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TLR7 agonist prevents the development of
carcinogen-induced precancerous hepatic
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Abstract: Background: Glypican-3 (GPC3) is one of the key tissue markers that could discriminate malignant pre-
cancerous lesions from benign hepatic lesions in cirrhotic patients. We aimed to develop a GPC3 cancer vaccine to
induce specific T cells to intervene in hepatocellular carcinoma (HCC) development. Methods: Synthesizing manno-
sylated liposomes (LPMan) as vaccine delivery system, incorporating one Toll-like receptor (TLR)-7/8 agonist CLO97
as adjuvant, we prepared a GPC3 nanovaccine, LPMan-GPC3/CLO97. We injected 25 mg/kg diethylnitrosamine
intraperitoneally to induce autochthonous HCC in HBV-transgenic mice, which persistently express hepatitis B sur-
face antigen in hepatocytes. Starting from week 8 after diethylnitrosamine injection when malignant hepatocytes
generated, we immunized the mice subcutaneously every 2 weeks 4 times with LPMan-GPC3/CL0O97 containing 5
ug of GPC3 plus 5 pg of CLO97. Results: The vaccine efficiently targeted draining lymph nodes where naive T cells re-
side and enhanced the expression of molecules involved in antigen presentation in migratory dendritic cells (DCs).
Antigen was professionally processed in endoplasmic reticulum-Golgi system of DCs, subsequently priming both
CD4* and CD8* T cells. The LPMan-GPC3/CL097 immunization generated significantly more GPC3-specific CD4*
IFNy- and CD8* IFNy-producing T cells in mice spleens and livers, which specifically eliminated GPC3-expressing
tumor cells. One week after last immunization (week 15 after diethylnitrosamine), 5/5 un-immunized, 5/5 sham
(LPMan-CL097) and 1/5 LPMan-GPC3/CLO97-immunized mice developed HCC. By week 20 after diethylnitrosa-
mine, significantly less HCC developed in LPMan-GPC3/CLO97-immunized mice than in sham-immunized mice
(P<0.01). Conclusions: LPMan-GPC3/CL0O97 immunization induced de novo generation of specific T cells against
tumor-associated antigen GPC3 that could prevent HCC development in cirrhotic liver.
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Introduction aches [1, 2]. Hepatocellular carcinoma (HCC)
arising from cirrhosis is usually preceded by the
appearance of malignant precancerous lesion
nodules [3]. At this stage, disease progression
could be interfered if the malignant progenitors

in cirrhosis were eliminated by HCC vaccine-

Preclinical and clinical evidences have demon-
strated that early neoplastic cells (transformed
cells that initiate cancer formation) express
antigens that enable the immune system to dis-

tinguish them from normal cells. Cancer immu-
noprevention by modulating the host immune
response was considered a better strategy to
control the initiation or development of cancer.
Cancer vaccine is one of the promising appro-

elicited specific immunity.

Neoantigens resulting from coding gene muta-
tions in tumors are considered as optimal per-
sonalized cancer vaccine targets because they
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bypass thymic selection [4]. Disease progres-
sion was well controlled after immunization
with personalized neoantigens in melanoma
patients [5, 6]. However, we recently found that
the mutations of coding genes and numbers of
candidate neoantigens were much fewer in
HCC, except for those of aflatoxin-related HCC
[7]. Tumor-associated antigen, which is re-
expressed in tumors and not/lowly expressed
in normal tissues, might be an appropriate tar-
get [8]. Previous studies have documented that
inducing specific T cells to alpha-fetoprotein
(AFP), which is re-expressed in most HCC, led to
tumor regression [8], and prevented carcino-
gen-induced murine autochthonous HCC [9].
However, significant hepatocyte damage was
observed in the regenerating mouse liver [10].

Glypican-3 (GPC3) was identified as a new HCC-
associated antigen [11]. Different from AFP, it is
undetectable in the cirrhotic liver or even in
benign hepatic lesions. Tissue expression of
GPC3 was used to discriminate the nature of a
<2 cm hepatocellular lesion lacking HCC radio-
logical features detected in a cirrhotic patient
[11]. Up to 60% of early HCC showed immuno-
reactivity to GPC3, either as membrane and/or
cytoplasmic staining in the biopsy materials
[12]. Therefore, we hypothesized that eliciting
the host’s own specific T-cell immunity against
GPC3 could interfere with disease progression
in cirrhosis patients.

Both CD4* and CD8* antigen-specific T cells are
required to reject established tumor cells [13].
Normally, protein vaccines hardly gain access
to the subcellular compartments of dendritic
cells (DC) to be monitored by the MHC-I antigen
presentation pathway, and hardly prime naive
CD8* T cells [14]. When vaccine protein was
conjugated with some Toll-like receptor (TLR)
agonists, mainly TLR7/8 agonists, the magni-
tude and quality of T-cell responses were sig-
nificantly improved by activation of multiple DC
subsets [15, 16]. In addition, the T-cell reper-
toire of tumor-associated antigens is limited
and shows low-avidity because of the thymus
selection [4]. Therefore, it is crucial to deliver
the antigen signals into secondary lymphoid
organs and activate DCs properly when tumor-
associated antigen was used as a cancer vac-
cine [14, 171].

Polymeric nanoparticulate carriers may enhan-
ce antigen stability, immunogenicity and immu-
nostimulatory effects with sustained and con-
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trolled release of the antigen to the target sites
[18], which are efficient for vaccine system
development, especially for prophylactic and
therapeutic cancer vaccines. Using the model
protein vaccine, we previously reported that
mannosylated liposomes (LPMan) could be a
good vaccine delivery system for lymph node
targeting [19]. In addition, we found that, when
the antigens were conjugated with chemically
synthesized TLR7/8 agonists, such as CLO97,
they induced the generation of antigen-specific
Thl responses in an immune tolerant state [20,
21]. Here, we prepared a GPC3 nanovaccine,
LPMan-GPC3/CLO97, by synthesizing LPMan
as vaccine delivery system, one TLR7/8 agonist
CLO97 as adjuvant. The results showed that
LPMan-GPC3/CLO97 nanovaccine could target
draining lymph nodes in vivo. In the mice,
LPMan-GPC3/CLO97 immunization induced
GPC3-specific immunity, which prevented the
development of premalignant hepatic lesions
to cancer.

Materials and methods

Supplementary Materials and Methods provide
detailed information.

Analysis of molecule expressions in migratory
DCs

Bone marrow-derived dendritic cells (BMDCs)
were generated using standard laboratory pro-
tocols [22], stimulated with 5 pg/ml GPC3
(Sino-Biological, Beijing; endotoxin level <1 EU/
ug protein) or 5 yg/ml GPC3 plus 0.5 uyg/ml
CLO97 (Invivogen, CA) for 24 h. The molecular
expression levels in BMDCs were determined
using SYBR Premix Ex-Taq on an Applied Bio-
systems 7500 Real-Time PCR system, with
GAPDH as the control and represented as 2-4¢T
[23]. Primers used are provided in Supple-
mentary Table 1.

Preparation and characterization of the GPC3
nanovaccine containing CLO97 using manno-
sylated liposomes

According to our previous report, DSPE-PEG-
Man was synthesized, and LPMan was pre-
pared by thin-film hydration method by mixing
5% DSPE-PEG-Man with 95% DOTAP [19]. To
prepare LPMan-GPC3, we added different con-
centrations of purified GPC3 solution. To pre-
pare LPMan-GPC3/CL097, different concentra-
tions of CLO97 were added into the LPMan-
GPC3 solution.
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The particle size and zeta potential were mea-
sured using Zetasizer Nano ZS (Malvern, Worcs,
UK). The LPMan encapsulation efficiency of
GPC3 and CLO97 was determined by measur-
ing percentage of liposome-bound components
after removing free GPC3 and CLO97 through
dialysis (molecule weight cut-off: 100 kD).
Liposome-bound components were then mea-
sured as we described previously [19, 21].
Presence of mannosylate residuals was deter-
mined using the concanavalin A agglutination
assay [19].

Analysis of antigen uptake and lymph node
trafficking in vivo

Alexa Flour-488 labeled BSA (AF-BSA, Invi-
trogen, CA) was used as a model antigen and
was encapsulated with LPMan as performed
for GPC3. BMDCs (3x10%/ml) were stimulated
with LPMan-BSA/CLO97 containing 5 pg/mi
AF-BSA plus 0.5 pyg/ml or plus 5 pug/ml CLO97
for 30 min. Treatment with same amount of
LPMan-BSA or free AF-BSA was used as con-
trols. FCM analyzed the antigen uptake effica-
cy. To analyze antigen trafficking into lymph
nodes in vivo, 2.5 yg of AF-BSA in different for-
mulations was injected into a mouse forepaw,
and brachial and axillary lymph nodes were col-
lected 2 days later and analyzed by FCM.

Immunofluorescent microscopy

BMDCs were stimulated with LPMan-BSA/
CLO97 containing 5 yg/ml AF-BSA plus 0.5 pg/
ml CLO97, or the same amount LPMan-BSA or
free AF-BSA for 3 h. The cells were then placed
on poly-L-lysine-coated slides, fixed and per-
meabilized. After incubation with goat anti-
EEA1 (N-19), or anti-Erp78 (N-20), or anti-Giant-
in (N-18; Santa Cruz, CA) or anti-LAMP1 (Sigma-
Aldrich, MO) overnight at 4°C, the cells were
stained with Cy3-labeled donkey anti-goat IgG
for 1 h. Image acquisitions and analysis were
performed using a Leica microscope and soft-
ware (Wentzler, Germany).

Flow cytometry (FCM) analysis

Immunofluorescent-labeled antibodies were all
purchased from eBioscience (San Diego, CA).
For intracellular staining, cells were firstly
stained with antibodies against their surface
markers, followed by fixation and permeabiliza-
tion and stained with PE/Cy7-conjugated anti-
mouse IFNy. Data were acquired in LSR-Il and
analyzed using Flowjo software (Tree Star, OR).
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Mice and murine autochthonous liver cancer
model

Study protocols (NCC2015A011) involving mice
were approved by the Institutional Animal Care
and Use Committee at National Cancer Center,
Chinese Academy of Medical Sciences (NCC-
CAMS). All the mice were maintained under
specific pathogen-free conditions at the La-
boratory Animal Services Center of NCC-CAMS.
C57BL/6 mice were purchased from Vital River
Laboratory Animal Technology, Beijing. HBV
transgenic (HBV-Tg) mice, C57BL/6J-TgN(Albl-
HBV)44Bri/J, which persistently express large
and small HBV surface antigen within the hepa-
tocytes and secrete small HBV surface antigen
from hepatocytes [24], were purchased from
Health Science Center, Peking University and
used for breeding mice. For liver cancer induc-
tion, diethylnitrosamine (DEN; Sigma) was
injected intraperitoneally at 25 mg/kg into
male littermates at 2 weeks old [25].

Detection of serum alanine aminotransferase
(ALT) and anti-GPC3 antibodies

Two days before each immunization, the serum
ALT level was measured within 2 h after sample
collection using the reagents from Biosino Bio-
Technology (Beijing, China). To determine anti-
GPC3 antibodies, the serum samples were
stored at -20°C and detected at the same time
using a method established in laboratory, which

is provided in the Supplementary Materials and
Methods.

Assay of antigen-specific cytotoxicity on liver
cancer cells

Mouse liver was removed, and intrahepatic
lymphocytes (IHL) were prepared as reported
previously [26]. Syngeneic murine hepatoma
cell line, GPC3-expressing Hepa/GPC3 was
constructed (Supplementary Figure 2) and
labeled with 2 yM CFSE (Invitrogen, CA). Two
cell populations were co-cultured at a ratio of
2000 CFSE-labeled Hepa/GPC3 with 80,000
IHLs for 4 h, followed by FCM analysis [9].

Statistical analysis

Un-paired t-tests were used to compare differ-
ences between groups. A P-value less than
0.05 was considered to be statistically signi-
ficant.
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Figure 1. Effect of CLO97 stimulation on molecules involved in the MHC-I antigen presentation pathway. BMDCs
(3%x10%/ml) were stimulated with 5 ug/ml GPC3, or 5 ug/ml GPC3 plus 0.5 pg/ml CLO97 for 24 h. A-C. Determined
by gRT-PCR assay, the mRNA expression levels of TAP1, TAP2, TAPBP, Bip, calreticulin, ERp57, ERAP, Sec22b, CD74,
GILT, HSP9O, EDEM1 and EDEM2 were calculated based on GAPDH. Bars show fold changes, with the GPC3-treated
sample arbitrarily set as 1 (n=3). Data are presented as mean * SE, Paired t-test was conducted between two
groups. *P<0.05, **P<0.01. D. The concanavalin A agglutination assay was used to determine mannosylate resi-

dues (n=3).

Results

CLO97 stimulation augments molecular ex-
pression involved in MHC-I antigen presenta-
tion in migratory DCs

We stimulated BMDCs with purified GPC3 or
GPC3 plus CLO97 to validate the CLO97 effect
on molecules involved in MHC-Il antigen presen-
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tation, which is required to prime naive T cells
for CD8* T cell generation [14]. Analysis by qRT-
PCR showed that the mRNA expression levels
of TAP1, TAP2 and TAPBP, which transport cyto-
solic antigenic peptides across the membrane
of endoplasmic reticulum (ER) (Figure 1A), BiP,
calreticulin and ERp57, which ensure correct
folding of proteins in ER, and ERAP, which trim
transported long peptides in ER to the right size

Am J Transl Res 2018;10(6):1736-1749
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Figure 2. Effect of LPMan-GPC3/CL0O97 on migratory DCs and draining lymph nodes in vivo. A. FCM analysis of cell
surface markers on BMDCs (3x10%/ml) by staining with antibody to CD83, MHC-I, MHC-Il and CCR7 after they were
stimulated for 24 h with LPMan-GPC3/CL097 containing 5 ug/ml GPC3 plus 0.5 pg/ml CLO97. The same amount of
LPMan-GPC3 containing 5 ug/ml GPC3, or free GPC3 (5 ug/ml) were used as control. Profiles show representative
of three independent experiments. B, C. AF488-labeled BSA (BSA) was used as the model antigen and encapsu-
lated with LPMan as performed as GPC3. BMDCs (3x10%/ml) were stimulated with LPMan-BSA/CL097 containing
5 pg/ml-BSA plus 0.5 ug/ml-CLO97, or LPMan-BSA/CLO97 containing 5 ug/ml BSA plus 5 yg/ml CLO97, or LPMan-
BSA containing 5 pg/ml BSA, or 5 pug/ml free BSA for 30 min. The percentage (B) and amount (C, as indicated by
mean fluorescent intensity) of BSA in CD11c* DCs was determined. **P<0.01 compared with the group treated with
free BSA. D, E. Each mouse received 5 ug of AF-BSA in the form of LPMan-BSA (n=5) or received 5 pg of AF-BSA
plus 5 pg of CLO97 in the form of LPMan-BSA/CLO97 via subcutaneous injection (n=5). raining lymph nodes were
removed 48 h later. D. Profiles show the presence of AF-BSA in CD11c* cells of the draining lymph nodes. E. Bars
show the total numbers of MHCII*CD11c* cells, CD11c*CD8a* cells and CD11c*CD8xCD103* in draining lymph
nodes of each mouse. Data are shown as mean + SE, and un-paired t test was conducted between the two groups.
*P<0.05; **P<0.01.

for MHC-1 binding (Figure 1B), were all enhanced GPC3 nanovaccine containing CLO97 pro-
significantly after the cells were stimulated with motes migratory DC antigen uptake, matura-
GPC3 plus CLO97. The stimulation also en- tion and migration to draining lymph nodes
hanced the expression levels of Sec22b, CD74,

GILT, HSP9O, and EDEM1, EDEM2, which are For better targeting lymph nodes where naive
involved in recruiting ER proteins to phago- T-cells reside, we synthesized positively ch-
somes and translocating antigen from phago- arged cationic LPMan according to our previous
somes into cytosol, accelerating ER-associated report [19]. Using a previously defined molar
degradation of misfolded polypeptides (Figure ratio of 95% DOTAP and 5% DSPE-PEG-Man, we
1C). identified that the optimal encapsulation effi-
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ciency was 1 pmol/ml LPMan with 100 ug/ml
GPC3 (Supplementary Table 2). At this ratio, the
maximal CLO97 inclusion was 50-100 pg/ml.
The particles showed no variation in the diam-
eter but had decreased the surface charge with
an increasing CLO97 concentration (Supple-
mentary Table 3). In the presence of the maxi-
mal concentration of mannosylate residues, no
significant difference was found after CLO97
was added into LPMan-encapsulated GPC3
(LPMan-GPC3/CL0O97) (Figure 1D). We pre-
pared the GPC3 nanovaccine at the ratio of 1
pmol LPMan with 100 ug of GPC3 plus 10 ug of
CLO97 for in vitro, and 1 ymol LPMan with 100
ug of GPC3 plus 100 pg of CLO97 for in vivo
experiments.

We stimulated BMDCs with LPMan-GPC3/
CLO97 containing 5 yg/ml GPC3 plus 0.5 pg/
ml CLO97, or LPMan-GPC3 containing 5 pg/ml
GPC3, or 5 yg/ml purified GPC3. FCM analysis
showed that LPMan-GPC3/CL0O97 significantly
increased the surface expression of CD83,
MHC-I and MHC-II (Figure 2A). CCR7 expres-
sion, which is required for DC migration to
draining lymph organs, was also significantly
augmented (Figure 2A).

We used AF-BSA as a model antigen to confirm
antigen uptake and delivery in lymph nodes.
FCM analysis showed that 33% of CD11c* cells
were AF-BSA positive when free AF-BSA added,
but more than 65% of CD11c* cells were posi-
tive for AF-BSA when BMDCs were conditioned
with LPMan-BSA containing 5 pg/ml BSA
(Figure 2B). Adding different concentration of
CLO97 into LPMan-BSA did not alter the anti-
gen-internalization capacity (Figure 2C). We
injected 50 pl of LPMan-BSA/CLO97 containing
5 ug of AF-BSA plus 5 ug of CLO97, or the same
amount of LPMan-BSA subcutaneously into
mice. The encapsulated antigens were well
drained to lymph nodes and taken up by CD11c*
cells 2 days later (Figure 2D). In the presence of
CLO97, the total numbers of MHCII*CD11c?,
particularly CD11c¢*CD8«x* and CD103* DCs
cells which were potent for priming CD8* T cells,
increased significantly in the draining lymph
nodes (Figure 2E).

GPC3 nanovaccines containing CLO97 are effi-
ciently processed in ER-Golgi system of migra-
tory DCs for activating CD4* T and CD8* T cells

BMDCs were conditioned with LPMan-BSA/
CLO97 containing 5 pg/ml AF-BSA plus 0.5 pg/
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ml CLO97, or LPMan-BSA containing 5 pg/ml
AF-BSA or free AF-BSA for 3 h. Immunofluo-
rescence microscopy analysis showed that the
internalized antigen delivered by LPMan was
mainly co-localized with early endosomes (EEA-
1), inside the ER (Grp78) and Golgi apparatus
(Giantin), particularly in the presence of CLO97
(Figure 3Aa-c). Compared with free AF-BSA-
treated BMDCs, internalized antigen delivered
by LPMan was hardly detected within lyso-
somes (as indicated by LAMP-1) (Figure 3Ad).

To verify the effect of LPMan-GPC3/CLO97-
conditioned migratory DCs in priming naive T
cells for the generation of GPC3-specific T cells,
we treated BMDCs with 5 pg/ml of LPMan-
GPC3/CL097, or LPMan-GPC3, or free GPC3 for
24 h. Negatively selected T cells were labeled
with CFSE and co-cultured with the above con-
ditioned BMDCs for 5 days. T-cell proliferation
(both CD8* T and CD4* T cells) was only
observed when the cells were stimulated with
BMDCs, which were conditioned with LPMan-
GPC3/CL0O97 (Figure 3B), indicating the anti-
genin LPMan-GPC3/CL0O97 could be processed
professionally.

LPMan-GPC3/CL097 immunization prevents
DEN-induced premalignant hepatocytes to
tumor development in an autochthonous liver
cancer murine model

A single postnatal injection of DEN induces
hepatocyte DNA damage and results in mouse
liver cancer, the development course of which
is similar to human HCC [25]. The tumor pro-
genitors have been identified to highly express
GPC3, AFP and other malignant markers 2-3
months after DEN and develop to an HCC mass
in the inflamed liver [27]. Because HCC mainly
develops in an HBV background [28], we adopt-
ed the method to induce murine autochtho-
nous liver cancer by injecting one dose of DEN
to an HBV-transgenic mouse at 2 weeks old
(Figure 4A). By wk6 after DEN, clusters of pre-
malignant hepatocytes were observed with
GPC3 over-expression (Figure 4B). Liver cancer
nodules were firstly observed by wk14, and
many cancer nodules developed by wk20 after
DEN, with more than 90% of the tumor cells
expressing GPC3 (Figure 4B).

Starting at wk8 after DEN, when GPC3 over-
expressing premalignant hepatocyte clusters

Am J Transl Res 2018;10(6):1736-1749
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Figure 3. Fate of internalized antigens in DCs delivered by mannosylated liposomes. A. AF488-labeled BSA (BSA,
green) was used a model antigen. BMDCs were treated for 3 h with 5 ug/ml BSA alone, or LPMan-BSA containing 5
pg/ml BSA, or LPMan-BSA/CLO97 containing 5 ug/ml-BSA plus 0.5 pg/ml-CLO97. The cells were washed and placed
on poly-L-lysine-coated slides and then were fixed with 2% paraformaldehyde for 10 min. The cells were stained with
Cy3-labeled (red) antibodies of anti-EEA-1 (a), anti-Grp78 (b), anti-Giantin (c) or anti-LAMP1 (d). One representative
experiment of five is shown. B. BMDCs were treated with LPMan-GPC3/CL0O97 containing 5 pg/ml GPC3 plus 0.5
ug/ml CLO97, or same amount of LPMan-GPC3 containing 5 ug/ml GPC3 for 24 h. Untouched T cells were isolated
from naive mice and labeled with 5 uM CFSE. The two cell populations were co-cultured at the ratio of 1-BMDC to
20-T cells for 5 days. CD4* T cell (left panel) and CD8* T cell (right panel) proliferation levels were determined by FCM
(one representative experiment out of three).

generated, we immunized the DEN-treated HBV- immunized mice, the elevation of serum ALT,
transgenic mice 4 times with LPMan-GPC3/ which reflects the status of hepatocyte damage
CLO97 every 2 weeks (Figure 4A). At the indi- related to the accumulation of HBV surface
cated time point, each mouse received 2.5 ug, antigens [24], was alleviated, particularly in the
5 ug, or 50 yg of GPC3 with 5 pg of CLO97. group of mice immunized with 5 pg of GPC3
Sham-immunized mice were given LPMan/ plus 5 ug of CLO97 (Figure 4C). Anti-GPC3 anti-
CLO97 containing 5 ug of CLO97 in the same body began to be detectable after immuniza-
way. Compared with un-immunized and sham- tion for 2 doses (Figure 4D).
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Figure 4. Effect of LPMan-GPC3/CL0O97 immunization on liver cancer development in a DEN-induced murine au-
tochthonous liver cancer model. A. Experimental scheme. Male HBV-transgenic mice (HBV-Tg) received 25 mg/
kg of DEN intraperitoneally at 2 weeks old. They were immunized 4 times with LPMan-GPC3/CL097. At each time
point, each mouse received 2.5 yg (n=5), 5 ug (n=15) or 50 ug (n=5) of GPC3 plus 5 pg of CLO97 starting 8 weeks
after DEN injection (wk8). Sham-immunized mice received 5 pg of CLO97/mouse in the form of LPMan-CLO97 at
the same time. The livers of DEN-administered mice were sampled at wk6, wk8, wk14, wk16 and wk20 after DEN.
B. H&E staining, and anti-GPC3 immunohistochemistry staining of the mouse liver sampled at wk6 and wk20 after
DEN administration. C. Variation of serum ALT determined at different time points, **P< 0.05 compared with serum
ALT determined at wk8. D. Serum anti-GPC3 antibody concentration at different time points. E. Tumor numbers of
different sizes counted at wk15 and wk20 in the mice immunized with different dose of GPC3. Un-paired t test was

conducted. *P<0.05 and **P<0.01 compared with sham-immunized mice.

By wk20 after DEN all mice were sacrificed and
all the mice developed liver cancer. However,
compared with sham-immunized mice, the
tumor burden in LPMan-GPC3/CLO97 immu-
nized mice was reduced significantly, with a
maximal decrease in the mice that received 5
ug of GPC3 plus 5 pg of CLO97 (Figure 4E). We
repeated our experiments in another batch of
DEN-treated HBV-transgenic mice to confirm
the effect by administration 4 doses of LPMan-
GPC3/CL097 containing 5 ug of GPC3 plus 5
ug of CLO97. In each group, 5 mice were sacri-
ficed 1 week after the last immunization (wk15
after DEN). All unimmunized (5/5) and sham-
immunized (5/5) mice developed liver tumor
nodules. Only 1/5 mice immunized with LPMan-
GPC3/CL0O97 developed one small-volume tu-
mor nodule (Figure 4E). Consistent with the
previous observation, LPMan-GPC3/CLO97-im-
munized mice developed significantly fewer
tumor numbers than sham-immunized mice by
wk20. No significant difference was observed
in the tumor burden between sham group
and LPMan-GPC3 or GPC3 immunized mice

(Supplementary Figure 1).

LPMan-GPC3/CL0O97 immunization-induced
GPC3-specific T cells eliminate GPC3-
expressing tumor cells

Mouse splenocytes were collected 1 week after
last immunization (wk15) and re-stimulated
with 5 pg/ml purified GPC3 protein. The num-
bers of GPC3-specific CD4* IFNy-producing and
CD8* IFNy-producing cells were all significantly
increased in LPMan-GPC3/CLO97-immunized
than in sham-immunized mice. Among spleen
CD3* T cells, ~1.5% were GPC3-specific CD4*
IFNy-producing cells, and ~0.25% were GPC3-
specific CD8* IFNy-producing cells (Figure 5A).
After the cells were stimulated with GPC3, IFNy
was increased by ~2.5 fold and Granzyme B
was increased by ~1.6 fold in the LPMan-GPC3/
CLO97-immunized mice (Figure 5B).
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To confirm the T-cell activity in eradicating
GPC3-expressing tumor cells, we over-expre-
ssed GPC3 in Hepal-6 cells (Hepa/GPC3)
(Supplementary Figure 2) derived from C57-
BL/6 mice [8] and confirmed the H-2K®/H2-DP
expression in the cells (Figure 5C). IHLs were
isolated and co-cultured with Hepa/GPC3 for 4
h. The antigen-specific cytotoxicity was incre-
ased significantly in the IHLs from LPMan-
GPC3/CLO97-immunized compare with that in
sham-immunized mice (Figure 5D).

We collected liver interstitial fluid and quanti-
fied IFNy and Granzyme B produced locally 6
weeks after the last immunization. Significantly
higher amounts of these two cytokines were
presented in LPMan-GPC3/CLO97-immunized
mice compared with that in sham-immunized
mice (Figure 5E). After the IHLs were stimulat-
ed with GPC3, ~0.4% of CD4* T cells and ~0.7%
CD8* T cells were GPC3-specific IFNy-producing
cells (Figure 5E).

Discussion

By synthesizing LPMan as a vaccine delivery
system and incorporating TLR7/8 agonist
CLO97 as the adjuvant, we prepared the GPC3
nanovaccine, LPMan-GPC3/CLO97. The vac-
cine efficiently targeted draining lymph nodes
where naive T cells reside, promoting DC matu-
ration with increased surface expressions of
MHC-I and MHC-Il, and CCR7. The delivered
antigen in DCs escaped from lysosomes and
was processed professionally into the MHC-I
antigen presentation pathway. Consequently,
naive T cells were primed and GPC3-specific
CD4* T and CD8* T cells were de novo generat-
ed that could eradicate GPC3-expressing tumor
cells. Immunization with 4 doses of LPMan-
GPC3/CL0O97 containing 5 yg of GPC3 plus 5
pg of CLO97 could prevent carcinogen-induced
premalignant/malignant hepatic lesion devel-
opment to cancer in HBV-transgenic mice.
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Figure 5. Immunization of LPMan-GPC3/CL0O97 induces potent immunity, eliminating GPC3-expressed tumor cells.

A, B. Splenocytes (5x10%/ml) were isolated from sham- or LPMan-GPC3/CL0O97-immunized mice and stimulated
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with 5 ug/ml GPC3 protein for 72 h. A. The percentage of IFNy-producing CD4* T and CD8* T cells (based on CD3* T
gating) and absolute numbers in each spleen were presented. Dot plot profile is one representative of the five mice
in each group. B. The increased folds of IFNy and Granzyme B in the GPC3-stimulated splenocyte supernatants from
LPMan-GPC3/CL0O97-immunized mice. C. Confirmation of GPC3 expression by western blotting and MHC-I surface
expression by FCM using PE-labeled anti-H2KP/H2DP-specific antibody on Hepa and Hepa/GPC3 cells which were
constructed by transfecting Hepal1-6 with plasmid (Supplementary Figure 2). D. IHLs (as effector) were isolated from
LPMan-GPC3/CLO97-immunized or sham-immunized mice and co-cultured with CFSE-labeled Hepa/GPC3 cells (as
target) for 4 h at the ratio of 40 effectors to 1 target. Percentage of double positivity for CFSE and PI cells was
calculated. E. All mice were sacrificed at wk20 after DEN administration. The concentration of IFNy and Granzyme
B in the livers of sham- or LPMan-GPC3/CLO97-immunized mice was measured using commercialized ELISA kits.
Percentage and total numbers of IFN-y*CD4* T cells or IFN-y*CD8* T cells in the livers of sham- or LPMan-GPC3/

CLO97-immunized mice are presented. Un-paired t test was conducted. *P<0.05. **P<0.01.

GPC3-specific T cells generated after immuni-
zation could eliminate GPC3-expressing tumor
cells to prevent HCC. The current study provid-
ed a possible approach for cirrhotic patients
with malignant precancerous lesion nodules.

DCs have been found to play fundamental roles
in cell-based vaccination immunotherapy [29,
30]. Our current results displayed that many
key molecules involved in MHC-I presentation
were significantly augmented when BMDCs
were stimulated with GPC3 plus CLO97. These
results provided the molecular basis for TLR7/8
agonists in activating migratory DCs to induce
antigenic peptide presentation on MHC-I mole-
cules to prime naive CD8* T cells. Because
naive T cells do not directly patrol peripheral
tissues, it is crucial to deliver antigen to drain-
ing lymph nodes to generate antigen-specific
CD4* and CD8"* T cells, which are both required
to reject established tumor cells [13]. Previous
studies have reported that mannosylated anti-
gens without the addition of adjuvants could be
processed in both MHC-I- and MHC-Il-pre-
senting pathways and induce the generation of
antigen-specific CD4* T and CD8* T cells [19,
31]. The addition of some TLR agonists is help-
ful to cross-present protein vaccines that are in
a cell's external environment to prime naive
CD8* T cells [14]. Our functional assay validat-
ed that only the DCs conditioned with LPMan-
GPC3/CL097, not LPMan-GPC3, could stimu-
late T-cell proliferation. Notably, the vaccine
with CLO97 increased the numbers of DCs in
draining lymph nodes, particularly cells that
have potent capacity of antigen cross-presen-
tation i.e., CD11c*CD8a* and CD11c*CD8ar
CD103* cells [14]. The current study indicated
that the addition of CLO97 in the vaccine for-
mula was necessary to induce the de novo gen-
eration of GPC3-specific CD4* and CD8* T cells.

Promising results from clinical trials were
observed in advanced HCC patients receiving
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GPC3-peptide vaccines [32] but not in anti-
GPC3 specific antibody therapy [33]. Peptide
vaccine needs the exact MHC-I molecule to
induce monoclonal or oligoclonal T-cell popula-
tions. In addition, some of the synthetic short
peptides predicted by computer may not be
presented by the targeted malignant cells. The
whole GPC3-protein vaccine could induce mul-
tiple clones of T cells when the protein is pro-
cessed and presented by potent DCs in appro-
priate ways. Our results showed that LPMan-
encapsulated GPC3 containing CLO97 was
processed professionally in migratory DCs,
subsequently inducing the GPC3-specific CD4*
T and CD8* T cell generation.

We injected DEN into HBV-transgenic mice to
possibly simulate HCC development clinically in
the HBV background. Dysplastic hepatocytes
and GPC3-positive cell clusters were detected
6 weeks after DEN injection, which was recent-
ly confirmed as liver cancer progenitors [27].
Our results showed that immunization begin-
ning at the stage when premalignant/malignant
hepatocytes generated could prevent liver can-
cer development. Although the mice immunized
with the GPC3 nanovaccine developed liver
cancer, the tumor burden reduced significantly
in the GPC3-immunized mice compared with
sham-immunized mice. The HCC-associated
antigen GPC3 proves as a useful target. Still
better strategy is required to be developed in
order to eradicate the established tumors,
including induction of more potent GPC3-
specific CD4* T and CD8* T cells, or in combina-
tion with the immune check-point inhibitors.

In summary, the GPC3 nanovaccine LPMan-
GPC3/CLO97 efficiently targeted draining lym-
ph nodes where naive T cells reside. When pre-
cancerous hepatocytes generated, immuniza-
tion with LPMan-GPC3/CL0O97 induced speci-
fic T-cell immunity, eliminating GPC3-expre-
ssing tumor progenitors or tumor cells. Hence,
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when the malignant precancerous lesion nod-
ules were presented in the cirrhotic liver, immu-
nization with LPMan-GPC3/CL0O97 could pre-
vent HCC development. The benefit of the vac-
cine must be evaluated in high-risk patients.
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Supplementary materials and methods
Reagents and cell lines

1,2-Dioleoyl-3-trimethylammonium-propane (DOTAP) and 1,2-distearoyl-sn-glycero-3-phosphoethanol-
amine-N-[amino (polyethylene glycol)-2000] (DSPE-PEG-NH2) were purchased from Avanti Polar Lipids
(Alabaster, USA).

Hepal-6 cells were purchased from ATCC and cultured in RPMI medium. HepG2 cells were cultured in
DMEM medium. LO2 cells were kindly provided by Professor Ganggiao Zhou at National Center for
Protein Sciences, Beijing, China.

Analysis of molecular expression in migratory DCs

Bone marrow cells were collected from C57BL/6 mouse femur and tibia and cultured in RPMI 1640
medium containing 5% fetal calf serum, 50 mM 2-ME and 20 ng/ml recombinant mouse GM-CSF
(Peprotech, USA) at 37°C for 6 days to generate BMDCs using standard laboratory protocols [1]. In total
3x10%/ml BMDCs were stimulated with 5 ug/ml GPC3, or 5 ug/ml GPC3 plus 0.5 pg/ml CLO97 (Invivogen,
CA). After stimulation for 24 h, we collected the cells, prepared RNA using TRIzol (Invitrogen) and synthe-
sized cDNA using PrimeScript RT Reagents (Takara, Dalian, China) following the manufacturer’s proto-
cols. Quantitative Real-Time PCR (QRT-PCR) was performed using SYBR Premix Ex Taq on an Applied
Bio-systems 7500 Real-Time PCR system (Life Technologies) with the primers provided in Supplementary
Table 1. The relative mRNA levels were determined with GAPDH as control and represented as 224CT
based on report [2].

Characterization of GPC3 nanovaccine containing CLO97 using mannosylated liposome

LPMan encapsulation efficiencies of GPC3 and CLO97 were determined by measuring the percentage
of liposome-bound components after removing free GPC3 and CLO97 by dialysis (molecular weight cut-
off: 100 kD). Liposome-bound components were then treated with 10% Triton X-100, followed by mea-
surement of the protein levels using the Pierce BCA Protein Assay Kit (Thermo Scientific, MA) and CLO97
level using UPLC-Q/TOF as we described previously [3, 4]. For optimal encapsulation efficiency, the
mannose residues exposure on LPMan, LPMan-GPC3 and LPMan-GPC3/CLO97 was determined by con-
canavalin A agglutination assay [3].

In total 100 ul of concanavalin A at the concentration of 0.1 mg/ml was mixed with 10 ul 0.1 mmol/ml
different liposomes, and the absorbance at 390 nm was measured at different time points by Synergy
H1 Hybrid Multi-Mode Reader. To determine the agglutination caused by mannose residues exposure
on liposomes, concanavalin A pre-blocked with mannose was mixed with LPMan, and the absorbance
at 390nm was measured. DOTAP (LP) was also measured.

Detection of anti-GPC3 antibodies

To determine anti-GPC3 antibodies, all serum samples were stored at -20°C and detected at the same
time using a method established in our laboratory. Briefly, purified recombinant GPC3 protein was dis-
solved in carbonate bicarbonate buffer (pH 9.6) at 1 ug/ml and added to high-bound ELISA microtiter
plates (100 pl/well). After being incubated at 4°C overnight, the plates were blocked with PBS contain-
ing 3% BSA for 2 h at room temperature. Diluted mouse serum (100 ul/well) was added, and normal
mouse serum was used as the negative control, while mouse anti-GPC3 (BioMosaics, Burlington, VT)
was used as the positive control. After incubation overnight at 4°C, the plates were washed and incu-
bated with 1:10,000 diluted HRP-conjugated goat anti-mouse IgG (zsbio, Beijing, China) for 1 h at room
temperature. The plates were colorized by adding tetramethylbenzidine for 30 min. The optical densities
(OD) were measured at 450 nm using a spectrophotometer (Rayto, China). Cutoff value was set as the
average OD450 nm calculated from 6 wells of normal serum plus a 3-fold standard deviation.
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Generation of GPC3-expressing murine hepatoma cell line

A GPC3-expressing plasmid was constructed by sub-cloning the human GPC3 DNA fragment (73 to 600)
in frame into the p3xFLAG-cmv-14 vector (Sigma) to generate Pcmv-GPC3 (Supplementary Figure 2).
The Pcmv-GPC3 plasmid contains the amino acids of GPC3 from 25 to 200 in the N-terminus. A murine
hepatoma cell line, Hepal-6, with the C57BL background was transfected with Pcmv-GPC3. Stable
transfected cells (Hepa/GPC3) were selected in the presence of 1 mg/ml of G418 for 4 weeks. To con-
firm GPC3 expression, cell lysates were prepared from Hepal-6 and Hepa/GPC3 cells. Immunoblotting
with the anti-human GPC3 antibody (Biomocaics, VT) and anti-human B-actin antibody (Sigma) was
used. HRP-conjugated secondary antibody was incubated with the membranes, and the target protein
bands were detected using ECL Western Blotting Substrate (Thermo Fisher Scientific, USA).

Quantification of cytokines in liver tissues and in cell culture supernatant

To quantify Granzyme B and IFNy in liver tissues, interstitial liquid was prepared as reported previously
[5]. Each 100 mg tissue sample was cut into small pieces in 400 pl of ice cold normal saline and incu-
bated on ice for 15 min. The Granzyme B and IFNy concentrations in the liver interstitial fluid and cell
culture supernatant were measured using commercialized ELISA kits (eBioscience) according to the
manufacturer’s instructions.

Immunofluorescent staining

BMDCs were then stimulated with LPMan-BSA/CL0O97 containing 5 ug/ml AF-BSA plus 0.5 ug/ml CLO97,
or the same amount of LPMan-BSA, or free AF-BSA for 3 h at 37°C in an atmosphere of 5% COZ. After
extensive washing twice with PBS, the cells were placed on poly-L-lysine-coated slides using Cytospin
(WESCO), and fixed with 2% (wt/vol) paraformaldehyde for 10 min at room temperature. Cells were per-
meabilized in PBS containing 0.1% (wt/vol) saponin for 10 min at room temperature, washed, and incu-
bated with goat anti-EEA1 (N-19), or anti-Erp78 (N-20), or anti-Giantin (N-18, Santa Cruz, CA) or anti-
LAMP1 (Sigma-Aldrich, MO) overnight at 4°C and then stained with Cy3-labeled donkey anti-goat 1gG
antibodies for 1 h at room temperature. After extensive washing, the glass slides were mounted with
Vectashield. Image acquisitions and analysis were performed using a Leica microscope and software
(Wentzler, Germany).

Flow cytometry (FCM) analysis

The following antibodies were all purchased from eBioscience: anti-mouse CD45 (30-F11), CD3 (145-
2C11), CD4 (GK1.5), CD8« (53-6.7), IFN-y (XMG1.2), CD103 (2E7), CD11c (N418), and CCR7 (4B12).
Anti-mouse H-2KP/H-2DP (28-8-6), MHCII (m5/114.15.2), and CD83 (MICHEL-19) were purchased from
Biolegend (San Diego, CA). Flow cytometry was performed using standard laboratory protocols. Briefly,
fluorescence conjugated antibody was added directly to the cell suspension for 30 min in the dark at
4°C for cell surface antigens staining. To detect the presence of GPC3-specific T cell, splenocytes were
collected and ex vivo stimulated immediately with the human GPC3 proteins (10 ug/ml) for 90 h. Cells
were collected, stained with surface markers and then fixed with 100 pl of intracellular Fixation Buffer
(eBioscience) for 30 min on dark at 4°C. After twice washing with 1x Permeabilization Buffer (eBiosci-
ence), cells were re-suspended with PE/Cy7-conjugated anti-mouse IFN-y antibody diluted in 100 ul of
1x Permeabilization Buffer (eBioscience) and incubated in the dark at room temperature for 45 min.
After twice washing, cells were re-suspended in PBS containing 0.1% BSA and 1 mM EDTA. Data were
acquired in an LSR-Il sytem (Becton Dickinson, San Diego, CA) and analyzed using Flowjo software (Tree
Star Inc, Asland, OR).

Antigen-specific cytotoxicity assay

Liver tissues were harvested and intrahepatic lymphocytes (IHL) were collected as previous reported
[6]. Hepal-6 tumor cells were labeled with 2 yM CFSE at 37°C for 10 min. After washing twice with PBS,
2000 CFSE-labeled Hepa/GPC3 cells were co-cultured with 8,000 IHLs for 4 h. The killing of target
Hepa/GPC3 cells was analyzed by flow cytometry. The specific killing activity was measured using the
following formula: (1-ratio of CFSE in the absence of IHL/ratio of CFSE in the presence of IHL) x100.

2
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Supplementary Table 1. List of mouse quantitative RT-PCR primers

Genes Accession Number Sequence (5’ to 3') Location F/R Product Size

Bip NM_001163434 GCATCACGCCGTCGTATGT 182-200 F 134 bp
ATTCCAAGTGCGTCCGATGAG 315-295 R

Calreticulin NM_007591 AAGATGCCCGATTTTACGCAC 209-229 F 110 bp
CCCACAGTCGATATTCTGCTC 318-298 R

Cd74 NM_001042605 AGATGCGGATGGCTACTCC 266-284 F 96 bp
TCATGTTGCCGTACTTGGTAAC 361-340 R

Edem1 NM_138677 TCCAGAAGGCAGTCAAGTTAGT 590-611 F 89 bp
CAGAACCCTTATCGTAGCTTCG 678-657 R

Edem2 NM_145537 ACCACGCCTACGACAGTTAC 131-150 F 113 bp
GGCATCAATTAGCGTCAGAGAA 243-222 R

Erapl NM_030711 TAATGGAGACTCATTCCCTTGGA 93-115 F 102 bp
AAAGTCAGAGTGCTGAGGTTTG 194-173 R

Erp57 NM_007952 CATGCTAGTCGAGTTCTTCGC 141-161 F 119 bp
CAGTGCAATCCACCTTTGCTAA 259-238 R

Gapdh NM_008084 AGGTCGGTGTGAACGGATTTG 8-28 F 123 bp
TGTAGACCATGTAGTTGAGGTCA 130-108 R

Gilt NM_023065 CCTGGTCTCCGATCCTACCAT 5-25 F 118 bp
TTGCAGGTGGTTGTGCCTT 122-104 R

Hsp90 NM_010480 TGTTGCGGTACTACACATCTGC 1388-1409 F 116 bp
GTCCTTGGTCTCACCTGTGATA 1503-1482 R

Sec22b NM_011342 CTGACGATGATCGCCCGTG 10-28 F 107 bp
TGCTTAGCCTGACTCTGATACTG 116-94 R

Tapl NM_013683 GGACTTGCCTTGTTCCGAGAG 253-273 F 116 bp
GCTGCCACATAACTGATAGCGA 368-347 R

Tap2 NM_011530 CTGGCGGACATGGCTTTACTT 40-60 F 130 bp
CTCCCACTTTTAGCAGTCCCC 169-149 R

Tapbp NM_001025313 GGCCTGTCTAAGAAACCTGCC 118-138 F 97 bp
CCACCTTGAAGTATAGCTTTGGG 214-192 R
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Supplementary Figure 1. Tumor numbers of different sizes determined at wk20 after DEN administration in differ-
ently treated mice. Male HBV-transgenic mice (HBV-Tg) received 25 mg/kg of DEN intraperitoneally at 2 weeks old
(wkO). They then received different treatments starting from wk8 after DEN administration for 4 doses, as shown in
Figure 4A. Un-paired t-test was conducted. **P<0.01 compared with sham-immunization. U/I: Mice did not receive
any treatment after DEN administration. Sham: Mice were immunized with LPMan-CLO97, each dose containing
5 pg of CLO97, n=5. GPC3: Mice were immunized with 5 yg of purified GPC3, n=5. LPMan-GPC3: Mice were im-
munized with LPman-GPC3, each dose containing 5 ug of GPC3. LPMan-GPC3/CL097: Mice were immunized with
LPMan-GPC3/CL097, each dose containing 5 pg of GPC3 plus 5 pg of CLO97.
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Supplementary Figure 2. Diagram of the GPC3-expressing plasmid pCMV-GPC3. The human GPC3 DNA fragment
(73 to 600) was created by subcloning into the p3xFLAG-cmv-14 vector (Sigma), which contains the amino acids
from 25 to 200 in the N-terminus.

Supplementary Table 2. Encapsulation efficiency and character with differ-
ent concentrations of GPC3

Component Particle character

DOTAP  DSPE-PEG-Man  GPC3 Encapsulation Diameter Surface Charge

(molar ratio, 1 pmol/ml) (ug/ml) Efficacy (%)  Z-Ave (nm) Zeta P (mV)

95% 5% 0 0 158.3+9.8 48.6+8.1
50 62.54 111.443.0 38.8+£1.8
75 41.72 100.6+2.9 37.2+1.8
100 96.02 105.4+7.4 42.2+1.2
125 80.76 137.7+2.1 49.9+2.8
150 65.9 144.5+2.9 48.6+7.6
175 73.16 136+12.3 46.6+8.0
200 76.92 143.2+3.5 52.6+1.5

Supplementary Table 3. Encapsulation efficiency and character with differ-
ent concentrations of CLO97

Component Particle character
DOTAP DSPE-PEG-Man GPC3 CLO97 Encapsulation Diameter Voltage
(molar ratio, ymol/ml)  (ug/ml) pg/mi Efficacy (%) Z-Ave (nm) Zeta P (mV)

95% 5% 100 0 96.02 105.4+7.4 42.2+1.2
1 95.96 105.1+3.8 42.0+1.5

10 95.93 104.8+4.7 40.9+1.1

50 95.89 106.4+3.0 38.8+1.8

100 95.65 101.4+1.4 29.5%£1.0

150 80.76 117.7+2.1  19.9+2.8

200 65.9 114.5+2.9 18.6+7.6
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Supplementary Figure 3. Cytokine production after stimulation with
GPC3 protein in the splenocytes of mice sacrificed at wk20 after DEN
administration. Splenocytes (5x10%/ml) were isolated from sham- or
LPMan-GPC3/CLO97-immunized mice and stimulated with 5 pg/ml
GPC3 protein for 72 h. A. The percentage of IFNy-producing CD4* T and
CD8* T cells (based on CD3* T gating) and absolute numbers in each
spleen were presented. Dot plot profile is one representative of the five
mice in each group. B. Folds increases in the IFNy and Granzyme B lev-
els in GPC3-stimulated splenocyte supernatants from LPMan-GPC3/
CLO97-immunized mice. Un-paired t test was used for statistical analy-
sis. *P<0.05. **P<0.01.



