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SUMMARY. Complementation is a naturally occurring

genetic mechanism that has been studied for a number of

plus-strand RNA viruses. Although trans-complementation

is well documented for Flaviviridae family viruses, the first

such system for hepatitis C virus (HCV) was only described

in 2005. Since then, the development of a number of HCV

trans-complementation models has improved our knowl-

edge of HCV protein functions and interactions, genome

replication and viral particle assembly. These models have

also been used to produce defective viruses and so

improvements are necessary for vaccine assays. This

review provides an update on HCV trans-complementation

systems, the viral mechanisms studied therewith and the

production and characterization of trans-encapsidated par-

ticles.

Keywords: HCV, protein function, trans-complementation,

trans-packaging.

INTRODUCTION

Complementation is a naturally occurring genetic mecha-

nism that enables the functional rescue of defective or

mutant genomes. This phenomenon can be used for in vi-

tro assays. In conventional complementation experiments,

a defective genome or protein is rescued by a wild-type

(wt) copy (Fig. 1). In virology, complementation is a geno-

mic tool used to investigate protein functions and viral par-

ticle assembly or establish whether genome replication

occurs preferentially through a cis-acting mechanism.

Moreover, this model can also be used to produce defective

viruses for various purposes.

Flaviviridae are positive-strand RNA viruses and repli-

cate their genomes in virus-induced vesicular compart-

ments. These membranous complexes are rather enclosed

structures, which tends to limit to exchange of viral RNA

and proteins by trans-complementation [1]. Moreover, for

a number of plus-strand RNA viruses from a range of

virus families (such as the Picornaviridae (poliovirus),

Alphaviridae (Sindbis virus, Semliki Forest virus, and Vene-

zuelan equine encephalitis virus), Coronaviridae (human

coronavirus E229) and Flaviviridae (tick-borne encephalitis

virus, Kunjin virus, West Nile virus, and yellow fever

virus)), assembly of progeny viruses can be achieved

when structural proteins are expressed in trans indepen-

dently of the RNA molecule that encodes the replicase

proteins [2–7]. The particles are infectious but are only

capable of a single round of infection. These viral trans-

encapsidation systems may also be useful vaccine delivery

systems [8–10].

Concerning HCV, some researchers have reported the

presence of natural HCV subgenomic RNAs in the serum

and liver tissue of infected patients. Most of these subge-

nomic RNAs contain large, in-frame deletions (from E1 up

to NS2) and are always found together with the full-length

wt RNAs [11–14]. The mutant viral genomes persist for at

least 2 years and sequence analysis suggests that subge-

nomic and full-length HCV RNAs evolve independently

[14]. The relative abundance and persistence of these sub-

genomic RNAs in vivo suggests that they are capable of

autonomous replication and can be packaged and secreted

as infectious viral particles.

The first HCV trans-complementation studies concerned

the replication complex. Next, the development of cell-cul-

ture-grown hepatitis C virus (HCVcc) systems that can

assemble and release of infectious viral particles has made

it possible to the study structural regions using trans-com-

plementation systems. Furthermore, various trans-packag-

ing systems for HCV subgenomic replicon RNAs have been

developed.
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TRANS-COMPLEMENTATION APPLIED TO HCV
REPLICATION MODELS

Trans-complementation of HCV replication by NS5A

The first trans-complementation studies were performed in

2005 by Appel et al. by using subgenomic replicons, such

as Con-1 (HCV type 1b, EMBL accession number

AJ238799) [15]. The researchers looked at whether lethal

mutations in non-structural (NS) HCV genes could be res-

cued by trans-complementation [1]. A series of replicon

RNAs carrying mutations (in the NS3, NS4B, NS5A and

NS5B regions) that abolished replication were transfected

into Huh-7 hepatoma cells harbouring autonomous repli-

cating HCV helper RNAs. In this context, only NS5A

mutations in the low complexity sequence I (LCS I) domain

have been efficiently rescued (Table 1). The required pro-

teins for complementation were NS3-NS5A, whereas NS5A

expressed alone did not restore RNA replication. These

findings strongly suggested that other NS HCV proteins

specifically act in cis on HCV RNA and, indeed, the

hypothesis was confirmed in 2006 by Tong and Malcom

[16]. Nevertheless, trans-acting function of NS5A likely

would require protein hyperphosphorylation [17].

In 2008, additional studies showed that deletion of

NS5A domain III from the Jc1 genome (HCV chimeric type

2a/2a) [18] does not abolish replication but that pseudo-

infectious particles are not produced [19]. Therefore, co-

transfection of deleted Jc1 with a JFH1 NS3-NS5B replicon

rescues HCV particle production (Table 1). Taken as a

whole, these results have elucidated the key role of NS5A

domain III in the HCV assembly process.

Trans-complementation of HCV replication by NS4B

In 2009, Jones et al. [20] performed the firstly NS4B trans-

complementation using various replicon RNAs carrying

various replication-abolishing mutations in the NS4B C-ter-

minal domain. The RNAs rescued replication of two

G196A and E226A mutants (Table 1). Nevertheless, the

complementation efficiency was low – about 1%, vs 24%

for the NS5A S232A mutant. Both G196 and E226 are

highly conserved amino acids that are predicted to lie

within unstructured regions flanking helix 1. The research-

ers concluded that NS4B complementation was limited.

Trans-complementation of HCV replication by NS2

Trans-complementation assays have also been used to

study the role of NS2 in viral particle assembly [21]. A

number of different deletions within trans-membrane seg-

ments (TMS1–3) or the protease domain of the Jc1 (J6/

JFH1) chimera genome have been examined (Table 1).

Again, replication was seen in the absence of pseudo-infec-

tious particle production. Three bicistronic helper RNAs

(spE2-p7-NS2, spp7-NS2 and spNS2) were built by combin-

ing the JFH1 replicase module (UTRs and the NS3–NS5B

coding region) and a 5′-terminal expression module under

control of the poliovirus internal ribosomal entry site

(IRES). Various cotransfections between Jc1 NS2 mutants

and bicistronic helper RNAs were performed in Huh-7.5

cells. All three NS2 mutants could be rescued by trans-

complementation. Infectivity titres obtained in rescue

experiments were about 10-fold lower than in the Jc1 wt.

At the same time, Yi et al. [22] studied the role of the

NS2 serine amino acid (aa) at position 168 (Ser-168) in

the viral assembly and maturation process. They found

that substitution of Ser-168 by an alanine or glycine aa

abolished infectious virus production but not polyprotein

processing or genome replication (Table 1). However,

transfection of Ser-168 mutant replicon RNA into a cell

line expressing wt NS2 rescued the production of infectious

virus. In contrast, transfection into a wt H77 (type 1a)

NS2-expressing cell line was unable to rescue virus produc-

tion. Although H77 and JFH1 NS2-expressing cells could

rescue viral production in the H77-JFH1 chimera Ser-168

mutant, this rescue was only partial with wt JFH1 NS2-

expressing cells. The same experiment was performed in a

cell line expressing NS2 carrying a 71-aa deletion in the C-

terminal domain. Infectious particle production was not

obtained, indicating that NS2’s C-terminal domain is a

major determinant of HCV production. All these results

indicate that wt NS2 expression is able to trans-comple-

ment NS2-defective constructs and is genotype- and strain-

dependent.

Fig. 1 Schematic representation of the trans-

complementation principle in virology. Mutant or defective

genomes can be rescued by a wild-type copy that allows

the production of infectious particles capable of a single

round of infection.

© 2013 Blackwell Publishing Ltd

226 C. Fournier et al.



T
a
b
le

1
S
ch

em
a
ti
c
re
p
re
se
n
ta
ti
o
n
o
f
re
p
li
co
n
s
u
se
d
fo
r
tr
an
s-
co
m
p
le
m
en

ta
ti
o
n
,
a
s
a
p
p
li
ed

to
th
e
re
p
li
ca
ti
o
n
a
n
d
a
ss
em

b
ly

p
ro
ce
ss
es

S
tu
d
y

M
u
ta
ti
o
n
o
r
d
el
et
io
n

S
ch

em
a
ti
c
re
p
re
se
n
ta
ti
o
n

R
ep
li
co
n
o
r
h
el
p
er

p
la
sm

id

N
S
5
A

A
p
p
el

et
al
.
[1
]

L
u
c-
C
o
n
1
-N

S
5
A
-S
2
2
0
1
A

+
S
2
2
0
4
A

L
u
c-
C
o
n
1
-N

S
5
A
-S
2
1
9
7
A

+
S
2
2
0
4
A

N
S3

N
S4

A
N

S4
B

N
S5

A
N

S5
B

Lu
c

**

N
S3

N
S4

A
N

S4
B

N
S5

A
N

S5
B

C
o
n
-1
-N

S
3
-N

S
5
B

A
p
p
el

et
al
.
[1
9
]

Jc
1
-N

S
5
A
D
2
3
2
8
-2
4
3
5

L
u
c-
Jc
1
-N

S
3
-N

S
5
B

N
S
4
B

L
u
c-
N
S
3
-5
B

L
u
c-
JF
H
1
-G
1
9
6
A

N
S3

N
S4

A
N

S4
B

N
S5

A
N

S5
B

Lu
c

*
G

FP
S
G
R
-J
F
H
1
-N

S
3
-5
B

Jo
n
es

et
al
.
[2
0
]

L
u
c-
JF
H
1
-E
2
2
6
A

N
S
2

Ji
ra
sk
o
et

al
.
[2
1
]

Jc
1
-2
E
i3
-N

S
2
D
T
M
S
1
-T
M
S
2

Jc
1
-2
E
i3
-N

S
2
D
T
M
S
2
-T
M
S
3

Jc
1
-2
E
i3
-N

S
2
D
P
ro
te
a
se

p7
N

S2
IR

ES
C

E1
E2

N
S3

N
S4

A
N

S4
B

N
S5

A
N

S5
B

*
Jc
1
-E
2
p
7
N
S
2
-N

S
5
A
D
2
3
2
8
-2
4
3
5

Jc
1
-p
7
-N

S
2
-N

S
5
A
D
2
3
2
8
-2
4
3
5

Jc
1
-N

S
2
-N

S
5
A
D
2
3
2
8
-2
4
3
5

Y
i
et

al
.
[2
2
]

JF
H
1
-N

S
2
-S
1
6
8
G

H
J3
-5
-N

S
2
-S
1
6
8
G

p7
N

S2
C

E1
E2

N
S3

N
S4

A
N

S4
B

N
S5

A
N

S5
B

*
N
S
2
-w

t-
ex
p
re
ss
in
g
ce
ll
li
n
es

C
o
re

M
iy
a
n
a
ri
et

al
.
[2
3
]

JF
H
1
-C
o
re
D
1
7
-1
6
3

E1
p7

N
S2

E2
N

S3
N

S4
A

N
S4

B
N

S5
A

N
S5

B

N
S3

N
S4

A
N

S4
B

N
S5

A
N

S5
B

N
S2

R
Lu

c2
A

p7
E1

E2

p
cD

N
A
3
-C
o
re
-w

t

K
o
p
p
et

al
.
[2
4
]

J6
/J
F
H
([
p
7
-R
lu
c2

A
)C
o
re
D
5
7
-1
6
0

V
E
E
v
ir
u
s
v
ec
to
r

V
E
E
-C
o
re
-
F
1
7
4
A

V
E
E
-C
o
re
-
S
1
7
5
A

V
E
E
-C
o
re
-
I1
7
6
A

V
E
E
-C
o
re
-
F
1
7
7
A

P
7

B
ro
h
m

et
al
.
[2
5
]

Jc
1
D
p
7
fu
ll

Jc
1
D
p
7
/1
-3
2

Jc
1
D
p
7
/K

R
3
3
.3
5
Q
Q

C
E1

E2
N

S2
N

S3
N

S4
A

N
S4

B
N

S5
A

N
S5

B
p 7

P
7
/J
6
-N

S
3
-N

S
5
B

P
7
-N

S
2
/J
6
-N

S
3
-N

S
5
B

E
2
-p
7
/J
6
-N

S
3
-N

S
5
B

E
2
-p
7
-N

S
2
/J
6
-N

S
3
-N

S
5
B

© 2013 Blackwell Publishing Ltd

Applications of HCV trans-complementation 227



In conclusion, trans-complementation based on NS

regions has shown that (i) NS5A region carrying muta-

tions in the LCS1 domain or deletions in domain III can be

complemented by the minimal sequence NS3-NS5A, (ii)

NS2 can be efficiency trans-complemented by wt NS2 and

(iii) NS4B trans-complementation exists for mutations in

unstructured regions but is weak.

TRANS-COMPLEMENTATION APPLIED TO THE HCV
ASSEMBLY PROCESS

Trans-complementation of HCV multiplication by core

The use of the HCVcc system to produce infectious viral

particles has enabled investigation of the core protein’s role

in the assembly process. It has been shown that Core and

60–90% of the NS proteins were localized within lipid

droplets (LDs) [23]. Conversely, the lack of core expression

in replicating JFH1 cells (JFH1dC) was associated with a

diffuse distribution of NS proteins on the endoplasmic retic-

ulum (ER) and the absence of concentration around the

LDs. Moreover, LD levels were lower in JFH1dC replicating

cells than in wt JFH1 replicating cells. Interestingly, NS

proteins again accumulated around LDs when JFH1dC rep-

licating cells were transfected with a plasmid expressing wt

Core. These results showed that LD-associated Core recruits

NS proteins from the ER to the LDs. Moreover, Core activ-

ity could be restored by trans-complementation.

In parallel, Kopp et al. [24] used trans-complementation

assays to investigate the role of the core C-terminal region

and to identify the essential residues involved in infectious

particle production. Mutations were introduced between

residues 170–191 (Table 1). It was found that mutations

at positions 170 and 174–177 abrogated pseudo-infectious

particle production, despite the presence of wild-type repli-

cation levels. In contrast, cotransfection of the J6/JFH1

replicon (containing a large deletion in the sequence cod-

ing for Core protein, that is residues 57–160) with a full-

length HCV core protein plasmid led to significant levels of

pseudo-infectious particle release. No pseudo-infectious par-

ticles were obtained when using Core 170 and 174–177

mutants plasmids. In this context, trans-complementation

systems have highlighted the importance of these residues

in pseudo-infectious particle production.

Trans-complementation of HCV multiplication by p7

Brohm et al. [25] developed a complementation system for

investigating key determinants that are essential for the

optimal function of p7 in HCV infectious particle produc-

tion. Three Jc1 replicons were constructed: one with a

deletion of the entire p7 coding region (Jc1Dp7full), a sec-

ond lacking residues 1–32 of p7 (Jc1Dp7half) and a third

carrying a dual mutation of the highly conserved basic res-

idues KR33/35 to QQ (Jc1-KR33.35QQ) (Table 1). The

replicons Jc1Dp7full and Jc1Dp7half were unable to generate

infectious particles. With the Jc1-KR33.35QQ replicon,

100-fold fewer infectious particles were released than with

the parent Jc1 genome. These defective HCV p7 replicons

were then cotransfected with bicistronic JFH1-derived

helper replicons expressing either p7 alone, p7-NS2, E2-p7,

E2 alone or E2-p7-NS2 in the first cistron and JFH1 NS

proteins in the second. Jc1Dp7half infectivity was rescued

by all helper RNAs expressing p7, whereas the E2 signal

sequence had no influence. However, cotransfection of E2-

p7 and E2-p7-NS2 helper RNAs yielded higher virus titres.

In the case of the Jc1Dp7full replicon, complementation

was achieved only by the co-expression of E2-p7-NS2. Jc1-

KR33.35QQ infectivity was rescued by all helper RNAs,

although pseudo-infectious particle production was only

increased in the presence of E2-p7 and E2-p7-NS2 helper

RNAs. Lastly, no production of infectious particles was

seen with the Con1-p7 (HCV type 1b) helper replicon,

which indicated genotype specificity. These results indicate

that a p7 protein-deficient replicon could only be rescued

by E2-p7-NS2 expression and not by p7 protein alone.

In conclusion, trans-complementation of the structural

region has shown that Core can be trans-complemented by

wt Core and p7 can be trans-complemented by the E2-p7-

NS2 sequence and not by p7 expressed alone.

HCV TRANS-ENCAPSIDATION SYSTEMS

The first trans-encapsidation systems were described for

packaging replicons for flavivirus, including Kunjin virus

[2,3], yellow fever virus [4], tick-borne encephalitis virus

[5] and West Nile virus [6,7]. These virus-like-particle-gen-

erating systems enabled the development of vaccine models

and the analysis of some aspects of viral assembly and

entry [6]. Based on these studies, various systems for pack-

aging HCV replicons have been created.

Packaging replicons

Two types of constructs have been used in trans-encapsida-

tion systems: a minimal replicase complex and the full-

length genome carrying deletions in envelope-encoding

genes (Table 2).

The first studies used JFH1-NS3-NS5B replicons associ-

ated either with a resistance gene (such as neomycin in

SGR-JFH1) [26–29] or a reporter gene (such as Renilla

luciferase in Luc-NS3-NS5B) [30]. The SGR-JFH1 replicon

enabled the establishment of stable cell lines [26], the titra-

tion of colony-forming units (CFU/mL) [26,27] and the

selection of efficiently replicating cell clones [28]. Rapid

infectious particle assays [30] could been performed with

the Luc-NS3-NS5B replicon. The SGR-JFH1 NS2-NS5B con-

struct was used by Adair et al. [26] to study NS2’s role in

the particle assembly process and has yielded the highest

infectious titres. Masaki et al. and Suzuki et al. chose to use

© 2013 Blackwell Publishing Ltd
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a JFH-1 cDNA clone plasmid containing the Pol I pro-

moter, terminator sequences and luciferase gene reporter

sequences for directly transfecting cells without the need

for a transcription step [31,32] (Table 1).

Another approach was adopted by Pacini and Sugiyama,

using replicons based on the defective genomes found in

both serum and liver tissue from chronically HCV-infected

patients. Sugiyama et al. generated a 1b/JFH1-2a chimera

based on defective 1b patient isolate and that carried dele-

tions in the genes coding for the envelope, p7 and NS2

proteins [33]. Likewise, Pacini et al. used a J6/JFH1 chi-

mera to build constructs with various deletions in the E1-

E2 glycoprotein region (448 aa) and the E1 to NS2 (674

aa), E2 to p7, core to p7 and E2 to NS2 regions, respec-

tively (Table 2).

Lastly, several research groups have studied replicons

carrying deletions (351 aa) in the envelope gene

(JFH1DE1E2 or J6/JFH1-DE1E2) [29,30,34,35] (Table 2).

Structural protein expression systems

Encapsidation of subgenomic replicons with partially or

totally deleted structural regions has been performed in

various systems expressing structural proteins in trans

(Table 3) in the presence or absence of p7 and NS2 pro-

teins. Some researchers have focused on replicons, helper

viruses [29,30] and direct expression vectors [29,31],

whereas others have established stable cell lines

[27,30,33] and baculovirus or lentivirus delivery systems

[26,28].

Table 2 Schematic representation of replicons used in trans-packaging systems

Plasmid Reference Schematic representation

SGR-JFH1 Adair et al. [26]

Ishii et al. [27]

Long et al. [28]

Pacini et al. [29]

NS3 NS4A NS4B NS5A NS5BNEO

5’UTR 
EMCV 
IRES 

Luc-NS3-5B Steinmann et al. [30] NS3 NS4A NS4B NS5A NS5BLuc

SGR-JFH1 NS2-5B Adair et al. [26] NS2 NS3 NS4A NS4B NS5A NS5BNEO

5’UTR 
EMCV 
IRES 

pHH/SGR-Luc Masaki et al. [31]
NS3 NS4A NS4B NS5A NS5BFLuc Pol I TPol I T

EMCV 
IRES 

dC 

TNS2J1DS ([1b/2a) Sugiyama et al. [33]
NS3 NS4A NS4B NS5A NS5BC

211 885 

J6/JFH-D284-736

J6/JFH-D212-890

Pacini et al. [29]

Pacini et al. [29]

p7 NS2 NS3 NS4A NS4B NS5A NS5BC

452 aa 
deletion 

NS2 NS3 NS4A NS4B NS5A NS5BC

E1

284 736

212 890

678 aa 
deletion 

E1 E2

Luc-coreD212-NS2

Luc-nocore-NS2

Luc-coreD212-NS3

Pacini et al. [29]

Pacini et al. [29]

Pacini et al. [29]

Luc NS2 NS3 NS4A NS4B NS5A NS5BC

E1 

212 

NS2 NS3 NS4A NS4B NS5A NS5BLuc

C

NS3 NS4A NS4B NS5A NS5BLucC

E1 

212 

JFH1DE1E2 Corless et al. [34]

Li et al. [35]

p7 NS2 NS3 NS4A NS4B NS5A NS5BC

E1 E2 

217 567

© 2013 Blackwell Publishing Ltd
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The first trans-encapsidation assays were performed in

Huh7.5 cells via transient transfection with replicons or

helper viruses, allowed reproducing in vitro natural trans-

encapsidation mechanism in vivo [29]. Similar experiments

with heterologous helper viruses (such as Con1/C3 and

Jc1 [30]) have been attempted. However, given the

competition between defective replicons and helper viruses,

it has been difficult to obtain equal replication and high

trans-encapsidation efficiencies. Moreover, two different

markers must been introduced to identify the two encapsi-

dated replicons.

Other researchers have chosen structural proteins

expressing plasmids (in the presence or absence of p7 and

NS2) to perform trans-encapsidation and determine the

minimal sequence required for efficient encapsidation. Vari-

ous plasmid constructs have been used, such as the pEF6

plasmid (encoding C-NS2, C-p7, C-E2, E1-NS2, E1-p7 or

E1-E2 from J6/JFH1 chimeras [29]), the pCAGC plasmid

(expressing C-p7 and C-NS2 regions [31,32]), pCDNA-E1-

p7 [34] and pcDNA3-JFH1-E1/E2 [35] (Table 2).

In parallel, the use of stable cell lines has improved the

yield of pseudo-infectious particles. With a pEF4 plasmid,

Ishii et al. [27] established stable cell lines expressing JFH1

Core-p7 and Core-NS2 proteins, respectively. Steinmann

et al. [30] cotransfected lentiviral vectors expressing Jc1

Core-E1 and E2-NS2 proteins into Huh7.5 and Huh7-lunet

cells, respectively, and obtained high levels of structural

protein expression. Conversely, stable cell lines based on

defective replicons with resistant genes (such as SGR-JFH1)

can be used to select more efficient cell clones and achieve

high levels of replication.

The latter models to have been developed for the expres-

sion of complementing structural proteins are baculovirus

systems expressing JFH1 Core to p7 or Core to NS2 proteins

[26] and lentivirus systems expressing Core to NS2 [28].

Trans-packaging particle production

Although trans-encapsidation assays have preferentially

been performed in human liver-derived cell lines (i.e. Huh7

and subclones), murine hepatic cell line have also been

studied [28]. In a two-step development process, deleted

replicons and helper replicons are first validated in tran-

sient experiments and then adapted to stable cell lines for

standardizing and improving the system. Various research-

ers have thus shown that trans-packaging systems are

functional (Table 3).

It has been proven that the NS3-NS5B replicon can be

packaged by Core-NS2 or Core-NS3 proteins expressed in

trans but not by Core-p7 [26–28,30,31]. Therefore, NS2

protein is essential for infectious particle production. The

most efficient trans-packaging has been obtained with

Core-NS2 [28]. In parallel, it was found that the NS2-

NS5B replicon could be packaged by the Core-p7 region.

However, the trans-packaging efficiency was higher with

the NS3-NS5B replicon and the Core-NS2 sequence [26].

In the case of full-length defective genomes, trans-pack-

aging has been observed with Core-NS2, Core-NS3 and E1-

NS2 constructs [29,33]. The efficiency was greatest with

Core-NS2 [33].

In turn, the pseudo-infectious particles’ physical and

antigenic properties have been compared with those

observed for wt virus [26–28,30,35]. The particle density

was similar to that seen in HCVcc particles. Neutralization

assays with anti-CD81 [27–31,35], anti-E2 [26], anti-

SCARB-1 and anti-claudin-1 [28] antibodies have shown

that pseudo-infectious particles use both E2 glycoprotein

and HCV entry receptors for cell entry. Ishii et al. [27]

have observed particles under the electron microscope and

have confirmed similarities with HCVcc particles. These

pseudo-infectious particles were capable of a only single

round of infection and the defective genome had been

clearly encapsidated [27,30,35].

Several research groups have developed assays for trans-

packaged particles [26–28,30,35], whereas others have

only observed the particles’ features and estimated the effi-

ciency of trans-encapsidation [29,31,33]. Various titres of

pseudo-infectious particles have been obtained: 3.4 � 0.6

102 focus-forming units (FFU)/mL according to Ishii et al.,

104 tissue culture infectivity dose (TCID)50/mL according

Table 3 Summary of infectious particles generated by cotransfection of deleted subgenomic replicons with structural

proteins expressed in trans. Packaging feasibility is expressed as positive (+) or negative (�). nt: not tested.

Deleted subgenomic replicons

JFH1-NS3-NS5B JFH1-NS2-NS5B CD212-NS3-NS5B JFH1DE1E2

Structural

proteins

expressed

in trans

Core-NS3 + nt + nt

Core-NS2 + + + +
Core-p7 � + � +
Core-E2 nt nt � +
E1-NS2 nt nt + +
E1-p7 nt � � +
E1-E2 nt nt � +
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to Steinmann et al., 50 CFU/mL according to Adair et al.,

1.1 103 FFU/mL according to Corless et al. and, lastly,

80 IU/mL (infectious units/mL) in a transient system and

300 IU/mL in stable cell lines, according to Li et al.

[26,27,30,34,35] (Table 4). The comparison of the respec-

tive systems’ yields is difficult because of heterogeneity of

the infectious units used and differences in detection exper-

iments.

Several groups have tried to improve their trans-packag-

ing systems by introducing the above-mentioned adaptive

mutations into subgenomic replicons [30,32,35] or com-

plemented structural protein regions [26]. For example, the

V2440L mutation has been introduced into C-terminal

region of NS5A and was found to enhance production

[36]. Using JFH1DE1E2 replicons, Li et al.’s group inserted

an M1051L mutation into NS3 region and a C2219R

mutation into NS5A. They obtained a peak titre of

5 9 103 IU/mL [35]. Similar observations have been

obtained with baculovirus systems and the introduction of

F172C and P173S mutations in the C-terminal part of

Core [26,37]. Lastly, mutations in E2 (N417S), p7

(N765D) and NS2 (Q1012R) were introduced into the

core-NS2 expression plasmid pCAGC and resulted in a

more than fourfold increase in pseudoparticle production

[32].

In parallel, heterologous trans-packaging assays have

been developed. The first group to do so was Steinmann

et al., who tested the JFH1-Luc-NS3-NS5B replicon with

Con1/C3 (1b/JFH1) and Jc1 (J6-2a/JFH1) chimeras. Infec-

tious, trans-packaging particles were obtained with each of

the two chimeras but Jc1 gave the best yield [30]. Li et al.

[35] chose heterologous trans-encapsidation of JFH1DE1E2
replicons with HCV J6 [2], H77 (1a) and Con1 (1b) enve-

lope glycoproteins. Only J6 (2a) envelope proteins were

able to rescue pseudo-infectious particle production. Inter-

genotype compatibility between envelope proteins and the

other proteins may be essential in the assembly process

[35].

CONCLUSIONS

The new JFH1-based culture system has enabled the devel-

opment of trans-complementation systems that have facili-

tated studies of (i) genomic and protein functions and (ii)

interactions between HCV proteins. Trans-complementation

based on NS regions has shown that (i) NS5A region car-

rying mutations in the LCS1 domain or deletions in

domain III can be complemented by the minimal sequence

NS3-NS5A, (ii) NS2 can be efficiency trans-complemented

by wt NS2 and (iii) NS4B trans-complementation exists for

mutations in unstructured regions but is weak. As

expected, genomic trans-complementation in HCV replica-

tion systems is limited and NS HCV proteins act preferen-

tially in cis. These trans-complementation studies have

increased our knowledge of non-structural proteins’ func-

tions and interactions in HCV. They have demonstrated

that NS5A domain III is a major determinant of HCV

assembly. NS4B is involved in RNA replication but also

contributes to virus assembly and release. NS2 is involved

in the viral assembly process; in a late-post assembly matu-

ration step (perhaps in concert with NS5A) and, it confers

infectivity on the HCV particle. Moreover, NS2 generates a

strict cis requirement for the core region, to allow efficient

trans-packaging of the subgenomic RNA – revealing the

complex interplay between NS2 and core genes [29]. Over-

all, these results have confirmed that NS proteins are

involved in viral assembly and release.

Trans-complementation of the structural region has

shown that Core can be trans-complemented by wt Core.

Core recruits NS proteins and replication complexes to LD-

associated membranes. This recruitment is critical for pro-

ducing infectious viruses and residues 170 and 174–177

are important for the production of infectious viruses. Like-

wise, p7 can be trans-complemented by the E2-p7-NS2

sequence. p7 is absolutely essential for the production of

pseudo-infectious HCV particles; it can operate indepen-

dently of an upstream signal sequence and a tyrosine resi-

due close to its conserved, dibasic motif is important for

optimal virus production in genotype 2a viruses. These

results have clarified the role of Core, p7 and LDs in

pseudo-infectious particle production and have indicated

that some steps of virus assembly take place around LDs.

Various trans-packaging systems have been developed

with subgenomic replicons. The structural proteins were

expressed in trans using helper replicons, helper plasmids,

stable cell lines or viral vectors. Although the respective

Table 4 The titres of pseudo-infectious particles obtained in various studies

Study Infectious titre Units Vector for structural proteins Systems

Ishii et al. [27] 340 FFU/mL pEF4JFHc-NS2 Stable cell line

Steinmann

et al. [30]

10 000 TCID50/mL pWPI-CE1-BSD

and pWPI-SpE2p7NS2-BSD

Stable cell line

Adair et al. [26] 50 CFU/mL pFBM[JFH1)C-p7 Baculovirus

Li et al. [35] 300 I.U./mL pcDNA3-JFH1-E1/E2 Stable cell line

Corless et al. [34] 1100 FFU/mL pcDNA-E1-p7 Transient

expression system

© 2013 Blackwell Publishing Ltd
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efficiencies of these systems cannot be compared directly,

the titres of trans-packaged infectious particles (around

102 FFU/mL) were generally lower than wt particle titres

(about 103–104 FFU/mL for the JFH1 strain). Nonetheless,

these titres have been improved by the introduction of

adaptive mutations that favour particle production with

defective replicons or structural regions expressed in trans.

However, some limits exist with heterologous glycoproteins

and intergenotype compatibility seems to be required for

some proteins.

Flaviviridae trans-complementation studies have enabled

the production of vaccine-like preparations based on trans-

packaging particles. In particular, it has been reported that

the envelope glycoprotein Erns in classical swine fever

virus (a pestivirus) can be complemented in trans by an

SK6 cell line that constitutively expresses this protein [38].

Pigs vaccinated with these defective viral particles were

protected against a lethal challenge with the virulent Bres-

cia strain. This observation opened up new perspectives in

the development of modified, live-attenuated vaccines.

However, there are no reports of in vivo vaccine activity or

neutralizing antibody production with HCV trans-comple-

mentation particles. One possible explanation is that

immunization studies require high infectious titres (in the

order to 107 or 108 FFU/mL) but trans-packaging particle

production is low (about 102 FFU/mL). Additional studies

are needed to increase pseudo-infectious particle yields for

vaccine assays.

Lastly, HCV trans-complementation is a natural phenom-

enon that can be observed with native defective subgenom-

ic RNAs identified in infected patients and encapsidated by

helper viruses.

In conclusion, HCV trans-complementation systems have

been a valuable tool for improving our knowledge of the

HCV life cycle. Nevertheless, these systems need to be per-

fected for use in vaccine assays.
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