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Cytolytic Activity of Effector
T-lymphocytes Against
Hepatocellular Carcinomalis
Improved by Dendritic Cells Pulsed
with Pooled Tumor Antigens
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Cellularimmunotherapy is a promising new therapeutic approach for hepatocellular carcinoma

(HCC), which has a high recurrence rate, irrespective of the treatment administered. In this study, we
attempted to improve the cytolytic activity of effector T-lymphocytes against HCC. T-lymphocytes were
activated by monocyte-derived dendritic cells (DCs) pulsed with cell lysate or RNA prepared from HCC
cell lines. Monocytes were activated for differentiation into DCs by treatment with the IL4 and GM-
CSF. DCs were pulsed with cell lysate or RNA prepared from a single cell line or combinations of two or
three HCC cell lines, and then co-cultured with autologous T-lymphocytes with the intent of creating
specific cytotoxicity. We discovered that DCs pulsed with total RNA effectuated greater T-lymphocyte
function than DCs pulsed with total cell lysate, as evidenced by greater cytolytic activities against HCC
target cells. The percentage of Huh7, HepG2, and SNU449 cell apoptosis at effector:target ratio of 10:1
was 42.6 + 4.5% (p=0.01), 33.6 £3.1% (p=0.007), and 21.4 4 1.4% (p < 0.001), respectively. DCs
pulsed with pools of antigens prepared from three cell lines improved the cytolytic function of effector
T-lymphocytes by approximately two-fold (p < 0.001), which suggests that this approach be further
developed and applied for adoptive transfer treatment of HCC.

Hepatocellular carcinoma (HCC) is a major public health problem worldwide, and it is the fifth most common
cancer’. The incidence of HCC is higher in Asia than in America and Europe?. In Thailand, it is the leading
cause of cancer death in males, and the second most common cancer among females®. Standard treatments for
HCC include surgery, radiofrequency ablation (RFA), microwave ablation, percutaneous ethanol injection (PEI),
transarterial chemoembolization (TACE), radioembolization, cryoablation, radiation therapy, stereotactic radio-
therapy, systemic chemotherapy, and liver transplantation®. However, a high recurrence rate is generally reported
in these patients, irrespective of the treatment administered®. Targeted therapy using multikinase inhibitors
(Serafernib® or Regorafenib’) and immunotherapy using antibody blocking programmed cell death receptor-1
(PD-1) (Nivolumab®) have been recently been approved as second-line drug treatments for HCC, and this has
raised hopes of improved survival. However, the survival rates of HCC patients after treatment with these novel
drugs are still low®™. Thus, alternative strategies for treatment of HCC are urgently required.

Cellular immunotherapy is a promising new therapeutic approach for cancer. Immunotherapy involves the
uses of a patient’s own immune cells, which are activated or engineered and then proliferated ex vivo for trans-
fer back into the patient to attack and kill cancer cells. Dendritic cell (DC) based vaccines have shown some
benefits in the treatment of HCC!'%-'2, and this has resulted in the initiation of clinical trials for other types of
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cancer*~1°. However no satisfactory response or stable disease outcome has yet been reported from the majority
of early-phase clinical trials'”%.

The failure of DC-based immunotherapy in patients with advanced stage cancer might be explained by DC
dysfunction or the presence of immunosuppressive cells and cytokines generated during the course of disease
from cancerous and non-cancerous cells that inhibit T-lymphocyte activation'®?. It has, therefore, been proposed
that the use of activated T-lymphocytes instead of DCs may overcome these obstacles®'. The effector T- lympho-
cytes used in this approach are cytotoxic T- lymphocytes and chimeric antigen receptor (CAR) T-lymphocytes**?*.
Cytotoxic T-lymphocytes can be activated by DCs pulsed with tumor associated antigens (TAAs) that are pro-
cessed via proteasome to present as specific peptide antigens on major histocompatibility complex (MHC) to acti-
vate T-lymphocyte receptors (TCRs)**?. Activated effector T-lymphocytes are then transferred into the patient
to combat cancer cells?*?. Several solid cancers, including melanoma?®, renal cancer?, colorectal cancer'>?, and
cholangiocarcinoma (CCA)%, that contain TTAs have been employed for DC-activation of T-lymphocytes to kill
cancer cells.

However, there are several unmet needs in this experimental setting. Firstly, TAAs used to pulse DCs may have
a limitation of MHC restriction®. Secondly, a high diversity of cancer cell population within tumor mass, which
is referred to as intra-tumor heterogeneity, was reported in several tumors®*"*?, and this results in varied antigen
expression within the same tumor mass®*. Thirdly, the mixture of cancer cell sub-population within individual
HCC patients might also be a problem, since this can lead to therapeutic resistance and increased recurrence
rate’*¥. Although total cell lysate or total RNA from tumor mass or pools of cancer cell lines could boost the
extent of multiple-epitope antigens for pulsing DCs, the data from the reported studies were equivocal**-*°. Our
previous study in cholangiocarcinoma (CCA) revealed that T-lymphocytes activated with DCs pulsed with total
RNAs had higher killing ability to CCA cells than that activated with DCs pulsed with cell lysate. In addition,
T-lymphocytes activated with DCs pulsed with pooled mRNAs from more than one cell line showed greater
cytolytic activities than those activated with DCs pulsed with mRNAs from a single cell line?*. Consistent with
that finding, we hypothesized for this study that the cytolytic activity of T-lymphocytes activated with DCs pulsed
with pooled TAAs prepared from multiple HCC cell lines would yield greater specific cytolytic activity. We tested
this hypothesis by determining the cytolytic activities of effector T-lymphocytes activated with DCs pulsed with
pooled RNAs and cell lysates from multiple HCC cell lines to compare their efficacies. Our investigation revealed
significantly improved cytolytic activity of effector T-lymphocytes against HCC cell lines.

Results

Generation of monocyte-derived dendritic cells. Monocytes are adhesive cells that bind to culture
plate. The advantage of this property was taken to use for isolation of monocytes out of other peripheral blood
mononuclear cells (PBMCs). Monocytes were isolated from PBMCs prepared from blood samples of 5 healthy
volunteers. Then, the isolated monocytes were differentiated into immature dendritic cells (iDCs) by cultivation
in AIM-V medium supplemented with GM-CSF and IL4 for 5 days. After that, iDCs were pulsed with total RNAs
or total cell lysates prepared from single, combination of two or three HCC cell lines and cultured in AIM-V
medium supplemented with TNFa and IFN~, in which iDCs were further differentiated into mature dendritic
cells (mDCs). Phenotypic markers, including monocyte marker (CD14), DC marker (CD11c), DC maturation
marker (CD83), T-cell co-stimulatory markers (CD40 and CD86), and MHC class II (HLA-DR), were investi-
gated by flow cytometry.

Monocyte marker (CD14) was found in only monocyte state (88.7% =4 2.4%), and it disappeared when the
cells were driven as iDCs and mDCs (Fig. 1A). In contrast, the expression levels of CD11c were highly increased
when the cells were differentiated as iDCs (87.7% % 1.5%) and mDCs (94.3% =+ 5.4%) (Fig. 1B). The levels of
co-stimulatory molecules and maturation markers, including CD40 and CD83, CD86, and HLA-DR, were also
increased in both iDCs (CD40: 96.9 £ 0.8%, CD83: 64.8 + 11.4%, CD86: 97.5+ 1.0%, and HLA-DR: 94.6 £+ 3.2%)
and mDCs (CD40: 99.0 £ 0.9%, CD83: 90.2 +0.1%, CD86: 99.8 +0.1%, and HLA-DR: 97.2 +1.4%) when
compared with monocyte state (CD40: 15.8 £ 6.2%, CD83: 3.0 = 4.4%, CD86: 26.4 +19.0%, and HLA-DR:
86.1 £4.9%) (Fig. 1C-F). The expression levels of these markers were not significantly different when different
sources of antigens were used to pulse mDCs (Fig. 1B-F). Cell morphologies of monocytes, iDCs, and mDCs
under light microscope are presented in Supplementary Fig. S1. Using this experimental protocol, monocytes
were successfully differentiated as iDCs and then as mDCs.

Effector T-lymphocyte population after activation with mDCs. mDCs were used to activate autol-
ogous T-lymphocytes by co-culturing at a mDC:lymphocyte ratio of 1:10 for 2 days. After 10 days of activa-
tion, phenotypic markers of T-lymphocytes (CD3), helper T-lymphocytes (CD4), cytotoxic T-lymphocytes
(CTLs) (CD8), and NK cells (CD56) were analyzed by flow cytometry. The percentages of T-helper lympho-
cytes (CD31CD4) after activation (31.0 & 6.0%) were not significantly different from those without activation
(37.2+£7.3%) (Fig. 2A). However, CTLs (CD37CD8) after activation were significantly increased (36.1 £ 12.0%)
when compared with those without activation (22.6 +5.7%) (Fig. 2B). NK cells (CD3~CD56") and NKT
(CD3*CD56") were significantly increased (20.5 & 8.9% for NK, and 5.5+ 3.3% for NKT) when compared with
those without activation (7.8 +2.5% for NK, and 3.3 £2.0% for NKT) (Fig. 2C-D). The percentages of helper
T-lymphocytes, CTLs, NK cells, and NKT cells were not significantly different among groups of effector T cells
that were activated with mDCs pulsed with different sources of antigens (Fig. 2A-D). These data show that the
number of effector cells were increased after activation with mDC pulsed with different sources of antigens.

IFN~ production of effector T-lymphocytes. To investigate IFN~ of effector T-lymphocytes, the cells
were treated with stimulator including PMA and ionomycin for 12 hours. Then, monensis and Beferin-A were
added to inhibit the secretory pathway for following 12 hours. After performing intra-cellular IFN~ and surface
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Figure 1. Expression levels of monocyte markers, maturation markers, and co-stimulatory molecules on
monocytes, iDCs, and mDCs. Monocytes were retrieved from adherent PBMCs. iDCs were induced from
monocytes by supplementation with GM-CSF and IL4 for 6 days. mDCs were further driven from iDCs with
TNFa and IFNg for 2 days. During their maturation, DCs were pulsed with total cell lysate or RNA prepared
from single, double, or triple HCC cell lines. Monocytes, iDCs, and mDCs were stained with indicated
antibodies and then evaluated for fluorescent signals by flow cytometry. The plotted bar graph indicates
percentages of positive cells (mean £ SEM) that exhibited monocyte markers, CD14 (A); DC markers, CD11c
(B); T-cell costimulatory molecules, CD40 (C), and CD86 (E); and, maturation markers, CD83 (D) and
HLA-DR (F).

marker staining, T-lymphocytes were analyzed by flow cytometry. Intracellular IFN~ production in effector
T-lymphocytes was significantly increased in both CD4" T-cells (4.0 £ 1.2%) and CD8™" T-cells (5.542.0%) when
they were individually compared with non-activated T-cell populations (0.7 & 0.4% and 2.2 £ 0.6%, respectively)
(Fig. 3A-D), which indicates that these T-lymphocytes exhibited the property of effector cells.

Cytotoxic activities of effector T-lymphocytes activated by DCs pulsed with single source of
antigen. Total RNA or cell lysate prepared from HCC cell lines, including Huh7, HepG2, and SNU449, was
used for pulsing DCs, and then activating T-lymphocytes to become effector cells. Three different HCC cell lines
(Huh7, HepG2, and SNU449) used in this study were established from patients with different backgrounds that
displayed different morphologies, diverse cultivation behaviors, and distinctive protein expression profiles*-+
The percentages of apoptotic HCC cells in the conditions that total RNA was used to pulse DCs were signifi-
cantly greater than those that were pulsed with total cell lysate for all three HCC cell lines (Fig. 4, Supplementary
Fig. S2). In the condition where DCs were pulsed with RNA, the percentages of Huh7, HepG2, and SNU449 cell
apoptosis at an E:T ratio of 10:1 were 42.6 £4.5% (p=0.01), 33.6 £3.1% (p=0.007), and 21.4 4+ 1.4% (p < 0.001),
respectively (Fig. 4, Supplementary Fig. S2). In the condition where DCs were pulsed with cell lysate, the per-
centages of Huh7, HepG2, and SNU449 cell apoptosis at an E:T ratios of 10:1 were 25.1 £ 5.4%, 23.1 £ 2.6%, and
11.9 £ 3.9%, respectively (Fig. 4, Supplementary Fig. S2).

Cytotoxic activities of effector T-lymphocytes activated by DCs pulsed with combined antigens
from two celllines.  The percentages of apoptotic Huh7 cells in the conditions where effector T-lymphocytes
were activated by DCs pulsed with combined RNAs or cell lysates from two cell lines were higher than those in
the conditions where effector T-lymphocytes were activated by DCs pulsed with antigens from single cell line,
especially in the condition where DCs were pulsed with combined cell lysates (Fig. 4A,B, and Supplementary
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Figure 2. Expression of lymphocyte markers on effector T-lymphocytes after activation with DCs pulsed with
antigens. Autologous lymphocytes (non-adhering PBMCs) were activated to become effector T-lymphocytes by
co-culturing with DCs pulsed with cell lysate or RNA prepared from single, double, or triple HCC cell lines for
2 days. Effector T-lymphocytes were then further propagated in AIM-V medium supplemented with IL2, IL7,
and IL15 for 10 days. The expressions of CD3+, CD4+-, CD8+, and CD56+- were examined by flow cytometry
after staining with specified antibodies. The percentages (mean £ SEM) of specific populations of effector cells,
including CD3+ CD4+ helper T-cells (A), CD3+ CD8+ cytotoxic T-cells (B), CD3-CD56+ NK cells (C), and
CD3+ CD56+ NKT cells (D) were calculated from three independent experiments. (*p < 0.05 compared with
non-adhering PBMCs. Data analyzed by one-way ANOVA with Tukey’s correction).

Fig. S3). In the condition where DCs were pulsed with a combination of RNAs from Huh7 and HepG2, the
percentage of Huh7 cell apoptosis at an E:T ratio of 10:1 was 41.4 +2.0% (Fig. 4A and Supplementary Fig. S3);
whereas, in the condition where DCs were pulsed with combined lysates from Huh7 and HepG2, the percentage
of Huh?7 cell apoptosis at an E:T ratio of 10:1 was 39.3 +9.3% (Fig. 4D and Supplementary Fig. $3). In the condi-
tion of where DCs were pulsed with a combination of RNAs from Huh7 and SNU449, the percentage of Huh7 cell
apoptosis at an E:T ratio of 10:1 was 42.3 £7.0% (Fig. 4A and Supplementary Fig. S3); whereas, in the condition
where DCs were pulsed with combined lysates from Huh7 and SNU449, the percentage of Huh7 cell apoptosis at
an E:T ratio of 10:1 was 37.3 = 5.1% (Fig. 4D and Supplementary Fig. S3).

In the condition where DCs were pulsed with a combination of RNAs from HepG2 and Huh?7, the percentage
HepG2 cell apoptosis at an E:T ratio of 10:1 was 39.1 & 13.6% (Fig. 4B and Supplementary Fig. S3); whereas, in
the condition where DCs were pulsed with pooled lysates from HepG2 and Huh?7, the percentage of HepG2 cell
apoptosis at an E:T ratio of 10:1 was 37.3 & 8.4% (Fig. 4E and Supplementary Fig. S3). In the condition where DCs
were pulsed with a combination of RNAs from HepG2 and SNU449, the percentage of HepG2 cell apoptosis at
an E:T ratio of 10:1 was 47.4 £ 18.8% (Fig. 4B and Supplementary Fig. S3); whereas, in the condition where DCs
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Figure 3. IFN-~ production profile of helper T-cells and cytotoxic T-cells in effector T-lymphocytes. After
activation and propagation for 10 days, effector T-lymphocytes were treated with PMA and ionomycin

for 24 hours, and then investigated for intracellular IFN~ production by flow cytometry. Effector T-cells

were primarily gated by CD3+ cells, and then the IFN~ production profile of CD4 + helper T-cells (A) and
CD8+- cytotoxic T-cells (C) was further analyzed. Data of CD4+ IFN~+ (B) and CD8+- IFN~+ (D) populations
are shown as mean & SEM, which were calculated from three independent experiments. (*p <0.05 compared
with non-adhering PBMCs. Data analyzed by one-way ANOVA with Tukey’s correction).

were pulsed with pooled lysates from HepG2 and SNU449, the percentage of HepG2 cell apoptosis at an E:T ratio
of 10:1 was 33.1 £ 11.5% (Fig. 4E and Supplementary Fig. S3).

In the condition where DCs were pulsed with a combination of RNAs from SNU449 and Huh?7, the percentage
of SNU449 cell apoptosis at an E:T ratio of 10:1 was 30.2 & 5.4% (Fig. 4C and Supplementary Fig. S3); whereas, in
the condition of where DCs were pulsed with pooled lysates from SNU449 and Huh?7, the percentage of SNU449
cell apoptosis at an E:T ratio of 10:1 was 27.9 +10.5% (Fig. 4F and Supplementary Fig. S3). In the condition where
DCs were pulsed with a combination of RNAs from SNU449 and HepG2, the percentage of SNU449 cell apopto-
sis at an E:T ratio of 10:1 was 29.3 +10.0% (Fig. 4C and Supplementary Fig. S3); whereas, in the condition where
DCs were pulsed with pooled lysates from SNU449 and HepG2, the percentage of SNU449 cell apoptosis at an
E:T ratio of 10:1 was 22.3 £ 8.8% (Fig. 4F and Supplementary Fig. S3).

Cytotoxic activities of effector T-lymphocytes activated by DCs pulsed with combined antigens
from three cell lines. The highest cytotoxic activities of effector T-lymphocytes against HCC cells were
exhibited in the condition where DCs were pulsed with antigens prepared from a combination of three cell lines
(Fig. 4, and Supplementary Fig. S4). Cytotoxic activities were improved approximately two-fold when compared
with those activated by DCs pulsed with a single source of antigen (p < 0.001) (Fig. 4 and Supplementary Fig. S4).
In the condition where DCs were pulsed with a combination of RNAs from three cell lines, the percentage of
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Figure 4. Comparison of cytotoxic activity of effector cells when activated with DCs pulsed with different
sources of antigens. Data presented as scatter plots of percentages of target cell apoptosis at the most effective
E:T ratio, which was 10:1. Data show percentages (mean &= SEM) of target cell apoptosis that were calculated
from three independent experiments. (*p < 0.05, **p <0.01, ***p <0.001 analyzed by one-way ANOVA with
Tukey’s correction).

Huh?7 cell apoptosis at an E:T ratio of 10:1 was 61.5 £ 13.8% (Fig. 4A and Supplementary Fig. S4); whereas, in the
condition where DCs were pulsed with pooled lysates from three cell lines, the percentage of Huh7 cell apoptosis
at an E:T ratio of 10:1 was 61.0 £ 19.5%%, respectively (Fig. 4D and Supplementary Fig. S4). In the condition
where DCs were pulsed with a combination of RNAs from three cell lines, the percentage of HepG2 cell apoptosis
at an E:T ratio of 10:1 was 44.4 £ 16.5% (Fig. 4B and Supplementary Fig. S4); whereas, in the condition where
DCs were pulsed with pooled lysates from three cell lines, the percentage of HepG2 cell apoptosis at an E:T ratio
of 10:1 was 49.4 £ 1.4% (Fig. 4E and Supplementary Fig. S4). In the condition where DCs were pulsed with a
combination of RNAs from three cell lines, the percentage of SNU449 cell apoptosis at an E:T ratio of 10:1 was
30.8 £8.7% (Fig. 4C and Supplementary Fig. S4); whereas, in the condition where DCs were pulsed with pooled
lysates from three cell lines, the percentage of SNU449 cell apoptosis at an E:T ratio of 10:1 was 33.4 +5.9%
(Fig. 4F and Supplementary Fig. S4).

Discussion
Cellular immunotherapy is now being increasingly used in patients with HCC. Of these new cellular immuno-
therapeutic techniques, the maturation of effector T-cells into TAA-specific killer cells is receiving great attention,
especially in conjunction with stimulating them with educated DCs. However, a method for DC preparation and
activation of effector T-lymphocytes for killing cancer cells is needed. Accordingly, in order to improve the cytol-
ytic activity of effector T-lymphocytes against HCC, we set forth to activate T-lymphocytes by monocyte-derived
DCs pulsed with cell lysate or RNA prepared from HCC cell lines. TAAs prepared from HCC cell lines exhib-
ited excellent antigenicity to activate lymphocytes, as demonstrated by promising tumor killing activity in both
the laboratory and in early-phase clinical studies'>!*!>*3, We, therefore, hypothesized that DCs pulsed with a
combination of antigens prepared from different HCC cell lines would activate multiple clones of effector
T-lymphocytes to kill heterogeneous cancer cells within tumor mass.

In our setting, we observed slightly different DC phenotypic markers. From the results of other reports in
HCC!" and colorectal cancer?, levels of co-stimulatory molecules on mDCs were marginally increased, but not

SCIENTIFIC REPORTS |

(2019) 9:17668 | https://doi.org/10.1038/s41598-019-54087-0


https://doi.org/10.1038/s41598-019-54087-0

www.nature.com/scientificreports/

significantly different in various antigen presentation conditions. Differences in antigen sources and cancer cell
types may explain the variable expression levels of these phenotypic markers compared to the results of our
investigation.

The significant expansion of CTLs, NK cells, and NKT cells in lymphocyte population was found to be cor-
related with improvement in cytolytic activity (Fig. 4). Moreover, IFN~ production was significantly increased
in the effector CTLs (Fig. 3C,D). All of these cells play a crucial role in cancer cell elimination*-*-*6; there-
fore, increases in the numbers of CTLs, NKT, and NK cells together with improvement in IFN~ production
all helped to enhance the eradication HCC cells, as shown in the results of our study. An increase in CTLs was
observed in previous studies in HCC'' and CCA cell lines®. The ability to eliminate cancer cells was also associ-
ated with increased IFN~-producing CTLs!». In this study, T-cells stimulated with PMA and ionomycin resulted
in increased IFN~ production. However, CD4" T-cells were decreased when exposed with these stimulators®,
which were also observed in this study (Fig. 3A). It should be noted that the number of helper T-cells was not
significantly increased when compared to the non-activated lymphocytes (Fig. 2A). However, the production
of IFN~ was markedly increased in effector helper T-cells (Fig. 3A,B). This suggests that polarization of type 1
helper T-cells (T}, 1) may occur after the activation by DCs. These Ty,1 helper T-cells have been identified as the
functional T-lymphocyte population that provides several cytokines that promote the activation, expansion, and
persistence of CTLs®.

A previous study by our group revealed that CCA cell line lysate contains several immune suppressive
cytokines, such as IL10 and TGF3 *. However, RNAs might possess at least two effects. After up-taking into
DCs by macropinocytosis*’, RNAs could bind to Toll-like receptor (TLR)3, TLR7, and TRL8 to activate DC
functions. Moreover, mRNAs in the pooled RNAs could also be translated into intracellular proteins, which are
further processed and presented by MHC class I to activated CD8 T-cells*’. This may explain our finding that
effector T-lymphocytes after activation with DCs pulsed by total RNA that was prepared from a single cell line
exhibited more cytotoxic activity than that of the total cell lysates in all three HCC target cells (Fig. 4). This finding
is consistent with the findings reported from previous studies that used HCC!! and CCA cell lines®.

Multiple antigen sources from two or three different HCC cell lines were used to broaden activation and
enhance the cytotoxic competency of effector T-lymphocytes. Our results showed that the cytotoxic activities
of effector immune cells on all HCC target cell lines were correlated with the additional antigen sources used
to pulse DCs (Fig. 4). The greatest cytotoxic activity, which increased two-fold compared to antigen from single
cell line, was observed in the combination of TAAs prepared from three cell lines (Fig. 4). It should be noted that
Huh?7 cell line showed the highest cytotoxicity when it was compared with other two HCC cell lines, HepG2 and
SNU449 (Fig. 4). Huh7 cell has an epithelial feature and is defined as a well differentiated HCC. Kim M., et al.
demonstrated that among three HCC cell lines (Huh7, HepG, and SNU449), Huh?7 cells showed highest apoptotic
induction by NK cells after sensitization with anisomycin®!. Moreover, MHC Class I chain-related A (MICA) and
MICB which are NK cell recognition ligands are highly expressed on Huh7 cell surface®?. Together with our result
that showed the highest apoptotic induction of Huh7 cells (Fig. 4), it may imply that Huh7 cells are more sensitive
for cytolytic induction by immune cells than others HCC cell lines. The result of apoptotic activity of HCC cell
lines induced by effector T-cells were consistent in all 5 healthy donors (Fig. S5). This is consistent with a study
in CCA cell line by Junking et al., that found that pooled messenger RNA prepared from three different cell lines
promoted the greatest cytotoxic activity by effector T-lymphocytes. In addition, different combinations of antigen
sources from CCA cell lines produced distinctive cytotoxic abilities of immune cells®. Different cancer cell types
may lead to different effects on the cytotoxic activities of effector T-cells after activation by DCs pulsed with differ-
ent combinations of TAA sources (Fig. 4). Our study demonstrated in vitro cytotoxic T-lymphocyte activation by
RNA-pulsed DCs, which was partly demonstrated by increased IFN~ levels (Fig. 3). Although the killing mech-
anism of cytotoxic T-lymphocytes against HCC cells was not investigated, the generally accepted mechanism is
their expression and regulated secretion of potent toxins, including pore-forming protein perforin and serine pro-
tease granzymes after formation of immunological synapse from the binding of T-cell receptor (TCR) to peptide
ligand presented on MHC molecule on the cancer cells. Further in vivo study is required to investigate the efficacy
of effector T-lymphocytes activated by RNA-pulsed DCs for cellular immunotherapy of HCC.

Some limitations exist in the present study. Firstly, non-tumorigenic HCC cell line, which will serve as nega-
tive control for specific killing was not included in the experiments. Secondly, when using tumor RNA or lysate,
epitopes of TAAs presented by DCs are unidentifiable. Therefore, not only the efficacy of this treatment strategy,
but also its safety requires further investigation. Thirdly, the use of recombinant cytokines is time-consuming,
complicated, and expensive, and this is an important concern when DC-based therapy is employed. However,
Sundarasetty et al. recently reported the use of self-derived DCs for melanoma treatment, in which polypro-
tein genes encoding GM-CSEF, IL4, and TRP2 were cloned into lentiviral vector for transduction into monocytes
to generate “Smart-DCs”. The transduced monocytes were self-differentiated into mDCs and simultaneously
presented TRP2 antigenic epitopes to T-lymphocytes®. Thus, supplementation of recombinant cytokines and
exogenous antigen pulsing are not required. Moreover, the time needed for culturing DCs is also reduced. The
efficiency of Smart-DCs relative to cytotoxic T-cell activation and killing ability in HCC requires further study.
Our group have also successfully developed self-differentiated monocyte-derived dendritic cells (SD-DC)
presenting a tumor associated antigen - PRKARIA (PR), which is an overexpressed in CCA. DCs transduced
with lentivirus harboring SD-DC-PR could produce GM-CSF, IL-4 and PRKAR1A. Autologous effector T cells
(CD3*, CD8) activated by SD-DC-PR exhibited greater cytotoxic activity against CCA than those activated by
conventionally-derived DCs**.

This study provides a proof-of-concept illustrating that effector T-lymphocytes can be generated by in vitro
activation of DCs pulsed with pooled RNAs, which serve as the source of TAAs. To further improve this ther-
apeutic approach for HCC, more specific effector T-lymphocytes can be generated by in vitro activation with
monocyte-derived DCs pulsed with pooled peptides obtained from neo-antigens encoded by mutated genes
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associated with HCC identified in individual patient. The information of neo-antigens and specific peptides that
can be presented by MHC molecule of an individual patient can be predicted from the mutated genes obtained
from genomic or transcriptomic sequence of the patient’s cancer cells compared with that of normal cells or iden-
tified from whole peptide ligands (ligandome) binding to MHC molecules. These effector T-lymphocytes specific
to neo-antigens of HCC will be more effective to target and eliminate cancer cells that can be used singly or in
combination with anti-immune checkpoint antibodies or other anti-cancer drugs.

In conclusion, DCs pulsed with multiple sources of antigens improve the cytotoxic activities of effector
T-lymphocytes to kill different HCC cell lines, which suggests that this approach be further developed and applied
for adoptive T-cell transfer treatment of HCC.

Materials and Methods

Ethical consideration. The research proposal and all study protocols were approved by the Siriraj
Institutional Review Board (SIRB) of the Faculty of Medicine Siriraj Hospital, Mahidol University, Bangkok,
Thailand (COA no. Si 414/2015). All the methods in the present study were performed in accordance with the
approved guidelines. All healthy volunteers provided written informed consent prior to blood sample collection.

Cell culture. HepG2 and SNU449 cells were purchased from American Type Culture Collection (ATCC)
(Manassas, VA, USA), and Huh?7 cells were obtained from Japanese Collection of Research Bioresources (JCRB)
(Ibaraki City, Osaka, Japan). HepG2 and Huh?7 cells were cultured in complete Dulbecco’s Modified Eagle’s
Medium (DMEM) (Gibco; Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine
serum (FBS) (Gibco) and 50 units penicillin/50 pg streptomycin (Thermo Fisher Scientific). SNU449 cells were
cultured in Roswell Park Memorial Institute (RPMI) 1640 Medium (Gibco) supplemented with 10% FBS and 50
units penicillin/ 50ug streptomycin. Cells were placed in a 37 °C incubator saturated with 5% CO, and 60% rela-
tive humidity (RH). Standard trypsinization procedure was used to harvest cultured cells.

Preparation of monocyte-derived dendritic cells.  Fifty ml of whole blood was collected from each
of 5 healthy volunteers. Peripheral blood mononuclear cells (PBMCs) were prepared by overlaying the whole
blood on Lympho-phep (Alere Technologies GmbH, Jena, Germany) and centrifuging at 800 g for 30 min-
utes without acceleration, deceleration, or stopping. The intermediate layer of PBMCs was collected and then
washed with phosphate buffer saline (PBS). PBMCs were then harvested by centrifugation at 380 g for 10 min,
and red blood cell contamination was removed by adding red cell lysis buffer. PBMCs were finally washed with
serum-free RPMI 1640. AIM-V medium (Gibco) was added to re-suspend PBMCs. The number of PBMCs was
counted by trypan blue exclusion assay. PBMCs were placed into a 100 mm culture dish and monocytes were
allowed to attach to the surface of the culture container for 2 hours in a 37°C, 5% CO,, and 60% RH environment.
Non-adhering lymphocytes were then collected and resuspended in 10% dimethyl sulfoxide (DMSO) in human
AB serum (Sigma-Aldrich Corporation, St. Louis, MO, USA) and cryopreserved in liquid nitrogen. Adhering
cells, which were mostly monocytes, were subsequently transduced to immature DCs (iDCs) by culturing in
AIM-V medium supplemented with 50 ng/ml of GM-CSF (Invitrogen, Carlsbad, CA, USA) and 20 ng/ml of IL4
(Immunotools, Friesoythe, Germany). The fresh culture media was changed every 2 days until day sixth. Then,
iDCs were pulsed with TAAs, including total lysate, or RNAs prepared from a single cell line, or combinations
of two or three HCC cell lines. The concentration of TAAs from either one cell line or combination of two or
three cell lines was 250 g for total lysate and 20 pg for total RNAs. iDCs were activated to become mature DCs
(mDCs) by culturing in AIM-V media supplemented with 20 ng/ml of TNFa and 20 ng/ml of IFN~ (both from
Immunotools) for 2 days.

Activation of effector lymphocytes. Autologous lymphocytes were thawed and the freezing media was
immediately removed. The autologous lymphocytes were then co-cultured with mDCs (lymphocyte:DC ratio
10:1) in AIM-V medium supplemented with 5% human AB serum for 2 days. The activated lymphocytes were
maintained in AIM-V medium containing 50 units penicillin and 50 ug streptomycin, supplemented with 5%
human AB serum, 20 ng/ml of IL2, 10 ng/ml of IL7, and 20 ng/ml of IL15 (all cytokines from Immunotools). Fresh
culture media was changed every 2 days until day 10, after which effector T-lymphocytes were ready for further
experiments. All cells were cultured in a 37°C, 5% CO,, and 60% RH environment.

Cytotoxicity assay. Target cancer cell lines were plated overnight. Effector T-lymphocytes were counted
and co-cultured with target cells at three different ratios (effector:target 2.5:1, 5:1, and 10:1) for 24 hours. All
cells were collected and stained with AnexinV-APC/PI according to the manufacturer’s recommended procedure
(Immunotools). The apoptosis signals (AnexinV-APC™ and PI*" and AnexinV-APC™ and PTI') of target cells were
measured by flow cytometry. The cytotoxic activities of effector T-lymphocytes were summarized from the per-
centage of target cells that were driven to apoptosis by the effector T-lymphocytes.

Examination of surface markers by flow cytometry. Monocytes, iDCs, and mDCs were detached
from the culture dish using 5mM EDTA in PBS. Cell surface markers, including CD11¢, CD14, CD40 CD83,
CD86, and HLA-DR, were examined. Antibodies conjugated with fluorochromes for staining of cell surface
markers, including anti-CD11c-APC (Clone BU15), anti-CD14-FITC (Clone 18D11), anti-CD40-FITC (Clone
HI40a), and anti-HLA-DR-FITC (Clone MEM12), were purchased from Immunotools. Anti-CD83-PE (Clone
HB15e) and anti-CD86-PE (Clone IT2.2) were purchased from eBioscience (San Diego, CA, USA).

Lymphocyte surface markers, including CD3, CD4, CD8, and CD56, were also examined. Antibodies con-
jugated with fluorochromes for staining of cell surface markers, including anti-CD3-FITC (Clone UCHT-1),
anti-CD4-APC (Clone MEM241), and anti-CD8-APC (Clone MEM31), were purchased from Immunotools, and
anti-CD56-PE (Clone 5.1H11) was purchased from eBioscience.
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Isotype antibodies, including IgG1-PE (Clone PPV06), IgG1-FITC (Clone 203, IgG1-APC (Clone PPV06),
and IgG2a-APC (Clone X5563), were purchased from Immunotools for use as staining controls.

Cells were stained with antibodies for 30 min, after which excess antibodies were removed by washing twice
with 2% FBS in PBS. All stained cells were immediately analyzed by BD FACSCallibure™ (BD Biosciences,
Franklin Lakes, NJ USA) for the acquisition of fluorescent signals. Raw data were annotated and analyzed by
FlowJo program version 10.0 (FlowJo LLC, Ashland, OR, USA).

Examination of intracellular IFN~ by flow cytometry. Fifty-thousand lymphocytes were activated
with 50 ng/ul of PMA (Sigma-Aldrich) and 1 ug/ml of ionomycin (Sigma-Aldrich) for 12hours. A 1x concentra-
tion of monensin (eBioscience) was then added to the culture media and the cells were incubated for an addi-
tional 12 hours. Activated lymphocytes were collected and stained with anti-CD3-FITC, anti-CD4-APC, and
anti-CD8-APC, and the lymphocyte sub-populations were gated by BD FACSCallibure™ (BD Biosciences). After
washing, cells were fixed with 1% paraformadehyde in PBS on ice for 15 min. Stained cells were permeabilized
with 0.5% saponin and stained with anti-IFN~-PE (Clone B27; Immunotools) for 30 min, after which the cells
were washed and fixed. The fluorescent signals were acquired by flow cytometry and analyzed by Flow]Jo program
version 10.0.

Statistical analysis. Mean =+ standard error of the mean (SEM) of data collected from three independent
experiments was calculated. All raw data were annotated and analyzed by GraphPad Prism program version 7.0
(GraphPad Software, Inc., San Diego, CA, USA). Statistical analyses were performed using one-way analysis of
variance (ANOVA) with Tukey’s correction for statistical hypothesis testing in multiple comparisons. A p-value
less than 0.05 indicated significant rejection of the null hypothesis.

Received: 8 May 2019; Accepted: 4 November 2019;
Published online: 27 November 2019

References

1. Ferlay, J. et al. Estimates of worldwide burden of cancer in 2008: GLOBOCAN 2008. International journal of cancer 127, 2893-2917,
https://doi.org/10.1002/ijc.25516 (2010).

2. Bray, F. et al. Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185
countries. CA: a cancer journal for clinicians, https://doi.org/10.3322/caac.21492 (2018).

3. Imsamran W. et al. Cancer in Thailand Vol. VIII, 2010-2012. (ed. Imsamran W.) 10 (New Thammada Press, (Thailand) Co.,
1td.;2015).

4. Crissien, A. M. & Frenette, C. Current Management of Hepatocellular Carcinoma. Gastroenterology ¢ Hepatology 10, 153-161
(2014).

5. El-Serag, H. B. Hepatocellular carcinoma. The New England journal of medicine 365, 1118-1127, https://doi.org/10.1056/
NEJMral001683 (2011).

6. Forner, A., Llovet, J. M. & Bruix, J. Hepatocellular carcinoma. Lancet 379, 1245-1255, https://doi.org/10.1016/s0140-6736(11)61347-
0(2012).

7. Ettrich, T. J. & Seufferlein, T. Regorafenib. Recent Results Cancer Res 201, 185-196, https://doi.org/10.1007/978-3-642-54490-3_10
(2014).

8. Feng, D. et al. Initial experience of anti-PD1 therapy with nivolumab in advanced hepatocellular carcinoma. Oncotarget 8,
96649-96655, https://doi.org/10.18632/oncotarget.20029 (2017).

9. Gbolahan, O. B. et al. Locoregional and systemic therapy for hepatocellular carcinoma. J Gastrointest Oncol 8, 215-228, https://doi.
0rg/10.21037/jgo.2017.03.13 (2017).

10. Nakamoto, Y. Promising new strategies for hepatocellular carcinoma. Hepatol Res 47, 251-265, https://doi.org/10.1111/hepr.12795
(2017).

11. Pan, K. et al. Comparative analysis of cytotoxic T lymphocyte response induced by dendritic cells loaded with hepatocellular
carcinoma -derived RNA or cell lysate. International journal of biological sciences 6, 639-648, https://doi.org/10.7150/ijbs.6.639
(2010).

12. Xie, B. H. et al. Dendritic cells transfected with hepatocellular carcinoma (HCC) total RNA induce specific immune responses
against HCC in vitro and in vivo. Clinical & translational oncology: official publication of the Federation of Spanish Oncology Societies
and of the National Cancer Institute of Mexico 16, 753-760, https://doi.org/10.1007/s12094-013-1145-7 (2014).

13. Lee, W. C. et al. Vaccination of advanced hepatocellular carcinoma patients with tumor lysate-pulsed dendritic cells: a clinical trial.
Journal of immunotherapy (Hagerstown, Md.: 1997) 28, (496-504 (2005).

14. Lee, J. H. et al. A phase I/Ila study of adjuvant immunotherapy with tumour antigen-pulsed dendritic cells in patients with
hepatocellular carcinoma. British journal of cancer 113, 1666-1676, https://doi.org/10.1038/bjc.2015.430 (2015).

15. Tada, F. et al. Phase I/II study of immunotherapy using tumor antigen-pulsed dendritic cells in patients with hepatocellular
carcinoma. International journal of oncology 41, 1601-1609, https://doi.org/10.3892/ij0.2012.1626 (2012).

16. El Ansary, M. et al. Immunotherapy by autologous dendritic cell vaccine in patients with advanced HCC. Journal of cancer research
and clinical oncology 139, 39-48, https://doi.org/10.1007/s00432-012-1298-8 (2013).

17. Anguille, S., Smits, E. L., Lion, E., van Tendeloo, V. F. & Berneman, Z. N. Clinical use of dendritic cells for cancer therapy. The Lancet.
Oncology 15, €257-267, https://doi.org/10.1016/s1470-2045(13)70585-0 (2014).

18. Cranmer, L. D., Trevor, K. T. & Hersh, E. M. Clinical applications of dendritic cell vaccination in the treatment of cancer. Cancer
immunology, immunotherapy: CII 53, 275-306, https://doi.org/10.1007/500262-003-0432-5 (2004).

19. Lim, D. S.,Kim, J. H,, Lee, D. S., Yoon, C. H. & Bae, Y. S. DC immunotherapy is highly effective for the inhibition of tumor metastasis
or recurrence, although it is not efficient for the eradication of established solid tumors. Cancer immunology, immunotherapy: CII
56, 1817-1829, https://doi.org/10.1007/500262-007-0325-0 (2007).

20. Kao, J. Y., Gong, Y., Chen, C. M., Zheng, Q. D. & Chen, J. ]. Tumor-derived TGF-beta reduces the efficacy of dendritic cell/tumor
fusion vaccine. Journal of immunology (Baltimore, Md.: 1950) 170, (3806-3811 (2003).

21. Wang, Y. et al. Inmunotherapy of patient with hepatocellular carcinoma using cytotoxic T lymphocytes ex vivo activated with tumor
antigen-pulsed dendritic cells. Journal of Cancer 9, 275-287, https://doi.org/10.7150/jca.22176 (2018).

22. Hong, Y. P, Li, Z. D., Prasoon, P. & Zhang, Q. Immunotherapy for hepatocellular carcinoma: From basic research to clinical use.
World ] Hepatol 7, 980-992, https://doi.org/10.4254/wjh.v7.i7.980 (2015).

23. 1i, S, Yang, F. & Ren, X. Immunotherapy for hepatocellular carcinoma. Drug Discov Ther 9, 363-371, https://doi.org/10.5582/
ddt.2015.01054 (2015).

24. Kumar, C. et al. Immune modulation by dendritic-cell-based cancer vaccines. Journal of biosciences 42, 161-173 (2017).

SCIENTIFIC REPORTS |

(2019) 9:17668 | https://doi.org/10.1038/s41598-019-54087-0


https://doi.org/10.1038/s41598-019-54087-0
https://doi.org/10.1002/ijc.25516
https://doi.org/10.3322/caac.21492
https://doi.org/10.1056/NEJMra1001683
https://doi.org/10.1056/NEJMra1001683
https://doi.org/10.1016/s0140-6736(11)61347-0
https://doi.org/10.1016/s0140-6736(11)61347-0
https://doi.org/10.1007/978-3-642-54490-3_10
https://doi.org/10.18632/oncotarget.20029
https://doi.org/10.21037/jgo.2017.03.13
https://doi.org/10.21037/jgo.2017.03.13
https://doi.org/10.1111/hepr.12795
https://doi.org/10.7150/ijbs.6.639
https://doi.org/10.1007/s12094-013-1145-7
https://doi.org/10.1038/bjc.2015.430
https://doi.org/10.3892/ijo.2012.1626
https://doi.org/10.1007/s00432-012-1298-8
https://doi.org/10.1016/s1470-2045(13)70585-0
https://doi.org/10.1007/s00262-003-0432-5
https://doi.org/10.1007/s00262-007-0325-0
https://doi.org/10.7150/jca.22176
https://doi.org/10.4254/wjh.v7.i7.980
https://doi.org/10.5582/ddt.2015.01054
https://doi.org/10.5582/ddt.2015.01054

www.nature.com/scientificreports/

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.
39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Vieweg, J. & Jackson, A. Modulation of antitumor responses by dendritic cells. Springer seminars in immunopathology 26, 329-341,
https://doi.org/10.1007/500281-004-0175-1 (2005).

Gasser, O. et al. A phase I vaccination study with dendritic cells loaded with NY-ESO-1 and alpha-galactosylceramide: induction of
polyfunctional T cells in high-risk melanoma patients. Cancer immunology, immunotherapy: CII, https://doi.org/10.1007/s00262-
017-2085-9 (2017).

Smits, E. L. et al. Generation and Cryopreservation of Clinical Grade Wilms’ Tumor 1 mRNA-Loaded Dendritic Cell Vaccines for
Cancer Immunotherapy. Methods in molecular biology (Clifton, N.J.) 1393, 27-35, https://doi.org/10.1007/978-1-4939-3338-9_3
(2016).

Wu, Y. G. et al. Tumor cell lysate-pulsed dendritic cells induce a T cell response against colon cancer in vitro and in vivo. Medical
oncology (Northwood, London, England) 27, 736-742, https://doi.org/10.1007/s12032-009-9277-x (2010).

Junking, M., Grainok, J., Thepmalee, C., Wongkham, S. & Yenchitsomanus, P. T. Enhanced cytotoxic activity of effector T-cells
against cholangiocarcinoma by dendritic cells pulsed with pooled mRNA. Tumour biology: the journal of the International Society for
Oncodevelopmental Biology and Medicine 39, 1010428317733367, https://doi.org/10.1177/1010428317733367 (2017).

Robson, N. C., Hoves, S., Maraskovsky, E. & Schnurr, M. Presentation of tumour antigens by dendritic cells and challenges faced.
Current opinion in immunology 22, 137-144, https://doi.org/10.1016/j.c0i.2010.01.002 (2010).

Martelotto, L. G., Ng, C. K., Piscuoglio, S., Weigelt, B. & Reis-Filho, J. S. Breast cancer intra-tumor heterogeneity. Breast cancer
research: BCR 16, 210, https://doi.org/10.1186/bcr3658 (2014).

Yadav, S. S., Stockert, J. A., Hackert, V., Yadav, K. K. & Tewari, A. K. Intratumor heterogeneity in prostate cancer. Urologic oncology,
https://doi.org/10.1016/j.urolonc.2018.05.008 (2018).

Marusyk, A., Almendro, V. & Polyak, K. Intra-tumour heterogeneity: a looking glass for cancer? Nature reviews. Cancer 12, 323-334,
https://doi.org/10.1038/nrc3261 (2012).

Friemel, J. et al. Intratumor heterogeneity in hepatocellular carcinoma. Clinical cancer research: an official journal of the American
Association for Cancer Research 21, 1951-1961, https://doi.org/10.1158/1078-0432.Ccr-14-0122 (2015).

Weiskirchen, R. Intratumor heterogeneity, variability and plasticity: questioning the current concepts in classification and treatment
of hepatocellular carcinoma. Hepatobiliary surgery and nutrition 5, 183-187, https://doi.org/10.3978/j.issn.2304-3881.2016.02.04
(2016).

Gilboa, E. DC-based cancer vaccines. The Journal of clinical investigation 117, 1195-1203, https://doi.org/10.1172/jci31205 (2007).

Santos, P. M. & Butterfield, L. H. Dendritic Cell-Based Cancer Vaccines. Journal of immunology (Baltimore, Md.: 1950) 200, 443-449,
https://doi.org/10.4049/jimmunol. 1701024 (2018).

Shang, N. et al. Dendritic cells based immunotherapy. American journal of cancer research 7,2091-2102 (2017).

Rainone, V. et al. Immunological Characterization of Whole Tumour Lysate-Loaded Dendritic Cells for Cancer Immunotherapy.
PloS one 11, €0146622, https://doi.org/10.1371/journal.pone.0146622 (2016).

Ku, J. L. & Park, J. G. Biology of SNU Cell Lines. Cancer Research and Treatment: Official Journal of Korean Cancer Association 37,
1-19, https://doi.org/10.4143/crt.2005.37.1.1 (2005).

Costantini, S., Di Bernardo, G., Cammarota, M., Castello, G. & Colonna, G. Gene expression signature of human HepG2 cell line.
Gene 518, 335-345, https://doi.org/10.1016/j.gene.2012.12.106 (2013).

Nakabayashi, H., Taketa, K., Miyano, K., Yamane, T. & Sato, J. Growth of human hepatoma cells lines with differentiated functions
in chemically defined medium. Cancer research 42, 3858-3863 (1982).

Caballero-Banos, M. et al. Phase II randomised trial of autologous tumour lysate dendritic cell plus best supportive care compared
with best supportive care in pre-treated advanced colorectal cancer patients. European journal of cancer (Oxford, England: 1990) 64,
167-174, https://doi.org/10.1016/j.ejca.2016.06.008 (2016).

Kalinski, P. et al. Natural killer-dendritic cell cross-talk in cancer immunotherapy. Expert opinion on biological therapy 5, 1303-1315,
https://doi.org/10.1517/14712598.5.10.1303 (2005).

Shibolet, O. et al. NKT and CD8 lymphocytes mediate suppression of hepatocellular carcinoma growth via tumor antigen-pulsed
dendritic cells. International journal of cancer 106, 236-243, https://doi.org/10.1002/ijc.11201 (2003).

Van Elssen, C. H., Oth, T., Germeraad, W. T., Bos, G. M. & Vanderlocht, J. Natural killer cells: the secret weapon in dendritic cell
vaccination strategies. Clinical cancer research: an official journal of the American Association for Cancer Research 20, 1095-1103,
https://doi.org/10.1158/1078-0432.Ccr-13-2302 (2014).

Baran, J., Kowalczyk, D., Ozog, M. & Zembala, M. Three-color flow cytometry detection of intracellular cytokines in peripheral
blood mononuclear cells: comparative analysis of phorbol myristate acetate-ionomycin and phytohemagglutinin stimulation.
Clinical and diagnostic laboratory immunology 8, 303-313, https://doi.org/10.1128/cdli.8.2.303-313.2001 (2001).

Thepmalee, C., Panya, A., Junking, M., Chieochansin, T. & Yenchitsomanus, P. T. Inhibition of IL-10 and TGF-beta receptors on
dendritic cells enhances activation of effector T-cells to kill cholangiocarcinoma cells. Human vaccines & immunotherapeutics 14,
1423-1431, https://doi.org/10.1080/21645515.2018.1431598 (2018).

Diken, M. et al. Selective uptake of naked vaccine RNA by dendritic cells is driven by macropinocytosis and abrogated upon DC
maturation. Gene therapy 18, 702-708, https://doi.org/10.1038/gt.2011.17 (2011).

Li, K., Qu, S., Chen, X., Wu, Q. & Shi, M. Promising Targets for Cancer Inmunotherapy: TLRs, RLRs, and STING-Mediated Innate
Immune Pathways. International journal of molecular sciences, 18, https://doi.org/10.3390/ijms18020404 (2017).

Kim, M. et al. Novel natural killer cell-mediated cancer immunotherapeutic activity of anisomycin against hepatocellular carcinoma
cells. Scientific reports 8, 10668, https://doi.org/10.1038/s41598-018-29048-8 (2018).

Jinushi, M. et al. Expression and role of MICA and MICB in human hepatocellular carcinomas and their regulation by retinoic acid.
International journal of cancer 104, 354-361, https://doi.org/10.1002/ijc.10966 (2003).

Sundarasetty, B. S. et al. Lentivirus-induced ‘Smart” dendritic cells: Pharmacodynamics and GMP-compliant production for
immunotherapy against TRP2-positive melanoma. Gene therapy 22, 707-720, https://doi.org/10.1038/gt.2015.43 (2015).

Panya, A. et al. Cytotoxic activity of effector T cells against cholangiocarcinoma is enhanced by self-differentiated monocyte-derived
dendritic cells. Cancer immunology, immunotherapy: CII 67, 1579-1588, https://doi.org/10.1007/s00262-018-2212-2 (2018).

Acknowledgements

The authors disclose the receipt of the following financial support for the research, authorship, and/or publication
of this article: Mahidol University (grant no. R016010006), Siriraj Research Fund, Faculty of Medicine Siriraj
Hospital, Mahidol University (grant numbers R015832018, R016010005, and R016034008); International
Research Network (IRN), Thailand Research Fund (TRF) (grant numbers IRN58W0001 and IRG5980006);
National Science and Technology Development Agency (NSTDA) (grant number P1650727); and, The Newton
Fund Institutional Link. MJ was supported by a TRF Grant for New Researcher (grant no. TRG5780173) and a
Siriraj Chalermprakiat Grant. PY was supported by a Siriraj Chalermprakiat Grant. We thank Professor Peter
Hokland, Department of Clinical Medicine, Arhus University Hospital, Denmark, and Mr. Kevin Jones for critical
reading and editing the manuscript.

SCIENTIFIC REPORTS |

(2019) 9:17668 | https://doi.org/10.1038/s41598-019-54087-0


https://doi.org/10.1038/s41598-019-54087-0
https://doi.org/10.1007/s00281-004-0175-1
https://doi.org/10.1007/s00262-017-2085-9
https://doi.org/10.1007/s00262-017-2085-9
https://doi.org/10.1007/978-1-4939-3338-9_3
https://doi.org/10.1007/s12032-009-9277-x
https://doi.org/10.1177/1010428317733367
https://doi.org/10.1016/j.coi.2010.01.002
https://doi.org/10.1186/bcr3658
https://doi.org/10.1016/j.urolonc.2018.05.008
https://doi.org/10.1038/nrc3261
https://doi.org/10.1158/1078-0432.Ccr-14-0122
https://doi.org/10.3978/j.issn.2304-3881.2016.02.04
https://doi.org/10.1172/jci31205
https://doi.org/10.4049/jimmunol.1701024
https://doi.org/10.1371/journal.pone.0146622
https://doi.org/10.4143/crt.2005.37.1.1
https://doi.org/10.1016/j.gene.2012.12.106
https://doi.org/10.1016/j.ejca.2016.06.008
https://doi.org/10.1517/14712598.5.10.1303
https://doi.org/10.1002/ijc.11201
https://doi.org/10.1158/1078-0432.Ccr-13-2302
https://doi.org/10.1128/cdli.8.2.303-313.2001
https://doi.org/10.1080/21645515.2018.1431598
https://doi.org/10.1038/gt.2011.17
https://doi.org/10.3390/ijms18020404
https://doi.org/10.1038/s41598-018-29048-8
https://doi.org/10.1002/ijc.10966
https://doi.org/10.1038/gt.2015.43
https://doi.org/10.1007/s00262-018-2212-2

www.nature.com/scientificreports/

Author contributions

T.C., M.]., and P.Y. conceptualized and designed the study. T.C., C.T., and J.G. performed the experiments.
T.C. interpreted and analyzed data and wrote the first draft of manuscript. T.C. and P.Y. edited and finalized
the manuscript. All the authors provided to the final approval of the version to be published and agreed to be
accountable for all aspects of the work in ensuring that questions related to the accuracy or integrity of any part
of the work are appropriately investigated and resolved.

Competing interests
All authors declare no personal or professional conflicts of interest, and no financial support from the
companies that produce and/or distribute the drugs, devices, or materials described in this report.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-54087-0.

Correspondence and requests for materials should be addressed to P.-t.Y.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

BN | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:17668 | https://doi.org/10.1038/s41598-019-54087-0


https://doi.org/10.1038/s41598-019-54087-0
https://doi.org/10.1038/s41598-019-54087-0
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Cytolytic Activity of Effector T-lymphocytes Against Hepatocellular Carcinoma is Improved by Dendritic Cells Pulsed with Po ...
	Results

	Generation of monocyte-derived dendritic cells. 
	Effector T-lymphocyte population after activation with mDCs. 
	IFNγ production of effector T-lymphocytes. 
	Cytotoxic activities of effector T-lymphocytes activated by DCs pulsed with single source of antigen. 
	Cytotoxic activities of effector T-lymphocytes activated by DCs pulsed with combined antigens from two cell lines. 
	Cytotoxic activities of effector T-lymphocytes activated by DCs pulsed with combined antigens from three cell lines. 

	Discussion

	Materials and Methods

	Ethical consideration. 
	Cell culture. 
	Preparation of monocyte-derived dendritic cells. 
	Activation of effector lymphocytes. 
	Cytotoxicity assay. 
	Examination of surface markers by flow cytometry. 
	Examination of intracellular IFNγ by flow cytometry. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Expression levels of monocyte markers, maturation markers, and co-stimulatory molecules on monocytes, iDCs, and mDCs.
	Figure 2 Expression of lymphocyte markers on effector T-lymphocytes after activation with DCs pulsed with antigens.
	Figure 3 IFN-γ production profile of helper T-cells and cytotoxic T-cells in effector T-lymphocytes.
	Figure 4 Comparison of cytotoxic activity of effector cells when activated with DCs pulsed with different sources of antigens.




