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Clearance of infections caused by the hepatitis C virus 
(HCV) correlates with HCV-specific T cell function. We 
therefore evaluated therapeutic vaccination in 12 patients 
with chronic HCV infection. Eight patients also under-
went a subsequent standard-of-care (SOC) therapy with 
pegylated interferon (IFN) and ribavirin. The phase I/IIa 
clinical trial was performed in treatment naive HCV gen-
otype 1 patients, receiving four monthly vaccinations in 
the deltoid muscles with 167, 500, or 1,500 μg codon-
optimized HCV nonstructural (NS) 3/4A-expressing DNA 
vaccine delivered by in vivo electroporation (EP). Enroll-
ment was done with 2 weeks interval between patients 
for safety reasons. Treatment was safe and well tolerated. 
The vaccinations significantly improved IFN-γ–producing 
responses to HCV NS3 during the first 6 weeks of ther-
apy. Five patients experienced 2–10 weeks 0.6–2.4 log10 
reduction in serum HCV RNA. Six out of eight patients 
starting SOC therapy within 1–30 months after the last 
vaccine dose were cured. This first-in-man therapeutic 
HCV DNA vaccine study with the vaccine delivered by 
in vivo EP shows transient effects in patients with chronic 
HCV genotype 1 infection. The interesting result noted 
after SOC therapy suggests that therapeutic vaccination 
can be explored in a combination with SOC treatment.
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INTRODUCTION
Hepatitis C virus (HCV) is a major cause of severe liver disease 
and efficiently establishes persistent infections. Data suggest that 
a specific T cell response is essential for clearance1,2 and control 
of HCV.3–5 Factors correlated to chronicity are a high degree of 
genetic variability6,7 and HCV proteins which impair the host 
response.8 The specific T cell response is impaired and/or dys-
functional during chronic infection.9–11 This dysfunction may be 

caused via escape mutations within T cell epitopes if allowed by 
viral fitness,12–17 or by a direct effect induced of viral proteins.18–22 
The dysfunction is actively maintained because blocking of regu-
latory T cells (Tregs) or programmed death receptor-1 ligand in 
vitro restores T cell function.11,23 The dysfunction may be allevi-
ated by immune-modulating therapies,24,25 such as therapeutic 
vaccination.26 The purpose here is to activate, or reactivate and 
expand, HCV-specific T cells outside the liver by providing HCV 
antigens with optimal immunogenic conditions.27 Since the dys-
function seen in chronic infection involves both CD4+ and CD8+ 
T cells, a vaccine should activate both of these cell types.9 CD8+ 
T cell activation generally requires an endogenous production of 
antigen to induce a potent human leukocyte antigen (HLA) class 
I antigen presentation. Hence, CD8+ T cell responses are best 
activated through genetic immunization. Two major ways exist 
by which a genetic vaccine can be delivered, either by modified 
viral vectors, or by a direct injection of plasmid DNA. Recent 
studies have shown that viral vectors can activate potent immune 
responses in chimpanzees and humans.28,29 With respect to DNA 
vaccines, studies have been rather disappointing.30 However, new 
technologies can improve the immunogenicity of plasmid DNA, 
for example in vivo electroporation (EP).31 With EP, short electri-
cal pulses are administered which cause permeabilization of cellu-
lar membranes that increase DNA uptake and vaccine expression, 
and which also generates a local inflammatory response.32 This 
technique has been used in cancer patients,33 and has been found 
to raise T cell responses to HCV in chimpanzees.34 Another ques-
tion is which antigens should be used. Ideally, the antigen should 
be highly expressed in infected cells, and represent a well-con-
served viral region so that the vaccine-primed T cells will recog-
nize endogenous virus. A recent meta-analysis suggested that the 
best antigens to use in a protective vaccine would be the structural 
antigens.35 Since these are often highly variable and may be less 
suitable in therapeutic vaccines. The most conserved HCV genes 
are the core, nonstructural (NS) 3 and NS5B genes,7 which sug-
gests that these are suitable for inclusion in therapeutic vaccines.
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In the current study, we initiated a small proof-of-concept 
study to investigate whether a therapeutic HCV vaccination has 
an impact on the immune response and whether vaccination has 
any influence on a subsequent standard-of-care (SOC) treatment 
in patients with chronic HCV infection.

RESULTS
Safety and tolerability of DNA vaccination delivered 
by in vivo EP
All patients tolerated the vaccine injections well and no major side 
effects were noted. Within a minute after the vaccine injection, 
EP was performed at the same site. The correct delivery of the 
EP pulses could easily be discerned by two small muscle twitches 
in the vaccinated arm. A short-lasting pain was recorded that 
waned within a few minutes. Subjects receiving the EP procedure 
described the experience qualitatively as “leaving a small feeling 
of having been hit”. The perceived pain level has been illustrated 
in Figure 1. During and after the EP procedures, patients stayed 
in the hospital for 2 hours. No major adverse event beside the 
transient pain was noted. In vivo EP was the cause for the tran-
sient local pain. The pain was immediate at administration of the 
electrical pulses. On a relative 10-level pain scale the in vivo EP 
gave scores ranging from 2 to 8 whereas the DNA injection gave 
a score from 0 to 5 (Figure 1; P < 0.01, Mann–Whitney U-test). 
The perceived pain did not increase with repeated doses of the 
DNA vaccine (Figure 1). No significant change in blood chemis-
try was noted related to the treatment (data not shown). No severe 
adverse event was seen.

DNA vaccination induces a transient HCV-specific 
T cell activation
The second endpoint of the study was immunogenicity. This was 
determined both on the B and T cell level. The levels of anti-NS3 
IgG were quantified in all samples. The mean endpoint titers did 
not change significantly during the vaccinations due to high lev-
els of pre-existing antibodies in all patients (data not shown). 
However, when analyzing changes in optical densities in the lin-
ear slope of the dilution curve (samples should have an optical 
density at 405 nm of >0.3 to <1.0), an early transient effect of the 
vaccinations was noted (Figure 2a). The first vaccination consis-
tently induced an increase in relative antibody levels detected by 
a paired comparison of the samples obtained at week 0 and 2 in 
all patients (Figure 2a; P < 0.05, Wilcoxon’s matched pairs test). 
The increase was most pronounced in the two lowest dose groups 
(P < 0.01). Three of the six subjects in the two lowest dose groups 
with an increase in NS3 antibodies had de novo T cell activation 
(labeled with an asterisk (*) in Figure 2a). Thus, a limited effect 
of the vaccination seemingly was observed in the presence of pre-
existing antibody levels.

The presence of HCV-specific T cell responses before, during, 
and after the therapeutic vaccination was determined as the num-
ber of interferon (IFN)-γ–producing T cells, or spot-forming cells 
(SFCs) by ELISpot (Figures 2–5), and the level of proliferation as 
determined by the level of [3]H-thymidine incorporation (data not 
shown). In the ELISpot assay, only the responses to nine peptide 
pools spanning the whole NS3/4A region were used for the statis-
tical comparison to avoid repeated use of the same epitope and to 
overcome HLA restriction.

The number of the IFN-γ–producing spots seemed to increase 
after the two first vaccinations when comparing the number 
of SFCs at week 0, and the same at weeks 2 and 6 (Figure 2b). 
Proliferative T cell responses to NS3 or NS4 were detected in 8 out 
of 12 subjects before or after vaccination (data not shown).

In the 167 and 500 μg dose groups, de novo ELISpot responses 
appeared in four subjects, and in the highest dose group, one 
showed appearance of de novo ELISpot responses (Figures 2c and 
5). We compared the breadth of the T cell responses to the nine 
NS3/4A genotype 1a peptide pools by ELISpot 2 weeks after vac-
cinations with the responses at week 0 (Figures 2c and 5). Before 
vaccination, a total of 162 peptide pools from 11 of the patients 
were assayed by ELISpot, and three (2%) were positive (Figures 2c 
and 5). Altogether, 39 out of a total of 450 peptide pools assayed 
after vaccination were positive (Figures 2c and 5; P < 0.0001, 
Fisher’s exact test). In addition, the frequency of responses to 
the nine peptide pools significantly increased treatment at week 
2 (12 out of 99, P < 0.05, Fisher’s exact test), week 6 (10 out of 
81, P < 0.05, Fisher’s exact test), and week 36 (9 out of 108, P < 
0.05, Fisher’s exact test), when compared with week 0 (1 out of 81; 
Figures 2c and 5). The responses were most pronounced in the 
167 and 500 μg dose groups. Taken together, this suggests that the 
vaccination transiently improved T cell activation.

The responses to individual peptide pools have been given for 
two patients in the 500 μg dose group (Figure 3). In both, the 
activation, or reactivation, of HCV NS3/4A IFN-γ–producing T 
cells coincided with the suppression of the HCV RNA levels in 
blood (Figure 3).

Figure 1 Pain levels recorded immediately after in vivo electropora-
tion (EP) given in relation to the pain level related to the DNA injec-
tion. Values are summarized from all four treatments and have been 
given as the mean pain level estimated using the visual analogue scale 
(VAS). Each box shows the range from the first to third quartiles, and 
the median divides this large box into two boxes for the second and 
third quartiles. Also shown are the minimum reported values, from the 
second quartile box and down, and from the third quartile box up to the 
maximum reported values. The presence of a statistical difference (e.g., 
injection compared with EP) has been indicated as follows: **P < 0.01 
using the Mann–Whitney U-test. 
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T cell responses in relation to the HLA restriction 
elements of the host
In patient 102, a response to the pool 1326-1410 went from 55 
SFCs/106 peripheral blood mononuclear cell (PBMC) before vac-
cination to 100 SFCs/106 PBMC at week 2, 90 SFCs/106 PBMC 
at week 6, and <45 SFCs/106 PBMC at week 14. This patient car-
ries the HLA-A3 and -B35 alleles (Table 1), represented in the 
CD8+ peptide pool by the NS3-derived A3-restricted epitope 
LIFCHSKKK at residues 1391-1399, and represented in HLA-B/C 
CD8+ peptide pool by the NS3-derived B35-restricted epitope 
HPNIEEVAL at residues 1359-1367. The responses to these two 
pools at week 0 were <45 and 45 SFCs, at week 2 were 55 and 
75 SFCs, at week 6 were <45 and 75 SFCs, at week 10 were <45 
and 175 SFCs, and at week 14 were <45 and 75 SFCs/106 PBMC, 
respectively.

Patient 201 had responses to pools 1176-1260, 1326-1410, 
and 1401-1485 (Figure 3). Of these, pool 1326-1410 contains one 

epitope presented by the patient’s HLA-A3 molecule.36 Patient 202 
carrying the HLA-A24 allele had responses to several pools, with 
the strongest response to the pool spanning 1101-1185 (Figure 
3). An HLA-A24 epitope spanning residues 1100-110737 is pres-
ent in two overlapping pools to which the patient had reactivity 
(Figure 3).

Patients 401 and 402 were the only patients with responses 
to the C-terminal peptide pool 1626-1710 containing one HLA-
B8–restricted cytotoxic T lymphocyte epitope,38 and both were the 
only ones having the HLA-B8 allele.

DNA vaccination has transient effects on serum levels 
of HCV RNA
Changes in the viral load outside the ±0.5 log10 normal variation 
was seen as transient changes in eight patients, three had increases 
and five had reductions in the viral load (Figures 4 and 6). Only 
one patient had an increase in viremia levels within two weeks 

Figure 2 HCV NS3/4A-specific immune responses after vaccination. Immunogenicity of the first two doses of DNA determined as (a) increases 
in relative antibody levels to NS3 or (b,c) increases in T cell responses to overlapping peptide pools spanning the complete NS3/4A. Antibody levels 
to NS3 were determined at the linear slope of the dilution curve. Values have been given as the optical density (OD) at 405 nm (as shown in a). 
*Indicate subjects with an increase in NS3 antibodies that also had de novo T cell activation. T cell responses were determined using the peptide pools 
in a standard ELISpot assay where the numbers of IFN-γ–producing cells were measured (as shown in b and c). Results have been given by adding 
positive (≥45 SFCs/106 PBMC) cumulative SFCs/106 PBMC (as in b) or the frequency of positive reactions to the nine overlapping peptide pools 
(as in c). In b, each color in the staples indicates a specific individual and for this individual the cumulative SFCs/106 PBMC to the nine overlapping 
peptide pools. In c, the percent positive IFN-γ responses to the nine overlapping NS3/4A peptide pools are shown for each timepoint. Each color in 
the staples indicates a specific individual. Values are calculated by multiplying the number of patients analyzed with the number of peptide pools for 
each timepoint. Statistical comparisons were performed using Wilcoxon’s matched pairs test (in a) and the Fisher’s exact test (in c). HCV, hepatitis C 
virus; IFN, interferon; PBMC, peripheral blood mononuclear cell; SFC, spot-forming cell.
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from a vaccination. All five patients with decreases in viremia had 
these within 2 weeks from a vaccine dose. Reductions in the viral 
load were only seen in the two highest dose groups. The reduc-
tions lasted from 2 to >10 weeks and ranged from 0.6 to 2.4 log10 
in the five patients. All the four patients developing an improved 
T cell response had reductions in the viral load (Figures 4 and 6).

Role of the IL-28B genotype and viral genotype
Of the five patients with a transient decline in HCV RNA levels, 
three had the IL-28B CC genotype (Table 1). Of the five patients 
(numbers 102, 103, 201, 202, and 402) with a transient de novo T 
cell activation, one had the TT,39 three had the CT, and one had the 

CC genotype (Table 1). Hence, no association between the IL-28B 
genotype and T cell responses was seen (Table 1). Two of these 
five patients were infected with HCV genotype 1a and three with 
genotype 1b (Figures 4 and 5).

Effects of SOC therapy after vaccination
At baseline, before SOC treatment was commenced, the mean 
age of the patients was 47 years (range 37–57) and all but two 
were  males (Figure 6). The mean HCV RNA level was 662,098 
IU/ml (range 8,790–1,700,000 IU/ml). A rapid viral responses was 
achieved in 5 out of 8 patients (56%), and a complete early viral 
response and sustained viral response (SVR) in 6 out of 8 patients 

Figure 3 Kinetic analysis of viral load in relation to HCV-specific immune responses. Change in serum levels of HCV RNA and the number of 
IFN-γ–producing cells to individual peptide pools spanning NS3/4A in patients (a) 201 and (b) 202 who both received the 500 μg DNA dose. Data 
has been given as genome equivalents (eq)/ml (line) and IFN-γ–producing SFCs/106 PBMC (bars). The dotted line indicates the >45 SFCs/106 PBMC 
cut-off. HCV, hepatitis C virus; IFN, interferon; PBMC, peripheral blood mononuclear cell; PHA, phytohemagglutinin; SFC, spot-forming cell.
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(75%). Sustained viral response according to IL-28B genotype was 
seen in 2 of 2 patients with the CC, 3 of 4 patients with the CT, and 
1 of 2 patients with the TT genotype (Figure 6).

DISCUSSION
DNA vaccines have not been successful in the past, probably 
at least due to suboptimal delivery.30 New delivery techniques 
including in vivo EP possibly will change this for the better.40 Thus, 
some key effects of in vivo EP are improved DNA uptake, antigen 
expression, and a local inflammatory response.32,41 These factors 
are favorable when DNA vaccination as a concept is moved from 
small to large animals including humans.

The study was designed to investigate whether therapeutic 
HCV vaccination in patients with chronic HCV infection was 
safe, had impact on the immune response, and whether it had 
any effects on the viral load. As an addition, we could also fol-
low some of the patients during a subsequent treatment with 
pegylated IFN alfa 2a and ribavirin. Although treatment for 
HCV infection is rapidly changing with the development of new 
direct antiviral drugs (direct-acting antivirals (DAAs)), the data 
presented here indicate that therapeutic HCV vaccination has a 
potential impact on a subsequent SOC treatment. Further stud-
ies are needed to address whether a combination of therapeutic 
vaccination can improve treatment response to the new DAAs 
developed for HCV treatment. Although DAAs are highly effec-
tive, there are still patient groups where an effective therapeutic 
vaccine may have an influence on the therapy and increase cure 
rates or by shortening treatment duration. Our study has draw-
backs since it was a small clinical trial and with uncontrolled 
factors that may influence the obtained results. Some effects, 
however, were noted of the vaccinations concerning the pre-
set criteria. First, the treatment was well tolerated with only a 

transient pain related to the in vivo EP. Second, the patients’ T 
cell responses statistically improved, showing that the regimen 
seemed to modulate the host T cell response. And finally, a tran-
sient effect on the viral replication was noted in some patients.

When eight of our genotype 1 patients received SOC therapy 
after having had their vaccine doses, six were cured. It is tempt-
ing to speculate that the vaccination had a beneficial effect on 
the response to SOC treatment, but many confounding factors 
were operating and, hence, no firm conclusions can be drawn. 
For example, the study was small and many patients had low viral 
loads, and the time lap from vaccination to SOC treatment was 
not standardized. Due to these drawbacks, it is important to test 
whether these observations will stand also in a controlled clinical 
trial. However, our data add further insight to the previous expe-
rience with therapeutic vaccination in chronic HCV infection. A 
peptide-based vaccine has previously been shown to have some 
effects on the viral load,42 whereas a protein-based approach 
using a HCV NS3 and core fusion protein has been suggested 
to improve sustained response rates when added to SOC.43 In a 
recent study, it was shown that modified vaccinia Ankara-based 
therapeutic vaccination using a vector expressing HCV NS3/NS4 
and NS5B generates results very similar to ours.29 Thus, our data 
further support the concept of therapeutic vaccination and its 
ability to transiently modulate the host response with moderate 
effects on viral replication, when used as monotherapy.

This is to our knowledge, the first clinical trial utilizing a 
therapeutic DNA vaccine in patients with chronic hepatitis C 
delivered by in vivo EP, later followed by a SOC therapy with 
pegylated IFN and ribavirin. The study reached the pre-set study 
criteria. Hence, therapeutic vaccination delivered with EP was 
found to be safe, immunogenic, and had transient effects on 
the viral replication. Importantly, we did note that of the four 

Table 1 Baseline demographic characteristics of the 12 patients

Patient ID and 
dose group Age/sex

Number of 
doses

Baseline viral 
load (IU/ml) 

and genotype
IL-28B  

genotype

Effects recorded after vaccination HLA class I type(s)

HCV RNA 
decline T cell activation A B

167 μg

 101 29/F 4 <15a (1b) CC No Yes 11, 24 35, 51

 102 55/M 4 14,100 (1b) CT No Yes 3, 19 35, 51

 103 45/F 4 1,100,000 (1a) CT No Yes 11, 26 40, 44

500 μg

 201 45/M 4 804,000 (1a) CC Yes Yes 3, 24 7, 27

 202 36/F 4 564,000 (1b) CT Yes Yes 1, 24 35, 62

 203 49/M 4 790,000 (1a) CT No No 2 7, 44

1,500 μg

 301 37/M 4 1,700,000 (1a) TT No No 1, 2 41, 57

 302 46/M 5 19,000 (1) CC Yes No 30, 33 27, 44

 303 40/M 4 560,000 (1a) CC Yes No 3, 11 18, 55

 401 56/M 4 116,000 (1a) CT No No 1, 24 8, 14

 402 61/F 4 242,000 (1b) TT Yes Yes 1, 2 8

 404 47/F 5 580,000 (1a) TT No No 3, 25 14, 60

Abbreviations: HCV, hepatitis C virus; HLA, human leukocyte antigen.
aSubject HCV RNA positive at screening but <15 IU/ml at start of vaccination (week 0).
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subjects who mounted an early T cell response to the vaccine, 
three simultaneously or later, displayed decreases in the serum 
levels of HCV RNA. This implies that vaccine induced, or reac-
tivated, HCV-specific T cell responses, which possibly induced 

an antiviral effect. However, this immunological effect was only 
transient. Moreover, it is of interest that the main improvements 
in specific T cell responses appeared after the first and second 
vaccination, and that the responses were not improved further 

Figure 4 Summary of changes in the viral load (black line), and ELISpot responses to recombinant NS3/NS4 (rNS3/rNS4; red dotted line), 
nine overlapping peptide pools spanning NS3/4A (red) or peptide pools with known CD8 epitopes (orange line). The figure indicates the 
viral load at baseline. The hepatitis C virus (HCV) RNA levels have been given as change relative to baseline. The ELISpot data has been given as the 
cumulated SFCs/106 PBMC. Numbers 101, 102, 103, 201, 202, 203, 301, 302, 303, 401, 402, and 404 indicate individual subject number in the 
different dose groups. Also the baseline HCV RNA levels and the IL-28B genotype (CC, CT, and TT) has been given. PBMC, peripheral blood mono-
nuclear cell; SFC, spot-forming cell.
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by additional vaccinations. Surprisingly, at week 36, again stron-
ger T cell responses were detected in two patients. The reasons 
for the failed specific T cell activation after the third and fourth 
vaccination are not clear. However, one may speculate that the 
vaccine currently has a suboptimal immunogenicity and there-
fore the primed responses are unable to permanently break the 
inhibition of the HCV-specific responses. Hence, repeated vac-
cination may therefore have no beneficial effects. Thus, similar 
studies using a vaccine with improved immunogenicity merits 
further investigation. In addition, it is also likely that the strong 
regulatory effects present in the chronic infection are difficult to 
overcome with the used vaccine alone. Furthermore, four vac-
cine doses with this vaccine alone were not sufficient to achieve 
sustained virological response by itself in patients with chronic 
HCV. However, when combined with pegylated IFN and riba-
virin treatment or in the future with DAAs,44 therapeutic vac-
cination possibly will have an influence on the response rates 
and clearance of HCV. In our small study, 75% of the vaccinated 
patients, all infected by HCV genotype 1, were cured with the 
subsequent SOC treatment, which is an encouraging result. 
However, with the development of highly effective HCV-targeted 
drugs, the role for a therapeutic vaccine is likely to be small. On 
the other hand, it is possible that some patient groups in need 
of alternative treatment options, may still benefit from thera-
peutic vaccines. Such groups could include patients resistant to 

DAAs, patients not eligible for DAA treatment, patients exposed 
to HCV repeatedly (e.g., injection drug users at risk of HCV re-
infection), and patients in resource-poor environments. To be 
able to cure 100% of HCV-infected patients, it is not unlikely 
that successful HCV treatment for selected patients will consist 
of several DAAs used in combination with immune modulatory 
measures including therapeutic vaccines.

In conclusion, the concept of therapeutic DNA vaccine deliv-
ered by in vivo EP to treat chronic HCV is safe and should be 
further investigated in combination with other compounds 
with different modes of action, and/or by further improving the 
immunogenicity.

MATERIALS AND METHODS
Human subjects. This trial was approved by the Regional Ethical Council 
in Stockholm, Sweden and by the Swedish Medical Products Agency. The 
Declaration of Helsinki protocols were followed and all patients gave their 
written informed consent. The trial has been registered at http://www.
clinicaltrials.gov (http://clinicaltrials.gov/ct2/show/NCT00563173). Twelve 
patients with verified chronic HCV genotype 1 infections of a duration of 
>6 months were included in the study. Background data of the patients, five 
females and seven males, with a mean age of 46 years (range 29–60 years), 
have been given in Table 1. All were treatment naive and four had genotype 
1b, seven had genotype 1a, and one had genotype 1 unspecified (Table 1). 
The mode of HCV acquisition was transfusions in two, intravenous drug 
use in four, and sporadic including sexual transmission in six. All but one 

Figure 5 Overview of IFN-γ ELISpot responses to the nine peptide pools spanning the NS3/4A proteins in the 12 vaccinated patients. An open 
box indicates that the sample was not tested, a blue box indicates that the sample was tested with a negative result, and a red box indicates that 
the result was positive (≥45 SFCs/106 PBMCs). Numbers 101, 102, 103, 201, 202, 203, 301, 302, 303, 401, 402, and 404 indicate individual subject 
number in the different dose groups. Also the IL-28B genotype (CC, CT, and TT), HCV genotype, and treatment outcome has been given. Week 0, 
2, 6, 10, 14, and 36 indicate timepoint for withdrawal of blood sample. HCV, hepatitis C virus; IFN, interferon; PBMC, peripheral blood mononuclear 
cell; SFC, spot-forming cell; SVR, sustained viral response.
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patient had an evaluation of their liver injury by transient elastography for 
staging of liver fibrosis by measuring the liver stiffness.45 The median liver 
stiffness was 7.8 kPa (range 3.8–25.7 kPa) indicating a generally mild fibro-
sis in the majority of patients. At baseline, the median HCV RNA level 
was 562,000 IU/ml (range 14–1,700,000 IU/ml). The typing for the IL-28B 
rs12979860 single-nucleotide polymorphism genotype39 was determined 
using a PCR using the primers GCCTGTCGTGTACTGAACCA (forward)  
and GCGCGGAGTGCAATTCAAC (reverse), and probes FAM-CTGG 
TTACGCCTTC-MGB and VIC-TGGTTCGCGCCTTC-MGB. HLA typ-
ing was performed by PCR.

SOC therapy. After a mean interval of 15 months (range 1–30) from last 
vaccination, 8 out of 12 patients were given treatment with pegylated IFN 
alfa 2a 180 μg q.w. + ribavirin 1,000/1,200 mg q.d. (SOC). Two patients 
who received a booster dose started treatment within 1–2 months after 
the booster dose. Treatment duration was intended to be 24 weeks if rapid 
viral response was achieved (HCV RNA <50 IU/ml by Roche Amplicor 

Monitor; Roche, Basel, Switzerland) and 48 weeks if no rapid viral response 
was achieved but HCV RNA became undetectable at week 24 and a 2 log10 
drop was seen from baseline at week 12. No immunological analysis was 
performed on patients undergoing SOC treatment.

Vaccine and vaccine delivery. The DNA vaccine (GenBank acces-
sion  number AR820945.1, http://www.ncbi.nlm.nih.gov/genbank, 
ChronVac-C; ChronTech Pharma AB, Huddinge, Sweden) encodes a 
codon-optimized HCV NS3/4A genotype 1a gene with expression con-
trolled by the cytomegalovirus immediate early promoter.46 The vaccine 
was produced under good manufacturing practice at Vecura (Huddinge, 
Sweden). Preclinical testing suggested that the regimen was safe,32 and 
a similar vaccine was found immunogenic in macaques.47 A volume of 
0.5 ml of 0.9% sodium chloride containing the DNA was injected in the 
deltoid muscle (alternating left and right) using a 27-G needle at a depth of 
1.2 cm. The injection site was marked with a surgical pen before injection 
and then sterilized by swiping with an alcohol pad. Immediately after the 

Figure 6 Kinetics of serum HCV RNA levels after vaccination and SOC therapy. (a) Summary of the effect of an SOC therapy in 8 out of the 
12 patients. The two patients receiving a fifth booster dose of the vaccine has been indicated by an asterisk (*). EOT, indicate end of treatment 
response; fu, indicate follow-up; and NA, indicate not available. (b) The kinetics of hepatitis C virus (HCV) RNA levels in blood has been given 
during SOC and follow-up has been given as the IU/ml. The dotted lines indicate the 50 and 15 IU/ml (sensitivity limit of the quantitative assay) 
levels. Numbers 102, 103, 202, 301, 302, 303, 401, and 404 indicate individual subject number in the different dose groups. gt, genotype; HCV, 
hepatitis C virus; SOC, standard-of-care.
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injection a four-electrode array (Medpulser DDS; Inovio, Blue Bell, PA) 
was inserted around the site of injection and EP was administered as two 
60-ms pulses of 106 V/cm. The 1.5-cm long electrodes were mounted in a 
square pattern with 0.5 cm between each.

Clinical trial design. The pre-specified primary, secondary, and tertiary aims 
of the clinical trials were safety, immunogenicity, and effects on the serum 
levels of HCV RNA, respectively. The number of patients per group was set 
to three for reproducibility and the possibility to perform the trial at a single 
clinical site to minimize the operator variability at EP. The patients were 
divided into three dose groups, 167 μg (n = 3), 500 μg (n = 3), and 1,500 μg (n 
= 6) of DNA. Each patient received four monthly vaccinations with the same 
dose. Since this was a first-in-man study, with this a DNA vaccine against 
HCV delivered by in vivo EP, 2 weeks were allowed between the enrollments 
of each patient to monitor safety. After passing screening, patients were 
admitted to hospital for 8 hours after the first vaccination and then phoned 
back at 24 hours. The local reaction at the site of vaccination was recorded 
during the first week. Venous blood was sampled before each vaccination, 
6 hours after, and then every second week until treatment week 16. A final 
sample was taken 24 weeks after last vaccination, which was performed at 
week 12. These samples were tested for blood biochemistry, hematology, 
and HCV RNA. Samples were tested by a qualitative (COBAS AmpliPrep/
COBAS AMPLICOR HCV Test, v2.0; Roche Diagnostics, Pleasanton, CA) 
and a quantitative assay (sensitivity 15 IU/ml, COBAS AmpliPrep/COBAS 
TaqMan HCV Test; Roche Diagnostics) kit for HCV RNA. PBMCs for 
analysis of immune responses were isolated by Ficoll-Paque gradient den-
sity centrifugation at week 0, 2 weeks after each vaccination, and at week 39. 
PBMC were aliquoted and frozen in liquid nitrogen until tested.

Immunological analysis. All T cell assays were performed on frozen PBMC 
at ImmuSystems (Munich, Germany) as described previously.48 All samples 
were tested for proliferation by 3H-thymidine incorporation and for IFNγ 
production by ELISpot.48 Peptides corresponding to known HLA class I epi-
topes and to the complete NS3/4A sequence of the vaccine were generated by 
standard techniques.49 The following peptide pools were generated: 1: CD4 
peptide pool (SPVFSDNSSPPAVPQSYQVA, AQGYKVLVLNPSVAATMG, 
GRHLIFCHSKKKCD, TTVRLRAYMNTPGLPVCQDH, ENLPYLVAYQ 
ATVCARAQ, SGKPAIIPDREVLYREFDEM), 2: CD8 peptide pool, 
HLA-A2 (CINGVCWTV, YLVTRHADV, LLCPAGHAV, TGSPITYSTY, 
KLVALGVNAV, YLVAYQATV, VLAALAAYCL), 3: CD8 peptide  
pool, HLA-A non-A2 (ATDALMTGF (A1), TMGFGAYMSK 
(A11), GAYMSKAHGI (A11), TLTHPVTK (A11), AYAQQTRGL 
(A24), MYTNVDQD (A24), TYSTYGKFL (A24), MGFGAYMSK 
(A3), LIFCHSKKK (A3)), 4: CD8 peptide pool, HLA-B and HLA-C 
(HPNIEEVAL (B35), TPAETTVRL (B35), IPDREVLY (B35), 
CHSTDATSIL (B38), HSKKKCDEL (B8), ELAAKLVAL (B8), LIRLKPTL 
(B8), EVTLTHPVTKYIMTCMSA (B8), AYAAQGYKVL (C3)), 5: nine 
peptide pools containing 15 overlapping peptides of HCV NS3 and NS4A 
(pool 11026-1110, pool 21101-1185, pool 31176-1260, pool 41251-1335, pool 51326-1410, 
pool 61401-1485, pool 71476-1560, pool 81551-1635, and pool 91626-1710).

In the proliferation assay, PBMCs (5 × 104/well) were incubated in 
96-well U-bottom plates (TPP, Trasadingen, Switzerland) in triplicates 
for 5 days in the presence of different concentrations (3, 1, and 0.3 μg/
ml each) of HCV proteins, NS3 and NS4 (Mikrogen, Neuried, Germany), 
tetanus toxoid (10 μg/ml; Chiron Behring, Marburg, Germany) and 
phytohemagglutinin (PHA, 1 μg/ml; Remel, Lenexa, KS). The stimulation 
index was calculated as the ratio of counts per minute obtained in the 
presence of antigen to that obtained without antigen. A stimulation index 
of >3 was considered significant.

The human IFN-γ ELISpot (Mabtech AB, Nacka Strand, Sweden; 
#3420-2APT-10) was performed as recommended by the manufacturer 
using 2.5 × 105 PBMC/well for antigen stimulation and 0.25 × 105 PBMC/
well for stimulation with PHA. Plates were incubated for 48 hours in the 
presence of NS3 (1 μg/ml), NS4 (1 μg/ml), thirteen different peptide pools 

(10 μg/ml of each peptide), tetanus toxoid (10 μg/ml), and PHA (1 μg/
ml). Cut-offs with ≥9 delta spots (counted spots − control spots) and an 
ELISpot-stimulation index (counted spots/control spots) of 2 were used in 
the study to define significant positive antigen responses as determined in 
validation experiments with healthy individuals. The positive PHA control 
was >150 SFCs/106 PBMC in all samples included in the analysis proving 
the viability of the cells.

Statistical analysis. Statistical comparisons were performed using the 
GraphPad InStat 3 for Macintosh (version 3.0b; GraphPad Software, San 
Diego, CA) and Microsoft Excel 2008 for Macintosh (version 12.2.8; 
Microsoft, Redmond, WA). Nonparametric data were compared using the 
Fisher’s exact test, the Mann–Whitney U-test, and Wilcoxon’s matched 
pairs test (InStat 3).

ACKNOWLEDGMENTS
We thank the patients for their participation and Maria Persson and 
Eva-Linné Larsson (Semcon Caran AB, Lund, Sweden) for help with 
trial management. The study was supported by research grants from 
Swedish Research Council (M.S., L.F.) and Stockholm County Council 
(M.S. and O.W.). The clinical trial was sponsored by ChronTech 
Pharma AB, Huddinge, Sweden and electroporation devices were 
provided by Inovio Pharmaceuticals, Blue Bell, PA. M.S. and A.V. are 
founders, paid consultants, and board members of ChronTech Pharma 
AB. L.F. and G.A. are paid consultants of ChronTech Pharma AB. M.F., 
I.M., and N.Y.S. are, or were at the time of the study, employed by 
Inovio Pharmaceuticals, Blue Bell, PA. H.D. and M.-C.J. are founders 
of ImmuSystems, Munich, Germany. The study has been presented in 
part as a poster at the annual meeting of the American Association for 
the Study of Liver Disease, 2008, as oral presentations at the annual 
meeting of the European Association for the Study of the Liver, 2009, 
and the annual meeting of the American Society for Gene and Cell 
Therapy, 2009. The other authors declared no conflict of interest.

REFERENCES
1. Diepolder, HM, Zachoval, R, Hoffmann, RM, Wierenga, EA, Santantonio, T, Jung, 

MC et al. (1995). Possible mechanism involving T-lymphocyte response to non-
structural protein 3 in viral clearance in acute hepatitis C virus infection. Lancet 346: 
1006–1007.

2. Missale, G, Bertoni, R, Lamonaca, V, Valli, A, Massari, M, Mori, C et al. (1996). 
Different clinical behaviors of acute hepatitis C virus infection are associated with 
different vigor of the anti-viral cell-mediated immune response. J Clin Invest 98: 
706–714.

3. Hultgren, C, Desombere, I, Leroux-Roels, G, Quiroga, JA, Carreno, V, Nilsson, B et al. 
(2004). Evidence for a relation between the viral load and genotype and hepatitis C 
virus-specific T cell responses. J Hepatol 40: 971–978.

4. Missale, G, Cariani, E, Lamonaca, V, Ravaggi, A, Rossini, A, Bertoni, R et al. 
(1997). Effects of interferon treatment on the antiviral T-cell response in 
hepatitis C virus genotype 1b- and genotype 2c-infected patients. Hepatology 26: 
792–797.

5. Rohrbach, J, Robinson, N, Harcourt, G, Hammond, E, Gaudieri, S, Gorgievski, M 
et al.; Swiss HIV Cohort Study. (2010). Cellular immune responses to HCV core 
increase and HCV RNA levels decrease during successful antiretroviral therapy. Gut 
59: 1252–1258.

6. Simmonds, P, Bukh, J, Combet, C, Deléage, G, Enomoto, N, Feinstone, S et al. 
(2005). Consensus proposals for a unified system of nomenclature of hepatitis C virus 
genotypes. Hepatology 42: 962–973.

7. Simmonds, P (2004). Genetic diversity and evolution of hepatitis C virus–15 years on. 
J Gen Virol 85(Pt 11): 3173–3188.

8. Gale, M Jr and Foy, EM (2005). Evasion of intracellular host defence by hepatitis C 
virus. Nature 436: 939–945.

9. Bowen, DG and Walker, CM (2005). Adaptive immune responses in acute and chronic 
hepatitis C virus infection. Nature 436: 946–952.

10. Grakoui, A, Shoukry, NH, Woollard, DJ, Han, JH, Hanson, HL, Ghrayeb, J et al. (2003). 
HCV persistence and immune evasion in the absence of memory T cell help. Science 
302: 659–662.

11. Franceschini, D, Paroli, M, Francavilla, V, Videtta, M, Morrone, S, Labbadia, G et al. 
(2009). PD-L1 negatively regulates CD4+CD25+Foxp3+ Tregs by limiting STAT-5 
phosphorylation in patients chronically infected with HCV. J Clin Invest 119: 551–564.

12. Cox, AL, Mosbruger, T, Mao, Q, Liu, Z, Wang, XH, Yang, HC et al. (2005). Cellular 
immune selection with hepatitis C virus persistence in humans. J Exp Med 201: 
1741–1752.

13. Erickson, AL, Kimura, Y, Igarashi, S, Eichelberger, J, Houghton, M, Sidney, J et al. 
(2001). The outcome of hepatitis C virus infection is predicted by escape mutations in 
epitopes targeted by cytotoxic T lymphocytes. Immunity 15: 883–895.

14. Söderholm, J, Ahlén, G, Kaul, A, Frelin, L, Alheim, M, Barnfield, C et al. (2006). 
Relation between viral fitness and immune escape within the hepatitis C virus 
protease. Gut 55: 266–274.

1804 www.moleculartherapy.org vol. 21 no. 9 sep. 2013



© The American Society of Gene & Cell Therapy
Therapeutic DNA Vaccination in Chronic HCV

15. Dazert, E, Neumann-Haefelin, C, Bressanelli, S, Fitzmaurice, K, Kort, J, Timm, J et 
al. (2009). Loss of viral fitness and cross-recognition by CD8+ T cells limit HCV 
escape from a protective HLA-B27-restricted human immune response. J Clin Invest 
119: 376–386.

16. Pfafferott, K, Gaudieri, S, Ulsenheimer, A, James, I, Heeg, M, Nolan, D et al. (2011). 
Constrained pattern of viral evolution in acute and early HCV infection limits viral 
plasticity. PLoS ONE 6: e16797.

17. Ruhl, M, Knuschke, T, Schewior, K, Glavinic, L, Neumann-Haefelin, C, Chang, DI et al.; 
East German HCV Study Group. (2011). CD8+ T-cell response promotes evolution of 
hepatitis C virus nonstructural proteins. Gastroenterology 140: 2064–2073.

18. Brenndörfer, ED, Karthe, J, Frelin, L, Cebula, P, Erhardt, A, Schulte am Esch, J 
et al. (2009). Nonstructural 3/4A protease of hepatitis C virus activates epithelial 
growth factor-induced signal transduction by cleavage of the T-cell protein tyrosine 
phosphatase. Hepatology 49: 1810–1820.

19. Brenndörfer, ED, Weiland, M, Frelin, L, Derk, E, Ahlén, G, Jiao, J et al. (2010). Anti-
tumor necrosis factor a treatment promotes apoptosis and prevents liver regeneration 
in a transgenic mouse model of chronic hepatitis C. Hepatology 52: 1553–1563.

20. Brenndörfer, ED, Brass, A, Söderholm, J, Frelin, L, Aleman, S, Bode, JG et al. (2012). 
Hepatitis C virus non-structural 3/4A protein interferes with intrahepatic interferon-? 
production. Gut 61: 589–596.

21. Foy, E, Li, K, Wang, C, Sumpter, R Jr, Ikeda, M, Lemon, SM et al. (2003). Regulation 
of interferon regulatory factor-3 by the hepatitis C virus serine protease. Science 
300: 1145–1148.

22. Kriegs, M, Bürckstümmer, T, Himmelsbach, K, Bruns, M, Frelin, L, Ahlén, G et al. 
(2009). The hepatitis C virus non-structural NS5A protein impairs both the innate and 
adaptive hepatic immune response in vivo. J Biol Chem 284: 28343–28351.

23. Kasprowicz, V, Schulze Zur Wiesch, J, Kuntzen, T, Nolan, BE, Longworth, S, Berical, A 
et al. (2008). High level of PD-1 expression on hepatitis C virus (HCV)-specific CD8+ 
and CD4+ T cells during acute HCV infection, irrespective of clinical outcome. J Virol 
82: 3154–3160.

24. Pawlotsky, JM (2006). Therapy of hepatitis C: from empiricism to eradication. 
Hepatology 43 (2 suppl. 1): S207–S220.

25. Chen, A, Ahlén, G, Brenndörfer, ED, Brass, A, Holmström, F, Chen, M et al. (2011). 
Heterologous T cells can help restore function in dysfunctional hepatitis C virus 
nonstructural 3/4A-specific T cells during therapeutic vaccination. J Immunol 
186: 5107–5118.

26. Plotkin, SA (2003). Vaccines, vaccination, and vaccinology. J Infect Dis 187:  
1349–1359.

27. Sällberg, M, Frelin, L and Weiland, O (2009). DNA vaccine therapy for chronic 
hepatitis C virus (HCV) infection: immune control of a moving target. Expert Opin Biol 
Ther 9: 805–815.

28. Rollier, CS, Paranhos-Baccala, G, Verschoor, EJ, Verstrepen, BE, Drexhage, JA, 
Fagrouch, Z et al. (2007). Vaccine-induced early control of hepatitis C virus infection 
in chimpanzees fails to impact on hepatic PD-1 and chronicity. Hepatology 45: 
602–613.

29. Habersetzer, F, Honnet, G, Bain, C, Maynard-Muet, M, Leroy, V, Zarski, JP et al. (2011). 
A poxvirus vaccine is safe, induces T-cell responses, and decreases viral load in patients 
with chronic hepatitis C. Gastroenterology 141: 890–899.e1.

30. Kutzler, MA and Weiner, DB (2008). DNA vaccines: ready for prime time? Nat Rev 
Genet 9: 776–788.

31. Mathiesen, I (1999). Electropermeabilization of skeletal muscle enhances gene transfer 
in vivo. Gene Ther 6: 508–514.

32. Ahlén, G, Söderholm, J, Tjelle, T, Kjeken, R, Frelin, L, Höglund, U et al. (2007). In vivo 
electroporation enhances the immunogenicity of hepatitis C virus nonstructural 3/4A 
DNA by increased local DNA uptake, protein expression, inflammation, and infiltration 
of CD3+ T cells. J Immunol 179: 4741–4753.

33. Rice, J, Ottensmeier, CH and Stevenson, FK (2008). DNA vaccines: precision tools for 
activating effective immunity against cancer. Nat Rev Cancer 8: 108–120.

34. Folgori, A, Capone, S, Ruggeri, L, Meola, A, Sporeno, E, Ercole, BB et al. (2006). A 
T-cell HCV vaccine eliciting effective immunity against heterologous virus challenge in 
chimpanzees. Nat Med 12: 190–197.

35. Dahari, H, Feinstone, SM and Major, ME (2010). Meta-analysis of hepatitis C virus 
vaccine efficacy in chimpanzees indicates an importance for structural proteins. 
Gastroenterology 139: 965–974.

36. López-Labrador, FX, Berenguer, M, Sempere, A, Prieto, M, Sirera, R, González-Molina, 
A et al. (2004). Genetic variability of hepatitis C virus NS3 protein in human leukocyte 
antigen-A2 liver transplant recipients with recurrent hepatitis C. Liver Transpl 10: 
217–227.

37. Ito, A, Kanto, T, Kuzushita, N, Tatsumi, T, Sugimoto, Y, Miyagi, T et al. (2001). 
Generation of hepatitis C virus-specific cytotoxic T lymphocytes from healthy 
individuals with peptide-pulsed dendritic cells. J Gastroenterol Hepatol 16: 309–316.

38. Timm, J, Lauer, GM, Kavanagh, DG, Sheridan, I, Kim, AY, Lucas, M et al. (2004). CD8 
epitope escape and reversion in acute HCV infection. J Exp Med 200: 1593–1604.

39. Thomas, DL, Thio, CL, Martin, MP, Qi, Y, Ge, D, O’Huigin, C et al. (2009). 
Genetic variation in IL28B and spontaneous clearance of hepatitis C virus. Nature 
461: 798–801.

40. Bagarazzi, ML, Yan, J, Morrow, MP, Shen, X, Parker, RL, Lee, JC et al. (2012). 
Immunotherapy against HPV16/18 generates potent TH1 and cytotoxic cellular 
immune responses. Sci Transl Med 4: 155ra138.

41. Luckay, A, Sidhu, MK, Kjeken, R, Megati, S, Chong, SY, Roopchand, V et al. (2007). 
Effect of plasmid DNA vaccine design and in vivo electroporation on the resulting 
vaccine-specific immune responses in rhesus macaques. J Virol 81: 5257–5269.

42. Klade, CS, Wedemeyer, H, Berg, T, Hinrichsen, H, Cholewinska, G, Zeuzem, S et al. 
(2008). Therapeutic vaccination of chronic hepatitis C nonresponder patients with the 
peptide vaccine IC41. Gastroenterology 134: 1385–1395.

43. Habersetzer, F, Baumert, TF and Stoll-Keller, F (2009). GI-5005, a yeast vector vaccine 
expressing an NS3-core fusion protein for chronic HCV infection. Curr Opin Mol Ther 
11: 456–462.

44. McHutchison, JG, Everson, GT, Gordon, SC, Jacobson, IM, Sulkowski, M, Kauffman, 
R et al.; PROVE1 Study Team. (2009). Telaprevir with peginterferon and ribavirin for 
chronic HCV genotype 1 infection. N Engl J Med 360: 1827–1838.

45. Castera, L, Forns, X and Alberti, A (2008). Non-invasive evaluation of liver fibrosis 
using transient elastography. J Hepatol 48: 835–847.

46. Frelin, L, Ahlén, G, Alheim, M, Weiland, O, Barnfield, C, Liljeström, P et al. 
(2004). Codon optimization and mRNA amplification effectively enhances the 
immunogenicity of the hepatitis C virus nonstructural 3/4A gene. Gene Ther 11: 
522–533.

47. Lang, KA, Yan, J, Draghia-Akli, R, Khan, A and Weiner, DB (2008). Strong HCV 
NS3- and NS4A-specific cellular immune responses induced in mice and Rhesus 
macaques by a novel HCV genotype 1a/1b consensus DNA vaccine. Vaccine 26: 
6225–6231.

48. Heeg, MH, Ulsenheimer, A, Grüner, NH, Zachoval, R, Jung, MC, Gerlach, JT et al. 
(2009). FOXP3 expression in hepatitis C virus-specific CD4+ T cells during acute 
hepatitis C. Gastroenterology 137: 1280–8.e1.

49. Sällberg, M, Rudén, U, Magnius, LO, Norrby, E and Wahren, B (1991). Rapid 
“tea-bag” peptide synthesis using 9-fluorenylmethoxycarbonyl (Fmoc) protected 
amino acids applied for antigenic mapping of viral proteins. Immunol Lett 
30: 59–68.

This work is licensed under a Creative  
Commons Attribution-NonCommercial-No 

Derivative Works 3.0 License. To view a copy of this license, 
visit http://creativecommons.org/licenses/by-nc-nd/3.0/

Molecular Therapy vol. 21 no. 9 sep. 2013 1805


