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ABSTRACT
Background and purpose Combining inhibitors of vascular 
endothelial growth factor and the programmed cell death 
protein 1 (PD1) pathway has shown efficacy in multiple 
cancers, but the disease- specific and agent- specific 
mechanisms of benefit remain unclear. We examined the 
efficacy and defined the mechanisms of benefit when 
combining regorafenib (a multikinase antivascular endothelial 
growth factor receptor inhibitor) with PD1 blockade in murine 
hepatocellular carcinoma (HCC) models.
Basic procedures We used orthotopic models of HCC in 
mice with liver damage to test the effects of regorafenib—
dosed orally at 5, 10 or 20 mg/kg daily—combined with 
anti- PD1 antibodies (10 mg/kg intraperitoneally thrice weekly). 
We evaluated the effects of therapy on tumor vasculature and 
immune microenvironment using immunofluorescence, flow 
cytometry, RNA- sequencing, ELISA and pharmacokinetic/
pharmacodynamic studies in mice and in tissue and blood 
samples from patients with cancer.
Main findings Regorafenib/anti- PD1 combination therapy 
increased survival compared with regofarenib or anti- PD1 
alone in a regorafenib dose- dependent manner. Combination 
therapy increased regorafenib uptake into the tumor 
tissues by normalizing the HCC vasculature and increasing 
CD8 T- cell infiltration and activation at an intermediate 
regorafenib dose. The efficacy of regorafenib/anti- PD1 
therapy was compromised in mice lacking functional T cells 
(Rag1- deficient mice). Regorafenib treatment increased the 
transcription and protein expression of CXCL10—a ligand 
for CXCR3 expressed on tumor- infiltrating lymphocytes—in 
murine HCC and in blood of patients with HCC. Using Cxcr3- 
deficient mice, we demonstrate that CXCR3 mediated the 
increased intratumoral CD8 T- cell infiltration and the added 
survival benefit when regorafenib was combined with anti- 
PD1 therapy.
Principal conclusions Judicious regorafenib/anti- 
PD1 combination therapy can inhibit tumor growth and 
increase survival by normalizing tumor vasculature and 
increasing intratumoral CXCR3+CD8 T- cell infiltration 
through elevated CXCL10 expression in HCC cells.

BACKGROUND
Hepatocellular carcinoma (HCC) is a 
common cancer- related cause of death.1 2 
HCC is an aggressive gastrointestinal cancer 
with increasing incidence in the USA, but 
existing therapeutic options have shown 
limited efficacy. HCCs are highly vascu-
larized tumors, which often develop an 
arterialized blood supply that feeds tumor 
progression.3 Sorafenib—a broad tyrosine 
kinase inhibitor (TKI) with potent antivas-
cular endothelial growth factor receptor 
(VEGFR)1–3 and platelet- derived growth 
factor receptor (PDGFR) activity—was the 
first systemic therapy to show increased 
overall survival (OS) in patients with 
advanced HCC in phase III trials.4 5 However, 
HCCs become resistant to sorafenib and 
the OS benefit is limited to approximately 3 
months over placebo. Other broad TKIs—
such as regorafenib and cabozantinib—and 
the anti- VEGFR2 antibody ramucirumab 
(in selected patients with high alpha- 
fetoprotein) also showed efficacy in phase 
III trials in patients with advanced HCC 
who progressed on sorafenib.6–8 Finally, the 
multitargeted TKI lenvatinib became a first- 
line therapy in advanced HCC after showing 
non- inferior survival compared with 
sorafenib.9 These successes argued for a key 
role of VEGF/VEGFR- driven angiogenesis 
in advanced HCC. However, other multitar-
geted TKIs—such as sunitinib, brivanib—or 
ramucirumab in unselected patients with 
HCC did not increase OS despite delaying 
tumor progression in phase III trials.10 
This argues that the activity seen with the 
approved drugs may be in part mediated 
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by inhibition of specific targets beyond VEGFRs and 
specific mechanisms of action.

HCCs usually develop in tissues affected by chronic 
inflammation and hypoxia due to underlying liver damage. 
This characteristic feature leads to immunosuppression 
via multiple mechanisms, including upregulation of the 
immune checkpoint molecules such as programmed cell 
death protein 1 (PD1) and its ligand programmed death- 
ligand 1 (PD- L1).11–13 Recently, immunotherapy strategies 
using immune checkpoint blockade (ICB) with anti- PD1 
antibodies nivolumab and pembrolizumab alone as well 
as with nivolumab plus ipilimumab (an anticytotoxic 
T- lymphocyte antigen 4 antibody) received accelerated 
approval by the Food and Drug Administration; this was 
based on phase I/II trial data, which showed responses 
in 14%–31% of previously treated patients with advanced 
HCC, some of which were durable.14 15 However, PD1 
blockade alone was insufficient to significantly increase 
OS in the randomized phase III trials conducted so far.

The limitations of monotherapy approaches in HCC led 
to the development of anti- VEGFR/PD1 combinations 
new therapies designed to address treatment resistance 
mechanisms and achieve synergy by increasing effector 
T- cell infiltration.16 One of the key elements of the effi-
cacy of combinations of anti- VEGF with immunothera-
pies is maintaining a functional (normalized) vasculature 
and reducing hypoxia.16–18 We and others have demon-
strated that blocking VEGF pathway can transiently 
normalize the tumor vasculature and increase cytotoxic 
T lymphocyte (CTL) infiltration, thus facilitating vaccine 
immunotherapy.19 Of note, recent studies showed that 
antitumor immune responses and vascular normalization 
can be reciprocally regulated by CD4+ T effector cells in 
breast cancers.20 In HCC, we recently demonstrated that 
dual VEGFR-2/PD1 blockade using antibodies normal-
izes tumor vasculature and induces antitumor immunity 
in mice with underlying liver damage.21

The clinical experience is consistent with preclinical 
findings. The use of a combination of the anti- VEGF anti-
body bevacizumab with the anti- PD- L1 antibody atezoli-
zumab significantly increased survival outcomes over 
sorafenib in the randomized phase III IMBRAVE150 
trial.22 Atezolizumab/bevacizumab objective response 
rate of 27.3%, including a 5.5% complete response rate 
and many durable responses, stands as a breakthrough 
in advanced HCC treatment. Whether anti- VEGFR 
TKIs—that also target vascular pericytes—can also 
reprogram the immunosuppressive microenvironment 
of HCC and enhance ICB efficacy in a similar manner 
remains unknown. Furthermore, whether combinatorial 
approaches using multitargeted anti- VEGFR TKIs could 
address treatment resistance via targeting alternative 
mechanisms remains unknown. Of note, the initial clin-
ical experience with combination of lenvatinib with the 
anti- PD1 antibody pembrolizumab showed high response 
rate and led to a randomized phase III trial. Moreover, 
a recent phase Ib dose- escalation study evaluated the 
efficacy of regorafenib at 80–160 mg/day and anti- PD-1 

therapy (nivolumab) in refractory gastric or colon cancer. 
After reducing the regorafenib dose to 80–120 mg/day 
during the dose- expansion part, study results showed 
an intriguing objective response rates of 40% overall, 
including a 36% response rate in microsatellite stable 
metastatic colorectal cancer, a notoriously ‘immunolog-
ically cold’ ICB- resistant tumor.23

Here, we studied the dose- dependent impact of rego-
rafenib, which directly targets VEGFRs, Tie2 and PDGFR 
but may also have indirect inhibitory activity against signal 
transducer and activator of transcription 3 (STAT3), an 
immune- relevant target, in models of HCC with under-
lying liver damage.24 25

METHODS
Cells
We used two murine HCC cell lines in this study: RIL-175 
(a p53/Hras mutant line syngeneic to C57Bl/6 mouse 
strain background),26 kindly provided by Dr Tim Greten 
(NIH), and HCA-1, a line derived from a spontaneous 
HCC in a C3H mouse established in our laboratory.27 28

Mouse models of orthotopic HCC and liver damage
For orthotopic tumor generation, RIL-175 cells were 
implanted in male mice of C57Bl/6 strain background 
(wild- type, Rag1–/–, Cxcr3–/–, Jackson Labs) and HCA-1 
cells in male C3H mice.29 30 For spontaneous HCC gener-
ation, we used Mst1–/–Mst2f/– mice (both genders).

Agents and treatments
Regorafenib was provided by Bayer and administered by 
oral gavage daily at a dose of 5, 10 and 20 mg/kg in 34% 
1,2- propandiol (Sigma- Aldrich), 34% PEG400 (Sigma- 
Aldrich), 12% pluronic F68 (Thermo Fischer Scien-
tific, Waltham, Massachusetts, USA), and 20% water, as 
per manufacturer’s recommendation. Mouse anti- PD1 
antibody (clone RMP-014) was purchased from BioX-
cell (Lebanon, New Hampshire, USA) and Mouse IgG 
isotype control was purchased from Thermo Fischer 
Scientific. The STAT3 inhibitor LLL12 was purchased 
from BioVision (Milpitas, California, USA). Antimouse 
PD1 antibody or IgG (control) were given intraperitone-
ally at a dose of 10 mg/kg thrice weekly, as described.11 
Daily gavage of vehicle and intraperitoneal injection of 
10 mg/kg of isotype- matched IgG were given as control 
treatments for anti- PD1 antibody. For the survival studies, 
moribund status was used as the end point and moribund 
was defined as symptoms of prolonged distress, >15% of 
weight loss compared with the starting date, body condi-
tion score >2 and tumor size of >24 mm in diameter.

Patient samples
Formalin- fixed paraffin- embedded HCC tissue and blood 
samples were obtained with informed consent from a 
published cohort of deidentified patients who underwent 
liver resection at the department of Surgery at Fundeni 
Clinical Institute, Bucharest, Romania.31 Furthermore, 
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we collected blood samples with informed consent from 
patients treated by regorafenib as standard of care (HCC) 
or in a phase I clinical trial of regorafenib monotherapy 
in patients with acute myeloid leukemia (AML). Periph-
eral blood was collected before regorafenib therapy and 
after 2 weeks of treatment and processed in a Clinical 
Laboratory Improvement Amendments- certified facility 
of the Steele Laboratories at MGH.

Flow cytometry analysis
Prior to immunostaining, cells were washed with the 
buffer and fixed and permeabilized with FoxP3/Tran-
scription Factor Staining Buffer Set (eBioscience/
Thermo Fischer Scientific) to stain the intracellular 
markers. Harvested cells were incubated in Dulbecco's 
Modified Eagle Medium with cell activation cocktail with 
brefeldin A (Biolegend) for 4 hour at 37°C. The cells 
were stained with the antibodies of cell surface and intra-
cellular marker in the buffer with brefeldin A.

Antimouse CD16/32 antibody (clone 93, Biolegend, 
San Diego, California, USA) was added for FcR blockade, 
and incubated for 5 min at room temperature. After 
another washing step, antibodies for cell phenotyping 
were added, and cells were incubated for 40 min at 
room temperature. The monoclonal antibodies used for 
flow cytometry analysis were for: CD45 (30- F11), CD3e 
(145-2 C11), CD4 (RM4-5), CD8a (5H10-1), Foxp3 (FJK- 
16s), CD39 (Duha59), CXCR3 (CXCR3-173), CD11b 
(M1/70), Ly6C (HK1.4), Ly6G, CD206 (C068C2), MHC- II 
(M5/114.15.2), interferon gamma (IFN-γ) (XMG1.2), 
PD1 (29F.1A12) (eBioscience).

Immunohistochemistry
For analyses of endothelial and perivascular cells, tumor 
tissues containing the total areas of CD31 (clone DIA-310, 
Dianova, Germany) positive endothelial cells and 
α- smooth muscle actin (α-SMA) (Sigma- Aldrich, Saint 
Louis, Missouri, USA) positive pericytes were identified 
by scanning tumor sections under ×10 magnification and 
were counted in five random fields under ×200 magnifi-
cation. CD8+ lymphocytes were detected using anti- CD8b 
antibody (eBioscience). Five random fields were selected 
from the tumor center, which did not include the edge of 
the tumor. Hypoxia was identified and quantified using 
immunostaining for anticarbonic anhydrase (CA)- IX 
(rabbit monoclonal; dilution, 1:100, Abcam). These data 
were analyzed using ImageJ (US NIH) and Photoshop 
(Adobe Systems, San Jose, California, USA) software. 
Analysis was performed using a laser- scanning confocal 
microscope (Olympus, FV-1000). Anticleaved caspase-3 
antibody (Abcam) was used to assess the cell apoptosis 
in the tumor tissues, and antiphospho- STAT3 antibody 
(Abcam) for quantitative assessment of p- STAT3. For 
the latter, immunostained whole slide tumor sections 
were scanned on a Hamamatsu NanoZoomer S360 slide 
scanner. For quantification purpose, whole images were 
analyzed for at least three representative areas of vital 
tumor which was defined as region- of- interest.

RNA in situ hybridization (RNA-Scope)
The RNA- Scope assay was performed according to manu-
facturer’s instructions.32 Briefly, formaldehyde- fixed and 
paraffin- embedded human and mouse HCC tissue blocks 
were cut in 5 µm sections, pretreated for 30 min, following 
digestion and hybridization at 40°C in a HybEZ oven with 
both dual labeling probes antimurine CXCR3 probe 
(Mm- CXCR3; 402511- C2) and CXCL10 (Mm- CXCL10; 
408921) or human CXCL10 (Hs- CXCL10; 311851), all 
from Advanced Cell Diagnostics. Counterstaining was 
performed using hematoxylin for 10 s.

Pharmacokinetic analysis of regorafenib and metabolites
From the orthotopic HCC and liver damage mouse models 
described above, blood samples were collected at 1, 4, 7 and 
24 hours after once- daily oral administration of 5, 10 and 
20 mg/kg regorafenib, respectively, for 5 days. Anti- PD1 
antibody was given on days 1 and 4 with dose of 10 mg/kg by 
intraperitoneal injection. Blood samples were drawn from 
four to five animals per sampling time point. Regorafenib 
and its active metabolites M-2, M-4 and M-5 were analyzed 
in plasma samples using a validated bioanalytical liquid 
chromatography- tandem mass spectrometry.25 33 Pharmaco-
kinetic (PK) parameters were derived from the area under 
the plasma concentration versus time curve (AUC) using a 
non- compartmental analysis.

Statistical analysis
All statistical analyzes were performed using Stata soft-
ware, V.14.1 (StataCorp, College Station, Texas, USA). 
Error bars indicate the SEM. Differences were considered 
significant when p values were <0.05. Quantitative variables 
were compared using Student’s t- test. Analysis of exper-
iments with more than two groups were performed using 
one- way analysis of variance with Scheffe’s correction for 
multiple comparisons. Wilcoxon signed- rank test was used 
for analysis of marker changes over time. Based on tumor 
growth delay data, we estimated that an n>10 mice/group 
were required to ensure an alpha level of 5% (two- sided) 
and beta level of 20% (two- sided) for the survival analysis. 
Median overall survival was estimated using the Kaplan- 
Meier method. Statistical analyses in the survival experi-
ments were performed by Cox proportional hazard model 
and HR and 95% CIs were calculated as well.

See additional materials and methods in online supple-
mental material.

RESULTS
PD1 blockade combined with an intermediate dose of 
regorafenib induces vessel normalization and increases 
regorafenib delivery and activity
We first evaluated the dose- dependent effects of regorafenib 
in combination with anti- PD1 antibodies on HCC vessels in 
a time- matched manner (after 1 week of treatment). CD31+ 
surface area—a measure of microvascular density (MVD)—
was increased after treatment with 10 mg/kg regorafenib 
and anti- PD1 antibody compared with all the other groups 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2020-001435 on 24 N

ovem
ber 2020. D

ow
nloaded from

 

https://dx.doi.org/10.1136/jitc-2020-001435
https://dx.doi.org/10.1136/jitc-2020-001435
http://jitc.bmj.com/


4 Shigeta K, et al. J Immunother Cancer 2020;8:e001435. doi:10.1136/jitc-2020-001435

Open access 

in RIL-175 model (online supplemental figure S1A). More-
over, pericyte coverage was significantly increased, and tissue 
hypoxia showed a tendency for decrease, after treatment 
with anti- PD1 antibody with 10 mg/kg but not with 20 mg/

kg of regorafenib (figure 1A,B and online supplemental 
figure S1B,C).

To further understand the effects of the intermediate 
dose (10 mg/kg) of regorafenib, we examined its effects 
alone or in combination with anti- PD1 treatment at a 
later time- point in the same model (day 12). We found 
that the significant increase in MVD after 10 mg/kg rego-
rafenib alone and with anti- PD1 treatment compared with 
control was maintained at this time- point (online supple-
mental figure S1B). Moreover, the hypoxic tissue area, 
measured by CA- IX staining, was significantly decreased 
in the intermediate dose regorafenib and combination 
treatment groups compared with control (figure 1C,D 
and online supplemental figure S1D,E). Furthermore, 
the mature (pericyte- covered) MVD was significantly 
increased only in the combination group, consistent with 
both structural and functional vascular normalization in 
HCC after regorafenib at the 10 mg/kg dose with PD1 
blockade (figure 1E,F).

In addition, we evaluated PK parameters in HCC- 
bearing mice after regorafenib administration alone 
at doses of 5, 10 and 20 mg/kg or in combination with 
anti- PD1 therapy at the 10 mg/kg regorafenib dose for 
5 days to achieve a steady state. We found differential 
plasma versus tumor PK for regorafenib and anti- PD1 
therapy. In plasma, the PK parameters area under the 
curve within the observation period of 24 hours (AUC0–

24) and maximum/peak concentration (Cmax) showed 
a dose- proportional increased for regorafenib (online 
supplemental table S1). However, while tumor AUC0–24 
and Cmax also showed a dose- proportional increase for 
regorafenib, addition of anti- PD1 therapy to regorafenib 
10 mg/kg further increased tumor exposure of the drug 
(online supplemental table S1 and online supplemental 
figure S1F,G). Consistent with these data, we found an 
increase in the biologically active metabolite of rego-
rafenib M-4, which occurs prominently in mice, from 
the lower to higher dose group. While plasma PK of 
M-4 were not changed by addition of anti- PD1 antibody 
to regorafenib 10 mg/kg, tumor PK parameters also 
showed trends for increased M-4 (online supplemental 
table S1). The concentrations of the active metabolites 
M-2 and M-5 were below the detection limit of the assay 
in most samples. Collectively, these results show that an 
intermediate dose of regorafenib with anti- PD1 blockade 
is required to promote vascular normalization, which 
reduces hypoxia and increases regorafenib delivery and 
activity in the HCC tissue.

Regorafenib at 10 mg/kg dose is required to enhance CTL 
infiltration and activation when used in combination with PD1 
blockade
Having demonstrated that regorafenib given at 10 mg/
kg dose with anti- PD1 antibody normalized tumor vessels’ 
structure and function, we next investigated the effects 
of this combination therapy on antitumor immunity in 
HCC models. First, we evaluated the intratumoral infiltra-
tion and distribution of CD8 T cells in RIL-175 tumors. 

Figure 1 Dose- dependent effects of regorafenib on vascular 
normalization when used in combination with programmed 
cell death protein 1 (PD1) blockade in RIL-175 hepatocellular 
carcinoma (HCC) model. (A, B) Mice with established (4–5 mm 
in diameter) HCCs were treated with anti- PD1 therapy (P) 
alone or in combination with 5 mg/kg (R5), 10 mg/kg (R10) 
or 20 mg/kg (R20) regorafenib versus control (C) (n=8 mice 
per group, 1- week treatment). We used immunofluorescence 
(IF) for evaluation of tumor vessels by CD31 and α- smooth 
muscle actin (α-SMA) immunostaining. Quantitative analysis 
of IF data showed increased pericyte coverage only after 
R10+P treatment (plots in B). Representative IF of tumor 
sections after staining for CD31 (for endothelial cells in green) 
and α-SMA (for pericytes in red) and DAPI counterstaining (in 
blue). Five random fields from the tumor center (defined as no 
inclusion of the edge of the tumor) were evaluated for each 
sample. Data represent mean values. Scale bars=500 µm. 
(C) Representative IF confocal microscopy images of tumor 
vessels using and CD31 staining (green) and tissue hypoxia 
using CA- IX staining (red) of whole liver sections; scale 
bars=2 mm. (D) Tissue hypoxia was significantly reduced 
by 10 mg/kg regorafenib treatment alone or with anti- PD1 
blockade (n=5 mice, 12 days of treatment, 5 images/tumor 
sample). (E) Representative IF confocal microscopy images 
of mature tumor vessels using CD31 staining (green) and 
α-SMA staining (red) of RIL-175 tumors; scale bars, 100 µm. 
(F) CD31+α-SMA+ mature vessel density was significantly 
increased in the combination treatment group (n=5 mice, 12 
days of treatment, images/tumor sample). Data represent 
mean±SEM. *P<0.05; **p<0.01; ***p<0.001.
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The total number of CD8 T- cells infiltrating inside the 
tumor, evaluated by IF, was significantly increased after 
1 week of treatment in the tumors from mice receiving 
anti- PD1 therapy, alone or with regorafenib at 5, 10 or 
20 mg/kg. However, the CD8 T cell infiltration inside 
the tumor was significantly higher after 10 mg/kg rego-
rafenib and anti- PD1 antibody compared with all other 
groups (figure 2A,B).

In separate experiments, we tested whether this effect 
of regorafenib 10 mg/kg/anti- PD1 therapy was main-
tained at a later time- point (day 12 of treatment). We 
found that the total number of CD8 T cells measured 
by flow cytometry in tissue was significantly increased 
in the combination therapy group as compared with 
all the other treatment groups (figure 2C), despite the 
persistence of immunosuppressive myeloid cells (online 
supplemental figure S2A,B). Furthermore, when we eval-
uated the intratumoral distribution of the CD8 T cells 
by IF, we found that their infiltration was significantly 
increased in the combination group versus other treat-
ment groups (figure 2D,E and online supplemental 
figure S2C). In addition, combination therapy promoted 
the activation of CD8 T cells, as measured by IFN-γ 
expression. Using western blot analysis, we found that 
overall tissue IFN-γ expression was increased after combi-
nation therapy (online supplemental figure S2D); flow 
cytometry validated that CD8+IFN-γ+activated CTLs were 
significantly increased only in the combination therapy 
group (figure 2F).

Regorafenib increases CXCL10 production by HCC cells
To investigate the mechanism mediating the increased 
intratumoral CTL infiltration after combined regorafenib 
10 mg/kg and anti- PD1 treatment in HCC, we exam-
ined the transcriptional changes in whole tumor lysate 
using RNA sequencing analysis after 1 week of treatment 
(online supplemental dataset S1 and figure S2E). Gene 
set enrichment analysis (GSEA) using curated gene sets 
(Gene Ontology) showed significant changes in multiple 
pathways, including those related to immune response 
and factors related to CTL trafficking in RIL-175 tumor 
tissues (figure 3A). We found that an unbiased GSEA 
using a previously published ‘poor prognostic angiogenic 
gene’ signature20 showed that these genes were enriched 
in the control group compared with regorafenib (10 mg/
kg) plus anti- PD1 therapy (online supplemental figure 
S2F). These data further support the vascular normal-
ization effect which was seen in the time- matched study 
presented in figure 1.

On the other hand, we found significant upregulation 
in the gene expression of both the Cxcr3 receptor and 
its ligand Cxcl10 after combination treatment (compared 
with control) among the top hits (online supplemental 
table S2). In addition, we measured protein concentra-
tion in the whole tumor tissue (used in the PK experi-
ments) by ELISA and found that CXCL10 showed a 
non- significant trend for increase after treatment with 
intermediate dose regorafenib and anti- PD1 antibody 

(n=4) (online supplemental figure S3A). Of note, we 
have previously reported RNA sequencing analysis after 
dual antibody blockade of VEGFR2 and PD-1 antibody 
using the same orthotopic HCC model, but found no 
difference in CXCL10 or CXCR3 expression.21 These data 
indicate that upregulation of the CXCL10/CXCR3 axis 
may be due to the multitargeted (VEGFR- independent) 
activity of regorafenib.

In the same samples used for the PK study, we also found 
that regorafenib treatment inhibited phosphorylated (p)
STAT3 levels in HCC tissues (online supplemental figure 
S3B,C). Thus, we evaluated the pSTAT1/pSTAT3 ratio 
after combination of regorafenib (10 mg/kg)/anti- PD1 
treatment. We found an increase in the ratio of STAT1/
STAT3 phosphorylation levels after combination treat-
ment (figure 3B,C). These results indicate that rego-
rafenib treatment can shift the ratio between activated 
STAT1 and STAT3, potentially leading to increased 
CXCL10 production. We also used the TCGA database 
to confirm the correlation between the CXCL10 expres-
sion and the other immune- related genes. We found that 
the CXCR3, STAT1, CD8A and IFNG genes were positively 
correlated in human HCC tissue (online supplemental 
figure S3D).

To determine if CXCL10 was produced by murine 
HCC cells in response to regorafenib treatment, we 
next cultured RIL-175 cells with various concentration 
of regorafenib in vitro and measured the CXCL10 levels 
by ELISA. Regorafenib treatment significantly increased 
the level of CXCL10 secreted by RIL-175 cells and to a 
lesser extent in HCA1 cells, with a peak concentration at 
1 µM (figure 3D and online supplemental figure S3E). 
Moreover, we also found that a selective and direct STAT3 
inhibitor (LLL12) significantly increased CXCL10 expres-
sion in RIL-175 cells (online supplemental figure S3F). 
Furthermore, we confirmed that the STAT1 activation 
and STAT3 inhibition were also seen in the RIL-175 cells 
culture with 1 µM of regorafenib in vitro (figure 3E,F).

To validate whether regorafenib treatment can increase 
expression of CXCL10 in vivo, and to identify a cell 
population in HCC expressing CXCL10 and CXCR3, we 
performed an RNA- Scope in situ hybridization (ISH) 
dual labeling for both markers. In line with the in vitro 
findings, we found an increased level of CXCL10 mRNA 
in the combination group of regorafenib and anti- PD1 
antibody in the murine HCC tissue (figure 3G–I). In 
addition, dual labeling of both CXCL10 and CXCR3 
confirmed that TILs in proximity of CXCL10- expressing 
HCC cells showed expression of CXCR3 mRNA. CXCL10 
expression was almost exclusively detected in cancer cells, 
based on histological analysis performed by a trained liver 
pathologist (AQ). Moreover, flow cytometric analyses 
confirmed the increased levels of CXCR3+CD8+ T cells 
after combined regorafenib/anti- PD1 therapy in the 
tumor tissue but not in the spleen (online supplemental 
figure S3G,H).

Finally, we measured the dose- dependent changes 
in intratumoral CXCL10 protein expression after 
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regorafenib treatment in mice. We found that rego-
rafenib treatment alone at 10 mg/kg and 20 mg/kg 
increased protein levels of CXCL10 evaluated in whole 

tumor tissue lysate by western blot analysis as early as 
6 hours after treatment (online supplemental figure 
S3I,J). Moreover, when we evaluated CXCL10 expression 

Figure 2 Intermediate dose of regorafenib with antiprogrammed cell death protein 1 (anti- PD1) therapy increases intratumoral 
CD8+ cytotoxic T lymphocyte (CTL) infiltration and activation in RIL-175 model. (A) Mice with established (4–5 mm in diameter) 
hepatocellular carcinomas (HCCs) were treated with anti- PD1 therapy (P) alone or in combination with 5 mg/kg (R5), 10 mg/kg 
(R10) or 20 mg/kg (R20) regorafenib versus control (C) (n=8 mice per group, 1 week treatment). We used immunofluorescence 
(IF) for evaluation of T- cell infiltration by CD8 immunostaining. Representative IF of tumor sections after staining for CD8 (for T 
cells in red) and DAPI counterstaining (in blue). Five random fields from the tumor center (defined as no inclusion of the edge of 
the tumor) were evaluated for each sample. Data represent mean values. Scale bars=500 µm. (B) Quantitative analysis of IF data 
showed a significant increase in CD8+ T cells after R10+ P treatment compared with all other groups. (C) Regorafenib (10 mg/
kg daily, R10) combined with anti- PD-1 therapy (P) significantly increased the number of CD8+ T cells per gram RIL-175 tumor 
tissue measured by flow cytometry versus control or R10- treated mice (n=11–13 mice, 12 days of treatment). (D) Representative 
IF confocal microscopy images of CD8 T- cell distribution (in red) in whole RIL-175 tumor tissue sections; CD31 staining of 
vessels in green and DAPI counterstaining in blue; scale bars=2 mm. (E) Quantification of intratumoral CTL infiltration in RIL-
175 HCCs showing a more substantial increase in intratumoral CTL infiltration in R10/P- treated group, which was significantly 
higher than each treatment alone or control (n=5 mice, 12 days of treatment, 5 random fields from the tumor center (defined as 
no inclusion of the edge of the tumor) per sample). (F) R10/P combination therapy significantly increased the number of CD8+ 
interferon gamma (IFN-γ)+CTLs per gram of RIL-175 tumor tissue measured by flow cytometry versus each treatment alone or 
control (n=10–13 samples, 12 days of treatment). *P<0.05; **p<0.01; ***p<0.001.
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after prolonged combination treatment with regorafenib 
and anti- PD1 antibodies (for 1 week in the PK studies), we 
found increased protein expression level of CXCL10 for 

the intermediate (10 mg/kg) and the high dose (20 mg/
kg) of regorafenib but not for the low dose (5 mg/kg) 

Figure 3 Combined treatment with regorafenib with antiprogrammed cell death protein 1 (anti- PD1) antibodies inhibits signal 
transducer and activator of transcription (STAT) activation and increases CXCL10 production by hepatocellular carcinoma (HCC) 
cells. (A) Changes induced by combination of regorafenib (10 mg/kg) with anti- PD1 antibody in immune- related pathways from 
the gene set enrichment analysis (GSEA) using curated gene sets in RIL-175 HCC model (see also online supplemental dataset 
S1 and figure S2E). (B, C) Changes induced by combination of regorafenib (10 mg/kg) with anti- PD1 antibody in STAT3 and 
STAT1 activity (B), showing an increased ratio of phosphorylated (p)- STAT1/p- STAT3 (normalized to total STAT1 and STAT3, 
respectively) by western blot analysis of whole RIL-175 HCC tissue (C) (n=4 mice). (D) Treatment with regorafenib increases 
CXCL10 expression by RIL-175 HCC cells in vitro after 36 hours, in a dose- dependent manner (n=6). Culture medium alone 
was used as a negative control (NC). (E, F) Changes induced by regorafenib (1 µM) in STAT3 and STAT1 activity (E), showing 
an increased ratio of p- STAT1/p- STAT3 (normalized to total STAT1 and STAT3, respectively) by western blot analysis of RIL-175 
HCC cells (F). (G, H) Representative in situ hybridization (ISH) pictures of CXCL10 (red dots, arrow heads) and CXCR3 (green 
dots) on RIL-175 HCC tissue from the control group (G) versus combination therapy (RP) group (H). Scale bars=50 µm (G, H). 
(I) Combination therapy significantly increases in the number of HCC cells expressing CXCL10 compared with control. Data 
represent mean±SEM. (J, K) Combination therapy increases CXCL10 protein expression in whole RIL-175 tumor tissue 6 hours 
and 12 hours after in vivo when regorafenib treatment was used at doses of 10 mg/kg (R10) and 20 mg/kg (R20) (n=3) by western 
blot analysis (J); quantitative data of CXCL10/β-actin ratios are shown in (K). C, control; P, anti- PD1 antibody; R, regorafenib 
10 mg/kg; R10- P, regorafenib 10 mg/kg+anti- PD1 antibody; n=3–4 per group. *P<0.05; **p<0.01; ***p<0.001.
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by western blot analysis in whole tumor tissue lysate 
(figure 3J,K).

Collectively, these results indicate that CXCL10 expres-
sion by HCC cells is increased after regorafenib treatment 
due to inhibition of STAT3 activity leading to increased 
intratumoral infiltration CD8+CXCR3+ T cells.

Survival benefit of regorafenib combined with anti-PD1 
treatment is regorafenib dose-dependent
We finally tested the efficacy of combining anti- PD1 antibody 
with regorafenib dose versus each agent alone or control 
in three different mouse models (orthotopic RIL-175 and 
HCA-1 grafts, Mst1/Mst2- KO model) with underlying liver 

damage (figure 4A). In the RIL-175 HCC model, we found 
that combination treatment showed tumor growth delay 
but only when regorafenib was used at the dose of 10 mg/
kg with anti- PD1 therapy (figure 4B). Moreover, regorafenib 
(10 mg/kg) plus anti- PD1 group showed a significant and 
substantial survival benefit (median survival of 29 days, more 
than double compared control group in this model) with an 
HR (HR=0.17; p<0.001) (figure 4C). The low dose (5 mg/kg) 
of regorafenib plus anti- PD1 therapy showed no significant 
growth delay and only a non- significant trend for survival 
benefit (HR=0.47; p=0.089) (online supplemental figure 
S4A). When we compared the efficacy of the combination 

Figure 4 Intermediate dose of regorafenib shows efficacy when combined with antiprogrammed cell death protein 1 (anti- PD1) 
blockade in the RIL-175 mouse model of advanced hepatocellular carcinoma (HCC). (A) Example of tumor implantation and 
treatment schedule for survival studies in HCC models. (B, C) Survival experiment data from RIL-175 orthotopic mouse model. 
Tumor growth was significantly delayed in the group treated with a combination of regorafenib 10 mg/kg and anti- PD1 antibody 
(aPD1) compared with the other groups (n=10–13 mice) (B); moreover, this combination significantly prolonged overall survival 
(C). (D) Survival experiment data from HCA-1 highly metastatic orthotopic mouse model. Mice treated with combination with 
R10+P show a non- significant trend for increased survival versus control (HR=0.48, p=0.075) (n=11–13 mice). (E) Tumor growth 
is delayed after combination of R10+P in a spontaneous HCC model using Mst1–/–Mst2F/– mice (n=6–9 mice). (F) Treatment with 
regorafenib (10 mg/kg daily, R10) alone or in combination with anti- PD-1 therapy shows no benefit in survival (Kaplan- Meier 
survival distributions) compared with control. *P<0.05, **p<0.01, ***p<0.001. C, control; P, anti- PD1; R10, regorafenib 10 mg/kg 
daily; R10+P, regorafenib 10 mg/kg+anti- PD1. Error bars, SEM.
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treatment of anti- PD1 therapy with regorafenib at 10 mg/
kg versus anti- PD1 therapy with a high dose (20 mg/kg) of 
regorafenib, we found that only regorafenib at 10 mg/kg 
significantly improved survival compared with control group 
(HR=0.24; p=0.004) (online supplemental figure S4B).

We also tested the efficacy of regorafenib combined 
with anti- PD1 treatment in highly metastatic HCC model 
with underlying liver damage (HCA-1 grafted in C3H 
mice). Similar to the RIL-175 model, we found a trend for 
increased survival for the combination when regorafenib 
was used at 10 mg/kg (figure 4D); of note, no activity 
was seen when we combined regorafenib at 20 mg/kg 
with anti- PD1 therapy (online supplemental figure S4C). 
Moreover, we tested anti- PD1 therapy with regorafenib at 
10 mg/kg against spontaneous HCCs developed in Mst1/
Mst2- deficient mice and found that it significantly delayed 
tumor growth (figure 4E). We did not detect any overt 
toxicity (eg, body weight loss) with any of the regimens 
tested, consistent with prior experience with this drug in 
mouse models (online supplemental figure S4D).34

Finally, when we repeated the survival experiment in 
an orthotopic RIL-175 model in Rag1–/–/C57Bl/6 mice, 
which lack functional T cells, we found no significant 
benefit for regorafenib 10 mg/kg with or without anti- 
PD1 antibody (figure 4F).

These results show the safety and efficacy of combining 
regorafenib at 10 mg/kg with PD1 blockade in mice, and 
the requirement of functional T cells for the antitumor 
effects of this combination therapy.

Combination therapy of regorafenib with anti-PD1 antibody 
promotes CTL infiltration via CXCL10/CXCR3 axis
To demonstrate that intratumoral CD8 T- cell infiltration 
after combination therapy of regorafenib with anti- PD1 
antibody was mediated by CXCL10/CXCR3 axis, we next 
evaluated the effects of combined regorafenib (10 mg/
kg)/anti- PD1 antibody therapy on RIL-175 HCC growing 
in Cxcr3- deficient (Cxcr3–/–) versus Cxcr3- proficient 
(Cxcr3+/+) C57Bl/6 mice. In time- matched experiments, 
we found that the number of CTL infiltrating HCC tissue 
was significantly decreased in Cxcr3–/– mice compared 
with Cxcr3+/+ mice after 1 week of combination treatment 
(figure 5A,B). Of note, despite this decrease, combina-
tion therapy induced a small increase in intratumoral 
CD8+ T cells even in Cxcr3–/– mice, likely mediated by 
vascular normalization. Moreover, when we evaluated the 
efficacy of regorafenib at 10 mg/kg with anti- PD1 anti-
body treatment in Cxcr3–/– mice in survival experiments, 
we found no additional survival benefit for this combina-
tion over anti- PD1 therapy alone (figure 5C); these data 
are in contrast to the benefits seen with regorafenib at 
10 mg/kg with anti- PD1 antibody treatment in Cxcr3+/+ 
tumor- bearing mice (figure 4C).

These results demonstrate that CXCR3 is a mediator of 
intratumoral CD8 T- cell infiltration—along with vascular 
normalization—and is critical for the added survival 
benefit after combination of regorafenib at 10 mg/kg 
with anti- PD1 therapy in HCC models.

CXCL10 is detectable in human HCC, is measurable in 
blood samples from patients with cancer and is a potential 
biomarker of regorafenib’s immuno-modulatory activity
We next performed RNA- ISH analysis of human tumor 
tissues and ELISA in blood samples from a published 
cohort of resectable patients with HCC.31 Furthermore, 
we collected blood samples from patients treated by rego-
rafenib as standard of care (HCC); in addition, we exam-
ined the effect of regorafenib on blood CXCL10 levels in a 
clinical trial in a different disease—AML (NCT03042689). 
In line with preclinical data, we found that CXCL10 

Figure 5 Increased intratumoral infiltration by CD8+ 
cytotoxic T lymphocytes (CTLs) after regorafenib plus 
antiprogrammed cell death protein 1 (anti- PD1) treatment 
is mediated by CXCL10/CXCR3 axis. (A, B) Representative 
immunofluorescence (IF) confocal microscopy images 
of whole liver sections (upper panel, low magnification, 
scale bars=2 mm; lower panel, high magnification, scale 
bars=50 µm) showing increased intratumoral localization 
of CD8+ CTLs co- localized with areas of cell apoptosis in 
orthotopic RIL-175 tumors in Cxcr3+/+/C57Bl/6 mice (upper 
panel) compared with orthotopic tumors grown in Cxcr3–/–/
C57Bl/6 mice (lower panel) (A) after 1 week of regorafenib/
anti- PD1 combination treatment. (B) Quantification of IF data 
showing that intratumoral CTL infiltration after regorafenib/
anti- PD1 combination treatment is prevented when tumors 
are grown in Cxcr3–/–/C57Bl/6 mice (n=5 samples, 5 random 
areas/samples): C, control; R10+P, regorafenib 10 mg/
kg+anti- PD1 antibody. (C) The added survival benefit of 
regorafenib with anti- PD1 blockade over anti- PD1 therapy 
alone is compromised in Cxcr3–/–/C57Bl/6 mice bearing 
hepatocellular carcinoma (HCC) (n=9–10 mice). C, control; 
P, anti- PD1 antibody; R10, regorafenib 10 mg/kg; R10+P, 
regorafenib 10 mg/kg+anti- PD1 antibody. Data represent 
mean±SEM. *P<0.05; **p<0.01; ***p<0.001.
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expression was detectable primarily in human HCC 
cells; >60% (30/48) untreated (surgically resected) 
tumors showed positivity for CXCL10 expression in HCC 
cells (figure 6A–D). Seven cases showed elevated levels 
of CXCL10 expression, with 13%–17% of tumor cells 
showing positivity for CXCL10 mRNA (figure 6A–D). 
Moreover, CXCL10 was detectable in the blood concen-
tration of all patients with HCC (median: 617.9 pg/mL, 
n=20) and AML (median: 547.4 pg/mL, n=8). Finally, we 
found an increased concentration of plasma CXCL10 in 

both patients with advanced HCC (n=1) and AML (n=7) 
after 2 weeks of treatment (figure 6E,F). These data 
indicate that CXCL10 is objectively measurable and its 
concentration can increase in the blood of patients with 
HCC—supporting its future examination as a potential 
biomarker of the immunomodulatory activity of rego-
rafenib treatment.

DISCUSSION/CONCLUSION
In this study, we demonstrate the impact of regorafenib 
dosing when combined with ICB on vascular structure 
and function, antitumor immunity, tumor growth and 
survival in HCC models in mice. A significant survival 
benefit was seen only in the group where PD1 blockade 
was combined with regorafenib at the intermediate rego-
rafenib dose (10 mg/kg), which both normalized the 
vasculature and increased CXCL10 expression in HCC 
cells. Both effects were critical for achieving efficacy: use 
of a higher dose (20 mg/kg) of regorafenib in combi-
nation with anti- PD1 antibodies did not show a benefit 
despite increased regorafenib concentration and STAT3 
inhibition as well as increased CXCL10 expression in the 
HCC tissue. This result is consistent with our published 
report using sorafenib and may be due to excessive 
pruning of vessels.11 On the other hand, use of a low dose 
of regorafenib (5 mg/kg) normalized the vessels but did 
not inhibit STAT3 activity or induce CXCL10 expression 
and failed to show a benefit when combined with anti- 
PD1 therapy. While the PK/PD of regorafenib is expected 
to be different in human patients with HCC, the param-
eters measured in HCC- bearing mice with liver damage 
provide proof- of- principle data on the relevance of judi-
cious dosing of regorafenib to increase the efficacy of 
concomitant anti- PD1 immunotherapy (figure 6). These 
results are in line with predictions from mathematical 
models of dual VEGF/PD1 inhibition,35 as well as with 
emerging clinical data with combined use of lower dosed 
of regorafenib with anti- PD1 therapy in other gastrointes-
tinal cancers.23

Moreover, we unraveled the pathophysiological, 
cellular and molecular mechanisms underlying the bene-
fits achieved with the intermediate dose of regorafenib 
and anti- PD1 therapy. First, we found that combination 
therapy was more effective than regorafenib or anti- PD-1 
therapy alone for normalizing the structure and the func-
tion of the abnormal HCC vasculature, that is, increased 
pericyte covered vessels, decreased hypoxia and increased 
drug uptake. This supports our recent finding that anti- 
PD1 therapy has vascular normalizing activity when 
combined with anti- VEGFR therapy in HCC.21 Second, 
using genetically engineered mouse models and transcrip-
tional analyzes, we showed that the benefits of combined 
regorafenib/anti- PD1 therapy were mediated by T cells. 
We and others have shown that vascular normalization 
can enhance CD8 T- cell infiltration in tumors, including 
in HCC models.16 21 Here, we show that regorafenib can 
increase CXCL10 expression in cancer cells in vitro and 

Figure 6 CXCL10 expression of in hepatocellular carcinoma 
(HCC) tissues and concentration in blood samples from 
patients with cancer. (A–C) CXCL10 expression by RNA- in 
situ hybridization (ISH) in human HCC samples; staining was 
scores ‘high’ (13%–17%) (A), medium (1%–11%) (B) or low 
(<1%) (C) fractions of HCC tumor cells with CXCL10 ISH 
positivity. Scale bars=500 µm. (D) Distribution of CXCL10 
mRNA counts using ISH. (D) Concentration of CXCL10 
in blood samples collected from HCC (n=20) and acute 
myeloid leukemia (AML) (n=8) patients prior to treatment. 
Detectable CXCL10 levels in all patients, with no significant 
difference between the two groups. (F) Increase of CXCL10 
after 2 weeks of regorafenib treatment in patients with HCC 
(n=1) and AML (n=7). (G) Schematic diagram of the proposed 
mechanisms of benefit when using the appropriate dose 
of regorafenib combined with antiprogrammed cell death 
protein 1 (anti- PD1) therapy. Judicious dosing of regorafenib 
in combination with anti- PD1 antibodies can normalize HCC 
vessels, which results in increased drug delivery and synergy 
with antitumor immunity stimulated by concomitant anti- PD1 
therapy. The increased CD8+ cytotoxic T lymphocyte (CTL) 
penetration and activation mediates this synergistic activity 
and is facilitated by CXCL10 expression by the cancer cells 
on inhibition of STAT3 phosphorylation by regorafenib.
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in vivo, likely owing to its multitargeted activity. This effect 
further enhances intratumoral CXCR3+CD8+ T- cell infil-
tration in HCC. Through these two mechanisms, judi-
cious dosing of regorafenib could enhance the benefits 
of ICB treatment in the ‘immunologically cold’ and ICB- 
resistant HCCs.

CXCL10 expression is stimulated by IFN-γ on down-
stream STAT1 activation.36 STAT1 and STAT3 have oppo-
site effects in antitumor immune response. Previous 
studies have shown the reciprocal regulatory mechanism 
of STAT1 and STAT3 using the transgenic animals and 
concluded that their activation may be cross- regulated.37 38 
Here, we found that intratumoral CD8 T- cell infiltration 
was promoted by CXCL10 upregulation in cancer cells 
after STAT3 inhibition by regorafenib and was facili-
tated in the context of PD1 blockade. STAT3 is a pathway 
known to promote cell survival, proliferation and immune 
tolerance,37 and may mediate cellular immune responses 
in HCC after multitargeted TKI treatment.39 Moreover, 
CXCR3 is expressed on a fraction of CTLs both in mouse 
and human HCC, as shown in our study and in the study 
by Zheng et al.40 A recent study demonstrated that intratu-
moral activity of the CXCR3 chemokine system is required 
for the efficacy of anti- PD1 therapy.41 Here, we show that 
CXCR3 expression in CTLs was critical for the survival 
benefit seen with regorafenib/anti- PD1 therapy, which 
was not seen in HCC- bearing mice deficient for CXCR3.

Previous studies have proposed blood circulating 
CXCL10 as a potential biomarker of response to pegylated 
IFN- antiviral treatment in patients with HCV, but its 
role in the migration of effector T cells to the infected 
liver remains unclear.42 We found that CXCL10 is often 
expressed by cancer cells in human HCC tissue speci-
mens. We also evaluated the concentration of CXCL10 in 
blood of patients with HCC and AML and we found that 
the CXCL10 is detectable in all patients and is increased 
after regorafenib treatment.

Despite our use of three different murine HCC models 
to confirm the activity of regorafenib combined with anti- 
PD-1 antibody, clinical translation of our results will be 
challenging. Our models do not account for the signifi-
cant heterogeneity seen with HCC in patients, and thus 
the effects of the regorafenib/anti- PD1 therapy will need 
to be studied across different subtypes and etiologies. 
Moreover, evaluation of CXCL10 and microenviron-
mental changes, and their role in patients with HCC, 
will need to be performed in larger studies. Such anal-
yses would be most impactful if performed at the time of 
radiological response or resistance to regorafenib/anti- 
PD1 therapy. These limitations notwithstanding, these 
data provide clear evidence that CXCL10 is expressed 
by cancer cells and suggest that plasma CXCL10 changes 
should be further evaluated as a potential biomarker of 
regorafenib’s immunomodulatory effects, particularly in 
patients receiving concurrent immunotherapies.

In conclusion, we show here that regorafenib treatment 
can significantly enhance PD1 blockade effects in a dose- 
dependent manner in HCC models. The benefit was due 

to the activity of the two agents both on normalization 
of HCC vasculature and stimulation of anti- tumor immu-
nity. Combination treatment inhibited STAT3 activity and 
increased the expression of CXCL10 chemokine, which 
increased both tumor penetration of activated CD8 T 
cells and survival. This concept is highly relevant for the 
future of development of combination treatment strate-
gies in patients with advanced HCC using drugs (multi-
targeted TKIs or specific VEGFR and STAT3 inhibitors) 
with known pharmacology and toxicity profiles. Further-
more, the regorafenib- specific mechanism of action on 
tumor immune microenvironment is relevant in HCC 
treatment, and potentially in other cancers that metasta-
size to the liver.
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SUPPLEMENTARY MATERIAL 

Materials and methods 

Cell culture. Cell line authentication and mycoplasma contamination testing were performed prior to 

all experiments. RIL-175 cells were maintained in Dulbecco’s modified medium (DMEM) with 20% 

fetal bovine serum (FBS) with pyruvic acid and 1% of penicillin/streptomycin. HCA-1 cells were 

maintained in DMEM with 10% FBS with pyruvic acid and 1% of penicillin/streptomycin.  

Mouse models orthotopic HCC and liver damage. For orthotopic tumor generation, RIL-175 cells 

were implanted in male mice of C57Bl/6 strain background and HCA-1 cells in male C3H mice. One 

million HCC cells were suspended in an equal amount of PBS and Matrigel (Mediatech/Corning, 

Manassas, VA) and injected intrahepatically in 6-8-week-old male mice. For spontaneous HCC 

generation, we used Mst1
–/–

Mst2
f/–

 mice (both genders). In brief, Cre-adenoviruses at a concentration 

of 1x10
7
 pfu were injected via the tail vein at 5 weeks of age. For all models, liver damage was 

induced by oral administration of carbon tetrachloride (CCl4; Sigma-Aldrich, Saint Louis, MO) at a 

concentration of 20% in olive oil for 4-6 weeks, prior to tumor implantation and concomitantly with 

Cre-adenovirus injection in the genetically engineered Mst1/2-mutant model. All experimental 

procedures were performed at least twice after obtaining institutional approval. 

Tumor growth was monitored using high-frequency ultrasonography every 3 days. Tumor volume was 

estimated using the following formula:  

                                           

Patient samples. HCC tissue samples were used to generate tissue microarrays, which were used for 

immunohistochemistry and ISH studies. All experiments were performed in accordance with relevant 

guidelines and regulations and all study procedures and protocols were approved by the Institutional 

Review Boards of Fundeni Clinical Institute. Furthermore, we collected blood samples from patients 
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treated by regorafenib as standard of care (HCC) (using the DFCI Protocol No.: 13-416 “Collection of 

Specimens and Clinical Data for Patients with Known or Suspected Solid Tumors”, PI, Dr. Juric, 

MGH) or in a phase I clinical trial of regorafenib monotherapy in acute myeloid leukemia (AML) 

patients (ClinicalTrials.gov Identifier: NCT03042689, PI, Hobbs, MGH). Both protocols have been 

IRB approved, and written consent was obtained from all patients. 

Protein analyses. Western blotting was performed using antibodies against Stat1 (D1K9Y), 

phosphorylated (p)-Stat1 (Tyr701) (D4A7), Stat3 (79D7), p-Stat3 (Ser727) (Cell Signaling 

Technology, Danvers, MA), and IFN- (EPR1108) (Abcam, Cambridge, MA). Multiplexed protein 

array analysis was performed for protein extracts from whole tumors, using V-PLEX Proinflammatory 

Panel 1 Mouse Kit, V-PLEX Cytokine Panel 1 Mouse Kit and V-PLEX Chemokine Panel 1 Human 

Kit (Meso-Scale Discovery, Rockville, MD). For cell supernatant collection, 1x106 of RIL-175 cells 

were cultured in DMEM medium with 2% FBS and regorafenib was given in a various dose. 

Supernatant was collected after 36hr of incubation and multiplexed protein array analysis was done 

using the same kit above. 

Flow cytometry analysis. Tumor tissues were extracted from the mice, weighted and minced with a 

scalpel. Hank’s buffered salt solution (HBSS) with 1.5mg/ml of collagenase and hyaluronidase was 

added to the minced tissues and incubated for 30 min at 37°C. After incubation, digested tissues were 

passed through the 70μm cell strainer and washed with PBS with 2% BSA. After preparation, cells 

were suspended in 2ml of PBS with 2% BSA, then counted using a cell counting plate (Kova slide) (if 

the final concentration of cell exceeded 10
7
 cells/ml, a dilution factor was applied). One hundred 

microliters of this suspension were used per subsequent flow cytometry staining. The relative count for 

each lymphoid and myeloid cell was established after specific immunostaining and respective cell 

subsets counts were established using an LSR-II flow cytometer. The respective cell subsets counts 

were multiplied accordingly to obtain the count in the initial suspension volume (usually 2ml of PBS 
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with 2% BSA), then divided by the total weight of the tissue (in gram) to derive the total cell count per 

gram of tissue (relative quantity).  

RNAseq analysis. Three samples were collected from mice treated with regorafenib (10mg/kg) plus 

anti-PD1 antibody combination for 8 days and from control treated mice. Mice were sacrificed and 

total RNA was isolated from the freshly isolated tumors tissues using Qiagen kits. Total RNA was 

sequenced at Molecular Biology Core Facilities, Dana Farber Cancer Institute (Boston, MA). Two 

samples from each group (which showed response in the combination therapy group and progressive 

disease in the control group) were used for GSEA and differential expression analyses. 

Tissue microarray (TMA). Two tissue cores from different areas of each tumor were punched and 

transferred to a TMA recipient block. In brief, tissue cylinders with a diameter of 1.2mm each were 

collected from selected tumor tissue blocks using a homemade semi-automated precision instrument 

and brought into empty recipient paraffin blocks. Four μm sections of the resulting TMA blocks were 

transferred to an adhesive coated slide system (Instrumedics Inc., Hackensack, NJ).  

Immunohistochemistry. Resected tumor tissues were either snap frozen or embedded in OCT 

compound. Tissue cryosections were thawed, air-dried, and then rehydrated in PBS followed by 

incubation with 10% normal donkey serum to reduce nonspecific background staining. Tissues were 

then incubated with various primary antibodies at 4°C overnight in humidified chambers. After 

immunostaining with the primary antibody, specimens were incubated with combinations of 

fluorescent (FITC, Cy3, and Alexa 647) conjugated anti-rat, -hamster, and -rabbit secondary 

antibodies, as necessary (Jackson ImmunoResearch). Analysis was performed using a laser-scanning 

confocal microscope (Olympus, FV-1000).  
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Table S1: Pharmacokinetic parameters measured in plasma and tumor tissue after oral 
treatment with regorafenib in mice with HCC and liver damage. 

 
Regorafenib 

Dose 
(mg/kg) 

Plasma 
 

Tumor 

AUC 
(ug h/L) 

AUC
norm

 

(kg h/L) 

C
max

 

(ug/L) 

T
max

 

(h)  
AUC 

(ug h/L) 

AUC
norm

 

(kg h/L) 

C
max

 

(ug/kg) 

T
max

 

(h) 

5 1450 0.290 108 4 
 

2320 0.465 191 4 

10 2140 0.241 201 1 
 

4670 0.467 291 7 

10 
(+aPD1) 

2160 0.216 190 1 
 

5580 0.558 390 4 

20 5750 0.287 485 4 
 

7930 0.396 575 4 

 
M-4 

Dose 
(mg/kg) 

Plasma 
 

Tumor 

AUC 
(ug h/L) 

AUC
norm

 

(kg h/L) 

C
max

 

(ug/L) 

T
max

 

(h)  
AUC 

(ug h/L) 

AUC
norm

 

(kg h/L) 

C
max

 

(ug/kg) 

T
max

 

(h) 

5 363 0.0749 21.7 7 
 

1040 0.209 52.8 4 

10 663 0.0684 40.5 7 
 

2100 0.210 117 7 

10 
(+aPD1) 

587 0.0606 34.2 7 
 

2350 0.235 145 7 

20 1480 0.0763 124 7 
 

3780 0.189 214 7 
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Table S2: Fold change in gene expression between combination therapy and control evaluated by 
RNA sequencing analysis in whole HCC tissue. 

Gene Regorafenib + anti-PD-1 

 Log Fold change FDR 

Cxcl12 2.936301 3.61E-18 

Cxcl1 2.465158 3.11E-12 

Cxcl13 2.691937 7.64E-06 

Cxcl10 0.890427 0.002573 

Cxcr6 1.243915 0.003299 

Cxcr3 1.333189 0.007156 

Cxcl3 0.944457 0.050482 

Cxcl11 0.697943 0.185514 

Cxcr2 0.522997 0.319418 

Cxcl16 0.368327 0.346403 

Cxcl17 0.585055 0.421899 

Cxcr4 0.321818 0.433014 

Cxcl2 0.55163 0.446823 

Cxcl14 0.174668 0.670036 

Cxcl5 0.091492 0.765404 

Cxcl9 0.021916 0.96147 
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Supplemental Figure Legend  

Fig. S1: Functional consequences of vascular normalization after treatment with regorafenib and 

PD-1 blockade in RIL-175 HCC model. (A) Mice with established (4-5mm in diameter) HCCs were 

treated with anti-PD1 therapy (P) alone or in combination with 5mg/kg (R5), 10mg/kg (R10) or 

20mg/kg (R20) regorafenib versus control (C) (n=8 mice per group, 1-week treatment). Quantitative 

analysis of IF data showed increased microvascular density (MVD) only after R10+P treatment.  (B) IF 

analysis for CA-IX showed a corresponding trend for decreased hypoxia after R10+P at this early 

time-point (p=0.10 from ANOVA test). (C) Representative IF confocal microscopy images of tissue 

hypoxia using CA-IX staining (red) in RIL-175 tumor sections. Scale bars, 50µm.  (D) Significant 

increase in CD31+ vessel density in the RIL-175 mouse model of HCC after 12 days of treatment with 

R10 alone or R10+P. (E) Representative IF confocal microscopy images of tumor vessels using CD31 

staining (green) and tumor hypoxia using CA-IX staining (red) of RIL-175 tumor sections. Scale bars, 

100µm. (F) Pharmacokinetic (PK) analysis of regorafenib in plasma (upper panel) and tumor tissue 

(lower panel). No difference was seen in plasma maximum concentration (Cmax) of regorafenib 

between R10 alone versus R10+P. In contrast, Cmax of regorafenib in the tumor tissue was higher in 

combination group (the difference at 4 hr reached statistical significance, p<0.05) than R10 group 

(n=4-5 mice). Represent geometric mean and geometric standard deviation.  

Fig. S2: Effects of combining an optimal dose of regorafenib (10mg/kg) with anti-PD-1 therapy 

on immune environment in RIL-175 murine HCC model. (A, B) Regorafenib (10mg/kg daily, R10) 

combined with anti-PD-1 therapy (P) did not significantly change the number of CD11b+Gr1+ 

myeloid-derived suppressor cells (MDSCs) (A) or M2-type tumor-associated macrophages (B) per 

gram RIL-175 tumor tissue measured by flow cytometry (n=11-13 mice, 12 days of treatment). (C) 

Representative high-power IF confocal microscopy images of CD8 T-cell distribution (in red) in whole 
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RIL-175 tumor tissue sections; CD31 staining of vessels in green and DAPI counterstaining in blue. 

Scale bars, 50µm. (D) IFN- expression in RIL-175 tumors was increased after R10/P combination 

therapy in whole tissue lysate (Western blot analysis, n=10-13 samples; below, ratio of IFN- and -

actin by densitometry analysis). (E) Analysis of transcriptional changes in RIL-175 HCCs after 

combination R10+P versus C using RNA seq analysis: Heat map analysis showed clustering of 

differentially upregulated and downregulated genes in the combination treatment group compared to 

control, including increase in CXCL10 and CXCR3 (see Table S1). (G) Similar trends for gene 

expression changes with a published poor prognostic angiogenic gene (PPAG) signature (see Tian et 

al., Nature 2017, ref. [20]). (B)  

Fig. S3. Effects of combining an optimal dose of regorafenib with anti-PD-1 therapy on CXCL10 

and CXCR3 in RIL-175 HCC mouse model. (A) Regorafenib (10mg/kg daily, R10) combined with 

anti-PD-1 therapy (P) shows a tendency for increase in CXCL10 protein concentration in whole RIL-

175 tumor tissues compared to control (C), evaluated by ELISA (n=4 mice). (B, C) R10 alone and 

R10+P combination therapy decrease STAT3 activity by Western blot analysis (normalized to total 

STAT3, right) in RIL-175 HCC tissue (n=4 mice). Data represent mean values. (D) Correlation 

between CXCL10 and other immune related genes in The Cancer Genome Atlas (TCGA) analysis. 

CXCR3, STAT1, CD8A, and IFNG were positively correlated with CXCL10 expression in human 

HCC samples using Pearson correlation coefficient. (E) Treatment with regorafenib increases CXCL10 

expression by HCA1 murine HCC cells in vitro after 36hr, in a dose-dependent manner (n=6). Culture 

medium alone was used as negative control (NC). (F) In vitro treatment of RIL-175 murine HCC cells 

with STAT3 inhibitor (LL12) at a dose of 2μM for 36hr increased CXCL10 protein concentration 

measured by ELISA of (n=6). Culture medium alone was used as NC. (G, H) R10+P therapy increases 

the number of CD8+CXCR3+ measured by flow cytometry in tumor tissue (G) but not the spleen 
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tissue (H) from HCC-bearing mice versus control (C) (n=5, p=0.045). (I, J) Regorafenib increases 

protein CXCL10 expression in a dose dependent manner, as measured by Western blot analysis of 

while RIL-175 HCC tissue at 6hr after in vivo with R10 and R20 (I); Quantitation of Western blot data 

(n=3) is shown in J. 

Fig. S4: Dose-dependent efficacy of regorafenib when combined with PD-1 blockade in 

orthotopic grafted and spontaneous HCC models in mice.  

(A, B) Survival experiment data from RIL-175 orthotopic mouse model. A; Lower dose of regorafenib 

5mg/kg (R5) and anti-PD-1 blockade combination did not have additional survival benefit compared to 

regorafenib 10mg/kg (R10) (n=10-13 mice). B; Increasing the dose of regorafenib to 20mg/kg (R20) 

did not provide a significant survival benefit when combined with anti-PD-1 blockade (P), while 

regorafenib to 10mg/kg (R10) with P significantly increased survival in the RIL-175 orthotopic HCC 

model (n=9-10 mice). (C) Survival experiment data from HCA-1 highly metastatic orthotopic mouse 

model. R20+P had no survival benefit compared to R10+P (n=11-13 mice). (D) Change of body 

weight from the treatment in RIL-175 orthotopic mouse model.  Data represent Kaplan-Meier 

distributions (A-C).  
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