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CHAPTER 2

Recent  Advances  in  the  Development  of  Antiviral
Approaches  against  Hemorrhagic-Fever-Causing
Arenaviruses
Viviana Castilla*, Jesús E. Brunetti, María N. Armiento and Luis A. Scolaro
Laboratorio  de  Virología.  Facultad  de  Ciencias  Exactas  y  Naturales,  Universidad  de  Buenos
Aires. Buenos Aires, Argentina

Abstract: Arenaviruses, enveloped viruses containing a bisegmented single-stranded
RNA genome with  ambisense  coding strategy,  include important  hemorrhagic-feve-
-causing  viruses  representing  a  public  health  threat  in  endemic  areas  of  Africa  and
South America. In spite of the danger of pathogenic arenaviruses and their increased
emergence  in  recent  years,  no  specific  and  safe  chemotherapy  for  these  viruses  is
currently available. This chapter covers recent advances in the development of antiviral
strategies  to  face  arenavirus  infections.  New  insights  in  molecular  aspects  of  virus
replication  and  virus-host  interactions  have  allowed  the  identification  of  viral  and
cellular factors as potential target for antiviral therapy. We will revise the main features
of  arenavirus  biology  and  the  mechanism  of  antiviral  action  of  different  molecules
derived from natural sources, chemical synthesis and rational structure-based antiviral
drug design. The advantage of targeting viral and cell host factors as complementary
approaches for therapy intervention will be discussed. We will particularly discuss the
use  of  novel  inhibitory  strategies  and  the  main  advances  in  the  development  of
innovative  screening  platforms.
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INTRODUCTION

Viral hemorrhagic fevers (VHFs) are a set of human diseases caused by viruses
belonging  to  four  distinct  families:  Arenaviridae  (Junin,  Machupo,  Guanarito,
Sabia,  Lassa,  Lujo  and  Chapare  viruses),  Bunyaviridae  (Crimean-Congo,  Rift
Valley,  Hantaan,  Puumala,  Seoul,  Dobrava,  Sin  Nombre,  Andes,  Choclo  and
severe fever viruses), Filoviridae (Marburg and Ebola viruses), and Flaviviridae
(yellow fever,  dengue,  Omsk,  Kyasanur  Forest  and  Alkhumbra  viruses).  These
families  include  enveloped  viruses  with  RNA  genomes  that  are  maintained  in
nature by infection of a mammal or insect host, which is usually referred as the
reservoir.  Reservoirs  include  nonhuman  primates,  bats,  rodents,  domestic
ruminants,  humans,  mosquitoes,  and  ticks.  This  characteristic  leads  to  a
geographically  restricted  distribution  of  the  viruses  around  the  world  that  is
coincident  with  that  of  the  corresponding  reservoir  and  matches  the  area  of
incidence of the disease. Up to the present, VHFs cannot be cured or controlled by
any specific antiviral treatment being supportive therapy the main therapy option.
Although hemorrhages are prone to occur in VHFs, especially in cases of patients
with low platelet counts or dysfunction in blood clotting, these hemorrhages use
to  be  mild  and  do  not  represent  a  serious  threat  to  health.  However,  in  severe
cases,  extensive  damage  of  the  vascular  system leads  to  capillary  leakage  and,
eventually, shock, both characteristic features of the terminal phase of VHFs [1].
Despite clinical aspects differ among VHFs, perturbation of vascular endothelium
integrity  and  coagulation  abnormalities  appear  as  two  common  features
underlying  VHFs  pathology.  Both  aspects  are  associated  not  only  to  a  direct
cytopathic effect of virus replication in endothelial cells but to the contribution of
the immune response mediated by proinflammatory cytokines as well.  In many
cases,  an  initial  phase  of  the  disease  characterized  by  virus  suppression  of  the
innate immune response is established, thus allowing systemic infection by virus
replication in monocytes, macrophages and dendritic cells, which in turn induce
an exacerbated cytokine production that triggers severe disease [2]. Most detailed
data on pathogenesis of VHFs come from studies carried on nonhuman primate
(NHP)  models  of  infection  with  Ebola  virus  (EBOV).  EBOV  disease  is
characterized  by  systemic  virus  replication  at  high  titers,  cytokine  storm,  liver
damage  due  to  hepatocyte  infection,  coagulopathy  due  to  endothelial  cells
infection,  perturbation of  blood pressure  due to  adrenal  cortical  cells  infection,
and lymphopenia as reviewed in [3].

Junin  virus  (JUNV)  pathogenesis  is  characterized  by  a  marked  tropism  for
lymphatic tissue, being macrophages,  dendritic cells and lymphocytes the main
cell targets for virus replication. Infection of cells from the immune system may
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underlie  a  mechanism  of  immune  system  evasion  together  with  a  concomitant
reduction  in  the  count  of  these  cells  leading  to  the  leucopenia  observed  in  the
majority of patients. The initial immune evasion induced by the virus may lead to
a later phase of infection when a cytokine storm is produced by the infected cells
that  is,  by  far,  more  harmful  than  the  scarce  cytolitic  potential  of  the  virus.
Eventually, permeability of endothelial cells in response to cytokine production
may  lead  to  hemorrhage  and  shock  [4].  In  line  with  this,  the  presence  of  high
levels  of  interferon  (IFN)  may  affect  thrombopoiesis  via  alteration  of  the
coagulation  capability  of  platelets.  Moreover,  infection  of  megakaryocytes  by
JUNV  leads  to  a  diminished  proplatelet  formation  and  release,  contributing  to
patient bleeding [5].

In the case of OW arenavirus Lassa (LASV), although macrophages and dendritic
cells are also the main target cell types, they are not activated as in the case of
infection  with  JUNV  and  a  generalized  immunosuppression  is  maintained
throughout  the  course  of  infection  [6,  7].

The fact that isolated outbreaks of VHFs occur sporadically all  over the world,
contributes to the lack of detailed information about pathogenesis. On this line,
the conspicuous symptomatology of VHFs favors epidemiological studies towards
the  identification  of  the  factors  involved  in  the  emergence  and  maintenance  of
viruses in nature. One important point to consider is that human infections with
viruses that cause VHFs do not contribute to the evolutionary success and survival
of the agent which is rather linked to the chronic infection of the host, vertebrate
or arthropod, than to the acute and sequelae free infections developed in humans
[8].

Despite almost two thirds of human population reside in areas of VHFs incidence
limited effort is put on the development of vaccines against these diseases. Basic
research  is  constantly  performed  on  this  subject,  in  fact,  many  experimental
vaccine platforms have been evaluated in several animal models but only few of
them  are  being  considered  for  clinical  trials,  such  as  a  recombinant  vesicular
stomatitis  virus-based  vaccine  for  EBOV  expressing  the  Zaire  EBOV
glycoprotein and a live attenuated Rift Valley vaccine [9, 10] and recently a live
attenuated  DENV  vaccine  based  on  a  yellow  fever  17D  vaccine  backbone  has
been approved in some endemic countries [11]. A live attenuated JUNV vaccine,
called Candid#1 is currently available in Argentina but it is not recommended for
children and pregnant women. Although partial cross protection with Candid#1
for the arenavirus Machupo (MACV) has been reported, employment of Candid#1
has not been approved for use in other countries [12].
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THE ARENAVIRIDAE FAMILY

The  Arenaviridae  family  comprises  two  genera  Mammarenavirus  and
Reptarenavirus,  isolated  from  mammals  and  snakes,  respectively.
Mammarenavirus comprises at least 25 members classified into two groups: Old
World  (OW)  and  New  World  (NW)  arenaviruses,  based  on  serological  cross-
reactivity  and  sequence-based  phylogenetic  studies.  Reservoirs  for  OW
arenaviruses are rodents from Muridae family, Murinae subfamily whereas NW
arenaviruses  reservoirs  belong  to  Muridae  family,  Sigmodontinae  subfamily.
Furthermore, while OW viruses form a single lineage, NW arenaviruses can be
differentiated into clades A, B, A/B, and C [13, 14]. The OW arenavirus LASV is
endemic of West Africa and infects several hundred thousand individuals yearly
causing an elevated number of Lassa fever (LF) cases, a VHF of high morbidity
and mortality [15]. The recent isolation of Lujo arenavirus (LUJV), identified as
the  causative  agent  of  an  outbreak  of  VHF  in  Southern  Africa,  settles  a  new
territory  for  VHFs  caused  by  OW  arenaviruses  outside  the  existing  endemic
region [16]. The NW JUNV, endemic to the central region of Argentina, a highly
populated  farmland  area,  causes  Argentine  Hemorrhagic  Fever  (AHF)  with  a
fatality rate ranging 15% to 30% [17]. Other NW arenaviruses causative of VHFs
are: MACV and Chapare (CHPV) viruses in Bolivia [18], Sabia virus (SABV) in
Brazil [19] and Guanarito virus (GTOV) in Venezuela [20].

Arenavirus virions are enveloped pleomorphic particles,  40-80 nm in diameter,
containing  single  stranded  RNA  bisegmented  genomes  harboring  four  ORFs
arranged  in  an  ambisense  coding  strategy.

The small RNA segment of 3.4 kb approx. codes for the glycoprotein precursor
(GPC)  and  the  nucleoprotein  (NP).  GPC  and  NP  genes  are  separated  by  an
intergenic non-coding intergenic region (IGR) that is rich in secondary structure
[21].  Processing  of  GPC by  a  signal  peptidase  and  the  cellular  Site  1  Protease
(SKI-1/S1P)  yields  three  polypeptides:  the  signal  peptide  (SSP)  and  the  two
mature glycoproteins: the surface glycoprotein (GP1), which elicits neutralizing
antibody response and is responsible for the interaction with the cellular receptor,
and  the  fusion  glycoprotein  (GP2)  that  mediates  fusion  of  viral  and  cellular
membranes during viral  internalization into cells.  Processing of GPC induces a
series  of  conformational  changes  that  triggers  the  formation  of  a  tripartite
structure, the envelope glycoprotein complex (GP), which is constituted by SSP,
GP2 and GP1. GP in turn associates as homotrimers conforming the arenavirus
spikes [22]. The spike is plausible of undergoing a re-arrangement that facilitates
membrane fusion when exposed to low pH during viral entry. Although GP2 may
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be  classified  within  class  I  viral  fusion  proteins,  arenavirus  are  unique  among
viruses  because  glycoprotein  spikes  keep  the  cleaved  SSP  as  part  of  each  GP
complex [23].

NP protein encapsidates with RNA molecules to form viral genomes and is able to
associate  with  the  viral  RNA  dependent  RNA  polymerase  (L)  and  the  matrix
protein  (Z)  to  carry  on  transcription  and  replication  of  the  RNA  genome.  In
addition, NP is involved in cell innate immune response suppression, associates
with Z protein driving budding of virus and exhibits 3´exonuclease and ligation of
nucleotides activities [24 - 31].

The large RNA segment of 7.2 kb approx. codes for the zinc binding protein (Z)
which  acts  as  a  matrix  protein  and  interacts  with  NP  and  L  modulating
transcription  and  replication,  drives  budding  of  virions  through  plasmatic  cell
membrane, interferes with the interferon (IFN) response and promotes apoptosis
of infected cells [25, 30, 32 - 34]. The large segment also codes for the L protein,
the  viral  RNA  dependent  RNA  polymerase  that  together  with  NP  protein
constitute the minimal factors necessary for transcription and replication of viral
RNA. L and Z genes are also separated by an IGR as described for NP and GPC
genes [24, 35, 36].

Arenavirus Replication Cycle

Entrance of Arenavirus into Cells

Cell susceptibility of infection for arenaviruses is established through successful
interaction of the GP complex with a protein located in the cell surface that acts as
a receptor for attachment. This interaction not only mediates adsorption of virions
to cell surface but sets the beginning of a series of coordinated steps leading to
endocytosis, membrane fusion in response to acidic pH of endosome and, finally,
release of viral nucleocapsids into cell cytoplasm (reviewed in [37]).

Binding of GP1 to a protein receptor located in the cell surface of susceptible cells
initiates the process of infection of arenaviruses. Entry by the OW and NW clade
C  species  of  arenaviruses  depends  on  the  binding  of  GP1  to  α-dystroglycan
(αDG),  a  ubiquitous  and highly  conserved  glycoprotein  of  the  cell  surface  that
mediates adhesion to the extracellular matrix [38, 39].

NW clade B species that include pathogenic NW arenaviruses attach to cells by
interacting with the human transferrin receptor-1 (TfR1) [40]. Characterization of
this interaction has been described from the point of view of the host specificity
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observed  for  these  viruses  and  TfR1  residues  involved  in  this  interaction  have
been already identified [41]. Genetic studies performed with MACV GP1 pointed
out  several  residues  of  this  glycoprotein  as  critical  for  the  interaction  with  the
receptor.  Many  of  these  residues  are  conserved  among  other  NW  viruses’
glycoproteins  suggesting  a  common  basis  of  receptor  interaction  and  opening
avenues for the rational development of viral entry inhibitors [42].

Even though all NW clade B viruses are able to interact with their specific rodent-
host TfR1, only those causative of VHFs can also recognize human TfR1. Also, it
has been reported that a single amino-acid change in human TfR1 is enough to
permit entry by Tacaribe virus (TCRV), a non-pathogenic clade B species [41].
This  finding  suggests  that  through  subtle  changes  in  GP1  nonpathogenic
arenaviruses  could  use  human  TfR1,  emerging  thus  as  human  pathogens.  The
reciprocal  has been also addressed in early studies with a host  range mutant of
JUNV attenuated for mice. This mutant, derived from XJCl3 strain of JUNV by
induced  mutagenesis  with  5-fluoruracil,  showed  an  altered  GP1  protein  that
conferred the mutant the inability to adsorb to murine cells while keeping intact
its capacity to replicate in monkey/human cells [43].

Adsorbed  viral  particles  are  internalized  via  an  endocytic  mechanism  and
subsequently transport to late endosomes where fusion of the viral and endosomal
membranes  takes  place  at  low  pH  (Fig.  1).  In  the  case  of  the  NW  arenavirus
JUNV,  a  clathrin-dependent  endocytosis  that  requires  low pH in  endosomes  to
achieve  viral  and  endosomal  membrane  fusion  has  been  reported  [44,  45].  By
contrast, experimental evidence supports a clathrin-independent internalization for
the prototypic OW lymphocytic choriomeningitis virus (LCMV) [46]. Recent data
revealed that LASV binding to αDG links the virus to an uncommon pathway of
macropinocytosis  with  minimal  perturbation  to  the  host  cell.  The  hepatocyte
growth  factor  receptor  (HGFR),  a  tyrosine  kinase  receptor  (TKR),  has  been
pointed  out  as  a  probable  candidate  to  mediate  this  process  [47].

As  mentioned  above,  low  pH  within  the  endocytic  vesicles  involved  in  virus
uptake triggers fusion between vesicle and viral membranes. Acidic pH promotes
the  transition  from  a  metastable  perfusion  GP  complex  to  an  activated  fusion
competent GP form, characterized by the reorganization of GP2 ectodomain that
finally drives membrane fusion. Interestingly, amino acid changes in SSP affect
GP  mediated  membrane  fusion  indicating  that  SSP  and  GP2  interaction  is
required  for  the  formation  of  the  fusion  active  GP  complex  [48]  (Fig.  2).
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Fig. (1).  Scheme of arenavirus replication steps. The sequence of the main events of arenavirus replication
are shown. Arenavirus cellular receptors αDG: α-dystroglycan and TfR1: human transferrin receptor-1. OW:
Old  world  arenaviruses;  NW:  New world  arenaviruses;  LASV:  Lassa  virus;  NP:  nucleoprotein;  L:  RNA
polymerase; Z: matrix protein; GP: glycoprotein complex; GPC: glycoprotein precursor; GP1, GP2 and SSP:
mature products of GPC processing; vRNA: viral RNA and vcRNA: viral complementary RNA.

Synthesis of Macromolecules

Once nucleocapsids are released in the cytoplasm, transcription of genes proceeds
commanded by the promoters located in the 3´untranslated regions (UTRs) of the
viral  RNA  (vRNA).  Hence,  NP  and  L  proteins  are  the  first  proteins  to  be
synthesized upon infection taking into account that NP and L genes are coded in
the  3´ends  of  the  small  and  large  genome  segment,  respectively  (Fig.  1).
Transcription of NP and L mRNAs is terminated by the secondary structure of the
IGR  in  the  form  of  a  stem  loop.  Anti-termination  activity  of  NP  allows  the
replication  complex  formed  by  NP,  L  and  Z  to  make  a  full  copy  of  a  viral
complementary RNA (vcRNA) from which the mRNAs corresponding to Z and
GPC genes are transcribed. At the same time, vcRNA serves as template for the
synthesis of vRNA of progeny virus [13].
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Fig.  (2).   Arenavirus  replication  cycle.  The  main  targets  of  antiviral  strategies  against  arenaviruses  are
indicated. GPC: precursor of viral glycoproteins.

Eukaryotic  initiation  factor  of  translation  4E  (eIF4e)  is  dispensable  for  the
synthesis  of  JUNV  proteins  suggesting  a  non-canonical  initiation  process  of
translation  [49].  In  the  case  of  LCMV  and  LASV,  it  has  been  reported  that  Z
protein is able to bind eIF4E and suppress translation of cellular proteins [33, 50].
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Assembly and Budding

Newly synthesized vRNA is encapsidated by NP and, at a lesser extent, by L and
Z, to form the nucleocapsids, which in turn interact with the Z protein underlying
the plasma membrane where glycoprotein spikes are inserted [51]. Subsequent to
this interaction, progeny viruses bud at the plasma membrane in a process mainly
directed by Z protein (Fig. 1 and 2) [52]. This process involves a PTAP late (L)
domain motif of Z that mediates virus budding by binding cellular protein Tsg101
and  other  proteins  of  the  endosomal  sorting  complexes  required  for  transport
(ESCRT)  to  induce  the  release  of  virions  from  the  cell  membrane  [53].  This
mechanism of egress is counteracted by the cellular protein named tetherin (also
known as  BST-2,  CD317  or  HM1.24),  which  is  upregulated  by  treatment  with
IFN  of  different  cell  types.  Tetherin  locates  as  a  homodimer  in  the  plasma
membrane of cells and its antiviral mechanism seems to be related to its ability to
bind  progeny  viruses  blocking  viral  release  [54].  Up-regulation  of  Tsg101  has
been also described as an antiviral  factor  in BHK-21 cells  persistently infected
with JUNV [55].

INNATE  IMMUNITY  MEDIATED  ANTIVIRAL  STATE  IN
ARENAVIRUS INFECTIONS

Interferon Response

IFNs are a family of cytokines that modulate diverse signaling pathways in order
to  allow  the  host  to  mount  the  most  appropriate  response  against  microbial
infections, particularly, viral infections. There are three types of IFNs. The type I
IFNs  (IFN-I)  comprise  multiple  subtypes  of  IFNα  (13  in  humans),  IFNβ  (1  in
humans)  and  other  less  described  IFNs  such  as  IFNω,  IFNε,  IFNκ,  IFNδ  and
IFNτ.  The  type  II  IFNs  (IFN-II)  include  only  one  member,  IFNγ,  which  has
antiviral  activity  but  is  mainly  considered  as  a  strong  immunomodulatory
cytokine.  The  type  III  IFNs  (IFN-III)  or  IFN-λs  comprise  three  members:
interleukin  (IL)-29,  IL-28A,  and  IL-28B  [56].  To  note,  IFN-I  and  IFN-III  are
produced  by  many  different  cell  types,  while  IFN-II  is  mainly  produced  by
activated  natural  killer  (NK)  cells  and  T  lymphocytes.  Plasmacytoid  dendritic
cells  (pDCs)  produce  the  highest  levels  of  IFN-I  and  other  proinflammatory
cytokines  in  response  to  viral  infections  [57].  When  different  cell  types  are
infected,  the  interaction  of  viral  components  with  cellular  pattern  recognition
receptors (PRRs) activates signaling pathways leading to IFN-I production [58].
The IFN-I secreted by infected cells interacts with its own receptor allowing an
additional increased of IFN-I production and promotes control of virus replication



12   Frontiers in Clinical Drug Research - Anti-Infectives, Vol. 4 Castilla et al.

in  the  IFN-producing  cell  (autocrine  manner).  IFN-I  also  acts  in  a  paracrine
manner to facilitate the establishment of an antiviral state in neighboring cells and
to  activate  other  cells  types  involved  in  the  innate  and  adaptive  response.  The
induction  of  IFN-I  is  controlled  by  three  different  classes  of  PRRs:  Toll-like
receptors  (TLRs),  retinoic  acid  inducible  gene-I  like  receptors  (RLRs)  and
nucleotide  oligomerization  domain-like  receptors  (NOD)  [59].  RLRs  are
comprised  of  retinoic  acid  inducible  gene-I  (RIG-I),  melanoma  differentiation-
associated gene 5 (MDA5) and laboratory of genetics and physiology 2 (LGP2),
and together form the RLH family [59, 60]. RIG-I was identified as a detector of
cytoplasmic  viral  RNA  responsible  for  the  production  of  IFN-I  [61].  RIG-I
recognizes  5´-triphosphate  from  ssRNAs  as  well  as  short  (<2  kbp)  dsRNAs  in
most cell types, and MDA5 detects 5´-triphosphate from long (>2 kbp) dsRNAs
as well  as  a  synthetic  dsRNA as poly (I:C).  This  causes an exposure of  the N-
terminal domain of RIG-1, which is involved in protein-protein interactions and
activates downstream signaling pathways that ultimately lead to the activation of
IRF3  and  IRF7  kinases  [62].  Once  IFN-I  is  produced,  it  binds  to  specific  cell
receptors  and  induces  the  expression  of  different  interferon  stimulated  genes
(ISGs) via the activation the Janus kinases (JAKs) signaling cascade, a family of
tyrosine  kinases  comprised  of  Janus  kinase  1  (JAK1)  and  tyrosine  kinase  2
(Tyk2),  which  in  turn  activate  signal  transducer  and  activator  of  transcription
(STAT) factors STAT1 and STAT2 by phosphorylation [59].

Inhibition of Interferon Response by Arenavirus Proteins

It  has  been  shown  that  viral  proteins  of  both  OW  and  NW  arenaviruses  are
capable  of  inhibiting  the  IFN-I  response  (Fig.  3).  For  example,  it  has  been
reported that the NP proteins of OW LASV and LCMV as well  as NW JUNV,
PICV,  MACV,  White  Water  Arroyo  virus  (WWAV),  TCRV  and  Latino  virus
(LATV) have the ability to inhibit the translocation to the nucleus of IRF3, and in
consequence,  they inhibit  the induction of  IFN-I  [26,  28,  63,  64].  On the other
hand,  the  Z  protein  is  another  arenavirus  protein  that  contributes  to  the  virus
suppression  of  the  IFN-I  response.  It  has  been  reported  that  Z  proteins  of  NW
JUNV,  GTOV,  MACV  and  SABV  are  able  to  bind  RIG-I,  causing
downregulation of the IFN-I response. Z seems to impede the binding of IPS-1 to
RIG-I, which inhibits the trigger of signaling cascades that result in induction of
IFN-I [65].  Interestingly, Z proteins of OW LASV and LCMV do not have the
ability to bind RIG-I. However, it has been demonstrated that LCMV NP directly
interact  with  RIG-I  and  MDA-5  [64].  Additionally,  the  short  double-stranded
RNAs with the overhanging 5´ppp-G residue present at the 5´-end of arenavirus
genomic and antigenomic RNA species are bad substrates for RIG-I binding. This
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probably  contribute  to  arenavirus  evasion  from  RIG-I  recognition  [66,  67].
Despite  the  initial  IFN  suppression  mediated  by  NP  and  Z  proteins  a  strong
induction of IFN and proinflammatory cytokines is observed in AHF patients at a
later state of infection.

Fig. (3).  Inhibition of interferon production by viral proteins. Green arrows indicate the sequence of events
along the interferon (IFN) induction pathway whereas red connectors indicate inhibition mediated by viral
proteins. NP: arenavirus nucleoprotein; Z: arenavirus matrix protein;ssRNA: single stranded RNA; ds: double
stranded RNA; NW: New world; RIG-1: retinoic acid inducible gene-I; MDA-5: melanoma differentiation-
associated gene 5; IPS-1: interferon-beta promoter stimulator 1; TRAF-3: tumor necrosis factor receptor-
associated factor 3; NF-κB: nuclear factor κB; IKKε: inhibitor-κB kinase epsilon ; TBK-1: TANK-binding
kinase 1; IRF-3: interferon regulatory factor 3; IRF-7: interferon regulatory factor 7; P: phosphate; IFN-I:
type I interferon.

It is known that during the IFN-I response, protein kinase R (PKR) expression is
augmented.  PKR  phosphorylates  the  alpha  subunit  of  eukaryotic  translation
initiation  factor  2  (eIF2α),  blocking  cap  dependent  translation.  Thus,  cellular
protein  synthesis  is  impaired  in  the  context  of  viral  infection  [68].
Phosphorylation  of  eIF2α  also  leads  to  the  formation  of  stress  granules,
cytoplasmic aggregates that contain pre-initiation complexes that accumulate as a
consequence  of  translation  blockage.  It  has  been  demonstrated  that  in  JUNV-
infected  cells  stressed  with  sodium arsenite,  which  induces  phosphorylation  of
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eIF2α,  the virus is  able to inhibit  stress granules formation by impairing eIF2α
phosphorylation.  Both  viral  NP  as  GPC  are  able  to  maintain  eIF2α
phosphorylation  levels  similar  to  those  observed  in  uninfected  cells,  thus
neutralizing the suppression of protein synthesis exerted by the infected cell [69].

Innate Immunity to Old World Hemorrhagic Arenaviruses

Patients with LASV infection suffer an immunosuppression, and this is evidenced
both  in  vitro  and in  vivo  through the  lack of  IFN-I  induction,  proinflammatory
response  or  T-cell  activation  [70,  71].  It  has  been  reported  that  in  human
macrophages and DCs infected with LASV in vitro there are low levels of IFN-I
and other proinflammatory cytokines such as tumor necrosis factor (TNF- α) and
IL-1β.  Also,  in  LASV-infected  DCs  a  lack  of  induction  of  co-stimulatory
molecules such as CD86 and a failure in the activation of virus-specific CD4+ T
cells and CD8+ T cells was demonstrated [70 - 72]. It is likely that the insufficient
immune response both in macrophages and DCs promotes disease progression of
LF, especially in lethal cases. An effective T-cell-mediated response is probably
critical  for  recovery  from  infection.  Furthermore,  NHPs  infected  with  LASV
present  uncontrolled  viral  replication  and  poor  innate  and  cellular  immune
responses, similar to those observed in infected patients when a fatal outcome of
disease is considered. On the other hand, the antibody response seems to be not
effective in controlling virus replication because high IgG and IgM titers are not
associated with a mild outcome of the disease [73, 74].

It is known that antigen-presenting cells (APCs), like DCs and macrophages, are
early targets of arenavirus infection. But in the case of LASV, DCs seem to be a
more  important  target,  as  this  cell  type  produces  much  more  virus  than
macrophages [6].  Infected DCs fail  to mature,  as they do not  present  increased
levels  of  phagocytic  activity  and  this  is  consistent  with  the  generalized
immunosuppression  that  causes  LASV.  Interestingly,  it  has  been  demonstrated
that  LASV subverts  classical  routes  of  endosomal  trafficking  and  bypasses  the
early endosome, which contains the TLRs able to recognize RNA viruses. Thus,
LASV may escape detection by TLRs. This can partly explain the failure of the
innate immune system to detect LASV infection, causing an uncontrolled virus
infection [15].

Innate Immunity to New World Hemorrhagic Arenaviruses

While the hallmark of LASV infection is a generalized immunosuppression, in the
case  of  JUNV-infected  patients  the  cytokine  levels  are  correlated  with  disease
severity.  In  the  acute  stage  of  disease  high  levels  of  IFNα and  other  cytokines
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such as IL-6, IL-8, IL-10 and TNF-α in serum are detected [75]. Animal models
of  AHF  also  present  induction  of  IFN  [76].  The  induction  of  IFN  probably
contributes to the AHF pathology as IFNα levels are connected to the severity of
symptoms like fever, chills and backache, and to low platelet count and platelet
abnormality  [77].  As  previously  mentioned,  hematopoietic  progenitor  CD34+
cells and megakaryocyte cells infected with JUNV show impairment of platelet
formation and function, an effect that involves IFN-I signaling pathway [61]. On
the  other  hand,  JUNV  and  TCRV-infected  mice  lacking  IFNα/β/γ  receptor
develop a disease with some histopathological changes similar to those observed
in AHF patients, suggesting an important role of IFN pathway to combat JUNV
and TCRV infection [78, 79]. In contrast, LASV did not generate fatal infection in
IFNα/β/γR  -/-  mice  [80].  In  addition,  STAT-1  knockout  mice  infected  with
MACV presented high levels of proinflammatory cytokines like TNF-α, IFNγ, IL-
6  and  granulocyte  colony-stimulating  factor  (G-CSF)  in  serum  [81].  These
findings suggest  that  IFNs play a critical  role in controlling infections of  some
NW arenaviruses and that proinflammatory cytokines promote pathogenesis in the
murine  model.  Moreover,  human  lung  epithelial  A549  cells  infected  with  both
pathogenic  and  vaccine  strains  of  JUNV  presented  RIG-I  mediated  IFN
generation and ISG expression [82], which suggests that parenchymal cells could
be a cellular source of IFN in vivo. Although the antibody response seems to be
not  effective  in  controlling  LASV  infection,  in  JUNV-infected  patients  the
mortality can be reduced when immune plasma from previously infected patients
is  administered  early  within  the  first  week  of  illness.  The  effectiveness  of  this
treatment  seems  to  be  due  the  neutralizing  activity  of  the  antibodies,  since  the
levels of virus in serum are reduced after transfusion with immune plasma [83].

ANTIVIRAL STRATEGIES AGAINST ARENAVIRUS INFECTION

Despite  their  importance  as  pathogens  ribavirin  is  the  only  licensed  antiviral
compound  available  for  treatment  of  arenavirus  infections,  but  because  of  its
limited  efficacy  in  advanced  cases  and  its  undesirable  side  effects  the
development  of  more  effective  and  safer  antiviral  options  is  required.

Recent  advances  in  the  design  of  novel  animal  models,  viral  pseudotypes  and
reverse  genetic  systems  have  been  very  important,  not  only  to  progress  in  the
knowledge  of  molecular  aspects  of  viral  pathogenesis,  but  also  to  improve  the
methods for evaluation of new molecules with antiviral properties. Furthermore,
the identification of potential viral and host proteins that might be targeted for the
treatment  of  arenavirus  infections  constitutes  a  key  factor  in  the  design  of
therapeutic  strategies.
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In this section we focus on recent developments of diverse molecules that have
been found to be active against arenaviruses, in available cell and animal model
systems, within the last years. Fig. (2) shows steps of viral replication targeted by
antiviral agents and Table 1 summarizes the main antiviral strategies.

Viral Entry as Antiviral Target

Targeting early events of virus replication cycle merits significant attention as a
powerful means of preventing arenavirus infection. An efficient viral adsorption
and  internalization  are  critical  for  rapid  virus  dissemination;  therefore  the
blockade of viral  entry steps gives the host immune system the opportunity for
establishing  an  effective  antiviral  immune  response.  Furthermore,  the  more
detailed knowledge now available about the tripartite structure of GP complex and
the requirement of SSP-GP2 interaction for pH-dependent membrane fusion have
provided novel targets for antiviral intervention.

Synthetic Compounds

Since biosafety level 4 (BSL-4) or 3 (BSL-3) is required to handle hemorrhagic
arenaviruses,  lentiviral  pseudotypes  expressing  arenavirus  GP  constitute  a  safe
option  to  be  used  as  a  high-throughput  screening  (HTS)  platform  to  identify
inhibitors  of  GP  mediated  entry.  The  screening  of  a  random  library  of  small
molecules,  using  lentiviral-based  pseudotypes,  and  further  structural
modifications of the active compounds, led to the synthesis of a benzimidazole
derivative, compound ST-193, with submicromolar anti-LASV activity in vitro.
ST-193  was  also  effective  against  South  American  hemorrhagic  fever  viruses
JUNV, MACV, GTOV and SABV [84]. Determinants of ST-193 sensitivity were
mapped  within  GP2 [84]  and  the  inhibitory  effect  of  ST-193  on  pH-dependent
cell-cell  fusion mediated by LASV and JUNV GPs [48] suggested that  ST-193
stabilizes  the  perfusion  GP  complex  against  acidic  pH,  impairing  membrane
fusion during virus entry. The ability of compound ST-193 to deal with in vivo
LASV infection was tested in guinea pigs, a useful small animal model for LF.
Guinea pigs infected with LASV developed a severe disease resulting in 100%
mortality  between  days  14  and  17  post-inoculation.  Treatment  with  ST-193
reduced signs of disease, caused a significant reduction in viremia and resulted in
enhanced animal  survival  in  comparison to  ribavirin  or  vehicle  treated animals
[85]. Given the antiviral activity exhibited against other hemorrhagic arenaviruses
this compound is a good candidate for further development.

Another  HTS  study  allowed  the  identification  of  different  small  molecule
inhibitors of GP mediated membrane fusion, compounds 16G8, 17C8, and 17C9,
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which exhibited broad activity against the major human pathogenic arenaviruses
[86].  On  the  other  hand,  photoaffinity  derivatives  of  the  4-acyl-1,6-dialkyl-
piperazin-2-one,  which  were  designed  against  LASV  GP,  also  displayed  anti-
fusion property [87].

TCRV is a non-pathogen clade B arenavirus, closely related to JUNV, which is
useful in early stage of drug discovery research since it can be handled in BSL-2
laboratories. A HTS campaign that analyzed the effect of approximately 400,000
small molecules on TCRV cytopathic effect was performed and compounds with
inhibitory action were identified.  One of  the active compounds,  called ST-294,
also  exhibited  protective  efficacy  in  a  TCRV-mouse  challenge  model  and  the
isolation  of  viral  resistant  mutants  indicated  that  ST-294  targeted  GP2  protein
[88].

Minigenome  (MG)  systems  are  powerful  tools  not  only  to  study  biology  and
pathogenesis of many hazardous viruses but also to find new antiviral agents as
part of HTS platforms. A JUNV based reverse-genetic system comprising a MG,
which contains a reporter genome from the S RNA segment that recapitulates all
steps  of  the  virus  replicative  cycle,  was  adapted  for  HTS.  After  T7  RNA
polymerase mediated transcription, the generated MG is recognized by NP and L
proteins provided in trans, allowing MG replication and transcription. Packaging
of newly generated MGs by the action of Z protein and the expression of GPC
leads to the formation and release of virus like particles (VLPs). Moreover, these
VLPs can infect new NP and L expressing cells resulting in the amplification of
the  MG  reporter  signal  [89].  The  HTS  resulted  in  the  identification  of  four
compounds that exhibited anti-JUNV antiviral activity and prevented arenavirus
GP  mediated  cell-cell  fusion.  Furthermore,  mutations  in  GP2  transmembrane
domain or in SSP conferred resistance to these active compounds indicating that
viral entry would be the antiviral target [89].

A novel recombinant LCMV, which expresses GFP and viral NP proteins from
the  same  bicistronic  mRNA,  was  recently  used  in  the  screening  of  30,000
compounds in the context of a cell-based HTS study. In this analysis, compound
F3406,  another  inhibitor  of  LCMV  GP  mediated  membrane  fusion,  was
uncovered  [90].

A  fusion  inhibitor,  compound  ZCL278,  which  targets  a  host  factor,  has  been
recently described [91]. This molecule, which is an inhibitor of a small GTPase
(Cdc42) known to regulate actin polymerization, was proved to inhibit JUNV and
LCMV replication. ZCL278 prevented  pH-dependent  JUNV GP mediated fusion
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and  perturbed  intracellular  trafficking  leading  to  the  redistribution  of  viral
particles  from  endosomal  to  lysosomal  compartments  [91].

GP Derived Peptides

Another  approach  to  develop  a  fusion  inhibitor  consists  in  the  design  of  GP
derived  peptides  that  impair  glycoprotein  conformational  changes  required  to
trigger membrane fusion. A PICV GP2 derived peptide, named AVP-p, exhibited
antiviral  activity  against  pseudoviruses  bearing  OW  and  NW  arenavirus  GP
showing  no  acute  cytotoxicity.  The  interaction  of  this  peptide  with  viral  spike
would  induce  a  premature  fusogenic  rearrangement  of  viral  glycoproteins
reducing virus binding to cellular receptor and also impeding endosomal fusion
[92].

DNA Polymers

Amphipathic DNA polymers were found to inhibit LCMV in vitro replication, in
the low nanomolar range, affecting the interaction between LCMV GP and cell
receptor.  Structure-function  studies  using  retroviral  pseudotypes  of  LCMV
demonstrated  that  the  antiviral  effect  of  the  DNA  polymers  was  sequence-
independent  whereas  size  and  hydrophobicity  were  critical  for  their  inhibitory
action  [93].  Unfortunately,  evaluation  of  this  antiviral  strategy  against
hemorrhagic  arenaviruses  has  not  been  reported.

Antibodies

As  mentioned  above,  current  treatment  of  AHF  patients  consists  in  the
administration  of  immune  plasma  from  recovered  patients.  This  treatment
provides 100% protection to guinea pigs, the most commonly used JUNV animal
model, when delivered as late as 6 days after infection. Passive immunotherapy
based on polyclonal immune sera has several drawbacks such as the presence of
virus specific non-neutralizing antibodies, batch to batch variation, difficulties in
obtaining immune donors and risks associated with the use of blood products. A
mouse-human  chimeric  JUNV  neutralizing  monoclonal  antibody  (MAb)  was
proved to provide 100% protection against lethal challenge when administered at
6 days after JUNV infection in the guinea pig model of AHF. In addition, viral
antigen  was  undetectable  by  immunohistochemistry  in  the  brains  of  MAb
inoculated  animals  suggesting  that  this  treatment  could  be  an  efficacious
replacement for immune plasma in AHF therapy [94]. Although the neutralizing
activity  of  different  tested  MAbs  correlates  with  protection  in  guinea  pigs,
neutralization  of  free  virus  would  not  be  the  only  mechanism by  which  MAbs
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function in vivo,  since other studies indicate that optimal protection would also
require  Fc-mediated  immune  functions  [95].  The  demonstration  of  MAb
effectiveness  against  clinical  viral  isolates  and  the  analysis  of  escape  mutant
selection  are  further  required  to  assess  the  potential  of  this  antiviral  strategy
against  JUNV.

In an another attempt to block virus-cell receptor interaction it was demonstrated
that  a  MAb  directed  to  the  apical  region  of  human  TfR1  was  able  to  inhibit
binding and subsequent  GP mediated entry of  NW pathogen arenaviruses  [96].
Since  the  capacity  of  NW arenaviruses  to  cause  human disease  correlates  with
their  ability  to  bind  human TfR1 the  therapeutic  use  of  this  MAb appears  as  a
promissory antiviral approach.

Exposure of  GP2 fusion peptide provides a  target  for  fusion inhibition by GP2
directed antibodies and early studies had described the ability of sera from AHF
patients  to  prevent  JUNV GP-mediated  cell-cell  fusion  [97].  In  line  with  these
findings, a MAb directed toward GP2, F100G5, which recognizes a pH-induced
intermediate of JUNV GP, was proved to impair GP mediated membrane fusion
[98]. Even though this MAb is unable to inhibit viral replication in cell cultures,
York et al. [98] proposed that linking of F100G5 to neutralizing MAbs, by using
bifunctional reagents, would be an interesting antiviral research line to explore.

The  administration  of  ribavirin  or  convalescent  sera  in  LF  patients  has  shown
limited success depending on the time of treatment and the donor source in the
case  of  immune  sera.  LASV GP specific  human mABs,  which  display  in  vitro
neutralizing  activity,  also  prevented,  individually  or  in  combination,  the
development  of  disease  in  a  guinea  pig  model.  This  experimental  evidence
supports the in vivo potential of these mABs in future studies using non-human
primates, the gold standard animal model for LF [99].

Inhibition of RNA Replication

The purine nucleoside analogue ribavirin, which exhibits antiviral activity against
diverse RNA viruses, is the only licensed antiviral compound currently available
for arenavirus infections, however, even though the effectiveness of ribavirin has
been  proved  in  cell  cultures  and  in  several  animal  models  [81,  100]  this
compound  is  not  equally  effective  against  all  human  arenaviruses.  Ribavirin
treatment  early  after  the  onset  of  LF  reduces  mortality  but  is  ineffective  in
preventing neurological sequelae [101], whereas convalescent immune globulin
administration is still the recommended treatment for AHF [17].
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Even  though  ribavirin,  as  well  as  mycophenolic  acid  (MPA),  another  inosine
monophosphate dehydrogenase (IMPDH) inhibitor, adversely affected LASV and
JUNV  infection  in  cell  cultures,  addition  of  guanosine  reversed  the  inhibitory
effects of MPA but did not affect the antiviral action of ribavirin. These results
indicate  that  depletion  of  the  intracellular  GTP  pool  via  inhibition  of  IMPDH
would not account for ribavirin inhibitory effect [102, 103]. Although it has been
proposed that ribavirin inhibits viral RNA synthesis by targeting the L polymerase
[104]  other  studies  suggest  that  ribavirin-induced  lethal  mutagenesis  might
contribute  to  its  antiviral  activity  against  LCMV  [105].

Despite its usefulness in treating some arenavirus infections it is also known that
ribavirin  causes  several  adverse  effects  such as  teratogenic  and/or  embryocidal
effects and haemolytic anaemia [106]. In the search of other RNA inhibitors with
antiviral activity several in vitro and in vivo assays revealed that the compound
favipiravir (T-705), a nucleoside analog recently approved in Japan and in Phase 3
clinical trials in US for treatment of influenzavirus infections, displays a broad-
spectrum antiviral  activity  against  RNA viruses  [107].  Favipiravir  exhibited  in
vitro inhibitory action against JUNV, PICV, TCRV, GTOV and MACV rendering
higher  selectivity  indexes  than  ribavirin  [108,  109].  Favipiravir  inhibition  was
reversed  by  the  addition  of  purine  bases  and  nucleosides  [109].  In  addition,
favipiravir administration prevented the death of PICV- infected hamsters [108]
and oral therapy with this drug was also effective against a PICV strain adapted to
produce lethal infections in guinea pigs, protecting even those animals that were
treated  after  the  onset  of  signs  of  illness  [110].  Intraperitoneal  favipiravir
administration in JUNV-infected guinea pigs resulted in a high level of protection
(78%  survival)  and  undetectable  levels  of  viral  titers  in  tissues  and  serum,
whereas protection in ribavirin injected animals was in the range of 33-40% [111].
Potent anti-LASV activity was also demonstrated for favipiravir in the guinea pig
model  [112].  Interestingly,  the addition of  low dose of  ribavirin synergistically
potentiates  the  protective  efficacy  of  favipiravir  in  JUNV-infected  guinea  pigs
[106].

Like  favipiravir,  compound  A3,  an  inhibitor  of  pyrimidine  biosynthesis,  was
found  to  exhibit  a  broad  antiviral  activity  against  RNA  viruses.  A  significant
antiviral  effect  of  A3  against  LCMV  and  JUNV  in  different  cell  lines  was
demonstrated  and  A3  inhibitory  effect  would  be  in  part  due  to  its  ability  to
interfere with viral RNA replication and transcription as was shown by Northern
blot assays [113]. In addition, A3 would affect the dihydroorotate dehydrogenase
(DHODH) enzyme activity since treatment with orotic acid, an intermediate in the
de novo pyrimidine pathway produced by DHODH, restored normal production of
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infectious progeny. Consistent with the fact that ribavirin and A3 target different
metabolic pathways within the cell, an additive anti-arenavirus effect of A3 and
ribavirin was demonstrated [113].

Other studies revealed that N-substituted acridones selectively inhibited JUNV,
TCRV  and  LCMV  replication  in  cell  cultures  [114]  and  the  most  active
compound,  designated  3f,  inhibited  viral  RNA  synthesis.  The  addition  of
exogenous  guanosine  partially  rescued  JUNV  infectivity  and  RNA  synthesis
indicating that  reduction of  GTP pool  is  not  the  main 3f  inhibitory mechanism
[103].

Gene Silencing

Post-transcriptional gene silencing by RNA interference has been explored as a
strategy  to  block  arenavirus  replication.  Small  interfering  RNAs  (siRNAs)
targeting  the  conserved  RNA  termini  of  NP  and  L  genes  inhibited  LASV  and
LCMV  replication  in  cell  cultures  [115].  On  the  other  hand,  siRNAs  directed
against  Z  gene  also  reduced  in  vitro  JUNV  replication  but  were  non-effective
against  the  related  NW arenavirus  TCRV [116].  Neuman et  al.  [117]  designed
antisense  phosphorodiamidate  morpholino  oligomers  (PMOs)  to  interfere  with
viral  mRNA  translation.  Unlike  siRNAs,  PMOs  are  uncharged  and  nuclease-
resistant, and conjugation of PMOs with an arginine-rich peptide (PPMOs) greatly
enhanced cellular uptake of the antisense molecules. PPMOs complementary to
sequences highly conserved at the 5' termini of both arenavirus genomic segments
were  effective  against  New  and  Old  World  viruses  in  cell  cultures  and  during
acute LCMV infection in mice [117].

Targeting Glycoprotein Maturation

GPC  proteolytic  processing  by  the  cellular  subtilisin  kexin  isozyme  1  (SKI-
1)/site1 protease (S1P) is required for the incorporation of GP1 and GP2 mature
glycoproteins into viral particles, thus being a potential effective antiviral target.
Engineered  antitrypsins,  which  are  derived  from a1-antitrypsin,  can  be  used  as
inhibitors of  proprotein convertases and consistent  with this  fact,  expression of
S1P-adapted  a1-antitrypsins  blocked  the  proteolytic  maturation  of  LASV  GPC
and  hindered  viral  replication  and  spread  [118].  On  the  other  hand,  a  peptide-
based S1P inhibitor, decanoyl (dec)-RRLL-chloromethylketone (CMK), blocked
LCMV GPC cleavage impairing infectious virus production [119].

In  vitro  anti-arenavirus  effect  against  LCMV,  LASV,  JUNV,  MACV,  GTOV,
AMPV  and  TCRV  was  also  demonstrated  for  the  amino-pyrrolidine  amide
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compound  PF-429242,  a  small-molecule  inhibitor  of  S1P  [120,  121].  In
combination  therapy,  synergism  between  PF-429242  and  ribavirin  action  was
demonstrated. In addition, PF-429242 efficiently cleared persistent LCMV from
infected cells and the toxicity profile and pharmacokinetic properties make PF-
429242 a promising novel anti-arenavirus agent [121].

Table 1. Antiviral strategies against arenavirus infections.

Antiviral target Antiviral strategy References

Virus-receptor interaction GP derived peptides [92]

DNA polymers [93]

Anti-cell receptor antibodies [96]

Anti-virus antibodies [94, 99]

Membrane fusion Synthetic compounds [48, 84-87, 89-91]

GP derived peptides [92]

Anti-virus antibodies [98]

RNA synthesis Nucleoside analogues [81, 100-112, 114]

Purine and pyrimidine biosynthesis inhibitors [103, 109, 113, 114]

RNA expression Viral mRNA specific siRNAs [115, 116]

Genome 5‘ termini specific antisense PPMOs [117]

GPC cleavage Modified antitrypsins [118]

Peptides [119]

Small molecules [120, 121]

Virus assembly/ budding Fatty acids [122]

Inhibitors of Tsg-101-Z PTAP interaction [123]
GP:  glycoprotein  complex;  siRNAs:  small  interfering  RNAs;  PPMOS:  peptide  conjugated
phosphorodiamidate morpholino oligomers; Tsg-101: tumor susceptibility gene 101; Z PTAP: late assembly
domain in Z protein.

Blocking Viral Assembly and Budding

Valproic  acid (VPA),  a  short  chain fatty  acid,  exhibited anti-LCMV activity in
cell  cultures  and  the  analysis  of  its  mechanism  of  action  showed  that  VPA
affected  the  release  of  viral  particles  from  infected  cells  and  the  specific
infectivity  of  released  virions  [122].  Alteration  of  cellular  lipid  metabolism
induced  by  VPA might  induce  changes  in  the  lipid  composition  of  the  plasma
membrane from which LCMV acquires its envelope leading to the reduction of
the  infectivity  of  released  particles.  VPA  is  currently  being  used  for  epilepsy
treatment and it displays a high in vitro selectivity index against LCMV, which is
a good predictor of its potential as antiviral agent.
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As mentioned above,  arenavirus Z protein promotes virus egress and is  able to
induce  budding  from  mammalian  cells  in  the  form  of  VLPs.  Separation  of
arenavirus  Z VLPs from the plasma membrane is  promoted by a  PTAP type L
domain within Z protein which interacts with host Tsg101, a component of the
ESCRT machinery. Based on the knowledge of the structure of the Tsg101-PTAP
interaction  site,  an  in  silico  screen  for  competitive  binding  inhibitors  was
performed  and  several  compounds  that  blocked  Z  VLPs  formation  were
identified.  One  of  these  compounds,  called  0013,  not  only  reduced  Z  VLP
production  but  also  inhibited  in  vitro  JUNV  replication  at  nanomolar
concentrations  [123].  Bearing  in  mind  that  PTAP  L  domain  mediated  Tsg101
recruitment  is  utilized  by  other  RNA  virus  pathogens,  PTAP  inhibitors  would
represent a potent broad-spectrum host-oriented antiviral drug.

An interesting cell-based budding assay for the identification of small inhibitors
of Z-mediated budding and adaptable to HTS studies has been developed [124]. In
this assay, a chimera of LASV Z fused at its C-terminus to Gaussia luciferase (Z-
Gluc) was used, thus the amount of released VLPs can be directly measured by
detecting luciferase activity in the supernatant of Z-Gluc-transfected cells.

Other Anti-arenavirus Compounds

The  in  vivo  efficacy  of  a  phenolic  dibenzylsulfide  called  D746,  which  showed
inhibitory action against TCRV and JUNV in cell cultures, was studied in type I
and II IFN receptor knockout mice infected with TCRV. It was proved that D746
is active as a pre-exposure prophylaxis but not as a post-exposure intervention.
However, pre-treatment did not reduce viral titers and induced the accumulation
of  ascites  fluid  suggesting  that  stimulation  of  host  immune  response  would
account  for  D746  protective  effect  [125].

Several  other  natural  and  synthetic  compounds  were  proved  to  impair  in  vitro
arenavirus replication [126 - 130]. For instance, the zinc finger- reactive disulfide
compound NSC20625, which induced unfolding and oligomerization of Z protein,
blocking  the  interaction  of  this  protein  and  cellular  promyelocytic  leukemia
protein, exhibited anti-arenavirus activity [128]. On the other hand, natural and
synthetic steroids also displayed anti- JUNV activity in cell cultures [126]. The
efficacy of these agents in animal models should be further analyzed to estimate
their potential in the anti-arenavirus therapy.

Kinase Signaling Cascades as Antiviral Targets

Cell signaling networks control different cellular processes such as differentiation,
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proliferation, cell cycle, apoptosis and the assembly of immune response against
pathogens. They consist of a series of proteins that activate or inhibit each other
changing  their  3D  structure  through  post-translational  modifications,  such  as
phosphorylations,  and  these  changes  can  determine  the  features  as  well  as  the
success  of  viral  infections.  Several  reports  describe  that  the  mitogen-activated
protein  kinase  (MAPK)  pathways  and  the  phosphatidylinositol-3-kinase
(PI3K/Akt)  pathway are important  modulators  of  virus replication.  Since it  has
been  demonstrated  that  numerous  viruses  hijack  cell  signaling  pathways  to
achieve a productive infection, the modulation of these processes appears to be an
interesting strategy for the development of new antiviral drugs [131 - 135].

MAPK Pathways

In  mammalians  there  are  three  main  MAPK  cascades:  extracellular-regulated
kinase 1/2 (ERK1/2), c-Jun N-terminal kinase (JNK) and p38 pathways. Several
DNA and RNA viruses  take advantage of  ERK pathway [131,  134,  136 -  139]
probably  by  affecting  the  activation  of  certain  genes.  Non-hemorrhagic
arenaviruses LCMV, PICV and TCRV as well as JUNV are able to activate ERK
pathway  and  inhibition  of  this  cell  cascade  reduced  JUNV,  TCRV  and  PICV
replication  (Fig.  4)  [140,  141].  JUNV  induces  a  biphasic  activation  of  ERK
signaling in Vero cells: an early activation occurs at 15-30 min post-infection and
a second phase of activation takes place after 7-9 h post-infection. Although it is
still  not  clear  which  is  the  role  of  ERK  activation  in  virus  infection,  early
activation  might  contribute  to  suppress  the  antiviral  IFN-dependent  immune
response  [142].

By contrast,  there  is  evidence  that  binding  of  the  OW arenavirus  LASV to  the
cellular receptor αDG prevents ERK activation [143], however, future studies will
be needed to determine the role of this inhibition in LASV replication cycle.

Numerous inhibitors for the ERK pathway have been described and drugs directed
towards different components of this cell signaling cascade have been approved
for  cancer  treatment  while  other  compounds  are  in  different  stages  of  clinical
trials or approval (Fig. 4) (recently revised in [144]).

On the other hand, it has been described that PICV promotes p38 activation in cell
cultures [145], however the involvement of p38 and JNK pathway in hemorrhagic
arenaviruses has not been studied yet.

A novel approach for the inhibition of kinases is the use of peptides as signaling
inhibitors. The design and synthesis of cell permeable peptides that block MAPK
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signaling  would  result  in  the  development  of  highly  specific  MAPK inhibitors
with antiviral action [144, 146].

Fig. (4).   Arenavirus modulation of cell  signaling pathways. The main components of p38, ERK 1/2 and
PI3K/AKT pathways are represented. Black arrows indicate virus activation whereas red connectors indicate
virus inhibition of the indicated pathway. Chemical inhibitors acting at different levels of the corresponding
pathway are displayed and the asterisk indicates that the inhibitor is approved for treatment of other human
diseases. PICV: Pichinde virus; LCMV: lymphocytic choriomeningitis virus; AMPV: Amapari virus; LASV:
Lassa virus; TCRV: Tacaribe virus; JUNV: Junin virus; MLK3: mixed-lineage kinase 3; TAK:transforming
growth factor β activated kinase; DLK: dual leucine bearing zipper kinase; MKK: mitogen activated protein
kinase  kinase;  ERK:  extracellular  signal-regulated  kinase;  Raf:  rapidly  accelerated  fibrosarcoma,  MEK:
mitogen activated protein kinase kinase; PI3K: phosphoinositide 3-kinase; PDK1: pyruvate dehydrogenase
lipoamide kinase isozyme 1; AKT: protein kinase B.

PI3K/Akt Pathway

Several  DNA  and  RNA  viruses  modulate  the  PI3K/Akt  pathway  in  order  to
regulate apoptosis and immune response and benefit their replication [132, 147].
Early PI3K/Akt signaling activation was observed in different cell lines infected
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with JUNV and it was demonstrated that clathrin mediated endocytosis of viral
particles is necessary to induce AKT phosphorylation (Fig. 4) [148]. Moreover,
treatment  with  the  PI3K  inhibitor  Ly294002  caused  the  decrease  of  virus
production,  which is  consistent  with a  reduction in  the synthesis  of  NP protein
suggesting that the early activation of the PI3K/Akt pathway is necessary for the
outcome of a productive infection. Nevertheless, treatment of cell cultures with
Ly294002  did  not  prevent  establishment  or  maintenance  of  JUNV  persistent
infection  in  cell  cultures  [149].

It  has  been  described  that  PI3K  is  essential  for  LCMV  and  LASV  entry  in
macrophages  [150].  By  contrast,  another  report  showed  that  treatment  with
Ly294002 or BEZ-235, a PI3K inhibitor which is currently being tested in cancer
clinical trials, inhibited LCMV and LASV infection by hindering virus budding
without affecting viral uptake [151]. Despite the discrepancies between these two
reports, which might be due to the employment of PI3K inhibitors with different
mechanisms  of  action,  PI3K  signaling  also  seems  to  be  an  attractive  antiviral
target.

CONCLUDING REMARKS

No highly  effective  anti-arenavirus  therapeutic  is  approved  for  use  in  humans,
hence treatment of these viral infections is limited to the use of ribavirin, which
has  limited  prophylactic  efficacy,  or  immune  convalescent  plasma,  with  the
drawbacks  associated  to  the  use  of  blood  derivatives.

Recent advances in the understanding of arenavirus biology and improvements in
animal and cell culture models have greatly contributed towards the discovery of
different  antiviral  targets  and  a  great  variety  of  novel  molecules  with  anti-
arenavirus  activity.  Furthermore,  reverse  genetic  approaches  allowed  the
development  of  surrogate  systems  that  facilitate  the  evaluation  of  potential
antiviral  agents  in  the  context  of  HTS  platforms  under  low  stringent  BSL-2
conditions.  Different  small  molecules  screens  have  identified  promising
compounds  with  antiviral  properties  using  these  surrogate  systems.

Antiviral strategies targeting different aspects of arenavirus replication have been
described. Most of the highly effective antiviral agents correspond to viral entry
inhibitors,  being  GP  interaction  with  the  cellular  receptor  and  GP  mediated
membrane  fusion  the  main  targets  of  the  inhibitory  action.  Antibody  based
interventions  have  proved  to  provide  protective  efficacious  even  when
administered  late  in  animal  models  for  arenavirus  disease.  In  addition,  novel
manufacturing systems turn mAB therapy technically and economically feasible
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and  mixtures  of  different  mABs  would  offer  both  high  specificity  and  broad
spectrum activity. Small molecules identified through HTS platforms and DNA
polymers were also effective viral entry inhibitors.

Antiviral  strategies  based  on  both  viral  and  cellular  targets  have  proved  to  be
effective against arenavirus infections. Antiviral agents directed to block a virus
encoded function are usually more selective and specific than antiviral strategies
towards cellular factors. However, targeting cellular components may represent an
alternative with low risk of appearance of viral  resistance and effective against
different  viruses,  even  unrelated  ones,  which  require  the  same  cellular  factors.
Moreover,  cellular  targets  offer  the  possibility  of  the  employment  of  licensed
compounds, approved for other human diseases, with known safety-data profile
and,  although  toxic  effects  can  be  an  important  disadvantage  of  this  type  of
therapy, adverse side effects might be kept to a minimum in short term treatments
of acute arenavirus infections. Furthermore, combined administration of cellular
and viral  targeted inhibitors would enhance the effectiveness of anti-arenavirus
treatment.

Arenaviruses exhibit the ability of controlling cell signaling pathways regulating
cellular fate and their own replication. We propose that the inhibition of cellular
signaling represents an attractive therapeutic approach considering the availability
of  approved  inhibitors  or  compounds  that  are  currently  being  tested  in  clinical
trials, which are promising candidates as anti-arenavirus agents.

New  advances  in  siRNA  screens  as  well  as  in  the  analysis  of  proteomic,
transcriptomic and kinomic profiles of arenavirus infected cells will provide key
information  about  virus-cell  interactions  that  will  further  support  the  rationale
design of novel cell-factor based antiviral strategies.

CONFLICT OF INTEREST

The  authors  confirm  that  they  have  no  conflict  of  interest  to  declare  for  this
publication.

ACKNOWLEDGEMENTS

This  work  was  supported  by  Universidad  de  Buenos  Aires  (UBACyT
20020150100148BA)  and  Consejo  Nacional  de  Investigaciones  Científicas  y
Técnicas  (CONICET,  PIP:  0338).  LAS  is  member  of  research  career  of
CONICET.  JEB  and  MNA  are  fellows  from  CONICET.



28   Frontiers in Clinical Drug Research - Anti-Infectives, Vol. 4 Castilla et al.

REFERENCES
[1] Paessler S, Walker DH. Pathogenesis of the viral hemorrhagic fevers. Annu Rev Pathol 2013; 8: 411-

40.
[http://dx.doi.org/10.1146/annurev-pathol-020712-164041] [PMID: 23121052]

[2] Messaoudi  I,  Basler  CF.  Immunological  features  underlying  viral  hemorrhagic  fevers.  Curr  Opin
Immunol 2015; 36: 38-46.
[http://dx.doi.org/10.1016/j.coi.2015.06.003] [PMID: 26163194]

[3] Feldmann H, Geisbert TW. Ebola haemorrhagic fever. Lancet 2011; 377(9768): 849-62.
[http://dx.doi.org/10.1016/S0140-6736(10)60667-8] [PMID: 21084112]

[4] Grant A, Seregin A, Huang C, et  al.  Junín virus pathogenesis and virus replication.  Viruses 2012;
4(10): 2317-39.
[http://dx.doi.org/10.3390/v4102317] [PMID: 23202466]

[5] Schattner  M,  Rivadeneyra  L,  Pozner  RG,  Gómez  RM.  Pathogenic  mechanisms  involved  in  the
hematological alterations of arenavirus-induced hemorrhagic fevers. Viruses 2013; 5(1): 340-51.
[http://dx.doi.org/10.3390/v5010340] [PMID: 23337384]

[6] Baize S, Kaplon J, Faure C, Pannetier D, Georges-Courbot MC, Deubel V. Lassa virus infection of
human  dendritic  cells  and  macrophages  is  productive  but  fails  to  activate  cells.  J  Immunol  2004;
172(5): 2861-9.
[http://dx.doi.org/10.4049/jimmunol.172.5.2861] [PMID: 14978087]

[7] Meyer B, Ly H. Inhibition of Innate Immune Responses Is Key to Pathogenesis by Arenaviruses. J
Virol 2016; 90(8): 3810-8.
[http://dx.doi.org/10.1128/JVI.03049-15] [PMID: 26865707]

[8] Peters CJ. Emerging infections: lessons from the viral hemorrhagic fevers. Trans Am Clin Climatol
Assoc 2006; 117: 189-96.
[PMID: 18528473]

[9] Huttner A, Dayer JA, Yerly S, et al. The effect of dose on the safety and immunogenicity of the VSV
Ebola candidate vaccine: a randomised double-blind, placebo-controlled phase 1/2 trial. Lancet Infect
Dis 2015; 15(10): 1156-66.
[http://dx.doi.org/10.1016/S1473-3099(15)00154-1] [PMID: 26248510]

[10] Pittman PR, Norris SL, Brown ES, et al. Rift Valley fever MP-12 vaccine Phase 2 clinical trial: Safety,
immunogenicity, and genetic characterization of virus isolates. Vaccine 2016; 34(4): 523-30.
[http://dx.doi.org/10.1016/j.vaccine.2015.11.078] [PMID: 26706271]

[11] Ferguson NM, Rodríguez-Barraquer I, Dorigatti I, Mier-Y-Teran-Romero L, Laydon DJ, Cummings
DA. Benefits and risks of the Sanofi-Pasteur dengue vaccine: Modeling optimal deployment. Science
2016; 353(6303): 1033-6.
[http://dx.doi.org/10.1126/science.aaf9590] [PMID: 27701113]

[12] Falzarano  D,  Feldmann  H.  Vaccines  for  viral  hemorrhagic  feversprogress  and  shortcomings.  Curr
Opin Virol 2013; 3(3): 343-51.
[http://dx.doi.org/10.1016/j.coviro.2013.04.007] [PMID: 23773330]

[13] Buchmeier MJ, Peter CJ, de la Torre JC. Arenaviridae: The Viruses and Their Replication. In: Knipe
DM, Howley PM, Eds. Fields Virology. 5th ed. Philadelphia: Lippincott William and Wilkins 2007;
Vol. 2: pp. 1791-827.

[14] Urata S, Yasuda J. Molecular mechanism of arenavirus assembly and budding. Viruses 2012; 4(10):
2049-79.
[http://dx.doi.org/10.3390/v4102049] [PMID: 23202453]

http://dx.doi.org/10.1146/annurev-pathol-020712-164041
http://www.ncbi.nlm.nih.gov/pubmed/23121052
http://dx.doi.org/10.1016/j.coi.2015.06.003
http://www.ncbi.nlm.nih.gov/pubmed/26163194
http://dx.doi.org/10.1016/S0140-6736(10)60667-8
http://www.ncbi.nlm.nih.gov/pubmed/21084112
http://dx.doi.org/10.3390/v4102317
http://www.ncbi.nlm.nih.gov/pubmed/23202466
http://dx.doi.org/10.3390/v5010340
http://www.ncbi.nlm.nih.gov/pubmed/23337384
http://dx.doi.org/10.4049/jimmunol.172.5.2861
http://www.ncbi.nlm.nih.gov/pubmed/14978087
http://dx.doi.org/10.1128/JVI.03049-15
http://www.ncbi.nlm.nih.gov/pubmed/26865707
http://www.ncbi.nlm.nih.gov/pubmed/18528473
http://dx.doi.org/10.1016/S1473-3099(15)00154-1
http://www.ncbi.nlm.nih.gov/pubmed/26248510
http://dx.doi.org/10.1016/j.vaccine.2015.11.078
http://www.ncbi.nlm.nih.gov/pubmed/26706271
http://dx.doi.org/10.1126/science.aaf9590
http://www.ncbi.nlm.nih.gov/pubmed/27701113
http://dx.doi.org/10.1016/j.coviro.2013.04.007
http://www.ncbi.nlm.nih.gov/pubmed/23773330
http://dx.doi.org/10.3390/v4102049
http://www.ncbi.nlm.nih.gov/pubmed/23202453


Recent Antiviral Approaches Against Frontiers in Clinical Drug Research - Anti-Infectives, Vol. 4   29

[15] McCormick  JB,  Fisher-Hoch  SP.  Lassa  fever.  In:  Oldstone  MB,  Ed.  Arenaviruses  i.  Berlin,
Heidelberg:  Springer-Verlag  2002;  Vol.  262:  pp.  75-110.
[http://dx.doi.org/10.1007/978-3-642-56029-3_4]

[16] Briese T, Paweska JT, McMullan LK, et al. Genetic detection and characterization of Lujo virus, a
new  hemorrhagic  fever-associated  arenavirus  from  southern  Africa.  PLoS  Pathog  2009;  5(5):
e1000455.
[http://dx.doi.org/10.1371/journal.ppat.1000455] [PMID: 19478873]

[17] Enria DA, Briggiler AM, Sánchez Z. Treatment of Argentine hemorrhagic fever. Antiviral Res 2008;
78(1): 132-9.
[http://dx.doi.org/10.1016/j.antiviral.2007.10.010] [PMID: 18054395]

[18] Cajimat MN, Milazzo ML, Rollin PE, et al. Genetic diversity among Bolivian arenaviruses. Virus Res
2009; 140(1-2): 24-31.
[http://dx.doi.org/10.1016/j.virusres.2008.10.016] [PMID: 19041349]

[19] Gonzalez JP, Bowen MD, Nichol ST, Rico-Hesse R. Genetic characterization and phylogeny of Sabiá
virus, an emergent pathogen in Brazil. Virology 1996; 221(2): 318-24.
[http://dx.doi.org/10.1006/viro.1996.0381] [PMID: 8661442]

[20] Tesh RB, Jahrling PB, Salas R, Shope RE. Description of Guanarito virus (Arenaviridae: Arenavirus),
the etiologic agent of Venezuelan hemorrhagic fever. Am J Trop Med Hyg 1994; 50(4): 452-9.
[PMID: 8166352]

[21] Auperin DD, Romanowski V, Galinski M, Bishop DH. Sequencing studies of pichinde arenavirus S
RNA indicate a novel coding strategy, an ambisense viral S RNA. J Virol 1984; 52(3): 897-904.
[PMID: 6492264]

[22] Kunz  S,  Edelmann  KH,  de  la  Torre  JC,  Gorney  R,  Oldstone  MB.  Mechanisms  for  lymphocytic
choriomeningitis virus glycoprotein cleavage, transport, and incorporation into virions. Virology 2003;
314(1): 168-78.
[http://dx.doi.org/10.1016/S0042-6822(03)00421-5] [PMID: 14517070]

[23] Froeschke  M,  Basler  M,  Groettrup  M,  Dobberstein  B.  Long-lived  signal  peptide  of  lymphocytic
choriomeningitis virus glycoprotein pGP-C. J Biol Chem 2003; 278(43): 41914-20.
[http://dx.doi.org/10.1074/jbc.M302343200] [PMID: 12917426]

[24] Pinschewer  DD,  Perez  M,  de  la  Torre  JC.  Role  of  the  virus  nucleoprotein  in  the  regulation  of
lymphocytic choriomeningitis virus transcription and RNA replication. J Virol 2003; 77(6): 3882-7.
[http://dx.doi.org/10.1128/JVI.77.6.3882-3887.2003] [PMID: 12610166]

[25] Eichler  R,  Strecker  T,  Kolesnikova  L,  et  al.  Characterization  of  the  Lassa  virus  matrix  protein  Z:
electron microscopic study of virus-like particles and interaction with the nucleoprotein (NP). Virus
Res 2004; 100(2): 249-55.
[http://dx.doi.org/10.1016/j.virusres.2003.11.017] [PMID: 15019244]

[26] Casabona JC, Levingston Macleod JM, Loureiro ME, Gomez GA, Lopez N. The RING domain and
the L79 residue of Z protein are involved in both the rescue of nucleocapsids and the incorporation of
glycoproteins into infectious chimeric arenavirus-like particles. J Virol 2009; 83(14): 7029-39.
[http://dx.doi.org/10.1128/JVI.00329-09] [PMID: 19420075]

[27] Casabona JC, Levingston Macleod JM, Loureiro ME, Gomez GA, Lopez N. The RING domain and
the L79 residue of Z protein are involved in both the rescue of nucleocapsids and the incorporation of
glycoproteins into infectious chimeric arenavirus-like particles. J Virol 2009; 83(14): 7029-39.
[http://dx.doi.org/10.1128/JVI.00329-09] [PMID: 19420075]

[28] Martínez-Sobrido L, Emonet S, Giannakas P, Cubitt B, García-Sastre A, de la Torre JC. Identification
of amino acid residues critical for the anti-interferon activity of the nucleoprotein of the prototypic

http://dx.doi.org/10.1007/978-3-642-56029-3_4
http://dx.doi.org/10.1371/journal.ppat.1000455
http://www.ncbi.nlm.nih.gov/pubmed/19478873
http://dx.doi.org/10.1016/j.antiviral.2007.10.010
http://www.ncbi.nlm.nih.gov/pubmed/18054395
http://dx.doi.org/10.1016/j.virusres.2008.10.016
http://www.ncbi.nlm.nih.gov/pubmed/19041349
http://dx.doi.org/10.1006/viro.1996.0381
http://www.ncbi.nlm.nih.gov/pubmed/8661442
http://www.ncbi.nlm.nih.gov/pubmed/8166352
http://www.ncbi.nlm.nih.gov/pubmed/6492264
http://dx.doi.org/10.1016/S0042-6822(03)00421-5
http://www.ncbi.nlm.nih.gov/pubmed/14517070
http://dx.doi.org/10.1074/jbc.M302343200
http://www.ncbi.nlm.nih.gov/pubmed/12917426
http://dx.doi.org/10.1128/JVI.77.6.3882-3887.2003
http://www.ncbi.nlm.nih.gov/pubmed/12610166
http://dx.doi.org/10.1016/j.virusres.2003.11.017
http://www.ncbi.nlm.nih.gov/pubmed/15019244
http://dx.doi.org/10.1128/JVI.00329-09
http://www.ncbi.nlm.nih.gov/pubmed/19420075
http://dx.doi.org/10.1128/JVI.00329-09
http://www.ncbi.nlm.nih.gov/pubmed/19420075


30   Frontiers in Clinical Drug Research - Anti-Infectives, Vol. 4 Castilla et al.

arenavirus lymphocytic choriomeningitis virus. J Virol 2009; 83(21): 11330-40.
[http://dx.doi.org/10.1128/JVI.00763-09] [PMID: 19710144]

[29] Qi  X,  Lan  S,  Wang  W,  et  al.  Cap  binding  and  immune  evasion  revealed  by  Lassa  nucleoprotein
structure. Nature 2010; 468(7325): 779-83.
[http://dx.doi.org/10.1038/nature09605] [PMID: 21085117]

[30] Shtanko O, Imai M, Goto H, et  al.  A role for  the C terminus of  Mopeia virus nucleoprotein in its
incorporation into Z protein-induced virus-like particles. J Virol 2010; 84(10): 5415-22.
[http://dx.doi.org/10.1128/JVI.02417-09] [PMID: 20200234]

[31] Hastie  KM,  Kimberlin  CR,  Zandonatti  MA,  MacRae  IJ,  Saphire  EO.  Structure  of  the  Lassa  virus
nucleoprotein reveals a dsRNA-specific 3 to 5 exonuclease activity essential for immune suppression.
Proc Natl Acad Sci USA 2011; 108(6): 2396-401.
[http://dx.doi.org/10.1073/pnas.1016404108] [PMID: 21262835]

[32] Borden KL, Campbelldwyer EJ, Carlile GW, Djavani M, Salvato MS. Two RING finger proteins, the
oncoprotein PML and the arenavirus Z protein, colocalize with the nuclear fraction of the ribosomal P
proteins. J Virol 1998; 72(5): 3819-26.
[PMID: 9557665]

[33] Campbell  Dwyer  EJ,  Lai  H,  MacDonald  RC,  Salvato  MS,  Borden  KL.  The  lymphocytic
choriomeningitis virus RING protein Z associates with eukaryotic initiation factor 4E and selectively
represses translation in a RING-dependent manner. J Virol 2000; 74(7): 3293-300.
[http://dx.doi.org/10.1128/JVI.74.7.3293-3300.2000] [PMID: 10708446]

[34] Kentsis A, Dwyer EC, Perez JM, et al.  The RING domains of the promyelocytic leukemia protein
PML and the arenaviral protein Z repress translation by directly inhibiting translation initiation factor
eIF4E. J Mol Biol 2001; 312(4): 609-23.
[http://dx.doi.org/10.1006/jmbi.2001.5003] [PMID: 11575918]

[35] Lee  KJ,  Novella  IS,  Teng MN,  Oldstone  MB,  de  La  Torre  JC.  NP and L proteins  of  lymphocytic
choriomeningitis  virus  (LCMV) are  sufficient  for  efficient  transcription  and  replication  of  LCMV
genomic RNA analogs. J Virol 2000; 74(8): 3470-7.
[http://dx.doi.org/10.1128/JVI.74.8.3470-3477.2000] [PMID: 10729120]

[36] López  N,  Jácamo  R,  Franze-Fernández  MT.  Transcription  and  RNA  replication  of  tacaribe  virus
genome and antigenome analogs require N and L proteins: Z protein is an inhibitor of these processes.
J Virol 2001; 75(24): 12241-51.
[http://dx.doi.org/10.1128/JVI.75.24.12241-12251.2001] [PMID: 11711615]

[37] Nunberg JH, York J. The curious case of arenavirus entry, and its inhibition. Viruses 2012; 4(1): 83-
101.
[http://dx.doi.org/10.3390/v4010083] [PMID: 22355453]

[38] Cao W, Henry MD, Borrow P, et al. Identification of alpha-dystroglycan as a receptor for lymphocytic
choriomeningitis virus and Lassa fever virus. Science 1998; 282(5396): 2079-81.
[http://dx.doi.org/10.1126/science.282.5396.2079] [PMID: 9851928]

[39] Spiropoulou CF, Kunz S, Rollin PE, Campbell KP, Oldstone MB. New World arenavirus clade C, but
not clade A and B viruses,  utilizes alpha-dystroglycan as its  major receptor.  J  Virol  2002; 76(10):
5140-6.
[http://dx.doi.org/10.1128/JVI.76.10.5140-5146.2002] [PMID: 11967329]

[40] Flanagan ML, Oldenburg J,  Reignier T,  et  al.  New world clade B arenaviruses can use transferrin
receptor  1  (TfR1)-dependent  and  -independent  entry  pathways,  and  glycoproteins  from  human
pathogenic  strains  are  associated  with  the  use  of  TfR1.  J  Virol  2008;  82(2):  938-48.
[http://dx.doi.org/10.1128/JVI.01397-07] [PMID: 18003730]

[41] Abraham J, Corbett KD, Farzan M, Choe H, Harrison SC. Structural basis for receptor recognition by

http://dx.doi.org/10.1128/JVI.00763-09
http://www.ncbi.nlm.nih.gov/pubmed/19710144
http://dx.doi.org/10.1038/nature09605
http://www.ncbi.nlm.nih.gov/pubmed/21085117
http://dx.doi.org/10.1128/JVI.02417-09
http://www.ncbi.nlm.nih.gov/pubmed/20200234
http://dx.doi.org/10.1073/pnas.1016404108
http://www.ncbi.nlm.nih.gov/pubmed/21262835
http://www.ncbi.nlm.nih.gov/pubmed/9557665
http://dx.doi.org/10.1128/JVI.74.7.3293-3300.2000
http://www.ncbi.nlm.nih.gov/pubmed/10708446
http://dx.doi.org/10.1006/jmbi.2001.5003
http://www.ncbi.nlm.nih.gov/pubmed/11575918
http://dx.doi.org/10.1128/JVI.74.8.3470-3477.2000
http://www.ncbi.nlm.nih.gov/pubmed/10729120
http://dx.doi.org/10.1128/JVI.75.24.12241-12251.2001
http://www.ncbi.nlm.nih.gov/pubmed/11711615
http://dx.doi.org/10.3390/v4010083
http://www.ncbi.nlm.nih.gov/pubmed/22355453
http://dx.doi.org/10.1126/science.282.5396.2079
http://www.ncbi.nlm.nih.gov/pubmed/9851928
http://dx.doi.org/10.1128/JVI.76.10.5140-5146.2002
http://www.ncbi.nlm.nih.gov/pubmed/11967329
http://dx.doi.org/10.1128/JVI.01397-07
http://www.ncbi.nlm.nih.gov/pubmed/18003730


Recent Antiviral Approaches Against Frontiers in Clinical Drug Research - Anti-Infectives, Vol. 4   31

New World hemorrhagic fever arenaviruses. Nat Struct Mol Biol 2010; 17(4): 438-44.
[http://dx.doi.org/10.1038/nsmb.1772] [PMID: 20208545]

[42] Radoshitzky SR, Longobardi LE, Kuhn JH, et al. Machupo virus glycoprotein determinants for human
transferrin receptor 1 binding and cell entry. PLoS One 2011; 6(7): e21398.
[http://dx.doi.org/10.1371/journal.pone.0021398] [PMID: 21750710]

[43] Scolaro LA, Mersich SE,  Damonte EB.  A mouse attenuated mutant  of  Junin virus  with an altered
envelope glycoprotein. Arch Virol 1990; 111(3-4): 257-62.
[http://dx.doi.org/10.1007/BF01311059] [PMID: 2162164]

[44] Castilla V, Mersich SE, Candurra NA, Damonte EB. The entry of Junin virus into Vero cells. Arch
Virol 1994; 136(3-4): 363-74.
[http://dx.doi.org/10.1007/BF01321064] [PMID: 8031239]

[45] Martinez MG, Cordo SM, Candurra NA. Characterization of Junin arenavirus cell entry. J Gen Virol
2007; 88(Pt 6): 1776-84.
[http://dx.doi.org/10.1099/vir.0.82808-0] [PMID: 17485539]

[46] Rojek JM, Kunz S. Cell entry by human pathogenic arenaviruses. Cell Microbiol 2008; 10(4): 828-35.
[http://dx.doi.org/10.1111/j.1462-5822.2007.01113.x] [PMID: 18182084]

[47] Oppliger J,  Torriani G, Herrador A, Kunz S. Lassa Virus Cell Entry via  Dystroglycan Involves an
Unusual Pathway of Macropinocytosis. J Virol 2016; 90(14): 6412-29.
[http://dx.doi.org/10.1128/JVI.00257-16] [PMID: 27147735]

[48] York J, Dai D, Amberg SM, Nunberg JH. pH-induced activation of arenavirus membrane fusion is
antagonized by small-molecule inhibitors. J Virol 2008; 82(21): 10932-9.
[http://dx.doi.org/10.1128/JVI.01140-08] [PMID: 18768973]

[49] Linero  F,  Welnowska  E,  Carrasco  L,  Scolaro  L.  Participation  of  eIF4F  complex  in  Junin  virus
infection: blockage of eIF4E does not impair virus replication. Cell Microbiol 2013; 15(10): 1766-82.
[PMID: 23601822]

[50] May ER, Armen RS, Mannan AM, Brooks CL III. The flexible C-terminal arm of the Lassa arenavirus
Z-protein mediates interactions with multiple binding partners. Proteins 2010; 78(10): 2251-64.
[http://dx.doi.org/10.1002/prot.22738] [PMID: 20544962]

[51] Ortiz-Riaño E, Cheng BY, de la Torre JC, Martínez-Sobrido L. The C-terminal region of lymphocytic
choriomeningitis virus nucleoprotein contains distinct and segregable functional domains involved in
NP-Z interaction and counteraction of the type I interferon response. J Virol 2011; 85(24): 13038-48.
[http://dx.doi.org/10.1128/JVI.05834-11] [PMID: 21976642]

[52] Strecker T, Eichler R, Meulen Jt, et al. Lassa virus Z protein is a matrix protein and sufficient for the
release of virus-like particles [corrected]. J Virol 2003; 77(19): 10700-5.
[http://dx.doi.org/10.1128/JVI.77.19.10700-10705.2003] [PMID: 12970458]

[53] Perez M, Craven RC, de la Torre JC. The small RING finger protein Z drives arenavirus budding:
implications for antiviral strategies. Proc Natl Acad Sci USA 2003; 100(22): 12978-83.
[http://dx.doi.org/10.1073/pnas.2133782100] [PMID: 14563923]

[54] Sakuma T, Noda T, Urata S, Kawaoka Y, Yasuda J. Inhibition of Lassa and Marburg virus production
by tetherin. J Virol 2009; 83(5): 2382-5.
[http://dx.doi.org/10.1128/JVI.01607-08] [PMID: 19091864]

[55] Ellenberg P, Linero FN, Scolaro LA. Superinfection exclusion in BHK-21 cells persistently infected
with Junín virus. J Gen Virol 2007; 88(Pt 10): 2730-9.
[http://dx.doi.org/10.1099/vir.0.83041-0] [PMID: 17872526]

[56] Pestka S, Krause CD, Walter MR. Interferons, interferon-like cytokines, and their receptors. Immunol
Rev 2004; 202: 8-32.

http://dx.doi.org/10.1038/nsmb.1772
http://www.ncbi.nlm.nih.gov/pubmed/20208545
http://dx.doi.org/10.1371/journal.pone.0021398
http://www.ncbi.nlm.nih.gov/pubmed/21750710
http://dx.doi.org/10.1007/BF01311059
http://www.ncbi.nlm.nih.gov/pubmed/2162164
http://dx.doi.org/10.1007/BF01321064
http://www.ncbi.nlm.nih.gov/pubmed/8031239
http://dx.doi.org/10.1099/vir.0.82808-0
http://www.ncbi.nlm.nih.gov/pubmed/17485539
http://dx.doi.org/10.1111/j.1462-5822.2007.01113.x
http://www.ncbi.nlm.nih.gov/pubmed/18182084
http://dx.doi.org/10.1128/JVI.00257-16
http://www.ncbi.nlm.nih.gov/pubmed/27147735
http://dx.doi.org/10.1128/JVI.01140-08
http://www.ncbi.nlm.nih.gov/pubmed/18768973
http://www.ncbi.nlm.nih.gov/pubmed/23601822
http://dx.doi.org/10.1002/prot.22738
http://www.ncbi.nlm.nih.gov/pubmed/20544962
http://dx.doi.org/10.1128/JVI.05834-11
http://www.ncbi.nlm.nih.gov/pubmed/21976642
http://dx.doi.org/10.1128/JVI.77.19.10700-10705.2003
http://www.ncbi.nlm.nih.gov/pubmed/12970458
http://dx.doi.org/10.1073/pnas.2133782100
http://www.ncbi.nlm.nih.gov/pubmed/14563923
http://dx.doi.org/10.1128/JVI.01607-08
http://www.ncbi.nlm.nih.gov/pubmed/19091864
http://dx.doi.org/10.1099/vir.0.83041-0
http://www.ncbi.nlm.nih.gov/pubmed/17872526


32   Frontiers in Clinical Drug Research - Anti-Infectives, Vol. 4 Castilla et al.

[http://dx.doi.org/10.1111/j.0105-2896.2004.00204.x] [PMID: 15546383]

[57] Liu YJ. IPC: professional type 1 interferon-producing cells and plasmacytoid dendritic cell precursors.
Annu Rev Immunol 2005; 23: 275-306.
[http://dx.doi.org/10.1146/annurev.immunol.23.021704.115633] [PMID: 15771572]

[58] Kawai T, Akira S. The role of pattern-recognition receptors in innate immunity: update on Toll-like
receptors. Nat Immunol 2010; 11(5): 373-84.
[http://dx.doi.org/10.1038/ni.1863] [PMID: 20404851]

[59] Takeuchi O, Akira S. Innate immunity to virus infection. Immunol Rev 2009; 227(1): 75-86.
[http://dx.doi.org/10.1111/j.1600-065X.2008.00737.x] [PMID: 19120477]

[60] Blasius AL, Beutler B. Intracellular toll-like receptors. Immunity 2010; 32(3): 305-15.
[http://dx.doi.org/10.1016/j.immuni.2010.03.012] [PMID: 20346772]

[61] Pozner  RG,  Ure  AE,  Jaquenod  de  Giusti  C,  et  al.  Junín  virus  infection  of  human  hematopoietic
progenitors impairs in vitro proplatelet formation and platelet release via a bystander effect involving
type I IFN signaling. PLoS Pathog 2010; 6(4): e1000847.
[http://dx.doi.org/10.1371/journal.ppat.1000847] [PMID: 20419155]

[62] Kato H, Takahasi K, Fujita T. RIG-I-like receptors: cytoplasmic sensors for non-self RNA. Immunol
Rev 2011; 243(1): 91-8.
[http://dx.doi.org/10.1111/j.1600-065X.2011.01052.x] [PMID: 21884169]

[63] Martínez-Sobrido L, Giannakas P, Cubitt B, García-Sastre A, de la Torre JC. Differential inhibition of
type I interferon induction by arenavirus nucleoproteins. J Virol 2007; 81(22): 12696-703.
[http://dx.doi.org/10.1128/JVI.00882-07] [PMID: 17804508]

[64] Zhou S, Cerny AM, Zacharia A, Fitzgerald KA, Kurt-Jones EA, Finberg RW. Induction and inhibition
of type I interferon responses by distinct components of lymphocytic choriomeningitis virus. J Virol
2010; 84(18): 9452-62.
[http://dx.doi.org/10.1128/JVI.00155-10] [PMID: 20592086]

[65] Fan L, Briese T, Lipkin WI. Z proteins of New World arenaviruses bind RIG-I and interfere with type
I interferon induction. J Virol 2010; 84(4): 1785-91.
[http://dx.doi.org/10.1128/JVI.01362-09] [PMID: 20007272]

[66] Marq  JB,  Kolakofsky  D,  Garcin  D.  Unpaired  5  ppp-nucleotides,  as  found  in  arenavirus  double-
stranded RNA panhandles, are not recognized by RIG-I. J Biol Chem 2010; 285(24): 18208-16.
[http://dx.doi.org/10.1074/jbc.M109.089425] [PMID: 20400512]

[67] Marq JB, Hausmann S, Veillard N, Kolakofsky D, Garcin D. Short double-stranded RNAs with an
overhanging 5 ppp-nucleotide,  as found in arenavirus genomes,  act  as RIG-I decoys.  J  Biol  Chem
2011; 286(8): 6108-16.
[http://dx.doi.org/10.1074/jbc.M110.186262] [PMID: 21159780]

[68] Pindel A, Sadler A. The role of protein kinase R in the interferon response. J Interferon Cytokine Res
2011; 31(1): 59-70.
[http://dx.doi.org/10.1089/jir.2010.0099] [PMID: 21166592]

[69] Linero  FN,  Thomas  MG,  Boccaccio  GL,  Scolaro  LA.  Junin  virus  infection  impairs  stress-granule
formation in  Vero cells  treated  with  arsenite  via  inhibition  of  eIF2α phosphorylation.  J  Gen Virol
2011; 92(Pt 12): 2889-99.
[http://dx.doi.org/10.1099/vir.0.033407-0] [PMID: 21813702]

[70] Mahanty S, Hutchinson K, Agarwal S, McRae M, Rollin PE, Pulendran B. Cutting edge: impairment
of dendritic cells and adaptive immunity by Ebola and Lassa viruses. J Immunol 2003; 170(6): 2797-
801.
[http://dx.doi.org/10.4049/jimmunol.170.6.2797] [PMID: 12626527]

http://dx.doi.org/10.1111/j.0105-2896.2004.00204.x
http://www.ncbi.nlm.nih.gov/pubmed/15546383
http://dx.doi.org/10.1146/annurev.immunol.23.021704.115633
http://www.ncbi.nlm.nih.gov/pubmed/15771572
http://dx.doi.org/10.1038/ni.1863
http://www.ncbi.nlm.nih.gov/pubmed/20404851
http://dx.doi.org/10.1111/j.1600-065X.2008.00737.x
http://www.ncbi.nlm.nih.gov/pubmed/19120477
http://dx.doi.org/10.1016/j.immuni.2010.03.012
http://www.ncbi.nlm.nih.gov/pubmed/20346772
http://dx.doi.org/10.1371/journal.ppat.1000847
http://www.ncbi.nlm.nih.gov/pubmed/20419155
http://dx.doi.org/10.1111/j.1600-065X.2011.01052.x
http://www.ncbi.nlm.nih.gov/pubmed/21884169
http://dx.doi.org/10.1128/JVI.00882-07
http://www.ncbi.nlm.nih.gov/pubmed/17804508
http://dx.doi.org/10.1128/JVI.00155-10
http://www.ncbi.nlm.nih.gov/pubmed/20592086
http://dx.doi.org/10.1128/JVI.01362-09
http://www.ncbi.nlm.nih.gov/pubmed/20007272
http://dx.doi.org/10.1074/jbc.M109.089425
http://www.ncbi.nlm.nih.gov/pubmed/20400512
http://dx.doi.org/10.1074/jbc.M110.186262
http://www.ncbi.nlm.nih.gov/pubmed/21159780
http://dx.doi.org/10.1089/jir.2010.0099
http://www.ncbi.nlm.nih.gov/pubmed/21166592
http://dx.doi.org/10.1099/vir.0.033407-0
http://www.ncbi.nlm.nih.gov/pubmed/21813702
http://dx.doi.org/10.4049/jimmunol.170.6.2797
http://www.ncbi.nlm.nih.gov/pubmed/12626527


Recent Antiviral Approaches Against Frontiers in Clinical Drug Research - Anti-Infectives, Vol. 4   33

[71] Baize S, Pannetier D, Faure C, et al. Role of interferons in the control of Lassa virus replication in
human dendritic cells and macrophages. Microbes Infect 2006; 8(5): 1194-202.
[http://dx.doi.org/10.1016/j.micinf.2006.02.002] [PMID: 16621649]

[72] Pannetier  D,  Reynard  S,  Russier  M,  et  al.  Human dendritic  cells  infected  with  the  nonpathogenic
Mopeia  virus  induce stronger  T-cell  responses  than those  infected with  Lassa  virus.  J  Virol  2011;
85(16): 8293-306.
[http://dx.doi.org/10.1128/JVI.02120-10] [PMID: 21632749]

[73] Carrion  R  Jr,  Brasky  K,  Mansfield  K,  et  al.  Lassa  virus  infection  in  experimentally  infected
marmosets: liver pathology and immunophenotypic alterations in target tissues. J Virol 2007; 81(12):
6482-90.
[http://dx.doi.org/10.1128/JVI.02876-06] [PMID: 17409137]

[74] Baize S, Marianneau P, Loth P, et al. Early and strong immune responses are associated with control
of viral replication and recovery in lassa virus-infected cynomolgus monkeys. J Virol 2009; 83(11):
5890-903.
[http://dx.doi.org/10.1128/JVI.01948-08] [PMID: 19297492]

[75] Levis SC, Saavedra MC, Ceccoli C, et al. Correlation between endogenous interferon and the clinical
evolution of patients with Argentine hemorrhagic fever. J Interferon Res 1985; 5(3): 383-9.
[http://dx.doi.org/10.1089/jir.1985.5.383] [PMID: 4056485]

[76] Kenyon RH, McKee KT Jr, Zack PM, et al. Aerosol infection of rhesus macaques with Junin virus.
Intervirology 1992; 33(1): 23-31.
[PMID: 1371270]

[77] Lerer GD, Saavedra MC, Falcoff R, Maiztegui JI, Molinas FC. Activity of a platelet protein kinase
that phosphorylates fibrinogen and histone in Argentine hemorrhagic fever. Acta Physiol Pharmacol
Ther Latinoam 1991; 41(4): 377-86.
[PMID: 1726921]

[78] Kolokoltsova  OA,  Yun  NE,  Poussard  AL,  et  al.  Mice  lacking  alpha/beta  and  gamma  interferon
receptors are susceptible to junin virus infection. J Virol 2010; 84(24): 13063-7.
[http://dx.doi.org/10.1128/JVI.01389-10] [PMID: 20926559]

[79] Gowen BB, Wong MH, Larson D, et al. Development of a new tacaribe arenavirus infection model
and its use to explore antiviral activity of a novel aristeromycin analog. PLoS One 2010; 5(9): e12760.
[http://dx.doi.org/10.1371/journal.pone.0012760] [PMID: 20862280]

[80] Yun NE, Poussard AL, Seregin AV, et al. Functional interferon system is required for clearance of
lassa virus. J Virol 2012; 86(6): 3389-92.
[http://dx.doi.org/10.1128/JVI.06284-11] [PMID: 22238311]

[81] Bradfute SB, Stuthman KS, Shurtleff AC, Bavari S. A STAT-1 knockout mouse model for Machupo
virus pathogenesis. Virol J 2011; 8: 300.
[http://dx.doi.org/10.1186/1743-422X-8-300] [PMID: 21672221]

[82] Huang  C,  Kolokoltsova  OA,  Yun  NE,  et  al.  Junin  virus  infection  activates  the  type  I  interferon
pathway in a RIG-I-dependent manner. PLoSNegl Trop Dis 2012; 6(5): e1659.

[83] Enria  DA,  Maiztegui  JI.  Antiviral  treatment  of  Argentine  hemorrhagic  fever.  Antiviral  Res  1994;
23(1): 23-31.
[http://dx.doi.org/10.1016/0166-3542(94)90030-2] [PMID: 8141590]

[84] Larson RA, Dai D, Hosack VT, et al. Identification of a broad-spectrum arenavirus entry inhibitor. J
Virol 2008; 82(21): 10768-75.
[http://dx.doi.org/10.1128/JVI.00941-08] [PMID: 18715909]

[85] Cashman KA, Smith MA, Twenhafel NA, et al. Evaluation of Lassa antiviral compound ST-193 in a

http://dx.doi.org/10.1016/j.micinf.2006.02.002
http://www.ncbi.nlm.nih.gov/pubmed/16621649
http://dx.doi.org/10.1128/JVI.02120-10
http://www.ncbi.nlm.nih.gov/pubmed/21632749
http://dx.doi.org/10.1128/JVI.02876-06
http://www.ncbi.nlm.nih.gov/pubmed/17409137
http://dx.doi.org/10.1128/JVI.01948-08
http://www.ncbi.nlm.nih.gov/pubmed/19297492
http://dx.doi.org/10.1089/jir.1985.5.383
http://www.ncbi.nlm.nih.gov/pubmed/4056485
http://www.ncbi.nlm.nih.gov/pubmed/1371270
http://www.ncbi.nlm.nih.gov/pubmed/1726921
http://dx.doi.org/10.1128/JVI.01389-10
http://www.ncbi.nlm.nih.gov/pubmed/20926559
http://dx.doi.org/10.1371/journal.pone.0012760
http://www.ncbi.nlm.nih.gov/pubmed/20862280
http://dx.doi.org/10.1128/JVI.06284-11
http://www.ncbi.nlm.nih.gov/pubmed/22238311
http://dx.doi.org/10.1186/1743-422X-8-300
http://www.ncbi.nlm.nih.gov/pubmed/21672221
http://dx.doi.org/10.1016/0166-3542(94)90030-2
http://www.ncbi.nlm.nih.gov/pubmed/8141590
http://dx.doi.org/10.1128/JVI.00941-08
http://www.ncbi.nlm.nih.gov/pubmed/18715909


34   Frontiers in Clinical Drug Research - Anti-Infectives, Vol. 4 Castilla et al.

guinea pig model. Antiviral Res 2011; 90(1): 70-9.
[http://dx.doi.org/10.1016/j.antiviral.2011.02.012] [PMID: 21371508]

[86] Lee AM, Rojek JM, Spiropoulou CF, et al. Unique small molecule entry inhibitors of hemorrhagic
fever arenaviruses. J Biol Chem 2008; 283(27): 18734-42.
[http://dx.doi.org/10.1074/jbc.M802089200] [PMID: 18474596]

[87] Shankar S, Whitby LR, Casquilho-Gray HE, York J, Boger DL, Nunberg JH. Small-Molecule Fusion
Inhibitors  Bind  the  pH-Sensing  Stable  Signal  Peptide-GP2  Subunit  Interface  of  the  Lassa  Virus
Envelope Glycoprotein. J Virol 2016; 90(15): 6799-807.
[http://dx.doi.org/10.1128/JVI.00597-16] [PMID: 27194767]

[88] Bolken TC, Laquerre S, Zhang Y, et al. Identification and characterization of potent small molecule
inhibitor of hemorrhagic fever New World arenaviruses. Antiviral Res 2006; 69(2): 86-97.
[http://dx.doi.org/10.1016/j.antiviral.2005.10.008] [PMID: 16343651]

[89] Rathbun JY, Droniou ME, Damoiseaux R, et al.  Novel Arenavirus Entry Inhibitors Discovered by
Using  a  Minigenome Rescue  System for  High-Throughput  Drug  Screening.  J  Virol  2015;  89(16):
8428-43.
[http://dx.doi.org/10.1128/JVI.00997-15] [PMID: 26041296]

[90] Ngo N,  Cubitt  B,  Iwasaki  M,  de  la  Torre  JC.  Identification  and  Mechanism of  Action  of  a  Novel
Small-Molecule Inhibitor of Arenavirus Multiplication. J Virol 2015; 89(21): 10924-33.
[http://dx.doi.org/10.1128/JVI.01587-15] [PMID: 26292327]

[91] Chou YY, Cuevas C, Carocci M, et al. Identification and Characterization of a Novel Broad-Spectrum
Virus Entry Inhibitor. J Virol 2016; 90(9): 4494-510.
[http://dx.doi.org/10.1128/JVI.00103-16] [PMID: 26912630]

[92] Spence  JS,  Melnik  LI,  Badani  H,  Wimley  WC,  Garry  RF.  Inhibition  of  arenavirus  infection  by  a
glycoprotein-derived peptide with a novel mechanism. J Virol 2014; 88(15): 8556-64.
[http://dx.doi.org/10.1128/JVI.01133-14] [PMID: 24850726]

[93] Lee AM, Rojek JM, Gundersen A, et al. Inhibition of cellular entry of lymphocytic choriomeningitis
virus by amphipathic DNA polymers. Virology 2008; 372(1): 107-17.
[http://dx.doi.org/10.1016/j.virol.2007.10.016] [PMID: 18022208]

[94] Zeitlin L, Geisbert JB, Deer DJ, et al. Monoclonal antibody therapy for Junin virus infection. Proc
Natl Acad Sci USA 2016; 113(16): 4458-63.
[http://dx.doi.org/10.1073/pnas.1600996113] [PMID: 27044104]

[95] Bournazos S, DiLillo DJ, Ravetch JV. The role of Fc-FcγR interactions in IgG-mediated microbial
neutralization. J Exp Med 2015; 212(9): 1361-9.
[http://dx.doi.org/10.1084/jem.20151267] [PMID: 26282878]

[96] Helguera  G,  Jemielity  S,  Abraham J,  et  al.  An antibody  recognizing  the  apical  domain  of  human
transferrin receptor 1 efficiently inhibits the entry of all new world hemorrhagic Fever arenaviruses. J
Virol 2012; 86(7): 4024-8.
[http://dx.doi.org/10.1128/JVI.06397-11] [PMID: 22278244]

[97] Castilla V, Contigiani M, Mersich SE. Inhibition of cell fusion in Junin virus-infected cells by sera
from Argentine hemorrhagic fever patients. J Clin Virol 2005; 32(4): 286-8.
[http://dx.doi.org/10.1016/j.jcv.2004.08.014] [PMID: 15780806]

[98] York J,  Berry JD,  Ströher  U,  et  al.  An antibody directed against  the fusion peptide of  Junin virus
envelope glycoprotein GPC inhibits pH-induced membrane fusion. J Virol 2010; 84(12): 6119-29.
[http://dx.doi.org/10.1128/JVI.02700-09] [PMID: 20392854]

[99] Cross RW, Mire CE, Branco LM, et al. Treatment of Lassa virus infection in outbred guinea pigs with
first-in-class human monoclonal antibodies. Antiviral Res 2016; 133: 218-22.

http://dx.doi.org/10.1016/j.antiviral.2011.02.012
http://www.ncbi.nlm.nih.gov/pubmed/21371508
http://dx.doi.org/10.1074/jbc.M802089200
http://www.ncbi.nlm.nih.gov/pubmed/18474596
http://dx.doi.org/10.1128/JVI.00597-16
http://www.ncbi.nlm.nih.gov/pubmed/27194767
http://dx.doi.org/10.1016/j.antiviral.2005.10.008
http://www.ncbi.nlm.nih.gov/pubmed/16343651
http://dx.doi.org/10.1128/JVI.00997-15
http://www.ncbi.nlm.nih.gov/pubmed/26041296
http://dx.doi.org/10.1128/JVI.01587-15
http://www.ncbi.nlm.nih.gov/pubmed/26292327
http://dx.doi.org/10.1128/JVI.00103-16
http://www.ncbi.nlm.nih.gov/pubmed/26912630
http://dx.doi.org/10.1128/JVI.01133-14
http://www.ncbi.nlm.nih.gov/pubmed/24850726
http://dx.doi.org/10.1016/j.virol.2007.10.016
http://www.ncbi.nlm.nih.gov/pubmed/18022208
http://dx.doi.org/10.1073/pnas.1600996113
http://www.ncbi.nlm.nih.gov/pubmed/27044104
http://dx.doi.org/10.1084/jem.20151267
http://www.ncbi.nlm.nih.gov/pubmed/26282878
http://dx.doi.org/10.1128/JVI.06397-11
http://www.ncbi.nlm.nih.gov/pubmed/22278244
http://dx.doi.org/10.1016/j.jcv.2004.08.014
http://www.ncbi.nlm.nih.gov/pubmed/15780806
http://dx.doi.org/10.1128/JVI.02700-09
http://www.ncbi.nlm.nih.gov/pubmed/20392854


Recent Antiviral Approaches Against Frontiers in Clinical Drug Research - Anti-Infectives, Vol. 4   35

[http://dx.doi.org/10.1016/j.antiviral.2016.08.012] [PMID: 27531367]

[100] Salazar M, Yun NE, Poussard AL, et al. Effect of ribavirin on junin virus infection in guinea pigs.
Zoonoses Public Health 2012; 59(4): 278-85.
[http://dx.doi.org/10.1111/j.1863-2378.2011.01447.x] [PMID: 22212688]

[101] McCormick  JB.  Clinical,  epidemiologic,  and  therapeutic  aspects  of  Lassa  fever.  Med  Microbiol
Immunol (Berl) 1986; 175(2-3): 153-5.
[http://dx.doi.org/10.1007/BF02122438] [PMID: 3724661]

[102] Ölschläger S, Neyts J, Günther S. Depletion of GTP pool is not the predominant mechanism by which
ribavirin exerts its antiviral effect on Lassa virus. Antiviral Res 2011; 91(2): 89-93.
[http://dx.doi.org/10.1016/j.antiviral.2011.05.006] [PMID: 21616094]

[103] Sepúlveda CS, García CC, Fascio ML, et al. Inhibition of Junin virus RNA synthesis by an antiviral
acridone derivative. Antiviral Res 2012; 93(1): 16-22.
[http://dx.doi.org/10.1016/j.antiviral.2011.10.007] [PMID: 22027649]

[104] Pasquato A, Kunz S. Novel drug discovery approaches for treating arenavirus infections. Expert Opin
Drug Discov 2016; 11(4): 383-93.
[http://dx.doi.org/10.1517/17460441.2016.1153626] [PMID: 26882218]

[105] Moreno H, Gallego I, Sevilla N, de la Torre JC, Domingo E, Martín V. Ribavirin can be mutagenic for
arenaviruses. J Virol 2011; 85(14): 7246-55.
[http://dx.doi.org/10.1128/JVI.00614-11] [PMID: 21561907]

[106] Westover  JB,  Sefing EJ,  Bailey KW, et  al.  Low-dose ribavirin  potentiates  the  antiviral  activity  of
favipiravir against hemorrhagic fever viruses. Antiviral Res 2016; 126: 62-8.
[http://dx.doi.org/10.1016/j.antiviral.2015.12.006] [PMID: 26711718]

[107] Furuta Y, Gowen BB, Takahashi K, Shiraki K, Smee DF, Barnard DL. Favipiravir (T-705), a novel
viral RNA polymerase inhibitor. Antiviral Res 2013; 100(2): 446-54.
[http://dx.doi.org/10.1016/j.antiviral.2013.09.015] [PMID: 24084488]

[108] Gowen BB, Wong MH, Jung KH, et al. In vitro and in vivo activities of T-705 against arenavirus and
bunyavirus infections. Antimicrob Agents Chemother 2007; 51(9): 3168-76.
[http://dx.doi.org/10.1128/AAC.00356-07] [PMID: 17606691]

[109] Mendenhall M, Russell A, Juelich T, et al. T-705 (favipiravir) inhibition of arenavirus replication in
cell culture. Antimicrob Agents Chemother 2011; 55(2): 782-7.
[http://dx.doi.org/10.1128/AAC.01219-10] [PMID: 21115797]

[110] Mendenhall M, Russell A, Smee DF, et al. Effective oral favipiravir (T-705) therapy initiated after the
onset  of  clinical  disease  in  a  model  of  arenavirus  hemorrhagic  Fever.  PLoS  Negl  Trop  Dis  2011;
5(10): e1342.
[http://dx.doi.org/10.1371/journal.pntd.0001342] [PMID: 22022624]

[111] Gowen BB, Juelich TL, Sefing EJ, et al. Favipiravir (T-705) inhibits Junín virus infection and reduces
mortality in a guinea pig model of Argentine hemorrhagic fever. PLoS Negl Trop Dis 2013; 7(12):
e2614.
[http://dx.doi.org/10.1371/journal.pntd.0002614] [PMID: 24386500]

[112] Safronetz D, Rosenke K, Westover JB, et al. The broad-spectrum antiviral favipiravir protects guinea
pigs from lethal Lassa virus infection post-disease onset. Sci Rep 2015; 5: 14775.
[http://dx.doi.org/10.1038/srep14775] [PMID: 26456301]

[113] Ortiz-Riaño  E,  Ngo  N,  Devito  S,  et  al.  Inhibition  of  arenavirus  by  A3,  a  pyrimidine  biosynthesis
inhibitor. J Virol 2014; 88(2): 878-89.
[http://dx.doi.org/10.1128/JVI.02275-13] [PMID: 24198417]

[114] Sepúlveda CS, Fascio ML, Mazzucco MB, et al. Synthesis and evaluation of N-substituted acridones

http://dx.doi.org/10.1016/j.antiviral.2016.08.012
http://www.ncbi.nlm.nih.gov/pubmed/27531367
http://dx.doi.org/10.1111/j.1863-2378.2011.01447.x
http://www.ncbi.nlm.nih.gov/pubmed/22212688
http://dx.doi.org/10.1007/BF02122438
http://www.ncbi.nlm.nih.gov/pubmed/3724661
http://dx.doi.org/10.1016/j.antiviral.2011.05.006
http://www.ncbi.nlm.nih.gov/pubmed/21616094
http://dx.doi.org/10.1016/j.antiviral.2011.10.007
http://www.ncbi.nlm.nih.gov/pubmed/22027649
http://dx.doi.org/10.1517/17460441.2016.1153626
http://www.ncbi.nlm.nih.gov/pubmed/26882218
http://dx.doi.org/10.1128/JVI.00614-11
http://www.ncbi.nlm.nih.gov/pubmed/21561907
http://dx.doi.org/10.1016/j.antiviral.2015.12.006
http://www.ncbi.nlm.nih.gov/pubmed/26711718
http://dx.doi.org/10.1016/j.antiviral.2013.09.015
http://www.ncbi.nlm.nih.gov/pubmed/24084488
http://dx.doi.org/10.1128/AAC.00356-07
http://www.ncbi.nlm.nih.gov/pubmed/17606691
http://dx.doi.org/10.1128/AAC.01219-10
http://www.ncbi.nlm.nih.gov/pubmed/21115797
http://dx.doi.org/10.1371/journal.pntd.0001342
http://www.ncbi.nlm.nih.gov/pubmed/22022624
http://dx.doi.org/10.1371/journal.pntd.0002614
http://www.ncbi.nlm.nih.gov/pubmed/24386500
http://dx.doi.org/10.1038/srep14775
http://www.ncbi.nlm.nih.gov/pubmed/26456301
http://dx.doi.org/10.1128/JVI.02275-13
http://www.ncbi.nlm.nih.gov/pubmed/24198417


36   Frontiers in Clinical Drug Research - Anti-Infectives, Vol. 4 Castilla et al.

as antiviral agents against haemorrhagic fever viruses. Antivir Chem Chemother 2008; 19(1): 41-7.
[http://dx.doi.org/10.1177/095632020801900106] [PMID: 18610557]

[115] Müller  S,  Günther  S.  Broad-spectrum  antiviral  activity  of  small  interfering  RNA  targeting  the
conserved  RNA  termini  of  Lassa  virus.  Antimicrob  Agents  Chemother  2007;  51(6):  2215-8.
[http://dx.doi.org/10.1128/AAC.01368-06] [PMID: 17371814]

[116] Artuso MC, Ellenberg PC, Scolaro LA, Damonte EB, García CC. Inhibition of Junín virus replication
by small interfering RNAs. Antiviral Res 2009; 84(1): 31-7.
[http://dx.doi.org/10.1016/j.antiviral.2009.07.001] [PMID: 19591878]

[117] Neuman  BW,  Bederka  LH,  Stein  DA,  Ting  JP,  Moulton  HM,  Buchmeier  MJ.  Development  of
peptide-conjugated morpholino oligomers as pan-arenavirus inhibitors. Antimicrob Agents Chemother
2011; 55(10): 4631-8.
[http://dx.doi.org/10.1128/AAC.00650-11] [PMID: 21825302]

[118] Maisa A, Ströher U, Klenk HD, Garten W, Strecker T. Inhibition of Lassa virus glycoprotein cleavage
and multicycle replication by site 1 protease-adapted alpha(1)-antitrypsin variants. PLoS Negl Trop
Dis 2009; 3(6): e446.
[http://dx.doi.org/10.1371/journal.pntd.0000446] [PMID: 19488405]

[119] Rojek JM, Pasqual G, Sanchez AB, Nguyen NT, de la Torre JC, Kunz S. Targeting the proteolytic
processing  of  the  viral  glycoprotein  precursor  is  a  promising  novel  antiviral  strategy  against
arenaviruses.  J  Virol  2010;  84(1):  573-84.
[http://dx.doi.org/10.1128/JVI.01697-09] [PMID: 19846507]

[120] Urata S, Yun N, Pasquato A, Paessler S, Kunz S, de la Torre JC. Antiviral activity of a small-molecule
inhibitor of arenavirus glycoprotein processing by the cellular site 1 protease. J Virol 2011; 85(2):
795-803.
[http://dx.doi.org/10.1128/JVI.02019-10] [PMID: 21068251]

[121] Pasquato A, Rochat C, Burri DJ, Pasqual G, de la Torre JC, Kunz S. Evaluation of the anti-arenaviral
activity of the subtilisin kexin isozyme-1/site-1 protease inhibitor PF-429242. Virology 2012; 423(1):
14-22.
[http://dx.doi.org/10.1016/j.virol.2011.11.008] [PMID: 22154237]

[122] Vázquez-Calvo  Á,  Martín-Acebes  MA,  Sáiz  JC,  Ngo  N,  Sobrino  F,  de  la  Torre  JC.  Inhibition  of
multiplication of the prototypic arenavirus LCMV by valproic acid. Antiviral Res 2013; 99(2): 172-9.
[http://dx.doi.org/10.1016/j.antiviral.2013.05.012] [PMID: 23735299]

[123] Lu J, Han Z, Liu Y, et al. A host-oriented inhibitor of Junin Argentine hemorrhagic fever virus egress.
J Virol 2014; 88(9): 4736-43.
[http://dx.doi.org/10.1128/JVI.03757-13] [PMID: 24522922]

[124] Capul AA, de la Torre JC. A cell-based luciferase assay amenable to high-throughput screening of
inhibitors of arenavirus budding. Virology 2008; 382(1): 107-14.
[http://dx.doi.org/10.1016/j.virol.2008.09.008] [PMID: 18929379]

[125] Gowen  BB,  Jung  KH,  Sefing  EJ,  Wong  MH,  Westover  JB,  Smee  DF.  Activity  of  a  phenolic
dibenzylsulfide against New World arenavirus infections. Antivir Chem Chemother 2014; 23(4): 151-
9.
[http://dx.doi.org/10.3851/IMP2532] [PMID: 23337126]

[126] Acosta  EG,  Bruttomesso  AC,  Bisceglia  JA,  Wachsman  MB,  Galagovsky  LR,  Castilla  V.
Dehydroepiandrosterone, epiandrosterone and synthetic derivatives inhibit Junin virus replication in
vitro. Virus Res 2008; 135(2): 203-12.
[http://dx.doi.org/10.1016/j.virusres.2008.03.014] [PMID: 18462821]

[127] Soares MM, King SW, Thorpe PE. Targeting inside-out phosphatidylserine as a therapeutic strategy
for viral diseases. Nat Med 2008; 14(12): 1357-62.

http://dx.doi.org/10.1177/095632020801900106
http://www.ncbi.nlm.nih.gov/pubmed/18610557
http://dx.doi.org/10.1128/AAC.01368-06
http://www.ncbi.nlm.nih.gov/pubmed/17371814
http://dx.doi.org/10.1016/j.antiviral.2009.07.001
http://www.ncbi.nlm.nih.gov/pubmed/19591878
http://dx.doi.org/10.1128/AAC.00650-11
http://www.ncbi.nlm.nih.gov/pubmed/21825302
http://dx.doi.org/10.1371/journal.pntd.0000446
http://www.ncbi.nlm.nih.gov/pubmed/19488405
http://dx.doi.org/10.1128/JVI.01697-09
http://www.ncbi.nlm.nih.gov/pubmed/19846507
http://dx.doi.org/10.1128/JVI.02019-10
http://www.ncbi.nlm.nih.gov/pubmed/21068251
http://dx.doi.org/10.1016/j.virol.2011.11.008
http://www.ncbi.nlm.nih.gov/pubmed/22154237
http://dx.doi.org/10.1016/j.antiviral.2013.05.012
http://www.ncbi.nlm.nih.gov/pubmed/23735299
http://dx.doi.org/10.1128/JVI.03757-13
http://www.ncbi.nlm.nih.gov/pubmed/24522922
http://dx.doi.org/10.1016/j.virol.2008.09.008
http://www.ncbi.nlm.nih.gov/pubmed/18929379
http://dx.doi.org/10.3851/IMP2532
http://www.ncbi.nlm.nih.gov/pubmed/23337126
http://dx.doi.org/10.1016/j.virusres.2008.03.014
http://www.ncbi.nlm.nih.gov/pubmed/18462821


Recent Antiviral Approaches Against Frontiers in Clinical Drug Research - Anti-Infectives, Vol. 4   37

[http://dx.doi.org/10.1038/nm.1885] [PMID: 19029986]

[128] García CC, Topisirovic I, Djavani M, Borden KL, Damonte EB, Salvato MS. An antiviral disulfide
compound  blocks  interaction  between  arenavirus  Z  protein  and  cellular  promyelocytic  leukemia
protein. Biochem Biophys Res Commun 2010; 393(4): 625-30.
[http://dx.doi.org/10.1016/j.bbrc.2010.02.040] [PMID: 20152808]

[129] Guo  H,  Pan  X,  Mao  R,  et  al.  Alkylated  porphyrins  have  broad  antiviral  activity  against
hepadnaviruses,  flaviviruses,  filoviruses,  and  arenaviruses.  Antimicrob  Agents  Chemother  2011;
55(2): 478-86.
[http://dx.doi.org/10.1128/AAC.00989-10] [PMID: 21135183]

[130] Pécheur EI, Borisevich V, Halfmann P, et al. The Synthetic Antiviral Drug Arbidol Inhibits Globally
Prevalent Pathogenic Viruses. J Virol 2016; 90(6): 3086-92.
[http://dx.doi.org/10.1128/JVI.02077-15] [PMID: 26739045]

[131] Pleschka S. RNA viruses and the mitogenic Raf/MEK/ERK signal transduction cascade. Biol Chem
2008; 389(10): 1273-82.
[http://dx.doi.org/10.1515/BC.2008.145] [PMID: 18713014]

[132] Diehl N, Schaal H. Make yourself at home: viral hijacking of the PI3K/Akt signaling pathway. Viruses
2013; 5(12): 3192-212.
[http://dx.doi.org/10.3390/v5123192] [PMID: 24351799]

[133] Haasbach  E,  Hartmayer  C,  Planz  O.  Combination  of  MEK  inhibitors  and  oseltamivir  leads  to
synergistic antiviral effects after influenza A virus infection in vitro. Antiviral Res 2013; 98(2): 319-
24.
[http://dx.doi.org/10.1016/j.antiviral.2013.03.006] [PMID: 23523553]

[134] Albarnaz JD, De Oliveira LC, Torres AA, et al. MEK/ERK activation plays a decisive role in yellow
fever virus replication: implication as an antiviral therapeutic target. Antiviral Res 2014; 111: 82-92.
[http://dx.doi.org/10.1016/j.antiviral.2014.09.004] [PMID: 25241249]

[135] Li  T,  Wang G.  Computer-aided  targeting  of  the  PI3K/Akt/mTOR pathway:  toxicity  reduction  and
therapeutic opportunities. Int J Mol Sci 2014; 15(10): 18856-91.
[http://dx.doi.org/10.3390/ijms151018856] [PMID: 25334061]

[136] Furler RL, Uittenbogaart CH. Signaling through the P38 and ERK pathways: a common link between
HIV replication and the immune response. Immunol Res 2010; 48(1-3): 99-109.
[http://dx.doi.org/10.1007/s12026-010-8170-1] [PMID: 20725863]

[137] Pei R, Zhang X, Xu S, et al. Regulation of hepatitis C virus replication and gene expression by the
MAPK-ERK pathway. Virol Sin 2012; 27(5): 278-85.
[http://dx.doi.org/10.1007/s12250-012-3257-6] [PMID: 23001481]

[138] Hung CH, Chen LW, Wang WH, et al. Regulation of autophagic activation by Rta of Epstein-Barr
virus via the extracellular signal-regulated kinase pathway. J Virol 2014; 88(20): 12133-45.
[http://dx.doi.org/10.1128/JVI.02033-14] [PMID: 25122800]

[139] Zhu M, Duan H, Gao M, Zhang H, Peng Y. Both ERK1 and ERK2 are required for enterovirus 71
(EV71) efficient replication. Viruses 2015; 7(3): 1344-56.
[http://dx.doi.org/10.3390/v7031344] [PMID: 25803100]

[140] Renukaradhya GJ, Webb TJ, Khan MA, et al. Virus-induced inhibition of CD1d1-mediated antigen
presentation: reciprocal regulation by p38 and ERK. J Immunol 2005; 175(7): 4301-8.
[http://dx.doi.org/10.4049/jimmunol.175.7.4301] [PMID: 16177070]

[141] Rodríguez  ME,  Brunetti  JE,  Wachsman  MB,  Scolaro  LA,  Castilla  V.  Raf/MEK/ERK  pathway
activation  is  required  for  Junín  virus  replication.  J  Gen  Virol  2014;  95(Pt  4):  799-805.
[http://dx.doi.org/10.1099/vir.0.061242-0] [PMID: 24421112]

http://dx.doi.org/10.1038/nm.1885
http://www.ncbi.nlm.nih.gov/pubmed/19029986
http://dx.doi.org/10.1016/j.bbrc.2010.02.040
http://www.ncbi.nlm.nih.gov/pubmed/20152808
http://dx.doi.org/10.1128/AAC.00989-10
http://www.ncbi.nlm.nih.gov/pubmed/21135183
http://dx.doi.org/10.1128/JVI.02077-15
http://www.ncbi.nlm.nih.gov/pubmed/26739045
http://dx.doi.org/10.1515/BC.2008.145
http://www.ncbi.nlm.nih.gov/pubmed/18713014
http://dx.doi.org/10.3390/v5123192
http://www.ncbi.nlm.nih.gov/pubmed/24351799
http://dx.doi.org/10.1016/j.antiviral.2013.03.006
http://www.ncbi.nlm.nih.gov/pubmed/23523553
http://dx.doi.org/10.1016/j.antiviral.2014.09.004
http://www.ncbi.nlm.nih.gov/pubmed/25241249
http://dx.doi.org/10.3390/ijms151018856
http://www.ncbi.nlm.nih.gov/pubmed/25334061
http://dx.doi.org/10.1007/s12026-010-8170-1
http://www.ncbi.nlm.nih.gov/pubmed/20725863
http://dx.doi.org/10.1007/s12250-012-3257-6
http://www.ncbi.nlm.nih.gov/pubmed/23001481
http://dx.doi.org/10.1128/JVI.02033-14
http://www.ncbi.nlm.nih.gov/pubmed/25122800
http://dx.doi.org/10.3390/v7031344
http://www.ncbi.nlm.nih.gov/pubmed/25803100
http://dx.doi.org/10.4049/jimmunol.175.7.4301
http://www.ncbi.nlm.nih.gov/pubmed/16177070
http://dx.doi.org/10.1099/vir.0.061242-0
http://www.ncbi.nlm.nih.gov/pubmed/24421112


38   Frontiers in Clinical Drug Research - Anti-Infectives, Vol. 4 Castilla et al.

[142] Battcock SM, Collier TW, Zu D, Hirasawa K. Negative regulation of the alpha interferon-induced
antiviral response by the Ras/Raf/MEK pathway. J Virol 2006; 80(9): 4422-30.
[http://dx.doi.org/10.1128/JVI.80.9.4422-4430.2006] [PMID: 16611902]

[143] Rojek JM, Moraz ML, Pythoud C, et al. Binding of Lassa virus perturbs extracellular matrix-induced
signal transduction via dystroglycan. Cell Microbiol 2012; 14(7): 1122-34.
[http://dx.doi.org/10.1111/j.1462-5822.2012.01784.x] [PMID: 22405130]

[144] Maik-Rachline G, Seger R. The ERK cascade inhibitors: Towards overcoming resistance. Drug Resist
Updat 2016; 25: 1-12.
[http://dx.doi.org/10.1016/j.drup.2015.12.001] [PMID: 27155372]

[145] Bowick GC, Fennewald SM, Scott EP, et al. Identification of differentially activated cell-signaling
networks associated with pichinde virus pathogenesis by using systems kinomics. J Virol 2007; 81(4):
1923-33.
[http://dx.doi.org/10.1128/JVI.02199-06] [PMID: 17151108]

[146] Gaestel  M, Kracht  M. Peptides as signaling inhibitors  for  mammalian MAP kinase cascades.  Curr
Pharm Des 2009; 15(21): 2471-80.
[http://dx.doi.org/10.2174/138161209788682299] [PMID: 19601844]

[147] Dunn EF, Connor JH. HijAkt: The PI3K/Akt pathway in virus replication and pathogenesis. Prog Mol
Biol Transl Sci 2012; 106: 223-50.
[http://dx.doi.org/10.1016/B978-0-12-396456-4.00002-X] [PMID: 22340720]

[148] Linero FN, Scolaro LA. Participation of the phosphatidylinositol 3-kinase/Akt pathway in Junín virus
replication in vitro. Virus Res 2009; 145(1): 166-70.
[http://dx.doi.org/10.1016/j.virusres.2009.07.004] [PMID: 19595723]

[149] Linero FN, Fernández Bell-Fano PM, Cuervo E, Castilla V, Scolaro LA. Inhibition of the PI3K/Akt
pathway by Ly294002 does not prevent establishment of persistent Junín virus infection in Vero cells.
Arch Virol 2015; 160(2): 469-75.
[http://dx.doi.org/10.1007/s00705-014-2298-6] [PMID: 25488290]

[150] Pasqual G, Rojek JM, Masin M, Chatton JY, Kunz S. Old world arenaviruses enter the host cell via the
multivesicular  body  and  depend  on  the  endosomal  sorting  complex  required  for  transport.  PLoS
Pathog 2011; 7(9): e1002232.
[http://dx.doi.org/10.1371/journal.ppat.1002232] [PMID: 21931550]

[151] Urata S, Ngo N, de la Torre JC. The PI3K/Akt pathway contributes to arenavirus budding. J Virol
2012; 86(8): 4578-85.
[http://dx.doi.org/10.1128/JVI.06604-11] [PMID: 22345463]

http://dx.doi.org/10.1128/JVI.80.9.4422-4430.2006
http://www.ncbi.nlm.nih.gov/pubmed/16611902
http://dx.doi.org/10.1111/j.1462-5822.2012.01784.x
http://www.ncbi.nlm.nih.gov/pubmed/22405130
http://dx.doi.org/10.1016/j.drup.2015.12.001
http://www.ncbi.nlm.nih.gov/pubmed/27155372
http://dx.doi.org/10.1128/JVI.02199-06
http://www.ncbi.nlm.nih.gov/pubmed/17151108
http://dx.doi.org/10.2174/138161209788682299
http://www.ncbi.nlm.nih.gov/pubmed/19601844
http://dx.doi.org/10.1016/B978-0-12-396456-4.00002-X
http://www.ncbi.nlm.nih.gov/pubmed/22340720
http://dx.doi.org/10.1016/j.virusres.2009.07.004
http://www.ncbi.nlm.nih.gov/pubmed/19595723
http://dx.doi.org/10.1007/s00705-014-2298-6
http://www.ncbi.nlm.nih.gov/pubmed/25488290
http://dx.doi.org/10.1371/journal.ppat.1002232
http://www.ncbi.nlm.nih.gov/pubmed/21931550
http://dx.doi.org/10.1128/JVI.06604-11
http://www.ncbi.nlm.nih.gov/pubmed/22345463

	Recent Advances in the Development of Antiviral Approaches against Hemorrhagic-Fever-Causing Arenaviruses 
	Viviana Castilla*, Jesús E. Brunetti, María N. Armiento and Luis A. Scolaro
	INTRODUCTION
	THE ARENAVIRIDAE FAMILY
	Arenavirus Replication Cycle
	Entrance of Arenavirus into Cells
	Synthesis of Macromolecules
	Assembly and Budding


	INNATE IMMUNITY MEDIATED ANTIVIRAL STATE IN ARENAVIRUS INFECTIONS
	Interferon Response
	Inhibition of Interferon Response by Arenavirus Proteins
	Innate Immunity to Old World Hemorrhagic Arenaviruses
	Innate Immunity to New World Hemorrhagic Arenaviruses

	ANTIVIRAL STRATEGIES AGAINST ARENAVIRUS INFECTION
	Viral Entry as Antiviral Target
	Synthetic Compounds
	GP Derived Peptides
	DNA Polymers
	Antibodies

	Inhibition of RNA Replication
	Gene Silencing
	Targeting Glycoprotein Maturation
	Blocking Viral Assembly and Budding
	Other Anti-arenavirus Compounds
	Kinase Signaling Cascades as Antiviral Targets
	MAPK Pathways
	PI3K/Akt Pathway


	CONCLUDING REMARKS
	CONFLICT OF INTEREST
	ACKNOWLEDGEMENTS
	REFERENCES




