2. These differences 
in selectivity between compounds within a similar range 
of potency of VEGFR2 kinase inhibition are clinically 
relevant, as toxicities associated with available VEGFR2 
inhibitors are thought to be due in part to their inhibi-
tory effects against kinases outside of the VEGFR family. 
With the dramatic improvement in selectivity seen with 
rivoceranib, more effective targeting of VEGFR2 may be 
achieved due to an ability to deliver higher therapeutic 
doses with fewer off-target toxicities. This improved abil-
ity to reach higher drug concentrations would potentially 
result in greater anti-tumor efficacy as well as a capacity 
to achieve adequate concentrations of the drug in sites 
with limited drug penetration, such as brain metastases 
[26]. Furthermore, the improved VEGFR2 targeting with 
rivoceranib has implications for combination therapy 
approaches, particularly in settings in which the toxicities 
associated with other TKIs have limited dosing or delivery 
of the agents. The ability to selectively target VEGFR2 
also supports the rationale for combination approaches 
based on drug mechanism of action; for example, VEGF 
signaling has been shown to suppress T cell priming and 
induce T cell exhaustion, providing rationale for anti-
VEGFR plus immune checkpoint blockade combinations, 
as both classes of drugs may result in increasing the anti-
cancer T cell efficacy [27]. Rivoceranib is currently under 
investigation in combination with the anti-PD-1 mono-
clonal antibody camrelizumab as first-line treatment for 
hepatocellular carcinoma (HCC), and clinical benefit has 
been observed in a randomized phase 3 trial in HCC [28]. 
Rivoceranib is also under ongoing investigation as mono-
therapy or in combination with chemotherapy in several 
other tumor types.

Comparison of the selectivity profile of the inhibitors 
included in our study may also inform personalized treat-
ment selection in the context of molecular or biomarker 
assessment of the patient’s tumor, enabling selection of the 
drug most closely matched to the individual tumor. While 
the biochemical characteristics observed in our study should 
be confirmed in a cellular context, our data represent a foun-
dation for understanding potential clinical differences in effi-
cacy and toxicities between approved agents.

Together, our comparative biochemical analyses high-
light the substantial variation in selectivity among inhibi-
tors within a similar range of potency of VEGFR2 kinase 
inhibition. Rivoceranib, as the most selective inhibitor of 
VEGFR2, represents an attractive option for improved 
VEGFR2 targeting in cancer.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00280-​023-​04534-7.
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