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Abstract
Angiogenesis	inhibitors	such	as	lenvatinib	and	sorafenib,	and	an	immune	checkpoint	
inhibitor	(ICI),	nivolumab,	are	used	for	anticancer	therapies	against	advanced	hepato-
cellular	 carcinoma	 (HCC).	Combination	 treatments	 comprising	 angiogenesis	 inhibi-
tors	plus	ICIs	are	promising	options	for	improving	clinical	benefits	in	HCC	patients,	
and	clinical	trials	are	ongoing.	Here,	we	investigated	the	antitumor	and	immunomod-
ulatory	activities	of	lenvatinib	(a	multiple	receptor	tyrosine	kinase	inhibitor	targeting	
vascular	endothelial	 growth	 factor	 receptor	1-	3,	 fibroblast	growth	 factor	 receptor	
1-	4,	platelet-	derived	growth	factor	receptor	α,	KIT	and	RET)	and	the	combined	anti-
tumor	activity	of	lenvatinib	plus	anti-	programmed	cell	death	1	(PD-	1)	antibody	in	the	
Hepa1-	6	mouse	HCC	 syngeneic	model.	We	 found	 that	 the	 antitumor	 activities	of	
lenvatinib	and	sorafenib	were	not	different	in	immunodeficient	mice,	but	lenvatinib	
showed	more	potent	antitumor	activity	than	sorafenib	 in	 immunocompetent	mice.	
The	antitumor	activity	of	lenvatinib	was	greater	in	immunocompetent	mice	than	in	
immunodeficient	mice	and	was	attenuated	by	CD8+	T	cell	depletion.	Treatment	with	
lenvatinib	plus	anti-	PD-	1	antibody	resulted	 in	more	tumor	regression	and	a	higher	
response	 rate	 compared	 with	 either	 treatment	 alone	 in	 immunocompetent	 mice.	
Single-	cell	 RNA	 sequencing	 analysis	 demonstrated	 that	 treatment	with	 lenvatinib	
with	 or	 without	 anti-	PD-	1	 antibody	 decreased	 the	 proportion	 of	 monocytes	 and	
macrophages	population	and	increased	that	of	CD8+	T	cell	populations.	These	data	
suggest	that	lenvatinib	has	immunomodulatory	activity	that	contributes	to	the	anti-
tumor	 activity	 of	 lenvatinib	 and	 enhances	 the	 antitumor	 activity	 in	 combination	
treatment	with	anti-	PD-	1	antibody.	Combination	treatment	of	 lenvatinib	plus	anti-	
PD-	1	antibody	therefore	warrants	further	investigation	against	advanced	HCC.
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1  | INTRODUC TION

Liver	cancer	is	the	second	most	common	cause	of	death	from	cancer	
worldwide,1	with	hepatocellular	carcinoma	 (HCC)	accounting	 for	ap-
proximately	 80%	 of	 primary	 malignant	 liver	 cancers.2	 Although	 the	
incidence	and	mortality	of	HCC	are	relatively	high	in	Asia	and	Africa	
(eg,	 approximately	 50%	 of	 the	 total	 number	 of	 cases	 and	 deaths	 in	
China),	the	incidence	and	mortality	of	HCC	have	been	increasing	in	the	
USA	over	the	past	few	decades.3,4	The	multitargeted	tyrosine	kinase	
inhibitor	 sorafenib	 tosylate	 (sorafenib),	 which	 primarily	 targets	 Raf	
serine/threonine	kinases,	vascular	endothelial	growth	factor	receptor	
(VEGFR)	1-	3,	platelet-	derived	growth	factor	receptor	 (PDGFR)	α and 
β,	 FLT3,	 RET	 and	KIT,	was	 approved	 for	 the	 treatment	 of	 unresect-
able	HCC	 in	2007.5	Since	then,	sorafenib	has	been	used	as	 the	only	
evidence-	based	systemic	treatment	option	for	first-	line	therapy	in	pa-
tients	with	advanced	HCC.	However,	its	overall	outcomes	are	not	fully	
satisfactory	(objective	response	rate	[ORR],	2%5)	and	there	is	an	unmet	
medical	need	to	improve	anticancer	therapy	against	advanced	HCC.

Lenvatinib	mesilate	(lenvatinib)	is	an	oral	multitargeted	tyrosine	
kinase	inhibitor	with	antitumor	and	antiangiogenic	activities	via	in-
hibition	of	VEGFR	1-	3,	fibroblast	growth	factor	receptor	(FGFR)	1-	4,	
PDGFR	α,	RET	and	KIT.6	Preclinical	studies	have	demonstrated	that	
lenvatinib	has	potent	 antiangiogenic	 activity	 through	 inhibition	of	
both	the	VEGF	and	FGF	signaling	pathways7	and	shows	antitumor	
activity	consistently	across	diverse	solid	tumor	models	such	as	thy-
roid	cancer,	 renal	 cell	 carcinoma	 (RCC)	and	HCC.6,8,9	Lenvatinib	 is	
used	globally	 to	 treat	progressive,	 locally	 recurrent	or	metastatic,	
radioactive	 iodine-	refractory	 differentiated	 thyroid	 cancer,	 and	 is	
used	 in	 Japan	 to	 treat	 unresectable	 thyroid	 cancer.10	 In	 addition,	
the	combination	treatment	of	 lenvatinib	plus	everolimus	has	been	
approved	 for	metastatic	RCC	 following	 a	previous	VEGF-	targeted	
therapy	 in	 the	USA	and	the	European	Union	 (EU).11	Recently,	 len-
vatinib	showed	non-	inferiority	in	overall	survival	and	superiority	in	
progression-	free	survival,	time	to	progression	and	ORR	when	com-
pared	with	 sorafenib	as	 first-	line	 treatment	 for	unresectable	HCC	
in	 an	 international	multicenter	 clinical	 trial.12	On	 the	 basis	 of	 the	
results	 of	 this	 trial,	 lenvatinib	was	 recently	 approved	 for	 first-	line	
treatment	of	patients	with	unresectable	HCC	 in	 the	USA,	 the	EU,	
China,	Japan	and	other	countries.

Recently,	 agents	 targeting	 immune	 checkpoint	 signaling	 have	
shown	promising	results	in	patients	with	several	malignancies,	such	
as	melanoma	and	non-	small	 cell	 lung	cancer.13,14	Such	agents	may	
also	 be	 an	 attractive	 therapeutic	 option	 for	 HCC	 because	 an	 in-
flammatory	 tumor	 microenvironment	 is	 associated	 with	 improved	
survival.15,16	 In	 a	 phase	 1	 clinical	 trial,	 a	 cytotoxic	 T-	lymphocyte	
protein	 4	 (CTLA-	4)	 immune	 checkpoint	 inhibitor	 tremelimumab	
showed	promising	results	(partial	response	rate,	17.6%;	disease	con-
trol	rate,	76.4%)	in	patients	with	HCC.17	In	addition,	a	programmed	
cell	death	1	(PD-	1)	immune	checkpoint	inhibitor	nivolumab	recently	
showed	durable	ORR	(dose-	escalation	phase,	15%;	dose-	expansion	
phase,	 20%)	 as	 a	 new	 systemic	 second-	line	 treatment	 in	 patients	
with	HCC,18	 and	a	 global	 phase	3	 trial	 is	 ongoing.	Although	 these	
immune	 checkpoint	 inhibitors	 are	 potentially	 effective	 treatments	

for	patients	with	HCC,	combination	treatments	of	different	immune	
checkpoint	inhibitors	or	immune	checkpoint	inhibitors	plus	targeted	
or	locoregional	therapies	are	expected	to	increase	the	benefits	ob-
tained	from	immune	checkpoint	blockade.19	A	phase	1/2	clinical	trial	
of	nivolumab	 in	combination	with	 ipilimumab	 (NCT01658878)	and	
phase	1b/2	clinical	trials	of	lenvatinib	in	combination	with	anti-	PD-	1	
antibody	 (Ab)	 (NCT03006926	and	NCT03418922)	 are	 in	 progress	
for	the	treatment	of	patients	with	HCC.

To	investigate	the	antitumor	and	immunomodulatory	activities	of	
lenvatinib	alone	and	 in	 combination	with	anti-	PD-	1	Ab	against	HCC	
tumors,	we	utilized	the	Hepa1-	6	mouse	HCC	syngeneic	tumor	model.	
We	first	compared	the	antitumor	activities	of	lenvatinib	with	those	of	
sorafenib	 by	 using	 immunocompetent	 and	 immunodeficient	mice	 in	
the	Hepa1-	6	model.	Then	we	assessed	whether	lenvatinib	treatment	
enhances	the	antitumor	activity	of	anti-	PD-	1	Ab	in	the	immunocompe-
tent	condition.	Finally,	we	investigated	the	effects	of	lenvatinib	alone	
and	in	combination	with	anti-	PD-	1	Ab	on	the	immune	cell	populations	
in	tumors	by	using	single-	cell	RNA	sequencing	(scRNA-	seq)	analysis.

2  | MATERIAL S AND METHODS

2.1 | Cells and reagents

Hepa1-	6	cells,	derived	from	the	BW7756	tumor	 in	a	C57L	mouse,	
were	obtained	from	the	ATCC	(Manassas,	VA,	USA).	The	cells	were	
cultured	 in	 high-	glucose	 DMEM	 (Wako	 Pure	 Chemical	 Industries,	
Osaka,	Japan)	supplemented	with	10%	FBS	(Sigma-	Aldrich,	St.	Louis,	
MO,	 USA)	 and	 1%	 penicillin–streptomycin	 (Wako	 Pure	 Chemical	
Industries)	at	37°C	under	a	5%	CO2	atmosphere.

Lenvatinib	was	synthesized	at	Eisai	(Ibaraki,	Japan).	Sorafenib	was	
purchased	from	Bayer	Yakuhin	(Osaka,	Japan).	Anti-	mouse	PD-	1	Ab	
(anti-	PD-	1	Ab;	clone	RMP1-	14),	anti-	mouse	CD8α	Ab	 (anti-	CD8	Ab;	
clone	YTS	169.4),	and	mouse	isotype	control	IgG	(control	IgG;	clone	
LTF-	2)	were	purchased	from	Bio	X	Cell	(West	Lebanon,	NH,	USA).

2.2 | In vitro proliferation assay

Hepa1-	6	cells	were	plated	on	96-	well	plates	at	1-	2	×	103 cells/well and 
cultured	at	37°C	under	a	5%	CO2	atmosphere.	The	next	day,	the	cells	
were	treated	with	lenvatinib	or	sorafenib	(.01-	30	μmol/L)	and	cultured	
for	3	days.	Cell	viability	was	determined	by	using	a	Cell	Counting	Kit-	8	
(Dojindo,	Kumamoto,	Japan)	and	a	SpectraMax	190	Microplate	reader	
(Molecular	Devices,	Sunnyvale,	CA,	USA)	with	the	bundled	SoftMax	
Pro	 software	 (version	 4.8,	 Molecular	 Devices)	 at	 a	 wavelength	 of	
450	nm.	IC50	values	were	determined	by	using	GraphPad	Prism	7	soft-
ware	(version	7.02;	GraphPad	Software,	La	Jolla,	CA,	USA).

2.3 | In vivo Hepa1- 6 tumor models

Hepa1-	6	 cells	 (4	×	106	cells)	 were	 subcutaneously	 implanted	 in	
the	 right	 flank	of	8-	10-	week-	old	C57L/J	mice	purchased	 from	The	
Jackson	 Laboratory	 (Bar	Harbor,	ME,	USA),	 or	CAnN.Cg-	Foxn1nu/
CrlCrlj	 mice	 purchased	 from	 Charles	 River	 Laboratories	 Japan	
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(Kanagawa,	Japan).	When	the	tumors	reached	a	volume	of	around	
100 mm3,	 mice	 were	 randomized	 into	 each	 treatment	 group	 and	
then	lenvatinib	(dissolved	in	3	mmol/L	HCl,	10	mg/kg)	and	sorafenib	
(dissolved	 in	 Cremophor	 EL:ethanol	 [1:1]	 and	 then	 diluted	 4-	fold	
with	distilled	water,	30	mg/kg)	were	administered	daily	by	oral	gav-
age.	Anti-	PD-	1	Ab	(200	μg/head)	was	intraperitoneally	administered	
twice	 weekly.	 Non-	treatment	 was	 set	 as	 the	 control	 group	 after	
confirmation	that	the	vehicle	solutions	for	each	compound	and	the	
isotype	control	IgG	did	not	have	any	antitumor	activities	and	were	
comparable	with	non-	treatment	(data	not	shown).	The	day	on	which	
treatment	commenced	was	designated	as	day	1.	The	tumor	volume	
(TV)	was	calculated	as	follows:	TV	(mm3)	=	.5	×	(length	[mm]	×	width2 
[mm2]).	The	relative	tumor	volume	(RTV)	was	calculated	as	follows:	
RTV	=	TVt/TV1,	where	TVt	 is	 the	volume	on	day	 t	 after	 the	 start	
of	 treatment,	 and	 TV1	 represents	 the	 volume	 on	 day	 1.	 The	 val-
ues	 of	ΔT/C	 (%	 of	 control	 for	Δgrowth)	 were	 calculated	with	 the	
following	 formula:	 (ΔT/ΔC)	×	100,	 where	 ΔT and ΔC	 are	 changes	
in	 TV	 (Δgrowth)	 for	 drug	 treated	 and	 non-	treated	 control	 groups,	
respectively.	In	the	case	of	reduction	of	TV,	ΔT/C	values	were	cal-
culated	according	to	the	following	formula:	ΔT/C	(%)	=	(TVt	−	TV1)/
TV1	×	100.	The	relative	body	weight	was	calculated	as	the	ratio	of	
the	mean	body	weight	at	a	given	time	point	to	the	mean	body	weight	
at	 the	 initiation	of	 dosing.	 For	 flow	 cytometry	 (FCM)	 analysis	 and	
single-	cell	analysis,	tumor	tissues	were	collected	at	day	8.	All	animal	
experiments	were	performed	in	accordance	with	the	guidelines	ap-
proved	by	the	Institutional	Animal	Care	and	Use	Committee	of	Eisai.	
All	 animal	experiment	data	 shown	are	 representative	of	 at	 least	2	
independent	experiments.

2.4 | CD8+ T cell depletion by anti- mouse 
CD8α antibody

Nine	days	after	inoculation	of	Hepa1-	6	cells	into	C57L/J	mice,	mice	
were	intraperitoneally	injected	with	either	control	IgG	(200	μg/head)	
or	anti-	CD8	Ab	(200	μg/head).	Three	days	after	control	IgG	or	anti-
	CD8	Ab	 injection	 (day	1),	both	groups	were	divided	 into	3	groups:	
non-	treatment,	 lenvatinib	 treatment,	 and	 sorafenib	 treatment.	
Lenvatinib	or	sorafenib	were	orally	administered	once	daily.	Control	
IgG	or	anti-	CD8	Ab	was	also	intraperitoneally	injected	twice	weekly.

2.5 | Response evaluation

Tumor	volume	change	at	time	t	(ΔTV)	was	expressed	as	a	percent-
age	of	the	baseline	value	as	follows:	ΔTV	=	100%	×	([TVt	−	TV1]/
TV1).	 The	 best	 response	 was	 the	 minimum	 value	 of	 ΔTV	 for	
t	≥	11	days.	 For	 each	 time	 t,	 the	 average	 ΔTV	 from	 t	=	1	 to	 t	
was	 also	 calculated.	 Response	 was	 evaluated	 based	 on	 modi-
fied	 RECIST	 (Response	 Evaluation	 Criteria	 in	 Solid	 Tumors)	 cri-
teria	 for	 mouse	 studies20,21	 and	 defined	 as	 follows	 (applied	 in	
this	 order):	 complete	 response	 (CR),	 best	 response	<−95%;	 par-
tial	 response	 (PR),	 best	 response	<−50%;	 stable	 disease	 (SD),	
best	 response	<35%;	 progressive	 disease	 (PD),	 not	 otherwise	
categorized.

2.6 | Flow cytometry analysis and immune cell 
profiling by viSNE analysis

Tumor	tissues	resected	from	mice	were	dissociated	into	single	cells	
by	 using	 a	 Tumor	 Dissociation	 Kit	 and	 a	 gentleMACS	Dissociator	
(Miltenyi	Biotec,	Bergisch	Gladbach,	Germany).	In	cell	mixtures,	leu-
kocytes	positive	for	CD45	were	isolated	with	mouse	CD45	(TIL)	mi-
crobeads	(Miltenyi	Biotec)	by	using	an	OctoMACS	Separator	(Miltenyi	
Biotec).	After	washing	and	filtration,	cells	were	blocked	with	a	Mouse	
BD	Fc	Block	(BD	Biosciences,	San	Jose,	CA,	USA),	and	stained	with	
an	 Ab	 panel	 (Table	 S1)	 and	 DAPI	 (4′,6-	diamidino-	2-	phenylindole;	
Dojindo).	Cells	were	analyzed	with	a	LSRFortessa	X-	20	flow	cytom-
eter	(BD	Biosciences),	and	then	viSNE	analysis22	was	conducted	with	
Cytobank	software	(Cytobank,	Santa	Clara,	CA,	USA).

2.7 | Single- cell analysis

After	tumor	dissociation	and	isolation	of	CD45+ cells as described 
for	 FCM	 analysis,	 isolated	 cells	 were	 pooled	 in	 equal	 numbers	
(n	=	3	in	each	group).	The	scRNA-	seq	libraries	of	extracted	CD45+ 
cells	were	prepared	using	the	Chromium	Controller,	and	Chromium	
Single	 Cell	 3′	 Library	 and	 Gel	 Bead	 Kit	 v2	 (10x	 Genomics,	
Pleasanton,	CA,	USA).	Sequencing	of	the	libraries	was	performed	
on	 a	 NextSeq	 500	 system	 with	 a	 High	 Output	 Kit	 (150	 cycles;	
Illumina,	San	Diego,	CA,	USA).	The	Cell	Ranger	Suite	(version	2.1.0;	
10x	Genomics)	was	used	to	perform	sample	de-	multiplexing,	bar-
code	processing	 and	 single-	cell	 gene	unique	molecular	 identifier	
(UMI)	 counting.	 The	 gene-	cell-	barcode	matrices	 from	 4	 samples	
were	merged	 into	1	matrix	 (27	998	genes	×	7607	cells)	 and	 then	
loaded	 into	 the	R	package	Seurat	 (version	2.2)23	 for	data	quality	
control	and	downstream	analysis.	We	then	excluded	12	094	genes	
detected	in	<3	cells.	To	filter	out	low-	quality	cells,	151	cells	with	a	
mitochondrial	read	rate	of	>10%,	or	number	of	detected	genes	of	
<500	or	>5000	were	excluded.	Eventually,	15	904	genes	and	7456	
cells	were	 selected	 and	used	 for	 downstream	analysis.	 The	UMI	
counts	for	each	cell	were	normalized	by	the	total	UMI	counts,	mul-
tiplied	by	a	scale	factor	of	10	000,	and	then	 log	transformed.	To	
reduce	data	dimensionality,	principal	component	analysis	based	on	
914	variable	genes	detected	by	Seurat	was	performed	on	the	nor-
malized	UMI	counts.	The	tSNE	analysis24	and	cell	clustering	were	
performed	 based	 on	 the	 first	 50	 features	 obtained	 by	 principal	
component	analysis.	Cluster-	specific	marker	genes	were	identified	
by	2	criteria:	(i)	detection	in	>50%	of	cells	in	a	specific	cluster;	and	
(ii)	normalized	UMI	counts	in	the	cluster	of	cells	of	>2-	fold	that	in	
the	remaining	cells.

2.8 | Statistical analyses

Experiment	data	were	expressed	as	means	+	SEM;	n	is	the	number	of	
independent	experiments	conducted.	Comparative	analyses	of	the	
data	on	RTV,	ΔT/C	and	 frequency	of	objective	 response	 (CR	+	PR)	
were	 performed	 by	 Dunnett’s	 multiple	 comparisons	 test,	 Sidak’s	
multiple	 comparisons	 test	 and	 Fisher’s	 exact	 test,	 respectively.	
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GraphPad	Prism	7	software	was	used	for	all	statistical	analyses.	P-	
values	<.05	were	considered	statistically	significant.

3  | RESULTS

3.1 | Antitumor activities of lenvatinib and 
sorafenib in Hepa1- 6 mouse hepatocellular carcinoma 
syngeneic tumor models

To	 profile	 immune	 cell	 populations	 in	 the	 Hepa1-	6	 tumor	 model	
using	syngeneic	C57L/J	mice,	we	examined	the	proportions	of	 im-
mune	cell	populations	and	the	expression	 levels	of	 immune	check-
point	receptors	on	T	cells	by	using	FCM	analysis	followed	by	viSNE	
analysis	(Figure	1A).	In	CD45+	tumor	infiltrating	lymphocytes	(TILs),	
around	 30%	 of	 cells	 were	 CD3+	 T	 cells	 (Figure	1B).	 Among	 them,	
almost	all	cells	were	CD8+	cytotoxic	T	cells;	therefore,	the	ratio	of	
CD4+	helper	T	cells	 to	CD8+	cytotoxic	T	cells	was	very	 low	 in	this	
model.	 In	addition,	PD-	1	was	expressed	 in	most	CD8+	 cytotoxic	T	
cells,	and	T-	cell	membrane	protein	3	(TIM-	3)	was	expressed	in	half	
the	CD8+	T	cells	 (Figure	1C).	These	data	indicate	that	the	Hepa1-	6	
tumor	is	a	T	cell-	inflamed	tumor.

To	 investigate	 the	 antitumor	 activities	 of	 lenvatinib	 and	
sorafenib,	we	first	examined	the	cell	growth	inhibitory	activities	of	
both	 drugs	 against	Hepa1-	6	 cells	 in	 an	 in	 vitro	 proliferation	 assay	
and	confirmed	that	neither	has	potent	direct	cell	growth	inhibitory	
activities:	 IC50	 values	 of	 lenvatinib	 and	 sorafenib	 were	 >30	 and	
9.7	μmol/L,	 respectively	 (Figure	S1),	which	are	not	clinically	mean-
ingful	concentrations.25,26	We	next	assessed	the	antitumor	activities	
of	 lenvatinib	and	sorafenib	by	using	immunocompetent	and	immu-
nodeficient	mice	in	the	Hepa1-	6	model	to	investigate	involvement	of	
the	immune	system	in	the	antitumor	activity	of	each	drug.	In	immu-
nocompetent	C57L/J	mice,	lenvatinib	almost	completely	suppressed	
in	vivo	growth	of	Hepa1-	6	tumors,	whereas	sorafenib	only	slowed	in	
vivo	tumor	growth	compared	to	the	non-	treatment	control;	thus,	the	
antitumor	activity	of	 lenvatinib	was	significantly	more	potent	than	
that	 of	 sorafenib	 in	 the	 immunocompetent	Hepa1-	6	 tumor	model	
(Figure	2A).	 In	 contrast,	 when	Hepa1-	6	 cells	 were	 inoculated	 into	
immunodeficient	CAnN.Cg-	Foxn1nu/CrlCrlj	mice,	tumor	growth	was	
not	significantly	different	between	mice	treated	with	lenvatinib	and	
those	treated	with	sorafenib	(Figure	2B);	thus,	the	2	drugs	showed	
similar	potency	to	each	other	in	this	immunodeficient	microenviron-
ment.	In	all	experiments,	neither	drug	resulted	in	notable	changes	in	

F IGURE  1 Characterization	of	immune	cell	populations	in	the	Hepa1-	6	tumor	model	in	C57L/J	mice.	A,	Tumor-	infiltrating	lymphocytes	
from	Hepa1-	6	syngeneic	mice	were	examined	by	flow	cytometry	analysis	followed	by	viSNE	analysis.	For	each	molecule	examined,	
the	expression	level	in	individual	cells	is	indicated	by	the	right	color	bar	(red:	high,	blue:	low).	Representative	data	are	shown	(n	=	5).	B,	
Percentages	of	CD3+,	CD4+	or	CD8+	T	cells	in	CD45+	cells	are	shown.	C,	Percentages	of	PD-	1+/−TIM-	3+/−	cells	in	CD8+ T cells are shown. 
Data	are	shown	as	means	±	SEM.	The	data	shown	are	representative	of	2	independent	experiments
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relative	body	weight	(Figure	S2).	The	antitumor	activity	of	sorafenib	
was	almost	comparable	between	 immunocompetent	and	 immuno-
deficient	mouse	models	at	day	8	 (ΔT/C	 [%]:	62.3%	and	53.8%,	 re-
spectively)	and	at	day	15	(39.7%	and	37.5%,	respectively)	(Figure	2C).	
In	contrast,	the	antitumor	activity	of	lenvatinib	was	significantly	en-
hanced	in	immunocompetent	mice	(day	8,	−33.6%;	day	15,	−28.1%)	
compared	with	immunodeficient	mice	(day	8,	47.4%;	day	15,	36.4%).	
These	 results	 show	 that	 lenvatinib	 has	 immunomodulatory	 activ-
ity	 that	 enhances	 antitumor	 activity	 under	 the	 immunocompetent	
tumor	microenvironment	in	the	Hepa1-	6	syngeneic	mouse	model.

3.2 | Attenuation of antitumor activity of lenvatinib 
in the CD8+ T cell- depleted Hepa1- 6 tumor model in 
syngeneic C57L/J mice

Because	of	our	 findings	 that:	 (i)	 the	Hepa1-	6	 tumors	had	a	T	cell-	
inflamed	microenvironment;	and	(ii)	lenvatinib	caused	tumor	regres-
sion	of	Hepa1-	6	tumors	in	immunocompetent	C57L/J	mice	only,	we	
hypothesized	that	lenvatinib	might	activate	CD8+ T cells via immu-
nomodulatory	activity.	To	test	this	hypothesis,	we	investigated	the	
antitumor	activities	of	lenvatinib	and	sorafenib	by	using	the	Hepa1-	6	
tumor	model	 in	C57L/J	mice	 treated	with	 anti-	CD8	Ab.	 Following	
intraperitoneal	 injection	of	anti-	CD8	Ab,	CD8+ T cells were clearly 
depleted	as	expected	(Figure	S3),	and	in	vivo	Hepa1-	6	tumor	growth	

was	 markedly	 increased	 compared	 with	 control	 IgG	 administered	
mice	 in	 the	 non-	treatment	 group	 (Figure	 S4).	 The	ΔT/C	 values	 of	
lenvatinib	 in	 control	 IgG-	treated	 mice	 were	 significantly	 smaller	
than	those	of	the	CD8+	T	cell-	depleted	mice	(Figure	3)	at	each	time	
point	examined	(days	8,	15	and	22).	In	contrast,	the	ΔT/C	values	of	
sorafenib	 in	control	 IgG-	treated	mice	were	not	significantly	differ-
ent	from	those	of	the	CD8+	T	cell-	depleted	mice	at	any	of	the	time	
points.	These	results	suggest	that	the	antitumor	activity	of	lenvatinib	
is	enhanced	by	its	immunomodulatory	activity	via	CD8+	T	cells	in	the	
Hepa1-	6	tumor	model	in	C57L/J	mice.

3.3 | Antitumor activities of lenvatinib in combination 
with anti- mouse PD- 1 antibody in the Hepa1- 6 mouse 
hepatocellular carcinoma syngeneic tumor model

Because	 lenvatinib	 showed	 antitumor	 activity	 with	 its	 immu-
nomodulatory	 activity	 via	 CD8+	 T	 cells,	 we	 considered	 that	
combination	 treatment	of	 lenvatinib	 plus	 an	 immune	 checkpoint	
inhibitor	such	as	anti-	PD-	1	Ab	may	exert	a	synergistic	antitumor	
activity.	We	therefore	investigated	the	antitumor	activity	of	treat-
ment	 with	 lenvatinib	 plus	 anti-	PD-	1	 Ab	 in	 the	 Hepa1-	6	 tumor	
model.	Anti-	PD-	1	Ab	 inhibited	 tumor	growth	compared	with	 the	
non-	treatment	 control,	 and	 lenvatinib	 almost	 completely	 inhib-
ited	 tumor	 growth,	 leading	 to	 dormant	 tumors	 (Figure	4A).	 The	

F IGURE  2 Antitumor	activities	of	lenvatinib	and	sorafenib	in	Hepa1-	6	mouse	tumor	models.	Mice	were	orally	administered	10	mg/kg	
of	lenvatinib	or	30	mg/kg	of	sorafenib	once	daily,	or	subjected	to	non-	treatment	(control).	The	day	on	which	treatment	commenced	was	
designated	as	day	1.	Relative	tumor	volumes	of	(A)	Hepa1-	6	tumor	model	in	immunocompetent	mice,	C57L/J	(n	=	7)	or	(B)	Hepa1-	6	tumor	
model	in	immunodeficient	mice	(n	=	10).	Data	are	shown	as	means	+	SEM.	***P < .001	vs	non-	treatment	control;	†P < .05,	n.s.,	not	significant	
between	lenvatinib	and	sorafenib	(Dunnett’s	multiple	comparisons	test).	C,	Antitumor	activities	shown	as	ΔT/C	values	of	lenvatinib	and	
sorafenib	in	Hepa1-	6	mice	tumor	models	at	days	8	and	15.	***P < .001,	n.s.,	not	significant	between	immunocompetent	and	immunodeficient	
mice	(Sidak’s	multiple	comparisons	test).	The	data	shown	are	representative	of	2	independent	experiments
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combination	 of	 lenvatinib	 plus	 anti-	PD-	1	 Ab	 caused	 tumor	 re-
gression	 and,	 thus,	 showed	 the	 most	 potent	 antitumor	 activity.	
Although	 antitumor	 activities	 varied	 among	 individual	 mice,	 tu-
mors	 regressed	 to	 nonpalpable	 sizes	 in	 some	mice	 treated	with	
lenvatinib	plus	anti-	PD-	1	Ab	(Figure	4B).	The	relative	body	weight	
of	 the	 animals	was	 not	 significantly	 changed	over	 treatments	 at	
comparable	time	points,	indicating	that	the	combination	treatment	

was	 as	 tolerable	 as	 each	 treatment	 alone	 (Figure	 S5).	When	we	
evaluated	antitumor	activities	of	the	treatments	by	using	the	mod-
ified	RECIST	criteria,	the	ORR	of	lenvatinib	plus	anti-	PD-	1	Ab	was	
66.7%,	which	 is	 clearly	 superior	 to	 the	ORR	values	of	 lenvatinib	
alone	and	anti-	PD-	1	Ab	alone	(both	13.3%)	(Table	S2).	Thus,	com-
bination	of	 lenvatinib	plus	anti-	PD-	1	Ab	showed	superior	antitu-
mor	activity	with	the	immune-	activating	effect	of	anti-	PD-	1	Ab.

F IGURE  3 Antitumor	activities	of	lenvatinib	and	sorafenib	in	Hepa1-	6	tumor	model	in	C57L/J	mice	with	CD8+	T	cell	depletion.	ΔT/C	
values	at	days	8,	15	and	22	(mouse	isotype	control	IgG	[control	IgG],	n	=	9-	10;	anti-	CD8α	antibody	[anti-	CD8	Ab],	n	=	8).	***P < .001,	
**P < .01,	*P < .05,	n.s.,	not	significant	between	control	IgG	and	anti-	CD8	Ab	treated	mice	(Sidak’s	multiple	comparisons	test).	The	data	
shown	are	representative	of	2	independent	experiments
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F IGURE  4 Antitumor	activities	of	
lenvatinib,	anti-	mouse	PD-	1	antibody	
(anti-	PD-	1	Ab),	and	combination	of	
lenvatinib	plus	anti-	PD-	1	Ab	in	Hepa1-	6	
mouse	tumor	models.	Mice	were	orally	
administered	10	mg/kg	of	lenvatinib	
once	daily,	intraperitoneally	injected	
with	200	μg/head	of	anti-	PD-	1	Ab	twice	
weekly,	subjected	to	a	combination	of	
both	treatments,	or	subjected	to	non-	
treatment	(control).	A,	Relative	tumor	
volume	at	indicated	time	points	(n	=	15).	
Data	are	shown	as	means	+	SEM.	
***P < .001	vs	non-	treatment	control;	
†P < .05	vs	lenvatinib;	‡‡‡P < .001	vs	anti-	
PD-	1	Ab	(Dunnett’s	multiple	comparisons	
test).	B,	Spider	plots	of	each	individual	
mouse’s	tumor	volume	in	each	group.	
Nonpalpable	size	tumors	were	defined	
as 1 mm3	tumor	volume	in	the	graph.	
The	data	shown	are	representative	of	2	
independent	experiments
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3.4 | Population analysis of immune cells in Hepa1- 6 
mouse hepatocellular carcinoma syngeneic tumor 
model after treatment with lenvatinib, anti- mouse 
PD- 1 antibody or both combined

To	investigate	the	effects	of	lenvatinib,	anti-	PD-	1	Ab	and	both	com-
bined	on	immune	cells	in	tumors,	scRNA-	seq	analysis	was	conducted	
using	isolated	immune	cells	in	tumor	tissues	collected	from	Hepa1-	6	
syngeneic	 mice.	 A	 total	 of	 7456	 cells	 (non-	treatment,	 2108	 cells;	
lenvatinib,	1729	cells;	anti-	PD-	1	Ab,	1869	cells;	and	lenvatinib	plus	
anti-	PD-	1	Ab,	1750	cells)	 passed	data	quality	 control.	 The	median	
number	of	genes	and	UMI	counts	detected	per	cell	were	1603.5	and	
4680.5,	respectively.	There	was	no	marked	difference	in	the	num-
ber	of	genes	and	UMI	counts	between	the	4	treatment	conditions	
(Figure	S6).	Clustering	analysis	 revealed	 that	 the	 single	 cells	 could	
be	classified	 into	17	clusters	 (C1-	C17)	when	 the	Seurat	 resolution	
parameter	was	set	to	.7	(Figure	5A).	Based	on	the	expression	levels	
of	major	immune	cell	markers	(Figure	5B)	and	the	top	10	genes	that	
were	specifically	expressed	in	each	cluster	 (Figure	5C),	we	defined	
9	 immune	cell	 populations	 from	15	clusters	 (Tables	1,	 S3).	 First,	 7	
immune	cell	populations	were	defined	as	shown	in	Figure	5A:	CD8+ 
T	cells	(Cd3+Cd8+),	CD4+	T	cells	(Cd3+Cd4+),	regulatory	T	(Treg)	cells	
(Cd3+Cd4+Foxp3+),	natural	killer	(NK)	cells	(Cd3−Ncr1+),	monocytes	
and	 macrophages	 (Csf1r+Itgam+),	 dendritic	 cells	 (DCs)	 (Cd74+H2-	
Ab1+Ccl22+Ccl17+)	 and	 neutrophils	 (Csf3r+Cd33+).	 Then	 the	 4	
clusters	 of	CD8+	 T	 cells	 (C1-	C4;	 Figure	5A)	were	 separated	 into	3	
populations	based	on	the	expression	levels	of	activation/exhaustion	
markers	such	as	Pdcd1,	Lag3,	Gzmb	and	Cd69:	Clusters	C1	and	C4	
were	 exhausted	 CD8+	 T	 cells	 (Pdcd1highLag3high),	 C2	 consisted	 of	
effector	CD8+	T	cells	 (Pdcd1midLag3midGzmb+)	and	C3	consisted	of	
early	activated	CD8+	T	cells	(Pdcd1lowLag3lowCd69+).

Next,	we	compared	the	proportions	of	immune	cell	populations	
in	 each	 treatment	 group	with	 those	 in	 the	 non-	treatment	 control	
(Tables	1,	S3).	Following	treatment	with	lenvatinib	alone	and	treat-
ment	with	lenvatinib	plus	anti-	PD-	1	Ab,	the	percentage	of	monocytes	
and	macrophages	(Csf1r+Itgam+)	(C11-	C15)	decreased	by	6.54%	and	
10.32%,	respectively,	compared	with	the	non-	treatment	control.	In	
addition,	 compared	with	non-	treatment,	 treatment	with	 lenvatinib	
plus	anti-	PD-	1	Ab	increased	the	percentage	of	early	activated	CD8+ 
T	cells	 (Pdcd1lowLag3lowCd69+)	 (C3)	by	4.74%	and	effector	CD8+ T 
cells	(Pdcd1midLag3midGzmb+)	(C2)	by	4.47%.

Taken	together,	these	findings	indicate	that	lenvatinib	alone	de-
creased	the	proportion	of	monocytes	and	macrophages,	and	lenva-
tinib	may	be	associated	with	further	decreases	in	these	populations	
when	given	in	combination	with	anti-	PD-	1	Ab.	In	contrast,	combina-
tion	of	lenvatinib	plus	anti-	PD-	1	Ab	increased	the	proportion	of	early	
activated	CD8+	T	cells	and	effector	CD8+ T cells.

4  | DISCUSSION

In	 this	 study,	 we	 used	 the	 Hepa1-	6	 tumor	 model	 in	 C57L/J	 mice	
as	 an	 HCC	 syngeneic	 model22,23	 to	 investigate	 the	 role	 of	 the	

immunomodulatory	 activity	 of	 lenvatinib	 in	 its	 antitumor	 activity.	
FCM	analysis	followed	by	viSNE	analysis	revealed	that	the	CD8+ T 
cell	population	accounted	for	approximately	30%	of	CD45+	TILs	in	
Hepa1-	6	tumor	tissues,	and	many	CD8+	T	cells	expressed	 immune	
checkpoint	receptors	such	as	PD-	1	and	TIM-	3.	Because	CD8+ T cells 
with	dual	expression	of	PD-	1	and	TIM-	3	are	known	 to	exhibit	 the	
most	 severe	 exhausted	 phenotype,27	 our	 results	 indicate	 that	 the	
CD8+	 T	 cells	 in	 the	Hepa1-	6	 tumor	 tissues	had	already	been	acti-
vated	more	than	once	by	neo-	antigens	derived	from	Hepa1-	6	tumor	
tissues	before	drug	treatment.	This	immune	active	phenotype	of	the	
Hepa1-	6	tumor	model	was	consistent	with	the	significant	 increase	
in	 tumor	growth	rate	observed	 in	 the	CD8+	T	cell-	depleted	condi-
tion.	Based	on	these	data,	we	consider	that	the	Hepa1-	6	syngeneic	
mouse	tumor	model	is	a	T	cell-	inflamed	HCC	preclinical	model	that	
can	be	used	to	examine	the	immunomodulatory	effect	of	lenvatinib	
on	antitumor	immunity.	In	fact,	the	inflamed	tumor	phenotype	likely	
exists	as	the	minority	of	HCC.28

We	 previously	 observed	 that	 lenvatinib	 modulates	 the	 cancer	
immunity	 associated	 with	 a	 decrease	 in	 tumor-	associated	 macro-
phages	 and	 an	 increase	 in	 interferon-	gamma	 production	 in	 CD8+ 
T	cells	 in	a	CT26	mouse	colorectal	cancer	syngeneic	 tumor	model	 
(Y.	 Kato,	 K.	 Tabata,	 unpublished	 data).	 Therefore,	 we	 used	 the	
Hepa1-	6	 syngeneic	mouse	 tumor	model	 to	 investigate	 the	 antitu-
mor	and	immunomodulatory	activities	of	lenvatinib	compared	with	
sorafenib,	which	 has	 been	 the	 standard	 of	 care	 drug	 for	 first-	line	
advanced	HCC.	We	demonstrated	that	antitumor	activities	of	 len-
vatinib	 and	 sorafenib	were	 comparable	 in	 a	Hepa1-	6	mouse	HCC	
tumor	model	using	immunodeficient	mice,	but	the	antitumor	activity	
of	 lenvatinib	was	more	potent	than	that	of	sorafenib	 in	a	Hepa1-	6	
tumor	model	 using	 immunocompetent	mice.	 In	 addition,	 the	 anti-
tumor	activity	of	 lenvatinib,	but	not	of	sorafenib,	was	significantly	
diminished	by	CD8+	T	cell	depletion.	These	data	 indicate	that	 len-
vatinib	 displayed	 immunomodulatory	 activity,	 especially	 on	 the	
CD8+	T	 cell	population,	 and	 that	 this	effect	 contributed	 to	potent	
antitumor	activity	of	 lenvatinib	under	 the	 immunocompetent	 con-
dition.	Although	the	details	of	the	immune	activation	mechanism	of	
lenvatinib	are	still	unclear,	the	different	effects	on	cancer	immunity	
between	lenvatinib	and	sorafenib	might	be	caused	by	differences	in	
their	 diverse	 kinase	 inhibition	 profiles.6	 Compared	with	 sorafenib,	
lenvatinib	has	more	potent	inhibitory	activities	against	VEGFRs and 
FGFRs.	Inhibition	of	these	pathways	may	improve	cancer	immunity	
in	the	tumor	microenvironment,	because	VEGFRs	and	FGFRs	signals	
play	suppressive	roles	in	immune	responses.29-32	In	particular,	VEGF	
is	 a	 well-	characterized	 immunosuppressive	 factor.33	 Accumulating	
evidence	 suggests	 that	 VEGF	 inhibits	 the	maturation	 and	 activity	
of	 immune	cell	populations	such	as	T	cells	and	DCs,	but	it	remains	
unknown	whether	inhibition	of	VEGF	signaling	alone	is	sufficient	to	
activate	 anticancer	 immunity.	 In	 immunodeficient	mice,	 lenvatinib	
and	 sorafenib	 showed	 similar	 antitumor	 activities,	mainly	 through	
the	 inhibition	of	 angiogenesis	 targeting	VEGF	 receptors;	 however,	
only	lenvatinib	showed	enhanced	antitumor	activity	in	immunocom-
petent	mice	via	CD8+	T	cells.	Further	 investigations	are	needed	to	
understand	whether	 this	 difference	 in	 the	 induction	 of	 antitumor	
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immunity	by	lenvatinib	and	sorafenib	is	caused	by	differences	in	the	
degree	of	inhibition	of	the	VEGFR	signaling	pathway,	by	differences	
in	the	targeting	of	other	kinases	such	as	FGFR,	or	by	a	combination	
of	these	2	factors.

Hepatocellular	carcinoma	is	known	as	an	immune	tolerant	ma-
lignancy.	During	chronic	inflammation	of	the	liver	due	to	chronic	
hepatitis	B	or	C,	which	are	known	HCC	risk	 factors,	 immune	 in-
hibitory	 molecules	 such	 as	 PD-	1	 are	 overexpressed	 and	 induce	
exhaustion	of	activated	CD8+ T cells.34,35	Moreover,	 it	has	been	
reported	 that	 increased	 expression	 of	 PD-	1	 in	 CD8+ T cells is 
strongly	associated	with	poorer	disease	outcomes	and	higher	re-
currence	 rates	 in	patients	with	HCC.36	 In	 fact,	 an	anti-	PD-	1	Ab,	
nivolumab,	 showed	 clinically	 meaningful	 responses	 in	 patients	

with	HCC	in	a	phase	1/2	study	(NCT01658878).	Although	inhibi-
tion	of	immune	checkpoint	molecules	such	as	CTLA-	4,	PD-	1	and	
PD-	L1	 is	 an	 effective	 strategy,	 the	 clinical	 benefits	 of	 immune	
checkpoint	 inhibitors	 are	 still	 limited	even	 in	T	 cell-	inflamed	 tu-
mors.37-39	 Combination	 of	 immune	 checkpoint	 inhibitors	 with	
an	angiogenesis	 inhibitor	 is	 an	attractive	way	 to	 improve	 immu-
notherapy	 outcome	 because	 many	 angiogenic	 molecules	 such	
as	 VEGFs,	 angiopoietins	 and	 PDGFs	 have	 immunosuppressive	
functions.40	 Therefore,	we	 assessed	whether	 lenvatinib	 can	 en-
hance	 antitumor	 activity	 of	 anti-	PD-	1	 Ab	 through	 its	 immuno-
modulatory	 effect	 in	 the	 Hepa1-	6	 HCC	 tumor	model.	 Although	
antitumor	 activity	 of	 anti-	PD-	1	 Ab	 alone	was	 partial,	 treatment	
with	lenvatinib	plus	anti-	PD-	1	Ab	significantly	reduced	the	tumor	

F IGURE  5  Immune	cell	population	analysis	in	Hepa1-	6	syngeneic	mouse	tumors	by	single-	cell	RNA	sequencing.	A,	Two-	dimensional	
tSNE	plot	depicting	7456	single	cells,	each	classified	into	1	of	the	17	clusters	shown	with	distinct	colors.	CD8+	T	cells,	and	monocytes	and	
macrophages	were	surrounded	by	orange	and	blue	broken	lines,	respectively.	B,	tSNE	projection	for	12	representative	cell	markers	used	
for	defining	cell	types	of	clusters.	Each	cell	is	colored	by	expression	of	the	marker	gene,	with	deep	purple	indicating	high	normalized	unique	
molecular	identifier.	C,	Heatmap	of	scaled	gene	expressions	of	the	top	10	cluster-	specific	genes	detected	from	each	cluster.	Each	row	
represents	1	gene	and	each	column	shows	1	cell	ordered	by	cluster	number



     |  4001KIMURA et Al.

volume	compared	with	each	treatment	alone	in	the	Hepa1-	6	HCC	
tumor	model,	and	even	regressed	the	tumors	to	nonpalpable	sizes	
in	 some	cases.	This	 finding	 supports	 the	 rationale	 for	using	 this	
combination	 treatment	 in	 a	 clinical	 trial	 for	 patients	 with	 HCC.	
Currently,	 phase	 1b/2	 trials	 of	 combination	 treatment	 of	 len-
vatinib	 and	 anti-	PD-	1	 Ab	 in	 patients	 with	 HCC	 are	 in	 progress	
(NCT03006926,	NCT03418922).

In	this	study,	scRNA-	seq	analysis	of	TILs	in	Hepa1-	6	tumor	tissues	
revealed	that	lenvatinib	decreased	the	proportion	of	monocytes	and	
macrophages.	 Moreover,	 the	 combination	 of	 lenvatinib	 plus	 anti-	
PD-	1	Ab	 increased	 the	proportion	of	 early	 activated	 and	 effector	
CD8+	T	cells.	We	therefore	hypothesize	that	lenvatinib	and	the	com-
bination	of	lenvatinib	plus	anti-	PD-	1	Ab	activate	CD8+	T	cells	in	the	
Hepa1-	6	mouse	tumor	model,	and	that	this	activation	is	associated	
with	a	decrease	in	the	proportion	of	monocytes	and	macrophages,	
which	 are	 cells	 known	 to	play	 a	 role	 in	 suppressing	 cancer	 immu-
nity.41,42	 Lenvatinib,	 which	 is	 a	 potent	 VEGFRs	 inhibitor,	 may	 de-
press	suppressive	immune	cell	populations	such	as	tumor-	associated	
macrophages	and	activate	tumor-	directed	T	cell	responses,	because	
VEGF	 signaling	 is	 important	 for	 these	 kinds	 of	 immature	myeloid	
cells	to	multiply	and	infiltrate	into	tumor	tissues.43,44	However,	fur-
ther	analyses	are	needed	to	investigate	the	precise	mode	of	action	
of	 lenvatinib	on	various	 immune	cell	 populations,	 especially	 those	
defined	by	expression	levels	of	marker	genes	in	our	study.

In	 conclusion,	we	 found	 that	 the	 antitumor	 activity	 of	 lenvati-
nib	is	dependent	on	the	existence	of	CD8+	T	cells,	and	combination	
treatment	of	lenvatinib	plus	anti-	PD-	1	Ab	significantly	reduces	tumor	
volume	and	shows	superior	antitumor	activity	compared	with	either	
single	 treatment	 in	 the	 T	 cell-	inflamed	 mouse	 syngeneic	 Hepa1-	6	
HCC	tumor	model.	These	results	indicate	that	lenvatinib	has	immu-
nomodulatory	 activity,	 which	 enhances	 its	 antitumor	 activity,	 and	
that	treatment	with	lenvatinib	plus	anti-	PD-	1	Ab	may	be	a	promising	
combinatorial	 strategy	 for	 immune-	based	 cancer	 therapy.	 Further	
clinical	 investigation	of	combination	treatment	with	 lenvatinib	plus	
anti-	PD-	1	Ab	 is	 in	 progress	 as	 a	 potential	 therapeutic	 strategy	 for	
patients	with	HCC.
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