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Viral infection is associated with many types of tumorigenesis, including human
papillomavirus (HPV)-induced cervical cancer. The induction of a specific T-cell response
against virus-infected cells is desired to develop an efficient therapeutic approach for
virus-associated cancer. Chinese herbal medicine (CHM) has a long history in the
treatment of cancer patients in Asian countries. Hedyotis diffusa Willd (Bai Hua She She
Cao, BHSSC) is frequently used clinically and has been shown to inhibit tumor growth
in vitro. However, in vivo data demonstrating the antitumor efficacy of BHSSC are still
lacking. We showed that BHSSC induces murine and human antigen-presenting cell
(APC) activation via the MAPK signaling pathway and enhances antigen presentation in
bone marrow-derived dendritic cells (BMDCs) in vitro. Furthermore, we identified that
treatment with BHSSC leads to improved specific effector and memory T-cell responses
in vivo. Variant peptide-based vaccines combined with BHSSC improved antitumor
activity in preventive, therapeutic, and recurrent HPV-related tumor models. Furthermore,
we showed that rutin, one of the ingredients in BHSSC, induces a strong specific
immune response against HPV-related tumors in vivo. In summary, we demonstrated
that BHSSC extract and its active compound, rutin, can be used as adjuvants in
peptide-based vaccines to increase immunogenicity and to bypass the requirement of a
conditional adjuvant.

Keywords: cervical cancer, Chinese herbal medicine, Hedyotis diffusa Willd, peptide-based cancer vaccine, human
papillomavirus
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INTRODUCTION

Human papillomavirus (HPV) infections may account for the
development of several cancers, and a link between HPV
infection and squamous cell cancer of the cervix has been
identified (1). Cervical cancer, the fourth most common cancer
in women, affects women below the age of 45 (2). Nearly all cases
of cervical cancer are attributed to infection with high-risk HPV
type 16 or type 18. Currently, commercial HPV vaccines contain
the HPV capsid protein (L1), which can induce neutralizing
antibodies that block HPV type 16/18 viral infection but do
not act against virus-infected or cancerous cells (3). Therefore,
the development of efficient therapeutic approaches for HPV-
associated cancer is still needed.

Moreover, the mechanisms of HPV-induced neoplastic
transformation have been determined (4). Oncogenes E6 and
E7 are major HPV genes involved in neoplastic transformation,
and the main targets of these viral proteins are the cellular
tumor suppressor proteins p53 and pRB (5). The HPV E7
oncoprotein is highly conserved among different HPV genotypes
(6). Therefore, the E7 protein is suitable for use as a tumor-
specific target for therapeutic vaccine development to treat HPV-
associated cancer. Due to the emphasis on safety, a new approach
for vaccine development involves using highly purified peptides
or recombinant proteins as the target antigen; however, these
vaccines often have poor immunogenicity.

Chinese herbal medicine (CHM) has a long history in
the treatment of various human diseases, including tumors,
infections, and autoimmune diseases, in Asian countries. Some
studies have demonstrated that CHM may enhance antitumor
activity through increasing tumor apoptosis (7-9), inhibiting
angiogenesis (10), and modulating the tumor microenvironment
(11). In a large-scale clinical analysis, patients with malignant
tumors who sought adjunctive CHM treatment had a better
overall survival rate than patients who did not undergo CHM
treatment (9, 12-14). Among frequently used forms of CHM,
Hedyotis diffusa Willd (Bai Hua She She Cao, BHSSC) is
associated with a reduced hazard ratio for mortality risk
in nasopharyngeal carcinoma and breast cancer (9, 12, 14).
Moreover, previous investigations have shown that H. diffusa
Willd possesses important pharmacological activities and is
capable of inducing apoptosis in ovarian cancer cells and
inhibiting cell proliferation in hepatocellular carcinoma (15, 16).
However, the role of H. diffusa Willd in the regulation of the
immune response and its therapeutic effect on HPV-related
cancer have not been investigated.

One of the important issues in cancer immunotherapy is
the generation of specific T-cell responses by dendritic cells
(DCs). As part of the vaccine development strategy, some weak
immunogenic vaccines contain adjuvants to enhance immunity
against immunogens and thereby increase the efficacy of the
vaccine. Therefore, many various adjuvant strategies for cancer
therapy are being examined in preclinical and clinical trials
(17). Recently, some studies identified that CHM extracts can be
used as adjuvants to induce cellular/humoral immune responses
in different vaccine strategies, such as Clitocybe nuda extracts,
which could induce specific Thl response in HER-2/neu DNA

vaccine; Carthamus tinctorius L. extracts, which could enhance
cytotoxic T lymphocytes (CTLs) and antitumor response in
DC vaccines; Rhodiola rosea L. extracts, which could promote
cellular and humoral immune responses in OVA protein vaccine;
and Astragalus membranaceus extracts, which could enhance
cellular and humoral immune responses through decreasing the
frequency of Tregs in HBV DNA vaccine (18-21). However, none
of the abovementioned herbal extracts were used as adjuvants for
peptide-based vaccines. As peptide-based vaccination is a vaccine
development strategy that enhances efficacy and minimizes
toxicity, it would be intriguing to know if CHM can be applied
as a safe and effective adjuvant in vaccine generation.

The mechanisms of tumorigenesis in HPV-induced cancer
have been reported; however, a practical therapeutic vaccine
for HPV-induced cancer is still under development. To
develop potentially safer and more effective HPV-related cancer
therapies, we screened CHM and showed that H. diffusa Willd
extract can be used as an immune stimulator combined with a
cancer vaccine. Furthermore, this combination endowed vaccines
with increased immunologic activity that may be used to bypass
the requirement for a conditional adjuvant.

MATERIALS AND METHODS

Cell Lines and Medium

TC-1 was derived from primary lung epithelial cells of C57BL/6
mice. The cells were immortalized with the amphotropic
retrovirus vector LXSN16E6E7 (contained HPV16 E6E7
genes) and subsequently transformed with the pVEJB plasmid
expressing the activated human c-Ha-ras oncogene, which
were a kind gift from Dr. T-C. Wu (Johns Hopkins University,
USA) (22). TC-1 cells were cultured in RPMI 1640 medium
(Gibco-BRL, NY, USA); the medium was supplemented
with 10% heat-inactivated fetal bovine serum (HyClone,
Logan, Utah, USA), penicillin (100 U/ml), and streptomycin
(100 pg/ml) (Gibco-BRL).

Peptides, Proteins, and Chemicals

Peptides (Table 1) that contained an MHC class I-restricted
CTL epitope derived from the HPV16 E7 protein or the
ovalbumin (OVA) protein (23-25) were purchased from
GeneDireX (Nevada, USA) or Kelowna International Scientific,
Inc. (Taiwan). The purity of all of the peptides was >90%.
The peptides were dissolved in dimethyl sulfoxide (DMSO)
(Sigma, MO, USA) at a concentration of 10 mg/ml and stored
at —80°C until use. OVA protein was purchased from Thermo
Fisher (USA) and dissolved in PBS at a concentration of 10
mg/ml. Selected chemicals in H. diffusa Willd used in this study
(Table S1) were purchased from ChemFaces (Hubei, PRC). The
chemicals were dissolved in DMSO at a concentration of 10
mg/ml and stored at 4°C until use.

Animals

Female C57BL/6 mice 6-12 weeks of age were obtained from
the National Laboratory Animal Breeding and Research Center
(Taipei, Taiwan). C57BL/6-Tg (TcraTcrb) 1100Mjb/] mice (the
Jackson Laboratory, ME, USA), which are also referred to as
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TABLE 1 | Peptides containing MHC class I-restricted CTL epitope derived from
HPV16 E7 protein and OVA protein are used in this study.

Peptide name Original protein Peptide sequence

RAH (short peptide) E7 protein RAHYNIVTFE

IDG (long peptide) E7 protein IDGPAGQAEPDRAHYNIVTFCCKC
SlI (short peptide) OVA protein SIINFEKL

EQL (long peptide) OVA protein EQLESIINFEKLTEWTSS

The underline indicates the sequence of MHC class I-restricted CTL epitope.

OT-1 mice, were designed to recognize OVA peptide residues
257-264 (OVAys57_264) in the context of H2K? (CD8 coreceptor
that interacts with MHC class I). All animals were housed at
the Animal Center of China Medical University (CMU) and
maintained in accordance with institutional animal care protocol.
All of the animal studies were approved by the animal committee
of CMU (2017-128).

Preparation of Chinese Herbal Medicine

Extract

H. diffusa Willd (BHSSC) powder was obtained from Sun Ten
Pharmaceutical Co., Ltd., which is a scientific Chinese medicine.
BHSSC powder was dissolved in distilled deionized water for
24h at room temperature and then with high-pressure saturated
steam at 121°C (249°F) for 15 min by an autoclave sterilizer. The
insoluble materials were removed by centrifugation at 3,000 rpm
for 30 min and stored at 4°C. Extracts were dissolved in water at
a concentration of 100 mg/ml and stored at —20°C until use. The
method of preparation of CHM extract was described previously
(9, 13). The HPLC profile of BHSSC is shown in Figure S1. A
stock of this batch of herbal powder is kept in the herbarium in
the School of Chinese Medicine, CMU, Taichung.

Culture of Mouse Bone Marrow-Derived

DCs (BMDCs)

BMDCs were harvested as described previously (24, 26). Bone
marrow cells from C57BL/6 mice were cultured in Petri dishes at
a density of 2 x 10° cells per milliliter in 10 ml of complete RPMI
1640 medium (Gibco, NY, USA) with 20 ng/ml of recombinant
mouse granulocyte-macrophage colony-stimulating factor (GM-
CSF; PeproTech Inc., New Jersey, USA). Complete RPMI
1640 medium consisted of RPMI 1640 medium supplemented
with 10% (v/v) heat-inactivated fetal calf serum, 25mM
HEPES (Biological Industries, Beit HaEmek, Israel), 100 U/ml
of penicillin, 100 pg/ml streptomycin sulfate, and 50 uM f-
mercaptoethanol (Sigma, MO, USA). On day 3, another 10 ml
of complete RPMI 1640 medium containing 20 ng/ml of GM-
CSF was added. On day 6, the BMDCs were collected from each
dish, washed, and counted. The final population of BMDCs in the
culture dish was about 60% (data not shown).

Culture of Human Monocyte-Derived DCs
(MoDCs)

Human MoDCs were harvested as described previously,
with minor modifications (27, 28). Human peripheral blood

mononuclear cells (PBMCs) were isolated from human blood
by Ficoll and Percoll gradients. Monocytes were enriched by
adherence as follows: 8 x 10° PBMCs were seeded in 10 cm dishes
containing 10 ml of complete RPMI 1640 medium for 18 h, and
then the suspended cells were removed by washing with RPMI
1640 medium. After washing, monocytes were cultured in 10 ml
of complete RPMI 1640 medium with 100 ng/ml of human GM-
CSF (PeproTech Inc., New Jersey, USA) and 100 ng/ml of human
IL-4 (PeproTech Inc., New Jersey, USA). On day 3, another 10 ml
of complete RPMI 1640 medium containing 100 ng/ml of GM-
CSF and IL-4 was added. On day 6, the MoDCs were collected
from each dish, washed, and counted. The population of MoDCs
in the culture dish was about 30% (data not shown).

DC Activation and Maturation

To investigate the effect of the CHM extract/compounds on
the functional maturation of DCs, 1 x 10° DCs per milliliter
were plated in complete RPMI 1640 medium. Then, 100 pg/ml
polymyxin B (PMB) (Sigma, MO, USA) with or without
CHM extract/compounds was added, and the cells were further
incubated for 18 h at 37°C in 5% CO,. As a positive control, the
cells were incubated with 3 ug/ml of lipopolysaccharide (LPS).
PMB has a high affinity for endotoxin and was used to neutralize
the effect of endotoxin. Treatment with PMB-spiked LPS was a
neutralization control. After incubation, the cells were harvested,
and DC surface markers were stained with fluorescence-labeled
anti-CDl11c¢, anti-CD40, and anti-CD86 monoclonal antibodies
(BD Bioscience, USA). The expression of these markers was
analyzed using a FACSVerse instrument (BD Bioscience, San
Diego, CA, USA). The supernatants from 18 h cultured cells were
isolated and assayed for IL-6 and TNF-a using an ELISA kit (BD
Bioscience, USA) according to the manufacturer’s protocol.

Western Blotting

BMDCs (1 x 10°/ml) were incubated for 30 min with 100 pg/ml
of PMB with or without BHSSC (50, 100, and 150 pg/ml).
Whole-cell lysates (15pg per lane) were separated by 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
then analyzed by Western blotting using specific antibodies
against ERK/p-ERK, p38/p-p38, INK/p-JNK, and NF«kB/p-NF«B
(Cell Signaling Technology, MA, USA). Actin (Merck-Millipore,
Darmstadt, Germany) was used as a loading control. Image]
1.42q software (NIH Image, National Institutes of Health; online
at http://rsbweb.nih.gov/ij/) was used to quantify the data in the
image. The density of the actin band was used to normalize
differences in loading. Expression levels were compared with
those of controls.

Internalization of DCs

BMDCs were pretreated with BHSSC or rutin (0, 50, 100,
or 150 ug/ml) for 18h at 37°C and then supplemented with
500 pg/ml FITC-labeled dextran (Sigma-Aldrich, MO, USA) for
an additional 30 min at 37 or 4°C. The harvested DCs were
stained with fluorescence-labeled anti-CD11c¢ Ab (BD Bioscience,
USA). The internalization of FITC-labeled dextran by CD11c™
cells was analyzed using a FACSVerse flow cytometer. Dead cells
were gated out by staining with 1 wg/ml of propidium iodide (PI).
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After gating on CD11c" cells, the fluorescence intensity of the
geometric mean following dextran treatment at 37°C was 100%.

Presentation of DCs

BMDCs were pretreated with BHSSC or rutin (0-150 pg/ml) for
1h, and then 50 pg/ml of OVA protein was added for 18h at
37°C. The harvested DCs were stained with fluorescence-labeled
anti-CD11c Ab and anti-mouse H-2Kb bound to SIINFEKL
Ab (MHC-SII Ab) (BioLegend, CA, USA). The MHC-SII Ab
specifically reacts with the OVA-derived peptide SIINFEKL
bound to H-2Kb of MHC class I but not with unbound H-2Kb or
H-2Kb bound to an irrelevant peptide. The numbers of antigen-
presenting DCs were detected by flow cytometry. The ratio of
MHC-SII+CD11c™ cells to total cells in the untreated cells was
1. Dead cells were excluded using PI staining.

Specific CD8* T-Cell Response

OT-1 mice were subcutaneously immunized with PBS, BHSSC
(100 pg), OVA (30 jLg) mixed with incomplete Freund’s adjuvant
(IFA), or OVA (30 g) mixed with BHSSC. After 1 week, the
mice were sacrificed, and 1 x 10° splenocytes were incubated
with PMA (20 ng/ml) plus ionomycin (1 wg/ml) for 5h. IFN-
y-secreting cells were stained with fluorescence-labeled anti-
CD8 Ab and anti-IFNy Ab and detected by a FACSVerse
flow cytometer.

In vivo Proliferation Assay

C57BL/6 mice were adoptively transferred with 5 M of CFSE-
labeled OT-1 splenocytes (2 x 107). After 24h, mice were
immunized with PBS, 100png of BHSSC, 30pg of OVA
long peptide (EQL, Table1) mixed with IFA, or 30ug of
OVA long peptide (EQL) mixed with 100png of BHSSC.
On day 3, the mice were sacrificed, and their splenocytes
were stained with fluorescence-labeled anti-CD8 Ab. CD8" T-
cell proliferation (CD8TCFSE1" cells) was analyzed using a
FACSVerse flow cytometer.

Memory T-Cell Response

C57BL/6 mice were subcutaneously immunized with PBS,
200 g of BHSSC, 30 ug of IDG, or 30 ug of IDG mixed with
200 g of BHSSC. After 30 days, the immunized mice were
sacrificed, and 1 x 10° splenocytes were stimulated with short
peptide antigen (RAH, 10 ug/ml) for 4 days. The supernatants
from 4 day cultured cells were isolated and assayed for IFNy
using an ELISA kit (BD Bioscience, USA) according to the
manufacturer’s protocol.

Tumor Regression Study in Mice

In a preventive model, C57BL/6 mice were single immunized
with DMSO, BHSSC (100 ug per mouse), rutin (500 ug per
mouse), short peptide antigen (RAH, 10 jLg per mouse), or long
peptide antigen (IDG, 10 g per mouse) with or without BHSSC
(100 g per mouse) or rutin (50 or 500 Lg per mouse). After
7 days, immunized mice were injected in the abdominal region
with 2 x 10° TC-1 cells. The tumor volume and tumor-free
survival of the mice were monitored over a 60-day post-tumor
implantation period.

In therapeutic model, tumors were first generated by injecting
2 x 10° TC-1 cells into the abdominal region of the mice.
At day 6 and 21, tumor-bearing mice were subcutaneously
immunized in a separate abdominal region with DMSO, short
peptide antigen (RAH, 30 pug per dose), or long peptide antigen
(IDG, 30 pg/dose) with or without BHSSC (200 g per dose), and
the tumor volumes were monitored.

In the recurrence model, C57BL/6 mice received a single
immunization with 1 g of IDG per mouse or 1ug of IDG
mixed with 100 ng of BHSSC (IDG + BHSSC) per mouse
for 7 days and then implanted with 2 x 10° TC-1 primary
tumor cells. At day 40, tumor-free mice were rechallenged with
a small number of TC-1 tumor cells (2 x 10%). In the other
group, tumor-free mice were rechallenged with a large number
of TC-1 cells (2 x 10°) at day 40. After the rechallenge, the
surviving mice were sacrificed at day 60. Their splenocytes
were stimulated with RAH for 24 h. After incubation, the cells
were harvested. The surface markers on memory T cells were
stained with fluorescence-labeled anti-CD8, anti-CD62L, and
anti-CD44 monoclonal antibodies (BD Biosciences, USA), and
the expression of these markers was analyzed using a FACSVerse
instrument (BD Bioscience, San Diego, CA, USA). Furthermore,
splenocytes (1 x 10%/ml) were stimulated with RAH (10 pg/ml)
for 3 days. The supernatant of cultured cells was collected and
assayed for IFN-y (BD Bioscience, USA) using an ELISA kit
according to the manufacturer’s protocol.

RESULTS

The Effects of BHSSC on the Maturation of
Antigen-Presenting Cells (APCs)

Some studies have demonstrated that CHM can promote the
activation of DCs to regulate immune responses, which are
characterized by the increased expression of costimulatory
molecules (CD40, CD80, CD86, and MHC II) and several
cytokines (IL-1f, IL-6, IL-12p70, and TNF-a) (29, 30). Therefore,
we examined the activation of DCs by using water extracts of
some individual herbs commonly used to treat cancer patients
(Figure S2). We found that only BHSSC and not Scutellaria
barbata (Ban Zhi Lian) and Salvia miltiorrhiza (Dan Shen) could
induce TNF-a secretion from BMDCs (Figure S2). Furthermore,
we identified costimulatory molecules and other cytokines by
treating DCs with BHSSC plus PMB for 18h. Regarding the
effect of BHSSC on the expression of costimulatory molecules,
the levels of CD40 and CD86 in mouse BMDCs were enhanced by
low-dose BHSSC treatment (Figure 1A). Regarding the secretion
of cytokines by mouse BMDCs, the levels of TNF-o and IL-6 were
increased via BHSSC treatment in a dose-dependent manner
(Figure 1B). In addition, we analyzed adhesion molecules and
other costimulatory markers by flow cytometry. These data
showed that the levels of costimulatory markers (CD80 and
MHC II) and adhesion molecules (integrin p1, integrin a4, c-
type lectin, and ICAM-1) were increased by BHSSC treatment
(Figure S3). Furthermore, we examined the effect of BHSSC
extract on the activation of human MoDCs. Monocytes from
three donors were enriched and cultured to induce the formation
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FIGURE 1 | The responses of BMDCs after stimulation with BHSSC. (A,B) BMDCs were generated from wild-type C57BL/6 mice and stimulated with the indicated
concentration of BHSSC (mg/ml) combined with 100 pg/ml of polymyxin B (PMB) for 18 h. The levels of CD40 and CD86 maturation markers were determined by flow
(Continued)
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FIGURE 1 | cytometry (A), and the levels of TNF-a and IL-6 in the culture supernatant were measured by ELISA (B). LPS (TLR4 agonist) at a concentration of 3 g/ml
was used as a positive control. PMB has a high affinity for endotoxin and was used to neutralize the effect of endotoxin. (C) Human monocyte-derived dendritic cells
from three donors were stimulated with different concentrations of BHSSC (0-150 pg/ml) combined with 100 wg/ml of PMB for 18 h. The levels of TNF-a and IL-6 in
the culture supernatant were measured by ELISA. The results are expressed as the means + SDs of the level of cytokine. (D) BMDCs were stimulated with PMB with
or without BHSSC for 30 min. The expression levels of ERK/p-ERK, p38/p-p38, JNK/p-JNK, NFkB/p-NFkB, and actin were determined by Western blotting.

(E) B-Actin was used to normalize differences in loading. Histograms are presented as fold changes relative to control protein expression level after normalization to
B-actin levels. The results are expressed as the means + SEMs. The data shown are representative of two independent experiments.

of MoDCs. The secretion of TNF-a and IL-6 by human
MoDCs was increased via BHSSC treatment in a dose-dependent
manner (Figure 1C). In addition to DCs, we examined another
type of APC, macrophages (RAW264.7 cells), to confirm that
BHSSC can also stimulate macrophage activation (Figure S4).
Some CHM extracts have been shown to regulate cytokine
expression through the NF-kB and MAPK signaling pathways
(31-33). We further demonstrated that the level of ERK, p38,
and JNK phosphorylation in mouse BMDCs was enhanced
in a dose-dependent manner by BHSSC treatment for 30 min
(Figures 1D,E). Taken together, these results suggest that BHSSC
extract promotes the activation of APCs through the MAPK
signaling pathway.

The Effect of BHSSC on Endocytosis and

Antigen Presentation in BMDCs

DCs are professional APCs in naive T cells that play an
important role in the generation of specific T-cell responses
in cancer immunotherapy. Mature DCs are characterized by
increased costimulatory molecules (CD40, CD80, CD86, and
MHC molecules) and several proinflammatory cytokines (IL-
1B, IL-6, IL-12, and TNF-a) and present processed antigens to
naive T cells to promote immune responses (34). Therefore,
before identifying the level of specific T-cell responses, we
investigated the effect of BHSSC on the functions of DCs, such as
endocytosis and specific antigen presentation. To determine the
capacity of BMDCs to capture exogenous antigens after BHSSC
treatment, the uptake of FITC-labeled dextran by BMDCs was
examined by flow cytometry. As shown in Figure 24, the
internalization of FITC-labeled dextran in BMDCs was not
significantly different after treatment with various concentrations
of BHSSC. To determine the ability of BMDCs to present
processed antigens following BHSSC treatment, we determined
the number of specific APCs stained with anti-mouse H-2Kb
bound to SIINFEKL Ab after OVA antigen treatment. Figure 2B
showed us that BHSSC treatment enhanced percentage of specific
APCs by BMDCs in a dose-dependent manner (8.0, 20.1, 26.4,
and 29.6% for 0, 50, 100, and 150 pg, respectively). The folds of
changes in each group to the untreated (cell only) group were
1.8-, 3.6-, 5.0-, and 7.2-fold for 0, 50, 100, and 150 pg of BHSSC
treatment, respectively (Figure 2C). These data demonstrate that
BHSSC can enhance antigen presentation in BMDCs, but it has
no significant effect on the endocytosis of exogenous antigens.

The Effect of BHSSC on Specific T-Cell

Responses
Adjuvants are substances administered along with an antigen
to enhance the humoral and/or cell-mediated immune response

to the antigen. In the past, antigens were incorporated onto
conventional adjuvants (e.g., alum) to gain access to the MHC II
pathway for CD4 ™" T-cell activation, but this strategy fails to give
antigens access to MHC I processing. Thus, such vaccines fail to
stimulate CD8™ T cells. Therefore, we investigated the level of the
antigen-specific immune response after DC activation following
BHSSC treatment. We detected the antigen-specific CD8 T-
cell response in OT-1 mice that were designed to recognize
ovalbumin peptide residues (OVAjs7_264) in the context of
H2K" (CD$ coreceptor that interacts with MHC class I). OT-1
mice were administered PBS, BHSSC, and OVA protein mixed
with IFA (Ag + IFA) or BHSSC (Ag + BHSSC). On day
7, their splenocytes were restimulated, and the percentage of
specific T cells (CD8TIFN-y™ cells) in the Ag + BHSSC group
(2.9%) was higher than that in the PBS (1.3%), BHSSC (0.8%),
and Ag + IFA (2.2%) groups, as measured by flow cytometry
(Figure 3A). To confirm specific CD8 T-cell response in vitro,
stimulated BMDCs were co-cultured with OT-I CD8T cells
for 3 days. BMDCs stimulated with BHSSC-combined OVA
protein induced higher antigen-specific IFN-y production in OT-
I CD8T cells in vitro (Figure S5). Furthermore, to determine
the proliferation ability of the specific T cells in vivo, wild-type
(WT) mice were adoptively transferred with CFSE-labeled OT-1
splenocytes. After 24 h, the mice that received the transferred cells
were immunized with PBS, BHSSC, and long peptide antigen
mixed with IFA (Ag + IFA) or BHSSC (Ag + BHSSC). On
day 3, the proliferation of CD8" T cells (CD8TCFSE™ cells)
was analyzed by flow cytometry. The proliferation ability of
CD8T cells in the Ag + BHSSC group (86%) was greater
than that in the PBS (16%), BHSSC (20%), and Ag + IFA
(54%) groups (Figure 3B). These data suggest that BHSSC
treatment stimulates DC activation (Figure 1), enhances antigen
presentation (Figure 2), and promotes DC-induced stimulation
of Ag-specific CD8 T-cell immunity (Figure 3).

BHSSC Extract Combined With Peptides

Induced Strong Antitumor Responses

Cancer vaccines are categorized as either prophylactic or
therapeutic interventions. To determine whether BHSSC extract
can protect against HPV-associated tumors in a preventive
model and a therapeutic model, an HPV E7-expressing TC-1
tumor model was used. In the preventive model, the mice were
single injected with different peptide antigens in the presence or
absence of BHSSC extract before inoculation with TC-1 cells. As
shown in Figure 4A, the mice that were single immunized with
short peptide (RAH) plus BHSSC (RAH + BHSSC) displayed
significantly delayed tumor growth and had a higher survival rate
(80%) than mice in the DMSO, RAH, and BHSSC groups (0%)
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FIGURE 2 | The effect of BHSSC on endocytosis and antigen presentation in BMDCs. (A) BMDCs were pretreated with BHSSC (0, 50, 100, or 150 jg/ml) for 18 h
and then supplemented with 500 wg/ml FITC-labeled dextran for an additional 30 min at 37 or 4°C (Dex 37C or Dex 4C). Endocytosis was measured by flow
cytometry. Bar chart indicating the mean endocytosis percentage. After gating on CD11c™ cells, the geometric mean of the fluorescence intensity following dextran
treatment at 37°C was 100%. (B) BMDCs were untreated (Cell) or pretreated with BHSSC (0, 50, 100, or 150 pg/ml) for 1 h, and then 50 png/ml of OVA protein was
added for 18 h at 37°C. Specific APCs were stained with anti-mouse H-2Kb bound to SIINFEKL Ab (MHC-SII Ab), and their number was detected by flow cytometry.
The number in each panel shows the percentage of MHC-SII*CD11c* cells in CD11ct cells (specific APCs). (C) Bar chart indicating the fold of changes in each
group to the untreated (Cell only) group. Dead cells were excluded using Pl staining. The lower panel shows the percentage of specific APCs determined by positive
control peptide (SIINFEKL) treatment. The data shown are representative of two independent experiments.

at day 60. Furthermore, the mice that were single immunized
with long peptide (IDG) plus BHSSC (IDG + BHSSC) displayed
completely inhibited tumor growth and had a 100% survival
rate at day 60 (Figure4B). However, none of the mice that
were immunized with BHSSC alone exhibited inhibited tumor
growth. These data suggest that BHSSC might induce antigen-
specific immune responses without directly causing cytotoxicity
to tumor cells. We have another experiment indirectly indicating
that herbal extract containing merely endotoxin would not be
strong enough to induce the peptide vaccine’s antitumor effects.
We chose another Chinese medicine (Poria cocos Wolf; Fuling)
purchased from the same manufacturer (Sun Ten Pharmaceutical
Co., Ltd.) and observed the antitumor effect of a peptide-
based vaccine combination under the same extraction conditions
and the same in vivo experimental procedures. We found
that another Chinese medicine extract (Fuling) combined with
peptide vaccine (IDG + Fuling) could not enhance antitumor
response compared with peptide vaccine (IDG) (Figure S6). We
further determined the therapeutic effect of BHSSC. Tumor-
bearing mice were injected twice with RAH + BHSSC or

IDG + BHSSC vaccine. As shown in Figure4C, RAH +
BHSSC or IDG + BHSSC vaccination had a therapeutic effect
and significantly attenuated tumor growth. However, although
BHSSC can enhance the antitumor effect of these two peptide
vaccines, the IDG + BHSSC vaccine has better prevention and
therapeutic effects than the RAH + BHSSC vaccine. As is well-
known, cross-presentation by DCs is the major mechanism by
which exogenous antigens activate CTLs. Our previous study
had demonstrated that long peptides, IDG, could be taken up
and cross-presented by DCs but short peptides, RAH, could
not. Moreover, long peptides (IDG) had better efficacy to prime
specific CD8 T cells than shorter peptides (RAH) (24). Therefore,
this study suggested that BHSSC may help long peptide antigens
to be presented to CTLs more effectively.

However, tumor cells often induce an immunosuppressive
microenvironment that favors the development of
immunosuppressive populations of immune cells, such as
myeloid-derived suppressor cells (MDSCs), M2 macrophages,
regulatory Foxp3™ T cells (Tregs), and PD-17" T cells, to escape
immune responses. A previous study indicated that some CHM
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FIGURE 3 | The effect of BHSSC on specific T-cell responses in vivo. (A) OT-1 mice (n = 2 per group) were subcutaneously administered PBS, BHSSC (100 g), OVA
(80 g) mixed with IFA (Ag + IFA), or OVA (30 .g) mixed with BHSSC (Ag + BHSSC). On day 7, the mice were sacrificed, and their splenocytes were stimulated with
PMA (20 ng/ml) plus ionomycin (1 pg/ml) for 5 h. Specific T cells (CD8IFN-y* cells) were analyzed by flow cytometry. In the panel bottom in (A), the results are
expressed as the mean + SD of the percentage of CD8TIFN-y* cells. (B) C57BL/6 mice (n = 3/group) were transfected with CFSE-labeled OT-1 splenocytes. After
24 h, the mice were immunized with PBS, BHSSC (100 pg), OVA peptide (30 g) mixed with IFA (Ag + IFA), or OVA peptide (30 ig) mixed with BHSSC (Ag + BHSSC).
After 3 days, the mice were sacrificed, and CD8" T-cell proliferation (CD8TCFSE™ cells) was analyzed by flow cytometry. In the bottom panel in (B), the results are
expressed as the mean + SD of the percentage of proliferating CD8T cells. “*P < 0.01. The data shown are representative of two independent experiments.

extracts inhibit the MDSC phenotype and exhibit protumor  or without anti-CD3 Ab in combination with BHSSC treatment.
effects (35). To identify the role of BHSSC in PD-1 expressionin ~ BHSSC treatment did not modulate PD-1 expression in resting
resting and activated T cells, Jurkat T cells were stimulated with ~ Jurkat T cells and activated T cells (Figure S7A). Furthermore,
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FIGURE 4 | Efficient induction of an antitumor response by the combination of BHSSC with peptide vaccine in preventive and therapeutic models. (A,B) C57BL/6
mice (n = 5 per group) were injected with DMSO, BHSSC, short peptide antigen (RAH), or long peptide antigen (IDG) with or without BHSSC. In the preventive model,
mice received a single immunization with RAH vaccine (A) or IDG vaccine (B) for 7 days and were then inoculated with TC-1 tumor cells. The left panel indicates the
tumor size (mm®), and the right panel indicates the tumor-free survival rate (%). (C) In the therapeutic model, tumor-bearing mice were immunized with RAH vaccine
(left panel) and IDG vaccine (right panel) twice on day 6 and day 21. Tumor diameters were measured with calipers. The results are expressed as the means + SEMs.
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immunosuppressive cell populations (PD1T CD8 T cells, PD1™
CDA4T cells, Tregs, MDSCs, and M2 macrophages) in tumor-
bearing mice immunized with RAH + BHSSC or IDG + BHSSC
were not significantly altered (Figures S7B-F). On the other

hand, the CD8™ cells by IDG combined with BHSSC treatment
slightly increased (p = 0.09) in the tumor microenvironment.
However, there were no significant differences in CD4™ cells and
DCs (Figures S7G-I). Therefore, the combination of peptide
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FIGURE 5 | The effect of BHSSC on memory T-cell responses. (A) C57BL/6 mice (n = 3/group) were subcutaneously immunized with PBS, BHSSC (200 ug), IDG
(80 g), or IDG (30 png) mixed with BHSSC (IDG + BHSSC). After 30 days, the immunized mice were sacrificed, and their splenocytes were stimulated with RAH
(10 wg/ml) for 4 days. The levels of IFN-y in the culture supernatant were measured by ELISA. (B) Experimental timeline. (C) C57BL/6 mice (n = 10 per group)
received a single immunization with IDG or IDG mixed with BHSSC (IDG + BHSSC) for 7 days and were then implanted with TC-1 primary tumor cells. On day 40, the
tumor-free mice (n = 1 in the IDG group, n = 4 in the IDG + BHSSC group) were rechallenged with a small number of TC-1 tumor cells (2 x 10%). Tumor diameters
were measured with calipers. (D,E) On day 60, the surviving mice (n = 1 in the IDG group, n = 4 in the IDG + BHSSC group) were sacrificed. Their splenocytes were
stimulated with RAH for 24 h. Then, the proportion of memory T cells (CD8*CD62L+CD44*) was determined by flow cytometry (D), and the levels of IFN-y in the
culture supernatant were measured by ELISA (E). (F) Then, primary tumor-free mice (n = 3 in the IDG 4+ BHSSC group) were rechallenged with a large number of
TC-1 cells (2 x 10°) on day 40. The control group contained naive mice (n = 2) that were challenged with TC-1 cells (2 x 10°). (G,H) The surviving mice were
sacrificed at day 60. Their splenocytes were stimulated with RAH for 24 h. Then, the proportion of memory T cells (CD8+TCD62LTCD44*) was determined by flow
cytometry (G), and the levels of IFN-y in the culture supernatant were measured by ELISA (H).

days, their splenocytes were stimulated with specific peptide
(RAH) (10 pg/ml), and IFN-y secretion from specific T cells
into the culture supernatant was measured by ELISA. The IDG
+ BHSSC group had a better memory T-cell response than the
other groups (Figure 5A). Furthermore, to identify the function
of memory T cells in the antitumor response in vivo, the
immunized mice were rechallenged with TC-1 tumor cells at day
40. Figure 5B shows the experimental timeline. C57BL/6 mice
received a single immunization with IDG or IDG mixed with
BHSSC (IDG + BHSSC) for 7 days and were then implanted
with TC-1 primary tumor cells (Figure 5C). At day 40, tumor-
free mice were rechallenged with a small number of TC-1
tumor cells (2 x 10%) (Figure 5C) or a large number of TC-
1 cells (2 x 10°) (Figure 5F). IDG + BHSSC immunization

antigen and BHSSC elicited superior antitumor activity than
that observed without BHSSC treatment but had no effect on
immunosuppressive cells in the local tumor microenvironment.

Expansion of the Memory T-Cell Population
Most vaccination programs have focused on inducing cellular
immune responses and high antibody titers. However, it is also
very important to know if vaccination can induce long-term
immunological memory. Therefore, we designed experiments to
determine whether a vaccine combining antigen with BHSSC
could induce functional memory CD8" T cells. To assess the
response of memory T cells, mice were immunized with DMSO,
BHSSC, long peptide antigen (IDG), or long peptide antigen
combined with BHSSC vaccine (IDG + BHSSC). After 30
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FIGURE 6 | The effects of compounds extracted from BHSSC on BMDC functional activation and their antitumor effects. (A) BMDCs were stimulated with different
compounds extracted from BHSSC (50 jug/ml) for 18 h. The levels of TNF-a in the culture supernatant were measured by ELISA. (B) BMDCs were stimulated with the
indicated concentration of rutin (C7, mg/ml) for 18 h. The amount of the CD40 and CD86 maturation markers was analyzed by flow cytometry (top panel), and the
levels of TNF-a and IL-6 in the culture supernatant were measured by ELISA (bottom panel). (C) BMDCs were pretreated with the indicated concentration of rutin (C7,
mg/ml) for 18 h and then supplemented with 500 wg/ml of FITC-labeled dextran for an additional 30 min at 37 or 4°C (Dex 37C or Dex 4C). The effect of rutin on
endocytosis was measured by flow cytometry. (D) BMDCs were pretreated with rutin (C7, 0-150 pg/ml) for 1 h, and then 50 wg/ml of OVA protein was added for 18 h
at 37°C. Specific APCs were stained with anti-mouse H-2Kb bound to SIINFEKL Ab (MHC-SII Ab), and the number of APCs was detected by flow cytometry.

(E) C57BL/6 mice (n = 5/group) received a single immunization with DMSO, 500 g of rutin per mouse and long peptide antigen (IDG, 10 g per mouse) with or
without rutin (50 or 500 g per mouse) (C7 50 + IDG/C7 500 + IDG) for 7 days and were then inoculated with TC-1 tumor cells. The results are expressed as the
means + SEMs. The data shown are representative of two independent experiments.

caused the complete inhibition of tumor growth in primary in a preventive or therapeutic HPV-related tumor model.
tumor implantation of either a small number of TC-1 tumor  Furthermore, we aimed to identify the active constituent or
cells (Figure 5C) or a large number of TC-1 cells at day 40 lead compound in BHSSC extract to facilitate the design
(Figure 5F). In the IDG group, the one tumor-free mouse at  of cancer vaccines. A previous study identified some of
day 40 also had a memory response to rechallenged tumor cells  the constituents of H. diffusa Willd (36). On the basis of
(Figure 5C). At day 60, splenocytes from the surviving mice were  the chemical profile of H. diffusa Willd, we screened 10
stimulated with RAH, and then the percentage of memory T cells ~ compounds from different chemotypes (Table S1). Some of
(CD8TCD62LTCD44™) (Figures 5D,G) and the levels of IFN-y  them have been shown to modulate immune responses (37-
in the culture supernatant (Figures 5E,H) were determined. IDG ~ 41). Moreover, all 10 of these compounds can be found
+ BHSSC immunization induced higher levels of memory CD8 T  in the plasma after intraperitoneal injection of H. diffusa
cells and IFN-y production than those observed in the IDG and ~ Willd water extract (36). We examined BMDC activation by
control groups (Figures 5D,E,G,H). These results suggest that  stimulation with these 10 compounds individually. We found
BHSSC combined with antigen can enhance specific memory T-  that compound 7 (rutin) elicited the greatest DC activation
cell responses and still induce an antitumor response if tumor  response among all of the compounds (Figure 6A). Moreover,
recurrence occurs. we confirmed that the expression of costimulatory molecules
. . . . (CD40 and CD86) and cytokines (TNF-a and IL-6) in mouse
Identification of the Active Compounds in BMDCs is enhanced by rutin treatment in a dose-dependent
BHSSC manner (Figure 6B). Like treatment with the whole BHSSC
According to the results of this study, BHSSC extract may be  extract, rutin treatment enhanced antigen presentation without
used as an adjuvant to enhance specific antitumor responses affecting antigen phagocytosis (Figures 6C,D). Furthermore, we
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demonstrated that the immunization of mice with peptide
(IDG) plus high-dose rutin significantly delayed tumor growth
(Figure 6E). Therefore, rutin may be one of the active
compounds that induce a specific antitumor response by BHSSC
treatment for HPV-related tumors. We also identified rutin in the
BHSSC extract by HPLC (Figure S1A). The rutin content in the
BHSSC extract was calculated to be 0.048 mg/ml by using HPLC
quantification (Figure S1B).

DISCUSSION
Cancer immunotherapy is a rapidly growing field of
cancer research, and cancer vaccines are a promising

immunotherapeutic treatment modality. The potential effects
of CHM on HPV-related cancer, which are the induction
of apoptosis, modulation of gene transcription and protein
synthesis, and regulation of immunity, have been demonstrated
by in vitro and in vivo studies (42-45). In this study, we first
demonstrated that BHSSC extract can promote the activation
of murine and human DCs (Figure 1). Next, we showed that
BHSSC enhances antigen presentation in BMDCs (Figure 2),
which also results in the stimulation of Ag-specific CD8 T-cell
immunity (Figure 3). Furthermore, we demonstrated that a
peptide-based vaccine combined with BHSSC extract not only
induced a strong antitumor effect in preventive and therapeutic
HPV-related tumor models (Figure4) but also expanded
the memory T-cell response in a tumor recurrence model
(Figure 5). Additionally, we found that rutin may be one of
the active compounds involved in the induction of a specific
antitumor response against HPV-related tumors following
BHSSC treatment (Figure 6).

In Taiwan, CHMs in the finished product format are
manufactured by good manufacturing practice (GMP)-certified
pharmaceutical companies (such as Sun Ten Pharmaceutical
Co.). These CHM powders (including BHSSC) have fixed
production steps and good quality control. Furthermore, we
used LAL test (Associates of Cape Cod, Inc. USA) to analyze
that 100 pug of BHSSC contained <0.1 g of endotoxin (data
not shown). Therefore, we used 100 ug/ml PMB to neutralize
endotoxin in the in vitro culture. In addition, we used high
doses of LPS (3pug/ml) to demonstrate that 100 pg/ml PMB
can completely inhibit LPS-induced DC maturation (Figure 1B).
Additionally, we examined other CHM [S. barbata (Ban Zhi
Lian) and S. miltiorrhiza (Dan Shen)] purchased from the same
manufacturer (Sun Ten Pharmaceutical Co., Ltd.) and observed
the activation of BMDCs under the same extraction condition
and the same in vitro experimental procedures (Figure S2).
We found that only BHSSC but not S. barbata (Ban Zhi
Lian) and S. miltiorrhiza (Dan Shen) could induce TNF-a
secretion from BMDCs. On the other hand, we have an in vivo
experiment indicating that P. cocos Wolf (Fuling) extract from
the same manufacturer and extraction condition combined with
peptide vaccine (IDG + Fuling) could not enhance antitumor
response, compared with peptide vaccine (IDG) (Figure S6).
This result confirms that even other herbs containing endotoxins
did not influence the peptide vaccine-induced antitumor effect.
The BHSSC likely has a better effect compared with other
herbal extracts.

Changes in the maturation of DCs may promote Thl and
CTL responses (18, 19, 21, 29). In our study, we found that
rutin could activate DCs and enhance antigen presentation to
increase antitumor activity in an animal model. Rutin, also
called rutoside, is a flavonol glycoside found in many plants,
including fruits and vegetables. Rutin is known to have a variety
of biological activities, including antioxidant, antiallergenic,
anti-inflammatory, and anticarcinogenic properties (46-48).
However, the effects of rutin on the regulation of DC function
and its application as an adjuvant for cancer vaccine have not
yet been investigated. On the basis of the chemical profile of H.
diffusa Willd, Ye et al. identified rutin in a water extract of H.
diffusa Willd and plasma after the intraperitoneal injection of
H. diffusa Willd water extract (36). In this study, we confirmed
that rutin is a constituent of BHSSC extracts (Figure S1) and
that rutin can activate DCs and enhance antigen presentation to
increase antitumor activity in animal models (Figure 6). Based
on HPLC quantification, 100 jLg of BHSSC contained 2.4 pg of
rutin (Figure S1). Even though we found that rutin was one of the
active compounds to induce DC activation, increasing the dosage
of rutin to 50 pug still did not work better than using 100 g
of BHSSC, which contained only 2.4 ug of rutin (Figure 6).
Therefore, maybe there are other effective compounds that work
synergistically together with rutin. We will continue to purify
and identify the active ingredients in the BHSSC extract in
follow-up experiments.

Earlier studies reported the variety of pharmacological
effects of BHSSC, including its anticancer, antioxidative,
neuroprotective, and immunomodulating activities (49-52). This
variety in the effects of BHSSC may be because different
components of BHSSC have different effects. Indeed, we found
that compound 9 isolated from BHSSC could slightly inhibit
cytokine production in DCs (Figure 6A). Conversely, some
compounds (compounds 4-7) isolated from BHSSC could also
increase cytokine production but not as much as rutin, while
other compounds had no effect (Figure 6A). The novelty of
our present study is the employment of BHSSC extract as an
effective adjuvant in peptide-based vaccines to induce a specific
immune response.

Furthermore, some previous studies demonstrated that H.
diffusa Willd can induce apoptosis in ovarian cancer cells,
leading to the inhibition of tumor growth in hepatocellular
carcinoma (15, 16). To verify this, we tested the viability of
TC-1 cells treated with BHSSC. BHSSC treatment did not
induce cytotoxic effects on TC-1 cells even at a concentration of
1,000 pg/ml (Figure S8A). Moreover, we also examined whether
BHSSC treatment affects BMDC viability. There was also no
cytotoxic effect on BMDCs following BHSSC treatment at all
the doses used in this study (Figure S8B). In addition, mice
immunized with BHSSC alone did not exhibit tumor growth
inhibition (Figures 4A,B). This could be due to the BHSSC
extract having different cytotoxic effects on different forms of
cancer. We confirmed that treatment with BHSSC water extract
in combination with a peptide-based vaccine has a therapeutic
effect on HPV-associated cancer resulting from increased specific
immune responses but not increased tumor cell apoptosis.

Some CHM extracts/compounds, such as Pleurotus ferulae
and Korean mistletoe lectin, have been shown to promote the
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activation of DCs through TLR-mediated signaling pathways
(29, 30). Therefore, to determine whether BHSSC activates
BMDCs through TLR, we measured the levels of TNF-a
and IL-6 in WT and MyD88-deficient (MyD88-KO) BMDCs
by ELISA. A TLR4 ligand, LPS, was used as a control.
As shown in Figure §9, LPS increased TNF-a production in
WT BMDCs and decreased TNF-a production in MyD88-
KO BMDCs. However, TNF-a induction by BHSSC + PMB
treatment was only partially inhibited in MyD88-KO BMDCs
compared with WT BMDCs (Figure S9). Therefore, BHSSC-
induced cytokine production in BMDCs may be partially
mediated through the TLR signaling pathway. The emerging
paradigm of cancer immunotherapy consists of not only the
activation of effector T cells but also the reawakening of
silenced immune responses (53). Our study demonstrates that
BHSSC treatment does not affect PD-1 expression in vitro
(Figure S7A) or modulate immunosuppressive populations in
vivo (Figures S7B-F). Therefore, the mechanisms by which
BHSSC improves immune responses may be independent of
both the stimulation of TLR signaling and the modulation of
immunosuppressive factors.

In conclusion, we demonstrated that BHSSC enhances BMDC
activation and antigen presentation on BMDCs, induces specific
effector and memory T cells, and promotes therapeutic and
protective antitumor responses. Furthermore, we determined
that rutin, a compound extracted from H. diffusa Willd, can
induce DC activation and delay tumor growth; rutin is therefore
an active compound involved in the induction of the specific
antitumor response against HPV-related tumors in BHSSC
treatment. Based on this study, the combination of an herbal
adjuvant with a peptide-based vaccine may be a novel strategy
against virus-associated tumors.
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