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Antiangiogenic therapy promoted metastasis of hepatocellular
carcinoma by suppressing host-derived interleukin-12b

in mouse models

Xiao-Dong Zhu - Hui-Chuan Sun - Hua-Xiang Xu + Ling-Qun Kong -
Zong-Tao Chai * Lu Lu - Ju-Bo Zhang - Dong-Mei Gao - Wen-Quan Wang -
Wei Zhang - Peng-Yuan Zhuang - Wei-Zhong Wu - Lu Wang - Zhao-You Tang

Received: 28 November 2012/ Accepted: 22 May 2013 /Published online: 29 May 2013

© Springer Science+Business Media Dordrecht 2013

Abstract Antiangiogenic therapy, specially sorafenib,
has become the standard of care for patients with advanced
hepatocellular carcinoma (HCC), however, the improve-
ment in survival time is not satisfactory. Previous studies
have found that, in some circumstances, antiangiogenic
therapy promoted tumor metastasis and the mechanistic
studies were mainly focus on cancer-cell-autonomous
manners. In two experimental metastasis models with tail-
vein injection with hepatoma cells and an orthotopic HCC
mouse model, we found that pretreatment with two vas-
cular endothelial growth factor receptor (VEGFR) inhibitors,
sunitinib and sorafenib, facilitated tumor cell survival in
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blood stream and promoted lung metastasis from tumors that
were subsequently incubated after drug discontinuation,
indicating that host response joined into the pro-metastatic
effects. An antibody microarray identified that interleukin
(IL)-12b was decreased in the peripheral blood of the mice
treated with the two VEGFR inhibitors. IL-12b suppression
in macrophages and dendritic cells from host organs was
found to play a crucial role in treatment-induced metastasis.
Supplement with recombinant mouse IL-12b or restoration
of IL-12b expression in the host by zoledronic acid, which
was previously reported to enhance IL-12 expression in vitro
and in vivo, alleviated the metastasis-promoting effects of
sunitinib and sorafenib. These studies suggest that host
response to VEGFR inhibitors facilitates HCC metastasis
and restoration of IL-12b expression could translate into
clinical benefits.
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Introduction

Primary liver cancer [hepatocellular carcinoma (HCC) in
about 85 % of cases] is the second-greatest cause of cancer
death in men and the sixth-greatest cause of cancer death in
women worldwide [1]. Most patients with newly diagnosed
HCC are not candidates for curative treatments [2]. Sorafe-
nib, a tyrosine kinase inhibitor (TKI) with an antiangiogenic
effect that mainly targets vascular endothelial growth factor
receptors (VEGFRs), has become the standard of care for
patients with advanced HCC. However, in 2 phase Il clinical
trials, SHARP [3] and Oriental study [4], sorafenib pro-
longed patients’ median survival time by <3 months, and
most patients had to discontinue drug therapy for various
reasons. Although the effect of discontinuation of sorafenib
was not reported, rebound of tumor growth was reported in
patients continuing or discontinuing treatment with other
antiangiogenic drugs [5-7].

In clinical practice, the prolonged progression-free sur-
vival achieved with some antiangiogenic therapies does not
always translate into an overall survival benefit [8]. Some
“opposite” effects of antiangiogenic therapies, namely
proinvasion and prometastasis effects, could counteract the
antitumor effects. Clinical outcome would be influenced by
both antitumor and prometastasis effects. Antiangiogenic
therapies were found to facilitate tumor metastasis in pre-
clinical studies [9, 10] showing an opposite effect. Studies
on the mechanisms, including our recent research [11],
were mainly focused on tumor cells response to treatment,
often neglecting the internal host environment. More
recently, effects of antiangiogenic therapy acted upon the
host have been observed [12], and changes in the host or
metastatic target organ sometimes facilitated metastasis [9,
13, 14]. However, the mechanism of host-mediated prom-
etastasis effects and its potential of interventions remain
largely unrevealed.

In order to treat the host without exposing tumor cells to
antiangiogenic agents, we used the pretreatment schedule
in this study. In the pretreatment schedule, drug adminis-
tration was terminated before tumor incubation. In accor-
dance with previous studies [9, 13, 14], we found that
pretreatment with sunitinib and sorafenib, 2 VEGFR TKIs
with a similar spectrum of kinase inhibition, facilitated
lung metastasis of HCC cells. This prometastasis effect was
primarily mediated by downregulation of interleukin (IL)-
12b (also known as IL-12p40) and suppression of the
cytotoxic effect of NK cells, suggesting that host immu-
nosuppression is critical to the prometastasis effect of
antiangiogenic therapy. We also found that zoledronic acid
(ZA), which has been reported to enhance IL-12 expression
in vitro and in vivo [15, 16], alleviated the prometastasis
effects of these 2 antiangiogenic agents by restoring the
downregulated IL-12b.
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Materials and methods
Animals, cell lines and treatments

Male wide-type C57BL/6 mice and male athymic Balb/c
nu/nu mice of 5-week old were obtained from Shanghai
Institute of Materia Medica (Chinese Academy of Science,
Shanghai, China). B6.129S1-11126"™™/] mice, an IL-12b
KO strain with the background strain of C57BL/6, were
bought from Jackson Laboratories (Bar Harbor, Maine).
All animal experimental protocols were approved by
Shanghai Medical Experimental Animal Care Committee.

Three human hepatoma cell lines, HCCLM3, estab-
lished by our institute [17]; HepG2 and PLC/PRF/5 (Chi-
nese Academy of Sciences) were used to establish
xenograft models. Stable red fluorescent protein (RFP)-
transfected HCCLM3 (HCCLM3-RFP) cells and green
fluorescent protein (GFP)-transfected HepG2 (HepG2-
GFP) cells were established as described elsewhere [18].
Experimental metastatic models were established by tail-
vein injection of human hepatoma cell suspension with
1 x 10° cells into nude mice or by injection of 5 x 10°
Hepal-6 (Shanghai Institute of Cell Biology), a murine
hepatoma cell line, into IL-12b KO mice or wide-type
C57BL/6 mice.

Mice were treated with sunitinib and sorafenib which
were gifts from Bayer and Pfizer, respectively at the dosage
of 100 mg/kg/day by gavage. Sunitinib and sorafenib were
suspended in a vehicle (cremophor EL:ethanol:water =
12.5:12.5:75). For all the in vivo studies, this vehicle was
administrated as the control group. ZA was purchased
from Novartis and was administrated at the dosage of
100 pg/kg/day via i.p. injection. According to the user’s
manual, 0.3-1 pg/mL monoclonal anti-mouse IL-12b anti-
body (R&D Systems, Inc., Minneapolis, MN) can neutralize
1 ng/mL. recombinant mouse IL-12b (rmlIL-12b). The
plasma concentration of IL-12b was approximately 300 pg/mL,
at most, for the nude mice (see “Results” for detail). Therefore,
i.p. injection of IL-12b antibody was administered at the dosage
of 6 g per mouse, twice a week.

Evaluation of lung metastasis

Lungs from models established with HCCLM3-RFP or
HepG2-GFP were excised, and a stereomicroscope imag-
ing system (Leica Microsystems Imaging Solutions Ltd)
was used to view metastatic foci with fluorescent protein.
Metastatic foci exhibiting fluorescence were measured with
Image-Pro Plus software (Media Cybernetics, Bethesda,
MD) as described [19], and the surface area of the lungs
was measured in bright field. Lung metastasis was
expressed as the ratio of metastatic foci to the corre-
sponding lung surface area.
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Lungs from models established with cell lines without
fluorescent protein transfection (PLC/PRF/5 and Hepal-6)
were excised, fixed with 4 % formaldehyde, and embedded
in paraffin. Serial sections were cut into the thickness of
5 pum. Metastasis was identified on the lung sections with
H&E staining. For each mouse, 30 randomly selected
sections of lung were sampled, and the metastatic burden
was assessed according to the size under the microscope
(Leica CME, Leica Microsystems Imaging Solutions Ltd,
Cambridge, UK). Metastatic foci with less than 5 cells,
6—15 cells, or more than 15 cells were allocated scores of
1, 2, or 3, respectively. The metastasis index was the sum
of the scores. For metastatic foci occupying serial sections,
only the largest cross-section was scored. The metastatic
scores were evaluated independently by 2 investigators
who were blinded to the groups.

Disseminating tumor foci in the lungs were evaluated on
frozen sections to investigate the short-term fate of the
tumor cells after incubation. Three days after tail-vein
injection with HepG2-GFP cells, mice were sacrificed and
frozen sections of the lungs were produced from 15 ran-
domly selected sections. The slides were fully reviewed
under bright field and GFP' foci in all sections were
counted under fluorescent field. An independent investi-
gator blinded to group designations took photographs of the
3 fields (100x) with the most GFP" foci (hotspots) for
each mouse. The metastatic foci were then counted. The
number of disseminating foci was counted as the number of
total GFP™ foci per 100x field.

Antibody microarray and ELISA for the detection
of plasma cytokines

Mice were anesthetized and the orbital blood was obtained.
Plasma samples were collected and stored at —80 °C. The
cytokines with differential expression were compared
among different groups using a mouse cytokine antibody
array 6 (RayBiotech, Norcross, GA) which included 97
specific cytokines and angiogenic factors, according to the
manufacturer’s instructions. Plasma from 4 mice was
pooled for antibody assay. The concentration of plasma IL-
12b was detected by an ELISA assay (R&D Systems).

Separations of macrophages and dendritic cells (DCs)

Macrophages and DCs were isolated from the spleens of
Balb/c mice with a magnetic-activated cell sorting (MACS)
system with the magnetic beads coupled to mouse/human
CD11b microbeads and mouse pan DC microbeads (Milt-
enyi Biotec, Auburn; CA), respectively, as previously
described [20]. The spleens excised from 3 mice were
pooled for isolation of macrophages or DCs.

Primers used in reverse transcriptase (RT)-PCR assay

The primers used for the amplification of genes were as
follows: mouse il-12b (mil-12b), forward 5'-AGACATGG
AGTCATAGGCTCTG-3' and reverse 5-CCATTTTCC
TTCTTGTGGAGCA-3'; mouse il-23p19, forward 5'-ATG
CTGGATTGCAGAGCAGTA-3' and reverse 5-ACGGG
GCACATTATTTTTAGTCT-3'; mouse il-12p35, forward
5'-AAATGAAGCTCTGCATCCTGC-3' and reverse 5'-TC
ACCCTGTTGATGGTCACG-3'; mouse GAPDH, forward
5'-GCACAGTCAAGGCCGAGAAT-3' and reverse 5'-GCC
TTCTCCATGGTGGTGAA-3"; human II-12b, forward 5'-CC
AAGAACTTGCAGCTGAAG-3 and reverse 5-TGGGTC
TATTCCGTTGTGTC-3'; and human f-actin, forward 5'-CA
CCCTGAAGTACCCCATCG-3' and reverse 5-TGCCA-
GATTTTCTCCATGTCG-3'. Fold changes were expressed
and compared in —ACt, and —ACt plus a natural number to
gain a positive number.

In vitro cell proliferation and invasion assay

Cell proliferation was counted with a CCK-8 assay (Doj-
indo, Tokyo, Japan). Cell invasion assay was performed as
described [19]. Hepatoma cells (HepG2 and HCCLM3)
that migrated through the permeable membrane [Matrigel
(BD Biosciences, San Jose, CA) and transwell chamber] in
72 h were counted under an inverted light microscope at
100x magnification.

Flow cytometry

The expression of IFN-y by natural killer (NK) cells in the
peripheral blood was determined by flow cytometer. The
immunostaining protocol was modified from the cell sur-
face immunofluorescence staining protocol and intracellu-
lar cytokine staining protocol (Biolegend, San Diego, CA).
PE-labeled antimouse CD49b (BD Pharmingen, San Diego,
CA) and APC-labeled antimouse IFN-y (Biolegend) were
used to determine NK cells and intracellular IFN-y
expression. Circulating tumor cells (CTCs) were also
counted by flow cytometer, with GFP as a marker for mice
that had received a tail-vein injection of HepG2-GFP cells.
The GFP-positive cells were gated with identically pro-
cessed blood from a mouse that had not been injected with
tumor cells.

Statistical analysis
The average levels of continuous data were reported as
mean £ SD and were compared by student’s ¢ test unless

otherwise specified, using SPSS for Windows v13.0 (SPSS,
Inc.). Pearson y? test or Fisher’s exact test was used to
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compare qualitative data. P < 0.05 (two sided) was con-
sidered statically significant.

Results

Pretreatment with sunitinib or sorafenib accelerated
tumor metastasis

Sunitinib and vehicle were administered for 1 week in
Balb/c nu/nu nude mice (n = 6 for each group), then
HCCLM3-RFP was orthotopically implanted into the
murine livers. Seven weeks later, tumor growth was not
affected by sunitinib pretreatment (Fig. la; tumor volume,
462.2 + 163.4 mm® in sunitinib group vs. 417.3 &+ 1164 mm®
in control; P = 0.521, Mann—Whitney U test), while lung
metastasis was significantly increased (Fig. 1b; ratio of meta-
static foci to lung surface area, 0.057 £ 0.074 vs.
0.006 = 0.001; P = 0.015, Mann—Whitney U test).

Pretreatment with sunitinib or sorafenib also accelerated
lung metastasis in experimental metastasis models. Balb/c
nu/nu mice were pretreated with sunitinib, sorafenib, or
vehicle (n = 8 for each group) for 1 week, followed by
tail-vein injection of HepG2-GFP. Eight weeks later,
metastasis was evaluated in the liver, abdomen, and lungs.
Both sunitinib and sorafenib pretreatment significantly
increased lung metastasis (Fig. lc; ratio of metastatic foci
to lung surface area, 0.133 £ 0.096 and 0.086 + 0.074 vs.
0.005 £ 0.011; P = 0.009 and P = 0.025, respectively).
The sunitinib and sorafenib groups were not significantly
different with respect to lung metastasis (P = 0.365). Liver
metastasis and peritoneum metastasis could not be
observed in this model. We attempted to inject HCCLM3-
RFP cells into the tail vein to establish another experi-
mental metastasis model, but lung metastasis could rarely
be observed, therefore lung metastasis was not evaluated.

To investigate whether this prometastasis effect is lim-
ited to nude mice, we treated immunocompetent C57BL/6
mice with sunitinib or vehicle. In these mice, sunitinib
pretreatment also led to significantly higher rates of lung
metastasis compared to pretreatment with vehicle (four-
fold, 8/12 vs. 2/12, P = 0.013; Fig. 1d).

These findings, that pretreatment with antiangiogenic
drugs enhanced tumor metastasis, are in agreement with
previous reports [9, 13, 14]. In the pretreatment schedule,
only the host organs were directly exposed to the antian-
giogenic drugs; tumor tissue or tumor cells were excluded
from direct exposure, in view of the short half-lives (<12 h
in mice) of sunitinib and sorafenib in mice [21, 22]. We can
conclude that drug treatment led to changes in the mice
host, a non-cancer-cell-autonomous mechanism, and
therefore promoted lung metastasis of the subsequently
introduced hepatoma cells.
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We next studied the short-term effect of sunitinib or
sorafenib pretreatment on CTCs. Three days after tail-vein
injection with HepG2-GFP cells, peripheral blood was
collected for counting CTCs and lungs were cut into frozen
sections for evaluation of disseminating cells. Pretreatment
with sunitinib yielded more GFP™ CTCs in peripheral
blood compared with the vehicle-treated control (n = 6 for
each group; the ratio of GFP" cells to total PBMC,
0.149 £ 0.073 % vs. 0.077 % £ 0.019, P = 0.042;
Fig. le) and more metastatic foci in the lungs (n = 6 for
each group; 3.5 £ 0.9 vs. 1.8 £ 0.8, P = 0.006; Fig. 1f).
There were also more GFP™ CTCs and more metastatic
foci in the lungs from the sorafenib group but the differ-
ence did not reach a statistical significance (P = 0.095 and
P = 0.381, respectively; Fig. le, f). This finding indicated
that pretreatment with sunitinib impaired host clearance of
disseminating tumor cells in peripheral blood and lungs,
and these effects were manifested shortly after incubation
of the tumor cells.

Antiangiogenic therapy decreased host-derived IL-12b
expression

To investigate the effect that antiangiogenic agents act
upon the host, the antibody microarray was used to survey
changes in a panel of cytokine and angiogenic factors in
murine peripheral blood. The concentration of IL-12b, a
subunit of IL-12 heterodimer, in the peripheral blood of
Balb/c mice decreased compared with vehicle only
(Fig. 2a). IL-12b was also quantitatively measured by
ELISA in Balb/c nu/nu nude mice at 2 time points (day 1
and day 7) after drug discontinuation. Both sunitinib and
sorafenib groups had significantly lower plasma concen-
tration of IL-12b on day 1 (Fig. 2b; P = 0.002 and
P = 0.008, respectively), whereas plasma IL-12b in the
sunitinib and sorafenib group approached the same level as
in the control on day 7 (Fig. 2b; P = 0.122 and P = 0.348,
respectively).

To identify the source of IL-12b, we studied the expres-
sion of i[-12b in the parenchymatous organs by RT-PCR and
found that the expression of il-12b was significantly reduced
by sunitinib in the kidneys, spleen, and liver (P = 0.004,
0.005, and 0.006), but not in lungs (P = 0.278) (Fig. 2c¢).
Expression of il-12b was highest in the spleen among these 4
organs, suggesting that spleen was the main source of plasma
IL-12b. Results after splenectomy further supported this
supposition. Plasma IL-12b concentrations were compared
between the Balb/c nu/nu mice after splenectomy and those
after sham operation (control). Three days after operation,
IL-12b concentration in the mice underwent splenectomy
was significantly lower than in control (Fig. 2d; n = 6 in
each group; 221.5 + 34.3 pg/mL vs. 285.2 + 28.5 pg/mL;
P = 0.006). However, 2 months after splenectomy, plasma
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IL-12b concentration reached the same level in control
(n = 4 in each group; 273.7 & 51.8 pg/mL vs. 245.6 +
40.5 pg/mL; P = 0.425) mimicking the short term and long
term IL-12b changes after the discontinuations of antian-
giogenic agents (Fig. 2b).

Because phagocytes and DCs are the main producers of
IL-12 [23], we isolated macrophages and DCs from murine
spleens (3 spleens from each group were pooled) using a
MACS assay to detect IL-12b expression in these cells. As
shown in Fig. 2e, il-12b expression was much lower in the
residual cells after isolation than that in macrophages or
DCs, suggesting that macrophages and DCs were the main
producers of IL-12b. Moreover, il-12b expression in all
these cells was suppressed by sunitinib or sorafenib.
In vitro studies also found that il-12b expression in THP-1—
derived macrophages could be downregulated by sunitinib
or sorafenib in a dose-dependent manner (Fig. 2f).

IL-12b suppression was responsible for prometastasis
effects

We used several mouse models to determine whether host
IL-12b suppression mediates the prometastasis effects of
antiangiogenic agents. As aforementioned, splenectomy
decreased plasma IL-12b concentration. First, we com-
pared lung metastasis in mice that underwent splenectomy
with those underwent sham operation and found that
splenectomy yielded more lung metastasis foci from tail-
vein injected PLC/PRF/5 human hepatoma cells than sham
operation (n = 9 for each group, metastatic foci, 6.3 + 5.3
vs. 2.1 £ 2.7; P = 0.039, Mann—Whitney U test; Fig. 3a).
A specific neutralizing antibody against IL-12 was also
used to explore the effects of IL-12b. A group of Balb/c nu/nu
mice was treated with anti-mouse IL-12b neutralizing anti-
body or normal saline as control twice per week for 2 weeks,
followed by tail-vein injection with PLC/PRF/S cells. Four
weeks later, mice treated with IL-12b antibody had a lower
mean body weight (Fig. 3b; n = 10 for each group, 22.5 £
3.7 gvs. 253 £ 1.2 g; P = 0.034) and more lung metastasis
(Fig. 3b; metastatic foci = 6.6 £4.7 vs. 224 2.6;
P = 0.018) compared with control.

We also investigated whether a decrease in IL-12b
enhances lung metastasis in immunocompetent mice. Lung
metastasis after tail vein injection of Hepal-6 cells was
compared between IL-12b KO and wild-type C57BL/6
mice which were pretreated with or without sunitinib. IL-
12b KO mice were found to have higher rates of lung
metastasis compared with wide-type mice (9/15 vs. 2/12;
P = 0.047, Fisher’s exact test) (Fig. 1d). In the IL-12b KO
mice, pretreatment with sunitinib also induced higher rates
of lung metastasis, but the difference was not statistically
significant (9/10 vs. 9/15; P = 0.179, Fisher’s exact test)
suggesting that the prometastasis effect of sunitinib was

reduced in the IL-12b KO mice (1.5-fold) in compare with
that in the wide-type C57BL/6 mice (fourfold, Fig. 1d).

We next investigated whether supplementary rmIL-12b
(R&D Systems) could reverse the prometastasis effects of
antiangiogenic therapy. We pretreated Balb/c nu/nu mice
with sunitinib, vehicle, or combined sunitinib and rmlIL-
12b (i.p. injection, 200 ng/kg, twice per week) for a week
(n = 8, 10, or 8, respectively for each group) followed by
tail-vein injection with HepG2-GFP cells. As shown in
Fig. 3c, rmlIL-12b administration partly alleviated the
prometastasis effects of sunitinib. Sunitinib pretreatment
again promoted lung metastasis, while its combination with
rmIL-12b decreased lung metastasis (ratio of metastatic
foci to lung surface area: sunitinib, 0.226 &+ 0.150 vs.
sunitinib + rmIL-12b, 0.088 + 0.114; P = 0.059). The
difference between metastasis in the control and suniti-
nib + rmIL-12b groups was not statistically significant
(P = 0.434; Fig. 3c).

Suppressing 1L-12b probably promoted lung metastasis
by inhibiting NK function

We then asked how suppression of IL-12b promoted lung
metastasis. First, we tested whether rmIL-12b directly
inhibited tumor cell proliferation and invasion in vitro. We
incubated hepatoma cells or L02 (a human embryonic liver
cell line) with various concentrations of rmIL-12b for 48 h.
Recombinant IL-12b showed a mild anti-proliferative
effect on hepatoma or liver cell lines (Figure S1), except
the proliferation of HCCLM3 was significantly suppressed
by high concentrations of rmIL-12b (>500 pg/mL), which
is about twofold greater than the concentration of IL-12b in
murine peripheral blood. The invasion of HepG2 cells
through Matrigel was barely affected by rmlL-12b
(100 pg/mL). The rmIL-12b and control groups did not
differ with respect to the number of cells that invaded
through the Matrigel (cells per 100x field, 272.3 + 29.2
vs. 245.5 + 33.3; P = 0.271).

These results suggested that the antitumor effect of IL-
12b may be mediated by an indirect mechanism rather than
direct effects. The antitumor effects of IL-12 are reported
to be mediated mainly by induced IFN-y expression in NK
cells, NKT cells, and T cells [24]. Because the prometas-
tasis effects were verified in both athymic nude mice
(T cell deficiency) and immunocompetent mice in the
present study, we studied how NK cells responded to
sunitinib or sorafenib treatment. The aforementioned
murine blood collected to detect CTCs was used for flow
cytometry. The counts of CD49" NK cells were not sig-
nificantly different among the 3 groups (Fig. 3d). However,
sunitinib or sorafenib treatment downregulated IFN-y
expression in circulating NK cells (n = 3 for each group;
this result was replicated in another cohort) by a factor of
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<« Fig. 1 Pretreatment with sunitinib or sorafenib promoted liver cancer

lung metastasis. In an orthotopic human hepatoma model, sunitinib or
vehicle (control) was administrated 1 week before the orthotopic
implantation of red fluorescent protein-labeled HCCLM3 tissue
(n = 6 for each group). After 7 weeks, tumor volume did not differ
between sunitinib and control groups (a), whereas lung metastasis
was more prominent in the mice pretreated with sunitinib (b). Red
fluorescent protein-positive metastatic foci could be observed under
fluorescence microscopes (upper panel; scale bar 2 mm); and
summary data of metastatic foci showed statistically significant
differences (lower panel). Note, the contrast and brightness were
linearly adjusted to highlight the metastatic foci and the borders of the
lungs were marked with white lines. ¢ In an experimental metastasis
model, pretreatment with sunitinib or sorafenib enhanced lung
metastasis of tail-vein injected green fluorescent protein (GFP)-
labeled HepG2 cells in nude mice. Representative photographs of
lungs under bright field and fluorescence fields from each groups are
shown (n = 8 for each group; upper panel) and quantification of lung
metastasis showed that sunitinib or sorafenib treatment led to
significantly more metastatic foci in the lungs (lower panel).
d When Hepal-6 hepatoma cells were injected into tail vein of
wide-type or IL-12b KO C57BL/6 mice, pretreatment with sunitinib
again promoted lung metastasis in wide-type mice but not in /L-12b
KO mice. For the mice treated with vehicle (control), IL-12b KO mice
had a high incidence of lung metastasis compared with wide-type
mice. A short time (3 days) after tail-vein injection with GFP-labeled
HepG2 cells, the GFP™ circulating tumor cells were counted by flow
cytometer and expressed as the ratio of their counts to the counts of
peripheral blood mononuclear cell (PBMC) (e) and GFP' metastatic
cell clusters (arrows) were counted on frozen sections of lung tissues
(f). Representative dot plots of circulating tumor cell counting and
lung sections under bright field and fluorescence fields (e and f, upper
panels) from each group are shown (n = 6 for each group). Mice
pretreated with sunitinib or sorafenib had more circulating tumor cells
in peripheral blood and more metastatic foci in lungs in compare with
the vehicle-treated control (e and f, lower panels). All error bars, SD.
Compared with the control, *P < 0.05; *p > 0.05

0.45 and 0.51, respectively, although the differences were
not statistically significant (Fig. 3d), suggesting that the
cytotoxic effects of NK cells were impaired by sunitinib
and sorafenib.

ZA compromised the prometastasis effects
of antiangiogenic therapy

Zoledronic acid is a bisphosphonate with a macrophage-
modulating effect and has been used to treat or prevent
bone metastasis in cancer patients [25]. In a xenograft
hepatoma model, we found that sorafenib treatment
induced abundant infiltration of monocytes/macrophages in
tumor tissue, while sorafenib and ZA had a synergistic
antitumor effect [26]. In the present study, we tested ZA in
combination with sunitinib or sorafenib, because ZA has
been reported to enhance IL-12 expression in DCs [15] and
to stimulate the production of IL-12 in the effusion fluid in
the murine model of mesothelioma [16].

Balb/c nu/nu mice were randomized into 3 groups and
treated for 1 week with sunitinib, sunitinib + ZA, or

vehicle (n = 6 for each group). Mice were sacrificed and
the expression of il-12b and its related subunits in the
spleen were evaluated by RT-PCR. The results showed that
ZA reversed the downregulation of il-/12b in murine
spleens (Fig. 4a). Downregulation of 2 related IL-12b
subunits, namely, il-12p35 and il-23p19, was also partially
reversed (Fig. 4a). In addition, although ZA treatment
suppressed the proliferation of THP-1-derived macro-
phages at a high concentrations (30 pmol/L, Fig. 4b), ZA
reversed the il-12b suppression by sunitinib in THP-1-
derived macrophages in vitro. The reversal was most
prominent at a low concentration (1 pmol/L; Fig. 4c).

Based on these findings, we treated Balb/c nu/nu nude
mice with vehicle (control), monotherapy (sunitinib or
sorafenib), or combination therapy (with ZA) for 1 week,
followed by tail-vein injection of HepG2-GFP cells (n = 6
for each group). Seven weeks later, monotherapy with
sunitinib or sorafenib again significantly enhanced lung
metastasis (P = 0.028 and P = 0.036, respectively) which
was in agreement with the data from Fig. lc. Combination
with ZA lowered the metastatic burden with a borderline
statistical significance in compare with sunitinib or so-
rafenib monotherapy (P = 0.044 and P = 0.115, respec-
tively), whereas the metastatic burdens of the combination
therapy group and the control group were equal (P = 0.924
and P = 1.000, respectively; Fig. 4d, e), indicating that
combination therapy with ZA can reverse the prometastasis
effects of antiangiogenic therapy.

Discussion

In the present study, we found that sunitinib and sorafenib
compromised the function of NK cells by downregulating
host-derived IL-12b expression, resulting in an increased
number of CTCs and lung metastases in murine models of
HCC. ZA restored the expression of IL-12b and counter-
balanced the prometastasis effect of sunitinib and sorafenib.

A number of studies have found that host response to
systemic chemotherapy may potentially promote tumor
metastasis, most of which was mediated by immunosup-
pression [27]. There are also reports that antiangiogenic
treatment promoted invasiveness or metastasis by altering
the tumor environment and/or tumor cells [11, 28, 29].
Ebos et al. [9] found that pretreatment with sunitinib or
sorafenib accelerated tumor metastasis, suggesting that
both agents induced changes in the microenvironment of
mouse organs that are conditioned to be more permissive to
cancer cell survival. Most recently, Chung et al. [14] found
that sunitinib potentiated lung metastasis by increasing
lung vascular permeability and cancer cell extravasation.
On the other hand, preclinical and clinical studies have
revealed that levels of cytokines and angiogenic factors in
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Fig. 2 Host-derived IL-12b was suppressed by antiangiogenic ther-
apy. a Several cytokines in the plasma from tumor-free Balb/c mice
(the plasma from 4 mice was pooled) were detected by an antibody
microarray. Among these cytokines, plasma IL-12b was lowered by
both sunitinib and sorafenib (solid line rectangle = 1L-12b; dotted
line rectangle = positive control) by 0.61-fold and 0.75-fold,
respectively (lower panel). b IL-12b concentration was further
quantified by ELISA and was found to be significantly lowered by
sunitinib and sorafenib on day 1 after the drug discontinuation (n = 3
for each group). However, on day 7 after drug discontinuation, plasma
IL-12b in the treated group rose to the level of control (n = 3 for each
group). ¢ The expression of il-12b was significantly downregulated by
sunitinib in kidneys, spleen, and liver, but not in lungs and il-12b was
most abundantly expressed in spleen (n =4 for each group).
d Splenectomy decreased the plasma IL-12b concentration compared

circulation were elevated by antiangiogenic drugs, includ-
ing placental growth factor and VEGF, whereas levels of
some cytokines with antiangiogenic features, e.g., soluble
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to sham operation on day 3 after operation (“sham op,” control;
n = 6 for each group). However, 35 days after splenectomy, plasma
IL-12b rose to the level of the control (n = 4 for each group). e When
dendritic cells (DC) and macrophages (M®) were isolated from the
spleens of mice treated with sunitinib, sorafenib, or vehicle (control)
(3 spleens from each group were pooled), il-/2b expression in
macrophages and DCs was found to be suppressed by sunitinib and
sorafenib. In addition, il-/2b expression in the cells remaining after
separation of M® (“—M®”) and DCs (“—DC”), which was much
lower than in the macrophages and DCs, was also suppressed. f Il-12b
expression in THP-1-derived macrophages was also suppressed by
sunitinib and sorafenib in a dose-dependent manner in vitro (unit,
pmol/L). All error bars, SD; compared with the control, *P < 0.05;
*P > 0.05

VEGEFRs, decreased [30-32]. This indicates that the host
environment became pro-angiogenic, probably compro-
mising the efficacy of antiangiogenic therapy [12]. The
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Fig. 3 IL-12b suppression played a crucial role in the prometastasis
effects mediated by antiangiogenic drugs. a Compared to sham
operation (“sham op”), splenectomy promoted metastasis of tail-
vein—injected PLC/PRF/5 hepatoma cells. Representative photo-
graphs of the lung sections with H&E staining from each group were
shown in upper panels (scale bars 200 pm; n = 9 for each group) and
quantification of the lung metastasis foci showed that splenectomy
significantly promoted lung metastasis (lower panel). Mean body
weight of mice treated with IL-12b—specific neutralizing antibody
(IL-12 Ab) was significantly lower than that of the control (n = 10 for
each group; b, upper panel) and metastasis of hepatoma cells were

present study added the evidence that the off-target effect
of antiangiogenic drugs can modify the host immune sys-
tem to be more permissive to circulating tumor cells. The
clinical implication is that when antiangiogenic therapy is
stopped, tumor growth will be unchecked by their influence
and the prometastasis effects could become manifest. That
could be one reason why many patients quickly relapse
after discontinuing antiangiogenic treatment.

It has been reported that some VEGFR TKIs decreased
IL-12 expression in human and in preclinical studies

control  sunitinib  sorafenib

control

sunitinib  sorafenib

more prominent in the IL-12b Ab-treated mice (b, lower panel).
¢ Combined sunitinib and recombinant mouse IL-12b (rmIL-12b;
n = 8) reversed the prometastasis effects of sunitinib (n = 8) in
experimental metastasis models (n = 10 for control group). d Three
days after tail-vein injection with hepatoma cells, IFN-y expression in
NK cells was significantly reduced. Representative dot plots were
shown (upper panels), and the quantitative analysis demonstrated that
NK counts were not differ among the 3 groups (n = 6 for each group;
lower left panel), whereas IFN-y expression in NK cells were
suppressed by sunitinib and sorafenib (lower right panel). All error
bars, SD. Compared with the control, *P < 0.05; P> 0.05

[32, 33]. Plasma IL-12 level was associated with resistance
to antiangiogenic treatment [34]. Together, these findings
imply that VEGFR TKIs may suppress host immunity by
decreasing host IL-12b/IL-12 expression. It is not clear
whether all VEGFR TKIs suppress host immunity, but
evidence is continually emerging. There is a critical need
for clinical studies because VEGFRs are among the most
popular targets of molecular-targeted therapies.
Furthermore, the present study may indicate a way to
overcome the opposite effect of VEGFR TKIs. As other
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Fig. 4 Zoledronic acid (ZA) reversed the expression of IL-12b and
the prometastasis effects of antiangiogenic drugs. a ZA reversed the
sunitinib-induced downregulation of i/-/2b in murine spleens.
Downregulation of 2 related subunits of IL-12b, il-12p35 and
il-23p19, was also partially reversed by zoledronic acid (compared
with the control, *P < 0.05; P > 0.05). b The proliferation of THP-
1—derived macrophages was suppressed by ZA at high concentrations
(30 uM), but was promoted at low concentrations (0.05 and 0.1 uM)
(compared with 0 umol/L, *P < 0.05; *P > 0.05). ¢ The downreg-
ulation of il-12b by sunitinib in THP-1-derived macrophages was

authors have also reported [15, 16], we also proved that ZA
treatment upregulated IL-12b expression. The chief clinical
implication is that we should probably consider combining
ZA, a proven anticancer drug, with VEGFR TKI therapies
to counteract their potential prometastasis effects and
improve the overall outcome. Based on results from the
present and previous studies [26], we are conducting a
phase II clinical trial (ClinicalTrials.gov identifier:
NCT01259193) to test combination therapy.

This study has some potential limitations. Although the
dosage of sunitinib or sorafenib (100 mg/kg/day) has been
widely used in preclinical studies [35, 36], this dosage is
relatively higher than that used in human patients, and the
treatment-induced host changes were dose-dependent
[13, 36]. Whether HCC patients who receive sorafenib
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blunted by ZA at low concentration (0.2-5 pmol/L) (*P < 0.05
compared with control; *P < 0.05 compared with ZA at 0 pmol/l).
ZA co-administration alleviated the prometastasis effects of sunitinib
or sorafenib in an experimental metastatic model, in which, nude mice
were injected with GFP-labeled HepG2 cells via tail vein (d, e).
d Lungs from all the mice (n = 6 for each group) with metastatic foci
were shown and e quantification of the lung metastasis foci
demonstrated that ZA reversed the metastasis-promoting effects of
sunitinib and sorafenib (compared with the control, *P < 0.05;
*P > 0.05). All error bars, SD

treatment have similar changes remains to be seen. Second,
because of the limitations of antibody array we used in this
study, we cannot rule out the possibility that other cyto-
kines which were not covered in the antibody array may
also contribute to the increased rate of metastasis.

In conclusion, host responses to antiangiogenic therapy
warrant more investigation in clinical settings and this
response may be not unique to HCC. Counteracting this
opposite effect could improve the clinical efficacy of
antiangiogenic treatment.
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