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chemotherapy plus vaccine, is evaluated in a mouse model. 
The chemotherapy is a multi-drug cocktail including taxa-
nes and alkylating agents, which is administered in a metro-
nomic-like fashion. The vaccine is a multi-peptide cocktail 
including HCV as well as universal tumor antigen TERT 
epitopes. The combinatorial strategy designed and evalu-
ated in the present study induces an enhanced specific T 
cell response, when compared to vaccine alone, which cor-
relates to a reduced Treg frequency. Such results are highly 
promising and may pave way to relevant improvements in 
immunotherapeutic strategies for HCC and beyond.
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Abstract Hepatocellular carcinoma (HCC) is the most 
frequent primary liver cancer and represents the third and 
the fifth leading cause of cancer-related death worldwide 
in men and women, respectively. Hepatitis B virus (HBV) 
and hepatitis C virus (HCV) chronic infections account 
for pathogenesis of more than 80 % of primary HCC. 
HCC prognosis greatly varies according to stage at begin-
ning of treatment, but the overall 5-year survival rate is 
approximately 5–6 %. Given the limited number of effec-
tive therapeutic strategies available, immunotherapies and 
therapeutic cancer vaccines may help in improving the 
clinical outcome for HCC patients. However, the few clini-
cal trials conducted to date have shown contrasting results, 
indicating the need for improvements. In the present study, 
a novel combinatorial strategy, based on metronomic 
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HD Chemo  High-dose chemotherapy
HED  Human equivalent dose
HIV  Human immunodeficiency virus
hTERT  Human telomerase reverse transcriptase
ICS  Intracellular cytokine staining
IFN-γ  Interferon gamma
IL-4  Interleukin 4
LD Chemo  Low-dose chemotherapy
mTERT  Mouse telomerase reverse transcriptase
Neg  Negative
PBS  Phosphate-buffered saline
PMA  Phorbol myristate acetate
PTX  Paclitaxel
RF  Radiofrequency
s.c.  Subcutaneous
TAA  Tumor-associated antigens
TACE  Trans-arterial chemoembolization
Tregs  Regulatory T cells

Introduction

Hepatocellular carcinoma (HCC) is a leading cause of 
death from cancer worldwide, estimated to be responsible 
for nearly 750,000 deaths in 2012 (9.1 % of the total). In 
most countries, HCC accounts for 70–85 % of primary 
liver cancer cases, with the burden of disease expected to 
increase in coming years. In particular, it represents the 
fifth most common cancer in men (554,000 cases, 7.5 % of 
the total) and the ninth in women (228,000 cases, 3.4 %) 
(http://globocan.iarc.fr/).

Chronic HBV and HCV infections are the major recog-
nized risk factors for HCC worldwide [1], HBV being most 
common in eastern Asia and HCV in Mediterranean coun-
tries [2]. In particular, about one-third of all liver cancers 
occurring in the world are attributed to HCV with a mecha-
nism which has not yet fully deciphered [3]. As a non-inte-
grating virus, HCV is unlikely to have a direct role in HCC 
initiation. Indeed, since most HCV-associated HCC occurs 
in the presence of cirrhosis [4], chronic HCV infection may 
lead to cancer through the indirect mechanism of immune-
mediated damage, resulting in liver cell turnover and scar-
ring (fibrosis) [5, 6].

HCC prognosis is generally very poor, with a median 
survival of 14 months and less than 5 % of symptomatic 
patients surviving more than 2 years. In early-stage HCC 
patients, surgery (i.e., tumor resection and liver transplanta-
tion) represents the standard treatment with a 5-year sur-
vival rate in 70 % of treated patients [7–9]. However, most 
of the patients present with unresectable HCC or are not 
eligible for liver transplantation. In such case, only loco-
regional non-surgical treatments [i.e. radiofrequency 
(RF), thermal and nonthermal ablation, trans-arterial 

chemoembolization (TACE)] can be applied with an 
extremely variable 3 to 5-year survival rates, according to 
the disease stage at the time of treatment [10]. Recently, 
sorafenib, an oral multi-kinase inhibitor with anti-prolif-
erative and anti-angiogenic effects, has been approved for 
advanced HCCs with sufficient remaining liver function 
[11]. However, the effect of sorafenib is inadequate to con-
trol the progression of HCC. In this framework, immuno-
therapeutic interventions, including cancer vaccines, may 
represent a novel and effective therapeutic tool.

To date, a limited number of immunotherapy trials for 
HCC, including therapeutic vaccines, have been con-
ducted with yet modest results [12–15]. This suggests that 
improvements in several aspects of the immunotherapy 
approaches need to be implemented [16–19].

Main causes for the failure of HCC cancer vaccines 
tested so far can be identified both in the selected antigens 
and in the non-addressed intrahepatic immunosuppressive 
environment [20, 21].

Among the antigens tested so far in HCC cancer vac-
cine approaches, human telomerase reverse transcriptase 
(hTERT), a catalytic subunit of telomerase, is highly 
expressed in more than 85 % of different human tumors, 
with little or no expression in normal somatic cells [22–
24]. Moreover, HCC is characterized by somatic mutations 
in the telomerase reverse transcriptase promoter, leading to 
increased telomerase expression [25, 26]. Consequently, 
hTERT is an attractive tumor-associated antigen (TAA) 
which may be used to develop a universal vaccine for can-
cer immunotherapy [27–33]. Indeed, therapeutic hTERT 
vaccines have been developed to elicit telomerase-spe-
cific cytotoxic CD8+ T cells based on different strategies, 
including peptides, full-length proteins, mRNA-transduced 
dendritic cells (DCs) as well as viral vectors [34–38]. How-
ever, clinical trials of hTERT vaccines in cancer patients 
have proven of limited impact on overall survival [29], 
indicating that immune response elicited by hTERT alone 
is not sufficient to control tumor growth.

Considering that HCV chronic infection is responsi-
ble for more than 30 % of all HCC worldwide, targeting 
HCV antigens could represent a valid strategy to control 
HCC. Indeed, many studies propose that CD8+ T cells are 
the most important effectors in controlling HCV infec-
tion. In particular, a successful viral clearance strongly 
correlates with multi-specific and cross-genotype CD8+ T 
cell response to different HCV epitopes, which have been 
selected for the development of multiple HCV therapeutic 
vaccines evaluated in clinical trials (reviewed in [39]). Most 
of such epitopes are located in the core and NS3 structural 
proteins [40–44].

The intrahepatic immunosuppressive environment 
includes CD4+CD25+FoxP3+ regulatory T cells (Tregs) 
which evoke tumor immune evasion mechanisms that can 
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be a major obstacle to the success of cancer immunother-
apy [45–47]. Treatments aiming at limiting Tregs should 
be considered to improve cancer vaccine efficacy in HCC. 
In this framework, it has been shown that metronomic (low 
dose) chemotherapy with cyclophosphamide (CTX) or 
paclitaxel (PTX) in single or daily administration may sig-
nificantly reduce the number of regulatory T cells [48–50]. 
Such effect results in improved T cell-mediated anti-tumor 
responses in both preclinical and clinical studies [50–52] as 
well as improved immunogenicity of vaccines [48, 53–55].

In this perspective, the overall objective of this study 
was to assess in a preclinical animal model a novel combi-
natorial strategy for HCC, combining a cancer vaccine with 
a metronomic chemotherapy. In particular, the cancer vac-
cine included the mouse telomerase reverse transcriptase 
(mTERT) tumor antigen as well as HCV-specific antigens 
(core and NS3), to elicit a broad T cell immunity; the met-
ronomic chemotherapy included a multi-drug cocktail 
including taxanes (docetaxel and paclitaxel) and alkylat-
ing (cyclophosphamide) agents, to hit different targets of 
the immune-suppressive environment. Results showed that 
daily metronomic chemotherapy significantly enhanced the 
vaccine immunogenicity, and this effect strongly correlated 
with reduced Treg population.

Materials and methods

Mice

C57BL/6 (H-2b MHC) mice, 5–8 week old, were pur-
chased from Harlan (Udine, Italy). All animals were housed 
at the Animal Facility of the Istituto Nazionale Tumori 
“Pascale” (Naples, Italy). Mice were maintained under spe-
cific pathogen-free conditions, and all procedures were in 
accordance with recommendations for the proper use and 
care of laboratory animals.

Multi‑peptide vaccine

The multi-peptide cocktail vaccine used for the immuni-
zation included both HCV epitopes, derived from NS3 
and Core viral proteins, and universal tumor antigen 
mTERT epitopes. Binding affinity for H-2Db allele was 
predicted by in silico modeling using different algorithms 
(i.e. SYFPEITHI, NetMHC 3.2). The best ranking pep-
tides in terms of affinity values (<50 nM) were selected 
for immunization: in particular, for the HCV core protein: 
GGAARALAHGVRVLEDGVNY (145–164); for the NS3 
protein: LLYRLGAVQNEVTLTHPITK (598–617); for 
the mTERT protein: PTRPVGRNFTNLRFLQQIKS (194–
213). All peptide were synthesized at a purity of ≥80 % 
(Primm S.r.l., Milan, Italy). The peptide cocktail contained 

20 µg per each peptide, emulsified with a combination of 
50 µg of CpG and Montanide ISA 70 at a 30:70 ratio (w/o, 
vaccine/adjuvant).

Chemotherapy administration

Cyclophosphamide (CTX) (5 and 10 mg/Kg—low and high 
dose), paclitaxel (PTX) (2.5 and 5 mg/Kg—low and high 
dose) and docetaxel (DTX) (0.5 and 1 mg/Kg—low and 
high dose) diluted with phosphate-buffered saline (PBS) 
were administered via subcutaneous (s.c.) injection. The 
dose was extrapolated to human equivalent dose (HED) 
according to Reagan-Shaw et al. [56]. In experiment 1, 
chemotherapy was weekly administered; in experiment 2, 
it was daily administered until the end of the experiment.

Immunization experiments

Two immunization experiments were performed. The first 
one consisted of three vaccine s.c. administrations (week 0, 
3, 6), with low- and high-dose chemotherapy once a week 
(Suppl. Fig. 1). The second one consisted of five weekly 
vaccine s.c. administrations, with daily high-dose chemo-
therapy (Suppl. Fig. 3). In both experiments, each experi-
mental group consisted of five animals and control mice 
were treated with endotoxin-free phosphate-buffered saline 
(PBS). One week after the last injection, whole blood was 
collected by puncture of the retro-orbital vein. After eutha-
nasia of mice, spleens were resected and processed into 
single-cell suspensions for immunological evaluation.

Antibodies for flow cytometry

PE-conjugated anti-mouse CD4 (clone RM4-5), PE/Cy7-
conjugated anti-mouse CD8 (clone 53-6.7), APC-conju-
gated anti-mouse IFN-γ (clone XMG1.2), FITC-conjugated 
anti-mouse CD25 (clone 3C7), and Alexa Fluor 488-conju-
gated anti-mouse FoxP3 (clone 150D) antibodies were pur-
chased from BioLegend (San Diego, CA). PerCP-eFluor 
710-conjugated anti-mouse CD3 (clone 17-A2) and FITC-
conjugated anti-mouse IL-4 antibodies were purchased 
from eBioscience (San Diego, CA).

Characterization of regulatory T lymphocytes

For Tregs detection, 5 × 105 splenocytes were resuspended in 
RPMI medium and incubated for 30 min at 4 °C in the dark 
with PE-conjugated anti-mouse CD4 and FITC-conjugated 
anti-mouse CD25. After washing and permeabilization, cells 
were incubated with Alexa Fluor 488-conjugated anti-mouse 
FoxP3 for 30 min at 4 °C in the dark. The staining was char-
acterized by flow cytometry using FACScan hardware using 
CellQuest software (BD Biosciences, Mountain View, CA).
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Intracellular cytokine staining

1 × 106 splenocytes, after red blood cells lysis with ACK 
lysing buffer (Lonza, Basel CH), were resuspended in 
RPMI medium and stimulated for 5 h at 37 °C, in the pres-
ence of 1 μL/mL Golgi Plug, with 20 μg of each peptide, 
or PMA (100 ng/mL) and ionomycin (1 μg/mL) (posi-
tive control), or PBS (negative control). Cells were then 
incubated with PE/Cy7-conjugated anti-mouse CD8 and 
PerCP-eFluor 710-conjugated anti-mouse CD3 for 30 min 
at 4 °C in the dark. As previously described, after washing 
and permeabilization, cells were incubated with APC-con-
jugated anti-mouse interferon gamma and FITC-conjugated 
anti-mouse IL-4 for 30 min at 4 °C in the dark. Cells were 
analyzed at a FACScan hardware using CellQuest software 
(BD Biosciences, Mountain View, CA).

Statistical analysis

Comparison between individual data points were per-
formed with the unpaired two-sided Student’s t test. All P 
values were two-tailed and considered significant if <0.05.

Results

Cancer vaccine and weekly metronomic chemotherapy

The multi-peptide vaccine used in the study included 
epitopes from the NS3 and Core viral proteins as well as 
the universal tumor antigen TERT. According to parameters 
described in M&M, the HCV core145–164 epitope, the HCV 
NS3598–617 epitope, and the mTERT194–213 epitope were 
selected.

To test whether metronomic chemotherapy would 
improve the immune response against the multi-peptide 
vaccine, a protocol combining the vaccine with weekly 

administered high- or low-dose metronomic chemotherapy 
was performed in C57BL/6 mice (Suppl. Fig. 1).

The general status of animals in the experimental groups 
was followed up during the whole protocol, and the weight 
of each animal was recorded on the day of each immuni-
zation. Data clearly indicated that, regardless the treat-
ment, all animals showed a good general status and a 
progressive increase in the weight during the whole immu-
nization protocol (Suppl. Fig. 2). In particular, the aver-
age weight increase in the four groups was 10.02 % (range 
5.32–12.71 %).

At the end of the protocol, animals were killed and 
immunological analyses were performed on resected 
spleens. Frequency of interferon-γ (IFN-γ)-secreting T 
cell populations was assessed in splenocytes pooled from 
each experimental group after ex vivo re-stimulation with 
the pool of vaccine peptides. The results showed that the 
percentage of IFN-γ-positive CD8+ T cells, and not of 
CD4+ T cells, was significantly higher in both experimen-
tal groups treated with weekly low- and high-dose metro-
nomic chemotherapy (Fig. 1). Such result correlated with 
reduced percentage of Tregs in both low- and high-dose 
metronomic chemotherapy experimental groups (data not 
shown).

Cancer vaccine and daily metronomic chemotherapy

Subsequently, a protocol was designed combining the 
multi-peptide vaccine, adjuvanted in Montanide and CpG, 
with daily administration of high-dose metronomic chemo-
therapy (Suppl. Fig. 3).

The general status of animals in the experimental groups 
was followed up during the whole protocol, and the weight 
of each animal was recorded on the day of each immuni-
zation. The data clearly indicated that, regardless the treat-
ment, all animals showed a good general status. However, 
while animals in the control groups showed a progressive 
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Fig. 1  Evaluation of interferon-γ (IFN-γ)-secreting T cell popula-
tions after in vitro re-stimulation with peptide pool or PBS. At the 
end of the protocol combining the multi-peptide vaccine with weekly 

metronomic chemotherapy in C57BL/6 mice, single-cell splenocyte 
suspension cultures were obtained and re-stimulated ex vivo for 5 h. 
ICS for IFN-γ was evaluated in CD4+ and CD8+ T cell populations
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increase in the weight (13.2 % average weight increase), 
animals in the chemotherapy group showed a steady or 
decreasing weight (−2.3 % average weight variation). 
Interestingly, animals in the group treated with combina-
tion of chemotherapy + vaccine showed a 3.73 % average 
weight increase, suggesting a balancing effect played by 
the vaccine (Suppl. Fig. 4).

Daily metronomic chemotherapy induced a trend toward 
reducing CD4+ T cell percentage combined with a sig-
nificant increase in the CD8+ T cell percentage, which 
was partially counterbalanced by vaccination (Fig. 2a, b). 
Nevertheless, the CD4+/CD8+ ratio did not drop below 
1 which is the normal ratio in C57BL/6 mice at this age 
[57]. Furthermore, such ratio is considered as marker of an 
immune competence status in HIV-positive patients [58] 
(Suppl. Fig. 5).

Furthermore, a significant reduction in the percentage 
of CD4+CD25+ and CD4+CD25+FoxP3+ Treg population 
was observed in the spleens of the mice treated with either 
chemotherapy or vaccine. On the contrary, mice treated 
with the combination chemotherapy + vaccine did not 
show a significant reduction in Treg population (Fig. 2c, d).

In vivo effect of daily metronomic chemotherapy 
on antigen‑specific immunity

Antigen-specific immune response was evaluated in sple-
nocytes obtained from all animal groups 7 days after last 
immunization. Intracellular staining for IFN-γ production 
in CD8+ T cells was assessed by flow cytometry after ex 
vivo re-stimulation of splenocytes with the pool or individ-
ual vaccine peptides.

Results show an overall increase in IFN-γ-producing 
CD8+ T cells in mice treated with daily metronomic chem-
otherapy and multi-peptide vaccine (Fig. 3a). Such cells 
were specifically and significantly expanded by ex vivo 
re-stimulation only in splenocytes derived from animals 
treated with vaccine or the chemotherapy + vaccine com-
bination. In particular, re-stimulation with either the pep-
tide pool, the HCV core, or the TERT peptides induced a 
comparable >1.5-fold expansion of antigen-specific IFN-
γ-producing CD8+ T cells in splenocytes of animals from 
both experimental groups (Fig. 3a). On the contrary, re-
stimulation with the HCV NS3 peptide was effective in 
expanding antigen-specific IFN-γ-producing CD8+ T cells 
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in splenocytes from animals treated with the vaccine only. 
The same ex vivo re-stimulation did not exert any expan-
sion in splenocytes from the other three experimental 
groups (Fig. 3a).

The percentage of interleukin-4 (IL-4)-producing CD8+ 
T cells showed a similar trend compared to IFN-γ, although 
at significantly lower scale, suggesting a Th1 skewing of 
immune response induced by the combinatorial strategy 
(Fig. 3b).

Multi‑parametric analysis of immunological data

A multi-parametric analysis was performed to evaluate the 
agreement between the different immunological param-
eters identified in the present study. Percentage of CD8+, 
CD4+CD25+FoxP3+ T cells and their ratio were indepen-
dently correlated with antigen-specific IFN-γ-producing 
CD8+ T cells in splenocytes of animals from the experi-
mental group treated with combination of chemother-
apy + vaccine. Results showed that the strongest correla-
tion is found between IFN-γ-producing CD8+ T cells and 
Treg percentage as well as CD8+/Treg ratio (Table 1). As 
expected, Tregs are characterized by an inverse correlation, 
whereas the CD8+/Treg ratio is characterized by a direct 
correlation. Such results indicate that daily metronomic 

chemotherapy induces a Treg depletion strongly associated 
with an enhanced antigen-specific immune response.

Conclusion

In the current study, the effect of a strategy based on 
therapeutic peptide vaccine combined with a metronomic 
chemotherapy was evaluated in a mouse animal model. In 
particular, the therapeutic peptide vaccine was designed to 
target HCC and is a peptide cocktail containing the univer-
sal tumor antigen mTERT together with the HCV core and 
NS3 antigens. To our knowledge, such peptide combination 
has never been explored before for HCC, aiming at tar-
geting both the replicating tumor cells and the underlying 
infectious causative agent. In the present study, the immu-
nogenicity was evaluated in C57BL/6 animal model.

The combined metronomic chemotherapy was a mix-
ture of CTX, PTX, and DTX administered in a weekly 
or daily schedule. CTX and PTX daily doses used in the 
tested combination have been previously reported to be 
independently effective in enhancing immune response to 
vaccine [48, 59]. On the contrary, DTX has been previously 
shown to increase antigen-specific T cell responses when 
combined to a vaccine with a schedule different from daily 
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Fig. 3  Evaluation of interferon-γ (IFN-γ) a and IL-4 b producing 
CD8+ T cells after in vitro re-stimulation with either the peptide pool, 
the single peptides, or the PBS (Neg). At the end of the protocol com-
bining the multi-peptide vaccine with daily metronomic chemother-

apy, single-cell splenocyte suspension cultures were re-stimulated ex 
vivo for 5 h. ICS for IFN-γ and IL-4 were evaluated in the CD8+ T 
cell population

Table 1  Correlation coefficient (Pearson’s r) between CD8+, CD4+CD25+FoxP3+ T cells as well as their ratio and IFN-γ-producing CD8+ T 
cells, specific for each of the ex vivo re-stimulation epitopes

Positive values indicate direct correlation; negative values indicate inverse correlation

Antigen-specific IFN-γ-producing CD8+ T cells CD8+ CD4+CD25+FoxP3+ CD8+/Tregs

Pool 0.823 −0.997 0.984

Core 0.924 −0.991 0.999

NS3 0.867 −0.999 0.994

TERT 0.806 −0.993 0.977
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[60]. Enhancement of immune response to vaccine exerted 
by the combination of the three drugs, with the addition of 
doxorubicin, has been previously reported in a schedule 
characterized by single administration (i.e. 1 day before or 
7 days after vaccination) [61]. The present study, therefore, 
represents the first observation of such chemotherapeutic 
combination strategy administered in a daily schedule.

The protocol combining the vaccine with weekly admin-
istered high- or low-dose metronomic chemotherapy 
showed no toxicity and induced an increased percentage 
of peptide-specific IFN-γ-positive CD8+ T cells (Fig. 2), 
directly correlated with a reduced percentage of Tregs. 
Likewise, the protocol combining the vaccine with daily 
administration of high-dose metronomic chemotherapy 
induced no toxicity. However, animals treated only with 
chemotherapy showed a steady or limited decreasing 
weight (−2.3 % average weight variation) compared with 
control groups. Interestingly, animals in the group treated 
with combination of chemotherapy + vaccine showed a 
3.73 % average weight increase, indicating a partial balanc-
ing effect played by the vaccine and suggesting the absence 
of toxicity associated with the evaluated combinatorial 
strategy (Suppl. Fig. 4).

A significant reduction in the percentage of 
CD4+CD25+FoxP3+ Treg population was observed in the 
spleens of mice treated with either chemotherapy or vac-
cine, confirming results previously reported in the literature 
[48–50, 62–69].

Unexpectedly, such reduction was very limited in mice 
treated with the combination chemotherapy + vaccine 
compared with those in the PBS and adjuvant control 
groups (Fig. 2c, d). Explanation for such paradox effect 
is currently explored, evaluating how different parameters 
(i.e., administration routes and sites, doses) may impact on 
changes in the Treg population.

Immunogenicity of vaccination, alone or in combination 
with metronomic chemotherapy, was confirmed by identifi-
cation of antigen-specific IFN-γ-producing CD8+ T cells in 
splenocytes of animals from both experimental groups. Re-
stimulation with either the peptide pool or the individual 
epitopes induced, on average, an >1.5-fold expansion, sug-
gesting that all three epitopes were able to elicit an immune 
response in immunized animals. Overall, the combination 
chemotherapy + vaccine treatment did not induce a sig-
nificant increase in immunogenicity compared with vaccine 
only. Persistence of immune response in this experimental 
setting is not known, and consequently, timing of immune 
evaluation may have an impact on such result. Such aspect 
needs to be further evaluated.

Furthermore, immunological parameters identified in 
each animal within the combination chemotherapy + vac-
cine group show very strong correlation between IFN-γ-
producing CD8+ T cells, specific for each of the ex vivo 

re-stimulation epitopes, and Treg percentage as well as 
CD8+/Treg ratio (Table 1). In particular, the strongest cor-
relation coefficient was found with Treg percentage (nega-
tive coefficient), confirming the direct effect of reduction in 
Tregs on the CD8+ T cell response.

In conclusion, the present study describes a combination 
of novel multi-peptide formulation specific for HCV-related 
HCC with a novel multi-drug daily metronomic chemother-
apy. Its efficacy is currently evaluated in a tumor challenge 
model to experimentally reproduce the tumor-associated 
immune-suppressive environment. Results indicate prom-
ising efficacy with high potential translational application 
of such combinatorial therapeutic strategy in human cancer 
vaccine clinical trials for HCC and beyond.
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