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ARTICLE INFO ABSTRACT
Article history: Interferons (IFNs) are cytokines with important immunomodulatory activity in vertebrates. Although
Received 30 August 2007 type I IFNs and interleukins (IL) 29 and 28a (type III IFNs) bind to different cellular receptors and have
Received in revised form 23 June 2008 distinct structures, most of their biological activities are redundant. Apeu virus (APEUV) is a member of
Accepted 30 June 2008 the Bunyaviridae family isolated from the Brazilian rain forest. In this paper we evaluated the antiviral
activity of type I and type III IFNs against APEUV. All tested IFNs were able to induce an antiviral state
ﬁft}; "r"f‘(’:r‘fl; against the virus in a dose-dependent way. The activity of type III IFNs did not need the presence of type
Interleukin I IFNs. Mixing both types of IFNs did not improve the biological activity of each type alone. The tested
Lambda IFNs were also able to protect human peripheral blood mononuclear cells from infection. IFN alpha2, IFN
Antiviral beta, IL-29 and IL-28a induced the expression of 2’,5'-oligoadenylate synthetase (2'5'0AS) and 6-16 genes.

Apeu Although MxXA gene was related to antiviral activity against Bunyaviruses, there was no induction of MxA
Bunyaviridae in our model. We were able to show activity of type I and type III IFNs against a RNA virus, and that this

activity is not dependent on MxA gene.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Interferons (IFNs) were first described as molecules capable of
interfering with the multiplication of Influenza virus in vitro (Isaacs
and Lindenmann, 1957). Now it is known that besides their antivi-
ral activity, IFNs also possess important immunomodulatory and
physiologic activities. The first IFN gene probably evolved from an
interleukin gene around 600-500 million years ago in chordates.
IFNs belong to the class 2 cytokine receptor family, and are divided
into three groups (Krause and Pestka, 2005).

Type I IFNs are divided into nine subtypes in mammals, and
each order contains at least one IFN alpha and one IFN beta. All
type I IFNs binds to a common cellular receptor formed by two
chains. The binding of a type I IFN to the receptor initiates a signaling
pathway that culminates in the activation of transcriptional factors
that regulate the expression of interferon-stimulated genes (ISGs).
Virtually all cell types are able to produce and respond to type |
IENs. These IFNs are important in the antiviral response and act as
a link between innate and adaptive immune responses (Pestka et
al.,, 2004).
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IFN gamma is the only type Il IFN known. It binds to a distinct
receptor and its main function is immunomodulatory. It is pro-
duced mainly by immune cells and is important in modulating the
adaptive immune response (Kontsek et al., 2003; Alcami and Smith,
2002).

The type Il IFNs were described through in silico analysis of the
human genome, and are represented by three genes with introns
in the human chromosome 19. They were named interleukins 29,
28a and 28b (also noted as IFNs lambda1, lambda2 and lambda3,
respectively). Similar to type I IFNs, type III IFNs are able to phos-
phorylate signal transducers and activators of transcription (STATSs)
1 and 2, activate transcriptional factors gamma activated sequence
(GAS) and IFN stimulated response element (ISRE), induce classi-
cal ISGs such as 2/,5’-oligoadenylate synthetase (2’5'0AS) and 6-16,
upregulate class I major histocompatibility complex (MHC) and are
produced after poly I:C stimulation or in response to viral infec-
tions. Type III IFNs binds to a distinct receptor complex, composed
of one exclusive chain and a second chain that is shared with the
receptors for IL10, 22 and 26 (Sheppard et al., 2003; Kotenko et al.,
2003).

The biological activity of type III IFNs is redundant with the
biological activity of type I IFNs, but is generally less intense and
more restricted (Meager et al., 2005). Dendritic cells infected with
Influenza virus or Sendai virus or treated with poly I:C, lipopolysac-
charide or CpG produce type I and type III IFNs (Coccia et al., 2004).
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Similar to type I IFNs, type III IFNs also shows antiproliferative activ-
ity (Dumoutier et al., 2004; Zitzmann et al., 2006; Sato et al., 2006)
and their activated ISGs are inhibited by suppressor of cytokine sig-
naling (SOCS) 1 and 3 activity (Brand et al., 2005b; Zitzmann et al.,
2007).

Type III IFNs also have immunomodulatory activities. Treat-
ment of immature dendritic cells with human IL-29 results in
a distinct maturation process, which results in mature dendritic
cells with high levels of class I and class II MHC that are able
to migrate but retain phagocytic capacity (Mennechet and Uzé,
2006). IL-29 also modulates human cytokine response (Jordan et
al., 2007a,b).

Type Il IFNs are capable of interfering with the multiplication of
several human and murine viruses in vitro, such as encephalomy-
ocarditis virus, Sinbdis virus (Sheppard et al., 2003; Kotenko et al.,
2003), hepatitis B and C viruses (Robek et al., 2005), human and
murine cytomegalovirus (Brand et al., 2005a) and murine herpes
simplex virus 2 (Ank et al., 2006). It was also shown that type
III IFNs can interfere with the multiplication of murine herpes
simplex virus 2 in vivo (Ank et al., 2006). Recombinant vaccinia
virus expressing murine IL-28a is attenuated when used to infect
BALB/c mice (Bartlett et al., 2005). Recently, a viral evasion mech-
anism that directly targets type III IFNs was described, suggesting
that these IFNs are important during viral infections (Huang et al.,
2007).

The Bunyaviridae family is composed of a large group of
more than 300 viruses distributed into five genera: Orthobun-
yavirus, Hantavirus, Nairovirus, Phlebovirus and Tospovirus. Mainly
transmitted by arthropods, they are maintained in nature by an
alternative cycle involving blood-feeding arthropods and suscep-
tible small mammals (Calisher, 1996; Schmaljohn and Hooper,
2001). Members of the Bunyaviridae family are involved in produc-
ing mild to severe conditions varying from non-specific fever and
encephalitis to hemorrhagic fever in humans (e.g. Hantaan, Rift Val-
ley fever, La Crosse, and Crimean-Congo hemorrhagic fever viruses)
and are recognized as posing an increasing threat to human health,
an example of the so-called “emerging infections” (Elliott, 1997;
Gerrard et al., 2004).

Earlier studies have demonstrated that type I IFNs have
an antiviral effect against members of the Bunyaviridae family
(Tamura et al., 1987; Morrill et al., 1989; Pinto et al., 1990; Weber
and Elliott, 2002; Livonesi et al., 2007). Anti-bunyaviral activity
has been investigated for the Mx proteins which are large GTPases
(Frese et al., 1996). Growth of several members of the family,
including La Crosse, Crimean-Congo hemorrhagic fever, Hantavirus
and Dugbe viruses, is strongly inhibited if human MXA protein
is expressed in cells (Kochs et al., 2002; Andersson et al., 2004;
Kanerva et al., 1996; Bridgen et al., 2004).

Apeu virus (APEUV) (BeAn 848) is a member of group C from
the genus Orthobunyavirus, family Bunyaviridae and was isolated
in 1955 from a sentinel female monkey (Cebus apella) in the region
of Apeu, Belém, Brazilian Amazon (Causey et al., 1961). In humans,
the APEUV infection causes an illness characterized by high fever,
myalgia and photophobia, usually with a favorable outcome (Gibbs
et al,, 1964). In other vertebrates, the APEUV can cause encephali-
tis and hepatitis post-infection (De Mucha Macias et al., 1969;
Vasconcelos et al., 1991). Previous studies showed that members of
group C, including APEUV, were sensitive to a mixture of IFNs pro-
duced in human amnioniotic membrane cells and their sensitivity
was dependent on the type of assay used (Petrillo-Peixoto et al.,
1980).

However, to date, the antiviral activity of type IIl IFNs against
viruses from the Bunyaviridae family remains unknown. In this
paper, we compared the antiviral activity of type I and type III [FNs
against APEUV.

2. Materials and methods
2.1. Viruses

APEUV (BeAn 848) was obtained from the American Type Cul-
ture Collection (ATCC) and propagated in Vero cells at a multiplicity
of infection (MOI) of 0.1. Viruses present in the supernatant were
harvested 3 days after infection, titrated and kept frozen at —70°C.

2.2. Cells

Vero cells (African green monkey kidney cell line) were obtained
from the ATCC and grown at 37 °C in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 2 mM glutamine, 5% fetal calf
serum (Cultilab, Campinas, SP, Brazil) and antibiotics.

Peripheral blood mononuclear cells (PBMCs) from healthy
donors were purified using the Ficoll Hypaque purification tech-
nique (Boyum, 1968). Fresh blood collected in vacuum tubes
containing heparin was diluted in an equal volume of 1x phos-
phate buffered saline (PBS). Twenty mililiters of the diluted blood
were carefully added over 10 ml of Ficoll, and centrifuged at 400 x g
for 40 min. The PBMC layer was collected, washed in 1x PBS and
cultured in RPMI media supplemented with 1% fetal calf serum
(Cultilab, Campinas, Sao Paulo, Brazil) and antibiotics.

2.3. Interferons

Recombinant human IFN alpha2A, produced in Escherichia coli,
was purchased from Bergamo, Sao Paulo, Brazil. Human IFN beta,
purified from human fibroblasts, was purchased from Rentschier
Arzneimittel GmbH & Co, Germany. Recombinant IL-29 and IL-28a
were produced in 293T cells. Plasmids pSPXIIneo containing cloned
human IL-29 and IL-28a were kindly donated by Dr. Gilles Uzé (Uni-
versité de Montpellier II, France) and used to transfect 293T cells.
The supernatant was collected and titrated, using an IFN alpha2
sample as reference (Ferreira et al., 1979). Supernatants from mock-
transfected cells were used as control.

2.4. Titration

Viral titer was determined by plaque assay (Dulbecco and Vogt,
1953). Frozen infected cells were submitted to two freeze-thaw
cycles, resuspended and serially diluted in DMEM. The 10-fold dilu-
tions were used to infect Vero cells seeded in six-well plates. After
1 h of adsorption at 37 °C, the cells were covered with 3 ml of car-
boxymethylcellulose diluted in DMEM supplemented with 2% fetal
calf serum (Cultilab, Campinas, Sao Paulo, Brazil) and antibiotics.
The cells were monitored daily to determine the formation of viral
plaques. Five days after the infection the cells were fixed with 3.7%
formaldehyde and stained with 1% crystal violet. Plaque forming
units were counted and the viral titer was determined as plaque
forming units per ml (pfu/ml).

2.5. Antiviral activity

Vero cells treated with IFNs for 18 h were infected with APEUV
to evaluate the induction of an antiviral state (Ferreira et al., 1979).
To evaluate the antiviral activity of type I and type III IFNs against
APEUV, Vero cells were seeded in 96 wells plates for 24 h and then
treated with 1000 U/ml of human IFNs alpha2, beta, IL-29, IL-28a
diluted in DMEM or left untreated. Eighteen hours after treatment
the cells were infected with APEUV (MOI 1). Then, at 18, 24 or
48 h after infection, the plates were frozen at —70°C. The plates
were submitted to two freeze-thaw cycles and titrated as described
above.



304 G.M.d.E. Almeida et al. / Antiviral Research 80 (2008) 302-308

2.6. Dose-response curve

To further characterize the action of IFNs, Vero cells were seeded
in 96-well plates for 24 hand then treated with 1000, 100 or 10 U/ml
of human IFNs alpha2, beta, IL-29, IL-28a or left untreated. Eighteen
hours after treatment the cells were infected with APEUV (MOI 1).
Twenty-four hours after infection the plates were frozen at —70°C.
The plates were submitted to two freeze-thaw cycles and titrated
as described above.

2.7. Influence of type I in type Il IFNs activity

To make sure that the antiviral activity of type IIl IFNs was not
due to the activity of induced type I IFNs, we used Vaccinia virus
recombinant B18R protein as a type I IFN inhibitor. Vero cells were
seeded in 96-well plates. After 24 h the cells were treated with
100 U/ml of human IFNs alpha2, beta, IL-29, IL-28a or culture media
previously incubated with 20 .l of B18R purified protein for 1h at
37°C. Eighteen hours after treatment the cells were infected with
APEUV (MOI 1). Twenty-four hours after infection the plates were
frozen at —70°C. The plates were submitted to two freeze-thaw
cycles and titrated as described above.

2.8. Co-treatment with type I and type IIl IFNs

To determine if the antiviral activity of type I and type III IFNs
could be improved by co-treatment, Vero cells were seeded in
96 wells plates. After 24h the cells were treated with a com-
bination of type I and type III IFNs at a high dose (IFN beta at
1000U/ml plus IFN alpha2 or IL-28a at 100U/ml and IL-28a at
1000U/ml plus IFN beta or IL-29 at 100U/ml) or low dose (IFN
beta 100U/ml plus IFN alpha2 or IL-28a at 10U/ml and IL-28a
100U/ml plus IFN beta or IL-29 at 10 U/ml). Eighteen hours after
treatment the cells were infected with APEUV (MOI 1). Twenty-
four hours after infection the plates were frozen at —70°C. The
plates were submitted to two freeze-thaw cycles and titrated as
described above.

2.9. Activity in human PBMCs

To verify the antiviral activity of IFNs against APEUV in human
primary cells, freshly purified PBMCs were seeded in 96-well plates.
Twenty-four hours later the cells were treated with 1000 U/ml of
human IFNs alpha2, beta, IL-29, IL-28a or left untreated. Eighteen
hours after treatment the cells were infected with APEUV (MOI 1).
Twenty-four hours after infection the plates were frozen at —70°C.
The plates were submitted to two freeze-thaw cycles and titrated
as described above.

2.10. RNA extraction, reverse transcription and quantitative PCR

To measure the levels of IFN stimulated genes related to antivi-
ral activity, Vero cells were seeded in six-well plates for 24 h and
then treated with 1000 U/ml of human IFNs alpha2, beta, IL-29, IL-
28a or left untreated. Total cellular RNA was extracted 18 h after
treatment using the RNeasy mini kit (QIAGEN) as described by the
Manufacturer.

Total RNA obtained after extraction were used as templates in
reverse transcriptions carried out using MMLV reverse transcrip-
tase (PROMEGA) as described by the Manufacturer.

Quantitative PCRs were done using a Lightcycler Real Time PCR
Machine (Applied Biosystems). The results were analyzed using SDS
2 software, and all data are expressed as a ratio relative to the beta-
actin level.

PCR primers for 6-16, 2’5'0AS, MxA and beta-actin were as
follows: 6-16 forward 5-CATGCGGCAGAAGGCGGTAT-3’ and
reverse 5'-CGACGGCCATGAAGGTCAGG-3’; 2’'5'0AS forward 5'-AA-
CTGCTTCCGACAATCAAC-3’ and reverse 5-CCTCCTTCTCCCTCCAA-
AA-3' M x A forward 5-ATCCTGGGATTTTGGGGCTT-3’ and reverse
5’-CCGCTTGTCGCTGGTGTCG-3’ and beta-actin forward 5'-TGACG-
GGGTCACCCACACTGTGCCC-3’ and reverse 5'-CTAGAAGCATTTGCG-
GTGGACGATGG-3'.

2.11. Statistical analysis

The Student’s t-test and ANOVA were used to analyze the results.
Differences with p <0.05 were considered to be statistically signif-
icant. Analyses were made using the GraphPad Software (La Jolla,
CA).

3. Results
3.1. Antiviral activity

Treatment of Vero cells with IFNs alpha2, beta, IL-29 or IL-
28a 18 h before infection was able to inhibit the multiplication of
APEUV (Fig. 1). When all IFNs were compared, the percentage of
inhibition was similar at 18 and 24 h, but at 48 h IFN beta was
more potent at inhibiting APEUV multiplication then the other
IFNs.

3.2. Dose-response curve

Vero cells treated with 10U/ml of IFNs alpha2, beta, IL-29 or
IL-28a were not protected from APEUV infection. Treatment with
100 and 1000 U/ml doses of all IFNs protected cells from infection
when compared to the untreated cells (Fig. 2). IFN beta was the
most potent IFN at the 100 U/ml dose when compared to the other
IFNs.

3.3. Influence of type I in type Il IFNs activity

B18R is a viroceptor produced by Poxviruses that binds to type
I IFNs and abolishes their activity, but does not influence type
III IFNs activity (Huang et al., 2007). Therefore, it can be used
as an inhibitor of type I IFNs. As expected, when IFNs alpha2
or beta were incubated with B18R, their activity was abolished
(Fig. 3). When type III IFNs were incubated with B18R, their activ-
ity was not altered, demonstrating that the antiviral activity seen
with these IFNs directly resulted from them and not from type
[ IFNs that could have been produced after the first treatment.
Cells treated with B18R alone and infected were also not pro-
tected.

3.4. Co-treatment with type I and type IIl IFNs

When a type I IFN (beta) or type III IFN (IL-28a) were mixed with
another type I IFN or type III IFN, we did not see an improvement
over the antiviral activity of each one alone (Fig. 4). Improve-
ment was not detected when high doses (1000 U/ml of the first
and 100U/ml of the second IFN) or low doses (100U/ml of the
first and 10U/ml of the second IFN) were used. There was also
no additive effect when two IFNs of the same type were used
together.

3.5. Activity in human PBMCs

To verify whether the antiviral activity described was restricted
to Vero cells or if it could also be detected in other cell types,
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Fig. 1. Type I and type III IFNs have antiviral activity against APEUV. Vero cells were treated with IFNs at 1000 U/ml 18 h before infection with APEUV at a MOI of 1. Infected
cells were frozen 18, 24 and 48 h after infection and titrated. Viral titer at 18 h (A), 24 h (B) and 48 h (C) after infection.

fresh human cells were used. These cells were treated with IFNs
and infected with APEUV 18 h later. Twenty-four hours after infec-
tion the viral load in each sample was determined by titration.
When compared to untreated PBMCs, human PBMCs treated with
1000 U/ml IFNs alpha2, beta, IL-29 or IL-28a 18 h before infection
were protected from APEUV infection (Fig. 5). The amount of inhi-
bition observed was similar for all IFNs.
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3.6. Real time PCR analysis

All tested IFNs induced the expression of 2’5’0AS and 6-16, the
ISGs chosen as markers of IFN antiviral activity (Fig. 6). Both genes
were induced at higher levels by IFN beta. We could not detect the
induction of the MxA gene (data not shown), since this gene is not
induced by IFNs in Vero cells (Kanerva et al., 1996).
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Fig. 2. The antiviral activity of type I and type IIl against APEUV is dose-dependent. Vero cells were treated with different doses of IFNs 18 h before infection with APEUV at
a MOI of 1. Infected cells were frozen 24 h after infection and titrated. Viral titer at cells treated with IFN alpha2 (A), IFN beta (B), IL-29 (C) and IL-28a (D).



306 G.M.d.E. Almeida et al. / Antiviral Research 80 (2008) 302-308

100000+ T
g T
S 75000
2
& *
*
=]
© 500004
=
w
Z 25000
s
0 Y
5 & & > >
3 & & & ¢
e W ® \QQ o
& ,Qrar-l’ @ 2 o
o8 o RS \\’51'
+ B18R

Fig. 3. Type Il IFNs antiviral activity does not require type I IFNs activity. IFNs were
incubated with B18R protein 1 h before being used to treat Vero cells. Eighteen hours
later the cells were infected with APEUV at a MOI of 1. Infected cells were frozen at
24 h after infection and titrated.

4. Discussion

Bunyaviruses are a large group of viruses that can cause dis-
ease in humans and other mammals, and thus far are recognized as
an emerging infection. Aspects from the biology of several viruses
from this family and their interaction with their hosts remain
unknown. APEUV belongs to the Orthobunyavirus genera, and was
isolated in the Brazilian rain forest in 1955 but has not yet been
fully characterized. There is some evidence that IFNs influence
the multiplication of APEUV, but this has not been described in
detail.
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Fig.5. Typeland type Il IFNs have antiviral activity against APEUV in human periph-
eral blood mononuclear cells. Human PBMCs were treated with IFNs at 1000 U/ml
18 h before infection with APEUV at a MOI of 1. Infected cells were frozen 24 h after
infection and titrated.

It is known that type I and type Il IFNs have several
immunomodulatory activities, including the establishment of an
antiviral state in treated cells. Although type III IFNs bind to a
distinct receptor complex, most of their biological activities are
redundant with the activities of type I I[FNs. In this paper, we show
that both type I and type III IFNs possess antiviral activity against
APEUV, another redundant activity of type I and type IIl IFNs against
an RNA virus.

In addition, IFNs antiviral activity against APEUV is dose-
dependent. While IFNs alpha2, IL-29 and IL-28a have similar
activity, it was demonstrated that IFN beta is more efficient in pro-
tecting cells against the virus either at a lower dose or at 48 h after
treatment. By using the B18R protein, a type [ I[FN inhibitor, we have
shown that the antiviral activity of type III IFNs is independent of
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Fig. 4. There is no antiviral activity enhancement after co-treatment with type I and type IIl IFNs. Vero cells were treated with a combination of type I and type IIl IFNs 18 h
before infection with APEUV at a MOI of 1. Infected cells were frozen 24 h after infection and titrated. Viral titer of cells treated with 100 U/ml of IFN beta alone or mixed with
10 U/ml of IFN alpha2 or 10 U/ml of IL-28a (A), with 100 U/ml of IL-28a alone or mixed with 10 U/ml of IFN beta or 10 U/ml of IL-29 (B), with 1000 U/ml of IFN beta alone or
mixed with 100 U/ml of IFN alpha2 or 100 U/ml of IL-28a (C), with 1000 U/ml of IL-28a alone or mixed with 100 U/ml of IFN beta or 100 U/ml of IL-29 (D).
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Fig. 6. 2'5'0AS and 6-16 genes are induced after IFN treatment. Vero cells were treated with IFNs at 1000 U/ml and total cellular RNA was extracted 18 h later. The levels of
2'5'0AS (A) and 6-16 (B) mRNAs were measured by quantitative PCR, and the results were normalized by the beta-actin levels of each sample.

type I IFN activity, which is consistent with the fact that VERO cells
are not able to produce type I IFNs due to deletions in their genome
(Diaz et al., 1988).

The anti-APEUV activity was verified not only in Vero cells, but
also in fresh primary human cells. The antiviral activity detected
in human PBMCs suggests that IFN activity has an important effect
against APEUV during systemic infections. Further studies in vivo
are necessary to make this clear.

The results from quantitative PCRs showed that two classical
ISGs related to the antiviral response, 2'5'0AS and 6-16, were
induced at high levels at the moment cells were infected in all
experiments. [FN beta induced higher levels of both genes, and hap-
pened to be the strongest inhibitor of APEUV replication. Although
it is tempting to associate the antiviral activity of IFNs against
APEUV to those restricted genes, further studies are necessary to
clarify this matter.

There are several reports describing the activity of the MxA gene
against Bunyaviruses, and of viral evasion mechanisms against this
gene. We could not detect the induction of MXxA mRNA in Vero cells
treated with IFNs, as described previously (Kanerva et al., 1996).
Since we could see IFN antiviral activity even in the absence of
MxA, we can speculate that this gene is not essential for IFN protec-
tion against APEUV. The importance of other ISGs against the virus,
however, remains to be elucidated.

This is the first time that Vero cells were shown to respond to
human type III IFNs. These cells are not able to produce type I IFNs,
but can respond to them as well as to type Il IFNs. This makes these
cells a useful system to study the biological activities of type IIl [FNs
without the interference of type I IFNs.

We can conclude that the antiviral activity against APEUV is
another redundant activity of type I and type IIl IFNs. IFN beta was
the strongest inducer of an antiviral state. All other IFNs tested had
similar activities.

Acknowledgments

We would like to thank Angela S. Lopes, Jodo Rodrigues dos San-
tos and Ilda M. V. Gama for their secretarial/technical assistance.
We also thank Dr. Gilles Uzé for kindly donating the plasmids for
IL-29 and IL-28a production.

This work was supported by research grants from Conselho
Nacional de Desenvolvimento Cientifico e Tecnoldgico (CNPq),
Coordenadoria de Aperfeicoamento de Pessoal de Nivel Superior
(CAPES) and Fundag¢do de Amparo a Pesquisa do Estado de Minas
Gerais (FAPEMIG). G.M.F. Almeida and C.L.B. Magalhdes received
fellowships from CAPES. DB Oliveira received fellowships from
CNPq. C.A. Bonjardim, E.G. Kroon and P.C.P. Ferreira are recipients
of research fellowships from CNPq.

References

Alcami, A., Smith, G.L., 2002. The vaccinia virus soluble interferon-gamma receptor
is a homodimer. J. Gen. Virol. 83, 545-549.

Andersson, ., Bladh, L., Mousavi-Jazi, M., Magnusson, K.E., Lundkvist, A., Haller, O.,
Mirazimi, A., 2004. Human MXxA protein inhibits the replication of Crimean-
Congo hemorrhagic fever virus. J. Virol. 78, 4323-4329.

Ank, N., West, H., Bartholdy, C., Eriksson, K., Thomsen, A.R., Paludan, S.R., 2006.
Lambda interferon (IFN-lambda), a type IIl IFN, is induced by viruses and IFNs
and displays potent antiviral activity against select virus infections in vivo. J.
Virol. 80, 4501-4509.

Bartlett, N.W., Buttigieg, K., Kotenko, S.V., Smith, G.L., 2005. Murine interferon lamb-
das (type IIl interferons) exhibit potent antiviral activity in vivo in a poxvirus
infection model. ]. Gen. Virol. 86, 1589-1596.

Boyum, A., 1968. Isolation of mononuclear cells and granulocytes from human blood.
Scand. J. Clin. Lab. Invest. (Suppl. 97), 77-89.

Brand, S., Beigel, F, Olszak, T., Zitzmann, K., Eichhorst, S.T., Otte, J.M., Diebold, J.,
Diepolder, H., Adler, B., Auernhammer, C.J., Goke, B., Dambacher, J., 2005a. IL-28A
and IL-29 mediate antiproliferative and antiviral signals in intestinal epithe-
lial cells and murine CMV infection increases colonic IL-28A expression. Am. J.
Physiol. Gastrointest. Liver Physiol. 289, 960-968.

Brand, S., Zitzmann, K., Dambacher, ]., Beigel, F, Olszak, T., Vlotides, G., Eich-
horst, S.T., Goke, B., Diepolder, H., Auernhammer, C.J., 2005b. SOCS-1 inhibits
expression of the antiviral proteins 2’,5'-OAS and MxA induced by the novel
interferon-lambdas IL-28A and IL-29. Biochem. Biophys. Res. Commun. 331,
543-548.

Bridgen, A., Dalrymple, D.A., Weber, F., Elliott, R.M., 2004. Inhibition of Dugbe
nairovirus replication by human MxXA protein. Virus Res. 99, 47-50.

Calisher, C.H., 1996. History, classification, and taxonomy of viruses in the family
Bunyaviridae. In: Elliott, R.M. (Ed.), The Bunyaviridae. Plenum Press, New York,
pp. 1-17.

Causey, O.R., Causey, C.E., Maroja, O.M., Macedo, D.G., 1961. The isolation of
arthropod-borne viruses, including members of two hitherto undescribed sero-
logical groups, in the Amazon region of Brazil. Am. J. Trop. Med. Hyg. 10,
227-249.

Coccia, E.M,, Severa, M., Giacomini, E., Monneron, D., Remoli, M.E., Julkunen, L,
Cella, M., Lande, R., Uzé, G., 2004. Viral infection and Toll-like receptor ago-
nists induce a differential expression of type I and lambda interferons in
human plasmacytoid and monocyte-derived dendritic cells. Eur. J. Immunol. 34,
796-805.

De Mucha Macias, J., Davalos Mata, A., Ochoa Larios, M.E., Zarate Aquino, M.L.,
1969. Experimental infection using Apeu virus in mice (Mus musculus albinus).
Histopathological injuries, vol. 11. Salud Publica Mex, pp. 323-338.

Diaz, M.O., Ziemin, S., Le Beau, M.M,, Pitha, P,, Smith, S.D., Chilcote, R.R., Rowley, ].D.,
1988. Homozygous deletion of the alpha- and beta 1-interferon genes in human
leukemia and derived cell lines. Proc. Natl. Acad. Sci. U.S.A. 85, 5259-5263.

Dulbecco, R., Vogt, M., 1953. Some problems of animal virology as studied by the
plaque technique. Cold Spring Harb. Symp. Quant. Biol. 18, 273-279.

Dumoutier, L., Tounsi, A., Michiels, T., Sommereyns, C., Kotenko, S.V., Renauld, J.C.,
2004. Role of the interleukin (IL)-28 receptor tyrosine residues for antiviral and
antiproliferative activity of IL-29/interferon-lambda 1: similarities with type I
interferon signaling. J. Biol. Chem. 279, 32269-32274.

Elliott, R.M., 1997. Emerging viruses: the Bunyaviridae. Mol. Med. 3, 572-577.

Ferreira, P.C., Peixoto, ML.L., Silva, M.A., Golgher, R.R., 1979. Assay of human interferon
in Vero cells by several methods. J. Clin. Microbiol. 9, 471-475.

Frese, M., Kochs, G., Feldmann, H., Hertkorn, C., Haller, O., 1996. Inhibition of bun-
yaviruses, phleboviruses, and hantaviruses by human MxA protein. J. Virol. 70,
915-923.

Gerrard, S.R,, Li, L., Barrett, A.D., Nichol, S.T., 2004. Ngari virus is a Bunyamwera virus
reassortant that can be associated with large outbreaks of hemorrhagic fever in
Africa. J. Virol. 78, 8922-8926.

Gibbs Jr., CJ., Bruckner, E.A., Schenker, S., 1964. A case of Apeu virus infection. Am. J.
Trop. Med. Hyg. 13, 108-113.



308 G.M.d.E. Almeida et al. / Antiviral Research 80 (2008) 302-308

Huang, J., Smirnov, S.V., Lewis-Antes, A., Balan, M., Li, W,, Tang, S., Silke, G.V., Putz,
M.M., Smith, G.L., Kotenko, S.V., 2007. Inhibition of type I and type Il interferons
by a secreted glycoprotein from Yaba-like disease virus. Proc. Natl. Acad. Sci.
U.S.A. 104, 9822-9827.

Isaacs, A., Lindenmann, J., 1957. Virus interference. I. The interferon. Proc. R. Soc.
Lond. B. Biol. Sci. 147, 258-267.

Jordan, WJ., Eskdale, J., Boniotto, M., Rodia, M., Kellner, D., Gallagher, G., 2007a.
Modulation of the human cytokine response by interferon lambda-1 (IFN-
lambda1/IL-29). Genes Immun. 8, 13-20.

Jordan, WJJ., Eskdale, ]., Srinivas, S., Pekarek, V., Kelner, D., Rodia, M., Gallagher,
G., 2007b. Human interferon lambda-1 (IFN-lambda1/IL-29) modulates the
Th1/Th2 response. Genes Immun. 8, 254-261.

Kanerva, M., Melén, K., Vaheri, A., Julkunen, 1., 1996. Inhibition of puumala and tula
hantaviruses in Vero cells by MxA protein. Virology 224, 55-62.

Kochs, G., Janzen, C., Hohenberg, H., Haller, O., 2002. Antivirally active MxXA pro-
tein sequesters La Crosse virus nucleocapsid protein into perinuclear complexes.
Proc. Natl. Acad. Sci. U.S.A. 99, 3153-3158.

Kontsek, P., Karayianni-Vasconcelos, G., Kontsekova, E., 2003. The human interferon
system: characterization and classification after discovery of novel members.
Acta Virol. 47, 201-215.

Kotenko, S.V., Gallagher, G., Baurin, V.V,, Lewis-Antes, A., Shen, M., Shah, N.K,, Langer,
J.A., Sheikh, F, Dickensheets, H., Donnelly, R.P., 2003. IFN-lambdas mediate
antiviral protection through a distinct class II cytokine receptor complex. Nat.
Immunol. 4, 69-77.

Krause, C.D., Pestka, S., 2005. Evolution of the Class 2 cytokines and receptors, and
discovery of new friends and relatives. Pharmacol. Ther. 106, 299-346.

Livonesi, M.C., de Sousa, R.L., Badra, S.J., Figueiredo, L.T., 2007. In vitro and in vivo
studies of the Interferon-alpha action on distinct Orthobunyavirus. Antiviral Res.
75, 121-128.

Meager, A., Visvalingam, K., Dilger, P., Bryan, D., Wadhwa, M., 2005. Biological activity
of interleukins-28 and -29: comparison with type I interferons. Cytokine 31,
109-118.

Mennechet, FJ., Uzé, G., 2006. Interferon-lambda-treated dendritic cells specifi-
cally induce proliferation of FOXP3-expressing suppressor T cells. Blood 107,
4417-4423.

Morrill, J.C., Jennings, G.B., Cosgriff, T.M., Gibbs, P.H., Peters, C.J., 1989. Prevention
of Rift Valley fever in rhesus monkeys with interferon-alpha. Rev. Infect. Dis. 11
(Suppl. 4), S815-S825.

Pestka, S., Krause, C.D., Walter, M.R., 2004. Interferons, interferon-like cytokines, and
their receptors. Immunol. Rev. 202, 8-32.

Petrillo-Peixoto, M.L., Ferreira, P.C., Mezencio, ].M., Golgher, R.R., 1980. Sensitivity of
group C arboviruses (bunyaviridae) to human amnion interferon. Intervirology
14, 16-20.

Pinto, AJ., Morahan, P.S., Brinton, M., Stewart, D., Gavin, E., 1990. Comparative ther-
apeutic efficacy of recombinant interferons-alpha, -beta, and -gamma against
alphatogavirus, bunyavirus, flavivirus, and herpesvirus infections. ]. Interferon
Res. 10, 293-298.

Robek, M.D., Boyd, B.S., Chisari, EV., 2005. Lambda interferon inhibits hepatitis B
and C virus replication. J. Virol. 79, 3851-3854.

Sato, A., Ohtsuki, M., Hata, M., Kobayashi, E., Murakami, T., 2006. Antitumor activity
of IFN-lambda in murine tumor models. ]. Immunol. 176, 7686-7694.

Schmaljohn, C.S., Hooper, J.W., 2001. In: Fields, B.N., Knipe, B.N., Fields Virology, D.M.
(Eds.), The Bunyaviridae, 4th ed. Lippincott Williams & Wilkins, Philadelphia, pp.
1581-1602.

Sheppard, P, Kindsvogel, W., Xu, W., Henderson, K., Schlutsmeyer, S., Whitmore, T.E.,
Kuestner, R., Garrigues, U., Birks, C., Roraback, ]., Ostrander, C., Dong, D., Shin, ].,
Presnell, S., Fox, B., Haldeman, B., Cooper, E., Taft, D., Gilbert, T., Grant, FJ., Tackett,
M., Krivan, W., McKnight, G., Clegg, C., Foster, D., Klucher, K.M., 2003. IL-28, IL-29
and their class II cytokine receptor IL-28R. Nat. Immunol. 4, 63-68.

Tamura, M., Asada, H., Kondo, K., Takahashi, M., Yamanishi, K., 1987. Effects of human
and murine interferons against hemorrhagic fever with renal syndrome (HFRS)
virus (Hantaan virus). Antiviral Res. 8, 171-178.

Vasconcelos, PF, Da Rosa, J.F,, Da Rosa, A.P.,, Dégallier, N., Pinheiro Fde, P, Sa Filho,
G.C,, 1991. Epidemiology of encephalitis caused by arbovirus in the Brazilian
Amazonia. Rev. Inst. Med. Trop. Sao Paulo 33, 465-476.

Weber, F, Elliott, R.M., 2002. Antigenic drift, antigenic shift and interferon antag-
onists: how bunyaviruses counteract the immune system. Virus Res. 88,
129-136.

Zitzmann, K., Brand, S., Baehs, S., Goke, B., Meinecke, ]J., Spottl, G., Meyer, H.,
Auernhammer, CJ., 2006. Novel interferon-lambdas induce antiproliferative
effects in neuroendocrine tumor cells. Biochem. Biophys. Res. Commun. 344,
1334-1341.

Zitzmann, K., Brand, S., De Toni, E.N., Baehs, S., Goke, B., Meinecke, J., Spottl, G., Meyer,
H.H., Auernhammer, C.J., 2007. SOCS1 silencing enhances antitumor activity of
type I IFNs by regulating apoptosis in neuroendocrine tumor cells. Cancer Res.
67, 5025-5032.



	Antiviral activity of type I interferons and interleukins 29 and 28a (type III interferons) against Apeu virus
	Introduction
	Materials and methods
	Viruses
	Cells
	Interferons
	Titration
	Antiviral activity
	Dose-response curve
	Influence of type I in type III IFNs activity
	Co-treatment with type I and type III IFNs
	Activity in human PBMCs
	RNA extraction, reverse transcription and quantitative PCR
	Statistical analysis

	Results
	Antiviral activity
	Dose-response curve
	Influence of type I in type III IFNs activity
	Co-treatment with type I and type III IFNs
	Activity in human PBMCs
	Real time PCR analysis

	Discussion
	Acknowledgments
	References


