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Abstract
The evaluation of angiogenesis inhibitors requires the analysis of the precise structure and function of
tumor vessels. The anti-angiogenic agents lenvatinib and sorafenib are multi-target tyrosine kinase
inhibitors that have been approved for the treatment of hepatocellular carcinoma (HCC). However, the
different effects on tumor vasculature between lenvatinib and sorafenib are not well understood. In this
study we analyzed the effects of both drugs on vascular structure and function, including vascular
normalization, and investigated whether the normalization had a positive effect on a combination
therapy with the drugs and radiation using micro X-ray computed tomography with gold nanoparticles as
a contrast agent, as well as immunohistochemical analysis and interstitial �uid pressure (IFP)
measurement. In mice subcutaneously transplanted with mouse HCC cells, treatment with lenvatinib or
sorafenib for 14 days inhibited tumor growth and reduced the tumor vessel volume density. However,
analysis of integrated data on vessel density, rates of pericyte-covering and perfused vessels, tumor
hypoxia, and IFP measured 4 days after drug treatment showed that treatment with 3 mg/kg of lenvatinib
signi�cantly reduced the microvessel density and normalized tumor vessels compared to treatment with
50 mg/kg of sorafenib. These results showed that lenvatinib induced vascular normalization and
improved the intratumoral microenvironment in HCC tumors earlier and more effectively than sorafenib.
Moreover, such changes increased the radiosensitivity of tumors and enhanced the effect of lenvatinib
and radiation combination therapy, suggesting that this combination therapy is a powerful potential
application against HCC.

Introduction
Angiogenesis is essential for solid tumors to grow beyond 2–3 mm3, and newly formed tumor vessels are
closely involved in further tumor growth and metastasis [1, 2]. Tumor cells release angiogenic factors
such as vascular endothelial growth factor (VEGF), platelet-derived growth factor (PDGF), and �broblast
growth factor (FGF), which act on nearby blood vessels to cause tumor angiogenesis [3, 4]. These
angiogenesis-promoting factors lead to the rapid development of tumor neovascular vessels that are
irregularly shaped, dilated, leaky, and fragile [5, 6]. Approximately 50 years ago, Folkman et al. suggested
that angiogenesis is necessary for tumor growth and that angiogenesis inhibitors have anti-tumor effects
via the shrinkage and disruption of tumor blood vessels, followed by the starving of oxygen and nutrient
supply to cancer cells [7]. Angiogenesis inhibitors have been theorized to induce hypoperfusion in tumor
tissue, thereby leading to hypoxia in these tissues [1, 7]. Thus, hypoperfusion may aggravate drug delivery
through vessels and cause drug resistance; moreover, inhibitor-induced hypoxia may reduce the effect of
radiotherapy on tumors [8, 9].

However, a new idea has recently been proposed, in which angiogenesis inhibitors remodel abnormal
tumor vessels into normal vessels, referred to as “tumor vascular normalization” [5, 10]. Normalization
improves the tumor microenvironment and inhibits tumor growth and metastasis [6]. In addition,
normalization of tumor vessels also improves blood perfusion and tumor oxygenation in tumor tissues,
which may enhance the e�cacy of chemotherapy and radiation therapy [11, 12]. These new ideas differ
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from the previous concept. Angiogenesis inhibitors have recently been shown to improve the e�cacy of
immune checkpoint inhibitor (ICI) therapy [13, 14]. Therefore, appropriate evaluation and validation of the
effects of angiogenesis inhibitors on tumor vessel normalization are important for the development of
drugs for ICI therapy. Moreover, tumor oxygenation via normalization may also increase tumor
radiosensitivity, which is important for the effects of radiation therapy [12].

Hepatocellular carcinoma (HCC) is the third leading cause of cancer-related deaths worldwide [15]. Liver
resection or radiofrequency ablation (RFA) are the only curative therapies for HCC [16]. However, these
treatments are not always selected because more than half of HCC patients are diagnosed at an
advanced stage of disease [17]. Although advanced HCC patients who are unsuitable for resection or RFA
are treated with transcatheter arterial chemoembolization, radiotherapy, or chemotherapy, their prognosis
remains poor [18].

Sorafenib, an anti-angiogenic agent and multi-target tyrosine kinase inhibitor (TKI) directly acts and
inhibits angiogenesis factor receptors, such as vascular endothelial growth factor receptor (VEGFR) and
platelet-derived growth factor receptor (PDGFR), and was approved in Japan for the treatment of HCC in
2009 [19, 20]. According to the results of a clinical trial, sorafenib prolonged overall survival (OS) by 3
months compared to the placebo group; however, the objective response rate (ORR) was only 2.3% [19]. In
contrast, lenvatinib, a novel multi-target TKI with anti-angiogenesis activity, was approved in Japan for
the treatment of HCC in 2018. In another clinical trial, lenvatinib was non-inferior to sorafenib in the
primary outcome of OS and improved the ORR compared to that of sorafenib (40.6% vs. 12.4%) [21]. In
Japan, sorafenib and lenvatinib are approved as �rst-line treatments for HCC, while regorafenib and
ramucirumab are approved as second-line treatments for sorafenib-refractory HCC [22, 23]. Since both
sorafenib and lenvatinib are multi-target TKIs, they have different abilities to inhibit VEGFR, PDGFR, and
�broblast growth factor receptors (FGFR); in particular, the inhibitory effect of lenvatinib on VEGFR is
higher than that of sorafenib [24, 25]. However, the varied effects of lenvatinib and sorafenib on tumor
vasculature in HCC are not well understood. In fact, previous studies could not clearly detect differences
in the effects of lenvatinib and sorafenib on the microvascular structure and tumor microenvironment.

Antitumor effects of angiogenesis inhibitors have often been evaluated using immunohistochemical
staining with anti-CD31, CD34, or von-Willebrand-Factor antibodies as target markers in vascular
endothelial cells [26]. In breast and prostate cancer, high microvessel density (MVD) in tumor tissue is
considered a poor prognostic factor [27, 28]. Therefore, the evaluation of intratumoral vasculature is an
important factor that correlates with therapeutic effects and patient prognosis. However, there is a
limitation to the evaluation of MVD in tumor tissue because the evaluation area is a small part of a huge
tumor and there is heterogeneity in tumor blood vessels [29, 30]. Thus, the accurate assessment of the
effect of angiogenesis inhibitors on tumor vessels requires an evaluation of the entire tumor vasculature
in addition to the investigation of tumor tissue sections.

We previously performed three-dimensional (3D) in vivo analysis of whole-tumor vascular structures in
tumor-bearing mice using 15 nm gold nanoparticles supported with polyethylene glycol chains (AuNPs)
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as a contrast agent for micro X-ray computed tomography (μX-ray CT) [31]. In this study, we evaluated the
effects of lenvatinib and sorafenib on tumor growth and the volume density of vessels measuring 50 μm
or more in whole tumors using μX-ray CT and on the area density of microvessels on tissue sections,
percentage of vessels covered with pericytes, rate of perfused vessels, tumor hypoxia, and interstitial �uid
pressure (IFP) using immunohistochemical analysis or IFP measurement. Additionally, we demonstrated
the synergetic effects of lenvatinib and radiation therapy using µX-ray CT and immunohistochemistry
although the synergetic effects were not shown in previous studies. Our results showed that lenvatinib
induced vascular normalization and improved the intratumoral microenvironment more effectively than
sorafenib and that such changes enhanced the effects of lenvatinib and radiation combination therapy.

Methods
Experimental animals

Female BALB/c nude mice aged 5–6 weeks were purchased from Charles River Laboratories, Japan. All
animals were treated in accordance with the guidelines approved by the Committee on Animal
Experiments at Tohoku University. All surgical processes were performed on mice under anesthesia with
the subcutaneous injection of a combination of 0.3 mg/kg of medetomidine, 4.0 mg/kg of midazolam,
and 5.0 mg/kg of butorphanol.

Cell culture and drugs

Hepa1-6 cells, derived from murine hepatoma, were purchased from RIKEN BRC, Japan. The cells were
cultured in Dulbecco’s minimum essential medium (DMEM) containing 10% fetal bovine serum and
incubated at 37 °C in a mixture of 5% CO2.

Lenvatinib was obtained from Chemscene (Monmouth Junction, NJ), and sorafenib was obtained from
Toronto Research Chemicals (North York, Canada). Lenvatinib was dissolved in 0.5 w/v% methylcellulose
for in vivo studies and in dimethyl sulfoxide (DMSO) for the in vitro studies. Sorafenib was dissolved in
DMSO for both in vivo and in vitro studies.

Cell experiments in vitro

Hepa1-6 cells were seeded at a density of 5 × 104 cells in 35-mm well plates and were treated the next
day with various concentrations of lenvatinib (1–30 μM; dissolved in 0.1% DMSO), sorafenib (0.3–30 μM;
dissolved in 0.1% DMSO), or control medium (0.1% DMSO). After 24 h, 48 h, and 72 h, the cells were
counted under a microscope (n = 3).

Preparation of the tumor-bearing mouse models

Hepa1-6 cells (1 × 107) suspended in DMEM were subcutaneously transplanted into the right �anks of
mice. Approximately seven days after the injection, tumor-bearing mice with tumor sizes of 150–200
mm3 were randomly assigned to one of �ve groups: control group (orally treated with saline), sorafenib
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groups (30 mg/kg and 50 mg/kg, dissolved in 10% DMSO), or lenvatinib groups (3 mg/kg and 10 mg/kg,
dissolved in methylcellulose). Saline, sorafenib, and lenvatinib were administered via oral gavage once
daily (Fig. 1a). The tumor dimensions were measured using a caliper every alternate day and the tumor
volume was calculated using the following formula:

Tumor volume =1/2 × (long axis) × (short axis) 2.

Day 1 was the �rst day of drug administration and the mice were treated with saline, sorafenib, or
lenvatinib until day 4 or day 14. On day 4 or day 15, the mice were anesthetized and injected
intravenously with AuNPs, followed by μX-ray CT imaging. After the CT imaging, the mice were
euthanized, and tumors were harvested and �xed.

To administer lenvatinib and radiation combination therapy, tumor-bearing mice (tumor size 150–200
mm3) were randomly assigned to one of four groups: control group (with saline and without irradiation),
irradiation group (with saline and with 6 Gy irradiation on day 4), lenvatinib group (with 3 mg/kg
lenvatinib and without irradiation), and combination group (with 3 mg/kg lenvatinib and 6 Gy irradiation
on day 4). On day 15, the mice were scanned using μX-ray CT and their tumors were harvested after
euthanasia.

Fabrication of AuNPs as a contrast agent

The AuNPs were synthesized according to the method described in our previous study [31]. Brie�y, 99.4
mg of HAuCl4 (FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan, 99%) was dissolved in 233 mL
ultrapure water and heated to a boil. The HAuCl4 solution was vigorously stirred, and 28 mL of 39 mM
sodium citrate was added to the solution under constant stirring. The sample was boiled for 30 min. After
cooling the sample solution to 25°C, 99.4 mg of HS-PEG-COOH (thiol carboxylic polyethylene glycol
(PEG), MW 5000, Nanocos Inc., New York, NY) was added to the sample and incubated at 25°C for 12 h,
with constant stirring to modify PEG chains on the surface of AuNPs.

μX-ray CT

μX-ray CT imaging was performed using a μCT scanner (SkyScan1176, Bruker, Billerica MA). The CT
system can minimize motion artifacts when scanning live mice administered inhalation anesthesia with
iso�urane. CT images were acquired at 50 kVp and 490 µA. The CT image size was 18 × 18 µm and the
slice thickness was 18 µm. An aluminum 0.5-mm compensating �lter was used. To evaluate
enhancement by the contrast agent, the quanti�cation of CT signals was expressed in Houns�eld units
(HUs). The CT data were analyzed based on the HUs in a region of interest.

μX-ray CT imaging with AuNPs

Tumor-bearing mice were anesthetized and injected intravenously with 200 μL of 1.0 M 15 nm AuNPs. CT
scanning was then performed. The acquired CT data were reconstructed using NRecon software (Bruker)
and displayed in 3D using CTvox software (Bruker). The 3D blood vessel images were displayed using



Page 7/26

maximum intensity projection. The tumor area was manually set to the regions of interest using CTAn
software (Bruker) and tumor and vessel volumes were calculated. The tumor blood vessel volume was
calculated by considering regions with CT values of ≥570–600 HU to indicate a blood vessel as tumor
CT values scanned with plain CT were 80–100 HU and voxels over 570–600 HU comprised only 0.1% of
all tumor voxels. In this protocol, the CT images were visualized and analyzed in vessels measuring over
50 μm.

Immunohistochemical analyses

Mouse tissue samples were immediately frozen in Tissue-Tek® O.C.T. compound (SAKURA, Tokyo, Japan)
or �xed in 10% formalin and prepared in para�n. OCT compound-embedded frozen samples were cut
into 15-μm thick sections while para�n-embedded samples were cut into 3-μm thick sections.
Immuno�uorescence analysis was performed to evaluate the area densities of the tumor microvessels,
vascular normalization, and tumor hypoxia. The frozen tissue sections were �xed in 5%
paraformaldehyde for 15 min and the para�n-embedded tissue sections were depara�nized in xylene
and hydrated with a graded alcohol series and distilled water. These tissue slides were blocked using 5%
goat or donkey serum for 1 h. The sections were then incubated with the following primary antibodies:
anti-CD31 (1:200, Angio-Protemie, Boston, MA), anti-α-smooth muscle actin (SMA) (1:100, Abcam,
Cambridge, UK), or anti-pimonidazole (1:50, Hypoxyprobe Inc., Burlington, MA) antibody overnight at 4 °C.
The tissues were subsequently washed with phosphate-buffered saline (PBS) and incubated for 1 h at
25°C with a second antibody (diluted 1:400) conjugated to AF488, AF568, or Cy5 (Abcam). The cell nuclei
were counterstained with 4', 6-diamidino-2-phenylindole (DAPI). The slides were observed under BZ-X800
�uorescence (KEYENCE, Osaka, Japan) or laser confocal LSM 780 (Zeiss, Oberkochen, Germany)
microscopes.

Histological analysis

Tumor vessel perfusion was quanti�ed on tumor cryosections following intravenous injection with 50 μg
of AF649-labeled Lycopersicon esculentum lectin (Vector Laboratories, Burlingame, CA) into tumor-
bearing mice. The area densities of the tumor microvessels, percentages of vessels covered with
pericytes (α-SMA and CD-31 colocalization area/CD-31 localization area), and percentages of perfused
vessels (lectin positive area/CD-31 positive area) were captured in �ve �elds at 20× magni�cation. Tumor
hypoxia was determined using pimonidazole. Pimonidazole (60 mg/kg) was injected intraperitoneally
and the tumor was harvested after 60 min. The tissue sections were analyzed by immuno�uorescence
with anti-pimonidazole antibody (1:100). All immuno�uorescence images were analyzed using ImageJ
software.

Hematoxylin and Eosin (H&E) staining was performed to evaluate tumor necrosis and organ dysfunction.
The H&E-stained slides covered the entire tissue section at 20× magni�cation. For quanti�cation of the
necrotic area, all images were stitched using a BZ-X800 microscope to obtain an image of the entire
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tissue section. The percentage of hematoxylin-stained tissue was de�ned as the viable area. The necrotic
areas were calculated using ImageJ software.

To evaluate numbers of microvessels and Ki-67-positive cells, para�n-embedded tissues were
depara�nized and antigen retrieval was performed in 10 mM sodium citrate buffer for 5 min in a 121 ℃
autoclave. After antigen retrieval, 5% goat serum was used for blocking at 25 °C for 1 h and the sections
were incubated with primary antibodies (CD31, 1:50; Ki-67, 1:100) (Abcam) overnight at 4 °C. The
sections were then stained with 3,3'- diaminobenzidine tetrahydrochloride (DAB) and counterstained with
hematoxylin.

MVD was determined as previously described [27]. Brie�y, two researchers independently calculated the
MVD. Microvessels were de�ned as vascular regions surrounded by CD31-positive endothelial cells or cell
clusters immunostained with anti-CD31 antibody and DAB, which were clearly separated from the
surrounding tumor and stromal cells. The sections were screened at a lower magni�cation (10×) to
identify �ve vascularized areas. Within the selected areas, microvessels were counted under high
magni�cation (40×). MVD was the average number of microvessels in the �ve �elds.

Ki-67 was quanti�ed using a method similar to that described above for the MVD analysis. The sectioned
samples were screened at lower magni�cations to identify the representative areas. The numbers of DAB-
positive nuclei were counted and compared to the total numbers of nuclei under high magni�cation. Five
�elds were calculated for each tumor and the percentage of Ki-67-positive cells was the average number
from �ve �elds.

IFP measurement with the wick-in-needle technique

IFP of the tumor was measured in the tumor-bearing mice using the wick-in-needle technique after
lenvatinib, sorafenib, or control treatment [32, 33]. Brie�y, a 23-gauge needle �lled with multi�lamentous
nylon thread was connected to a transducer and ampli�er (ADInstruments, Dunedin, New Zealand). The
tumor-bearing mice were anesthetized and �xed in a position. The needle was then inserted into the HCC
tumor 2 mm from the surface and left in place until the measured pressure had stabilized. The IFP was
measured in at least two different tumor regions.

X-ray irradiation

X-ray irradiation was performed using a device to administer a dose of 6 Gy (80 kV, 1.25 mA, MX-80Labo,
mediXtec Japan (Chiba, Japan).

Statistical analyses

JMP software (SAS institute, Cary NC) was used to perform general statistical analyses. All
measurements are expressed as means ± the standard error of the mean (SEM). Student’s t-tests and
one-way analysis of variance test, followed by Tukey multiple comparison test were used for
comparisons between two groups and multiple groups. P 0.05 was considered statistically signi�cant.
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Results
Effects of lenvatinib and sorafenib on tumor growth and tumor vessel density

To investigate the effect of lenvatinib and sorafenib on tumor progression, saline, 30 mg/kg or 50 mg/kg
sorafenib, or 3 mg/kg or 10 mg/kg lenvatinib were administrated to tumor-bearing mice once daily for 14
days after the tumor volume had reached 150–200 mm3. The tumor dimensions were measured using a
caliper every alternate day (Fig. 1a). Compared to the control mice, mice treated with lenvatinib (3 mg/kg
or 10 mg/kg) and sorafenib (30 mg/kg or 50 mg/kg) showed signi�cantly inhibited tumor growth at day
14 (Fig. 1b). However, cell proliferation following treatment with sorafenib for 72 h was more potently
inhibited at the same concentration as that with lenvatinib (Fig. S1), indicating that the anti-tumor effects
of lenvatinib and sorafenib differed in vitro and in vivo.

Next, we examined tumor volume and intratumoral vessels on day 15 using µX-ray CT imaging with
AuNPs. µX-ray CT imaging enables the visualization of tumor vessels of approximately 50 μm or more.
Fig. 1c shows the 3D micromorphology of untreated tumor vessels and those treated with angiogenesis
inhibitors. Analysis of the CT imaging data showed signi�cantly decreased tumor volume, vessel volume,
and vessel volume density (vessel volume/tumor volume) in all groups treated with lenvatinib or
sorafenib compared to those in the control group (Fig. 1d). The tumor volumes calculated using µX-ray
CT and caliper were similar. Additionally, the vessel volume in the 10 mg/kg lenvatinib treatment group
was signi�cantly lower than those in the 30 mg/kg and 50 mg/kg sorafenib treatment groups. While
vascular volume density treated with 10 mg/kg of lenvatinib tended to be decreased compared to
sorafenib treatment, no signi�cant difference in the volume densities of the intratumor vessels were
observed between the groups treated with lenvatinib and sorafenib.

Lenvatinib induces vascular normalization earlier than sorafenib

Previous studies could not clearly detect differences in the effects of lenvatinib and sorafenib on the
microvascular structure and tumor microenvironment. The determination of the mechanisms of action of
both drugs at which the differences in drug e�cacy to the microvascular structure and tumor
microenvironment �rst occur may inform drug discovery. These changes in microvascular structure and
tumor microenvironment may induce tumor vessel normalization and enhance the effects of ICI therapy
and radiotherapy, which are promoted via improvements in the microenvironment by the normalization,
and, thus, contribute to the development and application of angiogenesis inhibitors. Since the differences
in the initial reaction are too large between drug conditions in which differences are clearly observed, this
study instead analyzed the differences in the initial changes between two drugs with similar antitumor
effects on tumor growth. Thus, we focused on treatment with 50 mg/kg of sorafenib and 3 mg/kg of
lenvatinib. As shown in the graph in Fig. 1b, the difference between the two drug groups �rst began to
appear on day 4. Thus, this study focused on these conditions.

After tumor volume reached 150–200 mm3, the tumors were treated with saline (control), 50 mg/kg
sorafenib, or 3 mg/kg lenvatinib. The tumor sizes were measured using caliper on days 0, 2, and 4 (Fig.
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2a and b). To understand the differences between both drugs in detail, we imaged the intratumoral
vasculature using µX-ray CT with AuNPs (Fig. 2c). The volume densities of the tumor vessels calculated
via CT did not differ signi�cantly between the three groups on day 4 (Fig. 2d). Although µX-ray CT with
AuNPs in this study can be used to visualize vessels measuring 50 μm or more, this technique cannot
easily visualize blood vessels that are smaller than 50 μm and vascular-related tumor
microenvironments. Therefore, to investigate the effect of lenvatinib and sorafenib on microvessel
structures measuring 50 μm or less, the percentages of vessels covered with pericytes, and the
percentages of perfused vessels were assessed using immunohistochemical analysis with anti-CD31
antibody, which is a marker of endothelial cells in both mature and immature vessels.
Immunohistochemical analysis with anti-CD31 antibody and DAB, which is a conventional method of
evaluating vessel number [29, 30], showed signi�cantly smaller numbers of vessels in the lenvatinib and
sorafenib treatment groups compared to that number in the control group (Fig. S2). However, no
signi�cant difference was observed between lenvatinib and sorafenib treatments (Fig. S2). Therefore, we
next measured the area densities of vessels using a more sensitive method; namely, immuno�uorescence
with anti-CD31 antibody. The results showed signi�cantly decreased CD31-positive area densities in the
group treated with lenvatinib compared to those in the sorafenib and control groups (Fig. 2e and f),
suggesting that lenvatinib might remodel tumor microvessels thinner and shorter than sorafenib because
there was no difference in the number of vessels between lenvatinib and sorafenib treatment.

Next, we evaluated the percentages of vessels covered with pericytes (de�ned as the α-SMA and CD31
colocalization area/CD-31 localization area) by double immunostaining with anti-CD31 and anti-α-SMA, a
pericyte marker. Pericyte coverage is an indicator of tumor vascular normalization [10]. The
immunostaining results showed a signi�cantly higher percentage in the group treated with lenvatinib
than that in the control group (Fig. 2e and g). There was no signi�cant difference in the percentages of
pericyte-covering vessels between the sorafenib and control groups (Fig. 2g).

We then examined the percentages of perfused vessels. First, �uorescence-labeled lectin, which interacts
with the vascular endothelium, was intravenously injected into mice and perfused vessels were labeled
within minutes [34]. To calculate the percentages of perfused vessels (de�ned as lectin and CD31
colocalization area/CD-31 localization area) in the tumors, we stained lectin-labeled tumor sections with
anti-CD31 antibody. The results showed a signi�cantly higher percentage in the group treated with
lenvatinib those in the group treated with sorafenib and the control group (Fig. 2h and i). We observed no
signi�cant difference in percentages between the sorafenib and control groups (Fig. 2i).

Vascular normalization induced by lenvatinib reduces hypoxia and IFP in tumors

The observed increase in the percentage of pericyte coverage and perfused vessels in the group treated
with lenvatinib suggested that lenvatinib induced tumor vessel normalization earlier than sorafenib.
Therefore, we next investigated the effect of normalization on hypoxia and IFP in tumors. The groups
treated with saline, 50 mg/kg sorafenib, or 3 mg/kg lenvatinib were intraperitoneally injected with
pimonidazole, a marker for tumor hypoxia, on day 4. After 60 min, the tumors were harvested and the
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cross-sections were analyzed via immuno�uorescence with anti-pimonidazole antibody (Fig. 3a). The
percentages of pimonidazole-positive areas among total viable areas were signi�cantly lower in the
groups receiving lenvatinib or sorafenib treatment (Fig. 3b). We observed no signi�cant difference in
pimonidazole-positive areas between the lenvatinib and sorafenib treatment groups (Fig. 3b).

Next, to evaluate the IFP in tumors after treatment with lenvatinib and sorafenib, drug-treated mice were
anesthetized and the IFP was measured using the wick-in-needle technique [32]. The IFP in the group
treated with lenvatinib was signi�cantly lower than those in the sorafenib and control groups (Fig. 3c).
However, we observed no signi�cant difference in IFP between the sorafenib and control groups (Fig. 3c).
These results indicated that the tumor vessel normalization induced by lenvatinib improved the tumor
microenvironment.

Vascular normalization induced by lenvatinib enhances the synergistic effect of lenvatinib and radiation
combination therapy in HCC tumors 

As hypoxic tissues show resistance to radiation [35], we hypothesized that lenvatinib-induced
normalization of tumor vessels and improvement of tumor microenvironment increased the antitumor
effects of radiation. In the previous studies, synergetic effects of lenvatinib and radiation therapy in HCC
tumors were not shown. The treatment protocol for lenvatinib and radiation combination therapy is
shown in Fig. 4a. A single 6-Gy X-ray irradiation dose was administered on day 4. This radiation dose was
determined based on previous study [36].

We �rst investigated the safety and toxicity of lenvatinib and radiation combination therapy in tumor-
bearing mice. The mice were weighed every other day (Fig. 4b) and the combination therapy had little
effect on their body weight. Furthermore, the relative body weights on day 14 in mice administered
combination therapy were signi�cantly higher than those of the control mice. Next, we evaluated the
toxicity of the combination therapy to the major organs, including the liver, lungs, spleen, and kidneys.
Pathological examinations showed no abnormal changes in any of the treated tissues (Fig. 4c).

The tumor dimensions were measured using a caliper every alternate day. The tumor growth curves are
shown in Fig. 4d. Compared to the group administered lenvatinib alone, tumor growth at day 14 was
signi�cantly inhibited in the group administered combination therapy. However, although the tumor
volume in the group administered a combination therapy of sorafenib and radiation was reduced by
22.7% on day 14 compared to that for sorafenib alone, we observed no signi�cant difference between
both treatment groups (Fig. S3).

On day 15, following the intravenous injection of AuNPs, µX-ray CT imaging of the tumors in all groups
was performed (Fig. 4e). Tumor volume, vessel volume, and the volume density of the intratumoral
vessels were calculated (Fig. 4f). All CT values were signi�cantly decreased in the group treated with
combination therapy with lenvatinib and radiation compared to the other three groups. However, we
observed no signi�cant differences between the group without treatment (control) and the group treated 6
Gy of radiation alone. These results suggested that lenvatinib promoted radiosensitivity in HCC tumors;
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thus, lenvatinib and radiation combination therapy drastically inhibited tumor growth and intratumoral
vasculature.

Moreover, to examine the effects of lenvatinib and radiation combination therapy on the number of
microvessels, expansion of the necrotic area, and number of Ki-67-positive cells, pathological analyses
were performed using tumor tissues in each treatment group on day 15 (Fig. 5a). Ki-67 is a nuclear
nonhistone protein present in all active phases of the cell cycle.[37] The results showed that, although
there were no signi�cant differences in the numbers of microvessels between the group administered
lenvatinib alone and that administered combination therapy, the expansion of the necrotic area and
number of Ki-67-positive cells differed signi�cantly between the group administered combination therapy
and the other three groups (Fig. 5b-d).

Discussion
In clinical studies, although lenvatinib treatment reportedly improved the ORR in HCC patients compared
to sorafenib treatment [21], the mechanisms for this difference remained unclear. Therefore, it is
important to understand how lenvatinib and sorafenib have different effects on tumor vasculature and
microenvironment. Our data indicated no clear difference in the volume densities of tumor vessels as
measured using μX-ray CT, between treatment with 3 mg/kg of lenvatinib and 50 mg/kg of sorafenib for
4 or 14 days. However, our examination of the effects of treatment with 3 mg/kg of lenvatinib and 50
mg/kg of sorafenib for 4 days via immunostaining with a �uorescent dye and IFP measurement revealed
differences in e�cacy between the drugs in tumor microvessels and microenvironment. Compared to
sorafenib treatment for 4 days, lenvatinib treatment for 4 days reduced the area density of tumor blood
vessels (lenvatinib/sorafenib = 0.73) (Fig. 2f) and increased the percentages of vessels covered with
pericytes (lenvatinib/sorafenib = 1.31) (Fig. 2g) and perfused vessels (lenvatinib/sorafenib = 1.41) (Fig.
2i), which indicate tumor vessel normalization. With normalization, IFP decreased (lenvatinib/sorafenib =
0.69) (Fig. 3c). The respective lenvatinib/sorafenib values serve as reference data for vascular
normalization between the two drugs.

Previously, apatinib, a VEGFR-2 selective inhibitor, was shown to induce vascular normalization [13, 38].
Additionally, sunitinib, a multi-target TKI, also induced the normalization of tumor microvessels and
reduced hypoxia in murine squamous cell carcinoma [39]. The results of studies of these angiogenesis
inhibitors support the results of lenvatinib in the present study. In contrast, sorafenib did not show the
same ability to normalize blood vessels. We showed that sorafenib treatment signi�cantly reduced tumor
hypoxia in the treatment group compared to that in the control group (Fig. 3b). Regarding the other
�ndings, a previous study reported that sorafenib prevented the hypoxia-induced expression of hypoxia-
inducible factor-1alpha (HIF-1α) and HIF-2α, thereby decreasing VEGF expression in neuroblastoma cell
lines [40]. These results may support the reduction of tumor hypoxia by sorafenib. In contrast, another
study showed that sorafenib treatment reduced microvessels and exacerbated tumor tissue hypoxia in
renal cell carcinoma xenografts [41]. Additionally, previous preclinical comparative studies between
lenvatinib and sorafenib showed that lenvatinib had more immunomodulatory activities as well as
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enhanced antitumor effects with ICIs [42, 43]. Therefore, the relationship between sorafenib and tissue
hypoxia or tumor microenvironment remains unclear and further studies are needed to elucidate this
relationship.

The different effects of lenvatinib and sorafenib on tumor vasculature and microenvironment might be
caused by the fact that both drugs are multi-target TKIs; thus, the inhibitory activities of each drug
against multiple target factors may differ. Lenvatinib has more potent inhibitory activities against
VEGFRs and FGFRs than sorafenib, while sorafenib potently inhibited the activities of PDGFRs and RAF
[24]. The effects of multi-target TKIs on tumor vessels and the tumor microenvironment might vary with
drug dose, treatment duration, and target tumor cell lines.

Tumor vessel normalization improves blood perfusion and reduces hypoxia. Additionally, tumor
oxygenation also increases radiosensitivity in tumor tissues [8, 35]. In this study, lenvatinib and radiation
combination therapy had a marked antitumor effect on HCC tumors. As a result of the enhancing effect
of the combination therapy, not only the reduction effect of tumor volume, vessel volume, and volume
density of tumor vessels but also the expansion of necrotic area and reduction of Ki-67-positive cells were
observed. In contrast, the combination therapy with sorafenib and radiation did not show a remarkable
antitumor effect in our study.

A previous preclinical study demonstrated the antitumor effects of a combination therapy comprising 10
mg/kg of sorafenib and 6 Gy of radiation [36]. In the study, human HCC was subcutaneously implanted
into the mouse and experiments were performed. Therefore, in tumor-bearing mice, the cancer cells were
derived from humans, while the tumor vascular endothelial cells were derived from mice. On the other
hand, since we performed experiments using tumor-bearing mice transplanted with mouse HCC cells, the
different effects of combination therapy of sorafenib and radiation between previous studies and our
study may be due to different experimental conditions.

 Among patients with HCC, lenvatinib reportedly showed a greater ORR compared to that in sorafenib [21].
Therefore, lenvatinib and radiation combination therapy could potentiate antitumor effects in clinical
practice. However, since preclinical results alone cannot have excessive expectations of combination
therapy, further investigations of the effects of combination therapy in preclinical settings and clinical
veri�cation in HCC are needed and careful determination of the indications is important.

In conclusion, imaging data of HCC tumor-bearing mice using μX-ray CT with AuNPs and
immunohistochemistry showed that lenvatinib treatment induced vascular normalization and
improvement of intratumoral microenvironments in HCC tumors earlier and more effectively than
sorafenib treatment. Moreover, such changes increased the radiosensitivity of the tumors and enhanced
the effect of lenvatinib and radiation combination therapy, suggesting that this combination therapy may
be a powerful potential application against HCC.
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Figure 1

Inhibitory effects of lenvatinib and sorafenib treatment for 14 days on tumor growth and tumor vessel
density. (a) Schematic representation of the 14-day sorafenib and lenvatinib treatment protocols. Tumor-
bearing mice transplanted with Hepa1-6 cells were randomly assigned into �ve groups administered
saline (Control) (n = 4), 50 mg/kg or 30 mg/kg of sorafenib (n = 5 per group), and 10 mg/kg or 3 mg/kg
of lenvatinib (n = 5 per group). From day 1, saline, lenvatinib, or sorafenib were administered by oral
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gavage for 14 consecutive days. On day15, we imaged the tumor vessels by µX-ray CT with AuNPs as
contrast agents. (b) Growth curves of the groups treated with saline, sorafenib, or lenvatinib. The tumor
dimensions were measured using a caliper. Sorafenib and lenvatinib treatment showed signi�cantly
delayed tumor growth on day 14 compared to that in the control group. (c) In vivo 3D µX-ray CT imaging
of the tumor vessels. AuNP contrast agents were intravenously injected into mice tail veins and the tumor
vessels were imaged by µX-ray CT on day 15. Representative images of the tumor vessels are shown. (d)
Quanti�cation of in vivo µX-ray CT imaging of tumor vessels treated with saline, sorafenib, or lenvatinib.
Tumor volume, tumor vessel volume, and volume density of vessels calculated by µX-ray CT imaging are
shown (n = 4 per group). The tumor volumes, vessel volumes, and vessel volume densities of those
treated with sorafenib and lenvatinib were signi�cantly lower than those in the control group. Additionally,
the vessel volume in the 10 mg/kg lenvatinib group was signi�cantly decreased compared to those in the
30 mg/kg and 50 mg/kg sorafenib groups (10 mg/kg lenvatinib, 27.9 ± 3.71 mm3; 30 mg/kg of
sorafenib, 53.0 ± 8.37 mm3; 50 mg/kg of sorafenib, 54.6 ± 9.98 mm3). The data represent the mean ±
SEM. *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 2

Effects of 4-day sorafenib and lenvatinib treatment on tumor vasculature. (a) Schematic representation
of the 4-day sorafenib and lenvatinib treatment protocols. Tumor-bearing mice transplanted with Hepa1-6
cells were randomly assigned into three groups administered saline (Control), 50 mg/kg sorafenib, and 3
mg/kg lenvatinib. On day 4, we imaged and analyzed tumor vessels by µX-ray CT and microvessel
vasculature and function by immunohistochemistry; we then measured IFP and the degree of hypoxic
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area in the tumors. (b) Tumor growth curves following treatment with sorafenib and lenvatinib for 4 days
(n = 6 per group). (c) Representative 3D tumor vessel images obtained by µX-ray CT in tumors treated
with saline, sorafenib, or lenvatinib. (d) Analyses of µX-ray CT imaging for vessel density of intratumor
vessels after saline, sorafenib, or lenvatinib treatment. No signi�cant differences were observed among
the three groups (n = 3 per group). (e) The morphology and maturity changes in the microvessels of
tumors treated with saline, sorafenib, or lenvatinib. Endothelial cells and pericytes were stained with anti-
CD31 (green) and anti-α- smooth muscle actin (SMA) (red) antibodies, respectively. Representative
images are shown. Scale bar, 50 μm. (f) Quanti�cation of the area densities of microvessels in tumor
tissues treated with saline, sorafenib, or lenvatinib. Lenvatinib treatment signi�cantly reduced the area
densities of tumor microvessels compared to control and sorafenib treatments. (3.43 ± 0.19% vs. 7.47 ±
0.26% vs. 4.71 ± 0.37%, respectively, n=3 per group). (g) Pericyte coverage of vessels in tumor tissues
treated with saline, sorafenib, or lenvatinib and sorafenib. The percentage of vessels covered with
pericytes in tumor tissues treated with lenvatinib was signi�cantly higher than those in vessels receiving
control treatments (24.2 ± 2.82% vs. 14.7 ± 2.77%, respectively, n = 3 per group). (h) Identi�cation of
functional tumor vessels treated with saline, sorafenib, or lenvatinib. All tumor microvessels were stained
with anti-CD31 antibody (green) and lectin-labeled perfused vessels are shown in red. Scale bar, 50 μm. (i)
Quanti�cation of perfused vessels in tumor tissues. The percentage of perfused vessels in tumors treated
with lenvatinib were signi�cantly higher than those in vessels receiving control and sorafenib treatments
(50.6 ± 2.32% vs. 35.5 ± 3.96% vs. 35.9 ± 5.23%, respectively, n=3 per group). Data represent the mean ±
SEM. *p < 0.05; **p < 0.01; ***p < 0.001. In (d), (f), (g), and (i), CONT., SOR, and LEN indicate control,
sorafenib, and lenvatinib, respectively.

Figure 3
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Microenvironments of tumors treated with sorafenib and lenvatinib. (a) Identi�cation of hypoxic areas in
tumor tissues. Tumor tissue sections were double-stained with anti-pimonidazole antibody and DAPI and
then evaluated. Hypoxic areas are shown in red. Scale bar, 500 μm. Blue represents DAPI staining. (b)
Quanti�cation of tissue hypoxia. The percentage of hypoxic area was calculated as the pimonidazole-
positive area per viable area (DAPI). Sorafenib and lenvatinib treatment showed signi�cantly reduced
hypoxic areas compared to that in the control (n = 5 per group). (c) Measurement of IFP in the tumors. IFP
was measured with the wick-in-needle technique. The IFP in tumors treated with lenvatinib was
signi�cantly lower than that with tumors treated with saline (control) and sorafenib (3.65 ± 0.26 mmHg
vs. 5.71 ± 0.38 mmHg vs. 6.23 ± 1.06 mmHg; respectively, n = 5 per group). Data represent the mean ±
SEM. *p < 0.05.
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Figure 4

Effect of lenvatinib and radiation combination therapy on HCC tumors. (a) Schematic representation of
the 14-day treatment protocol using lenvatinib and radiation combination therapy. Tumor-bearing mice
were treated with saline or 3 mg/kg lenvatinib for 14 days. On day 4, the tumors were irradiated with or
without 6 Gy of X-rays. The tumor volumes were measured every other day and the mice were scanned by
µX-ray CT on day 15 to evaluate the tumor vessels. (b) The relative body weights of the mice were
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measured every other day. (c) Representative hematoxylin and eosin (H&E)-stained images of various
organs treated with lenvatinib and irradiation. Pathological examination revealed no abnormal changes
in any of the treated tissues. (d) Tumor growth curves of lenvatinib and radiation combination therapy.
The tumor volume following treatment with both lenvatinib and radiation was signi�cantly lower than
those with lenvatinib alone (474.7 ± 10.7 mm3 vs. 995.6 ± 97.1 mm3, respectively, n = 5 per group). (e) In
vivo 3D µX-ray CT imaging of tumor vessels. Representative images of the tumor vessels are shown. (f)
Quanti�cation of µX-ray CT imaging of intratumor vessels treated with saline, lenvatinib, radiation, or
both. Tumor volume, vessel volume, and volume density of vessels treated with the combination of
lenvatinib and radiation were signi�cantly lower than those in the other three groups, with signi�cant
differences for all except for the comparison between control treatment and 6 Gy of radiation alone (n = 4
per group). Data represent the mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001. In (f), CONT., LEN, RAD,
and LEN + RAD indicate control, lenvatinib, radiotherapy, and both lenvatinib and radiotherapy,
respectively.

Figure 5
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Effects of lenvatinib and radiation combination therapy on the number of tumor vessels and cell
proliferations. (a) Representative images of tumor microvessels stained with anti-CD31 antibody, necrotic
areas stained with hematoxylin and eosin (H&E), and cell proliferation stained with anti-Ki-67 antibody.
(b) Quanti�cation of microvessel numbers in 0.036 mm2 of tumor tissue. The microvessels were stained
with anti-CD31 antibody and the numbers of microvessels were counted (n = 5 tissues from different
tumors per group). (c) Quanti�cation of necrotic areas in tumor tissues. The necrotic areas were
evaluated based on hematoxylin-positive areas per whole tissue sections. Lenvatinib and radiation
combination therapy showed an increased necrotic area (n = 5 from different tumors per group). (d)
Quanti�cation of Ki-67-positive nuclei in tumor tissues. The numbers of Ki-67-positive cells were
evaluated. The percentage of Ki-67-positive nuclei was signi�cantly lower in the tumors administered
combination therapy (n = 5 from different tumors per group). The data represent the mean ± SEM. *p <
0.05; **p < 0.01. CONT, LEN, RAD, and LEN + RAD indicate control, lenvatinib, radiotherapy, and both
lenvatinib and radiotherapy, respectively.
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